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Summary

In this dissertation we consider several astrophysicahpimena. We reveal the nature of progenitors
of Type la Supernovae (SNe la), derive constraints on piitgsrof Classical Novae, and investigate the
origin and properties of the unresolved X-ray emission imlddmeda galaxy (M31).

Type la Supernovae, used as standards candles, played arot@jm establishing that the Universe
undergoes an accelerated expansion, the fact that dingcihted at the existence of dark energy. Al-
though there is a general agreement that SNe la originate thermonuclear explosions of white dwarf
stars, the nature of their progenitors is still debated. fAldear runaway could arise from a white dwarf
gradually accumulating matter from a companion star unhtiédches the Chandrasekhar mass limit, or
from two white dwarfs merging in a compact binary. The X-reggnatures of the two possible paths are
completely diferent. Whereas no strong electromagnetic emission is tegogtthe merger scenario until
shortly before the supernova, the white dwarf accretingenmedtfrom the normal star becomes a source of
copious X-rays for about ¥0/ears before the explosion. Thiffers a means to determine which scenario
dominates. We demonstrated that the X-ray flux from a sanf@xearly-type galaxies is factor of about
30 - 50 times less than predicted in the accretion scenario. €fdrer at most 5 per cent of SNe la in
early-type galaxies can be produced by accreting white fdwar

Using a similar line of arguments we derived constraintshemiature of Classica Nova (CN) progeni-
tors. CNe are nuclear explosions occuring upon accumaulafigertain amount of hydrogen-rich material
on the surface of an accreting white dwarf in a close binasgesy. The accretion energy is released in
the optical, ultraviolet, or X-ray wavelengths, dependimghe type of the progenitor system. In magnetic
systems (polars and intermediate polars) and dwarf novgai@scence it is mainly emitted in the X-ray
regime. Comparing the X-ray flux from these systems with th&eoved value in the bulge of M31, we
placed an upper limit of about 10 per cent on the contributiomagnetic systems to the observed CN rate.
We also demonstrated that in dwarf novae at least 90 per €¢né onaterial is accreted during outburst
periods, and only small fraction during quiescent periods.

We studied M31, the nearby spiral galaxy, to understand éihere of the unresolved X-ray emission.
After removing the bright resolved point sources (accgetieutron stars and black holes in binary stellar
systems), we showed that the unresolved emission congdistse® components. One of the them is
associated with the old stellar population and it is builtfrgen a large number of faint sources, mainly
accreting white dwarfs and stars with active stellar coeprsamilar to the Galactic ridge X-ray emission
of the Milky Way. We also revealed the presence of hot ionigag, located in the bulge of M31. The
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temperature of the gas is about{@) - 10° K and its total mass is about 20° M. From the morphology
and physical conditions of the gas we concluded that it ouflivom the galaxy perpendicular to its plane.
Such an outflow can be sustained by the mass loss of evolwsdsizit can be driven by the energy release
of SNe la. We also detected a shadow cast on the gas emissgpiralyarms and the 10-kpc star-forming
ring, that allowed us to estimate the verticéii-plane extent of the gas outflow — it is greater thamkpc.
The third X-ray emitting component is associated with thea$arms of M31. Presumably the observed
emission, originating from the star forming regions, is tméhe population of young stellar objects and
young stars, which are well-known sources of X-ray radiatio
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Zusammenfassung

In dieser Arbeit betrachten wir verschiedene astrophjisitde Phanomene. Insbesondere zeigen wir
neue Erkenntnisse tber die Vorlauferobjekte von Typ la Bugvae (SNe Ia) und leiten Bedingungen fir
die Vorlaufersysteme von klassischen Novae ab. AuRerdderawchen wir Ursprung und Eigenschaften
nicht-aufgeldster Réntgenstrahlung in der AndromedaimiM31).

Die Verwendung von SNe la als Standardkerzen zur Entfesrmargsung spielt eine zentrale Rolle
in der Beweisflhrung, dass das Weltall einer beschleumigbgpansion unterliegt, die von einer “dun-
klen Energie” getrieben wird. Allerdings sind die Vorlardbjekte von SNe la bisher unbekannt. Heute
wird zwar allgemein akzeptiert, dass diese leuchstarkegekidbvon thermonuklearen Explosionen eines
weilRen Zwergsterns herrihren, allerdings ist unsicher dim&Explosion auslost. Hierfur werden ver-
schiedene Szenarien diskutiert: (i) die Akkretion von Gasder Hille eines Begleitsterns bis der weil3e
Zwerg die Chandrasekharmasse erreicht, oder (ii) das Merslzen eines engen Doppelsternsystems aus
zwei weilden Zwergen, deren Gesamtmasse die Chandraseldsarritbersteigt. Da die emittierte Rént-
genstrahlung in diesen beiden Szenarien vollig verschigste lassen sich die Vorlauferobjekte durch
Beobachtungen einschréanken. Wahrend beim Verschmelzeierzweil3er Zwerge bis kurz vor der Super-
nova keine erhebliche elektromagnetische Emission sidtfj wird im Akkretionsszenario fur ungefahr
107 Jahre vor der Explosion massiv Réntgenstrahlung frei. \&fnonstrieren, dass die Réntgenemission
in sechs ausgewahlten Galaxien frihen Typs ungefahrS3Dmal geringer ist, als im Akkretionsszenario
erwartet. Daher kbnnen maximal 5 Prozent der SNe la in di€&saxien von akkretierenden weil3en
Zwergen stammen.

Ahnliche Argumente ermdglichen es die Eigenschaften vorlautersystemen klassischer Novae
einzuschranken. Dabei handelt es sich um akkretierend@ewgiverge in denen das akkretierte Mate-
rial vor Erreichen der Chandrasekharschen Massengrenzé dine thermonukleare Explosion an der
Oberflache verbrennt. Abhangig von der Akkretionsgeomaetrird die freigesetzte Energie in einem
charakteristischen Wellenlangenbereich abgestrahltnagnetischen Systemen (polars und intermediate
polars) und Zwergnovae in Ruhe vor allem im Réntgenlichtrddweinen Vergleich der erwarteten Ront-
genemissionen von diesen Systemen mit der beobachtetamtkeaft in der Bulge von M31 finden wir
eine obere Grenze von ungeféahr 10 Prozent fur den Anteil \egnetischen Systemen an der beobachteten
Rate klassicher Novae. Auf3erdem finden wir, dass in Zwegmaovindestens 90 Prozent des Materials
wahrend Ausbruchsperioden akkretiert werden.

Fir die nahe gelegene Spiralgalaxie M31 zeigen wir sclitie3tlass die nach Subtraktion der hellen
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kompakten Quellen (akkretierende Neutronensterne undaszlk Locher in Doppelsternsystemen) nicht-
aufgeltste Rontgenemission aus drei Komponenten besihe dieser Komponenten stammt aus der
Uberlagerung viel schwacherer kompakter Quellen, nandish akkretierenden weilRen Zwergen und
Sternen mit aktiven Vorgéngen in ihren heil3en Gashillen.e®trt beispielsweise die gemeinsame
Strahlung schwacher Quellen den Grof3teil oder sogar dengfesRontgenstrahlung aus der Scheibe un-
serer Galaxis. Eine weitere Komponente bildet hei3esignés interstellares Gas in der Bulge von M31.
Die Temperatur dieses Gases betragt ungefalilB K, und seine Masse ist ungefahr 20° My. Form
und spektrale Merkmale deuten darauf hin, dass dieses Gagegend orthogonal zur Scheibe aus der
Galaxie ausstromt. Dieser Ausfluss kann durch die Eneeggefizung von SNe la und durch den Massen-
verlust entwickelter Sterne erklart werden. Da die Spin&aund die Sternbildungsregion einen Schatten
auf das ionisierte Gas werfen, konnten wir eine untere G&reon 25 kpc fur die vertikale Ausdehnung
des Ausfluss festlegen. Die dritte rontgenstrahlende Kompie ist mit den Spiralarmen verbunden und
vermutlich auf junge stellare Objekte und junge Sterne amr@tildungsregionen zurtickzufiihren, welche
wohlbekannte Quellen von Réntgenstrahlung sind.
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Chapter 1

Introduction

1.1 Type la Supernovae

1.1.1 General properties

Supernovae are among the brightest transient objects afriherse. These events, often outshining
their host galaxy and sometimes bright enough to be visibtiaytime, have always impressed mankind.
The prompt appearance and the extraordinary brightnessipgrS8ovae made them detectable long be-
fore the invention of telescopes. The earliest recordeceugpa, SN185, was observed by Chinese as-
tronomers, whereas SN 1006 and SN 1054 were chronicled aoedlaged in details by Chinese and Arab
astronomers — the latter Supernovae formed the Crab Nelbutaihark)1921). The first modern obser-
vations of Supernovae are reported by Tycho Brahe (SN 157@)Jahannes Kepler (SN 1604). These
detections were essential for the improvement of moderorastny since they played an important role in
the revision of the geocentric worldview of Aristotle. Thesfiextragalactic Supernova, which was even
visible with naked eye, was observed in the bulge of M31 ins1@8artwig, 1898).

The detailed study of these very luminous events starteloeir20th century._ Baade & Zwicky (1934)
were the first to make a distinction between “Common-novael @uper-novae”, also realizing that
Supernovae are much brighter and less frequent. Furthdiestof these events pointed our that their
spectra are not uniform and they can be classified upon tisepce of Balmer-lines in their spectra. Type
| Supernovae do not contain hydrogen lines, whereas Typedé®ovae show hydrogen spectral features
(Minkowsk,11941).

The modern classification scheme of Supernovae, illustiat&igure[ 1L, relies exclusively on their
observed properties — on spectral characteristics antldiglhies. Keeping the two main classes of Super-
novae, introduced by Minkowski (1941), the Type | class i$Her divided into la, Ib, and Ic subclasses
depending on the presence of silicon and helium spectrélirea Type Il Supernovae are categorized
based on the light curve shape: IIP have a slower declined&land IIL have Linear decline. However
note, that these definitions are less precise than thosd basspectral features for Type | objects.

There is an overall agreement that Supernovae are prododsebidifferent physical mechanisms.
On the one hand Type la Supernovae (SNe la) arise from thertear explosions of degenerate white
dwarf stars approaching the Chandrasekhar mass Ivhi, (= 1.38 My). On the other hand Type Ib,
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Ic, and Type Il Supernovae are the result of a compact irom collapse in an evolved star with mass
exceeding about 9 M The subclasses of core collapse Supernovae are thoughigioate from the
somewhat dferent evolution of the progenitor stars. Observations efrtitost energetic core collapse
Supernovae, the so-called “Hypernovae”, indicate thagdleyents may be connected to long Gamma Ray
Bursts (lwamoto et al., 1998).

In the present work we focus on SNe la. In Secfion1.1.2 thep@lsysical importance of Type la
Supernovae is overviewed and in Secfion—1.1.3 the most eigmroblem in our understanding about
SNe lais introduced.

1.1.2 Relevance of Type la Supernovae in cosmology

One of the most exciting findings of the last decades is thatlLthiverse undergoes an accelerated
expansioni(Riess etlal., 1998; Perimutter et al.,[1999psancundz ~ 0.5 (Riess et all, 2004). In order to
come to this conclusion it was indispensable to recogniae3Ne la can be used as standard candles.

In astrophysics, a standard candle is an object with knovgolate brightness, allowing to infer the
distance to the object from its measured apparent brightriEise cosmic distance ladder starts with the
trigonometrical parallax method, enabling to measureadists up to about 1 kpc with high precision,
e.g. theHipparcos satellite could obtain accurate distances-af0° nearby stars. At larger distances the

thermonuclear core collapse

I e H = E

Sill_ _TE| il e

- HeI Wi N

\ .. strong

e

ejecta—CSM

C interaction

[b/c ped||IIn

| I

hypernovae

Figure 1.1: Modern classification scheme of Supernovaentédom| Turatto|(2003). Note, that Type la
Supernovae are the result of thermonuclear explosions aéwlwarf stars, whereas other Supernovae
originate from the compact iron core collapse in massivévedbstars.
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correlation between the pulsation period and the absolaignitude of RR Lyrae and Cepheid variable
stars allows the precise measurement of distances wpltdpc and~ 40 Mpc with theHubble Space
Telescope.

Early observations of SNe la indicated that their luminogstuniform {Zwicky,11939). Accordingly,
they could serve as distance indicators at cosmologicthmtis scales due to their outstanding bright-
ness. However, more precise observations of SNe la poiniethat they are not standard candles since
their peak brightness show a scatter of about 2 magnitudeghesir decline rate is also not uniform.
An important step towards the extension of the cosmic digtdadder was to recognize that SNe la can
be “standardized” (Phillips, 1993; Hamuy et al., 1996a;sRiet al.| 1996; Perlmutter, 1997). By means
of empirical relationships between the peak luminosity #rellight curve shape, they can be used as
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Figure 1.2: Light curves of nearby SNe la_(Perlmuiter, 20@B) the upper panel their absolute magnitude
is plotted against the decay time. Note, that most SNe laratteei thick yellow band. The brighter ones
have wider light curves whereas the fainter ones exhibitomaer light curves. On the lower panel the
light curves of outlier SNe la are stretched and their brighs is adjusted accordingly, as a result all light
curves match to each other.
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Figure 1.3: Hubble diagram for 42 high redshift and 18 lowstefi SNe la, taken frorn_Perimutter et al.
(1999). The solid lines indicate the theoreticfibetivemg(2) for various cosmological models for a range
of Qu andQ,.

distance indicators, as illustrated in Figlirel 1.2. Anotkeyr ingredient was the two large and homoge-
neous supernova samples with multifilter lightcurves of@a¢anTololo (Hamuy et al., 1996b) and of the
Harvard-Smithsonian Center for Astrophysics survey (Refsal.| 1999). Using a nearby sample of SNe
la, the corrections to the light curve shapes were detehiith these corrections, objects at small
distancesZ < 0.1) follow a straight line in the Hubble—diagr@.nThe application of SNe la at high red-
shifts z ~ 1) led to the unexpected result that more distant objectdiarmer by~ 0.25 magnitudes than
expected in an empty Univers@ & 0) as shown in FigudeZll.3 (Riess et al., 1998; Perimutter £1299).
This observational outcome implies that SNe la at largehifidsare more distant than expected.

Using the above described results the density parameteratér (2)) and cosmological constant
(Q2p) can be determined. In order to explain fainter SNe la atelasglshifts a non-zer@, is needed,
which implies the existence of an energy component with inegaressure, similarly to the cosmological
constant of Einstein. Beyond SNe la there are several ote#rods aiming to measure the matter and en-
ergy density: (i) the measurement of anisotropies of thentomicrowave background with thsflkinson
Microwave Anisotropy Probe (WMAP) (Spergel et all, 2003), (ii) constraints from the largalscstructure
of 2dF Galaxy Redshift Survey (Percival el al., 2001), @dryon acoustic oscillations (elg. Caole €t al.,
2005; Eisenstein et al., 2005), or (iv) galaxy cluster masstions I(Vikhlinin et al., 2009). The resulting
density parameters from all methods are consistent witbetiobtained from SNe la. Combining all results

1The Hubble-diagram connects the redshift and the appargghitbess of an object with known absolute brightness.
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we obtain the currently favoreCDM mod£ with Qum ~ 0.26 andQ, ~ 0.74.

Using a larger sample of SNe la, the physical model, resptn$or the accelerated expansion of
the Universe, can be tested by determining the equatictadé- parametewr, which connects the energy
density with the pressurg = wopc?. This reveals whether the dark energy is caused by vacuurgyene
density or quintessence models (Caldwell et al., 1998) eeeled to explain the accelerated expansion of
the Universe. The largest SNe la surveys, the Supernoveck&arvey (SNLS)/(Astier et al., 2006) and
the ESSENCE project (Wood-Vasey el al., Z007) obtaimed—1 within ~ 10 per cent uncertainties. This
value is consistent withindt with a cosmological constant.

In conclusion, SNe la are a powerful tool for cosmologicatalice measurements, moreover they can
be used to study the global geometry of the Universe. Howéwanake even more precise constraints
about the time evolution ok the systematic uncertainties in their absolute magnitwsirio be further
decreased. To achieve this goal, it is essential to uncherSale la in all details.

1.1.3 Progenitor systems of Type la Supernovae

One of the most interesting questions regarding SNe la istheware exactly produced. In this Sec-
tion the composition of the progenitor white dwarf star sadissed and the potential evolutionary channels
are described.

There are three possible compositions of white dwarfs,ithatinciple, could lead to a SNe la: he-
lium, oxygen-neon, and carbon-oxygen. Helium white dwéakdse typical mass oMyp ~ 0.45 Mg
(Iben & Tutukov,1985) and they can explode following a cehtte ignition at the mass of 0.7 M. A
strong objection against helium white dwarfs is that the gosition of the ejecta contains only unburned
helium, ®®Ni, and its decay products_(Nomoto & Sugimato, 1977) — beiompletely inconsistent with
observational data of SNe la. Oxygen-neon white dwarfs alieved to undergo an accretion-induced
collapse when reaching the Chandrasekhar mass limit ohstiean explosion.(Nomoto & Kondo, 1991).
Moreover, their number statistics is too small to be the neaivlutionary channel of SNe la. Therefore
oxygen-neon white dwarfs also have to be excluded. Carlggem white dwarfs are the best candidates,
since they are produced in large number in main-sequence stow < 8 My, and they are expected
to produce a supernova explosion when approaching the @satdar mass limit_(Nomoto & Kondo,
1991). The fate of a carbon-oxygen white dwarf is shown irufégL.3. To conclude, there is a general
agreement that SNe la are associated with the thermonuetgtosions of carbon-oxygen white dwarf
stars.

An enigmatic question about SNe la is the evolutionary ckinin which the white dwarf nears
the Chandrasekhar mass. The two proposed evolutionarynelsaare the double-degenerate and the
single-degenerate scenarios. The double-degeneratarscemploys the coalescence of two carbon-
oxygen white dwarfs in close binary systems due to emissfogravitational waves| (lben & Tutukov,
1984;| Webbink| 1984). Alternatively, in the single-degerte channel carbon-oxygen white dwarfs ac-
crete hydrogen-rich material from their non-degenerategamion until they approach the Chandrasekhar

°The so-called Lamba-Cold Dark Matter model, often refet@es concordance model, is currently the most accepted
cosmological model that is in good agreement with obserbethpmena of the Universe.
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Figure 1.4: The fate of an accreting carbon-oxygen whitertiasa function of their initial massMc.o)
and accretion rateM) (Nomoto & Kondo,l 1991). In the neutron star regime the whlitearf collapses
instead of undergoing a thermonuclear explosion.

mass limit (Whelan, & Iber, 1973).

The most attractive feature in the double-degenerate sodrahat it explains naturally the absence
of hydrogen in the spectrum of SNe la. The fact, that whiterésvare typically produced in the mass
range of~ 0.5 - 0.8 My, (Homeier et al., 1998) also favors this scenario, as it etiredly easy to exceed
the Chandrasekhar mass limit in a double white dwarf systitareover, population synthesis studies
are able to reproduce the observed SN la rate with the daldgenerate scenario (Branch €tlal., 1995).
However, there are also strong objections against thisasiceriMost importantly, the homogeneity of SNe
la is strongly questionable if two white dwarfs havingteient “initial conditions” (mass, composition,
and angular momentum) need to produce (almost) the sammguwonditions. It is also unclear, whether
the merger of two white dwarfs could trigger a thermonuckegslosion leading to a SN la, or it results
rather an accretion-induced collapse (Nomoto & Ihen, 18860sley & Weaver, 1986; Saio & Nomoto,
198%)1998). Recently, Pakmor ei al. (2009) demonstratgrkidprming hydrodynamical simulations that
equal-mass white dwarf mergers may lead to thermonuclqﬂos&imngg if the total mass of the system
exceeds- 1.8 Mg,

The other alternative progenitor channel, the single-degee scenario can explain the observed ho-
mogeneity of SNe la, since the thermonuclear explosion isiddo the Chandrasekhar mass. The upper
limit of the initial mass of a carbon-oxygen white dwarkisl.2 My (Weidemann, 2000), hence the system

3In fact they showed that explosions triggered by the merféwo 0.9 M, white dwarfs are faint and their observational
characteristics resemble to those of the sub-luminoust@8lte events. Although even more massive systems coylthiex
brighter SNe Ia, they are not numerous enough to accouniéoolvserved frequency of SNe la.
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Figure 1.5: Parameter space of hydrogen burning on thecgudiaa white dwarf shown in the plane of its
mass M) and accretion rateM) (Nomoto ) 1982). Thermally stable hydrogen burning ocinithe range
between the solid and dashed-dotted horizontal lines. vB#its region the hydrogen burning proceeds
in flashes giving rise to nova outbursts. At high accretidegdhe stellar envelope expands to red giant
dimensions or an optically-thick wind evolves.

inevitably needs to accrete0.2 My, matter before the Chandrasekhar mass limit is reached. veowbe
mass of the white dwarf can grow only in a very “fine-tuned’dnsystem. Three regimes can b&ef-
entiated in the parameter space of white dwarf mi&gd) and accretion rateM) (Figure[L}). In a rather
narrow range of accretion rates the accumulated hydrogens Isteadily to helium and possibly further to
carbon and oxygen, therefore the white dwarf can increasedss. The required accretion rate for the
stable nuclear burning is 1077 My/yr. If the accretion rate is smaller, the hydrogen burningdpees
unstable to flashes. The shell flashes give rise to Classmad RCN) eruptions, during which most of the
accreted and some of the original white dwarf material is |16s a consequence the white dwarf is not
able to grow in mass and never reaches the Chandrasekhar Froas®ry high accretion rates, the white
dwarf radius expands to red giant dimensions, it even maulétige donor star and form a common en-
velope configuratior_(Nomoto etlel., 1979; Livio, 2000). Hawer, this envelope is ejected on a time scale
of ~ 1000 yearsl(Taam & Sandquist, 2000), and within this timeathi¢e dwarf mass can not increase by
more than 16° M, (Livio, 2000). Calculations by Hachisu et al. (1996) indehthat at high accretion
rates, instead of a common envelope, an optically-thickdwiray form with photospheric velocities of
~ 1000 km st (Hachisu et 21!, 1999). However, observations of SN la rertsnare incompatible with the
presence of strong accretion winds_(Badeneslet al., 20070rtAer problem with the single-degenerate
scenario is that population synthesis studies suggestttisagvolutionary channel may contribute at most
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~ 10 per cent to the observed SN la frequency (Yungelson ¢t39%5,1996).

Although it is quite uncertain whether accreting white disaare able to reach the Chandrasekhar
mass eventually, a strong argument favors the single-éegenscenario. A class of objects, namely the
supersoft X-ray sources, could be identified which are fi@tigorogenitors of SNe la(Greiner etial., 1991;
van den Heuvel et al., 1992; Kahabka & van den Heuvel,|19€#)ttse discussion in Sectibn112.2. This
confirms the theory that hydrogen burning on the surface ohisewdwarf can proceed steadily, even if
only in a narrow range of accretion rates.

A subclass of the single-degenerate models are the so caille@handrasekhar models. In this sce-
nario the carbon-oxygen white dwarf does not reach thecatitiensity and temperature needed for the
explosive carbon burning, instead the ignition occurs bgxarnal trigger. This mechanism could be the
detonations of an accreted helium layer, which can produsteoag flash that initiates the carbon deto-
nation (e.gl_lben & Tutukov, 1934). The advantage of this eh@lthat it does not get into conflict with
population synthesis studies, and it does not have to rémciChandrasekhar mass limit. However, the
models obtained for these systems failed so far to reprothécebserved spectra and light curves of SNe
la (Hoflich & Khokhlov,[1995| Nugent et al., 1997), despitetiouing dfort (Fink et al.| 2007).

In ChapteiR we further investigate the progenitor scesasfdSNe la in early-type galaxies based on
Chandra observations (Gilfanov & Bogdah, 2010).

1.2 X-ray emission from galaxies

The study of X-ray emission from normal galaxies was staafésr the launch oEinstein Observatory
in 1978 (Giacconi et al., 19/79). During three and a half y&are of its operation more than 100 galaxies
were observed. The high sensitivity and the few arcsecogdlanresolution allowed to study the X-ray
morphology and spectra of galaxies, and also numeroustbXighy sources could be resolved in the
Magellanic Clouds and in the Andromeda galaxy. Since theokEinstein Observatory several X-ray
satellites have been launched, contributing essentialbyit understanding about the origin and properties
of X-ray emission from galaxies. The most successful andtantling missions alROSAT, ASCA and
the currently operatin@€handra X-ray Observatory (Chandra) and XMM-Newton.

The origin of the X-ray emission from normal galaxies is @& In majority of galaxies, the X-
ray emission is dominated by the population of bright X-rayabes (se¢_Fabbiano, 2006, for a review).
Their typical luminosity is in the range of 10°® — 10°° erg s!. These binary systems consist of a
compact object, which can be either a neutron star or a blalek Bnd a normal star. The compact object
accretes material from the donor star and during accretpioas X-rays are liberated. X-ray binaries are
classified based on the mass of the secondary star to high-Xags/ binaries (HMXBs) and to low-mass
X-ray binaries (LMXBS).

The population of cataclysmic variables (CVs) also addstalsie contribution to the observed X-ray
emission of galaxies. These systems possess a degeneit@tewdrf star and a normal star. The accretion
onto the white dwarf is the source of X-ray emission but duth&ir shallower potential well the typical
emitted luminosity is in the range of 103! — 10 erg s. According to their relatively low brightness,
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majority of these sources can not be resolved at extragaldistances.

Other type of discrete sources, such as Supernova remnacdsomal emission from stars also emit
X-ray radiation. These are rather weak sources, e.g. thinasity of stellar coronae is of the order of
~ 10?8 - 10¥ erg s (Vaiana et al., 1981).

X-ray emission from hotionized gas with sub-keV tempeiegus also present (see Mathews & Brighenti,
2003, for a review). The amount of the gas component vardes ffalaxy to galaxy, usually more massive
galaxies are gas-rich and less massive ones tend to be gas-po

In this Section we overview the various X-ray emitting comeots from normal early-type galaxies.
We discuss briefly the properties of X-ray binaries in Sedfid.1, CVs are in focus in Sectibn 1J2.2, and
we introduce X-ray emission from hot ionized gas in Sedfigh3l

1.2.1 X-ray binaries

Although most stars are born in binary systems, X-ray bazaare relatively rare due to the special
conditions required for their formation. On the one handeg/ymassive star is needed to form a black
hole or a neutron star on the other, the orbital separatembas to be “fine-tuned”. If the separation of the
binary is too small, they can merge in the common envelopsgHtaut if it is too large, the mass transfer
in the system can not start. Beyond these, the evolutiotage ©f the donor star also plays a crucial role
in the formation of an X-ray binary. As a result, in averagewti40 bright LMXBs (lx > 10°” erg s1)
are formed per 18 M,

The mass transfer onto the compact object occurs eitheracadrlobe overflow or via strong stellar
winds from the secondary sEerhe Roche-lobe of the donor star can be filled by two mechaigither
it evolves df the main sequence during which it expands, or the Rochedbhbieks due to gravitational
radiation and magnetic braking. If the Roche-lobe is filledterial flows through the Lagrangian point
(L1) towards the compact object. To transfer enough materiatéjar winds a rather massive, at least
~ 5 My, star is needed, therefore the wind accretion plays a rdieiotiMXBs.

The observed luminosity of X-ray binaries is due to accretmto the compact object. As the sec-
ondary star transfers mass through the Lagrangian pofotnits an accretion disk around the white dwarf.
The accretion process was described by Shakura & Sunyag@)Y b9 a geometrically-thin and optically-
thick disk of gas. The disk has an anomalous viscosity tlaaisforts angular momentum outwards and
thus allows the accretion of matter onto the compact objetds process releases energy from the surface
of the disk covering a broad wavelength-range. Since th@é¢eature of the disk is inversely dependent
on its radius, X-rays are primarily liberated at the inneskdi

1.2.2 Cataclysmic variables

Cataclysmic variables (CVs) are binary systems in whichedegate white dwarf stars accrete mate-
rial from their non-degenerate secondary stars. One of et putstanding characteristics of CVs is that

4The two mechanisms for transferring material onto the carnpbjects does not apply only for X-ray binaries but also for
CVs.
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they show variations on time scales of days-weeks-yearsedBan the strength of the magnetic field we
differentiate magnetic and non-magnetic g\MSonsidering the outburst frequencies the major sub&asse
are Classical Novae (CNe), Recurrent Novae (RNe), Nowaddciables (NLs), and Dwarf Novae (DNe).

In this Section we give a general overview about major prigeeof various CV subclasses and we
also discuss a special case of accreting white dwarfs, toalked supersoft X-ray sources.

Classical Novae, Recurrent Novae and Nova-like variables

Classical Novae have one recorded outburst, during whiehbtightness of the system increased
by 6 — 19 magnitudes. Nova outbursts are caused by thermonucieaways on the surface of white
dwarf stars in cataclysmic variable systems. The accretdtbigen-rich material from the companion star
accumulates on the surface of a white dwarf in a shell. As thesnof the shell increases, its pressure
reaches the critical value needed to trigger a thermonuebgalosion, giving rise to a nova_(Fujimoto,
1982).

CNe are very energetic events, their total energy r&'&ef the order of 16# — 10* ergs. This
energy can expel the accreted shell and probably some ofritjiead white dwarf material is also lost.
The substantial mass lossNl ~ 104 — 107> M) forms an expanding envelope around the white dwarf.
As it expands, the envelope cools down and aftdi000 days it can be observed as a nebulosity (Hellier,
2001). If the nova shell is spatially resolved, and its expamspeed is measured, the apparent size of the
shell can be used to infer the distance to the system (CbB&5).1

The relationship between the absolute magnitude at thermamilight and the decline rate of novae
was early recognized (Zwicky, 1936; Mclaughlin, 1945). sTfinding could make nova outbursts an
extragalactic distance indicator. However, the increpsibservational data pointed out that properties
of novae are not uniform, they vary in galaxies and may dementhe underlying stellar populations.
Moreover, models studying nova explosions demonstratatittie brightness and decline rate of novae
are strongly dependent on the mass of the white dwarf andeoadbretion rate (e.g. Shara et al., 1980;
Prialnik & Kovetz [1995). Although in the last decade statsof nova observations increased rapidly, the
consensus is still missing. Therefore CNe can not be usetdnadasd candles.

CVs undergoing multiple nova explosions are called Reouimvae (RNe). Their well known rep-
resentatives are RS Ophiuchi and T Pyxidis which produced natbursts four and five times in the last
~ 100 years. Nova evolution models suggest (Prialnik & Kong#95; Yaron et all, 2005) that RNe with
such short recurrence times possess a very massive whité ([@igp = 1.3 Mg). Since the white dwarf
radius decreases as its mass increases (Panei et al., #@0@va explosion can be ignited with smaller
amount of accreted mass in a massive white dwarf. Obvioaskyming the same accretion rate, a nova
explosion recur more often in a CV consisting of a white dvgtarf close to the Chandrasekhar mass[ﬂmit

5This term is not entirely correct since at some level magrfeid acts in all CVs — it plays a role in magnetic braking /and
provides the source of viscosity in the accretion disk. hezaise the “non-magnetic” expression to mark those systemhkich
the white dwarf has weak magnetic fieB £ 10° G) and the accretion disk extends to the surface of the wihitefd

5Note, that the energy release from Supernovae is signifjciamnger — it is around 19 ergs.

"The expected recurrence time of the nova outburst in an grginary system consisting of a 1Mvhite dwarf is about
10° - 10° yearsi(Yaron et al., 2005).



1.2 X-RAY EMISSION FROM GALAXIES 11

Figure 1.6: Artist's impression of a supersoft X-ray sourCeedit: Mark A. Garlick.

Model computations also indicate that RNe expel less natduiring outbursts than they accrete, hence
the white dwarf may increase its mass (Yaron et al., 2005¢nEally it may approach the Chandrasekhar
mass limit, leading to a SN la.

The class of Nova-like variables include those CVs, whicfasalid not show an eruption. NLs show
very similar spectral properties to CNe which settled badjuiescence, suggesting that these systems are
either in the pre-nova or in the post-nova state. In priricip@s only a matter of time to observe a nova
explosion in these systems. The mass transfer rate in Nlaghisirhigh, and the system is dominated by a
bright accretion disk (Warner, 1995).

In Chaptef#t we study the nature of CN progenitors in detBitmylan & Gilfanolv| 2010b).

Dwarf novae

Dwarf novae (DNe) are characterized by frequent outbuigtaroing on a time scale of weeks-months.
These outbursts are fainter than CNe, the increase in baghtis in the range of-26 magnitudes.

DN outbursts are caused by disk instability, that was firstdbed by Osaki (1974) in the framework
of the disk instability model (DIM). The standard DIM model assumes a constant mass transfdrawiit
the secondary star and explains the nova outbursts by therseaus instability. The physical mechanism
of the model was studied by Hoshi (1979), who recognizedttie@tisk exhibits bi-stable states: one of
them is an optically-thin cool solution with low viscositynere the hydrogen is in neutral state, the other

8Another model attempting to explain DN outbursts is the ntiesssfer instability model (MTI).(Bath, 1975). According t
the MTI model the instability and therefore the outburstaased by an intrinsic instability in the envelope of the seleoy star.
However, this model is not accepted since it contradictetagions of DNe.
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is optically-thick high-viscosity solution where the hgden is ionized. More detailed calculations were
performed by Mever & Mever-Hofmeister (1981), who showeat N outbursts could be explained by

jumps of the accretion disk between these two states. Themtdel is in good agreement with obser-

vations of DNe concerning the time scales of DN outburstsir tanergetics, and the observed accretion
rates.

Supersoft X-ray sources

Supersoft X-ray sources (illustrated in Figlirel 1.6) areteckss of bright X-ray sources, exhibiting
very soft spectrakT ~ 30—40 eV) and high luminosity« 10°® erg s1). The first supersoft sources were
detected in the Large Magellanic Cloud (LMC) Eynstein Observatory, however their dierent nature
from other X-ray sources was demonstrated only baseRQ$AT observations (Triimper etlel., 1991).

The nature of supersoft sources was unclear at the time of discovery, they were suggested
to be black holes in binary systems (e.g. Smalelet al.,| 198®ul€y et al., 19290). It was realized by
van den Heuvel et al. (1992) that their emission propertigstiae high luminosities can be explained by a
white dwarf, which burns steadily the accreted matter. treoto fulfill the condition of steady hydrogen
fusion, an accretion rate ef 107" M /yr is needed, hence the accreted hydrogen is converted s
rate to helium, and depending on the conditions, furtheatb@n and oxygen.

Because these systems do not initiate nova explosionsntlasis can grow towards the Chandrasekhar
mass limit. Therefore, supersoft X-ray sources are corsitlas a likely path leading to SNe la as dis-
cussed in Sectidn1.3.3.

Figure 1.7: lllustration of the polar AR Ursae Majoris_(Salin1999). The accretion stream from the
secondary star follows the magnetic field lines towards thitendwarf and it is accreted onto its magnetic
poles.
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Magnetic systems

Magnetic CVs contain a strongly magnetized white dwarf. &wing on the strength of the magnetic
field, two subclasses exist: polars (AM Her systems) with gme#c field of~ 10— 200 MG and inter-
mediate polars (IPs) witk 1 — 10 MG field strength. In polars, the accretion disk is fullgrdpted by
the strong magnetic field, but in IPs due to the weaker fielgt tre inner parts of the accretion disk are
truncated.

In polars the accreted material forms an accretion streatriadliows magnetic field lines towards the
magnetic poles of the white dwarfs (Figlirel1.7). In IPs thétenas transferred through an accretion disk
at large distances from the white dwarf, but follows the nedigrfield lines from the point, where the disk
is truncated. As aresult, the transferred matter freelg @aito the white dwarf surface, and forms a strong
shock near to its surface (Alzu, 1973). This post-shockoregs heated up to high temperatures, typically
to ~ 10— 20 keV, and emits X-rays via optically-thin thermal bremaistung emissiorl (Lamb & Masters,
1979). The region around magnetic poles is heated by theeshfird X-ray radiation, and after ther-
malization it is reradiated in soft X-ray and extreme uliodet wavelengths. According to theoretical
predictions the ratio between the soft reprocessed andatw Xrray luminosity isLssst/Lhard ~ 0.5
(King & L asota, 1979), being broadly consistent with obséional studies (Ramsay & Cropper, 2004).

1.2.3 Hot gas content of normal galaxies

The presence of hot gas in normal elliptical galaxies wasrtefd by Forman et al. (1979) in a survey of
the Virgo cluster using thEinstein Observatory. They pointed out that the observed asymmetry of X-ray
isophotes, compared to the optical image of M86, is causaarypressure stripping by the intracluster
medium, indicating the gaseous nature of the extended iemis$§he increasing sensitivity and angular
resolution of next generation X-ray telescopes allowedudysthe hot ionized gas content of galaxies in
further details.

Observations shed light on the correlation between therebdeX-ray luminosity Lx) and the B-band
luminosity (Lg) of early-type galaxies (Canizares et Al., 1987). Invesibgs by O’Sullivan et al! (2001)
indicated that in less massive elliptical galaxies « Lg, whereas in more massive oneg o« L2, and
the separation in B-band luminosity is-at3- 10'° Lg . The X-ray emission in less massive galaxies is
dominated by LMXBs, which are distributed according to thedlar light (Gilfanov,.2004). In massive
galaxies the change in theX — Lg) dependence indicates the presence of an additional Xrratyirey
component with non-stellar origin. This component, dortintathe observed X-ray emission, originates
from hot ionized gas with a temperature typically belkWw < 1 keV. The relation of X-ray luminosity
versus optical luminosity for a broad sample of early-typtagies is shown in Figuie.8.

The hot ionized gas, observable at X-ray wavelengths, doileither produced within the galaxy or it
could originate from inflows to the galaxy. The internal smsof gas are evolved stars which continuously
eject material via stellar wind. The temperature of stedjacta is~ 10* K, therefore the gas needs to be
heated to the observed temperatures. This can happen doersgar passes through shocks, and SNe la
also contribute to its heating. Whether external sourceslao involved depends on the evolutionary stage
of the galaxy. Atz = 0 the gravitational potential of massive ellipticals is plemough to keep the gas
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Figure 1.8: Bolometric X-ray luminosityL{) versus B-band luminosityLg) for a large sample of el-
liptical galaxies taken from_Mathews & Brighenti (2003) bdson the compilation af O’Sullivan etlal.
(2001).

trapped, however in early phases of galaxies very frequgme Tl Supernovae could drive galactic winds
enriching their local environment._Ciotti et'al. (1991) dmmtrated that at a later evolutionary state an
inflow may evolve and a fraction of the local gas is transfiivack into the galaxy providing an external
source of gas. The authors explain the large scatter inlthe-(Lg) plot (Figure[I.B) with the dierent
evolutionary phases of galaxies: transition is occurrisgMeen the outflow and the inflow. The outflow
implies a lowLy/Lg ratio, whereas an inflow has a higk/Lg ratio.

Since the binding energy per unit mass decreases with theahtdse galaxy, in less massive ellipticals
the interstellar gas is less bound to the galaxy (Faber,et@97). Therefore, in principle, SNe la could
drive a galactic wind from low-mass ellipticals. Indeed,videet al. [2006) pointed out that the energy
input from SNe la is sflicient to drive an outflow. Further arguments supporting ttesgnce of outflow
is the long cooling tin@ of the gas, being much longer than the mass replenishmeant ymevolved
stars. However, to detect such an outflow the various X-raigtiagn components have to be separated
from the difuse gas emission. The population of bright X-ray binariestbde removed, in whicEhan-
dra observatory has an outstanding role with its superior arg@solution. Moreover, it was revealed
recently that fraction of the extended X-ray emission ioeasged with the stellar population and is the

Note, that the cooling time of the gas is typicallyl(?®° years, significantly shorter than the lifetime of the galaxy
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Figure 1.9: Composite image of M31 based on multi-wavelerdgta. The DSS optical image (grey)
represents the distribution of the stellar light, while ##emicron data of Spitzer Space Telescope (red)
traces the distribution of cold gas and dust in spiral arntsiarthe 10-kpc star-forming ring. Shown in
purple is the soft X-ray emission from warm ionized gas wiaplpears to be outflowing from the galaxy.

superposition of a multitude of faint compact sources, mgancreting white dwarfs and stars with active
stellar coronael (Revnivtsev et al., 2006; Sazonovlet a6 R0The typical luminosity of these faint ob-
jects is in the range of 20—10%° erg s, hence these sources remain unresolved at extragalastandés.

In Chaptefb we describe the detection of a galactic wind fiteerbulge of M31i(Bogdan & Gilfanov,
2008), shown in FigurgZ.9.
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Figure 1.10: Artist's impression @&handra X-ray Observatory. Credit: Chandra X-ray Center.

1.3 X-ray telescopes

1.3.1 Chandra

Most of the results presented in this work rely on data f@mandra X-ray Observatory (Weisskopf et &l.,
2000), one of NASA's “Great Observatories” (Figlire_1.10heBatellite was launched on July 23rd, 1999
from the Kennedy Space Center in Cape Canaveral, aboarg#ue Shuttle Columbia as part of STS-93.
The satellite was named in honor of the Indian-American Nheeate, Subrahmanyan Chandrasekhar,
one the most prominent astrophysicists of the 20th cenmhgmdra@ is the most advanced X-ray tele-
scope built to date.

The satellite has a strongly eccentric orbit, its apogee 10000 km and its perigee is 10000 km.
As a consequenc&handra is in most of the time out of the Earth’s radiation belts, allag to proceed
continuous observations for over 100 ks. Therefore it iblgigfficient and actively observes durirg70
per cent of the time.

Chandra is designed to be a general-purpose X-ray observatory t@palmbserve photons in the
0.3 — 8 keV energy range. Due to the fact that it has a superior stgdee@ond angular resolution, its
specific focus is high-resolution imaging. The High ResolutMirror Assembly (HRMA) consists of
four pairs of nested Wolter type-1 mirrors, the focal lengti007 m. The &ective area of the HRMA
is 800 cn? at 025 keV, 400 crd at 5 keV, and 100 cfat 8 keV.Chandra combines the mirrors with
four science instruments: (i) the Advanced CCD Imaging 8peteter (ACIS) (Garmire et al., 2003),
(i) the High Resolution Camera (HRC) (Murray et al., 200@)) the High Energy Transmission Grating
(HETG) (Canizares et al., 2000), and (iv) the Low Energy $maission Grating (LETG) (Predehl et al.,

0The meaning of the word “chandra” is “moon” in Sanskrit.
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2000).

The ACIS detector is the most often used among the availaBteuments. It consists of ten CCDs,
eight of them are front-illuminated (FI) and two of them amck-illuminated (Bl). The gate structure
is mounted facing the mirrors on the FI CCDs, and revertethdron the Bl CCDs. Since no X-ray
photons are lost in the gate structure, the Bl CCDs haveraffgctive area at low energies, however their
background is also higher. The spectral resolution of FI €@&Dbetter, however in early stages of the
satellite they were damaged by the radiation belts of théhEgielding a varying spectral resolution on
these CCDs. The set of ACIS CCDs can be arranged in two pstteither a 2« 2 array is used with a
17x 17 arcminutes field of view (ACIS-I), or a6 array with 85x 51 arcminutes field of view (ACIS-S).
The pixel size of ACIS CCDs is.892 arcsecond.

The HRC is built up from two microchannel plate detectorss firimarily designed for imaging, has a
large 30x 30 arcminutes field of view, but these detectors have esdlgnip energy resolution. The pixel
size is smaller than on ACIS detectors and they have alserligtiing properties.

The two grating assemblies, HETG and LETG, onbd2inendra were designed to be used with ACIS-
S detectors. The HETG is built up from twofi@irent gratings, from the High Energy Grating and from
the Medium Energy Grating, they cover the spectral range.df115 A and 25 — 31 A, respectively.
The LETG operates in the range o1 175 A. The spectral resolution of these instruments is éxael
however this applies only within the range of few arcsecdrtti@source — the energy resolution decreases
quickly. The primary use of the grating instruments is thelgtof bright point sources.

1.3.2 XMM-Newton

In this dissertation we also analyzed data ofthey Multi-Mirror Mission (XMM-Newton). The satel-
lite was launched on December 10th, 1999. It is ESA's secétigedour “cornerstone missions” defined
by the Horizon 2000 Science Programmd/IM-Newton consists of three Wolter type-I mirrors and also
a 30 cm UVoptical telescope. The mirrors ariieient in the energy range ofD- 10 keV, and their main
advantage is their largefective area. For each mirror thEective area is 1500 cfrat 15 keV, 900 cm
at 7 keV, and 350 chat 10 keV, significantly exceeding values f6handra (Figure[TTl). The three
instruments onboardMM-Newton are (i) the European Photon Imaging Camera (EPIC) (Stritdd!, e
2001;  Turner et all, 2001), (ii) the Reflection Grating Spmueter (RGS).(den Herder ef al., 2001), and
(iif) the Optical Monitor (OM).

Two of the three EPIC CCD cameras are Metal Oxide Semi-cdaod{MOS) CCD arrays. These
are mounted behind the X-ray mirrors and have at their fodieRegon Grating Arrays (RGAs), which
divert about half of the incoming X-ray light towards the R&GSThe third X-ray telescope focuses its
unobstructed beam towards the EPIC PN instrument. The MA®BhCCDs are used for imaging with
large, 30x 30 arcminutes field of view. The MOS detector is built up froeren FI CCDs each of them
covering 109 x 10.9 arcminutes, while the PN detector consists of twelve CGbey cover 13 x 4.4
arcminutes. The pixel size isllarcsecond and#arcsecond for MOS and PN detectors, respectively. The
spectral resolution of the EPIC CCDs is modefafdE ~ 20— 50 and the on-axis point-spread-function
with a full-width-half maximum is 6 arcsecond.
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Figure 1.11: Comparison of thdtective area oiXMM-Newton (EPIC PN detector) an€handra (Bl
detector).

The RGS have an outstanding resolving poweEpAE ~ 150 — 800. However, the fact that this
spectral resolution can be achieved only in the cross-digpedirection strongly limits its use.

The OM covers the wavelength range of 27650 nm and it makes an image of the centralk1¥7
arcminute region of the X-ray field of view. The telescope mmadified Ritchey-Chretien design, with
focal length of 38 meters and focal ratio off2.7. The OM dfers the possibility to monitor the sky in
X-rays and in UV wavelengths simultaneously.

1.4 Outline

This dissertation consists of the results of four studie<ChaptefR we study the progenitor scenarios
of SNe la in early-type galaxies and constrain the contigipudf the single-degenerate scenario to the
observed SN la rate. The results of this work are acceptegufolication inNature (Gilfanov & Bogdan,
2010). In an accompanying work, presented in Chdpter 3, aeeplipper limits on the combined X-ray
emission from the population of steady nuclear burning evditvarfs. In the framework of the single-
degenerate scenario these systems are believed to begikglgnitors of SNe la. This work is accepted
for publication inAstronomy & Astrophysics (Bogdan & Gilfanolv| 2010a). We derive constraints on the
nature of CN progenitors in Chapfér 4, in particular we sttigycontribution of magnetic systems to the
observed CN rate and place upper limits on the fraction ofeded mass in dwarf novae during quies-
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cence. In this Chapter we also investigate the origin ofsolved emission from M31 based Gmandra
and XMM-Newton data, and study the X-ray to star-formation rate ratio altreg10-kpc star-forming
ring of the galaxy. This study will be submitted konthly Notices of the Royal Astronomical Society
(Bogdan & Gilfanov| 2010b). In ChaptEl 5 we investigate thigin and properties of the unresolved X-
ray emission from the bulge of M31, and report about the dieteof a hot gas outflow. These results are
published inMonthly Notices of the Royal Astronomical Society (Bogdan & Gilfanov| 2008). In Chapter
B we summarize our results.
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2.1 Abstract

There is wide agreement that Type la Supernova (used asastbcandles for cosmology) are associ-
ated with the thermonuclear explosions of white dwarf gidikebrandt & Niemeyver, 2000; Livia, 2000).
The nuclear runaway that leads to the explosion could startvhite dwarf gradually accumulating matter
from a companion star until it reaches the Chandrasekhas fimas (Whelan & Ibeh| 1973), or could be
triggered by the merger of two white dwarfs in a compact hyirsgstemi|(lben & Tutukov, 1934; Webbink,
1984). The X-ray signatures of these two possible paths emg diferent. Whereas no strong electro-
magnetic emission is expected in the merger scenario Unaitly before the Supernova, the white dwarf
accreting material from the normal star becomes a sourcepides X-rays for about ¥0years before the
explosion. This ffers a means to determine which path dominates. Here we tepbthe observed X-ray
flux from six nearby elliptical galaxies and galaxy bulges iactor of~ 30 — 50 less than predicted in
the accretion scenario, based upon an estimate of the Swperate from their K-band luminosities. We
conclude that no more than about 5 per cent of Type la Supaenowearly-type galaxies can be produced
by white dwarfs in accreting binary systems, unless theigenitors are much younger than the bulk of the
stellar population in these galaxies, or explosions of Ghandrasekhar white dwarfs make a significant
contribution to the Supernova rate.
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2.2 Introduction

The maximum possible mass of a carbon-oxygen white dwanfiddrthrough standard stellar evolu-
tion can not not exceed 1.1 — 1.2M, (Weidemann|_2000). Although the nuclear detonation can sta
below the Chandrasekhar mass 1.38M), sub-Chandrasekhar models have so far failed to reproduce
observed properties of SNe la (Hdflich & Khokhlov, 1996; Nuoipet al.| 1997), despite continuingfert
(Fink et al., 2007). Thus the white dwarf needs to accrate > 0.2M, of matter before the Supernova
explosion happens. As accreted material accumulates owtitte dwarf surface, hydrogen shell burn-
ing is ignited, converting hydrogen to helium and, possihiyther to carbon and oxygen. Depending on
the mass accretion ratd, it may proceed either in a (quasi-)steady regime or exgtsigiving rise to
Classical Nova events (Nomoto ef al., 2007). Because masstisn Nova outbursts,Yaron et|al. (2005)
the white dwarf does not grow if nuclear burning is unstaldler this reason the steady burning regime
is strongly preferred by the accretion scenario (Livio,@Q0imiting the range of the mass accretion rate
relevant to the problem of SN la progenitors b > 10°7 My/yr. In this regime energy of hydrogen
fusion is released in the form of electromagnetic radiatieith luminosity of Lwp nuc = XM ~ 1037
ergs, whereey ~ 6 - 10'® ergyg is energy release per unit mass atd hydrogen mass fraction (the solar
value of X = 0.72 is assumed). The nuclear luminosity exceeds by more thamnder of magnitude the
gravitational energy of accretion and maintains tifective temperature of the white dwarf surface at the
level (defined by the Stefan-Boltzmann law):

Ter ~ 45 (M/107" Mo /yr)Y*(Rwp/1072Ry) V2 eV. (2.1)

The blackbody spectrum of this temperature peaks in theXsofty band and, therefore, is prone to
absorption by interstellar gas and dust, especially ataver end of the temperature range. Because the
white dwarf radiuRyp decreases with its mass (Panei etlal., 2000)Tthencreases as the white dwarf
approaches the Chandrasekhar limit — the signal, detectabX-ray wavelengths, will be dominated by
the most massive white dwarfs. Such sources are indeedvedsierthe Milky Way and nearby galaxies
and are known as supersoft sources (Kahabka & van den HE9&T).

2.3 Predicted X-ray luminosity from accreting white dwarfs

The Type la Supernova rate scales with stellar mass andghesith near-infrared luminosity of the
host galaxy/(Mannucci et al., 2005). The scale factor idcaied through extensive observations of nearby
galaxies and for /50 galaxies equals (Mannucci ef al., 20083ia/Lk ~ 3.5-10* yr ! per 13° Lo,
corresponding to one Supernova in a few hundred years fopieatygalaxy. If the white dwarf mass
increases at a ratd, a population of

AM AM -

~ = ~ —N 2.2
M(At} M SNla ( )

Nwp

accreting white dwarfs is needed in order for one Supernowexplode on average evegit) = Ng,{“a
years. WithM ~ 10°7 — 10°® My/yr, for a typical galaxyNwp is a few hundreds or thousands — the
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Table 2.1: Comparison of the accretion scenario with oladrms. Listed for each galaxy are: name, K-
band luminosity, number of accreting white dwarfs and X{taginosities in the soft (0.3-0.7 keV) band.
The statistical errors for observed X-ray luminositiesgairom 20 per cent (NGC 3377) to less than 7 per
cent. The columns marked “predicted” display total numbyet eombined X-ray luminosity (absorption
applied) of accreting white dwarfs in the galaxy predictectase the single degenerate scenario would
produce all SNe la. They were computed assumvhg= 107 My/yr and initial white dwarf mass of
1.2M,. TheNwp drops by a factor of 10 foM = 106 Mg/yr.

Name Lk [Lkol Nwp Lx [erg/s]
observed predicted observed predicted
M32 85-10° 25 15-10% 7.1-10%

NGC3377  20-10% 58-10° 47-107  27-10%°
M31 bulge  37-10% 11-10° 6.3-10  23.10%
M105 41-10%0 1.2-10° 83.103 55.10%
NGC4278  55-10% 16-10° 15.10%®  76-10%
NGC3585  15-101  44.10° 38-10%  1.4.10%

accretion scenario predicts a numerous population of tiegrevhite dwarfs. The brightest and hottest
of them may reveal themselves as supersoft sources (Dinstefaal. | 2004), but the vast majority must
remain unresolved or hidden from the observer, for examplenterstellar absorption. The combined
luminosity of this "sea" of accreting white dwarfs is

Ltot,nuc = Lwp,nuc X Nwp = eXAM NSNIa (2.3)

whereAM is the diference between the Chandrasekhar mass and the initial dvisté mass. Unlike the
number of sources, the luminosity allows an accurate acdourmbsorption and bolometric corrections
and therefore a quantitative comparison with observatiamsbe made.

2.4 Observed X-ray luminosity from accreting white dwarfs

To this end we collected archival data of X-ray (Chandra) aedr-infrared (Spitzer and 2MASS)
observations of several nearby gas-poor elliptical gaksind for the bulge of M31 (TableR.1). Using
K-band measurements to predict the SN la rates, we compoiabiced X-ray luminosities of SN la
progenitors, based on a conservative, but plausible chafigarameters:M = 107"My/yr and initial
white dwarf mass of 2 My. The SN la rate was reduced by a half in order to account forfabe
that galaxies in our test-sample are somewhat older (Tiehe&& Forbes] 2002) than those used to derive
the rate [(Gallagher etlal., 2008). In computing the speeinargy distribution we took into account the
dependence of theffective temperature on the white dwarf mass as described bgtieq [Z1), and
the dfect of the interstellar absorption (which does not exceedctof of~ 3 — 4). The observed X-
ray luminosities were not corrected for absorption andudelunresolved emission and emission from
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resolved compact sources with hardness ratio corresppndiily, < 200 eV. The contribution of warm
ISM was subtracted, when possible. Obviously, the obserakgs present upper limits on the luminosity
of the hypothetical population of accreting white dwarf,there may be other types of X-ray sources
contributing to the observed emission. As is clear from thbl8[21, predicted luminosities surpass
observed ones by a factor ef 30 — 50 demonstrating that the accretion scenario is incomgisteh
observations by a large margin.

2.5 High accretion rate scenarios

There exists a maximum rate at which hydrogen can burn onttiite gwarf surfaceMgg ~ 10-6My/yr
(Nomoto et al.| 2007). The excess material may leave themsyst the form of a radiation driven wind
(Hachisu et &l 1996) or may form a common envelope configurgNomoto et al.L 1979; Livia, 2000).
In both cases, because of the large photospheric radid$f — 10° R, the peak of the radiation is in
the UV part of the spectrum and emission from such an objelttoeivirtually undetectable, owing to
interstellar absorption and dilution with the stellar ligiHowever, there is a nearly universal consensus
(Liviol 2000) that the common envelope configuration doeslerd to the SN la explosion, producing a
double white dwarf binary system instead.

In the wind regime, the white dwarf could grow in mass but & isather infficient process because a
significant fraction of the transferred mass is lost in thedviHachisu et all, 1996; Li & van den Heuvel,
1997). Therefore a relatively massivd, > 1.3—1.7Mg, donor star is required for the white dwarf to reach
the Chandrasekhar limit. Because the lifetimes of sucls stamot exceed 2 — 5 Gyrs, they may exist
only in the youngest of early-type galaxies, in which no mibian ~ 30— 40 per cent of Supernovae are
detectedl(Gallagher etlal., 2008). We took this into accauour calculations by halving the canonical
value of the SN la rate_(Mannucci et al., 2005). On a relatad,rin many elliptical galaxies small sub-
populations of young stars are detected (Schawinski,l 2008¢ ages of SN la progenitors are not very
well constrained observationally, so it is possible in pipie that these progenitors are much younger than
the bulk of the stellar population. However, given a smalktfion of young sub-populations in elliptical
galaxies (a few per cent or less), would imply very higificeency of young stars in producing Supernovae
and SN la rates in spiral galaxies, that are too high, muchenithan observed (Mannucci et al., 2005).
This is therefore not a likely scenario.

2.6 Conclusions

Thus, in early-type galaxies, white dwarfs accreting frodoaor star in a binary system and detonating
at the Chandrasekhar mass limit do not contribute more thant& per cent to the observed SN la rate. At
present the only viable alternative is the merger of two gHbivarfs, so we conclude that SNe la in early-
type galaxies predominantly arise from the double degémes@enario. In late-type galaxies, in contrast,
massive donor stars are available making the mass budgetiri@sibitive, so that white dwarfs can grow to
the Chandrasekhar mass entirely inside an optically thiokiyHachisu et all, 1996; Li & van den Heuvel,
1997) or, via accretion of He-rich material from a He-dontar sben & Tutukov (1994). In addition, a
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star-forming environment is usually characterized bydaagnounts of neutral gas and dust, leading to
increased absorption obscuring soft X-ray radiation fratreting white dwarfs. Therefore in late-type
galaxies the accretion scenario may play a significant role.
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Analysis CenteCalifornia Institute of Technology, funded by NASA and th&R The Spitzer Space telescope is
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2.7 Supplementary information

2.7.1 Unstable and stable nuclear burning

At low values of the mass accretion ra#énuclear burning on the white dwarf surface is thermally
unstable and proceeds in flashes, the exact boundary degeowlithe white dwarf mass Nomoto e: al.
(2007): Mgit ~ 3.1-1077 (Mwp/Ms — 0.54) Mo/yr. At yet smallerM < fewx 108 M/yr flashes become
dynamical, triggering Classical Nova (CN) outbutsts Yaepal. (2005). These relatively loW systems —
parent population for CNe, are broadly referred to as cggatk variables. The nuclear burning stabilizes
at higherM. In this regime, believed to be the most plausible evolatigrpath to SN la_Liviol(2000),
an accreting white dwarf reveals itself as a supersoft Xs@yrce (SSS) powered by the nuclear energy
of hydrogen fusion on its surface_Greiner (2000). The diohiyt between unstable and stable nuclear
burning systems is vividly illustrated by the¥t distributions (Figur€211). The remarkably sharp boundary
between CNe and SSS is the consequence of the stabilizdtionctear burning at log¢l) ~ 7.5, in
accord with theory.

2.7.2 The single degenerate scenario and statistics of Céasal Novae

It is predicted by theory Yaraon etlal. (2005) and confirmed bgesvations_Share etlal. (2003) that
in CN outbursts most of the accreted envelope and some ofrigmal white dwarf material will be
lost. For this reason, it is believed that the white dwarf nahgrow in mass unless the accretion rate
exceeds> few x 108 My/yr. Independently from this consideration we present anraagnt showing
that the statistics of CNe predicted in the single-degeéaeseenario is inconsistent with the observed CN
frequency.

Assuming that cataclysmic variables are the main type ofé&prdgenitors one can relate the CN and
SN la rates:

AMace Nen ~ AMsn Nsy (2.4)

whereAMy is the mass accumulated by the white dwarf per one classisal outburst cycleAMsy is
the mass needed for the white dwarf to reach the Chandraskikiia As these quantities depend on the
M and white dwarf mass, we write more precisely:

Nen :f dMwp >f dMwp (2.5)
Nsnia AMacc(Mwp, M) — J AMcn(Mwp, M)

whereAMcy is the mass of the hydrogen shell required for the nova osittarstart Yaron et all (2005).
The inequality in the equatiofi(2.5) follows from the facathMac < AMcn, due to the possible mass
loss during CN outburst Yaron etlal. (2005). As thi®lcn decreases steeply with the white dwarf mass,
the main contribution to the predicted CN rate is made by thetrmassive white dwarfs near the Chan-
drasekhar limit. They will be producing frequent outbunsith relatively short decay times Yaron el al.
(2005), thus resulting in a large population of fast reauirrevae, in apparent contradiction to the statis-
tics of CNe (Figurd—2]2). Note that, although short, thestbursts are not fainter than the longer ones
Yaron et al.|(2005) and could not have been missed in the paglA56) and more recent Capaccioli et al.
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(1989) CN surveys of M31.

Based on the statistics of fast CNe (Figlrd 2.2), the carttoh of cataclysmic variables to the SN
la rate can be constrained. The observed rate of CN with daoayshorter than 20 days in the bulge of
M31 is~ 5.2 + 1.1 yr'!, predicted rates are 300 yr! and~ 75 yr! for M = 108 and 10°M/yr.
The upper limit on the contribution of cataclysmic variable < 7 per cent in the least favorable case
of M = 1072°M,/yr. Yet lower M is not feasible for a potential SN la progenitor because eftimary
evolution consideration Hillebrandt & Niemeyer (2000).

2.7.3 Helium donors

An outcome of the binary evolutidn_Iben & Tutukav (1994) ofvaotinitially massive stars may be a
CO white dwarf accreting helium from a helium star. This tyfféinary systems may be a viable path
Yoon & Langer (2003); Wang et al._(2009) to SN la, as it is naingr to the well-known shortcoming
of the H-accretion models — the strong helium flaghes Iben ®ikay (1994); Livio (2000). Although
the M scale for helium burning is shifted upwards by an order of mitage, the mass accumulation
efficiency of a helium-accreting white dwarf may be high eveMat 108 — 10" My/yr Kato & Hachish
(2004). Because the nuclear burningjaency is 10 times lower than for hydrogen, the X-ray outgut o
a population of He-accreting white dwarfs will be smalledanay agree with X-ray observations. This
channel, however, requires large initial mass of the dotawi%on & Langeri(2003); Wang etlal. (2009),
~ 8Mg, hence it can only produce SN la with short delay timesl0’ — 10° Myrs and is irrelevant to
supernovae in early-type galaxies.
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Figure 2.1: The observed mass accretion rate distribufmr@Ne and supersoft X-ray sources. T¥dor

the former were computed from absolute V-band magnitudem&e19817) in quiescence using average
My — M relationl Puebla et all (2007) for accreting white dwarfse ROSAT SSS sample Greiner (2000)
includes sources in the M31, Milky Way and Magellanic Clautiseir M were computed from bolometric
X-ray luminosities assuming nuclear burnin§@ency for hydrogen and solar abundance of the accreting
material. Depending on the detailed spectral shape of tlies@n from the hydrogen burning layer on the
white dwarf surface, the M31 sample may lfieated by incompleteness near the leend. For the Milky
Way and LMC samples on the contrary, the incompletenéssts are insignificant &l > 10-8Mg/yr.
Their contribution is shown by the dashed region.
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Figure 2.2: The decay timg distribution for CNe in the bulge of M31. The histogram shates observed
Capaccioli et dl.[(1989) distribution, two smooth lines -egicted ones for two ffierent values oM.
They are computed assuming that cataclysmic variablesharedle progenitors of SN la and are based
on the results of numerical simulations of CN outburst cy®aron et al.|(2005) for the white dwarf core
temperature of 10K. The distributions are normalized to the CNe rate in thegbudf M31, 25 Clyr.
The vertical dashed line denotes the boundary of the vetyNlagae, which statistics is discussed in the
text.
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3.1 Abstract

We aim to place upper limits on the combined X-ray emissiomfthe population of steady nuclear-
burning white dwarfs in galaxies. In the framework of thegé#degenerate scenario, these systems,
known as supersoft sources, are believed to be likely pitaysrof Type la supernovae.

From theChandra archive, we selected normal early-type galaxies with thatpgource detection
sensitivity better than £ erg s* in order to minimize the contribution of unresolved low-magray
binaries. The galaxies, contaminated by emission fronzemhiSM, were identified based on the analysis
of radial surface brightness profiles and energy spectra. séimple was complemented by the bulge of
M31 and the data for the solar neighborhood. To cover a braxaglr of ages, we also included NGC3377
and NGC3585 which represent the young end of the age distibior elliptical galaxies. Our final
sample includes eight gas-poor galaxies for which we deterhy /Lk ratios in the @B — 0.7 keV energy
band. This choice of the energy band was optimized to detdécemission from thermonuclear-burning
on the surface of an accreting white dwarf. In computingltheve included both unresolved emission
and soft resolved sources with the color temperatutelgf < 200 eV.

We find that the XK luminosity ratios are in a rather narrow range of7( 3.2) - 10?” erg s L o.
The data show no obvious trends with mass, age, or metali€ithe host galaxy, although a weak anti-
correlation with the Galactic NH appears to exist. It is mflatter than predicted for a blackbody emission
spectrum with temperature of 50 — 75 eV, suggesting that sources with such soft spectra boieri
significantly less than a half to the observetKXatios. However, the correlation of thgKratios with NH
has a significant scatter and in the strict statistical seasaot be adequately described by a superposition
of a power law and a blackbody components with reasonablenpeters, thus precluding quantitative
constraints on the contribution from soft sources.
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3.2 Introduction

In the framework of the singe-degenerate scenario (Whé&ldben, 11973) white dwarfs accreting
from a donor star in a binary system and burning steadily theeted material on their surface are believed
to be a likely path to the Type la Supernova (Hillebrandt & iNeyer, 2000;_Livio, 2000). Nuclear burn-
ing is stable (required for the white dwarf to grow in masdyaithe mass accretion rate is high enough,
M ~ 1077 — 10Mo/yr. Given that the nuclear burnindfeiency for hydrogen igq ~ 6 - 10*8 ergg,
the bolometric luminosity of such systems are inth&0*” — 10°® erg s range, making them potentially
bright X-ray sources. Their emission, however, has a rdtvereffective temperatureles < 50 — 100
eV and therefore is prone to absorption by cold 1$M (GilfaBoBogdan | 2009). The brightest and hard-
est sources of this type are indeed observed as supersofesdn the Milky Way and nearby galaxies
(Greinelr) 2000). The rest of the population, however, resianresolved — weakened by absorption and
blended with other types of faint X-ray sources and, thuskesdts contribution to the unresolved X-ray
emission from galaxies.

We have proposed recently, that the combined energy oufpataeting white dwarfs can be used
to measure the rate at which white dwarfs increase their magalaxies l(Gilfanov & Bogdar, 2009).
This allowed us to severely constrain the contribution &f single-degenerate scenario to the observed
Type la Supernova rate in early-type galaxies. The critigantity in our argument is the X-ray to K-
band luminosity ratio of the population of accreting whitgadfs. This quantity can not be measured
unambiguously, due to several reasons. Firstly, galaxage karge populations of bright compact X-ray
sources — accreting neutron stars and black holes in binetgras (Gilfanov, 2004). Although their
spectra are relatively hard, these sources make a signiftcatribution to XK ratios, even in the soft
band. Unless their contribution is removed, the obtaing batios are rendered useless. This requires
an adequate sensitivity and angular resolution — the caatibim of qualities, which currently can only be
delivered byChandra observatory. Another source of contamination is hot icthigas present in some of
galaxies|(Mathews & Brighenti, 2003). Although there is agml correlation of the gas luminosity with
the mass of the galaxy, the large dispersion precludes amatecsubtraction of the gas contribution based
on, for example, optical properties of galaxies. The gadriltion may increase X ratio by ~ 1 -2
orders of magnitude, therefore gas-rich galaxies need® tdntified and excluded from the sample.
Finally, other types of faint sources do exist and make th@tribution to unresolved X-ray emission. As
different components in the unresolved emission can not beagegaonly upper limits on the luminosity
of white dwarfs can be obtained.

The aim of this paper is to measutg/Lk ratios in the B — 0.7 keV band for a sample of nearby
gas-poor galaxies. The energy range has been optimizedén tar detect emission from nuclear burning
white dwarfs, taking into account the range €eetive temperatures, absorption column densities and the
effective area curve dfhandra detectors.

The paper is structured as follows: in Secfiof 3.3 we descthib sample selection and data preparation
and analysis. We identify and remove gas-rich galaxies tf@rsample in Sectidn_3.4. The obtainetkX
ratios are presented and discussed in SeEfidn 3.5. Outgesalsummarized in Sectibn13.6.
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3.3 Sample selection and data reduction

3.3.1 Sample selection

The superb angular resolution combined with low and statd&rumental background @&handra
observatory makes the satellite perfectly suitable forpitesent study. We searched fBleandra archive
for observations in the science category “Normal Galax&s] selected a sample of early-type galaxies
with point source detection sensitivity better tharf”16rg s1. This threshold was chosen to minimize
the contribution of unresolved low-mass X-ray binaries &B&) and its particular value is explained
later in this paper (Sectidn 3.5.2). The sample was furtkieneled to include the bulge of M31 which has
similar stellar population and gas and dust content totelipgalaxies. In order to explore young elliptical
galaxies we also added NGC3377 and NGC3585, which wouldwise do not pass our selection criteria
due to large point source detection sensitivity.

The thus constructed sample includes 14 galaxies and ghldggs, their main properties are listed
in Table[311. The point source detection sensitivity referthe 05 — 8 keV band, and was calculated
assuming average spectrum of LMXBs — a power law With 1.56 (lrwin et al.| 2003).

3.3.2 Chandra

We analyzed 70 archiv&handra observations, listed in Talle"B.2. The total exposure tifrieedata
is Tops ~ 2.8 Ms. For ACIS-I observations we extracted data of the e®E¢S-1 array, while for ACIS-S
observations we used only the S3 chip. The data reductiorpemgrmed with standard Clﬁﬁ)software
package tools (CIAO version 4.1; CALDB version 4.1.3).

The main steps of the data reduction are similar to thoséedtin Bogdan & Gilfanavi(2008). Firstly
the flare contaminated time intervals were removed, whiaradsed the exposure time Ky 10 per
cent. Note, that for the point source detection we used tligtarad data, as longer exposure time
outweighs higher background periods. We combined the abaildata for each galaxy by projecting
them into the coordinate system of the observation with timgést exposure time. We ran the CIAO
wavdetect tool on the merged data in theS0- 8 keV energy range, and applied the same parameters
like in Bogdan & Gilfanol [(2008). This results in relativelgrge source cells, in order to minimize the
contribution of residual point source counts to the unressblemission. We find that 98 per cent of the
source counts lie within the obtained regions. Becauseeolditye cell size, some of the source cells may
overlap in the central regions of some of the galaxies fromsample. However, this is not an issue as
the goal of this analysis is the unresolved emission, rdtier point sources. The source list was used to
mask out point sources in the analysis of the unresolvedsaonis

The background subtraction has a crucial role in studyiegitiended X-ray emission. In all galaxies,
except for M31, we used a combination of several regions dwaay the galaxies to estimate the sky and
instrumental background components. This technique cabhenapplied in M31 since its angular size is
significantly larger than the field of view of the detectotsrefore we followed the procedure described
in Bogdan & Gilfanov [(2008). We constructed exposure mapadsyming a power law model with slope

httpy/cxc.harvard.edigiao
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Table 3.2: The list ofChandra observations used for the analysis. The abbreviation “thiandetector (Det.) column denotes observations performed
with ACIS-I, while “S” stands for the ACIS-S detector.

Obs-ID Tgps ks Tiiit, ks Date Det. Galaxy] Obs-ID Teops ks T, kS Date Det. Galaxy
303 120 82 1999 Oct 13 [ M31 7075 842 790 2006 Jul 03 S M105
305 42 40 1999 Dec 11 | M31 || 7076 701 667 2007 Jan 10 S M105
306 42 41 1999 Dec 27 I M31 795 397 317 2000 Jun 27 S NGC1291
307 42 31 2000 Jan 29 I M31 || 2059 370 195 2000 Nov0O7 S NGC1291
308 41 37 2000 Feb 16 I M31 | 2934 402 340 2003 Jan 06 S NGC3377
311 50 39 2000 Jul 29 I M31 2078 358 331 2001 Jun 03 S NGC3585
312 47 38 2000 Aug 27 | M31 9506 602 560 2008 Mar 11 S NGC3585
1575 382 382 2001 Oct 05 S M31 || 4741 379 347 2005 Feb 03 S NGC4278
1577 50 49 2001 Aug 31 I M31 7077 1117 1032 2006 Mar 16 S NGC4278
1583 50 41 2001 Jun 10 I M31 | 7078 521 464 2006 Jul 25 S NGC4278
1585 50 41 2001 Nov 19 | M31 7079 1064 1002 2006 Oct 24 S NGC4278
2895 49 32 2001 Dec 07 | M31 || 7080 565 536 2007 Apr 20 S NGC4278
2896 50 37 2002 Feb 06 I M31 | 7081 1121 1049 2007 Feb 20 S NGC4278
2897 50 41 2002 Jan 08 I M31 || 2015 410 361 2001 Jun 02 S NGC4365
2898 50 32 2002 Jun 02 I M31 || 5921 400 373 2005 Apr 28 S NGC4365
4360 50 34 2002 Aug 11 | M31 5922 400 383 2005May09 S NGC4365
4678 49 27 2003 Nov 09 | M31 5923 401 347 2005 Jun 14 S NGC4365
4679 48 27 2003 Nov 26 I M31 5924 271 257 2005Nov25 S NGC4365
4680 52 32 2003 Dec 27 I M31 | 7224 101 9.3 2005 Nov26 S NGC4365
4681 51 33 2004 Jan 31 I M31 323 530 464 2000 Jan 26 S NGC4636
4682 49 12 2004 May 23 I M31 324 85 47 1999 Dec 04 I NGC4636
7064 291 232 2006 Dec 04 | M31 || 3926 757 787 2003 Feb 14 I NGC4636
7068 96 77 2007 Jun 02 I M31 | 4415 753 753 2003 Feb 15 I NGC4636
2017 465 422 2001 Jul 24 S M32 784 398 378 2000 Jan 15 S NGC4697
2494 162 139 2001 Jul 28 S M32 || 4727 404 364 2003 Dec 26 S NGC4697
5690 1161 1161 2005May27 S M32 || 4728 362 314 2004 Jan 06 S NGC4697
785 386 232 2000 Apr 20 S M60 || 4729 386 195 2004 Feb 12 S NGC4697
8182 530 496 2007 Jan 30 S M60| 4730 406 369 2004 Augl1l8 S NGC4697
8507 177 177 2007 Feb 01 S M60| 7797 982 980 2007 Mar 22 I NGC5128
803 288 286 2000May19 S M84 || 7798 920 920 2007 Mar 27 I NGC5128
5908 467 461 2005May0l1 S M84 || 7799 960 960 2009 Mar 30 I NGC5128
6131 415 391 2005 NovO07 S M84 || 7800 920 920 2007 Apr 17 I NGC5128
1587 319 251 2001 Feb 13 S M105| 8489 952 952 2007 May 08 | NGC5128
7073 852 768 2006 Jan 23 S M105| 8490 957 957 2007 May 30 I NGC5128
7074 700 664 2006 Apr 09 S M105| 4448 301 297 2003 Sep 01 I Sagittarius
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of ' =2.

3.3.3 Near-infrared data

In order to trace the stellar light distribution we use thd#id data of 2MASS Large Galaxy Atlas
(Jarrett et al., 2003). Due to the large angular size of M3 packground is somewhat oversubtracted on
its near-infrared images (T. Jarrett, private communicgti Hence the outer bulge and disk of the galaxy
appears to be too faint. To avoid uncertainties caused bintheoper background subtraction, we used
the Infrared Array Camera (IRAC) onboafditzer Soace Telescope (SST) to trace the stellar light in M31.

In order to facilitate the comparison of results with othalagies in our sample, we convert the observed
near-infraredSpitzer luminosities to K-band values. The scale between tloeut IRAC and 2ZMASS
K-band data was determined in the center of M31, where thiegoaand level is negligible. The obtained
conversion factor between the pixel value€jg/Cz 6 ,m ~ 10.4.

3.4 Identifying gas-poor galaxies

In many luminous elliptical galaxies truly filise emission is present, originating from warm ionized
gas. Its luminosity may exceed significantly the emissiomfunresolved compact X-ray sources. There-
fore our aim is to identify the emission of warm ionized gas]j,af possible, to separate it from unresolved
faint compact sources. In order to reveal the presence apdmeadistribution of the ISM we construct
radial surface brightness profiles of the unresolved X-raission and study its spectra.

In Figure31 the distribution of X-ray surface brightnesshown for the studied galaxies. The profiles
were extracted in the B-2 keV energy band using circular annuli, centered in thesgeiithe galaxy. The
data is corrected for vignetting, all background compos@mé subtracted. The contribution of resolved
compact sources is removed as described in the previoumsect

Itis known that the distribution of unresolved compact ctgdollows the stellar mass (Revnivisev €t al.,
2006; Bogdan & Gilfanovi 2008; Revnivtsev el al., 2008). ttemve look for deviations of the X-ray
profile from the distribution of the K-band light as an indica of a presence of additional emission
component, presumably emission of warm ionized gas. Theréve galaxies, M32, M105, NGC3377,
NGC3585 and Sagittarius in which the X-ray brightness d¢jok#lows the stellar light distribution at all
central distances. In several others — M31, M60, NGC1291NBE4278 the X-ray emission follows
the near-infrared light only in the outer regions. In theenparts of these galaxies an additional X-ray
emitting component is present and often dominates. In h#rotases the X-ray surface brightness strik-
ingly deviates from the near-infrared light distributiondicating the presence of strong additional X-ray
emitting components. The mostigirent X-ray and K-band profiles are observed in M84, NGC46®b5 a
in NGC5128. These galaxies are known to show recent activityeir nuclei (e.g. Finugenov etlal., 2008;
Kraft et al., 2008} Baldi et al., 2009).

To confirm the presence of emission from ionized gas, we tigate the spectra of unresolved emis-
sion (Figurd_3R). As the gas emission is more centrally entrated in some of the galaxies, we make
distinction between inner and outer regions. The dividigjirare listed in TablEZ3l1. Similar to the radial
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Figure 3.1: Surface brightness profiles of the 14 galaxiesiirsample in the 8—2 keV energy range. All
background components are subtracted. Crosses (red) Beadistribution of unresolved X-ray emission
based orChandra data, the solid line (black) shows the (arbitrarily) rematized near-infrared bright-
ness.
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the spectrum of the inner region, while filled circles (reepresent the outer region spectrum. In case of
NGC3377 and Sagittarius spectra of the entire galaxy arestbhecause of the relatively low number of
counts.
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Table 3.3: Results of spectral fits of unresolved emissioddoearly-type galaxies.

Name KTmkL r LmkL LpL Lumxe  Lmki/Lee  Lmki/(LpL — Limxe)  x?/d.o.f
(keV) (ergst) (ergst) (ergs?)

M31bulge 032+0.01 182+004 18.-10%® 25.10% - 0.72 Q72 473223
M32 060+0.13 165+015 11-10°® 53.10% - 021 021 7670
M60 080+001 170+011 62-10*° 15.10 20.10%° 4.13 477 1015100
M84 065+001 145+0.12 30-10*° 1.1.10" 15.10%° 2.73 316 385122
M105  064+0.05 226+019 47-10 18-10® 3.8.10% 0.26 033 7473

NGC1291 1+0.03 264+023 63-10%® 99.10°% 32.10%8 0.64 094 8367

NGC3377 (07} 215+ 047 <18-10°" 30-10%® 33.10%® <0.06 - 4534

NGC3585 (07} 275+061 <80-10%® 25.10%° 30-10%° <0.32 - 4639

NGC4278 M7+0.06 234+031 51-10%® 1.1-10° 1.1.10%8 0.46 052 157/132

NGC4365 M49+0.04 167+017 24-10° 28-10°° 90-10%8 0.86 126 12898

NGC4636 59+001 264+0.05 11-10" 13.10° 4.1.10%8 8.46 874 1122199

NGC4697 33+0.03 254+054 73-10% 47.10® 21.10%8 1.55 281 78/66

NGC5128 062+0.01 -0.76+001 21-10®° 3.0-10"° 51.10% 0.07 007 3547435

Sagittarius o 244+ 051 <1.2-10% 25.10% - <048 <048 1820

The spectra were derived from full regions which parameseespresented in the Tadle13.1 and fitted by a model consisfirrgpower law and
an optically-thin plasma emission model (MEKAL in XSPEC|asccomposition). The hydrogen column density was fixed at®alactic value
(Dickey & Lockman, 1990). Column markdd k. lists the temperature of thermal emissidhis the photon index of the power law. ThesG- 8
keV luminosities are listed in the corresponding columingyxg is the combined luminosity of unresolved low-mass X-rayabies brighter than
10°° ergs (but fainter than the sensitivity limit for the given gajvestimated from the K-band luminosity of the studied regamd the average
LMXB X-ray luminosity function ofl Gilfanov I(2004).Lyuk/LpL is the observed luminosity ratio of the soft thermal compdrie the power law.
LmkL/(LpL — Limxs) is the same ratio corrected for contribution of unresolubtXBs. For NGC3377 and NGC3585 the predicted LMXB lumingsit
exceeds the observed luminosity of the power law compomeasumably due to a scatter infkKratios for LMXBs, therefore no LMXB-corrected
luminosity ratio is computed.
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profiles we excluded the contribution of resolved compaatses. In order to facilitate the comparison,
all spectra, shown in Figule=3.2, are normalized to the sarband luminosity ofLx = 10* L, and
projected to a distance of 10 Mpc. In case of Sagittarius a@€CB8B77 we show only the spectrum of
the entire galaxy due to the relatively low number of courithie emission from the hot ISM reveals
itself as a soft component, clearly visible in the spectranahy of the galaxies. In order to characterize
quantitatively its contribution we performed fits to the sfpa of unresolved emission (Talfle13.3), using
the MEKAL model in XSPEC to represent the emission from iediggas and a power law spectrum
for the contribution of unresolved compact sources. Theahwiundances for the thermal component
were fixed at the solar values. Such a simple model does nayaldescribe the observed spectra well
from the statistical point of view, as illustrated by theglarchi-square values given in the last column
of the Table[31B. However, it does describe the spectra \eititive accuracy of better thag 10 per
cent which is entirely dticient for the purpose of this calculation. The contributmfrthe hot ISM is,

in principle, characterized by the ratio of luminositiestliérmal and power law components. The latter
however includes contribution of unresolved LMXBs, whiclayrbe dominant for galaxies with a too
large point source detection sensitivigy, 10°¢ erg's, making the luminosity ratios also dependent on the
sensitivity of the available Chandra data. In order to camspée for this, we estimated the contribution of
unresolved LMXBs using the average LMXB X-ray luminosity@ition of GilfanoVv (2004) and subtracted
their contribution from the luminosity of the power law coom@nt. These corrected values are shown in
the column labeled k. /(Lp. — Limxg) in the Tabld=31B.

The spectral analysis results presented in Table 3.3 letimktoonclusions consistent with the bright-
ness profile analysis. As expected from surface brightnesdgs, M32, M105, NGC3377, NGC3585 and
Sagittarius show the same spectral properties at all deatiia— they have a rather weak soft component.
In M31 and in NGC4278 there is a significanffdrence between the spectra of inner and outer regions
the luminous soft component is present only in the formeaggesting that the hot gas is centrally concen-
trated (Bogdan & Gilfanov, 2008). In all other galaxies tlo& somponent dominates at all central radii,

and can be well fitted with an optically-thin thermal plasmassion model with temperature in the range
of KT ~ 0.3 - 0.8 keV, in a good agreement with previous studies (Sarazih,&GD1; Irwin et al.| 2002;
SivakdT et al.[2003; Randall et al., 2004).

Based on radial profiles and spectral analysis we concluatettie following seven galaxies are rela-
tively gas-poor and may be suitable for our analysis: thgdof M31, M32, M105, NGC3377, NGC3585,
NGC4278 and Sagittarius. In all other cases the signattigesegent activity of the galactic nucleus #md
large amount of hot gas make the galaxies unsuitable fortady.s

3.5 Results

3.5.1 Resolved supersoft sources

Due to large bolometric luminosity, 103’ —10°8 erg's some (generally speaking unknown) fraction of
the nuclear burning white dwarfs will be detected@yandra as supersoft sources, despite the low color
temperature of their emission. These sources obvioushyidlo® included in computing the final/K ra-
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tios. In order to separate them from LMXBs we use spectrgbgnites of compact sources. The tem-
perature of the hydrogen burning layer is in the rangd gt ~ 30— 100 eV, but we conservatively
included all resolved sources having hardness ratios sjooreling to the blackbody temperature lower
thankTy, < 200 eV. We used this method for all galaxies, except for MYien we relied on the cata-
logue of supersoft sources fram Di Stefano etlal. (2004).aBse of the increased source cell size (Section
[B33) some of the sources are merged into one. This may congeadentification of supersoft sources as
some of them may in principle be confused with harder souacesmissed in our analysis. To exclude
this possibility, we repeated analysis with nominal sowrek size and did not find any flierence in the
list of super-soft sources.

3.5.2 Lx/Lk ratios

The results of our analysis are presented in TRRIk 3.4. dListehe table are: X-ray luminosity of
unresolved emissiohy ynres Of resolved supersoft sources sss and of ionized gagx gas From these
guantities and from the K-band luminosity of the studiedardTable[3]l) we compute the X-ray to K-
band luminosity ratios £x/Lk. Inthe case of M31 and in NGC4278 we complig Lk ratio in the outer
regions, where no significant gas emission is detected. Tithg May value was obtained using the results
ofiSazonov et all (2006), who computed the luminosity ofvadtinaries (ABs) and cataclysmic variables
(CVs) in the Solar neighborhood. The interstellar absomis negligible in this case. We converted their
X-ray-to-mass ratios from theD- 2.4 keV band to the @—0.7 keV energy range, using typical spectrum
of ABs and CVs (see Figufe-3.3), and assuming a mass-tortgiotof M, /Lx = 1.0 (Kent, 1992)
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Figure 3.3: The spectrum of the active binary V711 Tau and sttady nuclear burning white dwarf of
RX J0439.8-6809. The spectrum of the former was extracted s VIM-Newton data, while the latter
was observed bZhandra. The background is subtracted from both spectra.
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The obtained ratios are in the rangelof/Lx = (1.2 - 4.1)- 10°" ergs* L', and show a large
dispersion. This dispersion is caused by the largkedince in the point source detection sensitivity for
the galaxies in our sample (TabIel3.1). In order to corredifis efect and to bring all galaxies to the same
source detection sensitivity we chose the threshold lusiipof 2- 10°6 erg s. In those galaxies which
had better source detection sensitivity (M31 bulge, M320MISagittarius) we did not remove any source
fainter than 210°¢ erg s in computing the luminosity of "unresolved" emission. liseaf NGC3377 and
NGC3585 having much worse detection sensitivity we subdrhthe contribution of unresolved LMXBs
in the luminosity range of 210°¢ — 2. 10*” erg s* from the measured luminosity of unresolved emission.
To estimate the former we used two methods. In the first methh@admeasured the combined X-ray
emission from hard resolved sources in this luminosity eaimgthree galaxies, M31, M105, NGC4278,
which allowed us to compute for each of these three galakiett/Lk ratio due to such sources. We
obtained fairly uniform values with the average numberofL.5 + 0.2) - 10?7 erg st LE,lo’ where the
cited error is rms of the calculated values. In the secondaaktthe contribution of unresolved hard
sources was estimated from the luminosity function of LMXBdfanov,2004). In the luminosity range
of 2-10%° - 2. 10* erg s the X-ray to K-band luminosity ratio is 1.4- 10?® erg s* L.}, in the 2— 10
keV band. In order to convert this value to th8 8 0.7 keV energy range we use the average spectrum of
LMXBS, described by a power law model with slopelof 1.56 (Irwin et al.| 2003) and assume a column
density of Ny = 4- 107 cm 2. The obtained value isx/Lk ~ (1.7+0.1)- 107" erg s* L.} whichisin a
reasonable agreement with the value obtained from the fettaod.

Note that both methods are based on the assumption thatheado for LMXBs is the same for all
galaxies in the sample. This assumption may be contradistéle fact that in NGC 3377 and NGC 3585
the predicted luminosity of unresolved LMXBs exceeds theeobed luminosity of unresolved emission
(Table[33B). Incidentally or not, these are the two younggdéxies in our sample. The possible age
dependence of the LMXB X ratio can not be excluded but remains yet to be establis@edthe other
hand, the correction due to unresolved LMXBs is less tia4D per cent of the observed valuelof/Lk
(Table[3%). This accuracy is ficient for the present study, which purpose is to constranuminosity
of nuclear burning white dwarfs. Therefore we defer furtimestigation of the possibleffect of non-
constant LMXB XK ratio for a follow-up study.

The X-ray to K-band luminosity ratios transformed to the sgmint sources detection sensitivity are
listed in TabldZ3Z}¥. These numbers are fairly unifdrgyLx = (2.4 + 0.4)- 10?” erg st Lt , where, as

K0
before, the cited error refers to the rms of the measurecsalu

3.5.3 Contribution of unresolved LMXBs

The excellent source detection sensitivity, achieved enliblge of M31, and the large number of
compact X-ray sources in this galaxy allows us to estimatectimtribution of unresolved LMXBs having
the luminosities below the adopted threshold of12® ergs to theLy/Lk ratio. We consider the inner
6 arcmin of the bulge where the source detection is complaterdo 2- 10%° erg s (Moss & Gilfanay,
2007). In this region we collect all compact sources withltheinosity in the range 210% — 2 . 10
erg’s, excluding those classified as supersoft sources. TheigecthK-ray luminosity of these sources is
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Table 3.4: X-ray luminosities in the®- 0.7 keV band of various X-ray emitting components in gas-p@daxjes.

Name Lx,unres Lx sss Lx.gas Lx/Lk (Lx/Lk)corr Age
(ergs?) (ergs?) (ergsh) (ergstLil (erg st Lt (Gyr)
(1) (2) (3) (4) (5) (6) (7)
M31bulge 11-10® 35.107 7.9.10° (1.8+02)-10%7 (22+02) 10?7 6-1¢
M32 64-10% 90-10%® — (18+02) 1077 (24+02) 10?7 4-10°
M105 64-10°7 1.9.10% - (20+02)-10?7 (20+02) 107" 8-15
NGC3377 67-10°7 1.1-10% - (39+06) 1077 (24+06)-10?7 4.1
NGC3585 &2-10%® — - (41+0.3)- 107" (26+0.3)-10%" 3.1¢
NGC4278 55-10%® 34.107 41-10® (32+02)-10%7 (3.2+02) 10" 10.7
Sagittarius  H-10%2 7.3-10% - (L2+04)- 10?7 (1L7+04)-10" 6.5-9.5
Milky Way - - - (34 +1.0)- 10?7 - -

(1) Name (2) Luminosity of unresolved X-ray emission (3) Linosity of resolved supersoft sources (4) Luminosity ofzed gas (5) Observed X-ray
to K-band ratio (6) X-ray to K-band ratio transformed to tleeng point source detection sensitivity of B0%6 erg s1. The errors in columns 5 and 6
correspond to statistical uncertainties in X-ray courgsa(7) Age of the stellar population. References for agj€isen et al..(2006) [Coelho et al.

(2009),°|Gregg et al.[(2004¥ Terlevich & Forbes!(2002F, Bellazzini et al. (2006)
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divided by the near-infrared luminosity of the same regtomroducel x/Lx = (3.6+0.3)10°°erg s* L%
This number represents the/Lk ratio in the soft band of low-mass X-ray binaries with lunsgii@s in

the 2- 10%° - 2. 10%® erg s'* range. We conclude that LMXBs contributel5 per cent to théx/Lk ratio

derived above.

3.5.4 The dfect of the interstellar absorption

The possible fect of the interstellar absorption on the observed X-rayihasities, depends on the
energy spectra of the main X-ray emitting components —adtimaries and supersoft sources. ABs have
significantly harder spectra than supersoft sources, wikidhustrated in Figuré_3]3. The class of ABs
is represented by V711 Tau, it was observed<dyM-Newton for 3.2 ks in Obs-ID 0116340601, while
RX J0439.8-6809 is an example of steady hydrogen burningcesubased on @handra exposure with
8.1 ks in Obs-ID 83. As a consequence of the harder spectrum ABkess &ected by the interstellar
absorption.

In Figure[3% we plot the corrected/K ratio ((Lx/Lk)corr in Table[3#) against the Galactic column
density. A weak anti-correlation between these two guastédppears to exist. This dependence or, rather,
absence of a stronger one, can be used, in principle, toefuctinstrain the contribution of sources with
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Figure 3.4: The sensitivity correctdd;/Lg ratio versus Galactic column density. The solid line (bjack
shows the dependence of the absorbed flux ofNthassuming a power law emission spectrum with slope
I' = 2. The dotted line (green in the color version of this plot) #me dashed-dotted line (red) correspond
to the combination of the same power law with a blackbody spetwith kT, = 75 eV andkTy, = 50,
respectively. The two components have same unabsorbeddsities in the (8 — 0.7 keV band.
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soft spectra to the X ratio. Indeed, the data is roughly consistent with thedependence for emission
with a power law spectrum with the slope= 2. The value obtained for the Solar neighborhood also fits
well this dependence. On the other hand, a much steeper diEpEnwould be expected if a significant
fraction (e.g. a half of the unabsorbed flux) of thd 8 0.7 keV emission had a blackbody spectrum with
temperature of 50 eV. This suggests that contribution ofcgsuwith soft emission spectidly, ~ 50— 75

eV is not dominant. The discrepancy decreases quickly, thightemperature of the soft emission, and
becomes negligible for the blackbody temperaturekDf, ~ 100 eV which has approximately same
dependence asla= 2 power law. Therefore the contribution of the sources withdber spectra could not
be constrained using this method.

Due to remaining dispersion in the data points caused byawmRrsystematic féects, the data can not
be adequately fitted in a strict statistical sense by a coatibim of power law and soft spectral components
with reasonable parameters. For this reason quantitadivsti@ains on the contribution of sources with soft
spectra would not be feasible. However the qualitative kemien from the analysis of thdy dependence
of theLx/Lk ratio is in general agreement with the result of Sazonovi€2806), who concluded that the
emission from accreting white dwarfs contributgsl/3 to theLx/Lk ratio of the Solar neighborhood in
the Q1 — 2.4 keV energy band.
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Figure 3.5: The sensitivity corrected X-ray to K-band luosity ratio versus the age of the stellar popu-
lation.
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3.5.5 Dependence dfy /L ratios on the parameters of galaxies

We did not find any obvious correlations of the sensitivityreotedLx/Lk ratios with the mass,
metallicity (Terlevich & Forbed, 2002) and age (Figlrd 26)he host galaxy. In particular, we conclude
tentatively that there is no significantfidirence between younger 3 — 4 Gyrs) and older< 6 — 12
Gyrs) early-type galaxies in our sample (but see the comimehée end of the Sectidn-3%.2 regarding the
possible &ect of the non-constant LMXB X ratio on the result of the sensitivity correction applied t
the two youngest galaxies in our sample).

3.6 Conclusions

Based orChandra archival data we have measured the X-ray to K-band lumiyneaiio in the 03—0.7
keV energy band in a sample of nearby gas-poor early-typaxige. In computing the X ratios we
retained only those components of X-ray emission, whichdccba associated with the emission of steady
nuclear burning white dwarfs, namely unresolved emissimheanission of resolved supersoft sources. To
this end, we excluded from our sample gas-rich galaxies embved the contribution of resolved low-
mass X-ray binaries. Our final sample contains seven extgataxies covering a broad range of stellar
masses and galaxy ages. It was complemented by the Solabodigod data.

We measured fairly uniform set of/K ratios with average value dfx/Lx = (2.4 + 0.4) - 10?/
ergsLke. The error associated with this number corresponds to tiseofrthe values obtained for in-
dividual galaxies. We estimate, that unresolved low-masayXbinaries contribute- 15 per cent of this
value. We did not find any significant dependence g€ KXatios on the parameters of the galaxies, namely,
their mass, age, metallicity. There appears to be a wealcantlation of XK ratios with the galactic
absorption columiNy. The relative flatness of this dependence suggests thatleditn of the sources
with soft spectr&kTp, < 50— 75 eV to this ratio is not dominant. The remaining dispersiothe data
points precludes more rigorous and quantitative conahgsio
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4.1 Abstract

We investigate unresolved X-ray emission from M31 based mmxdensive set of archiva{MM-
Newton andChandra data. We show that extended emission, found previouslyamthge and thought to
be associated with a large number of faint compact sourgémas to the disk of the galaxy with similar
X-ray to K-band luminosity ratio. We also detect excess X@mission associated with the 10-kpc star-
forming ring. The lx/SFR ratio in the G- 2 keV band ranges from zero £01.8-10°8 (erg s1)/(Mo/yr),
excluding the regions near the minor axis of the galaxy witdee~ 1.5 — 2 times higher. The latter is
likely associated with warm ionized gas of the galactic wiatther than with the star-forming ring itself.

Based on this data, we constrain the nature of Classical oMy progenitors. We use the fact
that hydrogen-rich material, required to trigger the egjan, accumulates on the white dwarf surface via
accretion. Depending on the type of the system, the energgarétion may be radiated at X-ray energies,
thus contributing to the unresolved X-ray emission. Basedhe CN rate in the bulge of M31 and its
X-ray surface brightness, we show that no more thal0 per cent of CNe can be produced in magnetic
cataclysmic variables, the upper limit beirg3 per cent for parameters typical for CN progenitors. In
dwarf novae,> 90 — 95 per cent of the material must be accreted during outhusdten the emission
spectrum is soft, and only a small fraction in quiescentquis;j characterized by rather hard spectra.
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4.2 Introduction

Similarly to other normal galaxies, X-ray emission from thdge of the Andromeda galaxy is dom-
inated by accreting compact sources (2.g. Voss & Gilfan6®@72. In addition, there is relatively bright
extended emission which nature was explored_ in Bogdan &6l (2008) (hereafter Paper I) based on
extensive set oChandra observations. In Paper | we revealed the presence of waripeiSM in
the bulge which most likely forms a galactic-scale outflowd ahowed that bulk of unresolved emission
is associated with old stellar population, similar to thda@ac ridge X-ray emission in the Milky Way
(Revnivtsev et all, 2006; Sazonov et al., 2006). Althougtséhstudies led to a much better understanding
of X-ray emission from the bulge of M31, the disk of the galaowld not be investigated in similar detail
due to instficientChandra data coverage of the galaxy. TKMIM-Newton data, available at the time, also
did not provide adequate coverage of the galaxy either, @ritis the northern part of the disk observed
with relatively short exposures_ (Trudolyubov et al., 2005)

Over the last several yeaxdIM-Newton completed a survey of M31, which data has become publicly
available now. The numerous pointings with total exposume bf ~ 1.5 Ms give a good coverage of the
entire galaxy. With these data it has become possible ty study emission from the disk of the galaxy.
In the present paper we concentrate on the unresolved emssnponent and compare its characteristics
in the disk and bulge. We will also study the 10-kpc star-fimgnring to support our earlier claim that
excess unresolved emission is associated with star-fgrnegions in the galactic disk (Paper I).

Classical Nova (CN) explosions are caused by thermonunleaway on the surface of a white dwarf
in a binary system (Starrfield etlal., 1972). In order for thelear runaway to start, a certain amount of
hydrogen rich materialhAM ~ 10°M,, needs to be accumulated on the white dwarf surface (Fujimot
1982). This material is supplied by the donor star and isededronto the white dwarf. Obviously, there
is a direct relation between the frequency of CNe and collecccretion rate in their progenitors. The
accretion energy is released in the form of electromagmati@tion which spectrum depends on the type
of the progenitor system. In certain types of accreting avtiwarfs it peaks in the X-ray band, for example
in magnetic systems — polars and intermediate polars. Emis®m these systems will be contributing
to the unresolved emission in the galaxy, therefore theinlrer and contribution to the CN rate can be
constrained using high resolution X-ray data. This is tHgext of the second part of the paper.

In the following, the distance to M31 is assumed to be 780 §iarfek & Garnavich, 1998; Macri,
1983) and the Galactic hydrogen column density. %610°° cm? (Dickey & | ockman/ 1990).

The paper is structured as follows. In Secfian 4.3 we des¢hie analyzed X-ray and near-infrared data
and the main steps of its reduction. In Secfiod 4.4 resulth@fanalysis of unresolved X-ray emission
are presented. In Secti@n .5 we derive constraints on theenaf CN progenitors. Our results are
summarized in Sectidn4.6.
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Figure 4.1: Combined raw image 8MM-Newton observations in the.b — 2 keV energy band. Black
contour show the location of the 10-kpc star-forming rimgcéd by the 16@m Spitzer image. The white
contour marks the region covered B%andra. The center of M31 is marked with the cross. North is up

and east is left.

4.3 Data reduction

4.3.1 XMM-Newton

We analyzed 24 observations frasMM-Newton survey of M31, listed in TablE4.1. The data was
taken between 2000 June 25 and 2007 July 25 and covers nkarintire disk of M31 and its bulge.
The approximate coverage of the galaxyXiMM-Newton data is illustrated in Figuig4.1. We analyzed
the data of the European Photon Imaging Camera (EPIC) mstits |(.S.L|:T.&L&Ti ; al.,
|20_Q.{), for its reduction we used Science Analysis Systeas)version 7.1.




4.3 DATA REDUCTION 63

Figure 4.2: Composite image of M31 based on optical andhfaatied data. Th®SSoptical image (grey)
represents the distribution of the stellar light. Theu2d data ofSpitzer Space Telescope (red) traces the
distribution of cold gas and dust in spiral arms and in thekfi©-star-forming ring. Overplotted are the
regions used for spectral analysis in Secfion #.4.2 and nopate thelLy/Lk ratios in Sectioi]3. The
center of M31 is marked with the cross. North is up and easffts |

Main steps of data analysis were performed in the same wagsasibded in Paper |. After applying the
double filtering techniqué;(_NﬂLa.lain.en_el la.L_jOOS) theosxgoe time decreased Tq; ~ 639 ks. The out-
of-time events were removed using the Oot event list. Thesx@ maps were calculated wEEXPMAP
command ofSAS using a powerlaw model with slope bf= 2 The observations were re-projected and
merged in the coordinate system of Obs-ID 0112570101.

In the analysis of extended emission, contribution of ne=swlpoint sources needs to be removed. For
this, we used th€handra source list, where available. In the disk, not coveredChgndra, we ran the
SAS source detection tool, which gives a complete list of saaraieove~ 10% erg st. The resulting
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Table 4.1: The list o XMM-Newton observations used for the analysis.
Obs-ID Tobs(kS)  Tiiie (kS) Date
0109270101 63 160 2001 Jun 29
0109270301 52 252 2002 Jan 26
0109270401 9% 322 2002 Jun 29
0109270701 549 537 2002 Jan 05
0112570101 61 526 2002 Jan 06
0112570201 63 426 2002 Jan 12
0112570301 59 152 2002 Jan 24
0112570401 30 250 2000 Jun 25

0202230201 18 178 2004 Jul 16
0202230401 14 9.0 2004 Jul 18
0202230501 28 20 2004 Jul 19
0402560301 6@ 339 2006 Jul 01
0402560401 5D 5.0 2006 Jul 08

0402560501 5D 240 2006 Jul 20
0402560701 64 140 2006 Jul 23
0402560801 64 410 2006 Dec 25
0402560901 60 336 2006 Dec 26
0402561001 68 397 2006 Dec 30
0402561101 60 320 2007 Jan 01
0402561301 54 251 2007 Jan 03
0402561401 6D 400 2007 Jan 04
0402561501 54 369 2007 Jan 05
0404060201 40 140 2006 Jul 03
0410582001 20 80 2007 Jul 25

list was used to mask out compact sources in these regionsefAse (Paper I), we use enlarged sources
regions in order to limit the contribution of remaining césifrom point sources to less thanl10 per cent.

The particle background components were subtracted asluEsm Paper |. By removal of the cosmic
X-ray background (CXB) we took into account that the resoliraction of CXB changes as the exposure
time varies. In order to compensate for thifeet we assumed that the point source detection sensitivity
is proportional to the exposure time, and computed the vedalraction of CXB for each pixel using
(logN - log S) distribution from_Moretti et al.[(2003). Such an approadkesi not account for the non-
uniformity of the source detection sensitivity across theDS. This uncertainty is taken into account in
computing systematic errors in the brightness profiles)gleith other factors described in Paper I. Their
combined #ect is indicated by grey shaded area in the surface brighiegiles analyzed in the Section
HZ7. Due to limitations of the background subtractioncpdure, data can be analyzed and interpreted
reliably only out to~ 1° central distance along the major axis of M31 in the-02 keV energy range. We
found that in harder energy band only the bulge of the galaxybe studied wittKMM-Newton data.
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Table 4.2: The list oChandra observations used for the analysis.

Obs-ID  Tops(ks) Tiix (ks)  Instrument Date
303 120 82 ACIS-I 1999 Oct 13
305 42 4.0 ACIS-I 1999 Dec 11
306 42 41 ACIS-I 1999 Dec 27
307 42 31 ACIS-I 2000 Jan 29
308 41 37 ACIS-I 2000 Feb 16
311 50 39 ACIS-I 2000 Jul 29
312 47 38 ACIS-I 2000 Aug 27
313 61 26 ACIS-S 2000 Sep 21
314 R2 5.0 ACIS-S 2000 Oct 21
1575 382 382 ACIS-S 2001 Oct 05
1577 50 49 ACIS-I 2001 Aug 31
1580 51 48 ACIS-S 2000 Nov 17
1583 50 4.1 ACIS-I 2001 Jun 10
1585 50 4.1 ACIS-I 2001 Nov 19

2049 148 116 ACIS-S 2000 Nov 05
2050 132 109 ACIS-S 2001 Mar 08
2051 138 128 ACIS-S 2001 Jul 03

2895 49 32 ACIS-I 2001 Dec 07
2896 50 37 ACIS-I 2002 Feb 06
2897 50 41 ACIS-I 2002 Jan 08
2898 50 32 ACIS-I 2002 Jun 02
4360 50 34 ACIS-I 2002 Aug 11
4536 549 302 ACIS-S 2005 Mar 07
4678 49 27 ACIS-I 2003 Nov 09
4679 48 27 ACIS-I 2003 Nov 26
4680 52 32 ACIS-I 2003 Dec 27
4681 51 33 ACIS-I 2004 Jan 31
4682 49 12 ACIS-I 2004 May 23
7064 291 232 ACIS-I 2006 Dec 04
7068 96 7.7 ACIS-I 2007 Jun 02

4.3.2 Chandra

We combined an extensive set ©handra data taken between 1999 October 13 and 2007 June 2,
listed in TabldZR. The data was processed WM&OEI software package tool€[AO version 4.0CALDB
version 3.4.5). The 29 observations allowed us to study tgilgeband the southern disk of M31, the exact
data coverage is shown in Figurel4.1. In case of ACIS-S obhtiens we used the data from S1, S2, S3,

httpy/cxc.harvard.ediag
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Figure 4.3 Near-infrared light distribution along the wragxis of M31 based on.@ um data ofSpitzer
Foace Telescope (black thick line) and thMASS K-band (thin green line) data. The normalization of
Soitzer profile was adjusted to match the K-band light in the centavi8l. The x-coordinate increases
from south-west to north-east.

12, 13 CCDs, except for Obs-ID 1575 where we extracted dabp foom the S3 chip. The peak value of
the exposure time reach@&s;;; ~ 144 ks in the center of the galaxy.

The main steps of the data analysis are similar to thosenedtiin Paper I. After excluding the flare-
contaminated time intervals the total exposure time desegdy~ 25 per cent. The instrumental back-
ground was subtracted following Hickox & Markevitch (20@6)d using the stowed data&%y subtrac-
tion of CXB we followed the same procedure as describedXidiM-Newton, to correct for the varying
fraction of resolved CXB sources.

4.3.3 Near-infrared data

In order to compare the unresolved X-ray emission with tledlastmass distribution, a stellar mass
tracer is needed. The K-band image from Te-Micron All Sky Survey (2MASS) Large Galaxy Atlas
(LGA) (Jarrett et al.L_ 2003) image is commonly used for thisppse. Alternatively, one could use data
of the Infrared Array Camera (IRAC) on tHgpitzer Space Telescope (SST), which provides images at
near-infrared wavelengths, among others.&fsn.

Due to the large angular extent of M31 the background on2MASS K-band image provided by
LGA is somewhat oversubtracted (T. Jarrett, private comoation), therefore the disk of M31 appears

2httpy/cxc.harvard.edigontriymaxinystowed
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to be too faint. In Figuré_4l3 we compare the K-band surfacghbmess distribution with th&pitzer

3.6 um data. The profiles were extracted along the major axis of, M@th bin width of 5 arcsec and the
bins were averaged on 500 arcsec in the transverse diredti@nbackground level ditzer image was
estimated using nearby fields to M31. There is a good agreeiméme central~ 300 arcsec, where the
background subtraction is nearly negligible, but at larffjsets an increasing deviation appears. Therefore
in the present study we use thés dm image ofSpitzer to trace the stellar mass. In order to facilitate
the comparison of results with other studies we conve8gtrker near-infrared luminosities to K-band
values using the central regions of the galaxy. The obtaswwersion factor between pixel units is
Ck/Cz6um = 104.

In Paper | we used 2MASS image to compute K-band luminosatiesstellar masses offtkrent parts
of the galaxy. As the analysis of the Paper | did not extendbbdy: 1000 arcsec from the center, the
deficiency of the 2MASS image at larg&set angles has noftfacted our results in any significant or
qualitative way. It resulted, however, in small quantitatdiference in XK ratios between this paper and
Paper I.

4.4 Unresolved X-ray emission in M31

4.4.1 Surface brightness distribution

We study the brightness distribution of unresolved X-rayssion in M31 in the (b — 2 keV and in
the 2— 7 keV energy range (Figufe“3 /4, 1.5). In all cases profileevaeeraged over 500 arcsec in the
transverse direction. The contribution of resolved pommitrses is removed. The profiles are corrected for
vignetting, furthermore all instrumental and sky backgmbw@omponents are subtracted. We found good
agreement at all studied distances betw€bandra and XMM-Newton data. In the inner bulge region,
which is most crowded with point sources we consider dritrandra data. X-ray light distributions are
compared with the .8 um Spitzer data.

The upper panel of Figute 3.4 presents the surface brighttisgibution along the major axis of M31
in the @5 — 2 keV band. The shaded area shows the background subtractigmtainties. The profile
confirms the presence of the additional soft emission in émgral bulge, which was shown to originate
from hot ionized gas (see Paper I). Outside few central bimay{lux follows the near infrared profile —
unresolved emission associated with the bulge of the gataryinues into the disk with approximately
the same X-ray to K-band ratio. Although overall correlatimetween X-ray and near infrared brightness
is quite good, there are several deviations, of which thet quasninent is the excess X-ray emission at
the central distance 6f2500 arcsec. This excess approximately coincides with tbadohump on the
160 um profile corresponding to the southern end of the 10-kpefstaming ring (Figurdc4R). Similar
excess emission (“shoulders”-at:700 arcsec) coinciding with the peaks on the 4f0profiles is present
in the distribution along the minor axis. (Note that overadtmalization of the X-ray flux is larger on the
minor axis profile due to contribution of the gas emissionpo&sible association of excess X-ray emission
with the star-forming activity in the 10-kpc star-forminigg is further discussed in Sectibn414.4.

In Figure[4L$ we show the brightness distribution in the 2 keV energy band based &@handra
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Figure 4.4: X-ray surface brightness distribution alorgniajor axis (upper panel) and minor axis (lower)

in the Q5 - 2 keV energy band. The filled (blue) symbols show@iandra data, open (red) symbols rep-
resent theXMM-Newton data, the solid (green) histogram is the surface brightaE3% um Spitzer data,

the thin solid (black) line indicates 160m Spitzer data. The shaded area corresponds to the systematic
uncertainty in the background subtraction for XMM-Newton data. The normalization of the near- and
far-infrared profiles are the same on both panels. The xeduoate increases from south-west to north-east
for the major axis and from south-east to north-west for tiveomaxis profile.
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Figure 4.5: Same as Figure¥.4 but in the7keV energy band based @mandra data. The normalization
of the near-infrared profiles is the same on both panels.
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Figure 4.6: X-ray spectra of flerent regions in M31 and in M32: stars (red) show the specttithe
central 200 arcsec region; filled boxes (green) are thegpedf the 356-500 arcsec annulus; open circles
(blue) are the spectrum of the disk; filled triangles (purgleow the spectrum of M32. All spectra were
extracted usin@handra data. The spectra are normalized to the same level of nraréd brightness.

data. No contribution of the hot gas emission wkih ~ 300- 400 eV is expected in this energy range.
Accordingly, there is a good agreement between the X-raynaaa-infrared distribution along the major
axis (Figurd/4b). However, along the minor axis the unsre=blX-ray emission traces the stellar light
only in the inner region. Outside 200— 300 arcsec the X-ray brightness becomes systematicatjgriar
than the normalized.8 um distribution. The origin of this enhancement is not cléamay be associated
with the star-formation activity in the disk and 10-kpc siamming ring, as suggested in Paper |, or may
be related to the galactic scale wind.

4.4.2 Spectra

In order to extract spectra of the bulge and the disk of M31 sedwnlyChandra data. The back-
ground was subtracted using the ACIS “blank-sky” files asdlesd in Paper I. We extracted the spectrum
of the inner bulge, outer bulge, and disk of M31. The innegbukgion is represented by a circle with 200
arcsec radius, the outer bulge spectrum is extracted froincalar annuli with radii of 350- 500 arcsec,
and the disk spectrum is computed from a rectangular reditreasouthern part of the disk. The applied
regions are also depicted in Figlirel4.2. As a comparison seeadded M32, the the extracted region is
same as described in Paper I. In order to compare the speetreomnalized them to the same level of
near-infrared luminosity.
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Figure[4.6 reveals that all spectra are consistent abolé keV. Below this energy the inner bulge
region is strikingly diferent, it has a factor of 4 times stronger soft component than all other spectra.
Also the outer bulge has a weak excess belolvkeV compared to the disk and M31 spectra, which show
very similar spectral characteristics at all energies. fEimnearkable soft component is the consequence of
the hot ionized gas, located in the bulge of M31 (see Papdhp.somewhat increased soft emission in
the outer bulge is presumably due to the contribution from eyaission, lacking completely in the disk
of the galaxy. Note the presence of the relatively weak smftwonent in the spectra of the disk region
and M32, which presumably originates from the populatiommfesolved sources. Indeed, th&etient
nature of the soft components in the inner bulge and in the afi$/31 is also supported by the best-fit
temperatures to the soft components. Using a simple two ooerg spectral model, consisting of an
optically-thin thermal plasma emission spectrum and a jpéawe model (MEKAL in XSPEC), we find a
best-fit temperature &T = 0.36+ 0.01 keV for the inner bulge, whereas we obtkin= 0.62+ 0.10 keV
in the disk ankT = 0.54 + 0.15 keV in M32.

4.4.3 Lx/Lk ratios

The X-ray to K-band luminosity ratiod /Lk) were computed for the same regions as used for spec-
tral analysis. As before, we usthandra data only. The_x/Lk ratios are obtained in the®- 2 keV and
in the 2— 10 keV energy range to facilitate comparison with previduslies. The X-ray luminosities in
the Q5-2 keV energy range were computed using the best fit specti@dind-or the outer bulge and disk
we assumed a "power law MEKAL" model, whereas for the inner bulge a second MEKAL cament
was added to obtain a better fit. In the-2.0 keV band the X-ray luminosities were computed from the
count rate using the count-to-erg conversion factor fonagrdaw spectrum with a photon index b= 2.
The conversion factor depends weakly on the assumed slogeging by< 10 per cent whel varied by
+0.4. The luminosities and their ratios are listed in TdhIé érByrs correspond to statistical uncertainties
in the X-ray count rates.

The Lx/Lk ratios for the bulge regions are consistent with those gimelRaper |, albeit somewhat
smaller, due to the increased K-band luminosity for somehefregions (Section~4.3.3). In agreement
with spectra, thd_x/Lk ratio in the soft band is highest in the inner bulge, and sstlh the disk of
the galaxy, where it is consistent with M32 value (Papemi}hle outer bulge the obtainég/Lk ratio is
in-between due to residual contribution from gas emisslarthe hard band allLx/Lk ratios are similar
to each other, in the range of 43- 45) - 10°” erg s L%, There is a statistically significant scatter

Table 4.3: X-ray to K-band luminosity ratios forfterent regions of M31 and for M32.
Region Lk Los-2kev  Lz-iokev  Los-2kev/Lk Lo-1okev /LK
(Lko) (ergsh) (ergs) (ergs'L. Y (erg st L
Inner bulge 19-10°° 17-10°® 80-10°" (89+01)-10?" (42+0.1)-10*
Outerbulge &-10° 4.1-10* 29.10 (5.0+01) 10" (34+0.1)-10*
Disk 21-10° 76-10%°% 94.10°® (36+01)-10°" (45+0.2)-10*7
M32 85-10° 30-10°® 34.10°® (35+01)-10°® (40+0.2)-10%
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in their values, which origin is not clear. It can not be exmpda by the varying residual contribution of
LMXBs due to diterent point source detection sensitivity ifitdrent region. Indeed, the latter varies from
~ 2-10% erg s in the outer bulge te- 6 - 10°® erg s in the disk. If we use the luminosity function of
LMXBs of Gilfanov (2004) and assume a powerlaw spectrum sitpe ofl" = 1.56 as average LMXB
spectruml(lrwin et all, 2003), we find that LMXBs in the lumsity range of (2 6)-10% erg s* contribute
Lx/Lk ~ 3-10%erg st LE}Q, which may account only for 1/4 of the scatter. Further contribution to the
observed dterence inLy/Lk ratios may be made by thefférence in star-formation history offtkrent
regions. This may be an interesting topic on its own, butlitegond the scope of this paper.

4.4.4 Emission from the 10-kpc star-forming ring

Surface brightness profiles suggest that there may be amittmission component associated with
spiral arms and the 10-kpc star-forming ring. In order talgtthis further, we consider X-ray emission
along the 10-kpc star-forming ring of the galaxy and inygt the behavior of thex/SFR(star formation
rate) ratio. We us&XMM-Newton data since only they provide good coverage of the star-fogming
with adequate sensitivity. Due to uncertainties in the gamknd subtraction procedure in the hard energy
band, we restrict this study to 0.5-2 keV range. The X-rayihasity was computed in the same way as
described in SectidnZ.4.1. The contribution of unresolmission associated with old stellar population
was removed based on the near-infrared luminosity of studigions and using thiex/Lk ratio of the
disk of M31. The remaining X-ray emission is 250 per cent of of the original value. The star-formation
rate was determined based from 1@@ image of the galaxy provided t8pitzer. The background level
for the latter was determined from a combination of nearlayblsky fields. The star-formation rate was
computed from the 160flux using the infrared spectral fits fram_Gordon €t al. (20869 calibration of
Kennicutt (1998). This resulted to a conversion fiicent of SFR= 9.5 107° Figq,m/Jy Moyr~? for the
distance of M31.

The behavior of XSFR ratio along the 10-kpc star-forming ring is shown in F&gd.1. No excess
X-ray emission above the level corresponding toltkgLk ratio for the disk was detected in the northern
(the position angle ot 10°) and southern~ 215°) parts of the ring. We therefore plot upper limits for
these two regions, which were assumed to be 20 per cent of-thg Emission associated with old stellar
population. The XSFR ratio is largest in the bins centered at the positioneanfjk 90° and~ 270
corresponding to the minor axis of the galaxy. These binccantaminated by the gas emission as it is
obvious from the minor axis soft band profile shown in Figurd. 4Apart from these bins, Figufe#.7
clearly demonstrates presence of the excess unresolvesgiemapproximately correlated with the far-
infrared luminosity. This emission presumably arises frammultitude of faint sources associated with
young stellar objects (protostars and pre-main-sequeacg) and young stars (elg. Kovama etlal., 1996).

After the bins contaminated by the gas emission are excluaesignificant scatter in the obtained
Lx/SFR values remains; they are in the rang® (01.8) - 10°® (erg s1)/(Mo/yr). These variations may
be intrinsic, due to the dierent star-formation history and population age iffiedlent parts of the 10-kpc
star-forming ringl(Shtykovskiv & Gilfanov, 2005), or may baused by varying column density which can
be as large as few times %cm (Nieten et al., 2006). Data in the hard band, fieeted by absorption,



4.5 PROGENITORS OF CLASSICAL NOVAE INM31 73

1039 _| T T T T T T T T T T T T T T T T T T T | T T T T | T T T T |_
. Lo5-2kev/SFR —e— _| 03
I SFR — |
s | |
—— ]
s — ]
@ | I T 12
> —— 5
g ; + _+: 0.02%
10% | _+_ —+ ] o
D - . N
\> _— i
> ]
ST ]
50
s L T~ :
I 4 0.01
1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 |_

0 50 100 150 200 250 300 350
Position angle, degree

Figure 4.7: The ¥SFR ratio along the 10-kpc star-forming (filled circles wathror bars). The position
angle increases clockwise and its zero point is at the nortside of the galaxy along its major axis. The
bins centered at 90° and~ 270 approximately correspond to the minor axis of the galaxye $blid
histogram shows the star formation rate in the same regidgist handy-axis). In the bins located at
~ 10° and~ 215 we give upper limits on the )6FR ratio. No X-ray data with sficient exposure time
was available at position anglesR250¢ and~ 330C.

could discriminate between these two possibilities. Te #nd, extensiv€handra observations of the
10-kpc star-forming ring would be instrumental.

4.5 Progenitors of classical novae in M31

4.5.1 X-ray emission from progenitors of Classical Novae

Classical Novae (CNe) are nuclear explosions occurringgagoumulation of critical mass of hydrogen-
rich material on the surface of an accreting white dwarf. fflagquency of these events in a galaxy depends
on the rate at which matter accretes onto white dwarfs, hieme@ be related to their luminosity. Indeed,
the accretion energy (bolometric) released between twoessore CN outbursts is:

GMwpAM
AEaccr = R\N—D (41)
WD
whereAM(Mwp, M) is the mass of hydrogen-rich material needed to trigger @&pbsion [(Yaron et al.,
2005), Mywp andRyp are the mass and radius of the white dwarf. For parameteie/bdlto be typical

for CN progenitors Klwp = 1 Mg andM = 10°° M, /yr) AM = 4.66- 10-°> M,, and total accretion energy
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released by an accreting white dwarf between two CN explssENEar ~ 2-10%°6 ergs. If the frequency
of CN events in a galaxy is given by, the total accretion luminosity due to CN progenitors is

Laccr = AEaccr X VCN . (42)

Dependence of the accretion luminosity on the mass of théevdwarf and accretion rate is shown in
Figure[Z:2. In computing this curve we used the white dwargsradius relation of Panei ef al. (2000) for
a zero temperature carbon white dwarf ad (Mwp, M) dependence froim Yaron et &l. (2005).

The energy of accretion is radiated in the optical, ultritior X-ray bands, depending on the type of
the progenitor system. In magnetic systems (polars andheidiate polars) and dwarf novae in quiescence
it is emitted predominantly in the X-ray band. Moreover,ithéray spectra are relatively hard and their
emission is therefore essentially digeted by the interstellar absorption. X-ray radiation frdmse
objects will contribute to unresolved emission from a gglabherefore, comparing theoretical predictions
with the surface brightness of unresolved emission one @asti@in their contribution to the observed CN
rate in galaxies. Derivation of such upper limits based ori M&ta is the goal of this section.

1091 Mdot = 107 Mg, ,/yr ~@~ |
- Mdot = 10, Mg, /yr =
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Figure 4.8: The bolometric luminosity of accreting whiteaivg — progenitors of Classical Novae in a
galaxy with CN rate obcy = 25 per year. The curves show dependenck,gf on the white dwarf mass
for several values of the mass accretion rate.
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4.5.2 Classical Novae and resolved X-ray sources and unréged emission in the bulge of
M31

The CN frequency in the bulge of M31 is 264 (Shafter & Irby,2001) (see also Arp, 1956). The
number of progenitors required to maintain this rate is:

AM
N~ ven

Typical CN progenitors have accretion rate in the range #8671 — 108 M, /yr (Puebla et all, 2007) and
white dwarf masses of 65— 1 M, (Ritter & Kolb,[2003). Correspondingly, the number of CN genitors

is in the range of 2- 10° — 2. 10°, where the smaller number corresponds to the more massite wh
dwarfs and larger accretion rates. This exceeds significdire number of bright resolved sources in the
bulge of M31,~ 300. The latter also includes low-mass X-ray binaries —ugknl them the number of
potential bright CN progenitors is yet smaller. We therefoonclude that the majority of CN progenitors
can not be among bright point sources, rather they are péneafnresolved X-ray emission.

To measure the latter, we define the bulge as an ellipticabmegith 12 arcmin major axis, with
axis ratio of 047 and with position angle of 45 The total K-band luminosity of the studied region is
Lx = 4.2- 10 L,. We useChandra data, described in the previous sections, to obtain thesotwed
X-ray luminosity in the 2- 10 keV energy range. The advantage of this energy band igttlsahot
polluted by hot ionized gas (Sectibn4}4.2). We find a totadihosity of the unresolved component of
Lo_1okev = (1.6 + 0.1) - 10°8 erg s1 in this region. Obviously, this value presents only an upipeit on
the luminosity from the population of accreting white dveads other type of X-ray emitting sources may
also contribute. To this end we use results of Sazonov €2@606), who studied the population of faint
X-ray sources in the Solar neighborhood and found that ngrevhite dwarfs contribute- 1/3 of the
total luminosity in the 2—10 keV band. As M31 demonstrateslar X/K ratio, we extrapolate this result
to the bulge of M31 and estimate the luminosity of CVe.6{» 10kev = (5.7 + 0.3) - 10°” erg s*.

4.5.3 Magnetic cataclysmic variables
Upper limit on the contribution of magnetic systems to the CNrate

Polars (AM Her systems) and intermediate polars (IPs) areeting binary systems in which the ac-
cretion disk is partly (IPs) or entirely (AM Her systems)rdisted by magnetic field of the white dwarf.
These systems are sources of relatively hard X-ray emigsiotuced via optically-thin bremsstrahlung
in an accretion shock near the white dwarf surface. TheyraBphave a prominent soft component gen-
erated by the white dwarf surface illuminated by hard X-raykeory predicts/(Lamb & Masters, 1979;
King & Lasota,[1979) and observations confirm_(Ramsay & Cenp@004) that the soft component ac-
count for~ 1/2 of the total accretion luminosity of polars. Intermedigtdars may also have a soft
component in their spectra of somewhat smaller luminosity,/3 of the total (Evans & Hellier, 2007).
Correspondingly, we assume in the following calculatighat 1/2 of the accretion luminosity of magnetic
CVsis emitted in the hard X-ray component. To the first apnation, the bremsstrahlung temperature of
this component is defined by the depth of the gravitationalmanent on the white dwarf surface, the ob-
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Figure 4.9: The upper limit of the contribution of magnetistems to the CN frequency. The filled
squares (green in the color version of this plot) correspormh accretion rate of 18 My /yr, while the
empty circles (blue) assumes an accretion rate of M),/yr. The solid line (black) shows the cumulative
distribution of white dwarf masses in magnetic CVs (righhdhg-axis), see text for references. Note, that
85 per cent of white dwarfs is less massive thand M

served values showing considerable dispersion. For a sagple of magnetic white dwarls (Landi et al.,
2009; Brunschweiger etlal., 2009) we calculate the averalye\ofkT ~ 23 keV with the standard devi-
ation of~ 9 keV. In the following calculations we assurki€ = 23 keV and ignore the dependence of the
temperature on the white dwarf mass. As demonstrated b&liswarticular choice does not influence our
results significantly.

In order to constrain the contribution of magnetic CVs to@éfrequency we compute their predicted
X-ray luminosity assuming that CNe are exclusively produitesuch systems. In this calculation we as-
sume that the presence of strong magnetic fields does nagiettuthe characteristics of nuclear burning
and results df Yaron et al. (2005) for the mass of the hydrdayer AM(M, Mwp) apply. The total accre-
tion luminosity predicted by equation(#.2) is halved (seeve), corrected for interstellar absorption, and
converted into the 2—-10 keV energy band. The obtained valtleen compared with the observed lumi-
nosity of the unresolved emission, corrected for the cbation of accreting white dwarfs, as described
before. The upper limit on the contribution of magnetic sgss in the CN rate in M31 is shown in Figure
HB3. It shows that allowing all possible values of the whitead mass, no more thaa 10 per cent of
CNe can be produced in magnetic systems. The less consgainiue of the upper limit corresponds
to the largest accretion rate and most massive white dwelidgiever, the combination of these extreme
parameters is not typical for magnetic CVs as illustratethieycumulative distribution of the white dwarf



4.5 PROGENITORS OF CLASSICAL NOVAE INM31 77

mass in magnetic systems (Ritter & Kalb, 2003; Suleimanalie¢P005| Brunschweiger etlal., 2009). The
distribution shows that 85 per cent of white dwarfs are less massive than,1 Murthermore the average
accretion rate in these systems is fairly low,~ 1.8- 10~ M /yr (Suleimanov et all, 2005). We conclude
therefore that a more realistic upper limit should e per cent, corresponding tdywp = 1 Mg and
M =10"° Mg/yr.

This result weakly depends on the assumed temperature osbtahlung spectrum. KT = 40 keV
is assumed, the upper limit becomes!t per cent. Only unrealisticly large temperaturekdf = 75 keV
would lead to a two times larger upper limit.

Comparison with statistics of observed CNe from magnetic stems

Ritter & Kolll (2003) find that- 1/3 of CNe, with known progenitors, are produced in CVs possgss
a magnetic white dwarf (Tab[e—4.4). Although this catalogueot complete neither in the volume nor in
the brightness limited sense, thelO times discrepancy appears to be too large to be consigténour
upper limit of ~ 3 per cent. In another study, Araujo-Betandor (2005) ingastd the space density of
magnetic and non-magnetic CVs, and obtained thaf per cent of all CVs are magnetic. This number
also seems to be in conflict with our upper limits. As demaitstt below, these two discrepancies are
caused by the single reason — by an order of magnitutiereince in mass accretion rate between magnetic
and non-magnetic system.

Indeed, the average accretion rate in magnetic C\s1s8 - 107° M /yr (Suleimanov et all, 2005),
whereas for non-magnetic CNe itis1.3- 1078 M, /yr (Puebla et all, 2007). The obvious consequence of
this difference is that in magnetic systems it takes longer to actireteame amount of material needed
to trigger the nova explosion. Moreover, at lower accretiat@sAM is larger by a factor ok 1.5 -2
(Yaron et al.; 2005). The consequence of the$ects is that magnetic CVs undergo CN outbuystO
times less frequently. This explains the second discrgpariietween the observed fraction of magnetic
CVs and our upper limit on their contribution to the CN fregog

Another consequence of the smaller accretion rate is thegsi@ial nova explosions are brighter in
magnetic systems, therefore they can be observed at lagjanckes and are sampled from larger volume
than CNe from non-magnetic progenitors. This explains tisediscrepancy — seemingly too large fraction
of CN events which progenitors are magnetic systems. Tdyvéris, we selected CNe with known
progenitors from the cataloguelof Ritter & Kolb (2003) andrshed for distances in the literature. In total,
we collected 32 CNe, of which 11 are from magnetic progesifdabldZ}4). Their distance distributions
are shown in Figure2:10. Obviously, magnetic systems aeddd at larger distances: the average distance
is ~ 6.6 kpc and~ 2.2 kpc for magnetic and non-magnetic CNe. Below 1 kpc almast fiones more
non-magnetic CNe are observed (the normalized number ohetiggsystems is= 1.9 and 8 for non-
magnetic), whereas abowe5 kpc there are more magnetic C\ss 114 vs 3). The dierence between
two distributions is statistically significant, with the probability of~ 0.008.

The diference in the distance can be compared with the predictieedoan the expected brightness at
the maximum of the lightcurve. Calculations_.of Yaron et200%) show that for 85 M, white dwarf the
maximum brightness achieved during the CN explosion wifediby~ 1 magnitude, the dlierence being
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Table 4.4: The list of magnetic and non-magnetic Galactie 3ifassification is taken from Ritter & Kolb
(2003) unless otherwise noted.

Name CV classification Distance, pc
V603 Aql SH 400
V1425 Adql NL 2700
QY Ara SW 1506
RS Car SH 2109
V842 Cen NL 500
RR Cha SH 6100
V1500 Cyg AM* 130¢*
V1974 Cyg SH 1700
V2275 Cyg IP 5500
V2467 Cyg NL 3100
DM Gem SW 4700
DQ Her DQ 525
V446 Her DN 1300
V533 Her DQ 13008
DK Lac VY 390C¢°
BT Mon SwW 1006
Gl Mon IP 4600
GQ Mus AM 51004
GK Per DN 506
V Per NL 100G
RR Pic SwW 500
CP Pup SH 900
HZ Pup NL 5806
V597 Pup 34 10300
T Pyx SS 2500
V697 Sco IP 16100
V373 Sct IP 4600
WY Sge DN 2000
V630 Sgr SH 600
V1017 Sgr DN 2600
V4633 Sgr AM 900¢
V4745 Sgr IP 14000

* The classification for V1500 Cyg, V597 Pup and V4633 Sgr wasndrom|Stockman et Al (1988)
Warner & Wouct|(2009) and Lipkin et al. (2001), respectively

References are frontIShafter (1997) 2 [Kamath et al.|(1997) SKiss et al. (2002) € IPoggiani (2009)
—e\Vaytet et al.[(2007) £ INaik et al. (2009) 9 Lipkin et al. (2001) -"ICs&k et al.|(2005)
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Figure 4.10: The distance distribution for CNe arising froragnetic and non-magnetic CVs. The total
number of magnetic systems is normalized I tb match the number of non-magnetic ones. The data,
used to produce this plot, is given in Tapblel4.4.

smaller for a more massive white dwarf. Taken at the facesydhis would suggest the distancéeience
of ~ 1.6 which is smaller than the observedtdrence in average distance by a factord3. Given the
crudeness of this calculation, we conclude that these twtbeus are broadly consistent with each other.

45.4 Dwarf novae

Dwarf novae (DNe) are a subclass of CVs showing frequentigpeasdic outbursts due to thermal-
viscous instability of the accretion disk (Osiaki, 19i74; Klod979). In quiescence they become sources
of relatively hard X-ray emission from the optically-thimindary layer, whereas in outburst state the
optically-thick accretion disk emits predominantly in thigaviolet and soft X-ray bands. One of the mod-
els used to describe the emission spectra in the quiescettes is a cooling flow model (Meyer & Meyer-Hofmeister,
1994). Spectral analysis of a large number of quiescencetrgpehowed a relatively large dispersion in
the value of the initial temperatuld .« ~ 8 — 55 keV with the average value of 23 keV_(Pandel &t al.,
2005). This value is assumed in the calculations performekis section.

Dwarf Novae give rise to CNe, contributing about1/2 to their observed number_Ritter & Kolb
(2003). In the quiescence state they may contribute to thesolved emission. In the outburst state, to
the opposite, soft emission is largely hidden because dhtkestellar absorption. Therefore the bimodal
behavior of dwarf novae can be used to constrain the fracfanass which is accreted in quiescence.
similar to how the upper limit on the contribution of magoedystems was obtained. Using same approach
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Figure 4.11: The fraction of mass accreted in quiescencefascion of white dwarf mass. Herent
mass accretion rates were assumed, the filled circles jotackespond to 16 M /yr, the filled boxes
(green) represent 1®M,/yr, whereas the empty circles (blue) stand for'fM,/yr.

we calculate the X-ray luminosity in the quiescence staseraing that dwarf novae are responsible for a
~ 1/2 of CN events (the other half is due to nova-like variahladeR& Kolb (2003)). With this value one
can put an upper limit on the fraction of mass, accreted duyiriescence. The result of this calculation
is shown in Figuré_Z11. As in the case of magnetic systenasalisolute upper limit is 10 per cent.
However, the white dwarf mass in dwarf novae typically dogtsaxceedv 0.9 Mg and the mass accretion
rate is not much larger that 108 My/yr, therefore the realistic upper limit is 3 per cent. As before,
this result is not strongly sensitive to the choic&k®fx parameter of the cooling flow model. Assuming
KTmax = 55 keV our upper limits would increase byl/7.

Using this upper limit, the enhancement factor of the aammatate in outburst state can be inferred.
Obviously, this quantity depends on the fraction of timensfie the outburst. Since for majority of DNe it
is smaller than- 1/5 (Wils et al., 2009), the accretion rate increase-30 — 1000 during outburst. This
conclusion is consistent with observations of dwarf novadeed, one of the best studied dwarf nova, SS
Cyg, spends- 75 per cent of the time in quiescence (Cannizzo & Mattei, }99Be accretion rate varies
from 5- 1071 My /yr in quiescence (Urban & Sion, 2006) t®310-° M /yr in outburst (Hamilton et al.,
2007), hence the enhancement factor is 64-a88 per cent of the material is accreted in outburst periods,
in good agreement with our results.

455 Generalization of the results

Although we considered only the bulge of M31, our results bargeneralized to other early-type
galaxies.
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The X-ray to K-band luminosity ratio in early-type galaxigalaxy bulges, and in the Milky is in good
agreement in the 2 10 keV bandl(Revnivtsev etlal., 2006; Sazonov et al., 2008nRisev et al.| 2007,
present work).

The luminosity specific nova rate) for a sample of galaxies is givenlin Williams & Shafter (2004
The obtained a fairly uniform values for early-type galaxi@ the range of (80— 2.72)- 1070 Lo yrt.
Using the CN frequency and K-band luminosity, we obtain= (6.0 + 1.0) - 10710 L,k yr~! for the
bulge of M31. Howevel, Williams & Shafler (2004) computed #-band luminosity from (B—K) colour
and B-band luminosity of the galaxy, which in case of M31 hessim by a factor of~ 3 larger K-band
luminosity, than the 2MASS value, and still by factor-ef2 larger value than deduced from the Spitzer
data (Williams & Shafterd, 2004). With this correctiog = (3.0 + 0.5) - 10720 L yr~* for the bulge of
M31, which is in good agreement with other galaxies.

As both XK ratio andvk are similar, our conclusions hold other early type galaxies

4.6 Conclusion

We studied unresolved X-ray emission from the bulge andalfi$k31 using publicly availabl&XMM-
Newton and Chandra data. TheXMM-Newton survey of M31 covered the entire galaxy with the total
exposure time of 639 ks after filteringChandra data covered the bulge and the southern part of the disk,
with the exposure time of the filtered data~oR22 ks.

We demonstrated that unresolved X-ray emission, assdaith the bulge of the galaxy, extends into
the disk with similar X-ray to K-band luminosity ratio. WetainedLy/Lk = (3.4-4.5)-10?" erg st L}
in the 2— 10 keV band for all studied regions in the bulge and the didid®1, which is in good agreement
with those obtained for the Milky Way and for M32. This suggebat the unresolved X-ray emission in
M31 may have similar origin to the Galactic ridge X-ray eriogs namely it is a superposition of a large
number of faint compact sources, such as accreting whitefsh@ad coronally active binaries.

We investigated X-ray emission associated with the 10-kpeferming ring based oXMM-Newton
data. We characterized this emission witty BFR ratio, wheré.x is calculated for the . 8—2 keV energy
range. We found that its value is spatially variable. Aftecleding the two regions along the minor axis
of the galaxy, which are likely contaminated by the hot gafl@w, we obtained values ranging from zero
to Lx/SFR= 1.8- 108 (erg s1)/(Mo/yr). The origin of these variations remains unclear.

We derived constraints on the nature of Classical Nova piitgys based on the brightness of unre-
solved emission. We demonstrated that magnetic CVs — patatsntermediate polars, do not contribute
more than~ 3 per cent to the observed CN frequency, assuming valuesrafmgders most likely for
the CN progenitors, the absolute upper limit beind0 per cent. We also showed that in dwarf novae
2 90- 95 per cent of the material is accreted during outburstspahda small fraction during quiescent
periods.
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5.1 Abstract

We study the origin of unresolved X-ray emission from thegbubf M31 based on archiv@lhandra
and XMM-Newton observations. We demonstrate that thre@edent components are present: (i) Broad-
band emission from a large number of faint sources — mairdyetiog white dwarfs and active binaries,
associated with the old stellar population, similar to trea@tic Ridge X-ray emission of the Milky Way.
The X-ray to K-band luminosity ratios are compatible witlogk for the Milky Way and for M32, in the
2-10 keV band itis (3 + 0.2) - 10° erg st L . (i) Soft emission from ionized gas with temperature
of about~ 300 eV and mass of 2- 10° M. The gas distribution is significantly extended along the
minor axis of the galaxy suggesting that it may be outflowmthie direction perpendicular to the galactic
disk. The mass and energy supply from evolved stars and &ygagdernovae is fiicient to sustain the
outflow. We also detect a shadow cast on the gas emissioniiay apins and the 10-kpc star-forming ring,
confirming significant extent of the gas in the “vertical”efition. (iii) Hard extended emission from spiral
arms, most likely associated with young stellar objectsyemuhg stars located in the star-forming regions.
The Lx/SFR ratio equals- 9 - 10°8 (erg/s)/(My/yr) which is about~ 1/3 of the HMXBs contribution,
determined earlier fror@handra observations of other nearby galaxies.
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5.2 Introduction

The X-ray radiation from the majority of galaxies is domgttby X-ray binaries (e.d._Fabbiano,
2006). In addition, extended emission is present in gatagfeall morphological types. At least part
of this emission is associated with stellar population and superposition of a large number of faint
compact sources — accreting white dwarfs, active binaridgher types of stellar sources, old and young
(Revnivtsev et al. 2006; Sazonov el al., 2006). There is alsoly diffuse component — emission from
ionized gas of sub-keV temperature. Its importance vari@®s galaxy to galaxy, with luminous gas-rich
ellipticals, like NGC 1316L(Kim & Fabbiano, 2003) and dwadlaxies similar to M32.(Revnivisev etlal.,
2007) representing the two opposite ends of the range. fisigmi difuse or quasi-diuse emission is also
associated with star-formation, the Antennae (e.g. Baldilg2006) being one of the nearby examples.
The morphology of the gas in starburst galaxies often ind&autflows, driven by the energy input into
ISM from core collapse supernovae. Theoretical consigeratsuggest that gas in low mass elliptical
galaxies may also be in the state of outflow (David &t al., 20068e mass and energy budget of the ISM
in this case is maintained by winds from evolved stars an@ Tgygsupernovae. The overall X-ray radiation
from a galaxy is a superposition of these (and possibly dtt@mponents, their relative importance being
defined by the morphological type of the galaxy and its stamftion and merger history.

Our close-by neighbor, M31 galaxy gives a unique opporyutaitexplore a “full-size” spiral galaxy
similar to the Milky Way without complications brought atiday projection and absorptiorffects, often
hampering studies of our own Galaxy. Not surprisingly, & baen extensively investigated by every major
observatory of the past decades. Observations biyitistein observatory demonstrated that X-ray binaries
account for the most of the X-ray emission from the galaxwy(8aevbroeck et al. 1979; Fabbiano et al.,
1987). Using the complete setBinstein data Trinchieri & Fabbiana (1991) constrained possible @mho
of ionized gas in the bulge of the galaxy j5y2 - 10°M,. Based on th&®OSAT observations, Primini et al.
(1993) found evidence for extended emission component lwittinosity of ~ 6 - 10 erg’s in the 0.2—4
keV band. They suggested, that this emission may be of titfiyss origin or due to a new class of X-ray
sources. The unresolved emission from M31 was investigatgider byl Supper et all (1997), West et al.
(1997),LIrwin & Bregman|(1999), Borozdin & Priedhorsky (Z00 In all these studies the existence of
a soft emission component with temperatiie ~ 0.3 — 0.4 keV has been confirmed, althougttdi-
ent authors suggestedfidirent explanations of its origin. With advent Ghandra and XMM-Newton,
the consensus seemed to be achieved in favor of trdlysdi origin of the soft emission component
(Shirey et al. 2001; Takahashi et al., 2004). However, repsogress in understanding the nature of the
Galactic Ridge emission as a superposition of a large nuoflfaint stellar type sources (Revnivisev et al.,
2006), made it worth to revisit the problem of the origin otexxded emission in M31. Also, with more
Chandra andXMM-Newton observations, more accurate and detailed investigatiecarbe possible. Re-
cently (Li & Wang,/2007) analyzed largéhandra dataset of M31 bulge observations and demonstrated
presence of both ionized gas and emission of faint compactss associated with old stellar population.
Moreover, they revealed peculiar morphology of the gas sintisand suggested that the X-ray gas in the
bulge of M31 may be in the state of outflow.

In the present paper we combine extensive s&haindra and XMM-Newton observations to obtain a
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broad band and large field view of the X-ray emission origitain and around the bulge of M31. We re-
strict our study to the central region ©f20 arcmin in radius, covered well I§handra andXMM-Newton
observations currently available in the public archivethese observatories (Figurels.1). The investigated
region has the linear size ef4 kpc along the major axis of the galaxy, but extends out i kpc along
the plane of the galaxy in the minor axis direction, due tbeatarge inclination angle of M31,~ 77°
(Hendersan, 1979). We assume the distance to Andromed®&pe3 Stanek & Garnavich 1998; Malcri,
1983). The Galactic absorption towards M31 ig 610°° cm (Dickey & | ockman, 1990).

The paper is structured as follows. In Secfiod 5.3 we desc¢hib data and its reduction. We introduce
our results in Sectioh 3.4, where we present the spatiailiison, morphology and the spectra of the
extended emission. In Sectibnb.5 the origin, propertiespnysical parameters offéierent components
are discussed and in Sectlonl5.6 we summarize our results.

5.3 Data reduction

We combine data fror@handra andXMM-Newton satellites adding their benefits together. The primal
advantage o€handra is its good angular resolution which allows us to resolveviddal X-ray binaries
everywhere including the very central region of the bubgelM-Newton provided better coverage of M31
and collected more photons, thanks to its largéative area. It is more suitable to study the outer part of
M31. On the other hand the higher and less predictable baakgrof XMM-Newton complicates study
of low surface brightness regions.

5.3.1 Chandra

We used 21 archivalhandra observations listed in Talle™.1, taken between 13.10.28623.05.2004.
For the analysis we extracted data of the ACIS-I array exoe@BS-ID 1575 where we used only the S3
chip. The pattern of availabléhandra observations allows us to study the centrdl5 arcmin region. The
data reduction was performed using standard CH/S@ftware package tools (CIAO version 3.4; CALDB
version 3.4.1). For each observations we filtered out the fltantaminated intervals, excluding the time
intervals where the count rate deviated by more than 20 pdrfoem the mean value. The resulting
effective exposure times are given in Tabld 5.1.

Crucial for the analysis of the low surface brightness ouggrions is the accuracy of the back-
ground subtraction. In treating ti@andra background we generally followed the procedures outlimed i
Hickox & Markevitch {2005). We determined the level of thetiumental background using the stowed
data s& In the stowed position of ACIS detectors the sky emissidiasked and only the instrumental
background gives a contribution. As demonstrated in theelpoentioned paper, although the instrumen-
tal background level varies with time, its spectrum remainshanged. Thefkective area ofChandra
is negligible above 9 keV and the count rate is dominated byrtstrumental background. Therefore the
9.5-12 keV count rates can be used to renormalize backgrountramdtained from the stowed datasets.
In dealing with cosmic background we took into account thabnsists of the soft emission associated

httpy/cxc.harvard.ediiag
2httpy/cxc.harvard.edigontriymaxinystowed
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Table 5.1: The list oChandra observations used for the analysis.
Obs ID  Toriginal Tex Instrument Date

303 120ks 82ks ACIS-I 1999 Oct 13
305 42ks  40ks ACIS-I 1999 Dec 11
306 42ks  41ks ACIS-I 1999 Dec 27
307 42ks 31ks ACIS-I 2000 Jan 29
308 41ks 37ks ACIS-I 2000 Feb 16
311 80ks 39ks ACIS-I 2000 Jul 29
312 47ks  38ks ACIS-I 2000 Aug 27
1575 382ks 382ks ACIS-S 2001 Oct 05
1577 50ks 49ks ACIS-I 2001 Aug 31
1583 50ks 41ks ACIS-I 2001 Jun 10
1585 50ks 41ks ACIS-I 2001 Nov 19
2895 49ks 32ks ACIS-I 2001 Dec 07
2896 50ks 37ks ACIS-I 2002 Feb 06
2897 50ks 41ks ACIS-I 2002 Jan 08
2898 50ks 32ks ACIS-I 2002 Jun 02
4360 50ks 34ks ACIS-I 2002 Aug 11
4678 49ks 27ks ACIS-I 2003 Nov 09
4679  48ks  27ks ACIS-I 2003 Nov 26
4680 52ks 32ks ACIS-I 2003 Dec 27
4681 51ks 33ks ACIS-I 2004 Jan 31
4682  49ks 12ks ACIS-I 2004 May 23

with the Galaxy and harder extragalactic component andeehiem separately. For the soft Galactic
component we used the best fit spectrum ffom Hickox & Markénv(P006). For the extragalactic back-
ground we took into account that some fraction of it has beenlved in our data analysis procedure and
removed along with X-ray binaries. Using the incompletsrfesction from_Voss & Gilfanowv (2007), that
was obtained using essentially the same data set, we estirttatt our point source detection sensitivity
in the outer regions is 5 - 10°° erg/s. We used the sensitivity for outermost regions becaus€ X
subtraction plays role only in these regions where the sati@ightness of the source emission is low. This
point source sensitivity results in the resolved CXB fraictof ~ 50 per cent, according o Moretti et al.
(2003). The Galactic and cosmic backgrounds were subtrdicien the vignetting corrected images and
profiles.

In order to study the dliuse emission we need to exclude contribution of bright LMXB&cord-
ing to the luminosity functions of LMXBs and faint compactusces associated with old population
(Gilfanav 2004; Sazonov etial., 2006), the contribution ted former is defined by the sources more lu-
minous than logx ~ 355 — 36.0. Below this threshold active binaries and cataclysmicabées are
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Table 5.2: The list o XMM-Newton observations used for the analysis.
Obs ID Toriginal Ter Date
0109270101 63 ks 160ks 2001 Jun 29
0112570101 61 ks 526ks 2002 Jan6
0112570401 30D ks 250ks 2000 Jun 25
0202230201 18ks 178ks 2004 Jul 16
0202230401 146ks 90ks 2004 Jul 18
0202230501 2Bks 20ks 2004 Jul 19

the dominating X-ray sources. The individu@handra observations are too short (typically,4 ks, see
Table[5.1) to achieve this sensitivity, therefore we rampsource detection on the combined image with
total exposure off ¢ = 1126 ks. To combine the data, each observation was projectedhst coor-
dinate system of OBS-ID 303 and the attitude corrections1ik@ss & Gilfanov (2007) were applied in
order to better co-align individual event lists. To deteminpsources we ran ClA@avdetect tool in the

0.5 - 8 keV band. Some parameters were changed from the defauts/& fit our aims. The scales on
which we were looking for sources were th&-series from D to 80. To minimize the contribution of
residual counts from point sources téfdse emission we increased the value of the sigma parametgr to
this parameters describes the size of elliptical sourcectienh regions in standard deviations assuming a
2D Gaussian distribution of source counts. With these &djeist we obtained larger source regions than
usual, including larger fraction of source counts. To iaseesensitivity we did not filter out flare contain-
ing time intervals for point source detection. The resgltource list consisted totally of 238 sources in
the investigated area; the detected sources are in gooenagne with results of Voss & Gilfanov (2007).
The sensitivity limit in the central region was*PCerg/s, while in the outermost region it deteriorated to
5.10% erg/s. Extracting the point spread function witkpsf for each source we calculated the fraction
of counts inside the source cell. For most of the sourcedrtion exceeded 98 per cent, if it was smaller
then the source cells were enlarged accordingly. The ostputice cells were used to mask out the point
sources for further image and spectral analysis.

We produced exposure maps using a two component spectradl aiksisting of an optically-thin
thermal plasma emission with temperature (f00keV and a powerlaw component with a slopdof
1.80. The ratio of the normalizations of these two componeris $1. This is the best fit two component
model to the spectrum of the central 200 arcsec region.

5.3.2 XMM-Newton

We analyzed 6 archivaKMM-Newton observations taken between 25.06.2000 and 19.07.2004, as
listed in Table[5P. We used the data of the European Phota@giipg Camera (EPIC) instruments
(Struder et al. 2001; Turner etial., 2001). For data rednciie used Science Analysis System (SAS)
version 7.1.

In order to exclude the flare contaminated time intervals auhte filtered the lightcurves using hard-
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Groen - ZMA

Figure 5.1: RGB image of M31. The colors are as follows: reaHéXMM-Newton data in the (1.2 keV
band, green is an image of the K-band light from 2MASS and lsltlee 160um image of Spitzer. Center
of the M31 is marked with a cross. North is up and east is left.

band E > 10 keV) and soft-bandH = 1 — 5 keV) energy ranges according/to Nevalainen et al. (2005),
using 20 per cent threshold for deviation from the mean coatet The remaining useful exposure time
is about 58 per cent of the original value. The data was cté&noen the out of time events using the Oot
event lists.

The observations were re-projected into the coordinateesysf OBS-ID 0112570101 and merged
together. For point source removal we combined the sowstebitained fronChandra andXMM-Newton
observations. In regions which lied outside the field of vivChandra we ran the SAS source detection
task to complement th€handra source list. The source regions were enlarged to accoutanger size
of the point spread function ofMM-Newton mirrors, their size was adjusted to approximately match
~ 90- 98 per cent PSF encircled energy radius depending on thietheiss of the point source. It was not
possible to reliably exclude point source contributionhie trowded central 100 arcsec region, therefore
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it was not used in the following analysis. Exposure maps wateulated using theexpmap command of
SAS. In transforming the counts to flux units we assumed theesspectrum as faChandra.

The particle background on EPIC CCDs consists of two compisneThe “internal” component is
generated in interactions of cosmic rays with the detectttenal and is approximately uniform across the
detector. The second component is due to low energy soltnmoconcentrated by the mirror systems of
the telescopes; it is vignetted by the mirrors responsehewignetting is flatter than that for photons. The
level of both background components is variable (see/Mtpw.star.le.ac.uk-amr30BG/BGTable.html
for details). According to this we performed the backgrosuobtraction in two steps. At the first step the
corners of the CCDs which lie outside of the field of view, wased to determine the level of the flat
internal background. The obtained background level wasactted from each observations individually.
The combined contribution of the solar protons componedt @smic background was approximately
determined from the observations of nearby fields withotereded sources and subtracted from the final
vignetting corrected image. This method is not perfect,tdube diference in the shape of the vignetting
function between solar protons and photons and due to V#siads the solar protons level. However, good
agreement between emission spectra obtained ftbamdra and XMM-Newton data confirms adequate
accuracy of this procedure.

5.4 Results

5.4.1 Images

The RGB image in FigurE 8.1 presents Ki&M-Newton data (red) overlaid on the 16@m Spitzer
image (Rieke at al., 2004) (blue) and K-band image from 2MAS&fge Galaxy Atlas (Jarrett etlel., 2003)
(green). Although the main purpose of this image is to shavXkray data coverage, it crudely illus-
trates the presence of a large population of compact soacesll as of the extended emission. It also
demonstrates theffect of the spiral arms on X-ray surface brightness distidiout

The brightness distribution of the extended emission,r aimoval of the point sources, is shown
in Figure[5.2 along with the contours of the K-band brightneBhe X-ray image was constructed from
Chandra data in the (- 1.2 keV band. The point sources were excluded and their lataticere filled up
with the average local background around the sources. TrayXnage is adaptively smoothed. In order
to compare the X-ray surface brightness with the distrisutf the stellar mass we also show K-band
contours. The surface brightness of the extended emispjanoxéimately follows the K-band distribution
but the image suggests that the agreement is not perfectoamel distortions in the east-west direction
may be present. In order to investigate this in details wesiclem profiles along the major and minor axes
of the galaxy.

5.4.2 Surface brightness distribution along the major and nmor axis

We studied brightness distribution in two energy bands,-01.2 keV and 2— 7 keV. Our choice
had been motivated by the shape of the spectrum of extendsdiemdiscussed in the next Section. The
profiles were constructed along the major and minor axis pasition angles of 45and 138 respectively.
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Figure 5.2: Adaptively smoothe@handra image in the ® — 1.2 keV band overplotted with K-band
contours. The point sources were removed and their locati@re filled with the local background value.
Center of the M31 is marked with a cross. North is up and edsftis

For each profile surface brightness was averaged over 58@amg the transverse direction, corrected
for vignetting and the estimated background level was sot#d. ForXMM-Newton the background
level was adjusted to achieve better agreement @hibndra profiles. The adjusted values were well
within the range of the background levels observed in inldial blank-sky observations andféred from
the average blank-sky level by 20 per cent. The values of background weres,(%&.6, 5.2, 6.2) -
10719 erg st arcsec? cm2 for Chandra (soft, hard) andKMM-Newton (soft, hard) respectively. For all
distributions we found good agreement betweenGhandra and XMM-Newton data. We compare X-ray
distribution with profiles of the K-band emission. As it is Nsenown, the latter is a good stellar mass
tracer. The K-band profile was obtained for the same regisrtheaX-ray profiles, in particular the same
source regions were excluded in computing all profiles. Townalizations for the K-band profile are
4-10%"and 3 10°" erg st L1 for soft and hard band respectively.

On Figurd’5.B we show the distribution along the major axithé 05-1.2 keV band the profile shows
an excess emission in the central part of the bulge. At biggetral distances the X-ray and K-band light
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Figure 5.3: Surface brightness distribution along the majas. in the 6 — 1.2 keV (upper panel) and
2 — 7 keV (lower panel) energy bands, background subtractece filled symbols (blue in the color
version of the plot) show th€handra data, open symbols (red) show tKBIM-Newton data and the solid
histogram (green) without symbols is the normalized K-bhrightness. The normalization factors are
4107 and 3- 10?” erg st LZ! for soft and hard band respectively. The x-coordinate msgs from
south-west to north-east.
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follow each other. In the hard band the X-ray surface brigbsrfollows the near-infrared light distribution
rather well at all central distances, with exception of theudder at the fiset of—-300 arcsec. The excess
luminosity of the shoulder above the level suggested by thaid profile is~ 2 - 10°7 erg’s. Its origin is
unclear. There is no any easily identifiable feature in thegenwith which it could be associated. It can
not be due to residual contamination from point sourceseeddthe excess count rate associated with the
shoulder is~ 20 per cent of the total count rate of all point sources detkat this region. This is much
larger than the expected residual contamination from mmotces inChandra images,< 2 — 3 per cent.
Good agreement betwe&handra and XMM-Newton data also excludes the possibility that it is caused
by an irregularity in the instrumental background.

The soft band profile along the minor axis (Figlirel 5.4) at &bets exceeds the level suggested by
the K-band profile normalized according to th@tatio from the major axis distribution. Moreover, the
X/K ratio increases significantly outside 500 arcsec from the center — the X-ray distribution appears
to have “wings” extending out te 900 arcsec or more. Note that exact shape of the surfacetiegh
distribution at large fisets from the center depends on the adopted blank-sky [Ekellatter can not be
directly determined from the currently available data, tlués limited field of view. For this reason we
used the average CXB level and corrected it for the fractioasmlved background sources, as described in
Sectior 5311 The obtained value(4-5)- 10712 erg's/cn?, is comparable to the remaining (background
subtracted) flux as can be seen in Fiduré 5.4. Therefore tha@rf the X-ray emission at larg&aenter
angles can not be unambiguously constrained from the prdaén In order to eliminate this uncertainty,
more extensiv&€handra observations, including largetset angles are needed. We note however, that the
existence of unresolved emission at largésets is independently confirmed by the east-west asymmetry
of the shadow cast by the 10-kpc star-forming ring, as dssdidelow.

There is a clear asymmetry between eastern and westerrstadltiee profile, the latter being notably
suppressed atfizet values o300 arcsec angt600 arcsec. The origin of this asymmetry becomes clear
after comparison with the 16dm Spitzer profile. The far-infrared profile, plotted in Fig[3 shows sev-
eral prominent peaks, corresponding to the 10-kpc stanifay ring and inner spiral arms_(Gordon et al.,
2006). The surface brightness suppressions in the westeEroithe profile (positive fisets) correspond
to the spiral arm and the 10-kpc ring. On the other hand nafsignt efect of the 10-kpc ring can be seen
on the eastern side of the galaxy (negatitisets).

The spatial orientation of M31 plays an important role in emrstianding the link between the X-ray
and far-infrared distributions. We see the galaxy with agpnately 77 inclination (Hendersori, 1979)
and the western side of the galactic disk is closer ta us €iref al.| 1978). Thefkect of this is that we
see the western side of the bulge through the spiral arméesodutral gas and dust in the star forming
regions cast a shadow on the extended emission in the saft bEme eastern side of the disk, on the
contrary, is located behind the bulge and does not obsaugsritssion. We estimated the column density
of the obscuring material in the spiral arms using the olexkhbrightness dierence between the eastern
and western sides and obtaingd ~ 1—3-10?' cm™2. These numbers are compatible with values derived
from CO maps|(Nieten et al., 2006).

In the hard band profile along the minor axis we see correldtigtween the X-ray and far-infrared
emission — the X-ray brightness appears to increase at tiggns of spiral arms. This suggests that
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Figure 5.4: Same as Figureb.3 but along the minor axis. Thealzations of the K-band profile are same
as in Figurd 513. The solid histogram with multiple peaks¢k) shows the distribution of the 160n
emission as obtained by Spitzer. The x-coordinate incsefasen south-east to north-west.



5.4 RESULTS 99

10

hard/soft

0.1 I 1 1 1 1 I 1 1 1 1 I 1 L 1 1 I 1 L 1 L I

-1000 -500 0 500 1000
Minor axis offset (arcsec)

Figure 5.5: The X-ray hardness ratio profile along the mimis,aomputed using the energy bands from
Figure[E#. TheChandra and XMM-Newton data are presented by the same symbols as in Figure 5.4.
The solid histogram (black) shows the distribution of thé® 16n emission obtained by Spitzer. The
x-coordinate increases from south-east to north-west.

spiral arms are sources of harder X-ray emission. To furthestrate the impact of spiral arms on the
observed X-ray brightness we plot in Figlirel 5.5 the hardregss along the minor axis together with the
160 um distribution. This plot confirms the presence and sigmideaof the soft emission in the center.
The hardness ratio has clear peaks at the positions of spired, which are caused by twdéfects —
obscuration by neutral and molecular gas and dust in thdaoff and enhanced hard emission associated
with the spiral arms.

Based on the X-ray brightness distributions we concludettieae are at least threefidirent compo-
nents in the unresolved X-ray emission from the centraloregif M31.:

1. broad band component, following the distribution of Kabldight (i.e. of stellar mass),

2. soft emission, localized in central500 arcsec along the major axis of the galaxy and extending ou
to ~ 900 arcsec or more along the minor axis,

3. harder emission from the spiral arms and 10-kpc starifayming.

5.4.3 Spectra

We used the ACIS "blank-sky" files in order to subtract thekigasund fromChandra spectra. As
before, we renormalized the background spectra using .the 92 keV band count rates. FOMM-
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Table 5.3: Results of the spectral fits irffdrent regions of M31 usinGhandra and XMM-Newton observations. PL denotes the power law and MKL
is the optically-thin thermal plasma emission model.

Inner region Outer region Spiral arms M32
Model KT | x°/(d.of) KT | x%/(d.of.) KT | x%/(d.of) KT | x°/(d.of)

PL — — — — 200+ 015] 292/192 || 207+0.15] 11372
PL | 179+0.10 248705 165+ 021
MKL | 036+001| 312/186 | 0.31+0.08| 127/101 — — 0.54+015| 83/70
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Figure 5.6: X-ray spectra of fierent regions in M31 and of M32: stars (red) — inner bulge -sgiextrum
of central 200 arcsec region; filled boxes (green) — outegeot combined spectrum of two elliptical
regions at~ 700 arcsec from the center along the major axis; open cifble®) — spiral arms — two
elliptical regions at the 10-kpc ring; filled triangles (t#d — spectrum of M32. The M31 regions are
shown in Figurd 5]1 The inner bulge and M32 spectra are adddiy Chandra, outer bulge and spiral
arms — byXMM-Newton. All spectra are normalized to the K-band flux.

Newton we used a combined spectrum of observations of nearby fisldstmckground spectrum and
renormalized it using the 1012 keV count rate. We found good agreement betw@&sandra and XMM-
Newton spectra in all investigated regions.

In Figurel5.6 we show spectra offflirent regions in M31. The spectral extraction regions apectid
in Figure[5.1. The spectra of outer bulge and spiral armsasedorXMM-Newton data, other spectra are
from Chandra. Also shown is the spectrum of M32. It was obtained usiingndra observations OBSID
2017, 2494 and 5690 with exposure timelgk = 1685 ks. The spectrum was extracted from elliptical
region with the position angle of 4@&nd with 90 arcsec major and 71 arcsec minor axes; the daismsna
procedures were identical to M31. All spectra are normédlipethe same level of K-band brightness. The
spectral fitting was done in the®- 7 keV band. The element abundances were fixed at Solar vakie, t
hydrogen column density was fixed at the Galactic value. Eealts of spectral fits are summarized in
Table[5B.

All spectra shown in FigurEZ 3.6 have a prominent power law mament with the photon index of
approximatelyl” ~ 2 and a soft component of varying strength. It is strongeshéninner bulge where
it by far dominates X-ray emission below 1.2 keV. The bestefihperature of the soft component in the
M31 spectra obtained in the two-component model is in4h&3 — 0.4 keV range (TablE&l3). As can
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be seen from the table, the simple two-component model stimgiof a power law and optically-thin
thermal plasma emission spectrum (MEKAL model in XSPEC)kduat adequately describe the spectra,
especially the spectrum of the inner bulge, having the &mgember of counts. The deviations are due to
the soft band, pointing at the complex shape of the soft comipio With the second MEKAL component
the fit improves significantly, the best fit parameters foritireer bulge spectrum aldl; ~ 0.2 keV and
KT, ~ 0.5 keV with y? = 227 for 184 d.o.f. Making the element abundance a free paearimeproves the

fit quality of the three-component model furtheryt® = 205 for 183 d.o.f. with the best fit abundance of
0.17 of the solar value. We considered several other spectrdéla with free element abundance, they all
produced sub-solar values in the range .4f-00.2. We also tried to vary element abundances individually
and found that the model is most sensitive to Ne, Fe and Niddnoes with the best fit achieved when the
abundances of Ni is a free parameter. The two component @megower law) model requires the Ni
abundance- 3 — 4 times solar value (abundances of other elements were fixemaa). On the contrary,
the models with the free Fe abundance give a subsolar bestugs/for the latter;- 0.6. The fit quality
improves further with the non-equilibrium thermal emissimodel (vnei model in XSPEC) with the best
fit value of net ~ 5- 10 se¢gem?® and similar dependence on the element abundances as foalvmek
model. All these modifications do not change the best fit teatpee significantly. However, none of
the models achieves acceptable valuegf It is unclear, how much weight should be given to these
results, as they can be an artifact of the inadequate speuidel and insfficient energy resolution of the
ACIS-I detector. Indeed the emission from the inner bulge daomplex spectrum composed of several
constituents of diferent temperature and ionization state, some of which mayub@f the collisional
ionization equilibrium.

The outer bulge spectrum has a less prominent soft compaagmioximately by a factor of 3 weaker
than the inner bulge, but its temperatukd, ~ 0.3 keV, is compatible with the inner bulge value. The
spectrum of M32 is similar, although only a very faint sofiqmonent is present here. Its temperature,
KT = 0.54 + 0.15 keV may be somewhat higher than in M31. All three spectmagfi and outer bulge in
M31 and M32) nearly perfectly match each other abeve2 keV, after normalization to the K-band flux.
This is a strong argument in favor of their similar origin.

The emission from spiral arms clearly stands out. It doedhae¢ any significant soft component and,
most importantly, its normalization (per unit K-band flug)dy a factor of 4- 10 higher in the hard band
than for the other spectra. Thidi@irence is smaller in the soft band, however it is still sigatfitly higher
than the spectrum of the outer region. We describe this spaavith a powerlaw model and we obtain
I" = 2.0. As with other spectra, the largé value indicates more complex spectral shape.

5.4.4 Morphology of the soft excess emission

To explore the spatial distribution of the soft excess eimissve use two approaches. Firstly we
consider the ratio of the.B— 1.2 keV X-ray image to the near-infrared image. The advantdgheo
ratio image is that it levels out the component in X-ray eioissvhich is proportional to the K-band
light. The disadvantage is that thgKKratio may become very large at large central distancesrevhe
the X-ray emission is unrelated to old stellar populatiod daviates significantly from the K-band light
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Figure 5.7: Ratio of b — 1.2 keV image to the the K-band image obtained frGhandra data. After the
removal of the point sources the X-ray images were adaptgrabothed, the K-band image was smoothed
correspondingly. The contours in show K-band brightnessidution. The center of M31 is marked with
a cross. North is up and east is left.

distribution. Before producing the ratio image we exclugeiht sources and filled their locations with
local background level using thimfilth tool of CIAO. The X-ray images were adaptively smoothed and
the near-infrared image was convolved with a gaussian Wwighatidth comparable to typical smoothing
width near the center of X-ray image. The X-ray images wepmsdre corrected, the particle background
and CXB was subtracted.

Figure[5.Y and Figure_3.8 shows the ratio images obtained €bandra and XMM-Newton data.
They are consistent with each other and illustrate very thellmorphology of the soft excess emission.
Comparison with the K-band contours shown in Fiduré 5.7 destrates clearly that the the soft excess
emission has nothing to do with the old stellar populati@ted by the near-infrared light. Unlike stellar
light, it is strongly elongated in the approximate direotaf the minor axis of the galaxy extending beyond
the boundaries of the bulge and projecting onto the 10-lgpéostning ring. The images also reveal strong
east-west asymmetry, already seen in the minor axis disitvi (FigurdL5.}). As discussed in the Section
21, this asymmetry is caused by absorption of soft X-bgythe neutral and molecular gas in the spiral
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Figure 5.8: Same as Figureb.7 but base&btM-Newton data. The contours show the 160 brightness
distribution.

arms on the north-western side of the galactic disk. Thilasion is further supported by the anti-
correlation between 16@m flux and the soft X-ray brightness, with obvious shadows se¢he positions
of spiral arms (Figur&&l8). At the same time, the gas and dlustot have any significantfect on the
soft X-ray brightness in the south-eastern side of the galax

In the second approach we consider thfetlence between the X-ray and the K-band images, the
latter renormalized according to thgKKratio of the old stellar population component. Unlike tiatia
image it shows the true brightness distribution of the sgftees emission. For this purpose we used
the same B — 1.2 keV Chandra image as for the ratio image; the normalization of K-bandgenwas
4-107" erg st L. Figure[5® shows the result. The image generally confir@eterall morphology of
the soft emission revealed by the ratio image.

The images show significant sub-structures in the irn&00— 150 arcsec with the angular scale of
about 30 arcsec. The origin of this substructures is not,cidifnough some correlation with the position
of the peaks on the 16@m image suggests that at least some of them may be causeddoptahs These
sub-structures may deserve a special study which is beyenscbpe of this paper.
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5.4.5 Lx/Lk ratios

We calculate ratios of X-ray to K-band luminosity for the saspatial regions as used for the spectral
analysis, characterizing the inner and outer bulge andlsmims. As suggested by the spectra the natural
boundary between the soft and hard energy bandikel. However, in order to facilitate comparison
with previous studies we computed the ratios in the-©02 keV and 2— 10 keV energy bands. The
X-ray luminosities for these bands were computed using #® fit spectral models. The errors for the
luminosity and, correspondingly, for/K ratios account for the model normalization error only amd d
not include uncertainties in the spectral parameters oroimyr systematic uncertainties. In computing
the hard band luminosity we extrapolated the best fit modesidel the energy range used for spectral fits,
0.5-7 keV. The K-band luminosities were calculated in eagian using the 2MASS image.

The Lx/Lk ratios are presented in Tallle]5.4. These numbers can béotraesl to X-ray-to-mass
ratios dividing them with the K-band mass-to-light ratiohiah is of the order of unity. Its value can
be computed using the BV ~ 0.95 colour index from_Walterbos & Kennicutt (1987) and apptyihe
relation betweerM, /Lx and the B—V colourl(Bell & de Joh@, 2001), which givisk/Lx ~ 0.85. A
close values has been derived by Kent (1992) based on thenityelamass measuremen),./Lx ~
1.1. We compare the X ratios for M31 with M32 and Milky Way. The M32 numbers weretained
from the spectra of Sectidn 5.%.3 in the same way as for M31.teoMilky Way we used results from
Revnivtsev et l.| (2006) and Sazonov etlal. (2006), andfoemed them td_x /L for two values of K-
band mass-to-light ratio, 0.7 (Dwek ef al., 1995) and 1 (K&992). The XK ratio inlSazonov et all (2006)
is given for the 0L — 2.4 keV band, following them we converted it to th&8 2 keV band multiplying by
0.7 which is typical ratio for coronally active stats (Flemiepal., 1995). The contribution of young stars
is excluded|_Revnivtsev etlal. (2006) used data from RXTEé3- 20 keV and calculated the-210 keV
luminosities assuming a powerlaw spectrum Witk 2.1.

In the 2- 10 keV band the X-ray to K-band ratios for bulge regions in NM8il for M32 are compatible
with each other and appear to exceed slightly the Milky WayesaThis may be explained by thefirence
in the spectral shape assumed in the flux calculation. Asgythie same power law with = 2.1 as used
by |IRevnivtsev et al| (2006), we obtained for MBk/Lk = (3.0 + 0.1) - 10?7 erg st L%, in agreement
with the Milky Way value. The good agreement of the X-ray td&nd ratios suggests similar origin of
the 2—10 keV emission in all three galaxies, as discussedne ufetail in the following Section.

In the soft band, the X ratios for M31 are systematically larger than M32 ones. sTiBito be
expected from the spectra (Figurel5.6) and is due to the mresef the soft excess emission in M31.
Also, in interpreting the soft band ratios the interstelasorption should be taken into account. Indeed,
Sazonov et all (2006) studied sources in the Solar neigbbdrivhere the absorption is insignificant. The
M31 and M32 data, on the contrary, is subject to the galadisoeption, with values of .8 - 10?° and
6.3 - 10?9 cm 2 respectivelyl(Dickey & | ockman, 1990). In addition, M31 tsmatially variable internal
absorption reaching fewt0?* cm in the spiral arm regions_(Nieten ef al., 2006). The total MHthe
outer bulge region in M31 is probably in the range<{70)- 10°° cm2, giving the absorption corrected
value of the soft band X ratio Lx/Lk ~ (8 — 10)- 10°” erg s* L. For M32 we obtain after absorption
correctionLx/Lk ~ 4.3-10?" erg s L. Taking into account the uncertainties quoted by Sazonall et
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Figure 5.9: The spatial distribution of the soft componérite diference betwee@handra image in the
0.5 - 1.2 keV band and the K-band image normalized according to fieratio of the outer bulge. The
contours show the intensity levels of 16fh Spitzer image. The center of M31 is marked with a cross.
North is up and east is left.

@) and uncertainties in the K-band mass-to-light ridwsoX/K ratio for Solar neighborhood is formally

compatible with the absorption corrected value for M31 armbgbly slightly higher than for M32. It

is unclear, how much weight should be given to this discrepatue to the number and amplitude of
uncertainties involved. The absorption corrected valuettie inner bulge of M31 is definitely larger,

Lx/Lk ~ (12— 15)- 10?" erg st L.

The X/K ratios in the spiral arm region are significantly highereHuditional internal absorption can
be upto few10?! cm 2, resulting in the absorption correction factor in the saith as large as 4. The
final X/K ratios in both bands are approximately an order of magsitacyer than for the Milky Way.
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Table 5.4: X-ray to K-band luminosity ratios inftérent regions in M31 and in M32 compared to the
Milky Way. All values are given in units of 3 erg s L2

0.5-2ke\V® 2-10 keV

M31 inner bulge AN+01 45+ 0.1
M31 outer bulge @2+01 3602
M31 spiral arms 22 +£0.3 314+ 0.6
M32 total 35+01 41+02
Galaxy Sazonov et al. (2008)  7.3-105 (+3) 22-3.1(x0.8)
Galaxy Revnivtsev et al. (2008) - 22-31 (x0.5)

a The X/K ratios for M31 and M32 were not corrected for absorption.e 8 text for the absorption
corrected values.

b The X/M., ratios were converted t¥/K ratios assuming two values of the K-band mass-to-lighbrati
0.7 (first number) and 1.0; the uncertainty given in the piwesis corresponds td./Lx = 1

5.5 Discussion

5.5.1 Faint compact sources

We showed that a broad-band emission component exists invifhidh (i) follows the K-band light
distribution and (ii) its 2- 10 keV X/K ratio is identical to that of M32 and Milky Way. These sugges
beyond reasonable doubt that this component has similgindo the Galactic Ridge X-ray emission of
the Milky Way (Revnivisev et all, 2006). Namely, it is assted with the old stellar population and is a
superposition of a large number of weak sources of stellae,tthe main contributors in the 2—-10 keV
band being cataclysmic variables and coronally activerl@agSazonov et al., 2006).

The X/K ratios are compatible between all three galaxies in théXel band, but in the soft band
they difer in M31 and M32 (TablEXR4). In the inner bulge thiffelience is clearly due to the contribution
of the soft emission from the ionized gas, as discussed beltwough we chose the outer bulge region
as far as possible along the major axis of the galaxy, wheradft X-ray brightness follows the K-band
profile, some residual contribution from the gas can not lgedy excluded. Therefore it is not clear
if this difference reflects genuinefidirence between properties godcontent of X-ray emitting stellar
populations in these two galaxies. Due to large systematenainties, the Milky Way value is formally
compatible with both galaxies and any quantitative congoaris inconclusive at this point.

5.5.2 lonized gas

There are several arguments which suggest that the excessponent has a non-stellar origin.
The most important is the morphology of the excess emissiamely the striking dierence from the
distribution of the near-infrared light (Figute'b.7 and Hig[5.8). As no significant color gradients are
observed in the bulge of M31 (Walterbos & Kennicutt, 1988 stellar content must be fiiciently uni-
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form and can not give rise to the observed non-uniformitiethe XK ratio. Enhanced X-ray to K-band
ratio could be explained if a notable young population wasent in the bulge, which is also not the case
(Stephens et al., 2003). With the stellar origin excludeds plausible that the soft excess emission is of
truly diffuse nature and originates from ionized gas @3 — 0.4 keV temperature.

To study the physical properties of the ionized gas we usetamgular region on the south-eastern
side of the galaxy, to avoid the complications due to attBonady the spiral arms on the north-western
side. The size of the region is 8 arcmin along the major ax@é Eh arcmin along the minor axis of
the galaxy. From the spectral fit, the total X-ray luminosifythe soft component in the®- 2 keV
energy range is 10 erg/s, after the absorption and bolometric correction the tmsdmetric luminosity
is Lpy ~ 2.3 - 10°® erg/s assuming Galactic column density. From the emission measfuthe gas,

[ nenydV = 6.3 10°° cm~3, we estimate that the mass of the gas in the studied volunfetlie @rder of

~ 1P M. We note, that assuming the symmetry between the nortreweahd south-eastern sides of the
galaxy, the total quantities for the mass and bolometridhasity are twice the quoted values. The average
number density is about, ~ 7 - 10°3 cm3. The cooling time of the gas tsoo = (3KT)/(NeA(T)) ~ 250
million years. We also applied a two temperature model tosthfe emission and obtained for the two
componentskT; ~ 0.25 keV,kT, ~ 0.6 keV, bolometric luminosities of 2 - 10°8 and~ 10% erys, total
masses of 1P and~ 0.6- 10° M, and cooling times ot 200 and~ 800 million years. We mention that
the above computed values strongly depend on the applietrapeodel.

The morphology of the gas indicates that it is not in the hgtitic equilibrium in the gravitational
potential of the galaxy. It suggests rather, that gas isawitfig from the bulge in the direction perpendic-
ular to the galactic disk (see also Li & Wang, 2007). The maskenergy budget of the outflow can be
maintained by the mass loss from the evolved stars and Tyggpkernovae. Knapp etlal. (1992) estimated
the mass loss rate from evolved stars for elliptical gaxi€®.0021 Lk /L o M Gyr-L. This rate can be
applicable to the bulge of M31 as the stellar populationssenéar. The K-band luminosity of this region
isLk = 1.4- 10'° L . The estimated total mass loss ratei6.03 M, /yr. The stellar yields produce the
total amount of the observed gas on a timescale 85 million years which is shorter than the cooling
timescale of the gas.

To estimate the energy input from type la supernovae we wgétseoflMannucci et all (2005) who
give the supernova rate disy 1o = 0.035' 3913 SNu for E and SO galaxies, where 1 SN SN/10% Lk o
per century. Assuming that one supernova rele&sgs, = 10°! ergs into the interstellar medium, we
obtain about B - 10°° erg/s energy that goes into ISM. The minimal energy requiredftéhie gas in the
gravitational potential of the galaxy can be calculatednfi®y;;; = 7.2|\/I*0'3 (David et al.| 2006). With
o, = 156+ 23 kmy/s (Lawrie, 1983) we obtair 3.3 - 10°° erg/s. If the gas is heated to the observed
temperature by supernovae, it requires0®® ergs. This estimates indicate that the energy input from
supernovae is approximately3—4 times larger than the minimal energy required to drive agad wind
from the galaxy, similar to the result of David et al. (2006 fow-luminosity ellipticals.

Type la supernovae will also contribute to the chemicalatmmient of ISM with iron-peak elements.
Typically 0.7 M, of iron is provided by each SN la eveht (Nomoto et al. 1984g8ymma et al. 1992; lwamoto ef al.,
1999), that gives about®- 104 M, of iron per year. Assuming complete mixing of the superngeate
with the stellar wind material we would expect the iron abamck in the hot ISMr 1.1 - 1072 by mass,
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which exceeds the Solar value a1 10-3 (Anders & Grevesse, 1989) by a factor-of6. The observed
spectra are inconsistent with high iron abundance in sirapke or two-component thermal models, but
these models can not adequately describe the spectra gniweagfore this result can not be used as
a conclusive argument. On the other hand, the discrepareyebr high predicted and low observed
abundance of iron is a well-known problem for elliptical yaks, where type la supernovae also plays
important role in thermal and chemical evolution of the ISiMiias been addressed in a number of studies,
e.g. | Brighenti & Mathews (2005). We also note, that althotlghiron is the primary element by mass
in the type la supernovae ejecta, the ISM will be also enddhe other elements, most significantly by
nickel. The detailed analysis of this problem is beyond ttops of the present paper.

Assuming that the gas leaves the galaxy in a steady statealdng the axis perpendicular to the plane
of the disk, the outflow speed, can be calculated fromm, = nrngasvw wherepgss is the average gas
density estimated above ands the radius of the base of the imaginary cylinder filled vifta outflow-
ing gas. This calculation giveg, ~ 60 knmy/s which is smaller by a factor of few than the local sound
speed. Such a slow sub-sonic motion of the gas can not explaiobserved elongated shape of the gas
distribution, which may be related to the the magnetic fieldd galactic rotation. We can use the fact
that the shadow from the 10-kpc star-forming ring is preserdstimate the extent of the gas along the
axis perpendicular to the galactic disk. The angular destaf the shadow from the center~s600— 700
arcsec, giving the “vertical” extent of the gasf2.5 kpc.

5.5.3 Spiral arms

The~ 10 times higher X-ray to K-band ratios observed in the spirals (Tabl&5l4) and theirftierent
emission spectrum (Figuke™.6) suggest that X-ray emidsion spiral arms has ffierent nature than the
bulge. As spiral arms are associated with star-formationglavious candidate is X-ray emission from
young stellar objects (protostars and pre-main sequeres) ind young stars, which are well-known
sources of X-ray radiation_(Koyama et al. 1996; Carkner e1@98; Giardino et all, 2007).

As X-ray emission from the spiral arms is associated withngpabjects, it is natural to characterize
it with Ly /SFR ratio. We compute this ratio for the regions used in spkeahalysis. The FIR flux was
determined from the 160m Spitzer image, 290 Jy. In computing this value we subtdattie blank-sky
background of nearby fields. To convert it to SFR we used tesiliR spectral fits fronhGordon etlal.
(2006), which gave SFR: 9.5 10°° F1eq./Jy Mo/yr for the M31 distance. Thus we obtained the star-
formation rate of 28 M,/yr in the region used for the analysis. The X-ray luminosityhie same region
is 3- 10° erg/s in the 2— 10 keV band. After subtracting the X-ray emission due to tldestellar popu-
lation we obtain & - 10%7 erg/s energy. From this we can computg/ISFR~ 9.4- 1038 (erg/s)/ (Mo /yr).
This value is~ 1/3 of the total lx/SFR arising from HMXBs which is .3 - 10°° (erg/s)/(Mo/yr)
(Grimm et al. 2003; Shtykovskiy & GilfanoV, 2005).
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5.6 Conclusion

We investigated the origin of unresolved X-ray emissiomfig31 usingChandra and XMM-Newton
data. We demonstrated that it consists of thréeint components:

1. Broad-band emission associated with old populationjlaino the Galactic ridge emission in the
Milky Way. It is a a combined emission of a large number of weakesolved sources of stellar type,
the main contribution being from cataclysmic variables aative binaries. The surface brightness
distribution of this component approximately follows thstdbution of K-band light. The absorp-
tion corrected X-ray to K-band luminosity ratios are conifgatwith the Milky Way values. The
total luminosity of this component inside central 80@00 arcsec is of the order 6f3 - 10°8 erg's
in the Q5 — 10 keV band.

2. Soft emission localized in the inner bulge of the galaxgnglits minor axis. This emission is
from ionized gas with the temperature of the orde~o800 eV, although its spectrum can not be
adequately described by a simple one- or two-temperatugehad optically-thin emission from
a gas in a collisional ionization equilibrium. The50- 2 keV luminosity in the central & 20
arcmin area is- 2 - 10°8 ergs, the absorption corrected bolometric luminosityi® - 10%8 erg's.
The total mass of the gas is 2 - 10° My, its cooling time~ 250 Myrs. The surface brightness
distribution is drastically dierent from the stellar light distribution, it is significhntelongated
along the minor axis of the galaxy. The morphology of the safission suggests that gas outflows
along the direction perpendicular to the galactic planes ilass and energy budget is maintained by
the mass loss by the evolved stars and type la supernovaévditieal” extent of the gas exceeds
2 2.5 kpc. These results are in good agreement with those rgaebtiined by Li & Wang|(2007).

3. Hard emission from spiral arms. In the 0.5—7 keV band thigsion has approximate power law
shape with" ~ 2. It is most likely associated with star-forming regionsl asmdue to young stellar
objects and young stars. ThgISFR ~ 9.4 - 10° (erg/s)/(My/yr) which is about~ 1/3 of the
contribution of HMXBs.
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Chapter 6

Conclusions

In this dissertation we studied the progenitor scenaridypé la Supernovae (SNe la). There is awide
agreement that SNe la originate from thermonuclear exghssdf white dwarfs. The nuclear runaway that
leads to the explosion could start in a white dwarf graduadlgumulating matter from a companion star
until it reaches the Chandrasekhar mass limit, or couldiggdred by the merger of two white dwarfs in
a compact binary system. The X-ray signatures of the twoilplespaths are completely filerent, in the
accretion scenarie 3-10°! erg energy is emitted prior to the Supernova explosion omediale of 10’
years, whereas in the merger scenario no significant eteafgoetic emission is predicted. Thifars a
means to determine which scenario dominates.

We computed the predicted X-ray luminosity in th8-00.7 keV energy range in the accretion scenario
in a sample of six early-type galaxies and galaxy bulges.S¥éa rate was estimated based on the near-
infrared luminosity of galaxies, and the energy range wasriged in order to detect emission from
steady nuclear burning white dwarfs, taking into accouatrtinge of &ective temperatures, absorption
column densities, and théective area curve dthandra. We found that the accretion scenario predicts an
X-ray luminosity of~ 10°° erg s* per 13+ L o, the exact value depends on the column density towards
the galaxy. We confronted this luminosity with obser@obndra upper limits on the combined X-ray
emission from the population of nuclear burning white dwarnfthe same energy range. The resulting
luminosity is fairly uniform in the studied galaxies, 2.5 - 10°® erg s per 16! L o, and is weakly
dependent on the column density.

Based on these we concluded that in early-type galaxieskibereed X-ray flux is~ 30 — 50 times
less than predicted in the accretion scenario. This rasuylliés that no more than about 5 per cent of SNe
la, associated with the old stellar population, can be predun accreting binary systems. At present the
only viable alternative is the merger of two white dwarfsp&e we concluded that SNe la in early-type
galaxies predominantly arise from the double-degeneranasio.

Using a similar line of arguments we derived constraints len nature of progenitors of Classical
Novae (CNe). These events are another type of thermonuekgéwsions associated with accreting white
dwarfs, occurring upon accumulation of certain amowal(~ 10-4-10-° M) of hydrogen-rich material.
The frequency of CNe in a galaxy depends on the mass accretioronto the white dwarfs. During
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accretion energy is released in the optical, ultravioleX-oay wavelengths, depending on the nature of the
progenitor system. Magnetic systems, such as polars agamatliate polars, are sources of hard X-rays
produced via optically-thin bremsstrahlung emission. Bwavae in quiescence also radiate relatively
hard X-rays from their optically-thin boundary layer, wias in outburst state the optically-thick accretion
disk emits predominantly in the ultraviolet and soft X-ranis.

We computed the X-ray luminosity of magnetic systems andtiwavae in quiescence in M31 galaxy
based on the CN rate and compared viithandra observations of the galaxy. We demonstrated that no
more than about 10 per cent of CNe can be produced in magragéiclgsmic variables, the upper limit
being about 3 per cent for a typical CN progenitor wityp ~ 0.9 Mg and with an accretion rate of
M ~ 10 My/yr. We also pointed out that in dwarf novae at leas®0 per cent of the material must
be accreted during outbursts, when the emission spectrsoftisand only a small fraction in quiescent
periods.

We also investigated the properties and origin of the uiwvedoX-ray emission from M31. The prox-
imity of our close-by neighbor gives a unique opportunityetglore a spiral galaxy, very similar to the
Milky Way without complications brought about by projectiand absorptionfiects. The bulge of M31
is covered byChandra data, whereas the entire galaxy was observed in a surveyletmtdpy XMM-
Newton. The rich available data set allowed to resolve and remaghtsources down to the luminosity
threshold of~ 10%° erg s* and~ 10°¢ erg s! in the bulge and the disk of M31. We demonstrated that the
unresolved X-ray emission consists of threfetent components.

One of them is broad-band emission from large number of fdnirces — mainly accreting white
dwarfs and active binaries associated with the old steliufation, similar to the Galactic Ridge X-ray
emission of the Milky Way. The surface brightness distitmutof this component approximately follows
the distribution of near-infrared light. The obtained X+ta K-band luminosity ratios are consistent with
those observed for the Milky Way, M32, and M105 galaxies. idtel luminosity of this component is
~6-10%® erg st in the Q5 — 8 keV energy range.

Another X-ray emitting component originates from ionizexs gvith temperature of the order lof ~
300 eV. The mass of the gas+s2 - 10° M, and its total absorption-corrected bolometric luminogity
~ 2-10%® erg s1. The gas is significantly extended along the minor axis ofgdlaxy, suggesting that it
outflows along the direction perpendicular to the galadane. We found that the mass and energy budget
of the galactic wind can be sustained by the mass loss froiwvexVstars and by the energy input from
SNe la. We also detected a shadow cast in the gas emissioniralyams and the 10-kpc star-forming
ring, which can be used to place a lower limit on the “verti@dtent of the outflow, being greater than
~ 2.5 kpc.

The third X-ray emitting component is associated with thekp® star-forming ring and spiral arms
of M31. We characterized the X-ray emission from star-forgniegions with the k/SFR (star-formation
rate) ratio. We explored they/SFR ratio in the ®b — 2 keV energy band along the 10-kpc star-forming
ring, and found that it is in the range of. @3- 1.8) - 10° (erg s1)/(Mo/yr), excluding the regions near the
minor axis of the galaxy where itis 1.5—2 times higher. The latter may be associated with warm ichize
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gas of the galactic wind rather than with the star-formimgritself. An obvious candidate to the X-ray
emission from star-forming regions are young stellar disj@grotostars and pre-main sequence stars) and
young stars, which are well-known sources of X-ray radratio
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