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Summary

In this dissertation we consider several astrophysical phenomena. We reveal the nature of progenitors

of Type Ia Supernovae (SNe Ia), derive constraints on progenitors of Classical Novae, and investigate the

origin and properties of the unresolved X-ray emission in Andromeda galaxy (M31).

Type Ia Supernovae, used as standards candles, played a major role in establishing that the Universe

undergoes an accelerated expansion, the fact that directlypointed at the existence of dark energy. Al-

though there is a general agreement that SNe Ia originate from thermonuclear explosions of white dwarf

stars, the nature of their progenitors is still debated. Thenuclear runaway could arise from a white dwarf

gradually accumulating matter from a companion star until it reaches the Chandrasekhar mass limit, or

from two white dwarfs merging in a compact binary. The X-ray signatures of the two possible paths are

completely different. Whereas no strong electromagnetic emission is expected in the merger scenario until

shortly before the supernova, the white dwarf accreting material from the normal star becomes a source of

copious X-rays for about 107 years before the explosion. This offers a means to determine which scenario

dominates. We demonstrated that the X-ray flux from a sample of six early-type galaxies is factor of about

30− 50 times less than predicted in the accretion scenario. Therefore at most 5 per cent of SNe Ia in

early-type galaxies can be produced by accreting white dwarfs.

Using a similar line of arguments we derived constraints on the nature of Classica Nova (CN) progeni-

tors. CNe are nuclear explosions occuring upon accumulation of certain amount of hydrogen-rich material

on the surface of an accreting white dwarf in a close binary system. The accretion energy is released in

the optical, ultraviolet, or X-ray wavelengths, dependingon the type of the progenitor system. In magnetic

systems (polars and intermediate polars) and dwarf novae inquiescence it is mainly emitted in the X-ray

regime. Comparing the X-ray flux from these systems with the observed value in the bulge of M31, we

placed an upper limit of about 10 per cent on the contributionof magnetic systems to the observed CN rate.

We also demonstrated that in dwarf novae at least 90 per cent of the material is accreted during outburst

periods, and only small fraction during quiescent periods.

We studied M31, the nearby spiral galaxy, to understand the nature of the unresolved X-ray emission.

After removing the bright resolved point sources (accreting neutron stars and black holes in binary stellar

systems), we showed that the unresolved emission consists of three components. One of the them is

associated with the old stellar population and it is built upfrom a large number of faint sources, mainly

accreting white dwarfs and stars with active stellar coronae, similar to the Galactic ridge X-ray emission

of the Milky Way. We also revealed the presence of hot ionizedgas, located in the bulge of M31. The
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temperature of the gas is about (3− 4) · 106 K and its total mass is about 2· 106 M⊙. From the morphology

and physical conditions of the gas we concluded that it outflows from the galaxy perpendicular to its plane.

Such an outflow can be sustained by the mass loss of evolved stars and it can be driven by the energy release

of SNe Ia. We also detected a shadow cast on the gas emission byspiral arms and the 10-kpc star-forming

ring, that allowed us to estimate the vertical off-plane extent of the gas outflow – it is greater than 2.5 kpc.

The third X-ray emitting component is associated with the spiral arms of M31. Presumably the observed

emission, originating from the star forming regions, is dueto the population of young stellar objects and

young stars, which are well-known sources of X-ray radiation.
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Zusammenfassung

In dieser Arbeit betrachten wir verschiedene astrophysikalische Phänomene. Insbesondere zeigen wir

neue Erkenntnisse über die Vorläuferobjekte von Typ Ia Supernovae (SNe Ia) und leiten Bedingungen für

die Vorläufersysteme von klassischen Novae ab. Außerdem untersuchen wir Ursprung und Eigenschaften

nicht-aufgelöster Röntgenstrahlung in der Andromedagalaxie (M31).

Die Verwendung von SNe Ia als Standardkerzen zur Entfernungsmessung spielt eine zentrale Rolle

in der Beweisführung, dass das Weltall einer beschleunigten Expansion unterliegt, die von einer “dun-

klen Energie” getrieben wird. Allerdings sind die Vorläuferobjekte von SNe Ia bisher unbekannt. Heute

wird zwar allgemein akzeptiert, dass diese leuchstarken Objekte von thermonuklearen Explosionen eines

weißen Zwergsterns herrühren, allerdings ist unsicher wasdie Explosion auslöst. Hierfür werden ver-

schiedene Szenarien diskutiert: (i) die Akkretion von Gas aus der Hülle eines Begleitsterns bis der weiße

Zwerg die Chandrasekharmasse erreicht, oder (ii) das Verschmelzen eines engen Doppelsternsystems aus

zwei weißen Zwergen, deren Gesamtmasse die Chandrasekharmasse übersteigt. Da die emittierte Rönt-

genstrahlung in diesen beiden Szenarien völlig verschieden ist, lassen sich die Vorläuferobjekte durch

Beobachtungen einschränken. Während beim Verschmelzen zweier weißer Zwerge bis kurz vor der Super-

nova keine erhebliche elektromagnetische Emission stattfindet, wird im Akkretionsszenario für ungefähr

107 Jahre vor der Explosion massiv Röntgenstrahlung frei. Wir demonstrieren, dass die Röntgenemission

in sechs ausgewählten Galaxien frühen Typs ungefähr 30− 50 mal geringer ist, als im Akkretionsszenario

erwartet. Daher können maximal 5 Prozent der SNe Ia in diesenGalaxien von akkretierenden weißen

Zwergen stammen.

Ähnliche Argumente ermöglichen es die Eigenschaften von Vorläufersystemen klassischer Novae

einzuschränken. Dabei handelt es sich um akkretierende weiße Zwerge in denen das akkretierte Mate-

rial vor Erreichen der Chandrasekharschen Massengrenze durch eine thermonukleare Explosion an der

Oberfläche verbrennt. Abhängig von der Akkretionsgeometrie wird die freigesetzte Energie in einem

charakteristischen Wellenlängenbereich abgestrahlt: inmagnetischen Systemen (polars und intermediate

polars) und Zwergnovae in Ruhe vor allem im Röntgenlicht. Durch einen Vergleich der erwarteten Rönt-

genemissionen von diesen Systemen mit der beobachteten Leuchtkraft in der Bulge von M31 finden wir

eine obere Grenze von ungefähr 10 Prozent für den Anteil von magnetischen Systemen an der beobachteten

Rate klassicher Novae. Außerdem finden wir, dass in Zwergnovae mindestens 90 Prozent des Materials

während Ausbruchsperioden akkretiert werden.

Für die nahe gelegene Spiralgalaxie M31 zeigen wir schließlich, dass die nach Subtraktion der hellen
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kompakten Quellen (akkretierende Neutronensterne und schwarze Löcher in Doppelsternsystemen) nicht-

aufgelöste Röntgenemission aus drei Komponenten besteht.Eine dieser Komponenten stammt aus der

Überlagerung viel schwächerer kompakter Quellen, nämlichaus akkretierenden weißen Zwergen und

Sternen mit aktiven Vorgängen in ihren heißen Gashüllen. Soerklärt beispielsweise die gemeinsame

Strahlung schwacher Quellen den Großteil oder sogar die gesamte Röntgenstrahlung aus der Scheibe un-

serer Galaxis. Eine weitere Komponente bildet heißes ionisiertes interstellares Gas in der Bulge von M31.

Die Temperatur dieses Gases beträgt ungefähr 3· 106 K, und seine Masse ist ungefähr 2· 106 M⊙. Form

und spektrale Merkmale deuten darauf hin, dass dieses Gas vorwiegend orthogonal zur Scheibe aus der

Galaxie ausströmt. Dieser Ausfluss kann durch die Energiefreisetzung von SNe Ia und durch den Massen-

verlust entwickelter Sterne erklärt werden. Da die Spiralarme und die Sternbildungsregion einen Schatten

auf das ionisierte Gas werfen, konnten wir eine untere Grenze von 2.5 kpc für die vertikale Ausdehnung

des Ausfluss festlegen. Die dritte röntgenstrahlende Komponente ist mit den Spiralarmen verbunden und

vermutlich auf junge stellare Objekte und junge Sterne in Sternbildungsregionen zurückzuführen, welche

wohlbekannte Quellen von Röntgenstrahlung sind.
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1

Chapter 1

Introduction

1.1 Type Ia Supernovae

1.1.1 General properties

Supernovae are among the brightest transient objects of theUniverse. These events, often outshining

their host galaxy and sometimes bright enough to be visible in daytime, have always impressed mankind.

The prompt appearance and the extraordinary brightness of Supernovae made them detectable long be-

fore the invention of telescopes. The earliest recorded Supernova, SN185, was observed by Chinese as-

tronomers, whereas SN 1006 and SN 1054 were chronicled and described in details by Chinese and Arab

astronomers – the latter Supernovae formed the Crab Nebula (Lundmark, 1921). The first modern obser-

vations of Supernovae are reported by Tycho Brahe (SN 1572) and Johannes Kepler (SN 1604). These

detections were essential for the improvement of modern astronomy since they played an important role in

the revision of the geocentric worldview of Aristotle. The first extragalactic Supernova, which was even

visible with naked eye, was observed in the bulge of M31 in 1885 (Hartwig, 1898).

The detailed study of these very luminous events started in the 20th century. Baade & Zwicky (1934)

were the first to make a distinction between “Common-novae” and “Super-novae”, also realizing that

Supernovae are much brighter and less frequent. Further studies of these events pointed our that their

spectra are not uniform and they can be classified upon the presence of Balmer-lines in their spectra. Type

I Supernovae do not contain hydrogen lines, whereas Type II Supernovae show hydrogen spectral features

(Minkowski, 1941).

The modern classification scheme of Supernovae, illustrated in Figure 1.1, relies exclusively on their

observed properties – on spectral characteristics and light curves. Keeping the two main classes of Super-

novae, introduced by Minkowski (1941), the Type I class is further divided into Ia, Ib, and Ic subclasses

depending on the presence of silicon and helium spectral features. Type II Supernovae are categorized

based on the light curve shape: IIP have a slower decline Plateau and IIL have Linear decline. However

note, that these definitions are less precise than those based on spectral features for Type I objects.

There is an overall agreement that Supernovae are produced in two different physical mechanisms.

On the one hand Type Ia Supernovae (SNe Ia) arise from thermonuclear explosions of degenerate white

dwarf stars approaching the Chandrasekhar mass limit (MCh ≈ 1.38 M⊙). On the other hand Type Ib,
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Ic, and Type II Supernovae are the result of a compact iron core collapse in an evolved star with mass

exceeding about 9 M⊙. The subclasses of core collapse Supernovae are thought to originate from the

somewhat different evolution of the progenitor stars. Observations of the most energetic core collapse

Supernovae, the so-called “Hypernovae”, indicate that these events may be connected to long Gamma Ray

Bursts (Iwamoto et al., 1998).

In the present work we focus on SNe Ia. In Section 1.1.2 the astrophysical importance of Type Ia

Supernovae is overviewed and in Section 1.1.3 the most enigmatic problem in our understanding about

SNe Ia is introduced.

1.1.2 Relevance of Type Ia Supernovae in cosmology

One of the most exciting findings of the last decades is that the Universe undergoes an accelerated

expansion (Riess et al., 1998; Perlmutter et al., 1999) since aroundz ≈ 0.5 (Riess et al., 2004). In order to

come to this conclusion it was indispensable to recognize that SNe Ia can be used as standard candles.

In astrophysics, a standard candle is an object with known absolute brightness, allowing to infer the

distance to the object from its measured apparent brightness. The cosmic distance ladder starts with the

trigonometrical parallax method, enabling to measure distances up to about 1 kpc with high precision,

e.g. theHipparcos satellite could obtain accurate distances of∼ 105 nearby stars. At larger distances the

Figure 1.1: Modern classification scheme of Supernovae, taken from Turatto (2003). Note, that Type Ia
Supernovae are the result of thermonuclear explosions of white dwarf stars, whereas other Supernovae
originate from the compact iron core collapse in massive evolved stars.
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correlation between the pulsation period and the absolute magnitude of RR Lyrae and Cepheid variable

stars allows the precise measurement of distances up to∼ 1 Mpc and∼ 40 Mpc with theHubble Space

Telescope.

Early observations of SNe Ia indicated that their luminosity is uniform (Zwicky, 1939). Accordingly,

they could serve as distance indicators at cosmological distance scales due to their outstanding bright-

ness. However, more precise observations of SNe Ia pointed out that they are not standard candles since

their peak brightness show a scatter of about 2 magnitudes and their decline rate is also not uniform.

An important step towards the extension of the cosmic distance ladder was to recognize that SNe Ia can

be “standardized” (Phillips, 1993; Hamuy et al., 1996a; Riess et al., 1996; Perlmutter, 1997). By means

of empirical relationships between the peak luminosity andthe light curve shape, they can be used as

Figure 1.2: Light curves of nearby SNe Ia (Perlmutter, 2003). On the upper panel their absolute magnitude
is plotted against the decay time. Note, that most SNe Ia are in the thick yellow band. The brighter ones
have wider light curves whereas the fainter ones exhibit narrower light curves. On the lower panel the
light curves of outlier SNe Ia are stretched and their brightness 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 low redshift SNe Ia, taken from Perlmutter et al.
(1999). The solid lines indicate the theoretical effectivemB(z) for various cosmological models for a range
of ΩM andΩΛ.

distance indicators, as illustrated in Figure 1.2. Anotherkey ingredient was the two large and homoge-

neous supernova samples with multifilter lightcurves of theCalán/Tololo (Hamuy et al., 1996b) and of the

Harvard-Smithsonian Center for Astrophysics survey (Riess et al., 1999). Using a nearby sample of SNe

Ia, the corrections to the light curve shapes were determined. With these corrections, objects at small

distances (z . 0.1) follow a straight line in the Hubble-diagram1. The application of SNe Ia at high red-

shifts (z ≈ 1) led to the unexpected result that more distant objects aredimmer by≈ 0.25 magnitudes than

expected in an empty Universe (Ω = 0) as shown in Figure 1.3 (Riess et al., 1998; Perlmutter et al., 1999).

This observational outcome implies that SNe Ia at large redshifts are more distant than expected.

Using the above described results the density parameters ofmatter (ΩM) and cosmological constant

(ΩΛ) can be determined. In order to explain fainter SNe Ia at large redshifts a non-zeroΩΛ is needed,

which implies the existence of an energy component with negative pressure, similarly to the cosmological

constant of Einstein. Beyond SNe Ia there are several other methods aiming to measure the matter and en-

ergy density: (i) the measurement of anisotropies of the cosmic microwave background with theWilkinson

Microwave Anisotropy Probe (WMAP) (Spergel et al., 2003), (ii) constraints from the large-scale structure

of 2dF Galaxy Redshift Survey (Percival et al., 2001), (iii)baryon acoustic oscillations (e.g. Cole et al.,

2005; Eisenstein et al., 2005), or (iv) galaxy cluster mass functions (Vikhlinin et al., 2009). The resulting

density parameters from all methods are consistent with those obtained from SNe Ia. Combining all results

1The Hubble-diagram connects the redshift and the apparent brightness of an object with known absolute brightness.
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we obtain the currently favoredΛCDM model2 with ΩM ≈ 0.26 andΩΛ ≈ 0.74.

Using a larger sample of SNe Ia, the physical model, responsible for the accelerated expansion of

the Universe, can be tested by determining the equation-of-state parameterw, which connects the energy

density with the pressure:p = wρc2. This reveals whether the dark energy is caused by vacuum energy

density or quintessence models (Caldwell et al., 1998) are needed to explain the accelerated expansion of

the Universe. The largest SNe Ia surveys, the Supernova Legacy Survey (SNLS) (Astier et al., 2006) and

the ESSENCE project (Wood-Vasey et al., 2007) obtainedw = −1 within∼ 10 per cent uncertainties. This

value is consistent within 1σ with a cosmological constant.

In conclusion, SNe Ia are a powerful tool for cosmological distance measurements, moreover they can

be used to study the global geometry of the Universe. However, to make even more precise constraints

about the time evolution ofw the systematic uncertainties in their absolute magnitude need to be further

decreased. To achieve this goal, it is essential to understand SNe Ia in all details.

1.1.3 Progenitor systems of Type Ia Supernovae

One of the most interesting questions regarding SNe Ia is howthey are exactly produced. In this Sec-

tion the composition of the progenitor white dwarf star is discussed and the potential evolutionary channels

are described.

There are three possible compositions of white dwarfs, thatin principle, could lead to a SNe Ia: he-

lium, oxygen-neon, and carbon-oxygen. Helium white dwarfshave typical mass ofMWD ∼ 0.45 M⊙
(Iben & Tutukov, 1985) and they can explode following a central He ignition at the mass of∼ 0.7 M⊙. A

strong objection against helium white dwarfs is that the composition of the ejecta contains only unburned

helium, 56Ni, and its decay products (Nomoto & Sugimoto, 1977) – being completely inconsistent with

observational data of SNe Ia. Oxygen-neon white dwarfs are believed to undergo an accretion-induced

collapse when reaching the Chandrasekhar mass limit instead of an explosion (Nomoto & Kondo, 1991).

Moreover, their number statistics is too small to be the mainevolutionary channel of SNe Ia. Therefore

oxygen-neon white dwarfs also have to be excluded. Carbon-oxygen white dwarfs are the best candidates,

since they are produced in large number in main-sequence stars below. 8 M⊙, and they are expected

to produce a supernova explosion when approaching the Chandrasekhar mass limit (Nomoto & Kondo,

1991). The fate of a carbon-oxygen white dwarf is shown in Figure 1.4. To conclude, there is a general

agreement that SNe Ia are associated with the thermonuclearexplosions of carbon-oxygen white dwarf

stars.

An enigmatic question about SNe Ia is the evolutionary channel, in which the white dwarf nears

the Chandrasekhar mass. The two proposed evolutionary channels are the double-degenerate and the

single-degenerate scenarios. The double-degenerate scenario employs the coalescence of two carbon-

oxygen white dwarfs in close binary systems due to emission of gravitational waves (Iben & Tutukov,

1984; Webbink, 1984). Alternatively, in the single-degenerate channel carbon-oxygen white dwarfs ac-

crete hydrogen-rich material from their non-degenerate companion until they approach the Chandrasekhar

2The so-called Lamba-Cold Dark Matter model, often referredto as concordance model, is currently the most accepted
cosmological model that is in good agreement with observed phenomena of the Universe.



6 INTRODUCTION 1.1

Figure 1.4: The fate of an accreting carbon-oxygen white dwarf as a function of their initial mass (MC+O)
and accretion rate (̇M) (Nomoto & Kondo, 1991). In the neutron star regime the whitedwarf collapses
instead of undergoing a thermonuclear explosion.

mass limit (Whelan, & Iben, 1973).

The most attractive feature in the double-degenerate scenario is that it explains naturally the absence

of hydrogen in the spectrum of SNe Ia. The fact, that white dwarfs are typically produced in the mass

range of∼ 0.5 − 0.8 M⊙ (Homeier et al., 1998) also favors this scenario, as it is relatively easy to exceed

the Chandrasekhar mass limit in a double white dwarf system.Moreover, population synthesis studies

are able to reproduce the observed SN Ia rate with the double-degenerate scenario (Branch et al., 1995).

However, there are also strong objections against this scenario. Most importantly, the homogeneity of SNe

Ia is strongly questionable if two white dwarfs having different “initial conditions” (mass, composition,

and angular momentum) need to produce (almost) the same burning conditions. It is also unclear, whether

the merger of two white dwarfs could trigger a thermonuclearexplosion leading to a SN Ia, or it results

rather an accretion-induced collapse (Nomoto & Iben, 1985;Woosley & Weaver, 1986; Saio & Nomoto,

1985, 1998). Recently, Pakmor et al. (2009) demonstrated byperforming hydrodynamical simulations that

equal-mass white dwarf mergers may lead to thermonuclear explosions3 if the total mass of the system

exceeds∼ 1.8 M⊙.

The other alternative progenitor channel, the single-degenerate scenario can explain the observed ho-

mogeneity of SNe Ia, since the thermonuclear explosion is bound to the Chandrasekhar mass. The upper

limit of the initial mass of a carbon-oxygen white dwarf is∼ 1.2 M⊙ (Weidemann, 2000), hence the system

3In fact they showed that explosions triggered by the merger of two 0.9 M⊙ white dwarfs are faint and their observational
characteristics resemble to those of the sub-luminous 1991bg-like events. Although even more massive systems could explain
brighter SNe Ia, they are not numerous enough to account for the observed frequency of SNe Ia.
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Figure 1.5: Parameter space of hydrogen burning on the surface of a white dwarf shown in the plane of its
mass (M) and accretion rate (̇M) (Nomoto, 1982). Thermally stable hydrogen burning occursin the range
between the solid and dashed-dotted horizontal lines. Below this region the hydrogen burning proceeds
in flashes giving rise to nova outbursts. At high accretion rates the stellar envelope expands to red giant
dimensions or an optically-thick wind evolves.

inevitably needs to accrete∼ 0.2 M⊙ matter before the Chandrasekhar mass limit is reached. However, the

mass of the white dwarf can grow only in a very “fine-tuned” binary system. Three regimes can be differ-

entiated in the parameter space of white dwarf mass (MWD) and accretion rate (̇M) (Figure 1.5). In a rather

narrow range of accretion rates the accumulated hydrogen burns steadily to helium and possibly further to

carbon and oxygen, therefore the white dwarf can increase its mass. The required accretion rate for the

stable nuclear burning is∼ 10−7 M⊙/yr. If the accretion rate is smaller, the hydrogen burning becomes

unstable to flashes. The shell flashes give rise to Classical Nova (CN) eruptions, during which most of the

accreted and some of the original white dwarf material is lost. As a consequence the white dwarf is not

able to grow in mass and never reaches the Chandrasekhar mass. For very high accretion rates, the white

dwarf radius expands to red giant dimensions, it even may engulf the donor star and form a common en-

velope configuration (Nomoto et al., 1979; Livio, 2000). However, this envelope is ejected on a time scale

of ∼ 1000 years (Taam & Sandquist, 2000), and within this time thewhite dwarf mass can not increase by

more than 10−3 M⊙ (Livio, 2000). Calculations by Hachisu et al. (1996) indicated that at high accretion

rates, instead of a common envelope, an optically-thick wind may form with photospheric velocities of

∼ 1000 km s−1 (Hachisu et al., 1999). However, observations of SN Ia remnants are incompatible with the

presence of strong accretion winds (Badenes et al., 2007). Afurther problem with the single-degenerate

scenario is that population synthesis studies suggest thatthis evolutionary channel may contribute at most
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∼ 10 per cent to the observed SN Ia frequency (Yungelson et al.,1995, 1996).

Although it is quite uncertain whether accreting white dwarfs are able to reach the Chandrasekhar

mass eventually, a strong argument favors the single-degenerate scenario. A class of objects, namely the

supersoft X-ray sources, could be identified which are potential progenitors of SNe Ia (Greiner et al., 1991;

van den Heuvel et al., 1992; Kahabka & van den Heuvel, 1997), see the discussion in Section 1.2.2. This

confirms the theory that hydrogen burning on the surface of a white dwarf can proceed steadily, even if

only in a narrow range of accretion rates.

A subclass of the single-degenerate models are the so calledsub-Chandrasekhar models. In this sce-

nario the carbon-oxygen white dwarf does not reach the critical density and temperature needed for the

explosive carbon burning, instead the ignition occurs by anexternal trigger. This mechanism could be the

detonations of an accreted helium layer, which can produce astrong flash that initiates the carbon deto-

nation (e.g. Iben & Tutukov, 1984). The advantage of this model is that it does not get into conflict with

population synthesis studies, and it does not have to reach the Chandrasekhar mass limit. However, the

models obtained for these systems failed so far to reproducethe observed spectra and light curves of SNe

Ia (Höflich & Khokhlov, 1996; Nugent et al., 1997), despite continuing effort (Fink et al., 2007).

In Chapter 2 we further investigate the progenitor scenarios of SNe Ia in early-type galaxies based on

Chandra observations (Gilfanov & Bogdán, 2010).

1.2 X-ray emission from galaxies

The study of X-ray emission from normal galaxies was startedafter the launch ofEinstein Observatory

in 1978 (Giacconi et al., 1979). During three and a half yearstime of its operation more than 100 galaxies

were observed. The high sensitivity and the few arcsecond angular resolution allowed to study the X-ray

morphology and spectra of galaxies, and also numerous bright X-ray sources could be resolved in the

Magellanic Clouds and in the Andromeda galaxy. Since the eraof Einstein Observatory several X-ray

satellites have been launched, contributing essentially to our understanding about the origin and properties

of X-ray emission from galaxies. The most successful and outstanding missions areROSAT, ASCA and

the currently operatingChandra X-ray Observatory (Chandra) andXMM-Newton.

The origin of the X-ray emission from normal galaxies is diverse. In majority of galaxies, the X-

ray emission is dominated by the population of bright X-ray binaries (see Fabbiano, 2006, for a review).

Their typical luminosity is in the range of∼ 1035 − 1039 erg s−1. These binary systems consist of a

compact object, which can be either a neutron star or a black hole, and a normal star. The compact object

accretes material from the donor star and during accretion copious X-rays are liberated. X-ray binaries are

classified based on the mass of the secondary star to high-mass X-ray binaries (HMXBs) and to low-mass

X-ray binaries (LMXBs).

The population of cataclysmic variables (CVs) also adds a notable contribution to the observed X-ray

emission of galaxies. These systems possess a degenerate white dwarf star and a normal star. The accretion

onto the white dwarf is the source of X-ray emission but due totheir shallower potential well the typical

emitted luminosity is in the range of∼ 1031 − 1035 erg s−1. According to their relatively low brightness,
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majority of these sources can not be resolved at extragalactic distances.

Other type of discrete sources, such as Supernova remnants or coronal emission from stars also emit

X-ray radiation. These are rather weak sources, e.g. the luminosity of stellar coronae is of the order of

∼ 1028− 1033 erg s−1 (Vaiana et al., 1981).

X-ray emission from hot ionized gas with sub-keV temperatures is also present (see Mathews & Brighenti,

2003, for a review). The amount of the gas component varies from galaxy to galaxy, usually more massive

galaxies are gas-rich and less massive ones tend to be gas-poor.

In this Section we overview the various X-ray emitting components from normal early-type galaxies.

We discuss briefly the properties of X-ray binaries in Section 1.2.1, CVs are in focus in Section 1.2.2, and

we introduce X-ray emission from hot ionized gas in Section 1.2.3.

1.2.1 X-ray binaries

Although most stars are born in binary systems, X-ray binaries are relatively rare due to the special

conditions required for their formation. On the one hand, a very massive star is needed to form a black

hole or a neutron star on the other, the orbital separation also has to be “fine-tuned”. If the separation of the

binary is too small, they can merge in the common envelope phase, but if it is too large, the mass transfer

in the system can not start. Beyond these, the evolutionary stage of the donor star also plays a crucial role

in the formation of an X-ray binary. As a result, in average about 140 bright LMXBs (LX > 1037 erg s−1)

are formed per 1011 M⊙.

The mass transfer onto the compact object occurs either via Roche-lobe overflow or via strong stellar

winds from the secondary star4. The Roche-lobe of the donor star can be filled by two mechanisms: either

it evolves off the main sequence during which it expands, or the Roche-lobeshrinks due to gravitational

radiation and magnetic braking. If the Roche-lobe is filled,material flows through the Lagrangian point

(L1) towards the compact object. To transfer enough material bystellar winds a rather massive, at least

∼ 5 M⊙, star is needed, therefore the wind accretion plays a role only in HMXBs.

The observed luminosity of X-ray binaries is due to accretion onto the compact object. As the sec-

ondary star transfers mass through the Lagrangian point, itforms an accretion disk around the white dwarf.

The accretion process was described by Shakura & Sunyaev (1973) by a geometrically-thin and optically-

thick disk of gas. The disk has an anomalous viscosity that transports angular momentum outwards and

thus allows the accretion of matter onto the compact object.This process releases energy from the surface

of the disk covering a broad wavelength-range. Since the temperature of the disk is inversely dependent

on its radius, X-rays are primarily liberated at the inner disk.

1.2.2 Cataclysmic variables

Cataclysmic variables (CVs) are binary systems in which degenerate white dwarf stars accrete mate-

rial from their non-degenerate secondary stars. One of the most outstanding characteristics of CVs is that

4The two mechanisms for transferring material onto the compact objects 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-years. Based on the strength of the magnetic field we

differentiate magnetic and non-magnetic CVs5. Considering the outburst frequencies the major subclasses

are Classical Novae (CNe), Recurrent Novae (RNe), Nova-like variables (NLs), and Dwarf Novae (DNe).

In this Section we give a general overview about major properties of various CV subclasses and we

also discuss a special case of accreting white dwarfs, the so-called supersoft X-ray sources.

Classical Novae, Recurrent Novae and Nova-like variables

Classical Novae have one recorded outburst, during which the brightness of the system increased

by 6− 19 magnitudes. Nova outbursts are caused by thermonuclear runaways on the surface of white

dwarf stars in cataclysmic variable systems. The accreted hydrogen-rich material from the companion star

accumulates on the surface of a white dwarf in a shell. As the mass of the shell increases, its pressure

reaches the critical value needed to trigger a thermonuclear explosion, giving rise to a nova (Fujimoto,

1982).

CNe are very energetic events, their total energy release6 is of the order of 1044 − 1045 ergs. This

energy can expel the accreted shell and probably some of the original white dwarf material is also lost.

The substantial mass loss (∆M ∼ 10−4 − 10−5 M⊙) forms an expanding envelope around the white dwarf.

As it expands, the envelope cools down and after∼ 1000 days it can be observed as a nebulosity (Hellier,

2001). If the nova shell is spatially resolved, and its expansion speed is measured, the apparent size of the

shell can be used to infer the distance to the system (Cohen, 1985).

The relationship between the absolute magnitude at the maximum light and the decline rate of novae

was early recognized (Zwicky, 1936; Mclaughlin, 1945). This finding could make nova outbursts an

extragalactic distance indicator. However, the increasing observational data pointed out that properties

of novae are not uniform, they vary in galaxies and may dependon the underlying stellar populations.

Moreover, models studying nova explosions demonstrated that the brightness and decline rate of novae

are strongly dependent on the mass of the white dwarf and on the accretion rate (e.g. Shara et al., 1980;

Prialnik & Kovetz, 1995). Although in the last decade statistics of nova observations increased rapidly, the

consensus is still missing. Therefore CNe can not be used as standard candles.

CVs undergoing multiple nova explosions are called Recurrent Novae (RNe). Their well known rep-

resentatives are RS Ophiuchi and T Pyxidis which produced nova outbursts four and five times in the last

∼ 100 years. Nova evolution models suggest (Prialnik & Kovetz, 1995; Yaron et al., 2005) that RNe with

such short recurrence times possess a very massive white dwarf (MWD & 1.3 M⊙). Since the white dwarf

radius decreases as its mass increases (Panei et al., 2000),the nova explosion can be ignited with smaller

amount of accreted mass in a massive white dwarf. Obviously,assuming the same accretion rate, a nova

explosion recur more often in a CV consisting of a white dwarfstar close to the Chandrasekhar mass limit7.

5This term is not entirely correct since at some level magnetic field acts in all CVs – it plays a role in magnetic braking and/or
provides the source of viscosity in the accretion disk. Herewe use the “non-magnetic” expression to mark those systems in which
the white dwarf has weak magnetic field (B . 105 G) and the accretion disk extends to the surface of the white dwarf.

6Note, that the energy release from Supernovae is significantly larger – it is around 1051 ergs.
7The expected recurrence time of the nova outburst in an accreting binary system consisting of a 1 M⊙ white dwarf is about

105 − 106 years (Yaron et al., 2005).
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Figure 1.6: Artist’s impression of a supersoft X-ray source. Credit: Mark A. Garlick.

Model computations also indicate that RNe expel less material during outbursts than they accrete, hence

the white dwarf may increase its mass (Yaron et al., 2005). Eventually it may approach the Chandrasekhar

mass limit, leading to a SN Ia.

The class of Nova-like variables include those CVs, which sofar did not show an eruption. NLs show

very similar spectral properties to CNe which settled back to quiescence, suggesting that these systems are

either in the pre-nova or in the post-nova state. In principal, it is only a matter of time to observe a nova

explosion in these systems. The mass transfer rate in NLs is rather high, and the system is dominated by a

bright accretion disk (Warner, 1995).

In Chapter 4 we study the nature of CN progenitors in details (Bogdán & Gilfanov, 2010b).

Dwarf novae

Dwarf novae (DNe) are characterized by frequent outbursts occurring on a time scale of weeks-months.

These outbursts are fainter than CNe, the increase in brightness is in the range of 2− 6 magnitudes.

DN outbursts are caused by disk instability, that was first described by Osaki (1974) in the framework

of the disk instability model (DIM)8. The standard DIM model assumes a constant mass transfer rate from

the secondary star and explains the nova outbursts by thermal-viscous instability. The physical mechanism

of the model was studied by Hoshi (1979), who recognized thatthe disk exhibits bi-stable states: one of

them is an optically-thin cool solution with low viscosity where the hydrogen is in neutral state, the other

8Another model attempting to explain DN outbursts is the masstransfer instability model (MTI) (Bath, 1975). According to
the MTI model the instability and therefore the outburst is caused by an intrinsic instability in the envelope of the secondary star.
However, this model is not accepted since it contradicts observations of DNe.
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is optically-thick high-viscosity solution where the hydrogen is ionized. More detailed calculations were

performed by Meyer & Meyer-Hofmeister (1981), who showed that DN outbursts could be explained by

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

vations of DNe concerning the time scales of DN outbursts, their energetics, and the observed accretion

rates.

Supersoft X-ray sources

Supersoft X-ray sources (illustrated in Figure 1.6) are a subclass of bright X-ray sources, exhibiting

very soft spectra (kT ∼ 30− 40 eV) and high luminosity (∼ 1038 erg s−1). The first supersoft sources were

detected in the Large Magellanic Cloud (LMC) byEinstein Observatory, however their different nature

from other X-ray sources was demonstrated only based onROSAT observations (Trümper et al., 1991).

The nature of supersoft sources was unclear at the time of their discovery, they were suggested

to be black holes in binary systems (e.g. Smale et al., 1988; Cowley et al., 1990). It was realized by

van den Heuvel et al. (1992) that their emission properties and the high luminosities can be explained by a

white dwarf, which burns steadily the accreted matter. In order to fulfill the condition of steady hydrogen

fusion, an accretion rate of∼ 10−7 M⊙/yr is needed, hence the accreted hydrogen is converted at thesame

rate to helium, and depending on the conditions, further to carbon and oxygen.

Because these systems do not initiate nova explosions, their mass can grow towards the Chandrasekhar

mass limit. Therefore, supersoft X-ray sources are considered as a likely path leading to SNe Ia as dis-

cussed in Section 1.1.3.

Figure 1.7: Illustration of the polar AR Ursae Majoris (Schmidt, 1999). The accretion stream from the
secondary star follows the magnetic field lines towards the white dwarf and it is accreted onto its magnetic
poles.
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Magnetic systems

Magnetic CVs contain a strongly magnetized white dwarf. Depending on the strength of the magnetic

field, two subclasses exist: polars (AM Her systems) with a magnetic field of∼ 10− 200 MG and inter-

mediate polars (IPs) with∼ 1 − 10 MG field strength. In polars, the accretion disk is fully disrupted by

the strong magnetic field, but in IPs due to the weaker field only the inner parts of the accretion disk are

truncated.

In polars the accreted material forms an accretion stream and follows magnetic field lines towards the

magnetic poles of the white dwarfs (Figure 1.7). In IPs the matter is transferred through an accretion disk

at large distances from the white dwarf, but follows the magnetic field lines from the point, where the disk

is truncated. As a result, the transferred matter freely falls onto the white dwarf surface, and forms a strong

shock near to its surface (Aizu, 1973). This post-shock region is heated up to high temperatures, typically

to∼ 10− 20 keV, and emits X-rays via optically-thin thermal bremsstrahlung emission (Lamb & Masters,

1979). The region around magnetic poles is heated by the emitted hard X-ray radiation, and after ther-

malization it is reradiated in soft X-ray and extreme ultraviolet wavelengths. According to theoretical

predictions the ratio between the soft reprocessed and the hard X-ray luminosity isLso f t/Lhard ∼ 0.5

(King & Lasota, 1979), being broadly consistent with observational studies (Ramsay & Cropper, 2004).

1.2.3 Hot gas content of normal galaxies

The presence of hot gas in normal elliptical galaxies was reported by Forman et al. (1979) in a survey of

the Virgo cluster using theEinstein Observatory. They pointed out that the observed asymmetry of X-ray

isophotes, compared to the optical image of M86, is caused byram pressure stripping by the intracluster

medium, indicating the gaseous nature of the extended emission. The increasing sensitivity and angular

resolution of next generation X-ray telescopes allowed to study the hot ionized gas content of galaxies in

further details.

Observations shed light on the correlation between the observed X-ray luminosity (LX) and the B-band

luminosity (LB) of early-type galaxies (Canizares et al., 1987). Investigations by O’Sullivan et al. (2001)

indicated that in less massive elliptical galaxiesLX ∝ LB, whereas in more massive onesLX ∝ L2
B, and

the separation in B-band luminosity is at∼ 3 · 1010 LB,⊙. The X-ray emission in less massive galaxies is

dominated by LMXBs, which are distributed according to the stellar light (Gilfanov, 2004). In massive

galaxies the change in the (LX − LB) dependence indicates the presence of an additional X-ray emitting

component with non-stellar origin. This component, dominating the observed X-ray emission, originates

from hot ionized gas with a temperature typically belowkT . 1 keV. The relation of X-ray luminosity

versus optical luminosity for a broad sample of early-type galaxies is shown in Figure 1.8.

The hot ionized gas, observable at X-ray wavelengths, couldbe either produced within the galaxy or it

could originate from inflows to the galaxy. The internal sources of gas are evolved stars which continuously

eject material via stellar wind. The temperature of stellarejecta is∼ 104 K, therefore the gas needs to be

heated to the observed temperatures. This can happen duringthe star passes through shocks, and SNe Ia

also contribute to its heating. Whether external sources are also involved depends on the evolutionary stage

of the galaxy. Atz = 0 the gravitational potential of massive ellipticals is deep enough to keep the gas
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Figure 1.8: Bolometric X-ray luminosity (LX) versus B-band luminosity (LB) for a large sample of el-
liptical galaxies taken from Mathews & Brighenti (2003) based on the compilation of O’Sullivan et al.
(2001).

trapped, however in early phases of galaxies very frequent Type II Supernovae could drive galactic winds

enriching their local environment. Ciotti et al. (1991) demonstrated that at a later evolutionary state an

inflow may evolve and a fraction of the local gas is transferred back into the galaxy providing an external

source of gas. The authors explain the large scatter in the (LX − LB) plot (Figure 1.8) with the different

evolutionary phases of galaxies: transition is occurring between the outflow and the inflow. The outflow

implies a lowLX/LB ratio, whereas an inflow has a highLX/LB ratio.

Since the binding energy per unit mass decreases with the mass of the galaxy, in less massive ellipticals

the interstellar gas is less bound to the galaxy (Faber et al., 1997). Therefore, in principle, SNe Ia could

drive a galactic wind from low-mass ellipticals. Indeed, David et al. (2006) pointed out that the energy

input from SNe Ia is sufficient to drive an outflow. Further arguments supporting the presence of outflow

is the long cooling time9 of the gas, being much longer than the mass replenishment time by evolved

stars. However, to detect such an outflow the various X-ray emitting components have to be separated

from the diffuse gas emission. The population of bright X-ray binaries has to be removed, in whichChan-

dra observatory has an outstanding role with its superior angular resolution. Moreover, it was revealed

recently that fraction of the extended X-ray emission is associated with the stellar population and is the

9Note, that the cooling time of the gas is typically∼ 109 years, significantly shorter than the lifetime of the galaxy.
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Figure 1.9: Composite image of M31 based on multi-wavelength data. The DSS optical image (grey)
represents the distribution of the stellar light, while the24 micron data of Spitzer Space Telescope (red)
traces the distribution of cold gas and dust in spiral arms and in the 10-kpc star-forming ring. Shown in
purple is the soft X-ray emission from warm ionized gas whichappears to be outflowing from the galaxy.

superposition of a multitude of faint compact sources, mainly accreting white dwarfs and stars with active

stellar coronae (Revnivtsev et al., 2006; Sazonov et al., 2006). The typical luminosity of these faint ob-

jects is in the range of 1027−1035 erg s−1, hence these sources remain unresolved at extragalactic distances.

In Chapter 5 we describe the detection of a galactic wind fromthe bulge of M31 (Bogdán & Gilfanov,

2008), shown in Figure 1.9.
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Figure 1.10: Artist’s impression ofChandra 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 fromChandra X-ray Observatory (Weisskopf et al.,

2000), one of NASA’s “Great Observatories” (Figure 1.10). The satellite was launched on July 23rd, 1999

from the Kennedy Space Center in Cape Canaveral, aboard the Space Shuttle Columbia as part of STS-93.

The satellite was named in honor of the Indian-American Nobel laureate, Subrahmanyan Chandrasekhar,

one the most prominent astrophysicists of the 20th century.Chandra10 is the most advanced X-ray tele-

scope built to date.

The satellite has a strongly eccentric orbit, its apogee is∼ 140000 km and its perigee is 10000 km.

As a consequence,Chandra is in most of the time out of the Earth’s radiation belts, allowing to proceed

continuous observations for over 100 ks. Therefore it is highly efficient and actively observes during∼ 70

per cent of the time.

Chandra is designed to be a general-purpose X-ray observatory capable to observe photons in the

0.3 − 8 keV energy range. Due to the fact that it has a superior sub-arcsecond angular resolution, its

specific focus is high-resolution imaging. The High Resolution Mirror Assembly (HRMA) consists of

four pairs of nested Wolter type-I mirrors, the focal lengthis 10.07 m. The effective area of the HRMA

is 800 cm2 at 0.25 keV, 400 cm2 at 5 keV, and 100 cm2 at 8 keV.Chandra combines the mirrors with

four science instruments: (i) the Advanced CCD Imaging Spectrometer (ACIS) (Garmire et al., 2003),

(ii) the High Resolution Camera (HRC) (Murray et al., 2000),(iii) the High Energy Transmission Grating

(HETG) (Canizares et al., 2000), and (iv) the Low Energy Transmission Grating (LETG) (Predehl et al.,

10The meaning of the word “chandra” is “moon” in Sanskrit.
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2000).

The ACIS detector is the most often used among the available instruments. It consists of ten CCDs,

eight of them are front-illuminated (FI) and two of them are back-illuminated (BI). The gate structure

is mounted facing the mirrors on the FI CCDs, and reverted facing on the BI CCDs. Since no X-ray

photons are lost in the gate structure, the BI CCDs have larger effective area at low energies, however their

background is also higher. The spectral resolution of FI CCDs is better, however in early stages of the

satellite they were damaged by the radiation belts of the Earth, yielding a varying spectral resolution on

these CCDs. The set of ACIS CCDs can be arranged in two patterns: either a 2× 2 array is used with a

17×17 arcminutes field of view (ACIS-I), or a 1×6 array with 8.5×51 arcminutes field of view (ACIS-S).

The pixel size of ACIS CCDs is 0.492 arcsecond.

The HRC is built up from two microchannel plate detectors. Itis primarily designed for imaging, has a

large 30× 30 arcminutes field of view, but these detectors have essentially no energy resolution. The pixel

size is smaller than on ACIS detectors and they have also better timing properties.

The two grating assemblies, HETG and LETG, onboardChandra were designed to be used with ACIS-

S detectors. The HETG is built up from two different gratings, from the High Energy Grating and from

the Medium Energy Grating, they cover the spectral range of 1.2 − 15 Å and 2.5 − 31 Å, respectively.

The LETG operates in the range of 1.2− 175 Å. The spectral resolution of these instruments is excellent,

however this applies only within the range of few arcsecond of the source – the energy resolution decreases

quickly. The primary use of the grating instruments is the study of bright point sources.

1.3.2 XMM-Newton

In this dissertation we also analyzed data of theX-ray Multi-Mirror Mission (XMM-Newton). The satel-

lite was launched on December 10th, 1999. It is ESA’s second of the four “cornerstone missions” defined

by the Horizon 2000 Science Programme.XMM-Newton consists of three Wolter type-I mirrors and also

a 30 cm UV/optical telescope. The mirrors are efficient in the energy range of 0.1−10 keV, and their main

advantage is their large effective area. For each mirror the effective area is 1500 cm2 at 1.5 keV, 900 cm2

at 7 keV, and 350 cm2 at 10 keV, significantly exceeding values forChandra (Figure 1.11). The three

instruments onboardXMM-Newton are (i) the European Photon Imaging Camera (EPIC) (Strüder et al.,

2001; Turner et al., 2001), (ii) the Reflection Grating Spectrometer (RGS) (den Herder et al., 2001), and

(iii) the Optical Monitor (OM).

Two of the three EPIC CCD cameras are Metal Oxide Semi-conductor (MOS) CCD arrays. These

are mounted behind the X-ray mirrors and have at their foci Reflection Grating Arrays (RGAs), which

divert about half of the incoming X-ray light towards the RGSs. The third X-ray telescope focuses its

unobstructed beam towards the EPIC PN instrument. The MOS and PN CCDs are used for imaging with

large, 30× 30 arcminutes field of view. The MOS detector is built up from seven FI CCDs each of them

covering 10.9 × 10.9 arcminutes, while the PN detector consists of twelve CCDs,they cover 13.6 × 4.4

arcminutes. The pixel size is 1.1 arcsecond and 4.1 arcsecond for MOS and PN detectors, respectively. The

spectral resolution of the EPIC CCDs is moderateE/∆E ∼ 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 the effective area ofXMM-Newton (EPIC PN detector) andChandra (BI
detector).

The RGS have an outstanding resolving power ofE/∆E ∼ 150− 800. However, the fact that this

spectral resolution can be achieved only in the cross-dispersion direction strongly limits its use.

The OM covers the wavelength range of 170− 650 nm and it makes an image of the central 17× 17

arcminute region of the X-ray field of view. The telescope is amodified Ritchey-Chretien design, with

focal length of 3.8 meters and focal ratio of f/12.7. The OM offers 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 studies. In Chapter 2 we study the progenitor scenarios

of SNe Ia in early-type galaxies and constrain the contribution of the single-degenerate scenario to the

observed SN Ia rate. The results of this work are accepted forpublication inNature (Gilfanov & Bogdán,

2010). In an accompanying work, presented in Chapter 3, we place upper limits on the combined X-ray

emission from the population of steady nuclear burning white dwarfs. In the framework of the single-

degenerate scenario these systems are believed to be likelyprogenitors of SNe Ia. This work is accepted

for publication inAstronomy & Astrophysics (Bogdán & Gilfanov, 2010a). We derive constraints on the

nature of CN progenitors in Chapter 4, in particular we studythe contribution of magnetic systems to the

observed CN rate and place upper limits on the fraction of accreted mass in dwarf novae during quies-
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cence. In this Chapter we also investigate the origin of unresolved emission from M31 based onChandra

and XMM-Newton data, and study the X-ray to star-formation rate ratio alongthe 10-kpc star-forming

ring of the galaxy. This study will be submitted toMonthly Notices of the Royal Astronomical Society

(Bogdán & Gilfanov, 2010b). In Chapter 5 we investigate the origin and properties of the unresolved X-

ray emission from the bulge of M31, and report about the detection of a hot gas outflow. These results are

published inMonthly Notices of the Royal Astronomical Society (Bogdán & Gilfanov, 2008). In Chapter

6 we summarize our results.
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2.1 Abstract

There is wide agreement that Type Ia Supernova (used as standard candles for cosmology) are associ-

ated with the thermonuclear explosions of white dwarf stars(Hillebrandt & Niemeyer, 2000; Livio, 2000).

The nuclear runaway that leads to the explosion could start in a white dwarf gradually accumulating matter

from a companion star until it reaches the Chandrasekhar mass limit (Whelan & Iben, 1973), or could be

triggered by the merger of two white dwarfs in a compact binary system (Iben & Tutukov, 1984; Webbink,

1984). The X-ray signatures of these two possible paths are very different. Whereas no strong electro-

magnetic emission is expected in the merger scenario until shortly before the Supernova, the white dwarf

accreting material from the normal star becomes a source of copious X-rays for about 107 years before the

explosion. This offers a means to determine which path dominates. Here we reportthat the observed X-ray

flux from six nearby elliptical galaxies and galaxy bulges isa factor of∼ 30− 50 less than predicted in

the accretion scenario, based upon an estimate of the Supernova rate from their K-band luminosities. We

conclude that no more than about 5 per cent of Type Ia Supernovae in early-type galaxies can be produced

by white dwarfs in accreting binary systems, unless their progenitors are much younger than the bulk of the

stellar population in these galaxies, or explosions of sub-Chandrasekhar 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 dwarf formed through standard stellar evolu-

tion can not not exceed≈ 1.1 − 1.2M⊙ (Weidemann, 2000). Although the nuclear detonation can start

below the Chandrasekhar mass (≈ 1.38M⊙), sub-Chandrasekhar models have so far failed to reproduce

observed properties of SNe Ia (Höflich & Khokhlov, 1996; Nugent et al., 1997), despite continuing effort

(Fink et al., 2007). Thus the white dwarf needs to accrete∆M & 0.2M⊙ of matter before the Supernova

explosion happens. As accreted material accumulates on thewhite dwarf surface, hydrogen shell burn-

ing is ignited, converting hydrogen to helium and, possibly, further to carbon and oxygen. Depending on

the mass accretion ratėM, it may proceed either in a (quasi-)steady regime or explosively, giving rise to

Classical Nova events (Nomoto et al., 2007). Because mass islost in Nova outbursts,Yaron et al. (2005)

the white dwarf does not grow if nuclear burning is unstable.For this reason the steady burning regime

is strongly preferred by the accretion scenario (Livio, 2000), limiting the range of the mass accretion rate

relevant to the problem of SN Ia progenitors tȯM & 10−7 M⊙/yr. In this regime energy of hydrogen

fusion is released in the form of electromagnetic radiation, with luminosity ofLWD,nuc = ǫHXṀ ∼ 1037

erg/s, whereǫH ≈ 6 · 1018 erg/g is energy release per unit mass andX – hydrogen mass fraction (the solar

value ofX = 0.72 is assumed). The nuclear luminosity exceeds by more than an order of magnitude the

gravitational energy of accretion and maintains the effective temperature of the white dwarf surface at the

level (defined by the Stefan-Boltzmann law):

Teff ≈ 45 (Ṁ/10−7M⊙/yr)1/4(RWD/10−2R⊙)
−1/2 eV. (2.1)

The blackbody spectrum of this temperature peaks in the softX-ray band and, therefore, is prone to

absorption by interstellar gas and dust, especially at the lower end of the temperature range. Because the

white dwarf radiusRWD decreases with its mass (Panei et al., 2000), theTeff increases as the white dwarf

approaches the Chandrasekhar limit – the signal, detectable at X-ray wavelengths, will be dominated by

the most massive white dwarfs. Such sources are indeed observed in the Milky Way and nearby galaxies

and are known as supersoft sources (Kahabka & van den Heuvel,1997).

2.3 Predicted X-ray luminosity from accreting white dwarfs

The Type Ia Supernova rate scales with stellar mass and, hence, with near-infrared luminosity of the

host galaxy (Mannucci et al., 2005). The scale factor is calibrated through extensive observations of nearby

galaxies and for E/S0 galaxies equals (Mannucci et al., 2005),ṄSNIa/LK ≈ 3.5 · 10−4 yr−1 per 1010 LK,⊙,

corresponding to one Supernova in a few hundred years for a typical galaxy. If the white dwarf mass

increases at a ratėM, a population of

NWD ∼
∆M

Ṁ 〈∆t〉
∼ ∆M

Ṁ
ṄSNIa (2.2)

accreting white dwarfs is needed in order for one Supernova to explode on average every〈∆t〉 = Ṅ−1
SNIa

years. WithṀ ∼ 10−7 − 10−6 M⊙/yr, for a typical galaxy,NWD is a few hundreds or thousands – the
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Table 2.1: Comparison of the accretion scenario with observations. Listed for each galaxy are: name, K-
band luminosity, number of accreting white dwarfs and X-rayluminosities in the soft (0.3–0.7 keV) band.
The statistical errors for observed X-ray luminosities range from 20 per cent (NGC 3377) to less than 7 per
cent. The columns marked “predicted” display total number and combined X-ray luminosity (absorption
applied) of accreting white dwarfs in the galaxy predicted in case the single degenerate scenario would
produce all SNe Ia. They were computed assumingṀ = 10−7 M⊙/yr and initial white dwarf mass of
1.2M⊙. TheNWD drops by a factor of 10 foṙM = 10−6 M⊙/yr.

Name LK [LK,⊙] NWD LX [erg/s]

observed predicted observed predicted

M32 8.5 · 108 25 1.5 · 1036 7.1 · 1037

NGC3377 2.0 · 1010 5.8 · 102 4.7 · 1037 2.7 · 1039

M31 bulge 3.7 · 1010 1.1 · 103 6.3 · 1037 2.3 · 1039

M105 4.1 · 1010 1.2 · 103 8.3 · 1037 5.5 · 1039

NGC4278 5.5 · 1010 1.6 · 103 1.5 · 1038 7.6 · 1040

NGC3585 1.5 · 1011 4.4 · 103 3.8 · 1038 1.4 · 1040

accretion scenario predicts a numerous population of accreting white dwarfs. The brightest and hottest

of them may reveal themselves as supersoft sources (Di Stefano et al., 2004), but the vast majority must

remain unresolved or hidden from the observer, for example by interstellar absorption. The combined

luminosity of this "sea" of accreting white dwarfs is

Ltot,nuc = LWD,nuc × NWD = ǫX∆MṄSNIa (2.3)

where∆M is the difference between the Chandrasekhar mass and the initial whitedwarf mass. Unlike the

number of sources, the luminosity allows an accurate account for absorption and bolometric corrections

and therefore a quantitative comparison with observationscan be made.

2.4 Observed X-ray luminosity from accreting white dwarfs

To this end we collected archival data of X-ray (Chandra) andnear-infrared (Spitzer and 2MASS)

observations of several nearby gas-poor elliptical galaxies and for the bulge of M31 (Table 2.1). Using

K-band measurements to predict the SN Ia rates, we computed combined X-ray luminosities of SN Ia

progenitors, based on a conservative, but plausible choiceof parameters:Ṁ = 10−7M⊙/yr and initial

white dwarf mass of 1.2 M⊙. The SN Ia rate was reduced by a half in order to account for thefact

that galaxies in our test-sample are somewhat older (Terlevich & Forbes, 2002) than those used to derive

the rate (Gallagher et al., 2008). In computing the spectralenergy distribution we took into account the

dependence of the effective temperature on the white dwarf mass as described by equation (2.1), and

the effect of the interstellar absorption (which does not exceed a factor of∼ 3 − 4). The observed X-

ray luminosities were not corrected for absorption and include unresolved emission and emission from
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resolved compact sources with hardness ratio corresponding to kTbb ≤ 200 eV. The contribution of warm

ISM was subtracted, when possible. Obviously, the observedvalues present upper limits on the luminosity

of the hypothetical population of accreting white dwarf, asthere may be other types of X-ray sources

contributing to the observed emission. As is clear from the Table 2.1, predicted luminosities surpass

observed ones by a factor of∼ 30 − 50 demonstrating that the accretion scenario is inconsistent with

observations by a large margin.

2.5 High accretion rate scenarios

There exists a maximum rate at which hydrogen can burn on the white dwarf surface,ṀRG ∼ 10−6M⊙/yr

(Nomoto et al., 2007). The excess material may leave the system in the form of a radiation driven wind

(Hachisu et al., 1996) or may form a common envelope configuration (Nomoto et al., 1979; Livio, 2000).

In both cases, because of the large photospheric radius,∼ 102 − 103 R⊙, the peak of the radiation is in

the UV part of the spectrum and emission from such an object will be virtually undetectable, owing to

interstellar absorption and dilution with the stellar light. However, there is a nearly universal consensus

(Livio, 2000) that the common envelope configuration does not lead to the SN Ia explosion, producing a

double white dwarf binary system instead.

In the wind regime, the white dwarf could grow in mass but it isa rather inefficient process because a

significant fraction of the transferred mass is lost in the wind (Hachisu et al., 1996; Li & van den Heuvel,

1997). Therefore a relatively massive,M & 1.3−1.7M⊙, donor star is required for the white dwarf to reach

the Chandrasekhar limit. Because the lifetimes of such stars do not exceed∼ 2 − 5 Gyrs, they may exist

only in the youngest of early-type galaxies, in which no morethan∼ 30− 40 per cent of Supernovae are

detected (Gallagher et al., 2008). We took this into accountin our calculations by halving the canonical

value of the SN Ia rate (Mannucci et al., 2005). On a related note, in many elliptical galaxies small sub-

populations of young stars are detected (Schawinski, 2009). The ages of SN Ia progenitors are not very

well constrained observationally, so it is possible in principle that these progenitors are much younger than

the bulk of the stellar population. However, given a small fraction of young sub-populations in elliptical

galaxies (a few per cent or less), would imply very high efficiency of young stars in producing Supernovae

and SN Ia rates in spiral galaxies, that are too high, much higher than observed (Mannucci et al., 2005).

This is therefore not a likely scenario.

2.6 Conclusions

Thus, in early-type galaxies, white dwarfs accreting from adonor star in a binary system and detonating

at the Chandrasekhar mass limit do not contribute more than about 5 per cent to the observed SN Ia rate. At

present the only viable alternative is the merger of two white dwarfs, so we conclude that SNe Ia in early-

type galaxies predominantly arise from the double degenerate scenario. In late-type galaxies, in contrast,

massive donor stars are available making the mass budget less prohibitive, so that white dwarfs can grow to

the Chandrasekhar mass entirely inside an optically thick wind (Hachisu et al., 1996; Li & van den Heuvel,

1997) or, via accretion of He-rich material from a He-donor star Iben & Tutukov (1994). In addition, a
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star-forming environment is usually characterized by large amounts of neutral gas and dust, leading to

increased absorption obscuring soft X-ray radiation from accreting white dwarfs. Therefore in late-type

galaxies the accretion scenario may play a significant role.
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2.7 Supplementary information

2.7.1 Unstable and stable nuclear burning

At low values of the mass accretion ratėM nuclear burning on the white dwarf surface is thermally

unstable and proceeds in flashes, the exact boundary depending on the white dwarf mass Nomoto et al.

(2007):Ṁcrit ≈ 3.1·10−7 (MWD/M⊙ − 0.54) M⊙/yr. At yet smallerṀ . few×10−8 M⊙/yr flashes become

dynamical, triggering Classical Nova (CN) outbursts Yaronet al. (2005). These relatively loẇM systems –

parent population for CNe, are broadly referred to as cataclysmic variables. The nuclear burning stabilizes

at higherṀ. In this regime, believed to be the most plausible evolutionary path to SN Ia Livio (2000),

an accreting white dwarf reveals itself as a supersoft X-raysource (SSS) powered by the nuclear energy

of hydrogen fusion on its surface Greiner (2000). The dichotomy between unstable and stable nuclear

burning systems is vividly illustrated by theiṙM distributions (Figure 2.1). The remarkably sharp boundary

between CNe and SSS is the consequence of the stabilization of nuclear burning at log(̇M) ∼ −7.5, in

accord with theory.

2.7.2 The single degenerate scenario and statistics of Classical Novae

It is predicted by theory Yaron et al. (2005) and confirmed by observations Shore et al. (2003) that

in CN outbursts most of the accreted envelope and some of the original white dwarf material will be

lost. For this reason, it is believed that the white dwarf cannot grow in mass unless the accretion rate

exceeds& few × 10−8 M⊙/yr. Independently from this consideration we present an argument showing

that the statistics of CNe predicted in the single-degenerate scenario is inconsistent with the observed CN

frequency.

Assuming that cataclysmic variables are the main type of SN Ia progenitors one can relate the CN and

SN Ia rates:

∆Macc ṄCN ∼ ∆MSN ṄSN (2.4)

where∆Macc is the mass accumulated by the white dwarf per one classical nova outburst cycle,∆MS N is

the mass needed for the white dwarf to reach the Chandrasekhar limit. As these quantities depend on the

Ṁ and white dwarf mass, we write more precisely:

ṄCN

ṄSNIa
=

∫
dMWD

∆Macc(MWD, Ṁ)
≥
∫

dMWD

∆MCN(MWD, Ṁ)
(2.5)

where∆MCN is the mass of the hydrogen shell required for the nova outburst to start Yaron et al. (2005).

The inequality in the equation (2.5) follows from the fact that ∆Macc ≤ ∆MCN , due to the possible mass

loss during CN outburst Yaron et al. (2005). As the∆MCN decreases steeply with the white dwarf mass,

the main contribution to the predicted CN rate is made by the most massive white dwarfs near the Chan-

drasekhar limit. They will be producing frequent outburstswith relatively short decay times Yaron et al.

(2005), thus resulting in a large population of fast recurrent novae, in apparent contradiction to the statis-

tics of CNe (Figure 2.2). Note that, although short, these outbursts are not fainter than the longer ones

Yaron et al. (2005) and could not have been missed in the past Arp (1956) and more recent Capaccioli et al.
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(1989) CN surveys of M31.

Based on the statistics of fast CNe (Figure 2.2), the contribution of cataclysmic variables to the SN

Ia rate can be constrained. The observed rate of CN with decaytime shorter than 20 days in the bulge of

M31 is ≈ 5.2 ± 1.1 yr−1, predicted rates are≈ 300 yr−1 and≈ 75 yr−1 for Ṁ = 10−8 and 10−10M⊙/yr.

The upper limit on the contribution of cataclysmic variables is . 7 per cent in the least favorable case

of Ṁ = 10−10M⊙/yr. Yet lower Ṁ is not feasible for a potential SN Ia progenitor because of the binary

evolution consideration Hillebrandt & Niemeyer (2000).

2.7.3 Helium donors

An outcome of the binary evolution Iben & Tutukov (1994) of a two initially massive stars may be a

CO white dwarf accreting helium from a helium star. This typeof binary systems may be a viable path

Yoon & Langer (2003); Wang et al. (2009) to SN Ia, as it is not prone to the well-known shortcoming

of the H-accretion models – the strong helium flashes Iben & Tutukov (1994); Livio (2000). Although

the Ṁ scale for helium burning is shifted upwards by an order of magnitude, the mass accumulation

efficiency of a helium-accreting white dwarf may be high even atṀ ∼ 10−8 − 10−7M⊙/yr Kato & Hachisu

(2004). Because the nuclear burning efficiency is 10 times lower than for hydrogen, the X-ray output of

a population of He-accreting white dwarfs will be smaller and may agree with X-ray observations. This

channel, however, requires large initial mass of the donor star Yoon & Langer (2003); Wang et al. (2009),

∼ 8M⊙, hence it can only produce SN Ia with short delay times,∼ 107 − 108 Myrs and is irrelevant to

supernovae in early-type galaxies.
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Figure 2.1: The observed mass accretion rate distributionsfor CNe and supersoft X-ray sources. TheṀ for
the former were computed from absolute V-band magnitudes Warner (1987) in quiescence using average
MV − Ṁ relation Puebla et al. (2007) for accreting white dwarfs. The ROSAT SSS sample Greiner (2000)
includes sources in the M31, Milky Way and Magellanic Clouds. Their Ṁ were computed from bolometric
X-ray luminosities assuming nuclear burning efficiency for hydrogen and solar abundance of the accreting
material. Depending on the detailed spectral shape of the emission from the hydrogen burning layer on the
white dwarf surface, the M31 sample may be affected by incompleteness near the lowṀ end. For the Milky
Way and LMC samples on the contrary, the incompleteness effects are insignificant aṫM & 10−8M⊙/yr.
Their contribution is shown by the dashed region.
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Figure 2.2: The decay timet3 distribution for CNe in the bulge of M31. The histogram showsthe observed
Capaccioli et al. (1989) distribution, two smooth lines – predicted ones for two different values ofṀ.
They are computed assuming that cataclysmic variables are the sole progenitors of SN Ia and are based
on the results of numerical simulations of CN outburst cycles Yaron et al. (2005) for the white dwarf core
temperature of 107 K. The distributions are normalized to the CNe rate in the bulge of M31, 25 CN/yr.
The vertical dashed line denotes the boundary of the very fast Novae, 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 emission from the population of steady nuclear-

burning white dwarfs in galaxies. In the framework of the single-degenerate scenario, these systems,

known as supersoft sources, are believed to be likely progenitors of Type Ia supernovae.

From theChandra archive, we selected normal early-type galaxies with the point source detection

sensitivity better than 1037 erg s−1 in order to minimize the contribution of unresolved low-mass X-ray

binaries. The galaxies, contaminated by emission from ionized ISM, were identified based on the analysis

of radial surface brightness profiles and energy spectra. The sample was complemented by the bulge of

M31 and the data for the solar neighborhood. To cover a broad range of ages, we also included NGC3377

and NGC3585 which represent the young end of the age distribution for elliptical galaxies. Our final

sample includes eight gas-poor galaxies for which we determine LX/LK ratios in the 0.3− 0.7 keV energy

band. This choice of the energy band was optimized to detect soft emission from thermonuclear-burning

on the surface of an accreting white dwarf. In computing theLX we included both unresolved emission

and soft resolved sources with the color temperature ofkTbb ≤ 200 eV.

We find that the X/K luminosity ratios are in a rather narrow range of (1.7 − 3.2) · 1027 erg s−1 LK,⊙.

The data show no obvious trends with mass, age, or metallicity of the host galaxy, although a weak anti-

correlation with the Galactic NH appears to exist. It is muchflatter than predicted for a blackbody emission

spectrum with temperature of∼ 50 − 75 eV, suggesting that sources with such soft spectra contribute

significantly less than a half to the observed X/K ratios. However, the correlation of the X/K ratios with NH

has a significant scatter and in the strict statistical sensecannot be adequately described by a superposition

of a power law and a blackbody components with reasonable parameters, 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 (Whelan,& Iben, 1973) white dwarfs accreting

from a donor star in a binary system and burning steadily the accreted material on their surface are believed

to be a likely path to the Type Ia Supernova (Hillebrandt & Niemeyer, 2000; Livio, 2000). Nuclear burn-

ing is stable (required for the white dwarf to grow in mass) only if the mass accretion rate is high enough,

Ṁ ∼ 10−7 − 10−6M⊙/yr. Given that the nuclear burning efficiency for hydrogen isǫH ≈ 6 · 1018 erg/g,

the bolometric luminosity of such systems are in the∼ 1037− 1038 erg s−1 range, making them potentially

bright X-ray sources. Their emission, however, has a ratherlow effective temperature,Teff . 50− 100

eV and therefore is prone to absorption by cold ISM (Gilfanov& Bogdán, 2009). The brightest and hard-

est sources of this type are indeed observed as supersoft sources in the Milky Way and nearby galaxies

(Greiner, 2000). The rest of the population, however, remains unresolved – weakened by absorption and

blended with other types of faint X-ray sources and, thus, makes its contribution to the unresolved X-ray

emission from galaxies.

We have proposed recently, that the combined energy output of accreting white dwarfs can be used

to measure the rate at which white dwarfs increase their massin galaxies (Gilfanov & Bogdán, 2009).

This allowed us to severely constrain the contribution of the single-degenerate scenario to the observed

Type Ia Supernova rate in early-type galaxies. The criticalquantity in our argument is the X-ray to K-

band luminosity ratio of the population of accreting white dwarfs. This quantity can not be measured

unambiguously, due to several reasons. Firstly, galaxies have large populations of bright compact X-ray

sources – accreting neutron stars and black holes in binary systems (Gilfanov, 2004). Although their

spectra are relatively hard, these sources make a significant contribution to X/K ratios, even in the soft

band. Unless their contribution is removed, the obtained X/K ratios are rendered useless. This requires

an adequate sensitivity and angular resolution – the combination of qualities, which currently can only be

delivered byChandra observatory. Another source of contamination is hot ionized gas present in some of

galaxies (Mathews & Brighenti, 2003). Although there is a general correlation of the gas luminosity with

the mass of the galaxy, the large dispersion precludes an accurate subtraction of the gas contribution based

on, for example, optical properties of galaxies. The gas contribution may increase X/K ratio by∼ 1 − 2

orders of magnitude, therefore gas-rich galaxies needs to be identified and excluded from the sample.

Finally, other types of faint sources do exist and make theircontribution to unresolved X-ray emission. As

different components in the unresolved emission can not be separated, only upper limits on the luminosity

of white dwarfs can be obtained.

The aim of this paper is to measureLX/LK ratios in the 0.3 − 0.7 keV band for a sample of nearby

gas-poor galaxies. The energy range has been optimized in order to detect emission from nuclear burning

white dwarfs, taking into account the range of effective temperatures, absorption column densities and the

effective area curve ofChandra detectors.

The paper is structured as follows: in Section 3.3 we describe the sample selection and data preparation

and analysis. We identify and remove gas-rich galaxies fromthe sample in Section 3.4. The obtained X/K

ratios are presented and discussed in Section 3.5. Our results are summarized in Section 3.6.
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3.3 Sample selection and data reduction

3.3.1 Sample selection

The superb angular resolution combined with low and stable instrumental background ofChandra

observatory makes the satellite perfectly suitable for thepresent study. We searched theChandra archive

for observations in the science category “Normal Galaxies”and selected a sample of early-type galaxies

with point source detection sensitivity better than 1037 erg s−1. This threshold was chosen to minimize

the contribution of unresolved low-mass X-ray binaries (LMXBs) and its particular value is explained

later in this paper (Section 3.5.2). The sample was further extended to include the bulge of M31 which has

similar stellar population and gas and dust content to elliptical galaxies. In order to explore young elliptical

galaxies we also added NGC3377 and NGC3585, which would otherwise do not pass our selection criteria

due to large point source detection sensitivity.

The thus constructed sample includes 14 galaxies and galaxybulges, their main properties are listed

in Table 3.1. The point source detection sensitivity refersto the 0.5 − 8 keV band, and was calculated

assuming average spectrum of LMXBs – a power law withΓ = 1.56 (Irwin et al., 2003).

3.3.2 Chandra

We analyzed 70 archivalChandra observations, listed in Table 3.2. The total exposure time of the data

is Tobs≈ 2.8 Ms. For ACIS-I observations we extracted data of the entireACIS-I array, while for ACIS-S

observations we used only the S3 chip. The data reduction wasperformed with standard CIAO1 software

package tools (CIAO version 4.1; CALDB version 4.1.3).

The main steps of the data reduction are similar to those outlined in Bogdán & Gilfanov (2008). Firstly

the flare contaminated time intervals were removed, which decreased the exposure time by. 10 per

cent. Note, that for the point source detection we used the unfiltered data, as longer exposure time

outweighs higher background periods. We combined the available data for each galaxy by projecting

them into the coordinate system of the observation with the longest exposure time. We ran the CIAO

wavdetect tool on the merged data in the 0.5 − 8 keV energy range, and applied the same parameters

like in Bogdán & Gilfanov (2008). This results in relativelylarge source cells, in order to minimize the

contribution of residual point source counts to the unresolved emission. We find that& 98 per cent of the

source counts lie within the obtained regions. Because of the large cell size, some of the source cells may

overlap in the central regions of some of the galaxies from our sample. However, this is not an issue as

the goal of this analysis is the unresolved emission, ratherthan point sources. The source list was used to

mask out point sources in the analysis of the unresolved emission.

The background subtraction has a crucial role in studying the extended X-ray emission. In all galaxies,

except for M31, we used a combination of several regions awayfrom the galaxies to estimate the sky and

instrumental background components. This technique can not be applied in M31 since its angular size is

significantly larger than the field of view of the detectors, therefore we followed the procedure described

in Bogdán & Gilfanov (2008). We constructed exposure maps byassuming a power law model with slope

1http://cxc.harvard.edu/ciao
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of Γ = 2.

3.3.3 Near-infrared data

In order to trace the stellar light distribution we use the K-band data of 2MASS Large Galaxy Atlas

(Jarrett et al., 2003). Due to the large angular size of M31, the background is somewhat oversubtracted on

its near-infrared images (T. Jarrett, private communication). Hence the outer bulge and disk of the galaxy

appears to be too faint. To avoid uncertainties caused by theimproper background subtraction, we used

the Infrared Array Camera (IRAC) onboardSpitzer Space Telescope (SST) to trace the stellar light in M31.

In order to facilitate the comparison of results with other galaxies in our sample, we convert the observed

near-infraredSpitzer luminosities to K-band values. The scale between the 3.6 µm IRAC and 2MASS

K-band data was determined in the center of M31, where the background level is negligible. The obtained

conversion factor between the pixel values isCK/C3.6 µm ≈ 10.4.

3.4 Identifying gas-poor galaxies

In many luminous elliptical galaxies truly diffuse emission is present, originating from warm ionized

gas. Its luminosity may exceed significantly the emission from unresolved compact X-ray sources. There-

fore our aim is to identify the emission of warm ionized gas, and, if possible, to separate it from unresolved

faint compact sources. In order to reveal the presence and map the distribution of the ISM we construct

radial surface brightness profiles of the unresolved X-ray emission and study its spectra.

In Figure 3.1 the distribution of X-ray surface brightness is shown for the studied galaxies. The profiles

were extracted in the 0.5−2 keV energy band using circular annuli, centered in the center of the galaxy. The

data is corrected for vignetting, all background components are subtracted. The contribution of resolved

compact sources is removed as described in the previous Section.

It is known that the distribution of unresolved compact objects follows the stellar mass (Revnivtsev et al.,

2006; Bogdán & Gilfanov, 2008; Revnivtsev et al., 2008). Hence we look for deviations of the X-ray

profile from the distribution of the K-band light as an indication of a presence of additional emission

component, presumably emission of warm ionized gas. There are five galaxies, M32, M105, NGC3377,

NGC3585 and Sagittarius in which the X-ray brightness closely follows the stellar light distribution at all

central distances. In several others – M31, M60, NGC1291 andNGC4278 the X-ray emission follows

the near-infrared light only in the outer regions. In the inner parts of these galaxies an additional X-ray

emitting component is present and often dominates. In all other cases the X-ray surface brightness strik-

ingly deviates from the near-infrared light distribution,indicating the presence of strong additional X-ray

emitting components. The most different X-ray and K-band profiles are observed in M84, NGC4636 and

in NGC5128. These galaxies are known to show recent activityin their nuclei (e.g. Finugenov et al., 2008;

Kraft et al., 2008; Baldi et al., 2009).

To confirm the presence of emission from ionized gas, we investigate the spectra of unresolved emis-

sion (Figure 3.2). As the gas emission is more centrally concentrated in some of the galaxies, we make

distinction between inner and outer regions. The dividing radii are listed in Table 3.1. Similar to the radial
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Figure 3.1: Surface brightness profiles of the 14 galaxies inour sample in the 0.5−2 keV energy range. All
background components are subtracted. Crosses (red) show the distribution of unresolved X-ray emission
based onChandra data, the solid line (black) shows the (arbitrarily) re-normalized near-infrared bright-
ness.
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Table
3.3:

R
esults

ofspectralfits
ofunresolved

em
ission

fo
r

14
early-type

galaxies.
N

am
e

kT
M

K
L

Γ
L

M
K

L
L

P
L

L
L

M
X

B
L

M
K

L /L
P

L
L

M
K

L
/(L

P
L −

L
L

M
X

B )
χ

2/d.o.f

(keV
)

(erg
s −

1)
(erg

s −
1)

(erg
s −

1)

M
31

bulge
0.32±

0
.01

1.82±
0
.04

1.8
·10

38
2
.5
·10

38
–

0.72
0.72

473/223

M
32

0.60±
0
.13

1.65±
0
.15

1.1
·10

36
5
.3
·10

36
–

0.21
0.21

76/70

M
60

0.80±
0
.01

1.70±
0
.11

6.2
·10

40
1
.5
·10

40
2
.0
·10

39
4
.13

4.77
1015/100

M
84

0.65±
0
.01

1.45±
0
.12

3.0
·10

40
1
.1
·10

40
1
.5
·10

39
2
.73

3.16
385/122

M
105

0.64±
0
.05

2.26±
0
.19

4.7
·10

37
1
.8
·10

38
3
.8
·10

37
0
.26

0.33
74/73

N
G

C
1291

0.31±
0
.03

2.64±
0
.23

6.3
·10

38
9
.9
·10

38
3
.2
·10

38
0
.64

0.94
83/67

N
G

C
3377

0.4
2.15±

0
.47

<
1
.8
·10

37
3
.0
·10

38
3
.3
·10

38
<

0
.06

–
45/34

N
G

C
3585

0.4
2.75±

0
.61

<
8
.0
·10

38
2
.5
·10

39
3
.0
·10

39
<

0
.32

–
46/39

N
G

C
4278

0.47±
0
.06

2.34±
0
.31

5.1
·10

38
1
.1
·10

39
1
.1
·10

38
0
.46

0.52
151/132

N
G

C
4365

0.49±
0
.04

1.67±
0
.17

2.4
·10

39
2
.8
·10

39
9
.0
·10

38
0
.86

1.26
128/98

N
G

C
4636

0.59±
0
.01

2.64±
0
.05

1.1
·10

41
1
.3
·10

40
4
.1
·10

38
8
.46

8.74
1122/199

N
G

C
4697

0.33±
0
.03

2.54±
0
.54

7.3
·10

38
4
.7
·10

38
2
.1
·10

38
1
.55

2.81
78/66

N
G

C
5128

0.62±
0
.01

−
0
.76±

0
.01

2.1
·10

39
3
.0
·10

40
5
.1
·10

37
0
.07

0.07
3547/435

S
agittarius

0.4
2.44±

0
.51

<
1
.2
·10

33
2
.5
·10

33
–

<
0
.48

<
0
.48

18/20

T
he

spectra
w

ere
derived

from
full

regions
w

hich
param

eters
are

presented
in

the
Table

3.1
and

fitted
by

a
m

odel
consisting

of
a

pow
er

law
and

an
optically-thin

plasm
a

em
ission

m
odel

(M
E

K
A

L
in

X
S

P
E

C
,

so
lar

com
position).

T
he

hydrogen
colum

n
density

w
as

fixed
at

th
e

G
alactic

value
(D

ickey
&

L
ockm

an
,

1990
).

C
olum

n
m

arkedkT
M

K
L

lists
the

tem
perature

of
therm

alem
ission,
Γ

is
the

photon
index

of
the

pow
er

law
.

T
he

0
.5
−

8
keV

lum
inosities

are
listed

in
the

corresponding
colum

ns;
L

L
M

X
B

is
the

com
bined

lum
inosity

of
unresolved

low
-m

ass
X

-ray
bin

aries
brighter

than
10

35
erg/s

(but
fainter

than
the

sensitivity
lim

it
for

the
given

galax
y)

estim
ated

from
the

K
-band

lum
inosity

of
the

studied
regio
n

and
the

average
L

M
X

B
X

-ray
lum

inosity
function

of
G

ilfanov
(2004

).L
M

K
L
/L

P
L

is
the

observed
lum

inosity
ratio

of
the

soft
therm

al
com

pone
nt

to
the

pow
er

law
.

L
M

K
L /(L

P
L −

L
L

M
X

B )
is

the
sam

e
ratio

corrected
for

contribution
ofunresolved

L
M

X
B

s.
F

or
N

G
C

3377
and

N
G

C
3585

the
predicted

L
M

X
B

lum
inosit

y
exceeds

the
observed

lum
inosity

of
the

pow
er

law
com

ponent,
presum

ably
due

to
a

scatter
in

X
/K

ratios
for

L
M

X
B

s,
therefore

no
L

M
X

B
-corrected

lum
inosity

ratio
is

com
puted.



3.5 RESULTS 49

profiles we excluded the contribution of resolved compact sources. In order to facilitate the comparison,

all spectra, shown in Figure 3.2, are normalized to the same K-band luminosity ofLK = 1011 LK,⊙ and

projected to a distance of 10 Mpc. In case of Sagittarius and NGC3377 we show only the spectrum of

the entire galaxy due to the relatively low number of counts.The emission from the hot ISM reveals

itself as a soft component, clearly visible in the spectra ofmany of the galaxies. In order to characterize

quantitatively its contribution we performed fits to the spectra of unresolved emission (Table 3.3), using

the MEKAL model in XSPEC to represent the emission from ionized gas and a power law spectrum

for the contribution of unresolved compact sources. The metal abundances for the thermal component

were fixed at the solar values. Such a simple model does not always describe the observed spectra well

from the statistical point of view, as illustrated by the large chi-square values given in the last column

of the Table 3.3. However, it does describe the spectra with relative accuracy of better than. 10 per

cent which is entirely sufficient for the purpose of this calculation. The contributionof the hot ISM is,

in principle, characterized by the ratio of luminosities ofthermal and power law components. The latter

however includes contribution of unresolved LMXBs, which may be dominant for galaxies with a too

large point source detection sensitivity,& 1036 erg/s, making the luminosity ratios also dependent on the

sensitivity of the available Chandra data. In order to compensate for this, we estimated the contribution of

unresolved LMXBs using the average LMXB X-ray luminosity function of Gilfanov (2004) and subtracted

their contribution from the luminosity of the power law component. These corrected values are shown in

the column labeledLMKL/(LPL − LLMXB) in the Table 3.3.

The spectral analysis results presented in Table 3.3 lead tothe conclusions consistent with the bright-

ness profile analysis. As expected from surface brightness profiles, M32, M105, NGC3377, NGC3585 and

Sagittarius show the same spectral properties at all central radii – they have a rather weak soft component.

In M31 and in NGC4278 there is a significant difference between the spectra of inner and outer regions –

the luminous soft component is present only in the former, suggesting that the hot gas is centrally concen-

trated (Bogdán & Gilfanov, 2008). In all other galaxies the soft component dominates at all central radii,

and can be well fitted with an optically-thin thermal plasma emission model with temperature in the range

of kT ≈ 0.3− 0.8 keV, in a good agreement with previous studies (Sarazin et al., 2001; Irwin et al., 2002;

Sivakoff et al., 2003; Randall et al., 2004).

Based on radial profiles and spectral analysis we conclude that the following seven galaxies are rela-

tively gas-poor and may be suitable for our analysis: the bulge of M31, M32, M105, NGC3377, NGC3585,

NGC4278 and Sagittarius. In all other cases the signatures of a recent activity of the galactic nucleus and/or

large amount of hot gas make the galaxies unsuitable for our study.

3.5 Results

3.5.1 Resolved supersoft sources

Due to large bolometric luminosity,∼ 1037−1038 erg/s some (generally speaking unknown) fraction of

the nuclear burning white dwarfs will be detected byChandra as supersoft sources, despite the low color

temperature of their emission. These sources obviously should be included in computing the final X/K ra-
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tios. In order to separate them from LMXBs we use spectral properties of compact sources. The tem-

perature of the hydrogen burning layer is in the range ofTe f f ∼ 30 − 100 eV, but we conservatively

included all resolved sources having hardness ratios corresponding to the blackbody temperature lower

thankTbb < 200 eV. We used this method for all galaxies, except for M31, where we relied on the cata-

logue of supersoft sources from Di Stefano et al. (2004). Because of the increased source cell size (Section

3.3) some of the sources are merged into one. This may compromise identification of supersoft sources as

some of them may in principle be confused with harder sourcesand missed in our analysis. To exclude

this possibility, we repeated analysis with nominal sourcecell size and did not find any difference in the

list of super-soft sources.

3.5.2 LX/LK ratios

The results of our analysis are presented in Table 3.4. Listed in the table are: X-ray luminosity of

unresolved emissionLX,unres, of resolved supersoft sourcesLX,sss, and of ionized gasLX,gas. From these

quantities and from the K-band luminosity of the studied region (Table 3.1) we compute the X-ray to K-

band luminosity ratios –LX/LK . In the case of M31 and in NGC4278 we computeLX/LK ratio in the outer

regions, where no significant gas emission is detected. The Milky Way value was obtained using the results

of Sazonov et al. (2006), who computed the luminosity of active binaries (ABs) and cataclysmic variables

(CVs) in the Solar neighborhood. The interstellar absorption is negligible in this case. We converted their

X-ray-to-mass ratios from the 0.1−2.4 keV band to the 0.3−0.7 keV energy range, using typical spectrum

of ABs and CVs (see Figure 3.3), and assuming a mass-to-lightratio of M⋆/LK = 1.0 (Kent, 1992)

10-5

10-4

10-3

10-2

0.5 1

E
2  x

 F
E

Energy, keV

RX J0439.8-6809
V711 Tau

Figure 3.3: The spectrum of the active binary V711 Tau and of asteady nuclear burning white dwarf of
RX J0439.8-6809. The spectrum of the former was extracted using XMM-Newton data, while the latter
was observed byChandra. The background is subtracted from both spectra.
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The obtained ratios are in the range ofLX/LK = (1.2 − 4.1) · 1027 erg s−1 L−1
K,⊙ and show a large

dispersion. This dispersion is caused by the large difference in the point source detection sensitivity for

the galaxies in our sample (Table 3.1). In order to correct for this effect and to bring all galaxies to the same

source detection sensitivity we chose the threshold luminosity of 2 · 1036 erg s−1. In those galaxies which

had better source detection sensitivity (M31 bulge, M32, M105, Sagittarius) we did not remove any source

fainter than 2·1036 erg s−1 in computing the luminosity of "unresolved" emission. In case of NGC3377 and

NGC3585 having much worse detection sensitivity we subtracted the contribution of unresolved LMXBs

in the luminosity range of 2· 1036− 2 · 1037 erg s−1 from the measured luminosity of unresolved emission.

To estimate the former we used two methods. In the first method, we measured the combined X-ray

emission from hard resolved sources in this luminosity range in three galaxies, M31, M105, NGC4278,

which allowed us to compute for each of these three galaxies the LX/LK ratio due to such sources. We

obtained fairly uniform values with the average number of≈ (1.5 ± 0.2) · 1027 erg s−1 L−1
K,⊙, where the

cited error is rms of the calculated values. In the second method, the contribution of unresolved hard

sources was estimated from the luminosity function of LMXBs(Gilfanov, 2004). In the luminosity range

of 2 · 1036− 2 · 1037 erg s−1 the X-ray to K-band luminosity ratio is≈ 1.4 · 1028 erg s−1 L−1
K,⊙ in the 2− 10

keV band. In order to convert this value to the 0.3− 0.7 keV energy range we use the average spectrum of

LMXBS, described by a power law model with slope ofΓ = 1.56 (Irwin et al., 2003) and assume a column

density ofNH = 4 · 1020 cm−2. The obtained value isLX/LK ≈ (1.7± 0.1) · 1027 erg s−1 L−1
K,⊙ which is in a

reasonable agreement with the value obtained from the first method.

Note that both methods are based on the assumption that the X/K ratio for LMXBs is the same for all

galaxies in the sample. This assumption may be contradictedby the fact that in NGC 3377 and NGC 3585

the predicted luminosity of unresolved LMXBs exceeds the observed luminosity of unresolved emission

(Table 3.3). Incidentally or not, these are the two youngestgalaxies in our sample. The possible age

dependence of the LMXB X/K ratio can not be excluded but remains yet to be established.On the other

hand, the correction due to unresolved LMXBs is less than. 40 per cent of the observed value ofLX/LK

(Table 3.4). This accuracy is sufficient for the present study, which purpose is to constrain the luminosity

of nuclear burning white dwarfs. Therefore we defer furtherinvestigation of the possible effect of non-

constant LMXB X/K ratio for a follow-up study.

The X-ray to K-band luminosity ratios transformed to the same point sources detection sensitivity are

listed in Table 3.4. These numbers are fairly uniformLX/LK = (2.4 ± 0.4) · 1027 erg s−1 L−1
K,⊙, where, as

before, the cited error refers to the rms of the measured values.

3.5.3 Contribution of unresolved LMXBs

The excellent source detection sensitivity, achieved in the bulge of M31, and the large number of

compact X-ray sources in this galaxy allows us to estimate the contribution of unresolved LMXBs having

the luminosities below the adopted threshold of 2· 1036 erg/s to theLX/LK ratio. We consider the inner

6 arcmin of the bulge where the source detection is complete down to 2· 1035 erg s−1 (Voss & Gilfanov,

2007). In this region we collect all compact sources with theluminosity in the range 2· 1035 − 2 · 1036

erg/s, excluding those classified as supersoft sources. The combined X-ray luminosity of these sources is
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divided by the near-infrared luminosity of the same region,to produceLX/LK = (3.6±0.3)·1026 erg s−1 L−1
K,⊙.

This number represents theLX/LK ratio in the soft band of low-mass X-ray binaries with luminosities in

the 2· 1035− 2 · 1036 erg s−1 range. We conclude that LMXBs contribute∼ 15 per cent to theLX/LK ratio

derived above.

3.5.4 The effect of the interstellar absorption

The possible effect of the interstellar absorption on the observed X-ray luminosities, depends on the

energy spectra of the main X-ray emitting components – active binaries and supersoft sources. ABs have

significantly harder spectra than supersoft sources, whichis illustrated in Figure 3.3. The class of ABs

is represented by V711 Tau, it was observed byXMM-Newton for 3.2 ks in Obs-ID 0116340601, while

RX J0439.8-6809 is an example of steady hydrogen burning sources, based on aChandra exposure with

8.1 ks in Obs-ID 83. As a consequence of the harder spectrum ABs are less affected by the interstellar

absorption.

In Figure 3.4 we plot the corrected X/K ratio ((LX/LK)corr in Table 3.4) against the Galactic column

density. A weak anti-correlation between these two quantities appears to exist. This dependence or, rather,

absence of a stronger one, can be used, in principle, to further constrain the contribution of sources with
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Figure 3.4: The sensitivity correctedLX/LK ratio versus Galactic column density. The solid line (black)
shows the dependence of the absorbed flux on theNH assuming a power law emission spectrum with slope
Γ = 2. The dotted line (green in the color version of this plot) and the dashed-dotted line (red) correspond
to the combination of the same power law with a blackbody spectrum with kTbb = 75 eV andkTbb = 50,
respectively. The two components have same unabsorbed luminosities in the 0.3− 0.7 keV band.



54 SOFT BAND X/K LUMINOSITY RATIOS FOR GAS-POOR EARLY-TYPE GALAXIES 3.5

soft spectra to the X/K ratio. Indeed, the data is roughly consistent with theNH dependence for emission

with a power law spectrum with the slopeΓ = 2. The value obtained for the Solar neighborhood also fits

well this dependence. On the other hand, a much steeper dependence would be expected if a significant

fraction (e.g. a half of the unabsorbed flux) of the 0.3− 0.7 keV emission had a blackbody spectrum with

temperature of 50 eV. This suggests that contribution of sources with soft emission spectra,kTbb ∼ 50−75

eV is not dominant. The discrepancy decreases quickly, withthe temperature of the soft emission, and

becomes negligible for the blackbody temperature ofkTbb ∼ 100 eV which has approximately same

dependence as aΓ = 2 power law. Therefore the contribution of the sources with harder spectra could not

be constrained using this method.

Due to remaining dispersion in the data points caused by unknown systematic effects, the data can not

be adequately fitted in a strict statistical sense by a combination of power law and soft spectral components

with reasonable parameters. For this reason quantitative constrains on the contribution of sources with soft

spectra would not be feasible. However the qualitative conclusion from the analysis of theNH dependence

of theLX/LK ratio is in general agreement with the result of Sazonov et al. (2006), who concluded that the

emission from accreting white dwarfs contributes. 1/3 to theLX/LK ratio of the Solar neighborhood in

the 0.1− 2.4 keV energy band.
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Figure 3.5: The sensitivity corrected X-ray to K-band luminosity ratio versus the age of the stellar popu-
lation.
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3.5.5 Dependence ofLX/LK ratios on the parameters of galaxies

We did not find any obvious correlations of the sensitivity correctedLX/LK ratios with the mass,

metallicity (Terlevich & Forbes, 2002) and age (Figure 3.5)of the host galaxy. In particular, we conclude

tentatively that there is no significant difference between younger (∼ 3 − 4 Gyrs) and older (∼ 6 − 12

Gyrs) early-type galaxies in our sample (but see the commentin the end of the Section 3.5.2 regarding the

possible effect of the non-constant LMXB X/K ratio on the result of the sensitivity correction applied to

the two youngest galaxies in our sample).

3.6 Conclusions

Based onChandra archival data we have measured the X-ray to K-band luminosity ratio in the 0.3−0.7

keV energy band in a sample of nearby gas-poor early-type galaxies. In computing the X/K ratios we

retained only those components of X-ray emission, which could be associated with the emission of steady

nuclear burning white dwarfs, namely unresolved emission and emission of resolved supersoft sources. To

this end, we excluded from our sample gas-rich galaxies and removed the contribution of resolved low-

mass X-ray binaries. Our final sample contains seven external galaxies covering a broad range of stellar

masses and galaxy ages. It was complemented by the Solar neighborhood data.

We measured fairly uniform set of X/K ratios with average value ofLX/LK = (2.4 ± 0.4) · 1027

erg/s/LK,⊙. The error associated with this number corresponds to the rms of the values obtained for in-

dividual galaxies. We estimate, that unresolved low-mass X-ray binaries contribute∼ 15 per cent of this

value. We did not find any significant dependence of X/K ratios on the parameters of the galaxies, namely,

their mass, age, metallicity. There appears to be a weak anti-correlation of X/K ratios with the galactic

absorption columnNH. The relative flatness of this dependence suggests that contribution of the sources

with soft spectrakTbb . 50− 75 eV to this ratio is not dominant. The remaining dispersionin the data

points precludes more rigorous and quantitative conclusions.
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4.1 Abstract

We investigate unresolved X-ray emission from M31 based on an extensive set of archivalXMM-

Newton andChandra data. We show that extended emission, found previously in the bulge and thought to

be associated with a large number of faint compact sources, extends to the disk of the galaxy with similar

X-ray to K-band luminosity ratio. We also detect excess X-ray emission associated with the 10-kpc star-

forming ring. The LX/SFR ratio in the 0.5−2 keV band ranges from zero to≈ 1.8·1038 (erg s−1)/(M⊙/yr),

excluding the regions near the minor axis of the galaxy whereit is ∼ 1.5 − 2 times higher. The latter is

likely associated with warm ionized gas of the galactic windrather than with the star-forming ring itself.

Based on this data, we constrain the nature of Classical Nova(CN) progenitors. We use the fact

that hydrogen-rich material, required to trigger the explosion, accumulates on the white dwarf surface via

accretion. Depending on the type of the system, the energy ofaccretion may be radiated at X-ray energies,

thus contributing to the unresolved X-ray emission. Based on the CN rate in the bulge of M31 and its

X-ray surface brightness, we show that no more than∼ 10 per cent of CNe can be produced in magnetic

cataclysmic variables, the upper limit being∼ 3 per cent for parameters typical for CN progenitors. In

dwarf novae,& 90− 95 per cent of the material must be accreted during outbursts, when the emission

spectrum is soft, and only a small fraction in quiescent periods, characterized by rather hard spectra.
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4.2 Introduction

Similarly to other normal galaxies, X-ray emission from thebulge of the Andromeda galaxy is dom-

inated by accreting compact sources (e.g. Voss & Gilfanov, 2007). In addition, there is relatively bright

extended emission which nature was explored in Bogdán & Gilfanov (2008) (hereafter Paper I) based on

extensive set ofChandra observations. In Paper I we revealed the presence of warm ionized ISM in

the bulge which most likely forms a galactic-scale outflow and showed that bulk of unresolved emission

is associated with old stellar population, similar to the Galactic ridge X-ray emission in the Milky Way

(Revnivtsev et al., 2006; Sazonov et al., 2006). Although these studies led to a much better understanding

of X-ray emission from the bulge of M31, the disk of the galaxycould not be investigated in similar detail

due to insufficientChandra data coverage of the galaxy. TheXMM-Newton data, available at the time, also

did not provide adequate coverage of the galaxy either, withonly the northern part of the disk observed

with relatively short exposures (Trudolyubov et al., 2005).

Over the last several yearsXMM-Newton completed a survey of M31, which data has become publicly

available now. The numerous pointings with total exposure time of∼ 1.5 Ms give a good coverage of the

entire galaxy. With these data it has become possible to study X-ray emission from the disk of the galaxy.

In the present paper we concentrate on the unresolved emission component and compare its characteristics

in the disk and bulge. We will also study the 10-kpc star-forming ring to support our earlier claim that

excess unresolved emission is associated with star-forming regions in the galactic disk (Paper I).

Classical Nova (CN) explosions are caused by thermonuclearrunaway on the surface of a white dwarf

in a binary system (Starrfield et al., 1972). In order for the nuclear runaway to start, a certain amount of

hydrogen rich material,∆M ∼ 10−5M⊙, needs to be accumulated on the white dwarf surface (Fujimoto,

1982). This material is supplied by the donor star and is accreted onto the white dwarf. Obviously, there

is a direct relation between the frequency of CNe and collective accretion rate in their progenitors. The

accretion energy is released in the form of electromagneticradiation which spectrum depends on the type

of the progenitor system. In certain types of accreting white dwarfs it peaks in the X-ray band, for example

in magnetic systems – polars and intermediate polars. Emission from these systems will be contributing

to the unresolved emission in the galaxy, therefore their number and contribution to the CN rate can be

constrained using high resolution X-ray data. This is the subject of the second part of the paper.

In the following, the distance to M31 is assumed to be 780 kpc (Stanek & Garnavich, 1998; Macri,

1983) and the Galactic hydrogen column density is 6.7× 1020 cm−2 (Dickey & Lockman, 1990).

The paper is structured as follows. In Section 4.3 we describe the analyzed X-ray and near-infrared data

and the main steps of its reduction. In Section 4.4 results ofthe analysis of unresolved X-ray emission

are presented. In Section 4.5 we derive constraints on the nature of CN progenitors. Our results are

summarized in Section 4.6.
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Figure 4.1: Combined raw image ofXMM-Newton observations in the 0.5 − 2 keV energy band. Black
contour show the location of the 10-kpc star-forming ring, traced by the 160µm Spitzer image. The white
contour marks the region covered byChandra. 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 fromXMM-Newton survey of M31, listed in Table 4.1. The data was

taken between 2000 June 25 and 2007 July 25 and covers nearly the entire disk of M31 and its bulge.

The approximate coverage of the galaxy byXMM-Newton data is illustrated in Figure 4.1. We analyzed

the data of the European Photon Imaging Camera (EPIC) instruments (Strüder et al., 2001; Turner et al.,

2001), for its reduction we used Science Analysis System (SAS) version 7.1.
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Figure 4.2: Composite image of M31 based on optical and far-infrared data. TheDSS optical image (grey)
represents the distribution of the stellar light. The 24µm data ofSpitzer Space Telescope (red) traces the
distribution of cold gas and dust in spiral arms and in the 10-kpc star-forming ring. Overplotted are the
regions used for spectral analysis in Section 4.4.2 and to compute theLX/LK ratios in Section 3. The
center of M31 is marked with the cross. North is up and east is left.

Main steps of data analysis were performed in the same way as described in Paper I. After applying the

double filtering technique (Nevalainen et al., 2005) the exposure time decreased toTfilt ≈ 639 ks. The out-

of-time events were removed using the Oot event list. The exposure maps were calculated withEEXPMAP

command ofSAS, using a powerlaw model with slope ofΓ = 2 The observations were re-projected and

merged in the coordinate system of Obs-ID 0112570101.

In the analysis of extended emission, contribution of resolved point sources needs to be removed. For

this, we used theChandra source list, where available. In the disk, not covered byChandra, we ran the

SAS source detection tool, which gives a complete list of sources above∼ 1036 erg s−1. The resulting
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Table 4.1: The list ofXMM-Newton observations used for the analysis.
Obs-ID Tobs (ks) Tfilt (ks) Date

0109270101 62.5 16.0 2001 Jun 29

0109270301 54.2 25.2 2002 Jan 26

0109270401 91.6 32.2 2002 Jun 29

0109270701 54.9 53.7 2002 Jan 05

0112570101 61.1 52.6 2002 Jan 06

0112570201 62.8 42.6 2002 Jan 12

0112570301 59.9 15.2 2002 Jan 24

0112570401 31.0 25.0 2000 Jun 25

0202230201 18.3 17.8 2004 Jul 16

0202230401 14.6 9.0 2004 Jul 18

0202230501 21.8 2.0 2004 Jul 19

0402560301 66.7 33.9 2006 Jul 01

0402560401 57.0 5.0 2006 Jul 08

0402560501 57.0 24.0 2006 Jul 20

0402560701 64.4 14.0 2006 Jul 23

0402560801 64.0 41.0 2006 Dec 25

0402560901 60.0 33.6 2006 Dec 26

0402561001 63.6 39.7 2006 Dec 30

0402561101 60.0 32.0 2007 Jan 01

0402561301 52.1 25.1 2007 Jan 03

0402561401 62.0 40.0 2007 Jan 04

0402561501 54.9 36.9 2007 Jan 05

0404060201 40.0 14.0 2006 Jul 03

0410582001 20.1 8.0 2007 Jul 25

list was used to mask out compact sources in these regions. Asbefore (Paper I), we use enlarged sources

regions in order to limit the contribution of remaining counts from point sources to less than. 10 per cent.

The particle background components were subtracted as described in Paper I. By removal of the cosmic

X-ray background (CXB) we took into account that the resolved fraction of CXB changes as the exposure

time varies. In order to compensate for this effect we assumed that the point source detection sensitivity

is proportional to the exposure time, and computed the resolved fraction of CXB for each pixel using

(log N − logS ) distribution from Moretti et al. (2003). Such an approach does not account for the non-

uniformity of the source detection sensitivity across the CCDs. This uncertainty is taken into account in

computing systematic errors in the brightness profiles, along with other factors described in Paper I. Their

combined effect is indicated by grey shaded area in the surface brightness profiles analyzed in the Section

4.4.1. Due to limitations of the background subtraction procedure, data can be analyzed and interpreted

reliably only out to∼ 1◦ central distance along the major axis of M31 in the 0.5− 2 keV energy range. We

found that in harder energy band only the bulge of the galaxy can be studied withXMM-Newton data.
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Table 4.2: The list ofChandra observations used for the analysis.
Obs-ID Tobs (ks) Tfilt (ks) Instrument Date

303 12.0 8.2 ACIS-I 1999 Oct 13

305 4.2 4.0 ACIS-I 1999 Dec 11

306 4.2 4.1 ACIS-I 1999 Dec 27

307 4.2 3.1 ACIS-I 2000 Jan 29

308 4.1 3.7 ACIS-I 2000 Feb 16

311 5.0 3.9 ACIS-I 2000 Jul 29

312 4.7 3.8 ACIS-I 2000 Aug 27

313 6.1 2.6 ACIS-S 2000 Sep 21

314 5.2 5.0 ACIS-S 2000 Oct 21

1575 38.2 38.2 ACIS-S 2001 Oct 05

1577 5.0 4.9 ACIS-I 2001 Aug 31

1580 5.1 4.8 ACIS-S 2000 Nov 17

1583 5.0 4.1 ACIS-I 2001 Jun 10

1585 5.0 4.1 ACIS-I 2001 Nov 19

2049 14.8 11.6 ACIS-S 2000 Nov 05

2050 13.2 10.9 ACIS-S 2001 Mar 08

2051 13.8 12.8 ACIS-S 2001 Jul 03

2895 4.9 3.2 ACIS-I 2001 Dec 07

2896 5.0 3.7 ACIS-I 2002 Feb 06

2897 5.0 4.1 ACIS-I 2002 Jan 08

2898 5.0 3.2 ACIS-I 2002 Jun 02

4360 5.0 3.4 ACIS-I 2002 Aug 11

4536 54.9 30.2 ACIS-S 2005 Mar 07

4678 4.9 2.7 ACIS-I 2003 Nov 09

4679 4.8 2.7 ACIS-I 2003 Nov 26

4680 5.2 3.2 ACIS-I 2003 Dec 27

4681 5.1 3.3 ACIS-I 2004 Jan 31

4682 4.9 1.2 ACIS-I 2004 May 23

7064 29.1 23.2 ACIS-I 2006 Dec 04

7068 9.6 7.7 ACIS-I 2007 Jun 02

4.3.2 Chandra

We combined an extensive set ofChandra data taken between 1999 October 13 and 2007 June 2,

listed in Table 4.2. The data was processed withCIAO 1 software package tools (CIAO version 4.0;CALDB

version 3.4.5). The 29 observations allowed us to study the bulge and the southern disk of M31, the exact

data coverage is shown in Figure 4.1. In case of ACIS-S observations we used the data from S1, S2, S3,

1http://cxc.harvard.edu/ciao/
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Figure 4.3: Near-infrared light distribution along the major axis of M31 based on 3.6 µm data ofSpitzer
Space Telescope (black thick line) and the2MASS K-band (thin green line) data. The normalization of
Spitzer profile was adjusted to match the K-band light in the center ofM31. The x-coordinate increases
from south-west to north-east.

I2, I3 CCDs, except for Obs-ID 1575 where we extracted data only from the S3 chip. The peak value of

the exposure time reachesT f ilt ≈ 144 ks in the center of the galaxy.

The main steps of the data analysis are similar to those outlined in Paper I. After excluding the flare-

contaminated time intervals the total exposure time decreased by∼ 25 per cent. The instrumental back-

ground was subtracted following Hickox & Markevitch (2006)and using the stowed data set2. By subtrac-

tion of CXB we followed the same procedure as described forXMM-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 the stellar mass distribution, a stellar mass

tracer is needed. The K-band image from theTwo-Micron All Sky Survey (2MASS) Large Galaxy Atlas

(LGA) (Jarrett et al., 2003) image is commonly used for this purpose. Alternatively, one could use data

of the Infrared Array Camera (IRAC) on theSpitzer Space Telescope (SST), which provides images at

near-infrared wavelengths, among others at 3.6 µm.

Due to the large angular extent of M31 the background on the2MASS K-band image provided by

LGA is somewhat oversubtracted (T. Jarrett, private communication), therefore the disk of M31 appears

2http://cxc.harvard.edu/contrib/maxim/stowed/
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to be too faint. In Figure 4.3 we compare the K-band surface brightness distribution with theSpitzer

3.6 µm data. The profiles were extracted along the major axis of M31, with bin width of 5 arcsec and the

bins were averaged on 500 arcsec in the transverse direction. The background level ofSpitzer image was

estimated using nearby fields to M31. There is a good agreement in the central∼ 300 arcsec, where the

background subtraction is nearly negligible, but at large offsets an increasing deviation appears. Therefore

in the present study we use the 3.6 µm image ofSpitzer to trace the stellar mass. In order to facilitate

the comparison of results with other studies we convertedSpitzer near-infrared luminosities to K-band

values using the central regions of the galaxy. The obtainedconversion factor between pixel units is

CK/C3.6 µm ≈ 10.4.

In Paper I we used 2MASS image to compute K-band luminositiesand stellar masses of different parts

of the galaxy. As the analysis of the Paper I did not extend beyond≈ 1000 arcsec from the center, the

deficiency of the 2MASS image at large offset angles has not affected our results in any significant or

qualitative way. It resulted, however, in small quantitative difference in X/K 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-ray emission in M31 in the 0.5 − 2 keV and in

the 2− 7 keV energy range (Figure 4.4, 4.5). In all cases profiles were averaged over 500 arcsec in the

transverse direction. The contribution of resolved point sources is removed. The profiles are corrected for

vignetting, furthermore all instrumental and sky background components are subtracted. We found good

agreement at all studied distances betweenChandra andXMM-Newton data. In the inner bulge region,

which is most crowded with point sources we consider onlyChandra data. X-ray light distributions are

compared with the 3.6 µm Spitzer data.

The upper panel of Figure 4.4 presents the surface brightness distribution along the major axis of M31

in the 0.5 − 2 keV band. The shaded area shows the background subtractionuncertainties. The profile

confirms the presence of the additional soft emission in the central bulge, which was shown to originate

from hot ionized gas (see Paper I). Outside few central bins X-ray flux follows the near infrared profile –

unresolved emission associated with the bulge of the galaxycontinues into the disk with approximately

the same X-ray to K-band ratio. Although overall correlation between X-ray and near infrared brightness

is quite good, there are several deviations, of which the most prominent is the excess X-ray emission at

the central distance of−2500 arcsec. This excess approximately coincides with the broad hump on the

160µm profile corresponding to the southern end of the 10-kpc star-forming ring (Figure 4.2). Similar

excess emission (“shoulders” at∼ ±700 arcsec) coinciding with the peaks on the 160µm profiles is present

in the distribution along the minor axis. (Note that overallnormalization of the X-ray flux is larger on the

minor axis profile due to contribution of the gas emission.) Apossible association of excess X-ray emission

with the star-forming activity in the 10-kpc star-forming ring is further discussed in Section 4.4.4.

In Figure 4.5 we show the brightness distribution in the 2− 7 keV energy band based onChandra
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Figure 4.4: X-ray surface brightness distribution along the major axis (upper panel) and minor axis (lower)
in the 0.5− 2 keV energy band. The filled (blue) symbols show theChandra data, open (red) symbols rep-
resent theXMM-Newton data, the solid (green) histogram is the surface brightnessof 3.6 µm Spitzer data,
the thin solid (black) line indicates 160µm Spitzer data. The shaded area corresponds to the systematic
uncertainty in the background subtraction for theXMM-Newton data. The normalization of the near- and
far-infrared profiles are the same on both panels. The x-coordinate increases from south-west to north-east
for the major axis and from south-east to north-west for the minor axis profile.
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Figure 4.5: Same as Figure 4.4 but in the 2−7 keV energy band based onChandra 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 different regions in M31 and in M32: stars (red) show the spectrumof the
central 200 arcsec region; filled boxes (green) are the spectrum of the 350−500 arcsec annulus; open circles
(blue) are the spectrum of the disk; filled triangles (purple) show the spectrum of M32. All spectra were
extracted usingChandra data. The spectra are normalized to the same level of near-infrared brightness.

data. No contribution of the hot gas emission withkT ∼ 300− 400 eV is expected in this energy range.

Accordingly, there is a good agreement between the X-ray andnear-infrared distribution along the major

axis (Figure 4.5). However, along the minor axis the unresolved X-ray emission traces the stellar light

only in the inner region. Outside∼ 200− 300 arcsec the X-ray brightness becomes systematically larger

than the normalized 3.6 µm distribution. The origin of this enhancement is not clear.It may be associated

with the star-formation activity in the disk and 10-kpc star-forming ring, as suggested in Paper I, 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 we used onlyChandra data. The back-

ground was subtracted using the ACIS “blank-sky” files as described in Paper I. We extracted the spectrum

of the inner bulge, outer bulge, and disk of M31. The inner bulge region is represented by a circle with 200

arcsec radius, the outer bulge spectrum is extracted from a circular annuli with radii of 350− 500 arcsec,

and the disk spectrum is computed from a rectangular region at the southern part of the disk. The applied

regions are also depicted in Figure 4.2. As a comparison we also added M32, the the extracted region is

same as described in Paper I. In order to compare the spectra we normalized them to the same level of

near-infrared luminosity.
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Figure 4.6 reveals that all spectra are consistent above∼ 1.5 keV. Below this energy the inner bulge

region is strikingly different, it has a factor of∼ 4 times stronger soft component than all other spectra.

Also the outer bulge has a weak excess below∼ 1 keV compared to the disk and M31 spectra, which show

very similar spectral characteristics at all energies. Theremarkable soft component is the consequence of

the hot ionized gas, located in the bulge of M31 (see Paper I).The somewhat increased soft emission in

the outer bulge is presumably due to the contribution from gas emission, lacking completely in the disk

of the galaxy. Note the presence of the relatively weak soft component in the spectra of the disk region

and M32, which presumably originates from the population ofunresolved sources. Indeed, the different

nature of the soft components in the inner bulge and in the disk of M31 is also supported by the best-fit

temperatures to the soft components. Using a simple two component spectral model, consisting of an

optically-thin thermal plasma emission spectrum and a power-law model (MEKAL in XSPEC), we find a

best-fit temperature ofkT = 0.36± 0.01 keV for the inner bulge, whereas we obtainkT = 0.62± 0.10 keV

in the disk andkT = 0.54± 0.15 keV in M32.

4.4.3 LX/LK ratios

The X-ray to K-band luminosity ratios (LX/LK) were computed for the same regions as used for spec-

tral analysis. As before, we useChandra data only. TheLX/LK ratios are obtained in the 0.5− 2 keV and

in the 2− 10 keV energy range to facilitate comparison with previous studies. The X-ray luminosities in

the 0.5−2 keV energy range were computed using the best fit spectral models. For the outer bulge and disk

we assumed a "power law+ MEKAL" model, whereas for the inner bulge a second MEKAL component

was added to obtain a better fit. In the 2− 10 keV band the X-ray luminosities were computed from the

count rate using the count-to-erg conversion factor for a power law spectrum with a photon index ofΓ = 2.

The conversion factor depends weakly on the assumed slope, changing by. 10 per cent whenΓ varied by

±0.4. The luminosities and their ratios are listed in Table 4.3,errors correspond to statistical uncertainties

in the X-ray count rates.

The LX/LK ratios for the bulge regions are consistent with those givenin Paper I, albeit somewhat

smaller, due to the increased K-band luminosity for some of the regions (Section 4.3.3). In agreement

with spectra, theLX/LK ratio in the soft band is highest in the inner bulge, and smallest in the disk of

the galaxy, where it is consistent with M32 value (Paper I). In the outer bulge the obtainedLX/LK ratio is

in-between due to residual contribution from gas emission.In the hard band allLX/LK ratios are similar

to each other, in the range of (3.4 − 4.5) · 1027 erg s−1 L−1
K,⊙. There is a statistically significant scatter

Table 4.3: X-ray to K-band luminosity ratios for different regions of M31 and for M32.
Region LK L0.5−2keV L2−10keV L0.5−2keV/LK L2−10keV/LK

(LK,⊙) (erg s−1) (erg s−1) (erg s−1 L−1
K,⊙) (erg s−1 L−1

K,⊙)

Inner bulge 1.9 · 1010 1.7 · 1038 8.0 · 1037 (8.9± 0.1) · 1027 (4.2± 0.1) · 1027

Outer bulge 8.2 · 109 4.1 · 1037 2.9 · 1037 (5.0± 0.1) · 1027 (3.4± 0.1) · 1027

Disk 2.1 · 109 7.6 · 1036 9.4 · 1036 (3.6± 0.1) · 1027 (4.5± 0.2) · 1027

M32 8.5 · 108 3.0 · 1036 3.4 · 1036 (3.5± 0.1) · 1036 (4.0± 0.2) · 1036
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in their values, which origin is not clear. It can not be explained by the varying residual contribution of

LMXBs due to different point source detection sensitivity in different region. Indeed, the latter varies from

∼ 2 · 1035 erg s−1 in the outer bulge to∼ 6 · 1035 erg s−1 in the disk. If we use the luminosity function of

LMXBs of Gilfanov (2004) and assume a powerlaw spectrum withslope ofΓ = 1.56 as average LMXB

spectrum (Irwin et al., 2003), we find that LMXBs in the luminosity range of (2−6)·1035 erg s−1 contribute

LX/LK ∼ 3·1026 erg s−1 L−1
K,⊙, which may account only for∼ 1/4 of the scatter. Further contribution to the

observed difference inLX/LK ratios may be made by the difference in star-formation history of different

regions. This may be an interesting topic on its own, but it isbeyond the scope of this paper.

4.4.4 Emission from the 10-kpc star-forming ring

Surface brightness profiles suggest that there may be additional emission component associated with

spiral arms and the 10-kpc star-forming ring. In order to study this further, we consider X-ray emission

along the 10-kpc star-forming ring of the galaxy and investigate the behavior of theLX/SFR(star formation

rate) ratio. We useXMM-Newton data since only they provide good coverage of the star-forming ring

with adequate sensitivity. Due to uncertainties in the background subtraction procedure in the hard energy

band, we restrict this study to 0.5–2 keV range. The X-ray luminosity was computed in the same way as

described in Section 4.4.1. The contribution of unresolvedemission associated with old stellar population

was removed based on the near-infrared luminosity of studied regions and using theLX/LK ratio of the

disk of M31. The remaining X-ray emission is 25−50 per cent of of the original value. The star-formation

rate was determined based from 160µm image of the galaxy provided bySpitzer. The background level

for the latter was determined from a combination of nearby blank sky fields. The star-formation rate was

computed from the 160µ flux using the infrared spectral fits from Gordon et al. (2006)and calibration of

Kennicutt (1998). This resulted to a conversion coefficient of SFR= 9.5 · 10−5 F160µm/Jy M⊙yr−1 for the

distance of M31.

The behavior of X/SFR ratio along the 10-kpc star-forming ring is shown in Figure 4.7. No excess

X-ray emission above the level corresponding to theLX/LK ratio for the disk was detected in the northern

(the position angle of∼ 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 the X-ray emission associated with old stellar

population. The X/SFR ratio is largest in the bins centered at the position angle of ≈ 90◦ and≈ 270◦

corresponding to the minor axis of the galaxy. These bins arecontaminated by the gas emission as it is

obvious from the minor axis soft band profile shown in Figure 4.4. Apart from these bins, Figure 4.7

clearly demonstrates presence of the excess unresolved emission approximately correlated with the far-

infrared luminosity. This emission presumably arises froma multitude of faint sources associated with

young stellar objects (protostars and pre-main-sequence stars) and young stars (e.g. Koyama et al., 1996).

After the bins contaminated by the gas emission are excluded, a significant scatter in the obtained

LX/SFR values remains; they are in the range (0.9 − 1.8) · 1038 (erg s−1)/(M⊙/yr). These variations may

be intrinsic, due to the different star-formation history and population age in different parts of the 10-kpc

star-forming ring (Shtykovskiy & Gilfanov, 2005), or may becaused by varying column density which can

be as large as few times 1021 cm−2 (Nieten et al., 2006). Data in the hard band, unaffected by absorption,
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Figure 4.7: The X/SFR ratio along the 10-kpc star-forming (filled circles witherror bars). The position
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histogram shows the star formation rate in the same regions (right handy-axis). In the bins located at
≈ 10◦ and≈ 215◦ we give upper limits on the X/SFR ratio. No X-ray data with sufficient exposure time
was available at position angles of≈ 250◦ and≈ 330◦.

could discriminate between these two possibilities. To this end, extensiveChandra 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 occurring upon accumulation of critical mass of hydrogen-

rich material on the surface of an accreting white dwarf. Thefrequency of these events in a galaxy depends

on the rate at which matter accretes onto white dwarfs, henceit can be related to their luminosity. Indeed,

the accretion energy (bolometric) released between two successive CN outbursts is:

∆Eaccr =
GMWD∆M

RWD
(4.1)

where∆M(MWD, Ṁ) is the mass of hydrogen-rich material needed to trigger a CNexplosion (Yaron et al.,

2005),MWD andRWD are the mass and radius of the white dwarf. For parameters believed to be typical

for CN progenitors (MWD = 1 M⊙ andṀ = 10−9 M⊙/yr) ∆M = 4.66 · 10−5 M⊙ and total accretion energy
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released by an accreting white dwarf between two CN explosions is∆Eaccr ∼ 2·1046 ergs. If the frequency

of CN events in a galaxy is given byνCN , the total accretion luminosity due to CN progenitors is

Laccr = ∆Eaccr × νCN . (4.2)

Dependence of the accretion luminosity on the mass of the white dwarf and accretion rate is shown in

Figure 4.2. In computing this curve we used the white dwarf mass-radius relation of Panei et al. (2000) for

a zero temperature carbon white dwarf and∆M(MWD, Ṁ) dependence from Yaron et al. (2005).

The energy of accretion is radiated in the optical, ultraviolet or X-ray bands, depending on the type of

the progenitor system. In magnetic systems (polars and intermediate polars) and dwarf novae in quiescence

it is emitted predominantly in the X-ray band. Moreover, their X-ray spectra are relatively hard and their

emission is therefore essentially unaffected by the interstellar absorption. X-ray radiation fromthese

objects will contribute to unresolved emission from a galaxy. Therefore, comparing theoretical predictions

with the surface brightness of unresolved emission one can constrain their contribution to the observed CN

rate in galaxies. Derivation of such upper limits based on M31 data is the goal of this section.
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Figure 4.8: The bolometric luminosity of accreting white dwarfs – progenitors of Classical Novae in a
galaxy with CN rate ofνCN = 25 per year. The curves show dependence ofLaccr 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 unresolved emission in the bulge of
M31

The CN frequency in the bulge of M31 is 25± 4 (Shafter & Irby, 2001) (see also Arp, 1956). The

number of progenitors required to maintain this rate is:

N ∼ ∆M

Ṁ
νCN

Typical CN progenitors have accretion rate in the range of∼ 10−10− 10−8 M⊙/yr (Puebla et al., 2007) and

white dwarf masses of 0.65−1 M⊙ (Ritter & Kolb, 2003). Correspondingly, the number of CN progenitors

is in the range of∼ 2 · 103 − 2 · 106, where the smaller number corresponds to the more massive white

dwarfs and larger accretion rates. This exceeds significantly the number of bright resolved sources in the

bulge of M31,∼ 300. The latter also includes low-mass X-ray binaries – excluding them the number of

potential bright CN progenitors is yet smaller. We therefore conclude that the majority of CN progenitors

can not be among bright point sources, rather they are part ofthe unresolved X-ray emission.

To measure the latter, we define the bulge as an elliptical region with 12 arcmin major axis, with

axis ratio of 0.47 and with position angle of 45◦. The total K-band luminosity of the studied region is

LK = 4.2 · 1010 L⊙. We useChandra data, described in the previous sections, to obtain the unresolved

X-ray luminosity in the 2− 10 keV energy range. The advantage of this energy band is thatit is not

polluted by hot ionized gas (Section 4.4.2). We find a total luminosity of the unresolved component of

L2−10keV = (1.6 ± 0.1) · 1038 erg s−1 in this region. Obviously, this value presents only an upperlimit on

the luminosity from the population of accreting white dwarfs, as other type of X-ray emitting sources may

also contribute. To this end we use results of Sazonov et al. (2006), who studied the population of faint

X-ray sources in the Solar neighborhood and found that accreting white dwarfs contribute∼ 1/3 of the

total luminosity in the 2–10 keV band. As M31 demonstrates similar X/K ratio, we extrapolate this result

to the bulge of M31 and estimate the luminosity of CVs ofLCV,2−10keV = (5.7± 0.3) · 1037 erg s−1.

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) are accreting binary systems in which the ac-

cretion disk is partly (IPs) or entirely (AM Her systems) disrupted by magnetic field of the white dwarf.

These systems are sources of relatively hard X-ray emissionproduced via optically-thin bremsstrahlung

in an accretion shock near the white dwarf surface. They alsomay have a prominent soft component gen-

erated by the white dwarf surface illuminated by hard X-rays. Theory predicts (Lamb & Masters, 1979;

King & Lasota, 1979) and observations confirm (Ramsay & Cropper, 2004) that the soft component ac-

count for∼ 1/2 of the total accretion luminosity of polars. Intermediatepolars may also have a soft

component in their spectra of somewhat smaller luminosity,∼ 1/3 of the total (Evans & Hellier, 2007).

Correspondingly, we assume in the following calculations,that 1/2 of the accretion luminosity of magnetic

CVs is emitted in the hard X-ray component. To the first approximation, the bremsstrahlung temperature of

this component is defined by the depth of the gravitational component on the white dwarf surface, the ob-
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Figure 4.9: The upper limit of the contribution of magnetic systems to the CN frequency. The filled
squares (green in the color version of this plot) correspondto an accretion rate of 10−8 M⊙/yr, while the
empty circles (blue) assumes an accretion rate of 10−9 M⊙/yr. The solid line (black) shows the cumulative
distribution of white dwarf masses in magnetic CVs (right hand y-axis), see text for references. Note, that
85 per cent of white dwarfs is less massive than 1 M⊙.

served values showing considerable dispersion. For a largesample of magnetic white dwarfs (Landi et al.,

2009; Brunschweiger et al., 2009) we calculate the average value ofkT ≈ 23 keV with the standard devi-

ation of≈ 9 keV. In the following calculations we assumekT = 23 keV and ignore the dependence of the

temperature on the white dwarf mass. As demonstrated below this particular choice does not influence our

results significantly.

In order to constrain the contribution of magnetic CVs to theCN frequency we compute their predicted

X-ray luminosity assuming that CNe are exclusively produced in such systems. In this calculation we as-

sume that the presence of strong magnetic fields does not influence the characteristics of nuclear burning

and results of Yaron et al. (2005) for the mass of the hydrogenlayer∆M(Ṁ,MWD) apply. The total accre-

tion luminosity predicted by equation (4.2) is halved (see above), corrected for interstellar absorption, and

converted into the 2–10 keV energy band. The obtained value is then compared with the observed lumi-

nosity of the unresolved emission, corrected for the contribution of accreting white dwarfs, as described

before. The upper limit on the contribution of magnetic systems in the CN rate in M31 is shown in Figure

4.9. It shows that allowing all possible values of the white dwarf mass, no more than≈ 10 per cent of

CNe can be produced in magnetic systems. The less constraining value of the upper limit corresponds

to the largest accretion rate and most massive white dwarfs.However, the combination of these extreme

parameters is not typical for magnetic CVs as illustrated bythe cumulative distribution of the white dwarf
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mass in magnetic systems (Ritter & Kolb, 2003; Suleimanov etal., 2005; Brunschweiger et al., 2009). The

distribution shows that≈ 85 per cent of white dwarfs are less massive than 1 M⊙. Furthermore the average

accretion rate in these systems is fairly low,Ṁ ∼ 1.8 ·10−9 M⊙/yr (Suleimanov et al., 2005). We conclude

therefore that a more realistic upper limit should be≈ 3 per cent, corresponding toMWD = 1 M⊙ and

Ṁ = 10−9 M⊙/yr.

This result weakly depends on the assumed temperature of bremsstrahlung spectrum. IfkT = 40 keV

is assumed, the upper limit becomes≈ 4 per cent. Only unrealisticly large temperature ofkT = 75 keV

would lead to a two times larger upper limit.

Comparison with statistics of observed CNe from magnetic systems

Ritter & Kolb (2003) find that∼ 1/3 of CNe, with known progenitors, are produced in CVs possessing

a magnetic white dwarf (Table 4.4). Although this catalogueis not complete neither in the volume nor in

the brightness limited sense, the∼ 10 times discrepancy appears to be too large to be consistentwith our

upper limit of≈ 3 per cent. In another study, Araujo-Betancor (2005) investigated the space density of

magnetic and non-magnetic CVs, and obtained that∼ 22 per cent of all CVs are magnetic. This number

also seems to be in conflict with our upper limits. As demonstrated below, these two discrepancies are

caused by the single reason – by an order of magnitude difference in mass accretion rate between magnetic

and non-magnetic system.

Indeed, the average accretion rate in magnetic CVs is∼ 1.8 · 10−9 M⊙/yr (Suleimanov et al., 2005),

whereas for non-magnetic CNe it is∼ 1.3 · 10−8 M⊙/yr (Puebla et al., 2007). The obvious consequence of

this difference is that in magnetic systems it takes longer to accretethe same amount of material needed

to trigger the nova explosion. Moreover, at lower accretionrates∆M is larger by a factor of∼ 1.5 − 2

(Yaron et al., 2005). The consequence of these effects is that magnetic CVs undergo CN outburst∼ 10

times less frequently. This explains the second discrepancy – between the observed fraction of magnetic

CVs and our upper limit on their contribution to the CN frequency.

Another consequence of the smaller accretion rate is that Classical nova explosions are brighter in

magnetic systems, therefore they can be observed at larger distances and are sampled from larger volume

than CNe from non-magnetic progenitors. This explains the first discrepancy – seemingly too large fraction

of CN events which progenitors are magnetic systems. To verify this, we selected CNe with known

progenitors from the catalogue of Ritter & Kolb (2003) and searched for distances in the literature. In total,

we collected 32 CNe, of which 11 are from magnetic progenitors (Table 4.4). Their distance distributions

are shown in Figure 4.10. Obviously, magnetic systems are located at larger distances: the average distance

is ≈ 6.6 kpc and≈ 2.2 kpc for magnetic and non-magnetic CNe. Below 1 kpc almost four times more

non-magnetic CNe are observed (the normalized number of magnetic systems is≈ 1.9 and 8 for non-

magnetic), whereas above≈ 5 kpc there are more magnetic CVs (≈ 11.4 vs 3). The difference between

two distributions is statistically significant, with the K-S probability of≈ 0.008.

The difference in the distance can be compared with the prediction based on the expected brightness at

the maximum of the lightcurve. Calculations of Yaron et al. (2005) show that for 0.65 M⊙ white dwarf the

maximum brightness achieved during the CN explosion will differ by≈ 1 magnitude, the difference being
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Table 4.4: The list of magnetic and non-magnetic Galactic CNe, classification is taken from Ritter & Kolb
(2003) unless otherwise noted.

Name CV classification Distance, pc

V603 Aql SH 400a

V1425 Aql NL 2700b

OY Ara SW 1500a

RS Car SH 2100a

V842 Cen NL 500a

RR Cha SH 6100a

V1500 Cyg AM⋆ 1300a

V1974 Cyg SH 1700a

V2275 Cyg IP 5500c

V2467 Cyg NL 3100d

DM Gem SW 4700a

DQ Her DQ 525e

V446 Her DN 1300a

V533 Her DQ 1300a

DK Lac VY 3900a

BT Mon SW 1000a

GI Mon IP 4600a

GQ Mus AM 5100a

GK Per DN 500a

V Per NL 1000a

RR Pic SW 500a

CP Pup SH 900a

HZ Pup NL 5800a

V597 Pup IP⋆ 10300f

T Pyx SS 2500a

V697 Sco IP 16100a

V373 Sct IP 4600a

WY Sge DN 2000a

V630 Sgr SH 600a

V1017 Sgr DN 2600a

V4633 Sgr AM⋆ 9000g

V4745 Sgr IP 14000h
⋆ The classification for V1500 Cyg, V597 Pup and V4633 Sgr was taken from Stockman et al. (1988)
Warner & Woudt (2009) and Lipkin et al. (2001), respectively.
References are from:a Shafter (1997) –b Kamath et al. (1997) –c Kiss et al. (2002) –d Poggiani (2009)
– e Vaytet et al. (2007) –f Naik et al. (2009) –g Lipkin et al. (2001) –h Csák et al. (2005)
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Figure 4.10: The distance distribution for CNe arising frommagnetic and non-magnetic CVs. The total
number of magnetic systems is normalized by 1.9 to match the number of non-magnetic ones. The data,
used to produce this plot, is given in Table 4.4.

smaller for a more massive white dwarf. Taken at the face value, this would suggest the distance difference

of ∼ 1.6 which is smaller than the observed difference in average distance by a factor of∼ 3. Given the

crudeness of this calculation, we conclude that these two numbers are broadly consistent with each other.

4.5.4 Dwarf novae

Dwarf novae (DNe) are a subclass of CVs showing frequent quasi-periodic outbursts due to thermal-

viscous instability of the accretion disk (Osaki, 1974; Hoshi, 1979). In quiescence they become sources

of relatively hard X-ray emission from the optically-thin boundary layer, whereas in outburst state the

optically-thick accretion disk emits predominantly in theultraviolet and soft X-ray bands. One of the mod-

els used to describe the emission spectra in the quiescence states is a cooling flow model (Meyer & Meyer-Hofmeister,

1994). Spectral analysis of a large number of quiescence spectra showed a relatively large dispersion in

the value of the initial temperaturekTmax ∼ 8 − 55 keV with the average value of 23 keV (Pandel et al.,

2005). This value is assumed in the calculations performed in this section.

Dwarf Novae give rise to CNe, contributing about∼ 1/2 to their observed number Ritter & Kolb

(2003). In the quiescence state they may contribute to the unresolved emission. In the outburst state, to

the opposite, soft emission is largely hidden because of theinterstellar absorption. Therefore the bimodal

behavior of dwarf novae can be used to constrain the fractionof mass which is accreted in quiescence.

similar to how the upper limit on the contribution of magnetic systems was obtained. Using same approach
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we calculate the X-ray luminosity in the quiescence state assuming that dwarf novae are responsible for a

∼ 1/2 of CN events (the other half is due to nova-like variables, Ritter & Kolb (2003)). With this value one

can put an upper limit on the fraction of mass, accreted during quiescence. The result of this calculation

is shown in Figure 4.11. As in the case of magnetic systems, the absolute upper limit is∼ 10 per cent.

However, the white dwarf mass in dwarf novae typically does not exceed≈ 0.9 M⊙ and the mass accretion

rate is not much larger that≈ 10−8 M⊙/yr, therefore the realistic upper limit is≈ 3 per cent. As before,

this result is not strongly sensitive to the choice ofkTmax parameter of the cooling flow model. Assuming

kTmax = 55 keV our upper limits would increase by≈ 1/7.

Using this upper limit, the enhancement factor of the accretion rate in outburst state can be inferred.

Obviously, this quantity depends on the fraction of time spent in the outburst. Since for majority of DNe it

is smaller than∼ 1/5 (Wils et al., 2009), the accretion rate increase by∼ 30− 1000 during outburst. This

conclusion is consistent with observations of dwarf novae.Indeed, one of the best studied dwarf nova, SS

Cyg, spends∼ 75 per cent of the time in quiescence (Cannizzo & Mattei, 1992). The accretion rate varies

from 5· 10−11 M⊙/yr in quiescence (Urban & Sion, 2006) to 3.2 · 10−9 M⊙/yr in outburst (Hamilton et al.,

2007), hence the enhancement factor is 64 and≈ 95 per cent of the material is accreted in outburst periods,

in good agreement with our results.

4.5.5 Generalization of the results

Although we considered only the bulge of M31, our results canbe generalized to other early-type

galaxies.



4.6 CONCLUSION 81

The X-ray to K-band luminosity ratio in early-type galaxies, galaxy bulges, and in the Milky is in good

agreement in the 2− 10 keV band (Revnivtsev et al., 2006; Sazonov et al., 2006; Revnivtsev et al., 2007,

present work).

The luminosity specific nova rate (νK) for a sample of galaxies is given in Williams & Shafter (2004).

The obtained a fairly uniform values for early-type galaxies, in the range of (1.80−2.72)·10−10 L⊙,K yr−1.

Using the CN frequency and K-band luminosity, we obtainνK = (6.0 ± 1.0) · 10−10 L⊙,K yr−1 for the

bulge of M31. However, Williams & Shafter (2004) computed the K-band luminosity from (B–K) colour

and B-band luminosity of the galaxy, which in case of M31 results in by a factor of∼ 3 larger K-band

luminosity, than the 2MASS value, and still by factor of∼ 2 larger value than deduced from the Spitzer

data (Williams & Shafter, 2004). With this correctionνK = (3.0 ± 0.5) · 10−10 L⊙,K yr−1 for the bulge of

M31, which is in good agreement with other galaxies.

As both X/K ratio andνK are similar, our conclusions hold other early type galaxies.

4.6 Conclusion

We studied unresolved X-ray emission from the bulge and diskof M31 using publicly availableXMM-

Newton and Chandra data. TheXMM-Newton survey of M31 covered the entire galaxy with the total

exposure time of≈ 639 ks after filtering.Chandra data covered the bulge and the southern part of the disk,

with the exposure time of the filtered data of≈ 222 ks.

We demonstrated that unresolved X-ray emission, associated with the bulge of the galaxy, extends into

the disk with similar X-ray to K-band luminosity ratio. We obtainedLX/LK = (3.4−4.5)·1027 erg s−1 L−1
⊙

in the 2−10 keV band for all studied regions in the bulge and the disk ofM31, which is in good agreement

with those obtained for the Milky Way and for M32. This suggests that the unresolved X-ray emission in

M31 may have similar origin to the Galactic ridge X-ray emission, namely it is a superposition of a large

number of faint compact sources, such as accreting white dwarfs and coronally active binaries.

We investigated X-ray emission associated with the 10-kpc star-forming ring based onXMM-Newton

data. We characterized this emission with LX/SFR ratio, whereLX is calculated for the 0.5−2 keV energy

range. We found that its value is spatially variable. After excluding the two regions along the minor axis

of the galaxy, which are likely contaminated by the hot gas outflow, we obtained values ranging from zero

to LX/SFR= 1.8 · 1038 (erg s−1)/(M⊙/yr). The origin of these variations remains unclear.

We derived constraints on the nature of Classical Nova progenitors based on the brightness of unre-

solved emission. We demonstrated that magnetic CVs – polarsand intermediate polars, do not contribute

more than∼ 3 per cent to the observed CN frequency, assuming values of parameters most likely for

the CN progenitors, the absolute upper limit being≈ 10 per cent. We also showed that in dwarf novae

& 90− 95 per cent of the material is accreted during outbursts, andonly a small fraction during quiescent

periods.
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5.1 Abstract

We study the origin of unresolved X-ray emission from the bulge of M31 based on archivalChandra

andXMM-Newton observations. We demonstrate that three different components are present: (i) Broad-

band emission from a large number of faint sources – mainly accreting white dwarfs and active binaries,

associated with the old stellar population, similar to the Galactic Ridge X-ray emission of the Milky Way.

The X-ray to K-band luminosity ratios are compatible with those for the Milky Way and for M32, in the

2 − 10 keV band it is (3.6 ± 0.2) · 1027 erg s−1 L−1
⊙ . (ii) Soft emission from ionized gas with temperature

of about∼ 300 eV and mass of∼ 2 · 106 M⊙. The gas distribution is significantly extended along the

minor axis of the galaxy suggesting that it may be outflowing in the direction perpendicular to the galactic

disk. The mass and energy supply from evolved stars and type Ia supernovae is sufficient to sustain the

outflow. We also detect a shadow cast on the gas emission by spiral arms and the 10-kpc star-forming ring,

confirming significant extent of the gas in the “vertical” direction. (iii) Hard extended emission from spiral

arms, most likely associated with young stellar objects andyoung stars located in the star-forming regions.

The LX/SFR ratio equals∼ 9 · 1038 (erg/s)/(M⊙/yr) which is about∼ 1/3 of the HMXBs contribution,

determined earlier fromChandra observations of other nearby galaxies.
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5.2 Introduction

The X-ray radiation from the majority of galaxies is dominated by X-ray binaries (e.g. Fabbiano,

2006). In addition, extended emission is present in galaxies of all morphological types. At least part

of this emission is associated with stellar population and is a superposition of a large number of faint

compact sources – accreting white dwarfs, active binaries and other types of stellar sources, old and young

(Revnivtsev et al. 2006; Sazonov et al., 2006). There is alsoa truly diffuse component – emission from

ionized gas of sub-keV temperature. Its importance varies from galaxy to galaxy, with luminous gas-rich

ellipticals, like NGC 1316 (Kim & Fabbiano, 2003) and dwarf galaxies similar to M32 (Revnivtsev et al.,

2007) representing the two opposite ends of the range. Significant diffuse or quasi-diffuse emission is also

associated with star-formation, the Antennae (e.g. Baldi et al., 2006) being one of the nearby examples.

The morphology of the gas in starburst galaxies often indicates outflows, driven by the energy input into

ISM from core collapse supernovae. Theoretical considerations suggest that gas in low mass elliptical

galaxies may also be in the state of outflow (David et al., 2006). The mass and energy budget of the ISM

in this case is maintained by winds from evolved stars and Type Ia supernovae. The overall X-ray radiation

from a galaxy is a superposition of these (and possibly other) components, their relative importance being

defined by the morphological type of the galaxy and its star-formation and merger history.

Our close-by neighbor, M31 galaxy gives a unique opportunity to explore a “full-size” spiral galaxy

similar to the Milky Way without complications brought about by projection and absorption effects, often

hampering studies of our own Galaxy. Not surprisingly, it has been extensively investigated by every major

observatory of the past decades. Observations by theEinstein observatory demonstrated that X-ray binaries

account for the most of the X-ray emission from the galaxy (van Speybroeck et al. 1979; Fabbiano et al.,

1987). Using the complete set ofEinstein data Trinchieri & Fabbiano (1991) constrained possible amount

of ionized gas in the bulge of the galaxy by. 2 · 106M⊙. Based on theROSAT observations, Primini et al.

(1993) found evidence for extended emission component withluminosity of∼ 6 · 1038 erg/s in the 0.2–4

keV band. They suggested, that this emission may be of truly diffuse origin or due to a new class of X-ray

sources. The unresolved emission from M31 was investigatedfurther by Supper et al. (1997), West et al.

(1997), Irwin & Bregman (1999), Borozdin & Priedhorsky (2000). In all these studies the existence of

a soft emission component with temperaturekT ∼ 0.3 − 0.4 keV has been confirmed, although differ-

ent authors suggested different explanations of its origin. With advent ofChandra and XMM-Newton,

the consensus seemed to be achieved in favor of truly diffuse origin of the soft emission component

(Shirey et al. 2001; Takahashi et al., 2004). However, recent progress in understanding the nature of the

Galactic Ridge emission as a superposition of a large numberof faint stellar type sources (Revnivtsev et al.,

2006), made it worth to revisit the problem of the origin of extended emission in M31. Also, with more

Chandra andXMM-Newton observations, more accurate and detailed investigations became possible. Re-

cently (Li & Wang, 2007) analyzed largeChandra dataset of M31 bulge observations and demonstrated

presence of both ionized gas and emission of faint compact sources associated with old stellar population.

Moreover, they revealed peculiar morphology of the gas emission and 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 set ofChandra andXMM-Newton observations to obtain a
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broad band and large field view of the X-ray emission originating in and around the bulge of M31. We re-

strict our study to the central region of∼ 20 arcmin in radius, covered well byChandra andXMM-Newton

observations currently available in the public archives ofthese observatories (Figure 5.1). The investigated

region has the linear size of∼ 4 kpc along the major axis of the galaxy, but extends out to∼ 16 kpc along

the plane of the galaxy in the minor axis direction, due to rather large inclination angle of M31,i ∼ 77◦

(Henderson, 1979). We assume the distance to Andromeda of 780 kpc (Stanek & Garnavich 1998; Macri,

1983). The Galactic absorption towards M31 is 6.7 · 1020 cm−2 (Dickey & Lockman, 1990).

The paper is structured as follows. In Section 5.3 we describe the data and its reduction. We introduce

our results in Section 5.4, where we present the spatial distribution, morphology and the spectra of the

extended emission. In Section 5.5 the origin, properties and physical parameters of different components

are discussed and in Section 5.6 we summarize our results.

5.3 Data reduction

We combine data fromChandra andXMM-Newton satellites adding their benefits together. The primal

advantage ofChandra is its good angular resolution which allows us to resolve individual X-ray binaries

everywhere including the very central region of the bulge.XMM-Newton provided better coverage of M31

and collected more photons, thanks to its larger effective area. It is more suitable to study the outer part of

M31. On the other hand the higher and less predictable background ofXMM-Newton complicates study

of low surface brightness regions.

5.3.1 Chandra

We used 21 archivalChandra observations listed in Table 5.1, taken between 13.10.1999and 23.05.2004.

For the analysis we extracted data of the ACIS-I array exceptfor OBS-ID 1575 where we used only the S3

chip. The pattern of availableChandra observations allows us to study the central≈ 15 arcmin region. The

data reduction was performed using standard CIAO1 software package tools (CIAO version 3.4; CALDB

version 3.4.1). For each observations we filtered out the flare contaminated intervals, excluding the time

intervals where the count rate deviated by more than 20 per cent from the mean value. The resulting

effective exposure times are given in Table 5.1.

Crucial for the analysis of the low surface brightness outerregions is the accuracy of the back-

ground subtraction. In treating theChandra background we generally followed the procedures outlined in

Hickox & Markevitch (2006). We determined the level of the instrumental background using the stowed

data set2. In the stowed position of ACIS detectors the sky emission isblocked and only the instrumental

background gives a contribution. As demonstrated in the above-mentioned paper, although the instrumen-

tal background level varies with time, its spectrum remainsunchanged. The effective area ofChandra

is negligible above 9 keV and the count rate is dominated by the instrumental background. Therefore the

9.5−12 keV count rates can be used to renormalize background spectra obtained from the stowed datasets.

In dealing with cosmic background we took into account that it consists of the soft emission associated

1http://cxc.harvard.edu/ciao/
2http://cxc.harvard.edu/contrib/maxim/stowed/
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Table 5.1: The list ofChandra observations used for the analysis.

Obs ID Toriginal Teff Instrument Date

303 12.0 ks 8.2 ks ACIS-I 1999 Oct 13

305 4.2 ks 4.0 ks ACIS-I 1999 Dec 11

306 4.2 ks 4.1 ks ACIS-I 1999 Dec 27

307 4.2 ks 3.1 ks ACIS-I 2000 Jan 29

308 4.1 ks 3.7 ks ACIS-I 2000 Feb 16

311 5.0 ks 3.9 ks ACIS-I 2000 Jul 29

312 4.7 ks 3.8 ks ACIS-I 2000 Aug 27

1575 38.2 ks 38.2 ks ACIS-S 2001 Oct 05

1577 5.0 ks 4.9 ks ACIS-I 2001 Aug 31

1583 5.0 ks 4.1 ks ACIS-I 2001 Jun 10

1585 5.0 ks 4.1 ks ACIS-I 2001 Nov 19

2895 4.9 ks 3.2 ks ACIS-I 2001 Dec 07

2896 5.0 ks 3.7 ks ACIS-I 2002 Feb 06

2897 5.0 ks 4.1 ks ACIS-I 2002 Jan 08

2898 5.0 ks 3.2 ks ACIS-I 2002 Jun 02

4360 5.0 ks 3.4 ks ACIS-I 2002 Aug 11

4678 4.9 ks 2.7 ks ACIS-I 2003 Nov 09

4679 4.8 ks 2.7 ks ACIS-I 2003 Nov 26

4680 5.2 ks 3.2 ks ACIS-I 2003 Dec 27

4681 5.1 ks 3.3 ks ACIS-I 2004 Jan 31

4682 4.9 ks 1.2 ks ACIS-I 2004 May 23

with the Galaxy and harder extragalactic component and treated them separately. For the soft Galactic

component we used the best fit spectrum from Hickox & Markevitch (2006). For the extragalactic back-

ground we took into account that some fraction of it has been resolved in our data analysis procedure and

removed along with X-ray binaries. Using the incompleteness function from Voss & Gilfanov (2007), that

was obtained using essentially the same data set, we estimated that our point source detection sensitivity

in the outer regions is≈ 5 · 1035 erg/s. We used the sensitivity for outermost regions because theCXB

subtraction plays role only in these regions where the surface brightness of the source emission is low. This

point source sensitivity results in the resolved CXB fraction of≈ 50 per cent, according to Moretti et al.

(2003). The Galactic and cosmic backgrounds were subtracted from the vignetting corrected images and

profiles.

In order to study the diffuse emission we need to exclude contribution of bright LMXBs. Accord-

ing to the luminosity functions of LMXBs and faint compact sources associated with old population

(Gilfanov 2004; Sazonov et al., 2006), the contribution of the former is defined by the sources more lu-

minous than logLX ∼ 35.5 − 36.0. Below this threshold active binaries and cataclysmic variables are
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Table 5.2: The list ofXMM-Newton observations used for the analysis.

Obs ID Toriginal Teff Date

0109270101 62.5 ks 16.0 ks 2001 Jun 29

0112570101 61.1 ks 52.6 ks 2002 Jan 6

0112570401 31.0 ks 25.0 ks 2000 Jun 25

0202230201 18.3 ks 17.8 ks 2004 Jul 16

0202230401 14.6 ks 9.0 ks 2004 Jul 18

0202230501 21.8 ks 2.0 ks 2004 Jul 19

the dominating X-ray sources. The individualChandra observations are too short (typically,∼ 4 ks, see

Table 5.1) to achieve this sensitivity, therefore we ran point source detection on the combined image with

total exposure ofTeff = 112.6 ks. To combine the data, each observation was projected into the coor-

dinate system of OBS-ID 303 and the attitude corrections from Voss & Gilfanov (2007) were applied in

order to better co-align individual event lists. To detect point sources we ran CIAOwavdetect tool in the

0.5 − 8 keV band. Some parameters were changed from the default values to fit our aims. The scales on

which we were looking for sources were the
√

2-series from 1.0 to 8.0. To minimize the contribution of

residual counts from point sources to diffuse emission we increased the value of the sigma parameter to4;

this parameters describes the size of elliptical source detection regions in standard deviations assuming a

2D Gaussian distribution of source counts. With these adjustment we obtained larger source regions than

usual, including larger fraction of source counts. To increase sensitivity we did not filter out flare contain-

ing time intervals for point source detection. The resulting source list consisted totally of 238 sources in

the investigated area; the detected sources are in good agreement with results of Voss & Gilfanov (2007).

The sensitivity limit in the central region was 1035 erg/s, while in the outermost region it deteriorated to

5 · 1035 erg/s. Extracting the point spread function withmkpsf for each source we calculated the fraction

of counts inside the source cell. For most of the sources thisfraction exceeded 98 per cent, if it was smaller

then the source cells were enlarged accordingly. The outputsource cells were used to mask out the point

sources for further image and spectral analysis.

We produced exposure maps using a two component spectral model consisting of an optically-thin

thermal plasma emission with temperature of 0.30 keV and a powerlaw component with a slope ofΓ =

1.80. The ratio of the normalizations of these two components was 3/1. 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 archivalXMM-Newton observations taken between 25.06.2000 and 19.07.2004, as

listed in Table 5.2. We used the data of the European Photon Imaging Camera (EPIC) instruments

(Strüder et al. 2001; Turner et al., 2001). For data reduction we used Science Analysis System (SAS)

version 7.1.

In order to exclude the flare contaminated time intervals we double filtered the lightcurves using hard-
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Figure 5.1: RGB image of M31. The colors are as follows: red istheXMM-Newton data in the 0.5−1.2 keV
band, green is an image of the K-band light from 2MASS and blueis the 160µm 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-band (E = 1 − 5 keV) energy ranges according to Nevalainen et al. (2005),

using 20 per cent threshold for deviation from the mean countrate. The remaining useful exposure time

is about 58 per cent of the original value. The data was cleaned from the out of time events using the Oot

event lists.

The observations were re-projected into the coordinate system of OBS-ID 0112570101 and merged

together. For point source removal we combined the source list obtained fromChandra andXMM-Newton

observations. In regions which lied outside the field of viewof Chandra we ran the SAS source detection

task to complement theChandra source list. The source regions were enlarged to account forlarger size

of the point spread function ofXMM-Newton mirrors, their size was adjusted to approximately match

∼ 90−98 per cent PSF encircled energy radius depending on the brightness of the point source. It was not

possible to reliably exclude point source contribution in the crowded central∼ 100 arcsec region, therefore
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it was not used in the following analysis. Exposure maps werecalculated using theeexpmap command of

SAS. In transforming the counts to flux units we assumed the same spectrum as forChandra.

The particle background on EPIC CCDs consists of two components. The “internal” component is

generated in interactions of cosmic rays with the detector material and is approximately uniform across the

detector. The second component is due to low energy solar protons, concentrated by the mirror systems of

the telescopes; it is vignetted by the mirrors response but the vignetting is flatter than that for photons. The

level of both background components is variable (see http://www.star.le.ac.uk/∼amr30/BG/BGTable.html

for details). According to this we performed the backgroundsubtraction in two steps. At the first step the

corners of the CCDs which lie outside of the field of view, wereused to determine the level of the flat

internal background. The obtained background level was subtracted from each observations individually.

The combined contribution of the solar protons component and cosmic background was approximately

determined from the observations of nearby fields without extended sources and subtracted from the final

vignetting corrected image. This method is not perfect, dueto the difference in the shape of the vignetting

function between solar protons and photons and due to variability of the solar protons level. However, good

agreement between emission spectra obtained fromChandra andXMM-Newton data confirms adequate

accuracy of this procedure.

5.4 Results

5.4.1 Images

The RGB image in Figure 5.1 presents theXMM-Newton data (red) overlaid on the 160µm Spitzer

image (Rieke at al., 2004) (blue) and K-band image from 2MASSLarge Galaxy Atlas (Jarrett et al., 2003)

(green). Although the main purpose of this image is to show the X-ray data coverage, it crudely illus-

trates the presence of a large population of compact sourcesas well as of the extended emission. It also

demonstrates the effect of the spiral arms on X-ray surface brightness distribution.

The brightness distribution of the extended emission, after removal of the point sources, is shown

in Figure 5.2 along with the contours of the K-band brightness. The X-ray image was constructed from

Chandra data in the 0.5−1.2 keV band. The point sources were excluded and their locations were filled up

with the average local background around the sources. The X-ray image is adaptively smoothed. In order

to compare the X-ray surface brightness with the distribution of the stellar mass we also show K-band

contours. The surface brightness of the extended emission approximately follows the K-band distribution

but the image suggests that the agreement is not perfect and some distortions in the east-west direction

may be present. In order to investigate this in details we consider profiles along the major and minor axes

of the galaxy.

5.4.2 Surface brightness distribution along the major and minor axis

We studied brightness distribution in two energy bands, 0.5 − 1.2 keV and 2− 7 keV. Our choice

had been motivated by the shape of the spectrum of extended emission discussed in the next Section. The

profiles were constructed along the major and minor axis withposition angles of 45◦ and 135◦ respectively.
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Figure 5.2: Adaptively smoothedChandra image in the 0.5 − 1.2 keV band overplotted with K-band
contours. The point sources were removed and their locations were filled with the local background value.
Center of the M31 is marked with a cross. North is up and east isleft.

For each profile surface brightness was averaged over 500 arcsec in the transverse direction, corrected

for vignetting and the estimated background level was subtracted. ForXMM-Newton the background

level was adjusted to achieve better agreement withChandra profiles. The adjusted values were well

within the range of the background levels observed in individual blank-sky observations and differed from

the average blank-sky level by. 20 per cent. The values of background were (4.3, 5.6, 5.2, 6.2) ·
10−19 erg s−1 arcsec−2 cm−2 for Chandra (soft, hard) andXMM-Newton (soft, hard) respectively. For all

distributions we found good agreement between theChandra andXMM-Newton data. We compare X-ray

distribution with profiles of the K-band emission. As it is well-known, the latter is a good stellar mass

tracer. The K-band profile was obtained for the same regions as the X-ray profiles, in particular the same

source regions were excluded in computing all profiles. The normalizations for the K-band profile are

4 · 1027 and 3· 1027 erg s−1 L−1
⊙ for soft and hard band respectively.

On Figure 5.3 we show the distribution along the major axis. In the 0.5−1.2 keV band the profile shows

an excess emission in the central part of the bulge. At biggercentral distances the X-ray and K-band light
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Figure 5.3: Surface brightness distribution along the major axis. in the 0.5 − 1.2 keV (upper panel) and
2 − 7 keV (lower panel) energy bands, background subtracted. The filled symbols (blue in the color
version of the plot) show theChandra data, open symbols (red) show theXMM-Newton data and the solid
histogram (green) without symbols is the normalized K-bandbrightness. The normalization factors are
4 · 1027 and 3· 1027 erg s−1 L−1

⊙ for soft and hard band respectively. The x-coordinate increases from
south-west to north-east.
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follow each other. In the hard band the X-ray surface brightness follows the near-infrared light distribution

rather well at all central distances, with exception of the shoulder at the offset of−300 arcsec. The excess

luminosity of the shoulder above the level suggested by the K-band profile is∼ 2 · 1037 erg/s. Its origin is

unclear. There is no any easily identifiable feature in the image with which it could be associated. It can

not be due to residual contamination from point sources. Indeed, the excess count rate associated with the

shoulder is∼ 20 per cent of the total count rate of all point sources detected in this region. This is much

larger than the expected residual contamination from pointsources inChandra images,. 2− 3 per cent.

Good agreement betweenChandra andXMM-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 (Figure 5.4) at all offsets exceeds the level suggested by

the K-band profile normalized according to the X/K ratio 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 to∼ 900 arcsec or more. Note that exact shape of the surface brightness

distribution at large offsets from the center depends on the adopted blank-sky level.The latter can not be

directly determined from the currently available data, dueto its limited field of view. For this reason we

used the average CXB level and corrected it for the fraction of resolved background sources, as described in

Section 5.3.1. The obtained value,∼ (4−5)·10−19 erg/s/cm2, is comparable to the remaining (background

subtracted) flux as can be seen in Figure 5.4. Therefore the extend of the X-ray emission at large off-center

angles can not be unambiguously constrained from the present data. In order to eliminate this uncertainty,

more extensiveChandra observations, including large offset angles are needed. We note however, that the

existence of unresolved emission at large offsets is independently confirmed by the east-west asymmetry

of the shadow cast by the 10-kpc star-forming ring, as discussed below.

There is a clear asymmetry between eastern and western halves of the profile, the latter being notably

suppressed at offset values of+300 arcsec and+600 arcsec. The origin of this asymmetry becomes clear

after comparison with the 160µm Spitzer profile. The far-infrared profile, plotted in Figure 5.4 shows sev-

eral prominent peaks, corresponding to the 10-kpc star-forming ring and inner spiral arms (Gordon et al.,

2006). The surface brightness suppressions in the western side of the profile (positive offsets) correspond

to the spiral arm and the 10-kpc ring. On the other hand no significant effect of the 10-kpc ring can be seen

on the eastern side of the galaxy (negative offsets).

The spatial orientation of M31 plays an important role in understanding the link between the X-ray

and far-infrared distributions. We see the galaxy with approximately 77◦ inclination (Henderson, 1979)

and the western side of the galactic disk is closer to us (Simien et al., 1978). The effect of this is that we

see the western side of the bulge through the spiral arms, so the neutral gas and dust in the star forming

regions cast a shadow on the extended emission in the soft band. The eastern side of the disk, on the

contrary, is located behind the bulge and does not obscure its emission. We estimated the column density

of the obscuring material in the spiral arms using the observed brightness difference between the eastern

and western sides and obtainedNH ∼ 1−3·1021 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 correlation between the X-ray and far-infrared

emission – the X-ray brightness appears to increase at the positions of spiral arms. This suggests that



98 UNRESOLVED EMISSION AND IONIZED GAS IN THE BULGE OF M31 5.4

Figure 5.4: Same as Figure 5.3 but along the minor axis. The normalizations of the K-band profile are same
as in Figure 5.3. The solid histogram with multiple peaks (black) shows the distribution of the 160µm
emission as obtained by Spitzer. The x-coordinate increases from south-east to north-west.
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Figure 5.5: The X-ray hardness ratio profile along the minor axis, computed using the energy bands from
Figure 5.4. TheChandra and XMM-Newton data are presented by the same symbols as in Figure 5.4.
The solid histogram (black) shows the distribution of the 160 µm emission obtained by Spitzer. The
x-coordinate increases from south-east to north-west.

spiral arms are sources of harder X-ray emission. To furtherillustrate the impact of spiral arms on the

observed X-ray brightness we plot in Figure 5.5 the hardnessratio along the minor axis together with the

160µm distribution. This plot confirms the presence and significance of the soft emission in the center.

The hardness ratio has clear peaks at the positions of spiralarms, which are caused by two effects –

obscuration by neutral and molecular gas and dust in the softband and enhanced hard emission associated

with the spiral arms.

Based on the X-ray brightness distributions we conclude that there are at least three different compo-

nents in the unresolved X-ray emission from the central region of M31:

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

2. soft emission, localized in central∼ 500 arcsec along the major axis of the galaxy and extending out

to ∼ 900 arcsec or more along the minor axis,

3. harder emission from the spiral arms and 10-kpc star-forming ring.

5.4.3 Spectra

We used the ACIS "blank-sky" files in order to subtract the background fromChandra spectra. As

before, we renormalized the background spectra using the 9.5 − 12 keV band count rates. ForXMM-
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Figure 5.6: X-ray spectra of different regions in M31 and of M32: stars (red) – inner bulge – thespectrum
of central 200 arcsec region; filled boxes (green) – outer bulge – combined spectrum of two elliptical
regions at∼ 700 arcsec from the center along the major axis; open circles(blue) – spiral arms – two
elliptical regions at the 10-kpc ring; filled triangles (black) – spectrum of M32. The M31 regions are
shown in Figure 5.1 The inner bulge and M32 spectra are obtained byChandra, 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 fields as a background spectrum and

renormalized it using the 10− 12 keV count rate. We found good agreement betweenChandra andXMM-

Newton spectra in all investigated regions.

In Figure 5.6 we show spectra of different regions in M31. The spectral extraction regions are depicted

in Figure 5.1. The spectra of outer bulge and spiral arms are based onXMM-Newton data, other spectra are

from Chandra. Also shown is the spectrum of M32. It was obtained usingChandra observations OBSID

2017, 2494 and 5690 with exposure time ofTeff = 168.5 ks. The spectrum was extracted from elliptical

region with the position angle of 40◦ and with 90 arcsec major and 71 arcsec minor axes; the data analysis

procedures were identical to M31. All spectra are normalized to the same level of K-band brightness. The

spectral fitting was done in the 0.5 − 7 keV band. The element abundances were fixed at Solar value, the

hydrogen column density was fixed at the Galactic value. The results of spectral fits are summarized in

Table 5.3.

All spectra shown in Figure 5.6 have a prominent power law component with the photon index of

approximatelyΓ ∼ 2 and a soft component of varying strength. It is strongest inthe inner bulge where

it by far dominates X-ray emission below 1.2 keV. The best-fittemperature of the soft component in the

M31 spectra obtained in the two-component model is in the∼ 0.3 − 0.4 keV range (Table 5.3). As can
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be seen from the table, the simple two-component model consisting of a power law and optically-thin

thermal plasma emission spectrum (MEKAL model in XSPEC) does not adequately describe the spectra,

especially the spectrum of the inner bulge, having the largest number of counts. The deviations are due to

the soft band, pointing at the complex shape of the soft component. With the second MEKAL component

the fit improves significantly, the best fit parameters for theinner bulge spectrum arekT1 ≈ 0.2 keV and

kT2 ≈ 0.5 keV withχ2 = 227 for 184 d.o.f. Making the element abundance a free parameter improves the

fit quality of the three-component model further toχ2 = 205 for 183 d.o.f. with the best fit abundance of

0.17 of the solar value. We considered several other spectral models with free element abundance, they all

produced sub-solar values in the range of 0.1− 0.2. We also tried to vary element abundances individually

and found that the model is most sensitive to Ne, Fe and Ni abundances with the best fit achieved when the

abundances of Ni is a free parameter. The two component (vmekal + power law) model requires the Ni

abundance≈ 3− 4 times solar value (abundances of other elements were fixed at solar). On the contrary,

the models with the free Fe abundance give a subsolar best fit values for the latter,∼ 0.6. The fit quality

improves further with the non-equilibrium thermal emission model (vnei model in XSPEC) with the best

fit value of ne t ∼ 5 · 1011 sec/cm3 and similar dependence on the element abundances as for vmekal

model. All these modifications do not change the best fit temperature significantly. However, none of

the models achieves acceptable values ofχ2. It is unclear, how much weight should be given to these

results, as they can be an artifact of the inadequate spectral model and insufficient energy resolution of the

ACIS-I detector. Indeed the emission from the inner bulge has a complex spectrum composed of several

constituents of different temperature and ionization state, some of which may beout of the collisional

ionization equilibrium.

The outer bulge spectrum has a less prominent soft component, approximately by a factor of 3 weaker

than the inner bulge, but its temperature,kT ≈ 0.3 keV, is compatible with the inner bulge value. The

spectrum of M32 is similar, although only a very faint soft component is present here. Its temperature,

kT = 0.54± 0.15 keV may be somewhat higher than in M31. All three spectra (inner and outer bulge in

M31 and M32) nearly perfectly match each other above∼ 1.2 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 does nothave any significant soft component and,

most importantly, its normalization (per unit K-band flux) is by a factor of 4− 10 higher in the hard band

than for the other spectra. This difference is smaller in the soft band, however it is still significantly higher

than the spectrum of the outer region. We describe this spectrum with a powerlaw model and we obtain

Γ = 2.0. As with other spectra, the largeχ2 value indicates more complex spectral shape.

5.4.4 Morphology of the soft excess emission

To explore the spatial distribution of the soft excess emission we use two approaches. Firstly we

consider the ratio of the 0.5 − 1.2 keV X-ray image to the near-infrared image. The advantage of the

ratio image is that it levels out the component in X-ray emission which is proportional to the K-band

light. The disadvantage is that the X/K ratio may become very large at large central distances, where

the X-ray emission is unrelated to old stellar population and deviates significantly from the K-band light
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Figure 5.7: Ratio of 0.5− 1.2 keV image to the the K-band image obtained fromChandra data. After the
removal of the point sources the X-ray images were adaptively smoothed, the K-band image was smoothed
correspondingly. The contours in show K-band brightness distribution. The center of M31 is marked with
a cross. North is up and east is left.

distribution. Before producing the ratio image we excludedpoint sources and filled their locations with

local background level using thedmfilth tool of CIAO. The X-ray images were adaptively smoothed and

the near-infrared image was convolved with a gaussian with the width comparable to typical smoothing

width near the center of X-ray image. The X-ray images were exposure corrected, the particle background

and CXB was subtracted.

Figure 5.7 and Figure 5.8 shows the ratio images obtained from Chandra and XMM-Newton data.

They are consistent with each other and illustrate very wellthe morphology of the soft excess emission.

Comparison with the K-band contours shown in Figure 5.7 demonstrates clearly that the the soft excess

emission has nothing to do with the old stellar population traced by the near-infrared light. Unlike stellar

light, it is strongly elongated in the approximate direction of the minor axis of the galaxy extending beyond

the boundaries of the bulge and projecting onto the 10-kpc starforming ring. The images also reveal strong

east-west asymmetry, already seen in the minor axis distribution (Figure 5.4). As discussed in the Section

4.4.1, this asymmetry is caused by absorption of soft X-raysby the neutral and molecular gas in the spiral
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Figure 5.8: Same as Figure 5.7 but based onXMM-Newton data. The contours show the 160µm brightness
distribution.

arms on the north-western side of the galactic disk. This conclusion is further supported by the anti-

correlation between 160µm flux and the soft X-ray brightness, with obvious shadows seen at the positions

of spiral arms (Figure 5.8). At the same time, the gas and dustdo not have any significant effect on the

soft X-ray brightness in the south-eastern side of the galaxy.

In the second approach we consider the difference between the X-ray and the K-band images, the

latter renormalized according to the X/K ratio of the old stellar population component. Unlike the ratio

image it shows the true brightness distribution of the soft excess emission. For this purpose we used

the same 0.5 − 1.2 keV Chandra image as for the ratio image; the normalization of K-band image was

4 · 1027 erg s−1 L−1
⊙ . Figure 5.9 shows the result. The image generally confirms the overall morphology of

the soft emission revealed by the ratio image.

The images show significant sub-structures in the inner∼ 100− 150 arcsec with the angular scale of

about 30 arcsec. The origin of this substructures is not clear, although some correlation with the position

of the peaks on the 160µm image suggests that at least some of them may be caused by absorption. These

sub-structures may deserve a special study which is beyond the scope 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 same spatial regions as used for the spectral

analysis, characterizing the inner and outer bulge and spiral arms. As suggested by the spectra the natural

boundary between the soft and hard energy bands is 1.2 keV. However, in order to facilitate comparison

with previous studies we computed the ratios in the 0.5 − 2 keV and 2− 10 keV energy bands. The

X-ray luminosities for these bands were computed using the best fit spectral models. The errors for the

luminosity and, correspondingly, for X/K ratios account for the model normalization error only and do

not include uncertainties in the spectral parameters or anyother systematic uncertainties. In computing

the hard band luminosity we extrapolated the best fit model outside the energy range used for spectral fits,

0.5-7 keV. The K-band luminosities were calculated in each region using the 2MASS image.

The LX/LK ratios are presented in Table 5.4. These numbers can be transformed to X-ray-to-mass

ratios dividing them with the K-band mass-to-light ratio, which is of the order of unity. Its value can

be computed using the B− V ≈ 0.95 colour index from Walterbos & Kennicutt (1987) and applying the

relation betweenM⋆/LK and the B–V colour (Bell & de Jong, 2001), which givesM∗/LK ≈ 0.85. A

close values has been derived by Kent (1992) based on the dynamical mass measurement,M∗/LK ≈
1.1. We compare the X/K ratios for M31 with M32 and Milky Way. The M32 numbers were obtained

from the spectra of Section 5.4.3 in the same way as for M31. For the Milky Way we used results from

Revnivtsev et al. (2006) and Sazonov et al. (2006), and transformed them toLX/LK for two values of K-

band mass-to-light ratio, 0.7 (Dwek et al., 1995) and 1 (Kent, 1992). The X/K ratio in Sazonov et al. (2006)

is given for the 0.1− 2.4 keV band, following them we converted it to the 0.5− 2 keV band multiplying by

0.7 which is typical ratio for coronally active stars (Fleminget al., 1995). The contribution of young stars

is excluded. Revnivtsev et al. (2006) used data from RXTE in the 3−20 keV and calculated the 2−10 keV

luminosities assuming a powerlaw spectrum withΓ = 2.1.

In the 2−10 keV band the X-ray to K-band ratios for bulge regions in M31and for M32 are compatible

with each other and appear to exceed slightly the Milky Way value. This may be explained by the difference

in the spectral shape assumed in the flux calculation. Assuming the same power law withΓ = 2.1 as used

by Revnivtsev et al. (2006), we obtained for M31LX/LK = (3.0 ± 0.1) · 1027 erg s−1 L−1
⊙ , in agreement

with the Milky Way value. The good agreement of the X-ray to K-band ratios suggests similar origin of

the 2–10 keV emission in all three galaxies, as discussed in more detail in the following Section.

In the soft band, the X/K ratios for M31 are systematically larger than M32 ones. This is to be

expected from the spectra (Figure 5.6) and is due to the presence of the soft excess emission in M31.

Also, in interpreting the soft band ratios the interstellarabsorption should be taken into account. Indeed,

Sazonov et al. (2006) studied sources in the Solar neighborhood where the absorption is insignificant. The

M31 and M32 data, on the contrary, is subject to the galactic absorption, with values of 6.7 · 1020 and

6.3 · 1020 cm−2 respectively (Dickey & Lockman, 1990). In addition, M31 hasspatially variable internal

absorption reaching few·1021 cm−2 in the spiral arm regions (Nieten et al., 2006). The total NH for the

outer bulge region in M31 is probably in the range (7− 10) · 1020 cm−2, giving the absorption corrected

value of the soft band X/K ratio LX/LK ≈ (8− 10) · 1027 erg s−1 L−1
⊙ . For M32 we obtain after absorption

correctionLX/LK ≈ 4.3 · 1027 erg s−1 L−1
⊙ . Taking into account the uncertainties quoted by Sazonov etal.
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Figure 5.9: The spatial distribution of the soft component.The difference betweenChandra image in the
0.5 − 1.2 keV band and the K-band image normalized according to the X/K ratio of the outer bulge. The
contours show the intensity levels of 160µm Spitzer image. The center of M31 is marked with a cross.
North is up and east is left.

(2006) and uncertainties in the K-band mass-to-light ratiothe X/K ratio for Solar neighborhood is formally

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

is unclear, how much weight should be given to this discrepancy due to the number and amplitude of

uncertainties involved. The absorption corrected value for the inner bulge of M31 is definitely larger,

LX/LK ≈ (12− 15) · 1027 erg s−1 L−1
⊙ .

The X/K ratios in the spiral arm region are significantly higher. The additional internal absorption can

be upto few·1021 cm−2, resulting in the absorption correction factor in the soft band as large as≈ 4. The

final X/K ratios in both bands are approximately an order of magnitude larger than for the Milky Way.
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Table 5.4: X-ray to K-band luminosity ratios in different regions in M31 and in M32 compared to the
Milky Way. All values are given in units of 1027 erg s−1 L−1

⊙ .

0.5− 2 keVa 2− 10 keV

M31 inner bulge 9.4± 0.1 4.5± 0.1

M31 outer bulge 6.2± 0.1 3.6± 0.2

M31 spiral arms 22.1± 0.3 31.4± 0.6

M32 total 3.5± 0.1 4.1± 0.2

Galaxy Sazonov et al. (2006)b 7.3− 10.5 (±3) 2.2− 3.1 (±0.8)

Galaxy Revnivtsev et al. (2006)b – 2.2− 3.1 (±0.5)

a The X/K ratios for M31 and M32 were not corrected for absorption. See the text for the absorption
corrected values.
b The X/M∗ ratios were converted toX/K ratios assuming two values of the K-band mass-to-light ratio,
0.7 (first number) and 1.0; the uncertainty given in the parenthesis corresponds toM∗/LK = 1

5.5 Discussion

5.5.1 Faint compact sources

We showed that a broad-band emission component exists in M31which (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 suggest

beyond reasonable doubt that this component has similar origin to the Galactic Ridge X-ray emission of

the Milky Way (Revnivtsev et al., 2006). Namely, it is associated with the old stellar population and is a

superposition of a large number of weak sources of stellar type, the main contributors in the 2–10 keV

band being cataclysmic variables and coronally active binaries (Sazonov et al., 2006).

The X/K ratios are compatible between all three galaxies in the 2–10 keV band, but in the soft band

they differ in M31 and M32 (Table 5.4). In the inner bulge this difference is clearly due to the contribution

of the soft emission from the ionized gas, as discussed below. Although we chose the outer bulge region

as far as possible along the major axis of the galaxy, where the soft X-ray brightness follows the K-band

profile, some residual contribution from the gas can not be entirely excluded. Therefore it is not clear

if this difference reflects genuine difference between properties and/or content of X-ray emitting stellar

populations in these two galaxies. Due to large systematic uncertainties, the Milky Way value is formally

compatible with both galaxies and any quantitative comparison is inconclusive at this point.

5.5.2 Ionized gas

There are several arguments which suggest that the excess soft component has a non-stellar origin.

The most important is the morphology of the excess emission,namely the striking difference from the

distribution of the near-infrared light (Figure 5.7 and Figure 5.8). As no significant color gradients are

observed in the bulge of M31 (Walterbos & Kennicutt, 1988), its stellar content must be sufficiently uni-
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form and can not give rise to the observed non-uniformities in the X/K ratio. Enhanced X-ray to K-band

ratio could be explained if a notable young population was present in the bulge, which is also not the case

(Stephens et al., 2003). With the stellar origin excluded, it is plausible that the soft excess emission is of

truly diffuse nature and originates from ionized gas of∼ 0.3− 0.4 keV temperature.

To study the physical properties of the ionized gas we use a rectangular region on the south-eastern

side of the galaxy, to avoid the complications due to attenuation by the spiral arms on the north-western

side. The size of the region is 8 arcmin along the major axis and 10 arcmin along the minor axis of

the galaxy. From the spectral fit, the total X-ray luminosityof the soft component in the 0.5 − 2 keV

energy range is≈ 1038 erg/s, after the absorption and bolometric correction the totalbolometric luminosity

is Lbol ≈ 2.3 · 1038 erg/s assuming Galactic column density. From the emission measure of the gas,∫
nenHdV = 6.3 · 1060 cm−3, we estimate that the mass of the gas in the studied volume is of the order of

∼ 106 M⊙. We note, that assuming the symmetry between the north-western and south-eastern sides of the

galaxy, the total quantities for the mass and bolometric luminosity are twice the quoted values. The average

number density is aboutne ∼ 7 · 10−3 cm−3. The cooling time of the gas istcool = (3kT )/(neΛ(T )) ∼ 250

million years. We also applied a two temperature model to thesoft emission and obtained for the two

components:kT1 ∼ 0.25 keV,kT2 ∼ 0.6 keV, bolometric luminosities of∼ 2 · 1038 and∼ 1038 erg/s, total

masses of∼ 106 and∼ 0.6 · 106 M⊙ and cooling times of∼ 200 and∼ 800 million years. We mention that

the above computed values strongly depend on the applied spectral model.

The morphology of the gas indicates that it is not in the hydrostatic equilibrium in the gravitational

potential of the galaxy. It suggests rather, that gas is outflowing from the bulge in the direction perpendic-

ular to the galactic disk (see also Li & Wang, 2007). The mass and energy budget of the outflow can be

maintained by the mass loss from the evolved stars and Type Iasupernovae. Knapp et al. (1992) estimated

the mass loss rate from evolved stars for elliptical galaxies∼ 0.0021LK/LK,⊙ M⊙ Gyr−1. This rate can be

applicable to the bulge of M31 as the stellar populations aresimilar. The K-band luminosity of this region

is LK = 1.4 · 1010 LK,⊙. The estimated total mass loss rate is≈ 0.03 M⊙/yr. The stellar yields produce the

total amount of the observed gas on a timescale of∼ 35 million years which is shorter than the cooling

timescale of the gas.

To estimate the energy input from type Ia supernovae we use results of Mannucci et al. (2005) who

give the supernova rate ofNSN Ia = 0.035+0.013
−0.011 SNu for E and S0 galaxies, where 1 SNu= 1 SN/1010 LK,⊙

per century. Assuming that one supernova releasesESN Ia = 1051 ergs into the interstellar medium, we

obtain about 1.5 · 1040 erg/s energy that goes into ISM. The minimal energy required to lift the gas in the

gravitational potential of the galaxy can be calculated from Eli f t = 7.2Ṁ⋆σ2
⋆ (David et al., 2006). With

σ⋆ = 156± 23 km/s (Lawrie, 1983) we obtain∼ 3.3 · 1039 erg/s. If the gas is heated to the observed

temperature by supernovae, it requires∼ 1039 erg/s. This estimates indicate that the energy input from

supernovae is approximately∼ 3−4 times larger than the minimal energy required to drive a galactic wind

from the galaxy, similar to the result of David et al. (2006) for low-luminosity ellipticals.

Type Ia supernovae will also contribute to the chemical enrichment of ISM with iron-peak elements.

Typically 0.7 M⊙ of iron is provided by each SN Ia event (Nomoto et al. 1984; Shigeyama et al. 1992; Iwamoto et al.,

1999), that gives about 3.4 · 10−4 M⊙ of iron per year. Assuming complete mixing of the supernova ejecta

with the stellar wind material we would expect the iron abundance in the hot ISM≈ 1.1 · 10−2 by mass,
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which exceeds the Solar value of 1.9 · 10−3 (Anders & Grevesse, 1989) by a factor of∼ 6. The observed

spectra are inconsistent with high iron abundance in simpleone- or two-component thermal models, but

these models can not adequately describe the spectra anyway, therefore this result can not be used as

a conclusive argument. On the other hand, the discrepancy between high predicted and low observed

abundance of iron is a well-known problem for elliptical galaxies, where type Ia supernovae also plays

important role in thermal and chemical evolution of the ISM;it has been addressed in a number of studies,

e.g. Brighenti & Mathews (2005). We also note, that althoughthe iron is the primary element by mass

in the type Ia supernovae ejecta, the ISM will be also enriched by other elements, most significantly by

nickel. The detailed analysis of this problem is beyond the scope of the present paper.

Assuming that the gas leaves the galaxy in a steady state windalong the axis perpendicular to the plane

of the disk, the outflow speedvw can be calculated fromṀ⋆ = πr2ρgasvw whereρgas is the average gas

density estimated above andr is the radius of the base of the imaginary cylinder filled withthe outflow-

ing gas. This calculation givesvw ∼ 60 km/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 explainthe observed elongated shape of the gas

distribution, which may be related to the the magnetic fieldsand galactic rotation. We can use the fact

that the shadow from the 10-kpc star-forming ring is presentto estimate the extent of the gas along the

axis perpendicular to the galactic disk. The angular distance of the shadow from the center is∼ 600− 700

arcsec, giving the “vertical” extent of the gas of& 2.5 kpc.

5.5.3 Spiral arms

The∼ 10 times higher X-ray to K-band ratios observed in the spiralarms (Table 5.4) and their different

emission spectrum (Figure 5.6) suggest that X-ray emissionfrom spiral arms has different nature than the

bulge. As spiral arms are associated with star-formation, an obvious candidate is X-ray emission from

young stellar objects (protostars and pre-main sequence stars) and young stars, which are well-known

sources of X-ray radiation (Koyama et al. 1996; Carkner et al. 1998; Giardino et al., 2007).

As X-ray emission from the spiral arms is associated with young objects, it is natural to characterize

it with LX/SFR ratio. We compute this ratio for the regions used in spectral analysis. The FIR flux was

determined from the 160µm Spitzer image, 290 Jy. In computing this value we subtracted the blank-sky

background of nearby fields. To convert it to SFR we used results of IR spectral fits from Gordon et al.

(2006), which gave SFR= 9.5 · 10−5 F160µ/Jy M⊙/yr for the M31 distance. Thus we obtained the star-

formation rate of 0.028 M⊙/yr in the region used for the analysis. The X-ray luminosity in the same region

is 3 · 1037 erg/s in the 2− 10 keV band. After subtracting the X-ray emission due to the old stellar popu-

lation we obtain 2.6 · 1037 erg/s energy. From this we can compute LX/SFR≈ 9.4 · 1038 (erg/s)/(M⊙/yr).

This value is∼ 1/3 of the total LX/SFR arising from HMXBs which is 2.5 · 1039 (erg/s)/(M⊙/yr)

(Grimm et al. 2003; Shtykovskiy & Gilfanov, 2005).
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5.6 Conclusion

We investigated the origin of unresolved X-ray emission from M31 usingChandra andXMM-Newton

data. We demonstrated that it consists of three different components:

1. Broad-band emission associated with old population, similar to the Galactic ridge emission in the

Milky Way. It is a a combined emission of a large number of weakunresolved sources of stellar type,

the main contribution being from cataclysmic variables andactive binaries. The surface brightness

distribution of this component approximately follows the distribution of K-band light. The absorp-

tion corrected X-ray to K-band luminosity ratios are compatible with the Milky Way values. The

total luminosity of this component inside central 800× 400 arcsec is of the order of∼ 3 · 1038 erg/s

in the 0.5− 10 keV band.

2. Soft emission localized in the inner bulge of the galaxy along its minor axis. This emission is

from ionized gas with the temperature of the order of∼ 300 eV, although its spectrum can not be

adequately described by a simple one- or two-temperature model of optically-thin emission from

a gas in a collisional ionization equilibrium. The 0.5 − 2 keV luminosity in the central 8× 20

arcmin area is∼ 2 · 1038 erg/s, the absorption corrected bolometric luminosity is∼ 5 · 1038 erg/s.

The total mass of the gas is∼ 2 · 106 M⊙, its cooling time∼ 250 Myrs. The surface brightness

distribution is drastically different from the stellar light distribution, it is significantly elongated

along the minor axis of the galaxy. The morphology of the softemission suggests that gas outflows

along the direction perpendicular to the galactic plane. The mass and energy budget is maintained by

the mass loss by the evolved stars and type Ia supernovae. The“vertical” extent of the gas exceeds

& 2.5 kpc. These results are in good agreement with those recently obtained by Li & Wang (2007).

3. Hard emission from spiral arms. In the 0.5–7 keV band this emission has approximate power law

shape withΓ ≈ 2. It is most likely associated with star-forming regions and is due to young stellar

objects and young stars. The LX/SFR ≈ 9.4 · 1038 (erg/s)/(M⊙/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 scenarios ofType Ia Supernovae (SNe Ia). There is a wide

agreement that SNe Ia originate from thermonuclear explosions of white dwarfs. The nuclear runaway that

leads to the explosion could start in a white dwarf graduallyaccumulating matter from a companion star

until it reaches the Chandrasekhar mass limit, or could be triggered by the merger of two white dwarfs in

a compact binary system. The X-ray signatures of the two possible paths are completely different, in the

accretion scenario∼ 3·1051 erg energy is emitted prior to the Supernova explosion on a timescale of∼ 107

years, whereas in the merger scenario no significant electromagnetic emission is predicted. This offers a

means to determine which scenario dominates.

We computed the predicted X-ray luminosity in the 0.3−0.7 keV energy range in the accretion scenario

in a sample of six early-type galaxies and galaxy bulges. TheSN Ia rate was estimated based on the near-

infrared luminosity of galaxies, and the energy range was optimized in order to detect emission from

steady nuclear burning white dwarfs, taking into account the range of effective temperatures, absorption

column densities, and the effective area curve ofChandra. We found that the accretion scenario predicts an

X-ray luminosity of∼ 1040 erg s−1 per 1011 LK,⊙, the exact value depends on the column density towards

the galaxy. We confronted this luminosity with observedChandra upper limits on the combined X-ray

emission from the population of nuclear burning white dwarfs in the same energy range. The resulting

luminosity is fairly uniform in the studied galaxies,∼ 2.5 · 1038 erg s−1 per 1011 LK,⊙, and is weakly

dependent on the column density.

Based on these we concluded that in early-type galaxies the observed X-ray flux is∼ 30− 50 times

less than predicted in the accretion scenario. This result implies that no more than about 5 per cent of SNe

Ia, associated with the old stellar population, can be produced in accreting binary systems. At present the

only viable alternative is the merger of two white dwarfs, hence we concluded that SNe Ia in early-type

galaxies predominantly arise from the double-degenerate scenario.

Using a similar line of arguments we derived constraints on the nature of progenitors of Classical

Novae (CNe). These events are another type of thermonuclearexplosions associated with accreting white

dwarfs, occurring upon accumulation of certain amount (∆M ∼ 10−4−10−5 M⊙) of hydrogen-rich material.

The frequency of CNe in a galaxy depends on the mass accretionrate onto the white dwarfs. During
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accretion energy is released in the optical, ultraviolet, or X-ray wavelengths, depending on the nature of the

progenitor system. Magnetic systems, such as polars and intermediate polars, are sources of hard X-rays

produced via optically-thin bremsstrahlung emission. Dwarf novae in quiescence also radiate relatively

hard X-rays from their optically-thin boundary layer, whereas in outburst state the optically-thick accretion

disk emits predominantly in the ultraviolet and soft X-ray bands.

We computed the X-ray luminosity of magnetic systems and dwarf novae in quiescence in M31 galaxy

based on the CN rate and compared withChandra observations of the galaxy. We demonstrated that no

more than about 10 per cent of CNe can be produced in magnetic cataclysmic variables, the upper limit

being about 3 per cent for a typical CN progenitor withMWD ≈ 0.9 M⊙ and with an accretion rate of

Ṁ ≈ 10−9 M⊙/yr. We also pointed out that in dwarf novae at least∼ 90 per cent of the material must

be accreted during outbursts, when the emission spectrum issoft, and only a small fraction in quiescent

periods.

We also investigated the properties and origin of the unresolved X-ray emission from M31. The prox-

imity of our close-by neighbor gives a unique opportunity toexplore a spiral galaxy, very similar to the

Milky Way without complications brought about by projection and absorption effects. The bulge of M31

is covered byChandra data, whereas the entire galaxy was observed in a survey completed byXMM-

Newton. The rich available data set allowed to resolve and remove bright sources down to the luminosity

threshold of∼ 1035 erg s−1 and∼ 1036 erg s−1 in the bulge and the disk of M31. We demonstrated that the

unresolved X-ray emission consists of three different components.

One of them is broad-band emission from large number of faintsources – mainly accreting white

dwarfs and active binaries associated with the old stellar population, similar to the Galactic Ridge X-ray

emission of the Milky Way. The surface brightness distribution of this component approximately follows

the distribution of near-infrared light. The obtained X-ray to K-band luminosity ratios are consistent with

those observed for the Milky Way, M32, and M105 galaxies. Thetotal luminosity of this component is

∼ 6 · 1038 erg s−1 in the 0.5− 8 keV energy range.

Another X-ray emitting component originates from ionized gas with temperature of the order ofkT ∼
300 eV. The mass of the gas is∼ 2 · 106 M⊙ and its total absorption-corrected bolometric luminosityis

∼ 2 · 1038 erg s−1. The gas is significantly extended along the minor axis of thegalaxy, suggesting that it

outflows along the direction perpendicular to the galactic plane. We found that the mass and energy budget

of the galactic wind can be sustained by the mass loss from evolved stars and by the energy input from

SNe Ia. We also detected a shadow cast in the gas emission by spiral arms and the 10-kpc star-forming

ring, which can be used to place a lower limit on the “vertical” extent of the outflow, being greater than

∼ 2.5 kpc.

The third X-ray emitting component is associated with the 10-kpc star-forming ring and spiral arms

of M31. We characterized the X-ray emission from star-forming regions with the LX/SFR (star-formation

rate) ratio. We explored the LX/SFR ratio in the 0.5 − 2 keV energy band along the 10-kpc star-forming

ring, and found that it is in the range of (0.9− 1.8) · 1038 (erg s−1)/(M⊙/yr), excluding the regions near the

minor axis of the galaxy where it is∼ 1.5−2 times higher. The latter may be associated with warm ionized



6.0 117

gas of the galactic wind rather than with the star-forming ring itself. An obvious candidate to the X-ray

emission from star-forming regions are young stellar objects (protostars and pre-main sequence stars) and

young stars, which are well-known sources of X-ray radiation.
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