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1 INTRODUCTION

The X-ray radiation from the majority of galaxies is domi-
nated by X-ray binaries (e.g. Fabbiano 2006). In additiatersded
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We study the origin of unresolved X-ray emission from thegleubf M31 based on archival
Chandra and XMM-Newton observations. We demonstrate tirattdiferent components
are present: (i) Broad-band emission from a large numbeainf §ources — mainly accreting
white dwarfs and active binaries, associated with the adtlast population, similar to the
Galactic Ridge X-ray emission of the Milky Way. The X-ray tel&nd luminosity ratios
are compatible with those for the Milky Way and for M32, in the- 10 keV band it is

(36+0.2)x 10*" erg s* L 7. (ii) Soft emission from ionized gas with temperature of abo

~ 300 eV and mass of 2 x 10° M. The gas distribution is significantly extended along the
minor axis of the galaxy suggesting that it may be outflowimghie direction perpendicular
to the galactic disk. The mass and energy supply from evatad and type la supernovae
is suficient to sustain the outflow. We also detect a shadow casteogah emission by spiral
arms and the 10-kpc star-forming ring, confirming signifieadent of the gas in the “vertical”
direction. (iii) Hard extended emission from spiral armssnlikely associated with young
stellar objects and young stars located in the star-formeéggns. The k/SFR ratio equals

~ 9 x 10°® (erg/s)/(M@/yr) which is about~ 1/3 of the HMXBs contribution, determined
earlier from Chandra observations of other nearby galaxies
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la supernovae. The overall X-ray radiation from a galaxy sia
perposition of these (and possibly other) components;, thkitive

importance being defined by the morphological type of thexgal
and its star-formation and merger history.

emission is present in galaxies of all morphological tygedeast

part of this emission is associated with stellar populatiod is a Our close-by neighbor, M31 galaxy gives a unique opportu-
superposition of a large number of faint compact sourcessrec ity to explore a “full-size” spiral galaxy similar to the My Way
ing white dwarfs, active binaries and other types of steltarces, without complications brought about by projection and apton

old and young (Revnivtsev et al. 2006; Sazonov et al. 2008rd  effects, often hampering studies of our own Galaxy. Not surpris
is also a truly difuse component — emission from ionized gas of ingly, it has been extensively investigated by every mafiseova-
sub-keV temperature. Its importance varies from galaxyaley, tory of the past decades. Observations byEimsteinobservatory
with luminous gas-rich ellipticals, like NGC 1316 (Kim & Fab  demonstrated that X-ray binaries account for the most oXtnay
biano 2003) and dwarf galaxies similar to M32 (Revnivtsealet emission from the galaxy (van Speybroeck et al. 1979; Falobia
2007) representing the two opposite ends of the range. f8igni et al. 1987). Using the complete setBihsteindata Trinchieri &
cant difuse or quasi-diuse emission is also associated with star- Fabbiano (1991) constrained possible amount of ionizedrgime
formation, the Antennae (e.g. Baldi et al. 2006) being onénhef bulge of the galaxy by< 2 x 10°Mg. Based on th&ROSATob-
nearby examples. The morphology of the gas in starburskigala  servations, Primini et al. (1993) found evidence for exthdmis-

often indicates outflows, driven by the energy input into 18&Mm sion component with luminosity of 6 x 10® ergs in the 0.2—
core collapse supernovae. Theoretical considerationgestighat 4 keV band. They suggested, that this emission may be of truly
gas in low mass elliptical galaxies may also be in the stataubf diffuse origin or due to a new class of X-ray sources. The unre-

flow (David et al. 2006). The mass and energy budget of the ISM solved emission from M31 was investigated further by Sumger
in this case is maintained by winds from evolved stars aneTyp al. (1997), West et al. (1997), Irwin & Bregman (1999), Baiinz

& Priedhorsky (2000). In all these studies the existence sbfa
emission component with temperatl® ~ 0.3—- 0.4 keV has been
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tions of its origin. With advent of Chandra and XMM-Newtohet
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consensus seemed to be achieved in favor of trufysk origin of
the soft emission component (Shirey et al. 2001; Takahasdl. e
2004). However, recent progress in understanding theaafuhe
Galactic Ridge emission as a superposition of a large number
faint stellar type sources (Revnivtsev et al. 2006), madeoitth

to revisit the problem of the origin of extended emission iBIM
Also, with more Chandra and XMM-Newton observations, more
accurate and detailed investigations became possiblerRedLi

& Wang 2007) analyzed large Chandra dataset of M31 bulge-obse
vations and demonstrated presence of both ionized gas aisd em
sion of faint compact sources associated with old stellpufzdion.
Moreover, they revealed peculiar morphology of the gas sinmis
and suggested that the X-ray gas in the bulge of M31 may bein th
state of outflow.

In the present paper we combine extensive set of Chandra and
XMM-Newton observations to obtain a broad band and largd fiel
view of the X-ray emission originating in and around the leutd
M31. We restrict our study to the central region~oR0 in radius,
covered well by Chandra and XMM-Newton observations culyen
available in the public archives of these observatorieg.1ffi The
investigated region has the linear size~off kpc along the major
axis of the galaxy, but extends out 016 kpc along the plane of
the galaxy in the minor axis direction, due to rather largdifation
angle of M31, ~ 77 (Henderson 1979). We assume the distance
to Andromeda of 780 kpc (Stanek & Garnavich 1998; Macri 1983)
The Galactic absorption towards M31 ig6& 10?° cm? (Dickey
& Lockman 1990).

The paper is structured as follows. In Section 2 we describe
the data and its reduction. We introduce our results in 8e@i
where we present the spatial distribution, morphology aedspec-
tra of the extended emission. In Section 4 the origin, prigeand
physical parameters of fiierent components are discussed and in
Section 5 we summarize our results.

2 DATA REDUCTION

We combine data from Chandra and XMM-Newton satellites
adding their benefits together. The primal advantage of Maais
its good angular resolution which allows us to resolve iithial
X-ray binaries everywhere including the very central regi the
bulge. XMM-Newton provided better coverage of M31 and col-
lected more photons, thanks to its largfieetive area. It is more
suitable to study the outer part of M31. On the other hand the
higher and less predictable background of XMM-Newton campl
cates study of low surface brightness regions.

2.1 Chandra

We used 21 archival Chandra observations listed in Table 1,
taken between 13.10.1999 and 23.05.2004. For the analgsésw
tracted data of the ACIS-I array except for OBS-ID 1575 wiveee
used only the S3 chip. The pattern of available Chandra easer
tions allows us to study the central 15 region. The data reduc-
tion was performed using standard ClIAGoftware package tools
(CIAO version 3.4; CALDB version 3.4.1). For each obseiwasi
we filtered out the flare contaminated intervals, excludirgttme
intervals where the count rate deviated by more than 20% fhem

1 httpy/cxc.harvard.edaiag

Green -

Figure 1. RGB image of M31. The colors are as follows: red is the XMM-
Newton data in the 8 — 1.2 keV band, green is an image of the K-band
light from 2MASS and blue is the 16@m image of Spitzer. Center of the
M31 is marked with a cross. North is up and east is left.

mean value. The resultingfective exposure times are given in Ta-
ble 1.

Crucial for the analysis of the low surface brightness outer
regions is the accuracy of the background subtraction. dattr
ing the Chandra background we generally followed the prowssd
outlined in Hickox & Markevitch (2006). We determined thedé
of the instrumental background using the stowed dath bethe
stowed position of ACIS detectors the sky emission is bldcke
and only the instrumental background gives a contributias.
demonstrated in the above-mentioned paper, although #tesin
mental background level varies with time, its spectrum liesan-
changed. Theféective area of Chandra is negligible above 9 keV
and the count rate is dominated by the instrumental backgrou
Therefore the $ — 12 keV count rates can be used to renormalize
background spectra obtained from the stowed datasetsalinge
with cosmic background we took into account that it consi§tbe
soft emission associated with the Galaxy and harder exaeiiz
component and treated them separately. For the soft Gatzmi-
ponent we used the best fit spectrum from Hickox & Markevitch
(2006). For the extragalactic background we took into antthat
some fraction of it has been resolved in our data analysisepitre
and removed along with X-ray binaries. Using the incompless
function from Voss & Gilfanov (2007), that was obtained gpes-
sentially the same data set, we estimated that our pointsale-
tection sensitivity in the outer regions4s5 x 10°° erg/s. We used
the sensitivity for outermost regions because the CXB sghtm
plays role only in these regions where the surface brigbstoéthe
source emission is low. This point source sensitivity ressinl the
resolved CXB fraction of 50%, according to Moretti et al. (2003).
The Galactic and cosmic backgrounds were subtracted fremith
gnetting corrected images and profiles.
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Table 1. The list of Chandra observations used for the analysis.

ObsID  Toriginal Tesr Instrument Date
303 120 ks 82 ks ACIS-I 1999 Oct 13
305 42 ks 40 ks ACIS-I 1999 Dec 11
306 42 ks 41 ks ACIS-I 1999 Dec 27
307 42 ks 31ks ACIS-I 2000 Jan 29
308 41 ks 37 ks ACIS-I 2000 Feb 16
311 50 ks 39 ks ACIS-I 2000 Jul 29
312 47 ks 38 ks ACIS-I 2000 Aug 27
1575 382ks 382ks ACIS-S 2001 Oct 05
1577 50 ks 49 ks ACIS-I 2001 Aug 31
1583 50 ks 41 ks ACIS-I 2001 Jun 10
1585 50 ks 41 ks ACIS-I 2001 Nov 19
2895 49 ks 32 ks ACIS-I 2001 Dec 07
2896 50 ks 37 ks ACIS-I 2002 Feb 06
2897 50 ks 41 ks ACIS-| 2002 Jan 08
2898 50 ks 32 ks ACIS-I 2002 Jun 02
4360 50 ks 34 ks ACIS-I 2002 Aug 11
4678 49 ks 27 ks ACIS-I 2003 Nov 09
4679 48 ks 27 ks ACIS-| 2003 Nov 26
4680 52 ks 32 ks ACIS-I 2003 Dec 27
4681 5lks 33 ks ACIS-I 2004 Jan 31
4682 49 ks 12 ks ACIS-I 2004 May 23

In order to study the diuse emission we need to exclude
contribution of bright LMXBs. According to the luminosityific-
tions of LMXBs and faint compact sources associated with old
population (Gilfanov 2004; Sazonov et al. 2006), the cbotri
tion of the former is defined by the sources more luminous than
logLx ~ 355-36.0. Below this threshold active binaries and cata-
clysmic variables are the dominating X-ray sources. Thividdal
Chandra observations are too short (typically ksec, see Table 1)
to achieve this sensitivity, therefore we ran point souretection
on the combined image with total exposureTef = 1126 ks. To
combine the data, each observation was projected into thelieo
nate system of OBS-ID 303 and the attitude corrections frossV
& Gilfanov (2007) were applied in order to better co-aligdiiid-
ual event lists. To detect point sources we ran Cl#@detect
tool in the 05 — 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 tha/2-series from D to 0. To mini-
mize the contribution of residual counts from point sourizedif-
fuse emission we increased the value of the sigma paranoefer t
this parameters describes the size of elliptical sourcectien re-
gions in standard deviations assuming a 2D Gaussian disorb
of source counts. With these adjustment we obtained lamecs
regions than usual, including larger fraction of sourcentsuTo
increase sensitivity we did not filter out flare containingeiinter-
vals for point source detection. The resulting source listsisted
totally of 238 sources in the investigated area; the dedesxterrces
are in good agreement with results of Voss & Gilfanov (200 he
sensitivity limit in the central region was ¥0erg/s, while in the
outermost region it deteriorated t0x510*° erg/s. Extracting the
point spread function witlhikps f for each source we calculated the
fraction of counts inside the source cell. For most of theceaithis
fraction exceeded 98%, if it was smaller then the source eadre
enlarged accordingly. The output source cells were usedatgkm
out the point sources for further image and spectral arslysi

Table 2. The list of XMM-Newton observations used for the analysis.

Obs ID Toriginal Ter Date
0109270101 63& ks 160ks 2001 Jun 29
0112570101 61 ks 526ks 2002 Jan 6
0112570401 3Dks 250ks 2000 Jun 25
0202230201 18ks 178ks 2004 Jul 16
0202230401 14 ks 90 ks 2004 Jul 18
0202230501 2Bks 20 ks 2004 Jul 19

I' = 1.80. The ratio of the normalizations of these two components
was J1. This is the best fit two component model to the spectrum
of the central 200 region.

2.2 XMM-Newton

We analyzed 6 archival XMM-Newton observations taken be-
tween 25.06.2000 and 19.07.2004, as listed in Table 2. Wkthse
data of the European Photon Imaging Camera (EPIC) instrtgnen
(Struder et al. 2001; Turner et al. 2001). For data redoatie used
Science Analysis System (SAS) version 7.1.

In order to exclude the flare contaminated time intervals we
double filtered the lightcurves using hard-bafd>x 10 keV) and
soft-band E = 1-5 keV) energy ranges according to Nevalainen et
al. (2005), using 20% threshold for deviation from the meaunt
rate. The remaining useful exposure time is about 58% of iige o
inal value. The data was cleaned from the out of time everitgus
the Oot event lists.

The observations were re-projected into the coordinate sys
tem of OBS-ID 0112570101 and merged together. For pointcgour
removal we combined the source list obtained from Chandda an
XMM-Newton observations. In regions which lied outside fie¢d
of view of Chandra we ran the SAS source detection task to com-
plement the Chandra source list. The source regions weaegexl
to account for larger size of the point spread function of XMM
Newton mirrors, their size was adjusted to approximatelycima
~ 90 - 98% PSF encircled energy radius depending on the bright-
ness of the point source. It was not possible to reliably tedel
point source contribution in the crowded central100” region,
therefore it was not used in the following analysis. Expesuaps
were calculated using theexpmap command of SAS. In trans-
forming the counts to flux units we assumed the same spectrum
as for Chandra.

The particle background on EPIC CCDs consists of two
components. The “internal” component is generated in 4nter
actions of cosmic rays with the detector material and is ap-
proximately uniform across the detector. The second compo-
nent is due to low energy solar protons, concentrated by the
mirror systems of the telescopes; it is vignetted by the mir-
rors response but the vignetting is flatter than that for pho-
tons. The level of both background components is variable
(see http/www.star.le.ac.uk-amr3QBG/BGTable.html for de-
tails). According to this we performed the background saditon
in two steps. At the first step the corners of the CCDs which lie
outside of the field of view, were used to determine the lef/éhe
flat internal background. The obtained background level suds
tracted from each observations individually. The combioexitri-
bution of the solar protons component and cosmic backgrewasd

We produced exposure maps using a two component spectralapproximately determined from the observations of nearéigdi

model consisting of an optically-thin thermal plasma emissvith
temperature of @0 keV and a powerlaw component with a slope of

without extended sources and subtracted from the final ttigge
corrected image. This method is not perfect, due to tfferdince
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Figure 2. Adaptively smoothed Chandra image in thé 8 1.2 keV band
overplotted with K-band contours. The point sources wereoned and
their locations were filled with the local background val@enter of the
M31 is marked with a cross. North is up and east is left.

in the shape of the vignetting function between solar protand
photons and due to variability of the solar protons levelwigeer,
good agreement between emission spectra obtained frond@han
and XMM-Newton data confirms adequate accuracy of this proce
dure.

3 RESULTS

3.1 Images

The RGB image in Fig.1 presents the XMM-Newton data
(red) overlaid on the 16@m Spitzer image (Rieke at al. 2004)
(blue) and K-band image from 2MASS Large Galaxy Atlas (iarre
et al. 2003) (green). Although the main purpose of this imiage
to show the X-ray data coverage, it crudely illustrates ttesence
of a large population of compact sources as well as of thendet
emission. It also demonstrates thféeet of the spiral arms on X-ray
surface brightness distribution.

The brightness distribution of the extended emissionr afte
moval of the point sources, is shown in Fig. 2 along with the-co
tours of the K-band brightness. The X-ray image was contgdic
from Chandra data in the®-1.2 keV band. The point sources were
excluded and their locations were filled up with the average |
cal background around the sources. The X-ray image is agfypti
smoothed. In order to compare the X-ray surface brightnes w
the distribution of the stellar mass we also show K-band aamnst
The surface brightness of the extended emission approsiyra-
lows the K-band distribution but the image suggests thaaguee-
ment is not perfect and some distortions in the east-westtitin
may be present. In order to investigate this in details wesiciem
profiles along the major and minor axes of the galaxy.
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Figure 3. Surface brightness distribution along the major axis. ia th
0.5-1.2 keV (upper panel) and-27 keV (lower panel) energy bands, back-
ground subtracted. The filled symbols (blue in the colorieersf the plot)
show the Chandra data, open symbols (red) show the XMM-Newsia
and the solid histogram (green) without symbols is the nbze K-band
brightness. The normalization factors are 20*" and 3x 10" erg s* L}
for soft and hard band respectively. The x-coordinate a&ee from south-
west to north-east.

3.2 Surfacebrightnessdistribution along the major and
minor axes

We studied brightness distribution in two energy bands-0
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 se
tion. The profiles were constructed along the major and mame
with position angles of 45and 138 respectively. For each pro-
file surface brightness was averaged over5D0the transverse
direction, corrected for vignetting and the estimated geaknd
level was subtracted. For XMM-Newton the background levasw
adjusted to achieve better agreement with Chandra profiles.
adjusted values were well within the range of the backgrdend
els observed in individual blank-sky observations arfeded from
the average blank-sky level by 20%. The values of background
were (43, 5.6, 5.2, 6.2) x 10°*° erg s* arcsec? cm 2 for Chan-
dra (soft, hard) and XMM-Newton (soft, hard) respectivélgr all
distributions we found good agreement between the Chanmuta a
XMM-Newton data. We compare X-ray distribution with profile
of the K-band emission. As it is well-known, the latter is ando
stellar mass tracer. The K-band profile was obtained for éimees
regions as the X-ray profiles, in particular the same soweg®ns
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Figure 4. Same as Fig.3 but along the minor axis. The normalizations of
the K-band profile are same as in Fig.3. The solid histograth multiple
peaks (black) shows the distribution of the 168 emission as obtained by
Spitzer. The x-coordinate increases from south-east tiveest.

were excluded in computing all profiles. The normalizatiforghe
K-band profile are 4 10°” and 3x10?” erg s* Lél for soft and hard
band respectively.

On Fig.3 we show the distribution along the major axis. In
the @5 — 1.2 keV band the profile shows an excess emission in
the central part of the bulge. At bigger central distancesxthay
and K-band light follow each other. In the hard band the X-ray
surface brightness follows the near-infrared light disttion rather
well at all central distances, with exception of the shoulatethe
offset of —300’. The excess luminosity of the shoulder above the
level suggested by the K-band profiled x 10°7 ergs. Its origin
is unclear. There is no any easily identifiable feature inithage
with which it could be associated. It can not be due to residua
contamination from point sources. Indeed, the excess caiat
associated with the shoulder 4s 20% of the total count rate of
all point sources detected in this region. This is much lathen
the expected residual contamination from point sourcesan@ra
images,< 2 — 3%. Good agreement between Chandra and XMM-
Newton data also excludes the possibility that it is causedrb
irregularity in the instrumental background.

The soft band profile along the minor axis (Fig.4) at dit o
sets exceeds the level suggested by the K-band profile naedal
according to the X ratio from the major axis distribution. More-
over, the XK ratio increases significantly outside500” from the
center — the X-ray distribution appears to have “wings” edteg

hard/soft
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Figure 5. The X-ray hardness ratio profile along the minor axis, comgut
using the energy bands from Fig.4. The Chandra and XMM-Newi@ata
are presented by the same symbols as in Fig.4. The solidjhasto(black)
shows the distribution of the 160m emission obtained by Spitzer. The
x-coordinate increases from south-east to north-west.

out to~ 900’ or more. Note that exact shape of the surface bright-
ness distribution at largefisets from the center depends on the
adopted blank-sky level. The latter can not be directly rheirged
from the currently available data, due to its limited fieldvadw.

For this reason we used the average CXB level and corrected it
the fraction of resolved background sources, as describeseéd-
tion 2.1. The obtained value, (4 — 5) x 107° ergs/cn?, is com-
parable to the remaining (background subtracted) flux asbean
seen in Fig.4. Therefore the extend of the X-ray emissioargel
off-center angles can not be unambiguously constrained frem th
present data. In order to eliminate this uncertainty, materesive
Chandra observations, including largéset angles are needed. We
note however, that the existence of unresolved emissi@mgst kif-
sets is independently confirmed by the east-west asymmitig o
shadow cast by the 10-kpc star-forming ring, as discusskesvbe

There is a clear asymmetry between eastern and western
halves of the profile, the latter being notably suppresseuifset
values 0f+300” and+600’. The origin of this asymmetry becomes
clear after comparison with the 1606n Spitzer profile. The far-
infrared profile, plotted in Fig.4 shows several promineasks,
corresponding to the 10-kpc star-forming ring and inneradjgirms
(Gordon et al. 2006). The surface brightness suppressiotisei
western side of the profile (positivéfsets) correspond to the spi-
ral arm and the 10-kpc ring. On the other hand no significiate
of the 10-kpc ring can be seen on the eastern side of the galaxy
(negative drsets).

The spatial orientation of M31 plays an important role in un-
derstanding the link between the X-ray and far-infraredritis-
tions. We see the galaxy with approximately Tirclination (Hen-
derson 1979) and the western side of the galactic disk i®ctas
us (Simien et al. 1978). Thefect of this is that we see the western
side of the bulge through the spiral arms, so the neutralgdsiast
in the star forming regions cast a shadow on the extendedsiEmis
in the soft band. The eastern side of the disk, on the contimry
located behind the bulge and does not obscure its emissieeswW
timated the column density of the obscuring material in thieas
arms using the observed brightnes§eatence between the eastern
and western sides and obtairgg ~ 1-3x 10% cm2. These num-
bers are compatible with values derived from CO maps (Nieten
al. 2006).
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Figure 6. X-ray spectra of dterent regions in M31 and of M32: stars (red)
— inner bulge — the spectrum of central 20@gion; filled boxes (green) —
outer bulge — combined spectrum of two elliptical regions at00” from
the center along the major axis; open circles (blue) — sgirals — two
elliptical regions at the 10-kpc ring; filled triangles (tkd — spectrum of
M32. The M31 regions are shown in Fig.1 The inner bulge and bf&&tra
are obtained by Chandra, outer bulge and spiral arms — by XN&witon.
All spectra are normalized to the K-band flux.

In the hard band profile along the minor axis we see corre-
lation between the X-ray and far-infrared emission — theaj(-r
brightness appears to increase at the positions of spired.arhis
suggests that spiral arms are sources of harder X-ray emisgd
further illustrate the impact of spiral arms on the obserXedy
brightness we plot in Fig. 5 the hardness ratio along the nars
together with the 16@m distribution. This plot confirms the pres-
ence and significance of the soft emission in the center. &nd-h
ness ratio has clear peaks at the positions of spiral arnmishwane
caused by two féects — obscuration by neutral and molecular gas
and dust in the soft band and enhanced hard emission assbciat
with the spiral arms.

Based on the X-ray brightness distributions we conclude tha
there are at least threefdirent components in the unresolved X-ray
emission from the central region of M31.:

(i) broad band component, following the distribution of lérul
light (i.e. of stellar mass),

(ii) soft emission, localized in central 500" along the major
axis of the galaxy and extending outt0900’ or more along the
minor axis,

(iii) harder emission from the spiral arms and 10-kpc star-
forming ring.

3.3 Spectra

We used the ACIS "blank-sky” files in order to subtract the
background from Chandra spectra. As before, we renornbiize
background spectra using the&c9- 12 keV band count rates. For
XMM-Newton we used a combined spectrum of observations of
nearby fields as a background spectrum and renormalizeéhi us
the 10— 12 keV count rate. We found good agreement between
Chandra and XMM-Newton spectra in all investigated regions

In Fig.6 we show spectra of filerent regions in M31. The
spectral extraction regions are depicted in Fig.1. The tspeaf
outer bulge and spiral arms are based on XMM-Newton datey oth

spectra are from Chandra. Also shown is the spectrum of M32. |
was obtained using Chandra observations OBSID 2017, 2484 an
5690 with exposure time ofs = 1685 ks. The spectrum was ex-
tracted from elliptical region with the position angle of 4bhd with

90” major and 71 minor axes; the data analysis procedures were
identical to M31. All spectra are normalized to the samelleve
K-band brightness. The spectral fitting was done in the-@ keV
band. The element abundances were fixed at Solar value, the hy
drogen column density was fixed at the Galactic value. Thatses

of spectral fits are summarized in Table 3.

All spectra shown in Fig.6 have a prominent power law com-
ponent with the photon index of approximatdly~ 2 and a soft
component of varying strength. It is strongest in the inngdgé
where it by far dominates X-ray emission below 1.2 keV. Thetbe
fit temperature of the soft component in the M31 spectra nbthi
in the two-component model is in the0.3 — 0.4 keV range (Table
3). As can be seen from the table, the simple two-componedemo
consisting of a power law and optically-thin thermal plasenais-
sion spectrum (MEKAL model in XSPEC) does not adequately de-
scribe the spectra, especially the spectrum of the inngrebtilav-
ing the largest number of counts. The deviations are dueetedft
band, pointing at the complex shape of the soft componerth Wi
the second MEKAL component the fit improves significantlyg th
best fit parameters for the inner bulge spectrumkdie~ 0.2 keV
andkT, ~ 0.5 keV with y? = 227 for 184 d.o.f. Making the el-
ement abundance a free parameter improves the fit qualityeof t
three-component model further §¢ = 205 for 183 d.o.f. with
the best fit abundance of1¥ of the solar value. We considered
several other spectral models with free element abundaheg,
all produced sub-solar values in the range df 0 0.2. We also
tried to vary element abundances individually and found tha
model is most sensitive to Ne, Fe and Ni abundances with tsie be
fit achieved when the abundances of Ni is a free parametetvilthe
component (vmekat 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 almo®la
give a subsolar best fit values for the latter0.6. The fit quality
improves further with the non-equilibrium thermal emissinodel
(vnei model in XSPEC) with the best fit value nft ~ 5- 10
segen?® and similar dependence on the element abundances as for
vmekal model. All these modifications do not change the best fi
temperature significantly. However, none of the models eaes
acceptable values gf. It is unclear, how much weight should be
given to these results, as they can be an artifact of the quede
spectral model and inflicient energy resolution of the ACIS-I de-
tector. Indeed the emission from the inner bulge has a comple
spectrum composed of several constituents édént temperature
and ionization state, some of which may be out of the colligio
ionization equilibrium.

The outer bulge spectrum has a less prominent soft compo-
nent, approximately by a factor of 3 weaker than the innegdaul
but its temperaturekT ~ 0.3 keV, is compatible with the in-
ner bulge value. The spectrum of M32 is similar, althoughyonl
a very faint soft component is present here. Its temperakire=
0.54 + 0.15 keV may be somewhat higher than in M31. All three
spectra (inner and outer bulge in M31 and M32) nearly pdsfect
match each other above 1.2 keV, after normalization to the K-
band flux. This is a strong argument in favor of their simildgim.

The emission from spiral arms clearly stands out. It does not
have any significant soft component and, most importangiyjor-
malization (per unit K-band flux) is by a factor 0f410 higher in
the hard band than for the other spectra. Thitedence is smallerin
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Table 3. Results of the spectral fits inféierent regions of M31 using Chandra and XMM-Newton obsewwati PL denotes the power law and MKL is the

optically-thin thermal plasma emission model.

Inner region Outer region Spiral arms M32
Model /KT x2/(d.of) /KT x?/(d.of) /KT x2/(d.of) /KT x?/(d.of)
PL — — — — 200+015 292192  207+015 11372
PL 179010 24872%° 165+0.21
MKL 0.36+0.01 312186  Q31+0.08 127101 — — Q54+ 0.15 8370

the soft band, however it is still significantly higher théue tspec-
trum of the outer region. We describe this spectrum with agrew
law model and we obtaifi = 2.0. As with other spectra, the large
x? value indicates more complex spectral shape.

3.4 Morphology of the soft excess emission

To explore the spatial distribution of the soft excess emis-
sion we use two approaches. Firstly we consider the ratihef t
0.5- 1.2 keV X-ray image to the near-infrared image. The advan-
tage of the ratio image is that it levels out the component-iray)x
emission which is proportional to the K-band light. The dign-
tage is that the X ratio may become very large at large central
distances, where the X-ray emission is unrelated to olths{gbpu-
lation and deviates significantly from the K-band light diation.
Before producing the ratio image we excluded point sources a
filled their locations with local background level using thefilth
tool of CIAO. The X-ray images were adaptively smoothed ded t
near-infrared image was convolved with a gaussian with tiaghw
comparable to typical smoothing width near the center o&¥Xim-
age. The X-ray images were exposure corrected, the pabacle-
ground and CXB was subtracted.

Fig.7 shows the ratio images obtained from Chandra and
XMM-Newton data. They are consistent with each other and-ll
trate very well the morphology of the soft excess emissi@ame
parison with the K-band contours shown in the left panel demo
strates clearly that the the soft excess emission has gotbido
with the old stellar population traced by the near-infrdrghit. Un-
like stellar light, it is strongly elongated in the approsita direc-
tion of the minor axis of the galaxy extending beyond the labun
aries of the bulge and projecting onto the 10-kpc starfogming.
The images also reveal strong east-west asymmetry, alissay
in the minor axis distribution (Fig.4). As discussed in tleeton
3.2, this asymmetry is caused by absorption of soft X-raythiey
neutral and molecular gas in the spiral arms on the northenes
side of the galactic disk. This conclusion is further suppdby the
anti-correlation between 16fn flux and the soft X-ray brightness,
with obvious shadows seen at the positions of spiral arng {Fi

age generally confirms the overall morphology of the softssion
revealed by the ratio image.

The images show significant sub-structures in the inner
100’ — 150" with the angular scale of about 'B0The origin of
this substructures is not clear, although some correlatitim the
position of the peaks on the 160n image suggests that at least
some of them may be caused by absorption. These sub-s&sictur
may deserve a special study which is beyond the scope of dhis p
per.

35 Lyx/Lgratios

We calculate ratios of X-ray to K-band luminosity for the sam
spatial regions as used for the spectral analysis, chaintethe
inner and outer bulge and spiral arms. As suggested by the spe
tra the natural boundary between the soft and hard energjshan
1.2 keV. However, in order to facilitate comparison with poas
studies we computed the ratios in th6-02 keV and 2- 10 keV en-
ergy bands. The X-ray luminosities for these bands were césap
using the best fit spectral models. The errors for the luniypasid,
correspondingly, for X ratios account for the model normaliza-
tion error only and do not include uncertainties in the saéqa-
rameters or any other systematic uncertainties. In comgutie
hard band luminosity we extrapolated the best fit model datdie
energy range used for spectral fits, 0.5-7 keV. The K-band-lum
nosities were calculated in each region using the 2MASS émag

ThelLy/Lk ratios are presented in Table 4. These numbers can
be transformed to X-ray-to-mass ratios dividing them wita K-
band mass-to-light ratio, which is of the order of unityM&due can
be computed using the BV ~ 0.95 colour index from Walterbos
& Kennicutt (1987) and applying the relation betwddn /L and
the B-V colour (Bell & de Jong 2001), which givés./Lx ~ 0.85.

A close values has been derived by Kent (1992) based on the dy-
namical mass measuremeM, /Ly ~ 1.1. We compare the X
ratios for M31 with M32 and Milky Way. The M32 numbers were
obtained from the spectra of section 3.3 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 theby tbk

for two values of K-band mass-to-light ratio, 0.7 (Dwek etl&®195)

right panel). At the same time, the gas and dust do not have anyand 1 (Kent 1992). The X ratio in Sazonov et al. (2006) is given

significant €fect on the soft X-ray brightness in the south-eastern
side of the galaxy.

In the second approach we consider tHesdénce between the
X-ray and the K-band images, the latter renormalized adegri
the X/K ratio of the old stellar population component. Unlike the
ratio image it shows the true brightness distribution of4b# ex-
cess emission. For this purpose we used the sabe 0.2 keV
Chandra image as for the ratio image; the normalization bbke
image was 4< 107" erg s* L . Fig.8 shows the result. The im-

for the Q1 — 2.4 keV band, following them we converted it to the
0.5-2 keV band multiplying by @ which is typical ratio for coro-
nally active stars (Fleming et al. 1995). The contributiéiy@ung
stars is excluded. Revnivtsev et al. (2006) used data fromMBRX
the 3- 20 keV and calculated the-210 keV luminosities assuming
a powerlaw spectrum with = 2.1.

In the 2— 10 keV band the X-ray to K-band ratios for bulge
regions in M31 and for M32 are compatible with each other and
appear to exceed slightly the Milky Way value. This may be ex-
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Figure 7. Ratio of 05 — 1.2 keV image to the the K-band image obtained from Chandr§ @efti XMM-Newton (right) data. After the removal of the pbin
sources the X-ray images were adaptively smoothed, thend-lmaage was smoothed correspondingly. The contours iretharid right panels show K-band
and 160um brightness distributions respectively. The center of M3¥harked with a cross. North is up and east is left.

M31. Also, in interpreting the soft band ratios the inteltateab-
sorption should be taken into account. Indeed, Sazonov(04l6)
studied sources in the Solar neighborhood where the alisoipt
insignificant. The M31 and M32 data, on the contrary, is sttiije
the galactic absorption, with values o6& 10?° and 63x 10?° cm 2
respectively (Dickey & Lockman 1990). In addition, M31 haas
tially variable internal absorption reaching fe(?* cm2 in the
spiral arm regions (Nieten et al. 2006). The total NH for theo
bulge region in M31 is probably in the range{70) x 10?° cm™2,
giving the absorption corrected value of the soft ban# Xatio
Lx/Lk =~ (8 —10)x 10°" erg s* Lg. For M32 we obtain after ab-
sorption correctiorLyx/Lx ~ 4.3 x 10?7 erg st Lg. Taking into
account the uncertainties quoted by Sazonov et al. (20@6uan
certainties in the K-band mass-to-light ratio th&tatio for Solar
neighborhood is formally compatible with the absorptiorrected
value for M31 and probably slightly higher than for M32. Iis-
clear, how much weight should be given to this discrepaneytdu
the number and amplitude of uncertainties involved. The@hs
tion corrected value for the inner bulge of M31 is definitedyder,
Lx/Lk = (12— 15)x 10?” erg s* L.
Figure 8. The spatial distribution of the soft component. Th&etence The X/K ratios in the spiral arm region are significantly higher.
be“"’eT_” Eha”drz_imigirjg/;hég 1'f2thkev i’a"g T‘"d tT'Le K'b‘i‘"d inge The additional internal absorption can be upto fel@®! cm2, re-
normalized according to ratio ot the outer buige. e contours show . . . . .
the intensity levels o? 16@m Spitzer image. The cegnter of M31 is marked sulting in the .absorptlon.cor.rectlon factor in the soft b?Bdarge
with a cross. North is up and east is left as~ 4. The flnal XK ratios in both banc_is are approximately an
order of magnitude larger than for the Milky Way.

plained by the dference in the spectral shape assumed in the
flux calculation. Assuming the same power law with= 2.1 as 4 DISCUSSION
used by Revnivtsev et al. (2006), we obtained for M3 Lx =

(30+0.1) x 10°" erg s* L7, in agreement with the Milky Way 4.1 Faint compact sources

value. The good agreement of the X-ray to K-band ratios sstgge We showed that a broad-band emission component exists in
similar origin of the 2—10 keV emission in all three galaxias M31 which (i) follows the K-band light distribution and (iijs
discussed in more detail in the following section. 2 - 10 keV XK ratio is identical to that of M32 and Milky Way.

In the soft band, the X ratios for M31 are systematically = These suggest beyond reasonable doubt that this compoagnt h
larger than M32 ones. This is to be expected from the spectra similar origin to the Galactic Ridge X-ray emission of thelki
(Fig.6) and is due to the presence of the soft excess emigsion Way (Revnivtsev et al. 2006). Namely, it is associated withald
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Table 4. X-ray to K-band luminosity ratios in éierent regions in M31
and in M32 compared to the Milky Way. All values are given intsirof
10*"ergst L

0.5-2keV® 2-10keV
M31 inner bulge A+01 45+ 0.1
M31 outer bulge ®+0.1 36+0.2
M31 spiral arms 22 +0.3 314+ 0.6
M32 total 35+01 41+02
Galaxy (Sazonov et al. 2008) 73-105(x3) 22-31(x0.8)
Galaxy (Revnivtsev et al. 2008) - 22-31(x0.5)

@ The X/K ratios for M31 and M32 were not corrected for absorptiore Se
the text for the absorption corrected values.

b The X/M, ratios were converted t&/K ratios assuming two values of the
K-band mass-to-light ratio, 0.7 (first number) and 1.0; theautainty given
in the parenthesis correspondsMo/Lk = 1

stellar population and is a superposition of a large numbeareak
sources of stellar type, the main contributors in the 2—20 kend
being cataclysmic variables and coronally active bingi$sszonov
et al. 2006).

The XK ratios are compatible between all three galaxies in
the 2-10 keV band, but in the soft band theftati in M31 and
M32 (Table 4). In the inner bulge thisftirence is clearly due to the
contribution of the soft emission from the ionized gas, asused
below. Although we chose the outer bulge region as far asigess
along the major axis of the galaxy, where the soft X-ray krigks
follows the K-band profile, some residual contribution frire gas
can not be entirely excluded. Therefore it is not clear i ttiifer-
ence reflects genuineftirence between properties gmdcontent
of X-ray emitting stellar populations in these two galaxiBale
to large systematic uncertainties, the Milky Way value isfally
compatible with both galaxies and any quantitative consoeriis
inconclusive at this point.

4.2 lonized gas

There are several arguments which suggest that the exdess so

component has a non-stellar origin. The most importantastibr-
phology of the excess emission, namely the strikirftedénce from
the distribution of the near-infrared light (Fig.7). As rigrsficant
color gradients are observed in the bulge of M31 (Walterb&®&-
nicutt 1988), its stellar content must beffstiently uniform and
can not give rise to the observed non-uniformities in th Xa-
tio. Enhanced X-ray to K-band ratio could be explained if tabte
young population was present in the bulge, which is also met t
case (Stephens et al. 2003). With the stellar origin excudas
plausible that the soft excess emission is of trujudie 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 gaieayoid
the complications due to attenuation by the spiral arms endinth-
western side. The size of the region isaBong the major axis and
10 along the minor axis of the galaxy. From the spectral fit, the
total X-ray luminosity of the soft component in the50- 2 keV
energy range iss 10°® erg/s, after the absorption and bolometric
correction the total bolometric luminosity is, ~ 2.3x 10°8 erg/s
assuming Galactic column density. From the emission measfur
the gas,f nenydV = 6.3 x 10F° cn3, we estimate that the mass
of the gas in the studied volume is of the orderol(®® Mg. We

note, that assuming the symmetry between the north-weataetn
south-eastern sides of the galaxy, the total quantitieshi®mass
and bolometric luminosity are twice the quoted values. Megage
number density is about, ~ 7 x 1073 cmi™3. The cooling time of
the gas idcoo = (3KT)/(NeA(T)) ~ 250 million years. We also ap-
plied a two temperature model to the soft emission and oedfior
the two componentkT; ~ 0.25 keV, kT, ~ 0.6 keV, bolometric
luminosities of~ 2 x 10°® and~ 10® ergs, total masses of 10°
and~ 0.6 x 10° M and cooling times of 200 and~ 800 million
years. We mention that the above computed values strongbndie
on the applied spectral model.

The morphology of the gas indicates that it is not in the hydro
static equilibrium in the gravitational potential of theawey. It sug-
gests rather, that gas is outflowing from the bulge in thectiva
perpendicular to the galactic disk (see also Li & Wang 2007
mass and energy budget of the outflow can be maintained by the
mass loss from the evolved stars and Type la supernovae.pKnap
et al. (1992) estimated the mass loss rate from evolved &iars
elliptical galaxies~ 0.0021 Lk /Ly Mg Gyr™. This rate can be
applicable to the bulge of M31 as the stellar populationsendar.
The K-band luminosity of this region is¢ = 1.4 x 10 Ly . The
estimated total mass loss ratexi€0.03 Mg /yr. The stellar yields
produce the total amount of the observed gas on a timescal85f
million years which is shorter than the cooling timescal¢éhefgas.

To estimate the energy input from type la supernovae we use
results of Mannucci et al. (2005) who give the supernova oate
Nsn 1a = 0.035'3922 SNu for E and SO galaxies, where 1 SNu
1 SN/10% Ly o per century. Assuming that one supernova releases
Esn 1a = 10°% ergs into the interstellar medium, we obtain about
1.5 x 10% erg/s energy that goes into ISM. The minimal energy
required to lift the gas in the gravitational potential oé thalaxy
can be calculated frorg;;; = 7.2M,,0'i (David et al. 2006). With
o, = 156+ 23 knys (Lawrie 1983) we obtair 3.3 x 10°*° erg/s.

If the gas is heated to the observed temperature by supernibva
requires~ 10 ergs. 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 theags|
similar to the result of David et al. (2006) for low-lumintsellip-
ticals.

Type la supernovae will also contribute to the chemicaldamri
ment of ISM with iron-peak elements. TypicallyfOMg of iron is
provided by each SN la event (Nomoto et al. 1984; Shigeyama et
al. 1992; lwamoto et al. 1999), that gives abowut 8 104 Mg, of
iron per year. Assuming complete mixing of the supernovataje
with the stellar wind material we would expect the iron atamzk
in the hot ISM~ 1.1x 1072 by mass, which exceeds the Solar value
of 1.9x 1072 (Anders & Grevesse 1989) by a factor-o6. The ob-
served spectra are inconsistent with high iron abundansgriple
one- or two-component thermal models, but these models agn n
adequately describe the spectra anyway, therefore thist reen
not be used as a conclusive argument. On the other hand,ghe di
crepancy between high predicted and low observed abundg#nce
iron is a well-known problem for elliptical galaxies, wheygpe la
supernovae also plays important role in thermal and chermica
lution of the ISM; it has been addressed in a number of studigs
Brighenti & Mathews (2005). We also note, that although toa i
is the primary element by mass in the type la supernovaese et
ISM will be also enriched by other elements, most signifilyaloy
nickel. The detailed analysis of this problem is beyond tups of
the present paper.

Assuming that the gas leaves the galaxy in a steady state wind
along the axis perpendicular to the plane of the disk, théaut
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speedy,, can be calculated from, = Ar%0gasiy Wherepgs,s is the
average gas density estimated aboveraisdhe radius of the base
of the imaginary cylinder filled with the outflowing gas. Tlual-
culation givesv,, ~ 60 km/s which is smaller by a factor of few
than the local sound speed. Such a slow sub-sonic motioneof th
gas can not explain the observed elongated shape of thesigs di
bution, which may be related to the the magnetic fields anaicgal
rotation. We can use the fact that the shadow from the 104qgve s
forming ring is present to estimate the extent of the gasgatbe
axis perpendicular to the galactic disk. The angular destaf the
shadow from the center is 600" — 700, giving the “vertical”
extent of the gas of 2.5 kpc.

4.3 Spiral arms

The~ 10 times higher X-ray to K-band ratios observed in the
spiral arms (Table 4) and theirftiérent emission spectrum (Fig. 6)
suggest that X-ray emission from spiral arms hagedent nature
than the bulge. As spiral arms are associated with stareftom,
an obvious candidate is X-ray emission from young stellgeaib
(protostars and pre-main sequence stars) and young stiaich w
are well-known sources of X-ray radiation (Koyama et al. 899
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/ISFR ratio.
We compute this ratio for the regions used in spectral aimlyse
FIR flux was determined from the 160n Spitzer image, 290 Jy.
In computing this value we subtracted the blank-sky baakggmf
nearby fields. To convert it to SFR we used results of IR spEfits
from Gordon et al. (2006), which gave SER9.5 x 107 F14q,/Jy
M@/yr for the M31 distance. Thus we obtained the star-formation
rate of 0028 My /yr in the region used for the analysis. The X-ray
luminosity in the same region isx310°7 erg/s in the 2— 10 keV
band. After subtracting the X-ray emission due to the old- ste
lar population we obtain.B x 10°” erg/s energy. From this we
can compute k/SFR ~ 9.4 x 10® (erg/s)/(M/yr). This value
is ~ 1/3 of the total L/SFR arising from HMXBs which is
2.5 x 10* (erg/s)/(M@/yr) (Grimm et al. 2003; Shtykovskiy &
Gilfanov 2005).

5 CONCLUSION

We investigated the origin of unresolved X-ray emissiomfro
M31 using Chandra and XMM-Newton data. We demonstrated that
it consists of three dlierent components:

(i) Broad-band emission associated with old populatiomjlar
to the Galactic ridge emission in the Milky Way. It is a a cordd
emission of a large number of weak unresolved sources déistel
type, the main contribution being from cataclysmic varsband
active binaries. The surface brightness distribution &f tompo-
nent approximately follows the distribution of K-band Iltigifhe
absorption corrected X-ray to K-band luminosity ratios eom-
patible with the Milky Way values. The total luminosity ofish
component inside central 80& 400 is of the order of- 3 x 10°8
ergs in the 05 — 10 keV band.

(ii) Softemission localized in the inner bulge of the galakyng
its minor axis. This emission is from ionized gas with the pena-
ture of the order of 300 eV, although its spectrum can not be ad-
equately described by a simple one- or two-temperature hajde

optically-thin emission from a gas in a collisional ionizat equi-
librium. The Q5 — 2 keV luminosity in the central’8x 20" area is
~ 2 x 108 ergs, the absorption corrected bolometric luminosity
is ~ 5x 10® ergs. The total mass of the gas+is2 x 10° Mg,
its cooling time~ 250 Myrs. The surface brightness distribution
is drastically dfferent from the stellar light distribution, it is sig-
nificantly elongated along the minor axis of the galaxy. Tha-m
phology of the soft emission suggests that gas outflows aloag
direction perpendicular to the galactic plane. The massaetdgyy
budget is maintained by the mass loss by the evolved startypad
la supernovae. The “vertical” extent of the gas excegds5 kpc.
These results are in good agreement with those recentlynebta
by Li & Wang (2007).

(i) Hard emission from spiral arms. In the 0.5-7 keV band
this emission has approximate power law shape Witk 2. It
is most likely associated with star-forming regions and i d
to young stellar objects and young stars. Thg $FR ~ 9.4 x
10% (erg/s)/(M@/yr) which is about~ 1/3 of the contribution of
HMXBs.
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