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ABSTRACT

We report on luminous supersoft X-ray sources (SSSs) in M3h survey which was most sensitive to soft
sources in four 8x 8 regions covered bZhandrds ACIS-S S3 CCD, we find 33 SSSs that appear to belong to
M31. Two of these were first identified as SSSs throRgF5ATobservations. Two SSSs may be identified with
symbiotics, and 2 with supernova remnants. SSSs in the désklastered near star-forming regions, possibly
indicating that they are young; SSSs in the outer disk and &ia likely to be old systems. The largest density
of bright SSSs is in the bulge; some of the bulge sources ase @nough to the nucleus to be remnants of the
tidal disruption of a giant by the massive central black h8&g usingChandradata in combination witiROSAT
andXMM observations, we find most SSSs to be highly variable, fafiforg or brightening toward detectability
on time scales of months. There is evidence for SSSs with lomirlosities & 10°¢ erg ). There is also
evidence that some SSSs have spectral characteristiawrimgrthose of the Magellanic Cloud and Milky Way
SSSsKT <100 eV); we call these “classical” supersoft sources. O8&8s may either have smadt (0%) hard
components, or slightly higher temperatures (but stiBOO eV). We refer to these SSSs as quasi-soft sources.
While white dwarf models may apply to M31 SSSs, some SSSkidimg some of the quasi-soft sources, could
be accreting intermediate-mass black holes, or neutros. sta

Subject headinggjalaxies: individual (M31) — X-rays: binaries — X-rays: gay

1. INTRODUCTION SSSs. Bright CVs provide a much larger pool (perhapkd*

1.1. Observations of Supersoft Sources in a galaxy like M31) of potential SSSs.

Very soft X-ray sources, with little or no apparent emis- 1.2. Models
sion above 1 keV, were discovered in the Magellanic Clouds
by theEinsteinX-Ray Observatory (Long, Helfand, & Grabel-
sky 1981). ThdROSATAII-Sky Survey detected approximately
one dozen such soft sources in the Magellanic Clouds, while 1
soft sources were discovered duriR@ SAT dnitial survey of
M31 (Supper et al. 1997). Later, Kahabka (1999) suggestdd th
34 M31 X-ray sources could have similarly soft spectra. As-
tronomers coined the term “luminous supersoft X-ray scurce
(SSS), and a new class of X-ray sources was born. With no def-
inite physical model, sources were afforded membershipdas
simply on their observable characteristics. In generatghvas
Iit.tle or no emission above41.5 keV; blackbody spectral fits cretes onto the WD at rates so high 107M., yrl) that it
yielded values ok T between 30 and 100 eV; the associated __ undergo quasi-steady nuclear burning 8an den Heuvel et

inositi ~ 1039 <1
luminosities were 18 -~10* erg s. al. 1992; Rappaport, Di Stefano & Smith 1994; Hachisu, Kato,

Because the soft X-radiation they emit is readily absorbed :
S ; & Nomoto 1996, Di Stefano & Nelson 1996). Because matter
Ey thg ISI\/It,htth:)SA'I;:ensgslof ?tSth IS hghiyl;ngomplelt\?'glthat is burned can be retained by the WD, some SSS binaries
ased on the data and models of hé gas distrioution in may be progenitors of Type la supernovae.

3”%(;2 :Egt I\élglc(%/ X}/?KésDel gte;"’l‘gqegs‘ |F|e(ae?pﬁgoge(5129‘2 f]cl)z;t? There is indirect evidence in favor of nuclear-burning WD
u galaxies likely nou popoiall - o4els for several SSSs. The X-ray spectra, e.g., are rea-

i 7 <1
of ~1000 SSSs with. > 10°" erg s andkT_z 30 eV. Lower sonably well-fit by WD atmosphere models (van Teeseling et
luminosity, lower temperature sources, which are Ies_$y1|km .al. 1996). There is rough agreement between optical and UV
be detected, had not been discovered and were not included "Béta and .predictions based on a reprocessing-dominated dis

their simulations. Since then however, it has been estadilis . ; ; o
T . (Popham & Di Stefano 1996). Finally, the predicted velesiti
that some CVs may turn on as SSSs (Greiner & Di Stefan01999,of bipolar outflows (jets) are near the escape velocity of a WD

Greiner et al. 1999; Patterson et al. 1998), exhibiting terap

Lo 360 (Southwell et al. 1996, Parmar et al. 1997). Presently, how-
tures < 30eV) {;m_d Ium|n05|t|¢s (£8-10%%rgs™) Iowe_r than ever, there is little direct evidence that the models arescbr
those of the original set of Milky Way and Magellanic Cloud Because the phenomenological definition of SSSs is so
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Two circumstances pointed to white dwarf models as promis-
ing explanations for SSSs. First, the effective radii fa 85Ss
discovered in the Galaxy and Magellanic Clouds are compara-
ble to those of white dwarfs (WDs). Second, some hot WDs
and pre-WDs have been observed as SSSs (see Greiner 2000),
including several recent novae, symbiotic systems, andx pl
etary nebula (PN). More than half of all SSSs with optical IDs
do not however, seem to be examples of systems of known
types. It is the mysterious nature of these other systenis tha
has excited much of the interest in SSSs. A promising model is
one in which matter from a Roche-lobe-filling companion ac-



2

broad, it is in fact likely that the class includes objectse¥-

background period) on 2001 October 5. We make use of this

eral types. Indeed, any object more compact than a WD coulddeepChandraobservation to search for SSSs near the nucleus.
certainly act as an SSS. Neutron star models have been conSince the soft X-ray sensitivity is best in S3, we here limit o

sidered (Greiner et al. 1991, Kylafis & Xilouris 1993). Al-
though neutron star luminosities and photospheric radii ca

be large enough to support SSS behavior, there is no well-

discussion on the nuclear region to sources detected wittsn
8 x 8 region.
For each observation, we examined the background and re-

understood reason why such a large photosphere would be prejected all high-background intervals. Only events with pho

ferred. Intermediate-mass black holes (BHs) are, on theroth

ton energies in the range of 0.1-7 keV were included in our

hand, expected to emit as SSSs, at least if the accretor mass a analysis. For the three disk fields, the three observations i

luminosity is in the appropriate range. (See §8).

each field were merged to increase the signal-to-noise rtio

We also note that the stripped cores of giant stars that havedetect sources we used CIAO taglAVDETECT(Freeman et
been tidally disrupted by massive black holes are expectedal. 2002). Source count rates were determined via aperture

to appear as SSSs for times ranging fron? 10 1 years

photometry and were corrected for effective exposure and vi

(Distefano et al. 2001). Several such stripped cores couldgnetting. The radius of the aperture was varied with the-aver

be present withinv 1 kpc of the nuclei of galaxies harboring
high-mass black holes.

1.3. SSSs in External Galaxies

To avoid the worst effects of Galactic absorption, our best
hope to study galactic populations of SSSs is to search éonth
in other galaxies. The advent Ghandra with its good low-
energy sensitivity, its superb angular resolution, andadts
background, will significantly increase the numbers of know
sources and extend our knowledge of the class.

Among external galaxies, M31 can play a unique role, simply
because of its proximity. First, the population of lawsources

age off-axis angle to match the 90% encircled energy functio
Background was extracted from an annulus centered on each
source. In some cases, we modified the extraction region to
avoid nearby sources. It was also necessary to modify the ex-
traction radius for some faint sources close to more lurmsnou
sources. Every extraction region was examined carefuliiyeén
image. All detected sources have signal-to-noise ratibl)S/

> 3, with a minimum of 9 counts. For more details, see Kong
et al. 2002. The X-ray sources found in M31’s globular clsste
(GCs) are discussed in Di Stefano et al. 2002a. A comparative
study of the luminosity functions of each region has been car
ried out (Kong et al. 2003). A preliminary report on the SSSs

can best be studied in M31. Second, M31 is the only galaxy I" M31 can be found in Di Stefano et al. 2002b.

in which we can hope to identify optical counterparts to géar
fraction of SSSs. This step will allow us to get a better under

standing of the natures of SSSs, which is our primary goal. In

this paper we report on the SSSs detecte€hsndrain M31.

1.4. This paper

3. SELECTION OF SOFT SOURCES
3.1. Background
We used PIMMS to predict that each of the five disk SSSs

The process we used to select SSSs is described in 83. Ingyered by S3 would be detected in a 15 k€dandraACIS-
§4 we present the spectra of the SSSs from which we have col-g gpservation. Our confidence in these predictions was bol-

lected the most counts. 85 is devoted to optical IDs, whiée th
variability of the SSSs is examined in 86. The locations ef th
sources relative to large-scale galaxy features and vel#bi
other stellar populations is discussed in 87. In 88 we dscus

sources with somewhat harder spectra, which we call “quasi-

stered by the fact that we had completed an Athtandrapro-
gram (Pl: Murray) that observed most of the local (Galaatid a
Magellanic Cloud) SSSs, and that those data had been in al-
most perfect agreement with the PIMMS predictiérigone of

the ROSATsources were detected during the first se€ban-

SSSs” and in 89 we discuss the low-luminosity sources. 810 iS g gpservations; no new SSSs with count rates comparable to

a summary of our conclusions.

2. OBSERVATIONS AND ANALYSES

those expected for tHROSATdiscovered sources were discov-
ered. While there were many very soft sources, many of these
were foreground stars. Furthermore, most of the soft ssurce

The data were taken as part of two separate observing camproduced a small number of counts and, typically, one or more

paigns. One was a survey studying 3 distinct regions of thle di
The regions encompass the coordinates 6i@SATdetected

photons had energy greater thah BeV. Especially because the
ROSATPSPC had a lower-energy cut-off th@handrg mak-

SSSs; we were able to place the S3 CCD, which is especiallying spectral comparisons difficult, it was not clear whichtaf

sensitive to soft X-radiation, over regions including 5 loése

SSSs. These 3 disk fields, which span a wide range of stellar

Chandradiscovered sources should be designated as SSSs.
We therefore developed an algorithm to select SSSs from

populations, were each observed 3 times (15 ks for each ACIS-among the characteristically low-count-rate sources it@rex

S observation) byChandraduring 2000-2001, at intervals of
3—4 months.

nal galaxies (DiStefano & Kong 2003a, b). At this point the
algorithm, motivated by our M31 data, has been applied te sim

The second campaign led to superb coverage of the centralulated data and t€handradata from M101, M83, NGC 6947,

regions. The central region of M31 was observeddiandra
ACIS-I eight times from 1999 to 2001, with exposure times

M51 (Di Stefano & Kong 2003a, b), NGC 4472, M87 (Fried-
man et al. 2002), and M104 (Di Stefano et al. 2003), and to

ranging from 4 to 8.8 ks. The details of the observations are XMM data from NGC 300 (Kong & Di Stefano 2003) and from

given in Kong et al. (2002). The same region was also ob-

served byChandraACIS-S for 37.7 ks (after rejecting high

the halo of M31 (Di Stefano & Kong 2003,c). It successfully
selected very soft sources, about a dozen of which have high

6 The count rates are almost exactly as predicted. An analftiese data has not yet, however, been published. Thigiibe thé\CIS-Sow-energy calibration is
not yet well-enough understood. At the lowest energiesireaties appear in the spectra of all nearby SSSs. We do nettelhough counts from most extragalactic
SSSs for the artifacts to be apparent, but if the calibras@ompleted, low-count spectra, like the ones we presed ishould be checked.
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enough luminosities that their spectra can be computedrto co  Since we cannot fit spectra for most X-ray sources in ex-
firm that the spectral models are dominated by a highly lumi- ternal galaxies, we designed the algorithm mentioned above
nous soft component. The algorithm is described in detddliin  (Di Stefano & Kong 2003a, 2003b). Our algorithm consists of a

Stefano & Kong 2003a, b. Below we provide a brief sketch. sequence of selection procedures, starting with thosa#hedt
SSS-HR and SSSe3sources. SSSs selected by each proce-
3.2. Algorithm to select soft sources dure are given a label corresponding to the procedure. When

tested on simulated and real data (Di Stefano & Kong 2003a,
2003b), each procedure selected sources with spectrasimil
those of the SSSs that have been discovered in the Magellanic
Clouds and in the Milky Way (i.e., the classical SSSs). In ad-
dition, however, each procedure (including HR ang) &lso
M-S selected some harder sources. Some sources might, ega hav

The first step is to impose a set of strict hardness ratio eondi
tions. We use 3 energy bins to define hardness rafio8:1-1.1
keV,M: 1.1-2 keV,H: 2-7 keV. We consider 2 hardness ratios,
HR1 and HR2, demanding that

HR1 = M+S " —08 @) power law tail, others might be blackbodies witfi = 250 eV.
and If, therefore, we could collect enough photons from each ex-
H-S tragalactic X-ray source to fit a spectrum, some of our s@urce
HR2 = Hes < -0.8. (2) in each category would satisfy the definition for classica8s,
N ) and others would be somewhat harder. We refer to these harder
These conditions imply tha® > 9M, andS> 9H. The so-  sources as quasi-soft sources. We cannoagayori, which of

called “HR” conditions consist of the above conditions,plu  the sources selected by which procedure are classical $8Ss a
2 additional criteria: $+AS) > 9(M +AM), and S+ AS) > which are quasi-soft. (But see §8.) We note that a larger frac
9(H +AH), whereAS, AM, andAH are the oner uncertain-  tjon of sources selected by the less restrictive critediely

ties in S, M, andH, respectively. Sources satisfying these 4 o he quasi-soft, while almost all sources selected by HR and
conditions are denoted “SSS-HRs". The designation SSS-HR3 are likely to be classical supersoft sources.

requires that th& band receive more than II3photons if no In Table 1 we list all of the sources selected by our algo-

photons arrive in either thiel or H bands, whileSmust receive  rithm. The procedure that selected this source is listedin c
more than 24 photons if there is even a single photon in eitherymn 10. This will allow future studies to focus on any set of
M orH. (See Di Stefano & Kong 2003a, b for details and appli- sources deemed appropriate. See Di Stefano & Kong (2003a,
cations to both simulated and real data.) _ b) for a definition of each category. Note, however, that the

‘Sources with identical spectral characteristics to thasies  selection criteria alone cannot be used to distinguish ®etw
fying the HR conditions may not be able to satisfy these con- classical supersoft sources and quasi-soft sources. Tig-de
ditions if their count rates are low, especially if one or mor nation “SSS" must therefore include both.
photons falls in thevl or H bands. We can successfully iden-  Note that, although the selection of quasi-soft sources was
tify some such sources by relaxing the conditions. If a seurc not one of our original goals, these sources are likely todsg v
satisfies conditions (1) and (2), itis an SSS which we des&gna interesting in their own right, as most do not seem to corre-
“3a". spond to known classes of X-ray sources. Note also that ghe di

It makes sense to r(_alax the conditipns further. Consider for tinction between classical SSSs (cSSs) and quasi-softesur
example, a source with 100 eV, which could correspond to (qSSs) is phenomenological and not physical. Some nuclear-
a nuclear-burning WD with mass close to the Chandrasekharpurning WDs, e.g., may be qSSs, some accreting intermediate
limit. Such a source does emit some photons aboléaV. If mass BHs may be c¢SSs. The notion of qSSs is introduced to
it lies behind a large gas column, emission in 8tgand canbe  recognize that the SSSs selected by our algorithm encorapass
significantly eroded, allowing the hardness ratio, HR1,dveh  \wider group of sources than the “classical" SSSs found Iacal

a large value. That is, even if we are primarily interested in Al| SSSs selected by our algorithm are listed in Table 1.
sources that have spectra like those of the first batch of SSSs

discovered in the Galaxy and Magellanic Clouds, we need to

loosen the selection criteria and risk also selecting ssutitat

are somewhat harder. The selection of harder sources ceuld b We examine the energy spectra of bright SSSs. Only those in

advantageous, even for the selection of nuclear-burning WD the central region provide enough counts for a reasonable sp

since so far we have only 9 candidates for the model. It is un- tral fit. Figure 2 shows four representative spectra. It istlvo

likely that the spectral properties of these 9 sources span t noting that the degradation of soft energy 1 keV) sensitiv-

full gamut of model properties. It is feasible, e.g., thasame ity might affect the spectral fits significantly and we theref

WD systems, hot coronae or interactions with a dense illerst correct the response matrices to take this effect into atcou

lar medium could produce a small hard component. In addition r2-12 is the brightest SSS in M31 and is seen in egrgndra

if some SSSs are neutron star or black hole systems, they maybservation; it was also detected by previR@3SATobserva-

occasionally emit harder radiation or even exhibit a power |  tions (Supper et al. 1997, 2001; Primini et al. 1997). A sin-

tail that carries a small fraction of the energy. gle blackbody model cannot provide a good fit; there is an ex-
We will therefore call a source a classical supersoft soifirce  cess above- 1 keV. From archivaKMM-Newtornobservations,

it provides enough counts to allow a spectral fit and if any of r2-12 shows a high energy tail up t05 keV (Kong et al., in

the following conditions are met. (1) The spectrum is well-fi preparation). We therefore add an additional powerlaw azmp

by a blackbody model witlk T < 175 eV, (2) The spectrum is nent (fixed atx = 2) to improve the fit. For r1-9, the spectrum

well-fit by a power-law model withw > 3.5, (3) Whatever the  also requires a two-component model (blackbody + powerlaw)

best fit model, less than 10% of the energy is carried by pho-to achieve a good fit. r1-25 is fit by a blackbody model with

tons with energy greater tharblkeV. (See DiStefano & Kong kT =122 eV, while r1-n1 is well fit by a model witkT = 25

2002a.) ev.

4. SPECTRA



TaBLE 1
SSSSOURCE LIST

Object R.A. Dec. Soft Medium Hard HR1 HR2 Count Category d(”)
(h:m:s) e Counts Counts  Counts Rate (3D

f1-26 00:38:40.6  +40:19:57.7 45.04 0.00 1.23 -1.0 -0.95 711 HR 59
f1-27 00:38:23.9  +40:25:27.9 28.51 23.37 2.72 -0.1 -0.83 381. HR1 113
f1-28 00:38:18.9 +40:15:33.5 2.28 11.05 0.68 0.66 -0.54 50.3 med 53
f1-62 00:38:38.7  +40:15:11.3 9.70 1.03 0.00 -0.81 -1.0 0.27  noh 74
f1-10 00:38:25.7  +40:17:39.4 8.70 0.92 152 -0.81  -0.70 80.2 30l 33
f1-7 00:38:31.2 +40:17:12.0 31.52 3.09 0.00 -0.82 -1.0 0.87 3o 60
f1-29 00:38:14.0 +40:15:22.9 36.06 4.32 0.00 -0.79 -1.0 21.0 3o 57
f1-46 00:38:02.9  +40:08:26.3 43.17 6.17 6.30 -0.75 -0.75 401 I 83
f1-37 00:39:38.7 +40:11:00.4 190.41 36.79 0.00 -0.68 -1.0 745 mnoh 120
f2-24 00:41:49.2 +40:56:43.8 68.00 0.75 149 -0.98 -0.96 831 HR 55
f2-33 00:41:39.9 +41:04:25.7 18.23 7.92 0.00 -0.39 -1.00 680. shoh 27
f2-52 00:41:36.5 +41:00:17.6 8.44 3.88 0.74 -0.37  -0.84 40.3 noh 50
f2-53 00:41:35.6  +41:06:56.8 57.75 8.10 5.45 -0.75 -0.83 861. Ko 70
f2-91 00:41:41.9 +41:07:16.7 32.63 0.00 4.96 -1.00 -0.74 980. I 70
f2-26 00:41:43.5 +41:05:05.4 228.38 37.94 2.39 -0.72 -0.98 7.03 HR1 56
f2-56 00:41:18.5 +40:52:00.0  393.10 189.17 2536 -0.35 880. 1591 o 120
f2-72 00:42:12.8  +41:05:58.9 45.60 0.00 0.00 -1.00 -1.00 191 HR 50
3-8 00:46:16.7 +41:36:56.0 61.95 14.79 3.65 -0.61 -0.89 102 o 92
f3-29 00:46:14.6  +41:43:18.3 5.49 2.75 0.49 -0.33 -0.84 20.2 noh 25
f3-31 00:45:58.1 +41:35:02.2 23.57 21.68 0.00 -0.04 -1.00 .181 med 68
3-46 00:46:23.7 +41:37:51.6 10.85 2.86 111 -0.58 -0.81  380. noh 82
f3-48 00:46:04.1 +41:49:42.7 25.39 2.36 0.96 -0.83 -0.93 750. I 108
f3-66 00:47:33.3 +41:35:11.6 138.57 26.15 0.00 -0.68 -1.00 4.31 med 154
3-2 00:46:29.1  +41:43:13.9 33.65 4.16 3.63 -0.78 -0.81 81.0 3o 61
3-13 00:46:05.7 +41:43:04.7 28.63 6.28 0.75 -0.64 -0.95 930. snoh 28
f3-15 00:46:04.6  +41:41:23.7 20.24 8.34 0.48 -0.42 -0.95 760. shoh 63
f3-26 00:46:39.0 +41:39:07.5 19.23 7.66 1.64 -0.43 -0.84 740. HR1 115
r1-25 00:42:47.8 +41:15:49.6 188.58 15.82 0.00 -0.85 -1.00 5.43 HR 16
ri-9 00:42:44.3 +41:16:07.3 675.26 235.72 47.00 -0.48 7-0.8 2547 o ~1
r2-12 00:42:52.4  +41:15:39.7 2593.80 11.52 0.14 -0.99 01.0 69.29 HR 26
r2-19 00:42:43.2 +41:13:19.2 384.01 89.68 9.29 -0.62 -0.95 12.84 o 30
r2-42 00:42:36.5 +41:13:50.0 33.75 7.79 0.00 -0.62 -1.00 101. shoh 45
r2-54 00:42:38.6  +41:15:26.3 17.55 0.51 0.09 -0.94 -0.99 480. I 24
r2-56 00:42:50.4 +41:15:56.2 40.41 0.71 0.80 -0.97 -0.96 111. HR 26
r3-11 00:43:14.3 +41:16:50.1 18.31 15.48 0.74 -0.08 -0.92 910 med 23
ri-n2 00:42:43.0 +41:16:03.9  130.94 4.58 0.00 -0.93 -1.00 .603 HR 8
r2-nl 00:42:43.9 +41:17:55.5  135.71 0.00 0.00 -1.00 -1.00 .603 HR 19
r2-n2 00:42:47.3 +41:15:07.2 95.29 0.77 1.39 -0.98 -0.97 59 2. HR 18
r2-n3 00:42:39.2 +41:14:24.4 8.91 9.88 0.66 0.05 -0.86 0.51 med 5
r2-n4 00:42:59.3 +41:16:42.8  115.79 0.00 0.00 -1.00 -1.00 .073 HR 37
r2-n6 00:42:47.0 +41:14:12.4 20.44 0.96 0.00 -0.91 -1.00 56 0. I 23
r3-nl 00:42:49.0 +41:19:47.1 6.64 2.56 0.62 -0.44 -0.83 60.2 med 64
r3-n2 00:43:06.9 +41:18:09.0 50.49 0.00 0.00 -1.00 -1.00 341 HR 37

aHRL=(M-9/(M+9
PHR2= (H-9/(H+9

Column 1: source nameColumns 2 & 3: right ascension and declinatio@olumns 4, 5, & 6: the number of soft, medium and
hard X-ray counts detected for each source. Source cowe¥ vagre determined via aperture photometry and were cedrdot
effective exposure and vignettin@olumns 7 & 8: hardness ratios, see §3Qolumn 9: counts per seconcColumn 10: selection
criterion by which the source was selected as an SSS. (Setefan8 & Kong 2003a, b.)Column 11: angular distance to the
nearest X-ray source.
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5. SOURCE IDS 1994), and u5It010 (February 2000). The optical magnitefies

: : : the transient are given in Table 1. (See also Kaaret 2002.)
We attempted o identify the SSSs with sources observed at r2-56 was identified with planetary nebula 462 in the catalog

other wavelengths to (1) search for possible counterpants, . ; o
(2) distinguish between M31 SSSs and sources that may be as(-)f (_:|ardullo etal. (1.998)' but, since It Is resolved at X-eayd
radio wavelengths, it is more likely to be a supernova rerhnan

sociated with foreground or background objects. (SNR; Kong et al. 2003) Although its coordinates are located

Chandra’sgood angular resolution, in combination with the within many of the HST images, it is only visually apparent in

spectral sensitivity of ACIS-S can be crucial for this taskne X X ; .
variability can also be helpful. Consider two SSS countegpa ai\?:rqrﬁw'lzgglgdSH image (see Figure 3). ThedHmagnitude is

suggested by previous or ongoing work. One is a nova, associ-J
ated with aROSATSSS (Nedialkov et al. 2002). Because the 5.1.2. Optical Surveys
spatial resolution oROSATmakes the correspondence difficult
to establish, the timing of the nova and the apparently deord
nated optical and X-ray decline play a crucial role in supipgr
the identification. More recently (Williams et al. 2003), as:

We examinedThe Local Group Survefl. GS) and Digital
Sky Survey (DSS) images containing the coordinates of each
SSS.The Local Group Survegroject uses the 4-m telescopes

sociation has been suggested betweR@8&ATobserved recur- _Of NOAQ for an opncal survey of all the Local Group galax-
rent transient, (White et al. 1995) an X-ray source obsebyed ~ '€S curre_ntly forming stars, iVBVRI and the narrow-band

Chandra-HRGand an SNR. The time variability of the X-ray nebular filters Halpha, [Olll], and [SII]. These data have-sp

source would seem to be incompatible with the SNR interpreta i@l resoluton of 1 arcsec and go to a S/N of 10Jat 245,

tion. Clearly a verification that theRC-observed source is an  B=V =R=1= 250, with good astrometric (8") accuracy.
SSS would be important. For the DSS images, we examined the images for each source

visually and then extracted the magnitude from the USNO cat-

5.1. Search for Matches alog (Monet 1998).
We have searched for correlations between the SSSs and all 5.1.3.M31 Catalog

cataloged objects, we have examined images fidra Local Table 2 summarizes the results of matching our i@van-

Group Survey(LGS) theDigital Sky SurveyDSS), and from dra source catalog with existing catalogs of M31 X-ray sources

HST. There are a number ¢fSTimages containing SSS posi- (Supper et al. 1997, 2001). Due to the poorer spatial resalut

tions near the center of M31, but few images of the disk. For- oftheROSATPSPC, we used a relatively large searching radius

tunately, the LGS and the DSS complement H#T observa- (15") to cross-correlate with thehandracatalog.
tions, with the combination of these 2 optical surveys g
good coverage of most of the disk. 5.2. Matches

5.2.1. Supernova Remnants

5.1.1. HST Supernova remnants (SNRs) can have very soft X-ray spec-

We searched the HST archive for WFPC2 images whose cen4ra. To identify those SSSs which are SNRs, we first checked
ters were within 4 of the position of each SSS listed in the for matches between the SSSs and SNRs that have been previ-
caption of Table 3. Because of the irregular WFPC2 footprint ously identified through optical and radio surveys. We folnd
not all such images would necessarily cover the coordiraftes matches.
the object, so we retrieved the images from the archivetetea Optical and radio and X-ray observations (Kong et al. 2003)
cosmic-ray rejected ‘stacked’ images, and checked thecbbje have resolved r2-56, solidly establishing that it is an SMR,
positions in each image. We found that images taken with the this source is one of the softest XRSs in our sample, with no
UV F160BW filter were essentially blank everywhere, with no emission above .1 keV. This clearly indicates that we can-
indication of stars or even the galaxy nucleus, so we did not not eliminate SNRs from any sample of spectrally selectéd so
consider them further. The HST datasets in which the sufierso sources simply by tightening the eligibility criteria tociode
sources appear are shown in Table 3. only the softest sources. The Field 2 source f2-53 is also-ide

To identify possible optical counterparts to the supersoft tified as an SNR through optical observations (Magnier et al.
sources, we used DS9 to mark the object positions on the im-1997).
ages, and then visually inspected them. Since all of the-posi  Are these 2 SNRs the only ones among our list? Certainly
tions were close to the center of M31, the error circles danta they are the only ones identified through matches at othegwav
many faint stars, any (or none) of which could be the true op- lengths. But, because the relative signature in X-ray,capti
tical counterpart of the supersoft source. Almost none ef th and radio can vary, depending on the environment of the su-
error circles contained optical sources which were siganifily pernova progenitor, it is possible that some X-ray activéRSN
brighter than the typical stellar background. To quantify de- could be missed at other wavelengths. It is therefore impor-
tection limits, we measured the backgroundt the location of ~ tant to have a second discriminant. Fortunately, time télifa
each objectin each WFPC2 image and computed the magnitudgrovides a second test. Because the X-ray emission from an
(in the WFPC2 bandpass “Vegamag” system) corresponding toSNR presumably emanates from an extended region, it should
an object with a 26 flux. The resulting limits appear in Table not vary significantly (e.g., by a factor of 2) over periodsainu
3. smaller than years. Neither r2-56 nor f2-53 satisfied oteda

Two supersoft sources were detected in HST images. rl1-n2for variability.
appears as an optical transient in the HST datasets u2lg@R0 a L
u2lh010; these data were obtained in June 1995. No optical 5.2.2. Symbiotics
transient appears in other images which cover the same posi- In symbiotics, wind from a giant star carries mass to a WD
tion, including u2c7010 (September 1994), u2e2010 (Octobe companion at rates high enough that nuclear burning carr.occu



TABLE 2
SSS WARIABILITY AND OPTICAL IDs

Source Optical ID Upper Limit  S-Value Chandra XMM Note
f1-26 21.6 3.17 v e ROSAT
f1-27 21.8 e e

f1-28 21.6 1.09

f1-62 2.53 t e

f1-10 B=211V =194 1.98 e possible symbiotic
f1-7 B=163V =156 1.69 e

f1-29 V <15 0.12 e saturated star
f1-46 V <15 3.13 \Y e saturated star
f1-37 V <15 e saturated star
f2-24 e 7.72 vt off

f2-33 e 3.24 v,t off

f2-52 e 0.75 on

f2-53 2.71 on SNR
f2-91 e 2.01 t off

f2-26 B=122,R=112 2.36 on USNO star
f2-56 B=134;R=122 0.51 on USNO star
f2-72 B=187,R=184 e off USNO star
3-8 e 1.23 e

f3-29 cee 0.27

f3-31 21.8 0.32

f3-46 21.8 1.18 e

3-48 21.8 1.06 on

f3-66 cee e e

f3-2 B=199)\V =184 1.57

f3-13 B=202V =187 1.62

f3-15 B=191V =176 1.13

f3-26 B=190V =176 3.01 v,t e

r1-25 HST 2.83 off

r1-9 e 7.16 vt e unresolved wittROSATandXMM
r2-12 HST 5.92 % o ROSAT
r2-19 =183t 2.56 o

r2-42 cee 2.32 o

r2-54 HST 1.53 off

r2-56 1.71 off SNR?
r3-11 20.1 2.16 off

ri-n2 t off S And?
r2-nl 19.5HST t on?

r2-n2 HST t off

r2-n3 ‘e t off

r2-n4 19.5 t off

r2-n6 e t off

r3-nl 195 t off

r3-n2 B=233V =220 t off possible symbiotic

Note. — Except f2-26, f2-56, f2-72, and r2-19, photometngtaiis is derived from the LGS.
References. L-Haiman et al. 19942 Kong et al. 20033 Kaaret 2002

@ On during the 2nd two (of fourXMM observations

b On during each of foukMM observations

¢ Near the nucleus and an extended X-ray object. It is highhtarainated by the diffuse emission.

Dots indicate that no relevant information was availalilelumn 1: source nameColumn 2: Optical ID; magnitudes of the USNO
stars are taken from the USNO catalog, | magnitude of r2-Im Haiman et al. 1994; all others are from the L&®lumn 3:
Optical V-band upper limits from the LGS; entries markeé8Tshould be checked in Table @olumn 4: Sis the variability factor
defined in the textS > 3 has been taken to denote variabiligolumn 5: Variability as determined within th€handradata set;
v denotes variable, t indicates that the source was belowldtectability limit at least onceColumn 6: “on” and “off” indicate
whether the source was detected or not by a visual inspegfitie XMM data. Column 7: Notes;ROSAEdetected wittROSAT
“unresolved” means could not be resolved from the nuclearcso



FIG. 1.— Detected SSSs (red dots) overlaid on an optical Dagiti8ky Survey image of M31. The fields of view of the th@&®andraACIS-S in the disk (black
boxes) and the central region (green box) are also shown. ghlswn in the figures are the optical position of SNRs (yejdus signs). The ellipse shows tBes
isophote.
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FiG. 2.— Spectral fit tor2-12 (blackbody + power-law model withly = 2.4 x 1071 cm™2, kT =56 eV anda = 2 (fixed); Los-7 = 49 x 10%8ergs?), r1-9
(blackbody + power-law model withy = 2 x 1021 cm 2, kT = 89 eV andx = 3.3; Lg3-7 = 3.3 x 10%7 erg 1), r1-25 (blackbody model withNy = 1.1 x 1071 cm2
andkT =122 eViLga-7 = 3.6 x 106 erg §1), andr1-n1 (blackbody mode withNy = 1.1 x 1071 cm™2 andkT = 25 eV;Lga-7 = 1.5 x 1037 erg .



TABLE 3
HST DATA FOR M31 SSS G\NDIDATES

Source  Dataset names F300W F336W F547M F555W F656N  F841W 42ML0
r1-25 u2c7010, u2e2010, u2ig020, u2lh020  22.2 20.3 225 522 210 21.0 19.7
rl-n2 u2c7010, u2e2010, u2e2020, u5It010- - - 215 23.3 23.4 21.9 21.9 20.0

u21g020, u2Ih020 (detection) 17.5 175 ... 18.5 18.0
r2-12 u2c7010, u2lh010 e 20.3 228 e 21.8 .
r2-54 u2e2020, u2kjo10, usIto10 215 22.9 21.2
r2-56 u2c7010, u2e2010, u2lg020, u2lh020  22.2 20.3 227 123 16.% 214 19.9
r2-n2 u2lg020, u2lh010 222 203 .- 22.7 e 21.2 e
r2-nl u2e2020 e e e 23.1 e 215 20.0

r3-16 u6d5030 (M. Garcia, proprietary)

2 Object is detected in this filter

We studied each image of each region that had been observd&Bgnd which included locations of the following SSSs; f2-72,
f1-25, r1-9, r2-12, r2-19, r2-42, r2-56, r1-n2, r2-n1, 12-n

Fic. 3.—HSTimages showing the supernova remnant, r2-56. All image4@fen a side and are aligned with north up and east to the leftléfhinage is in
filter F656N (a narrow-band & filter), the middle one is in F547M (a medium-band filter sanilo Stromgrery), and the right-hand image is in the F555W filter
(the broadband filter usually used to matchthband).
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Of the 22 SSSs found in the Galaxy and Magellanic Clouds, 3 and (2) that do not contain clusters (GCs or galaxy clusters)
are symbiotics. Morgan (1996) gives the range for symtsotic gravitational lenses, or nearby galaxies. The energy kées u
in the LMC as V: 14.7-16.5, with B-V: 0.3-1.7. The V magni- by ChaMP(http://hea-www.harvard.edu/CHAMP/) are slightly
tude roughly translates to V: 20.1-21.9 at M31 distances. different from the ones we have usefi.{= 0.3-0.9 keV;
Analysis of the LGS data finds a star with=22 B-V =1.3 Mcp = 0.9-2.5 keV, Hep = 2.5-8 keV). We nevertheless used
at the location of r3-n2. This system is in a crowded regiod, a them exactly in the manner described in 82 to select SSSs. In
the optical identification is difficult to make by eye; it wakeh- each of the 4 fields we studied, we found 3 sources per field
tified by an automated process. Using HST images, we find thatthat satisfy the SSS criteria. These numbers are consisignt
a star is detected at the64 level, at RA = 0:43:06.8669, Dec  the expected numbers of foreground stars. This indicaggs th
=41:18:08.758, withd = 2357+ 0.24. The field is crowded  SSS interlopers not visible at other wavelengths are rare; a
enough that there is about a 25% chance that this is a chancesult consistent with previous surveys (see, e.g., Beck8éi 19
match. Although there are uncertainties about the ideatiio PhD thesis).
in each data set, the combination is promising.
In Field 1, which is the least crowded M31 field we have 6. VARIABILITY

observed, f1-10 is identified with a star in the LGS, having 14 quantify the level of X-ray variability, we have takendlr
V:_19.4, B-v=1.7. Althoggh_ this system is half a magnitude steps: we searched for tROSATobserved SSSs in thghan-
brighter than the range indicated by Morgan, that range was gy gata set; we searched for t@andraobserved SSSs in
based on the study of only 10 systems. f1-10 should thereforehe x MM data set; we compared the sets of SSSs observed by
be considered as a candidate symbiotic. Chandraduring different observations of the same field.

5.3. Foreground Stars and Other Contaminants 6.1. ROSAT sources in Chandra fields

Table 2 illustrates that foreground stars are significant co M31 was observed bROSATin 1991 and 1992. Chandra
taminants. We have assumed that any bright star found at theobservations occurred-910 years afterward, so the combina-
position of an SSS is a foreground star. Because f1-10 and r3-tion provides information about variability on the time kcaf
n2 have colors and magnitudes that place them in the range ofoughly one decade.

M31 symbiotics, we consider that they may belongto M31. The We checked the position of every known SSS observed by
magnitudes of some other stars in Table 2 may also be consisROSATto determine if it was in &handraobserved field and,
tent with M31 membership. While these may therefore warrant if so, whether it was detected. Eight of the sources should ha
further investigation, for now we consider that they arelk been detected (yielding 20-150 counts)@yandraduring the
foreground stars ~ 15 ksec observations that we conducted.

After the elimination of foreground stars, the number of §SS  Fje/d 1: ThreeROSATsources are in Field 1. The position of
remaining in our disk fields is small (5 each in Fields 1, 2,  one of the sources (RX J0037.4) was checked only once, and
and 3). Itis important to estimate the likely contributidreay ~ the source was not detected. Two additional sources were lo-
contaminants, such as foreground intermediate polarsiser d = cated in S3; each was observed 3 times. One of these 2 sources
tant luminous background sources, that may contributedo th (RX J0038.5) was never detected Biiandra the second (RX

non-stellar sources not already identified. J0038.6) was detected in March 2001, but not during the other
Some background objects, including some distant AGN, may 2 gbservations.

be identified at other wavelengths. In other cases, an filenti Field 2: ROSATidentified 1 source in Field 2: RX J0041.8

cation may be ambiguous. ansider, e.g., f2-52. This is ON€\yas located in S3, and was not detected in any of t&n-
of the dimmest X-ray sources in our sampte 13 counts). It dra observations

satisfies the “noh” criteria, meaning that it does not haviga s } - N
nificant detection, in thél band (27 keV), although, in this Field 3: Five ROSATsources are in Field 3. Of these 5, RX

case, there is & 1o detection in théVl band (11-2keV). This ~ J0047.6, would not have been detectable in a 15 keean-
source is identified with a globular cluster, Bo 251. Althbug dra observation, unless the count rate was higher than it had
we knew of this identification when we published work on X- P€en during the(ROSATdetection. We might have expected

ray sources in M31 GCs (Di Stefano et al. 2002), we did not two other sources to be detected as very weak sources, (a few
include this association in the GC list, because it is noarcle counts perChandraobservation), because tHROSATcount

that the optical object is indeed a GC. It may be a more distant"ates were small, and the sources (RX J0045.4 and RX J0046.1)

galaxy or cluster of galaxies, or it may be something elsés Th Were notin S3. Two other sources (RX J0046.2+4144 and RX

is the only such object we are aware of in the disk fields. J0046.2+4138) would have been clearly detected if their flux
Accreting polars or other soft (but optically dim) XRSs lo- had been comparable to that measure®RSAT None of the

cated in the Milky Way’s disk or halo can be more difficult to ROSATsourqes.were detected Bhandra
eliminate, especially if the donor is a low-mass star anditsle Nuclear region: ROSATdetected one SSS in the nuclear re-

is small or non-existent. gion, but the uncertainty in its position is too large to tesat

To estimate the level of contamination from all non-M31 from 2 SSSs detected Ighandra.
sources which have not been identified at other wavelengths, . ,
we have studied data analyzed by @eaMPcollaboration. We 6.2. Chandra sources in XMM fields
searched their archives for publicly available analyzedXS M31 has been observed ByVIM several times since 2000. In
data on fields that (1) have been observed for at least 10 ksecparticular, the central 15 region was observed 4 times (2000

7 All of the published sources were observed in 1991; any tiaria between 1991 and 1992 have not been discussed inetratuite.

8 The singleROSATSSS that would not have been detected is RX J0045.4R®8ATcount rate was< 107°, and the source was far off-axis in ti@handra
observation.
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FIG. 4.— Long-term light curve of the brightest SSS, r2-12, spag from 1999 November to 2001 October. A blackbody speawadel KT = 70 eV and
Nn = 7 x 102° cm™) is assumed to derive the 0.5-7 keV luminosity.

June for 30 ks, 2000 December for 12 ks, 2001 June for 39 found to be transient or variable. The result could have been
ks, and 2002 January for 64 ks). Four regions located alang th different hadXMM observed a longer portion of Field 3. The
major axis of the disk were each observed once in 2002 Januarysmall S values in this field may, however, suggest a lowel leve
for 60 ks (for instance, see Trudolyubov et al. 2002). Foheac of variability than in the other fields.

field, we removed high background periods and combined all

threeXMM detectors (MOS1 + MOS2 + pn) into a composite 7. LOCATION

image. We then visually inspected the compoXitéM images

in each region containing@handraSSS. The results are sum-
marized in Table 2. Fifteen sources that had been detected b

The location of SSSs, and the stellar populations within
which we find them, can provide important clues as to the na-
Yures of the sources. Old sources are likely to be scattered

Chandrawere not detected bYMM. through the galaxy, wandering through its disk, bulge arld.ha
o ) The standard models of SSSs would tend to predict that SSSs
6.3. Variability Detected by it Chandra should be old, or at least intermediate-age systems. This-is
For all sources observed more than onceQhandrawe cause the time at which mass starts being transferred to a WD
computed a variability parameter following Primini et al. athigh rates{ 10’'Mg, yr™), is generally governed by the evo-
(1993): lution time of the donor. For both close binary SSSs and for

symbiotics, donor masses are typicalyl.5-2Mg (Rappa-
S(Fna—Finin) = 3) port et al. 1994, Kenyon 1986); in the former case, the donor
max: T min 2 4 2 is slightly evolved and in the latter, it is very evolved. Nay
TFimax ™ 7 Frin which can appear as SSSs, are also generally old systems.
Young sources can be found only in regions containing sig-
natures of recent star formation: OB associations, Hllaesli
and SNRs. For example, in 4@ears, a system traveling at
100 km s? can travel 100 pc, or about 27t the distance to
M31. If, therefore we find density enhancements of SSSs close
to young stars< 1'), it is very likely that some of those SSSs

Fmax_ Fmin

where Fpin and Fpax are the minimum and maximum X-ray
fluxes observed andnmi, and omax are the corresponding er-
rors. Sources witls > 3 are marked as variables, v, in Table 2.
Note that if a source provides fewer tharilO counts it cannot
satisfy the variability criterion, even if it is not detedte the
other observations. Some sources were detected in one er mor - .
Chandraobservations, but provided no counts above what was are young. ltis possible that some hot WD could be young

expected from background in at least one observation. These>YStems— e.g.,_n‘ they are PN descendants 8Mg, stars, or if
sources are marked with a “t” in Table 2. they accrete winds from a high-mass star.
Similarly, if some SSSs are formed close to the galaxy’s cen-

6.4. Summar ter through the tidal disruption of giants, and if they remai
4 ou y supersoft for a few times' 10° years, then they must be found
All 8 of the ROSATdiscovered SSSs in our disk fields that within a few hundred pc of the nucleus.
could have been detected Byrandraare transients. Below we establish that there are SSSs in the bulge, disk and
Thirteen of 16 SSSs in the central field are transient. One of halo of M31 and that their locations are such that some may be
the remaining sources (r2-12) is highly variable (see fighre  young systems while others may be old. This study by itself
In Field 2, the disk field that is closest to the nucleus, 3 of 5 cannot, however, establish relative densities of sountdbé
non-stellar SSSs are transient. In Field 1, located far louiga bulge, disk and halo. This is because the effects of an iaterv
the major axis, 1 of 5 non-stellar SSSs is transient and one ising gas column are so powerful in hiding SSSs, lowering the
variable. None of the 5 non-stellar SSSs in Field 3 has beencount rate, or altering their spectra, that we need to coiingle
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Thermal Models for 6 SSSs
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FiG. 5.—KkT versusLog(Ly) for 6 of the SSSs we identified in M31. Each triangle repressarmodel consistent with the total counts and broadbancirape
distribution of the source. Models were computed for 4 valoENy : 4.0 x 107° cm (red triangles), B x 10?1 cm™ (yellow triangles), 6 x 10?1 cm™2 (green
triangles), 25 x 10?22 cm 2 (blue triangles). The cyan boxes represent the regionsih #T plane roughly consistent with nuclear burning models. khgzanel,
the label on the upper right shows the source name, the selection criteria that identified it as an SSS, and the tatatlver of counts.
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X-ray observations with detailed maps of the column density The SSS in Field 3 which is positioned farthest from the ma-
distribution. jor axis of the disk is f3-66. Atv 32, or ~ 4.8 kpc from the
major axis, andv 56, or almost 14 kpc, from the nucleus, this
7.1. Bulge Sources source is likely to be in the halo of M31. Other non-stellar

Before we observed M31, it was not clear whether SSSs sources, including f3-46 and f3-31, are also far enough away
would be found in galaxy bulges. High Galactic absorption from the disk to be members of halo. Some SSSs in Field 1 are

prevents us from detecting them in the bulge of the Milky Way. as far as~ 80 (18 kpc) from the nucleus, and are also likely to
Predictions were difficult, not only because of uncertaimtn ~ be halo sources. These include f1-10, whichis a good catedida
the models, but also because the stellar populations near th forasymbiotic system. Its location in the halo is consibieith
center of galaxies like the Milky Way and M31 are complicated  the fact that symbiotics can be members of old populations.
old stellar populations are expected, but there is alsceene

of recent and ongoing star formation. 8. QUASI-SOFT SOURCES

_ ROSATdiscovered only 1 SSS in the central kpehandra In order not to miss some of the highest-T “classical” SSSs,
finds 14 SSSs in the central 88'. Two of these are within a  those most likely to be high-mass accreting WDs, we had to
projected distance of 100 pc of the galaxy center, and an addi assume the risk of selecting sources of even higher temerat
tional 8 SSSs lie within a projected distance~0#50 pc of the  than we had originally wanted.

center. _ _ In Figure 5 we present examples of the ranges of temper-

within 2" of nucleus. Given the value of the SSS spatial density, gecause we had too few counts to fit spectra, we used a com-
the probability of an SSS being within a few pc of the nucleus parison of the data, binned into our 3 broad spectral bariéis, w
is very low. It therefore seems likely that the source is some models. Count rates for the models had been computed using
how related to the presence of the nucleus. A natural explana the PIMMS software. We attempted to match the total counts
tion is that the SSS is the hot core of a giant that was tidally gnd distribution of counts i, M, andH, with models that had
stripped by the massive central3L0'M) BH. Some of the  peen computed by PIMMS. Each model is a black body char-
10 sources Wlthlnv_450 pc o_f the nucleus (_:ould potentially be  gcterized by a temperature, luminosity, and valu®lgf(The
stripped cores of giants, which have had time to move from the pj\Ms models should be roughly consistent with the detector
galaxy center. Statistical studies of a broad range of gedaas  sensitivity of AO2.) If the count rates in each band agreeti wi
well as further work on M31, e.g., comparing the spatial #gns  the model (within the & uncertainty limits), we considered the
distribution of SSSs with other X-ray sources near the galax model to be a possible match. Each match is represented by a
center, may help to verify or falsify this hypothesis. ItIs@  trangle in the figure. Models were computed for 4 values of
possible that the centrally located SSSs are interactimaytais Ny : 4.0 x 10%° cmi2 (red triangles), 5 x 1021 cm2 (yellow
descended from the young and old populations that inhadit th triangles), 64 x 107* cm? (green triangles), 8 x 1072 cm™
bulge. ) ] i Eblue triangles). The cyan boxes represent the regionsein th
The SSSs in the bulge have higher average and median count T pjane roughly consistent with nuclear burning models. Al-
rates than those in the disk. The averaggland med|a£r; and highthough these model matches are not as reliable as spearal fit
est count rates for the central field aré 8™ and 26 ks™ and they do suggest which SSSs may be classical supersoft source
69.3 ks, respectively. For Fields 1, 2 and 3, the correspond- (cSSs) and which may be quasi-soft sources (qSSs).
ing triplets 91f numbefls (averaqiz, median,_zlmd high_(iouas)at Interestingly enough, f1-10, the possible symbiotic, @ppe
are (079ks , 0.35ks ', 1.38ks™), (0.96 ks, 0.83ks™, 1.83 = 1o pe consistent with the WD models. The other possible sym-
ks™), and (149 ks*, 0.57 ks, 4.31 ks™), respectively. The  pigtic, r3-n2 may also be consistent with WD models, althoug
bulge SSSs are also generally softer, as witnessed by the facihe case is less clear. The other sources, selected by ti,“me
that a larger fraction of them are identified by the HR cowiti  «noh” and “snoh” conditions, are almost certainly not dens
(8 HR sources out of 16 bulge sources. There are 1, 1, and Ogent with WD models, and the fact that their broadband spectr
HR source out of 5, 5, and 6 non-stellar SSSsin Fields 1, 2, andseem compatible with values of KT175 eV indicates that they
3, respectively). are likely to be quasi-soft (see §3).
7 2 Disk Sources These quasi-soft sources could be neutron stars, or WDs with
e a harder spectrum than anticipated, perhaps due to upsogtte
Because of M31's tilt relative to our line of sight, itis ddfilt of photons from the WD. A natural explanation is provided by
to identify any particular source as a disk source, rathen th an optically thick, geometrically thin disk around an aticrg
member of the halo. Nevertheless, the clustering of SSSs inblack hole. If we identify the source temperature with thate
Field 2 near regions with young stars, as delineated in Eidur  perature of the inner disk, located at the radius of the tasis
by the presence of SNRs, indicates that some of these SSSs arerbit, and assume that 10% of the accretion energy is emitted
likely members of the disk population. All 5 non-stellar S3% then the mass of the BH accretor is given by
Field 2 are clustered near regions of star formation. Or&3{2 49eV/~2 L 1
is in fact itself a SNR. Three of the others are transient aed a Mgy = 16°Mg, { } [ - } ’ (4)
probably X-ray binaries. If their location near SNRs is gery kT 2.9x 10%erg/s
and is not due to projection effects, such SSSs are likeheto b For kT = 200 eV, andL = 1 x 10® erg s?, the BH mass

young systems. is roughly 10(M. This value of the mass is likely to be a
lower limit, since spectral hardening effects, orientatif-
fects, and spin would all tend to increase the derived vafue o

7.3. Halo Sources

9 It is interesting to note that we find that some of the SSS<&eleby the strictest criteria, the HR conditions, are besiyffimodels that include a power-law
component in addition to a soft thermal spectrum. See Figure
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the mass. This example illustrates that some of the qudisi-so  The sixteen bulge SSSs include the brightest, softest $5Ss i
models could be accreting intermediate-mass BHs. It is im- M31. The bulge sources are highly concentrated within a pro-
portant to note that even the softest sources could be augret jected distance of 450 pc from the galaxy center. The surface
intermediate-mass BHs. (See Equation 4.) Figure 5 simply il density and count rates of SSSs in the disk field are smafidr, a
lustrates that there are some soft sources in M31 that may behe sources are, on average, harder than those in the btlge. |
inconsistent with WD models; these are then the most obviousremains to be seen if the differences between the disk age bul

candidates for other models, such as the BH model. are due to greater absorption in the disk or if they are isitin
to the sources.
9. LUMINOSITY DISTRIBUTIONS M31's SSSs are highly variable. Thirteen out of 15 (non-

In each field, there are SSSs with count rates below™ ks SNR) bulge SSSs rose above or fell below Gieandraand
In Field 1, the 2 lowest count-rate sources have count rdtes o XMM detectability ".m't$ on time scales of months, as did 3 of
0.27 ks® and 035 ks . In each of Fields 2 and 3 there are 3 ° Non-stellar SSSsin Field 2. There have been fewer checks fo
sources with count rates ranging fron2@ or 034 ks to ~ 1 variability in Fields 1 and 3, as they were not covered(MM.
ks In Field 2. there are 5 sources with count rates below 1 Nevertheless, 8 of theBOSATSSSs scattered across Fields 1,
ksl ' 2 and 3 that could be checked for variability had faded below
detectability between 1991 and 2000/2001. The fading of the
SSSs that have fallen below the detectability limits careot
explained by assuming that the SSSs are novae. The required

Because the luminosity, temperature, and column density
each play a crucial role in determining the count rates ofs$SS

the low-count-rate sources undoubtedly represent a rafige o ; . .
source luminosities. For the AO2 observations, the range of '&t€ 0f novae would be too high to be compatible with othea dat

SSS luminosities of the low-count-rate sources was between(Shafter & Irby 2001). Furthermore we find sources turning on

~ 10% erg st (for a 100 eV source behind a column of 2.0?° as well as turning off, with on-off-on or off-on-off behaviob-
cmi?), to just over 186 erg s (for a 50 eV source behind a col- served for some SSSs. The most viable conjecture is that the

umn of 15 x 10?2 cm). variable SSSs are X-ray binaries.

Although we cannot determine which among our sources D.'Sk S.SS.S |n.F|eId 2 appear to be clustered near star-forming
have the lowest luminosities, we can definitively say that we [€9i0ns, indicating that they may be young systems. Otfers a
are detecting sources with luminosities belovii&rg s*. The pear to be in the halo of M31 and may be old. The results match

significance of this number is that it represents the lunitpos what we have seen in other galaxies. In M101, e.g., which we
an Q6M,, WD that is burning hydrogen to helium in a quasi- V€W face-on, SSSs are predominantly found in the spirakarm

steady manner. We conjecture that at least some of the lower(Di Stefano & Kong 2003a, b). In M104 (the Sombrero), on
luminosity sources may correspond to WDs of lower mass and th€ other hand, which we view edge-on, some SSSs are clearly

onlor bright CVs (Greiner et al. 1999, Greiner & Di Stefano 0cated several kpc away from the disk.
1999, Patterson et al. 1998). In the center and disk we find SSSs with count rates between

0.25 and 1 count&s™. These are likely to have luminosities
10. CONCLUSIONS between 1&-10*ergs™, lower than those of the Magellanic
. Cloud and Galactic SSSs that defined the class thrR@BAT
Our work with M31 demonstrates the challenges and rewards gpservations in the early 1990’s. Some of these sources may
of studying SSSs in other galaxies. The primary challenge pe pright CVs with relatively high accretion rates (Greinad
is posed by the low count rates, making it difficult to select pjgtefano 1999, Greiner et al. 1999, Patterson et al. 1998).
sources based on spectral criteria. For .SS.SS the situation i Considering all of the fields we studied, 10 SSSs were dis-
complicated because (1) we don't knawpriori whether one  ¢qyered by the HR condition and 5 by the next most selective
or more physical models apply, and (2) for any specific phys- ¢riteria, the 3 conditions. Eighteen non-stellar sources satisfy
ical model, we cannot uniquely predict the spectrum from the ¢ongitions that are somewhat less strict. Twelve of these ex
accretor, disk, corona, interactions with the ISM, etc. \Ween it no significant emission above 2 keV (6 “noh” sources and

therefpre chosen to develop and ap_ply an algorithm for sourc g “med”), and 6 allow some emission in the H band, as long as
selection that has been tested on simulated and real dat& fro ne fraction of such photons is small. Some could be acgetin

other galaxies'® (See Di Stefano & Kong 2003a, 2003b.) The  intermediate-mass black holes: some may be quasi-soft.
algorithm categorizes sources according to the detailonf h The regions containing the largest numbers of detectable
they were selected, allowing us to select those most likebet 5SS are the four & 8 squares covered by S3. Even in each
intrinsically soft. Future investigations can now focusay of Fields 1 and 3, far from the nucleus, there are 3 non-stella
subset of the SSSs identified by our algorithm. _ SSSsin S3. In regions close to but not overlapping the nagleu

In M31 we find 33 SSSs that are not foreground stars. Five ine numbers of sources in ahs88’ field should lie between 3
of these are in Field 1, five are in Field 2, seven are in Field gnq 16. If we consider that there ardorty 8 x 8 fields within
3,and sixteen are in the central field. Comparative studies o D25, and assume that each houses four SSSs, an A02 S3 survey
the ChaMPfields to estimate the numbers of background SSSs ot M31 would have detected 300 SSSs. To derive the total

indicate that all of these sources are likely to be in M31.Two underlying population, absorption effects need to be taken
of the sources (r2-56 and f2-53) appear to be associated withycount: this will be done separately.

SNRs. One of these, r2-56, is resolved at X-ray, optical rand In terms of the properties and possible natures and origins,
dio wavelengths. This SNR exhibits no emission abat&&V  the SSSs of M31 are a more diverse group than we had antici-
and was selected by the HR conditions, the strongest satecti pated. HSTACS observations to identify dim optical counter-
criteria. F2-53 satisfies therZriteria, the second strongest set parts,XMM data on the disk fields, ar@handraobservations

of selection criteria.

10 The other galaxies were chosen because there is little gtimormlong the line of sight to them and in some cases (e.40IVMIM83), the orientation is more
face-on than M31'’s, hence is favorable for the detection38S
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of the region will help us to unravel the mystery of their fand
mental natures.
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