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Abstract. Thispaper reportson resultsof theanalysisof the �rst
M 31 survey with the ROSAT PSPC performed in July 1991.
Within the� 6.3 deg2 �eld of view we detected 396 individual
X-ray sources with (0.1 keV { 2.4 keV) uxes ranging from
� 5 � 10� 15 erg cm� 2 sec� 1 to � 4 � 10� 12 erg cm� 2sec� 1.
Of these 396 sources, 43 have been tentatively identi�ed with
foreground stars, 29 with globular clusters, 17 with supernova
remnants, 3 with other galaxies (including M 32), and 3 with
radio sources. A detailed analysis of the integral ux distribu-
tion of the sources shows that approximately one �fth are likely
to be background objects. By comparison with the results of the
EinsteinM 31 survey, we �nd 327 newly detected sources, 15
moderately variable sources, 3 bright and 6 faint possible tran-
sient sources. For those sources in M 31, the observed luminosi-
ties range from� 3 � 1035 erg sec� 1 to � 2 � 1038 erg sec� 1

(at 690 kpc). The total (0.1 keV { 2.4 keV) luminosity of M 31
is (2:9 � 0:3) � 1039 erg sec� 1, roughly one third of which is
from the bulge and two thirds of which are from the disk. The
luminosity of a diffuse component within the bulge region is
estimated to be less than 3:2 � 1038 erg sec� 1. An explanation
in terms of hot gaseous emission leads to a maximum total gas
mass of 1:7� 106 M � . We �nd that the integral luminosity dis-
tribution of sources associated with globular clusters is similar
to that of the Milky Way. Finally, the results of spectral �ts to 56
of the brightest sources are discussed; we classify 15 objects as
\supersoft sources" according to their spectral characteristics.

Key words: galaxies: fundamental parameters { galaxies: indi-
vidual: M 31 { galaxies: luminosity function { galaxies: spiral
{ X-rays: general { X-rays: stars
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1. Introduction

The giant early-type spiral galaxy M 31 is the most massive
galaxy in the Local Group and is close enough for a detailed
study of accreting X-ray sources with luminosities comparable
to those in our own Galaxy. Using theEinsteinObservatory,
Trinchieri and Fabbiano (1991, hereafter TF) discovered 108
point sources in four IPC pointings, with a total of 100 kilo-
seconds of exposure, and several HRI pointings, with a total
of more than 200 kiloseconds of exposure. Three IPC observa-
tions of� 30 ksec each covered� 86% of theD25 diameter of
M 31 (Tully 1988;D25 is de�ned as the galactocentric diame-
ter of the 25 magnitude per arcsec2 isophote in blue light) with
a limiting sensitivity of approximately 1037 erg sec� 1 for the
distance of M 31 (van Speybroeck et al. 1979; van Speybroeck
and Bechtold 1981; Long and van Speybroeck 1983). The IPC
images contain various isolated sources in the outer portion of
the galaxy and a confused region surrounding the nucleus. This
central region was resolved into individual sources with the HRI
on three occasions separated by 6 month intervals. Additional
HRI followup observations for more than half of the IPC sources
gave positions accurate to about 300. A comparison with optical
and Hi observations showed that there is a large group of X-ray
sources associated with the bulge and a general association of
X-ray sources with the spiral arms of the galaxy.

Crampton et al. (1984) found a variety of possible optical
counterparts within the error circles of the source positions,
including globular clusters, foreground stars, faint blue stars,
and the compact galaxy M 32. Crowding in the optical nucleus
prevented the examination of source positions within 20� 30 of
the center of the galaxy.

TF pointed out that the luminosity distribution of the disk
sources in M 31 identi�ed withEinsteinis comparable with that
of the bulge sources. They also noted a difference between the
optical and the X-ray brightness pro�les of M 31. Primini et al.
(1993), using ROSAT HRI data, reported that X-ray luminous
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Fig. 1. Locations of the central regions (with 200radii) of the 6 sur-
vey pointings (thick circles) and theD 25 ellipse of M 31 (Tully 1988;
dashed ellipse), plotted over a contour plot of M 31 (0.5 - 2.0 keV).
The thick cross marks the optical center of the galaxy.

globular clusters are more numerous in M 31 than in our Galaxy
by a factor of 4, although the peak luminosities are comparable.

The �rst ROSAT PSPC deep survey of M 31 discussed in
this paper covered the whole galaxy (1.3 times theD25 diame-
ter) with a total observation time of more than 200 kiloseconds,
leading to a sensitivity which is about a factor 10 greater than
that of theEinsteinobservations. In total, 396 sources were
found in the ROSAT PSPC survey of M 31. In this paper, we
present a complete catalog of these sources, report on the initial
results of optical identi�cations and discuss their X-ray spec-
tral properties. The luminosity distribution of these sources, the
fraction of background sources, and the luminosity distribution
of X-ray sources correlated with globular clusters are presented.

2. Observations

The analysis in this paper is based on the pointed M 31 sur-
vey with the ROSAT X-ray Telescope Position Sensitive Pro-
portional Counter (ROSAT PSPC; Tr•umper 1983, Aschenbach
1988, Pfeffermann et al. 1986) performed in July 1991. The
results of a second PSPC survey of M 31 carried out in Au-
gust 1992 will be reported elsewhere. An isolated observation
of the bulge region of M 31 was performed in July 1990 with the
ROSAT High Resolution Imager (HRI), and has been described
by Primini et al. (1993).

The July 1991 M 31 survey consisted of 6 contiguous point-
ings, each with more than 25 000 seconds observation time,
covering the whole disk at equally spaced positions. The ob-
servations were performed in the �xed pointing mode, because
the normal ROSAT wobble mode could not been used due to
temporary dif�culties with the attitude control system after the

loss of a gyro. The journal of observations is given in Table 1.
Fig. 1 shows an overlay of the central regions of the 6 pointings
and theD25 ellipse of M 31 (Tully 1988) on the ROSAT X-ray
(0.5 - 2.0 keV) contour plot of M 31. Each circle marks the
boundary of the inner �eld of the PSPC with 200 radius, where
the instrument has the highest angular resolution: 2000at 1 keV
(Hasinger et al. 1992). When merged, these inner regions cover
a large fraction of theD25 ellipse. The cross marks the optical
center of the galaxy. The total �eld of view of the PSPC is 570

in radius, and is approximately represented by the outer contour
line.

3. Analysis

In most of the analysis, the individual pointings were treated sep-
arately, as explained below. For investigations of single sources
(particularly for spectral �ts) the data were taken from the point-
ing in which the source appears at the smallest detector off-axis
angle which is free from shadowing by the rib structure of the
PSPC entrance window. In contrast, for the investigation of the
total X-ray luminosity of M 31 and its distribution, all pointings
were merged into a single image.

3.1. Energy bands, images, and contour maps

The ROSAT XRT covers a broad energy range from 0.1 keV to
2.4 keV, hereafter called the `B' band. To make use of the energy
resolution of the ROSAT PSPC (Pfeffermann et al., 1986), we
divided the broad energy band (B) into three energy ranges: a
soft band (S: 0.1 keV - 0.4 keV) and two hard bands (H1: 0.5
keV - 0.9 keV; H2: 0.9 keV - 2.0 keV; with H: 0.5 keV - 2.0
keV = H1 + H2).

Fig. 2 shows a mosaic of the B-band data from all 6 pointings
with pixels rebinned to 2600� 2600. The individual pointings are
evident via the shadows of the PSPC support structure. Since
the bulge region is serverely crowded, we binned the data in
this region at a higher resolution (500� 500pixels) using only the
H-band, which has the narrowest point spread function (PSF;
Hasinger et al. 1992). The result is shown in Fig. 3 as a con-
tour plot. The crosses mark the positions of the sources detected
within this region, as described in Sect. 3.3. As seen in this �g-
ure, the bulge consists of single bright sources embedded in a
region of diffuse emission which is likely to be due to a combi-
nation of unresolved point sources and/or hot gas emission.

3.2. Source detection strategy

The Extended Scienti�c Analysis System (EXSAS; Zimmer-
mann et al. 1993) was used for the analysis of all 6 observa-
tions. The source detection was carried out separately for each
pointing, using the following procedure:

First, the data were binned into images for each of the �ve
energy bands B, S, H1, H2, and H with a pixel size of 1500� 1500.
For each of these 5 images, a `local detection algorithm' was
used, in which a 3� 3 pixel box was moved across the im-
age, looking for a signi�cant excess within the box compared
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Fig. 2.Overlay of all 6 ROSAT PSPC pointings of M 31. The rib-structure of the PSPC entrance window can clearly be seen as shadows in each
of the single images. The ellipse shows theD 25 size of M 31.

to the background in the surrounding 16 pixels. We de�ne the
likelihood L = -ln(P), where P is the probability that the mea-
sured number of photons in the 3� 3 pixel box originates from
Possonian background uctuations. For this step, a likelihood
threshold of 8 was choosen. The result is a list of possible source
positions, the \local detection list", for each of the 5 energy
bands. Using this detection list, background maps were created
as follows: �rst the images were smoothed by a Gaussian �lter
with � = 1 pixel. Next, holes with a radius of 8 times that of the
PSF were punched at the positions of the sources in the local
detection list. The pixel values in the holes were replaced by the
average value of the pixels surrounding the holes. Finally, the
images were again smoothed with a Gaussian �lter, this time

with a � equal to the on-axis� of the PSF for the given energy
band.

In the next step, a `map detection algorithm' was performed
with the background images and the original images. A 3� 3
pixel box was again moved across the image, looking for signif-
icant excess within the box, but this time, the background was
determined from the equivalent position on the background im-
age. Again, likelihood threshold of 8 was chosen. This process
yielded an additional position list, the \map detection list", for
each of the 5 energy bands. The local and the map detection lists
for each energy band were then merged and used as input for
the maximum likelihood algorithm described by Cruddace et
al. (1988). The maximum likelihood algorithm was performed
on the original (i.e., unbinned) data, using the background im-
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Table 1.Log of the �rst ROSAT PSPC survey of M 31.

Pointing Date RA (J2000)1 Dec (J2000)1 Exposure
(h) (m) (s) (� ) (0) (00) (s)

WG600065P 24.-25. July 1991 00 46 48.0 42 15 00 26 216
WG600066P 25.-26. July 1991 00 45 21.6 41 52 48 30 720
WG600067P 26.-27. July 1991 00 43 55.2 41 30 36 27 884
WG600068P 27.-28. July 1991 00 42 28.7 41 08 24 28 888
WG600064P 15.-16. July 1991 00 41 02.4 40 46 12 49 292
WG600079P 14.-15. July 1991 00 39 36.0 40 24 00 42 188
1The coordinates give the center of the �eld of view.

Fig. 3. Contour plot of the bulge region of M 31 in the hard energy
band; X-ray point sources found with ROSAT within this region are
marked as crosses. The contour levels are: 8.4, 11.7, 16.7, 33.4, 83.6,
167.2, 334.5, 501.7, and 668.9 cts s� 1 deg� 2. The few sources not
surrounded by any contour line are faint or soft objects.

ages described above, to yield the �nal positions of the sources,
their extent and the corresponding statistical errors in position
and extent. Only sources with a likelihood� 10 were accepted.
After this procedure the lists for the 5 different energy bands in
each of the 6 pointings (i.e. 30 source lists) were merged into
one unique source position list by combining sources when their
2� positional uncertainties or their 2� circles of the PSF over-
lapped spatially. In such a case, the position with the highest
likelihood was maintained.

After the automatic merging procedure we visually in-
spected the results. The merging algorithm merged source #208
with source #210 (see Table 5). The visual check led us to the
conclusion that these sources shouldnot be merged because of
different spectral characteristics. It should also be mentioned
that the determination of a source position by the maximum
likelihood algorithm can be biased by nearby sources, i.e. the
position tends to shift towards the nearby source.

Finally, this list was used to perform a maximum likelihood
calculation with �xed source positions, in order to compute the
count rates in each of the �ve energy bands. In the case of
non-detection of a faint source in one of the energy bands, we
computed the 1� upper limit on the ux in that energy band.

3.3. General properties of the detected X-ray sources

The source detection algorithm yielded 396 X-ray sources. The
spatial distribution is shown in Fig. 4, in which they are plotted
on an optical image of M 31, taken from the photographic O{
plate of the Palomar Observatory Sky Survey. The different sym-
bols and colors indicate roughly the X-ray ux of the sources:
green circles { F< 10� 14, blue circles { 10� 14 � F < 10� 13,
green crosses { 10� 13 � F < 10� 12, and blue crosses {
F � 10� 12 erg sec� 1Cm. These uxes were calculated using
the count rates in the B-band given by the maximum likelihood
algorithm, assuming a power law spectrum with� = � 2:0 and
NH = 9� 1020 cm� 2. A closer look at the bulge region is shown
in Fig. 3. Because of the high density of sources found in this
region, this area is shown as a contour plot; the crosses mark
the positions of all sources detected within this area.

Table 5 lists the data for all 396 sources. Column 1 gives our
source number, column 2 - 7 list the centroid position (epoch
J2000) after correction for a systematic offset (see Sect. 4) and
column 8 shows the 1� uncertainty of the source position in arc-
sec. The calculation of this positional uncertainty is based on the
maximum likelihood algorithm and incorporates the effects of
statistical errors depending on the number of source counts, as
well as the blur radius of the PSF at the off-axis angle and mean
photon energy of the source. We also set a minimum threshold
of 500to account for a systematic position error. Any boresight
correction considering a possible rotation of the separate point-
ings against each other was neglected (we found this error to be
less than� 700). The parameter in column 9 represents a classi-
�cation of the quality of the detection. The sources in the �rst
class were detected in the central region of the PSPC with off-
axis angles� 200, the second class de�nes locations of sources
found between 200 and 400, and the third class contains sources
with off-axis angles> 400. As already mentioned in Sect. 2,
we derived the source position from the pointing in which it ap-
pears at lowest off-axis angle, i.e., the best class (but not under a
PSPC rib). Column 10 gives the highest likelihood of existence
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Fig. 4. Plot of all X-ray sources detected by the ROSAT PSPC overlayed over an optical image of M 31. The different symbols and colors
correspond to the ux of the sources (see text). The ellipse indicates theD 25 size of M 31.

found in any of the �ve energy bands (the energy band with the
signi�cant detection is indicated by the letter behind the like-
lihood value) computed with the maximum likelihood method.
Columns 11 to 15 list the count rates with their 1� error (in
counts per kilosecond) within the �ve energy bands (B, S, H,
H1, and H2; see Sect. 3.1). The listed count rate errors are only
statistical errors, whereas the systematical errors are expected
to be less than� 15%. Because some faint sources were not de-
tected in all energy bands (i.e., these sources had a likelihood
below the threshold value of 10 in the energy band without de-
tection), we present the 1� upper limits for their count rates. The
upper limits are computed from the 1� uctuation (poissonian
statistics) of the background counts at the source position and
are indicated by a preceding `< `-symbol in Table 5. For class

2 and especially class 3 sources this upper limit can even be
underestimated due to the wider PSF and the therefore higher
possibility of rib inuencies.

It is important to point out several caveats. The count rates
for sources in the bulge region may be mis-estimated due to
the high confusion. Frequently this leads to an overestimate.
Counts from the diffuse emission or from neighbouring sources
may be assigned to the wrong sources, causing errors in the
measured count rate. Also, two or more sources may be blended
into a single source. The confusion also inuences the spectral
characteristic of a source (i.e. the split up of the count rates into
the different energy bands). For most of the sources in the bulge,
the latter effect will not be so severe since, except for sources
#181 and #208, they all have similar spectral characteristics.
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Another problem arises in the comparison between count rates
measured in the different energy bands. For 4 sources, the count
rate given for theB -band is signi�cantly lower than that of the
sum of theS + H -band, and this is also the case for 13 sources
when comparing theirH -band count rates with that of the sum
of H 1+H 2. This is partly due to the fact that the reported errors
are statistical errors and do not include systematic errors. The
opposite situation where the count rate of the common energy
band is signi�cantly higher than the sum of the count rates in
the single energy bands may also occur for the same reason
(in fact it is the case for 10 sources considering the B-band
and for 8 sources considering the H-band). Additionally, for
the B-band exists the second reason ofB == S + H . Finally,
30 sources are marked with ay-symbol in Table 5 to indicate
problems in deriving their count rates. These problems are due to
several disturbances like the poorly known PSF at high off-axis
angles, the situation of the source within a confused region, or
the inuence of a PSPC rib in the neighbourhood of the source.

By folding the PSF with a Gaussian source model, the max-
imum likelihood algorithm determines the likelihood of any
possible extent of a source (`extent likelihood'), and the implied
radius of extent de�ned as the Gaussian parameter. Because of
systematic errors connected with the approximative description
of the PSF, strong point sources also appear as extended. There-
fore care must be taken in evaluating the validity of any source
extent determined with the maximum likelihood algorithm. We
have found that none of the 396 ROSAT sources can be clearly
identi�ed having extended structure larger than 2500. This size
corresponds to a linear dimension of� 80pc(at the distance of
M 31), comparable to the shells and the supergiant shell seen
in the LMC and reported to have luminosities in the order of
1037 erg s� 1 (Meaburn 1980, Tr•umper et al. 1991, Bomans et
al. 1994).

4. Comparisons with other source catalogs

The 396 source positions were correlated with different pub-
lished catalogs. In order to carry out these correlations, any
systematic offset in the source list had to be determined. For the
correlation technique only a brief description will be given here:
Two catalogs will be correlated by calculating the distances in
right ascension (�RA ) and declination (�DEC ) between every
source in the �rst catalog and every source in the second catalog.
If both catalogs contain identical source positions the values of
�RA and �DEC will be zero for all matches, or distributed
around (0,0) in the�RA � �DEC plane if both catalogs have
individual position errors. The number of uncorrelated coinci-
dences can be calculated (see below). A mean nonzero value
for the matching correlations gives a systematic offset between
both catalogs.

To this end we looked for matching source positions of the
globular cluster lists within an search-circle of 6000radius around
each ROSAT source. The reasons for the use of the globular clus-
ter lists are their high position accuracy (100) combined with the
relatively large number of matches. To determine any systematic
offset,�RA and�DEC were separately binned into histograms

Fig. 5. Correlation of the ROSAT sources with theEinsteinsources.
It shows the number of correlations against the accepted correlation
distance in units of� of the combined positional error. The thin line
showsNtotal which represents the number of all possible correlations,
whereas the thick line showsNexcess , which is Ntotal reduced by
the statistically expected number of accidental correlations. For an
explanation of the correlation process see text. The error bars give the
1� errors.

and �tted with a Gaussian distribution function. The mean of
the Gaussian distribution function yields an offset of +5:100in
RA and � 9:400 in DEC . This correction was applied to the
raw position data to obtain the �nal source positions of the 396
X-ray sources which are listed in Table 5.

The corrected source positions were correlated with the cat-
alogs listed in Table 2 and described in Sect. 4.2. Because the
maximum likelihood algorithm yields statistical position errors
for each source, these errors should be considered in the corre-
lation method. Therefore, a technique has been used, in which
the distance between two sources was calculated in units of
their combined position errors (expressed in� ). Analogous to
the technique explained above the pairs with distances between
10� and 15� were used to evaluate an accidental correlation
rate n per� 2. In order to derive the real correlations, only dis-
tances up to 2� were accepted. This method yields the num-
ber of total correlations (Ntotal ), the number of accidental cor-
relations (Nacc: = 4�n ), and the number of real correlations
(Nexcess = Ntotal � Nacc: ). A representative example can be
seen in Fig. 5, where the results of the correlation with theEin-
steinsource list of TF is plotted as a cumulative distribution
function. The thick line showsNexcess , the thin lineNtotal , and
the error bars represent the 1� errors.

Table 2 summarizes the results of this correlation analysis
for different catalogs; these are discussed in more detail in the
following subsections.
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Table 2.Summary of the correlation analysis.Ntotal gives the number
of all possible correlations within a distance of 2� of the combined
positional error,Nacc: gives the number of statistically expected acci-
dental correlations, andNexc: gives the excess of correlations, which
is Ntotal � Nacc: . The �nal accepted correlations are somewhat less.
For a detailed explanation see Sect. 4.2.

Type Data bases Ntotal Nacc: Nexc:

X-ray Einstein(TF) 72 9.5 62.5
GC BA87, BA93, MA94a 31 7.3 23.7
Extragalactic NED 6 0.2 5.8
Foreground MA92, SIMBAD 51 24.3 26.7
SNR DO80, BW93, MA94b 22 4.9 17.1
Novae SA91, SA92 0 0.6 {

4.1. Comparison to the Einstein sources

The ROSAT PSPC observations reveal many more sources in
the disk regions of M 31 (i.e., outside the bulge) than were found
in theEinsteinobservations (341 vs. 58). This is a result of both
the� 10 times higher sensitivity of ROSAT as well as the more
complete coverage of the �eld of M 31. In contrast, the ROSAT
PSPC data for the bulge region (within 50of the core) reveal only
22 sources compared with the 48 found in theEinsteinHRI ob-
servations and the 45 found with the ROSAT HRI observations.
This difference can be attributed to the reduced resolution of
the ROSAT PSPC compared with either theEinsteinor ROSAT
HRI detectors.

The source list of TF, containing 108 X-ray sources, was
used to correlate our sources with those ofEinstein. Because TF
give no information about the positional errors of their sources,
we used the general values reported by Crampton et al. (1984):
300for the 81EinsteinHRI positions and 4500for the 27Einstein
IPC positions.

Accepting source distances up to twice the combined posi-
tion error (2� ), Ntotal = 72 correlations with a probable con-
tamination ofNacc: = 9:5 accidentals were found (see Fig. 5).
The individual correlations are listed in Table 6. Column 1
gives the ROSAT source number (ref. Table 5), column 2 the
uxes and 1� errors of the ROSAT sources using the spectral
model of TF (thermal bremsstrahlung withkT = 5 keV and
NH = 7 � 1020 cm� 2 in the 0.2-4.0 keV energy band), column
3 lists theEinsteinsource numbers (ref. Table 2A of TF), col-
umn 4 the uxes and 1� errors given by TF, columns 5 and 6
the distances between the ROSAT source positions and theEin-
steinsource positions in arcsec and in units of their combined
position errors (� ) respectively. The last column shows the ra-
tio between the uxes obtained with ROSAT andEinsteinand
can be considered as a long term variability check between the
epoch of the two observations.

Four ROSAT sources (#173, #200, #201, and #240) corre-
late with two differentEinsteinsources each, whereas 4Einstein
sources (#2, #10, #37, and #104) correlate with two ROSAT
sources each, andEinstein sources #70 and #88 with three
ROSAT sources each. Although ROSAT source #67 correlates

Table 3. List of variable X-ray sources.FR gives the ROSAT source
ux using theEinsteinspectral model of TF andFE gives theEinstein
source ux of the correlatedEinsteinsource. The two unde�ned upper
limits for FR are due to confused regions. Column \S(FR � FE )" lists
the signi�cance of the variability as described in text. A \T" in column
\ S(FR � FE )" indicates bright transients or possible faint transients
when enclosed in brackets (see Sect. 4.1 for a detailed explanation).

ROSAT FR (� 1013) Einst. FE (� 1013) FR=FE S(FR � FE )
Src. (cgs) Src. (cgs)

57 0:12 � 0:05 2 1:64 � 0:42 0:07 � 0:04 3.56
69 19:87 � 0:29 < ? > ? T

122 12:98 � 0:45 9 8:72 � 1:08 1:49 � 0:19 3.65
150 9:32 � 0:31 16 3:88 � 0:75 2:40 � 0:47 6.74
159 35:67 � 0:32 15 48:83 � 1:61 0:73 � 0:02 8.02
172 5:78 � 0:24 27 3:38 � 0:52 1:71 � 0:27 4.16
175 3:23 � 0:19 33 0:83 � 0:28 3:89 � 1:33 7.09
188 31:65 � 0:52 51 9:16 � 1:01 3:46 � 0:39 19.80
195 4:04 � 0:21 58 1:59 � 0:44 2:54 � 0:72 5.06
205 18:21 � 0:44 67 11:95 � 1:10 1:52 � 0:15 5.27
206 9:47 � 0:32 68 5:64 � 0:58 1:68 � 0:18 5.81
211 2:44 � 0:18 70 3:77 � 0:34 0:65 � 0:08 3.43
217 3:58 � 0:21 76 1:64 � 0:46 2:18 � 0:63 3.82
220 8:77 � 0:30 79 3:26 � 0:42 2:69 � 0:36 10.66
223 6:05 � 0:26 80 1:92 � 0:35 3:15 � 0:59 9.44
348 5:39 � 0:26 104 8:56 � 0:48 0:63 � 0:05 5.79

< ? 31 8:90 � 0:65 < ? T
< 0:06 40 1:59 � 0:62 < 0:04 (T)

< ? 56 9:07 � 0:64 < ? T
< 0:14 81 1:04 � 0:42 < 0:13 (T)
< 0:37 93 2:86 � 0:74 < 0:13 (T)
< 0:13 96 3:50 � 0:94 < 0:04 (T)
< 0:05 100 0:71 � 0:23 < 0:07 (T)
< 0:10 106 0:71 � 0:22 < 0:14 (T)

with Einsteinsource #3 only within 4:3� error radius, we addi-
tionally accept this correlation pair because the source is one of
the 30 critical sources mentioned in Sect. 3.3, and the poorly-
known PSF uncertains the position for this very bright source.
A check by eye con�rms that the two sources are the same.
Of the 108Einsteinsources, 43 could not be correlated to any
ROSAT source, while 327 of the 396 ROSAT sources could not
be correlated to anyEinsteinsource.

To measure the signi�cance of the ux variability, we cal-
culated the expressionS(FR � FE ) = jFR � FE j=(� 2

FR
+� 2

FE
)

1
2

(Primini et al. 1993). Because this neglects a possible systematic
error due to inaccuracies in our spectral model, we only accepted
variability with a signi�cance� 3� . We also excluded bulge
sources and other confused sources (such as ROSAT sources
#340/#348,Einsteinsource #104) because of their large sys-
tematic errors. We found 15 potentially variable sources, listed
in Table 3, where column 1 lists the ROSAT source numbers,
column 2 the derived ROSAT ux (using the spectral model of
TF), column 3 the correlatedEinsteinsource numbers with their
uxes in column 4, column 5 the ux ratio (ROSAT /Einstein),
and �nally in column 6 the variability signi�canceS(FR � FE )
derived with the formula given above.

Collura et al. (1990) report two variable sources among the
sources detected with theEinsteinsatellite. The �rst, their source
#4I, correlates with ROSAT source #150 which we also iden-
tify as variable between theEinsteinand ROSAT observation.
Collura et al. give for the logarithm of the luminosity (assuming
power law spectrum with� = � 1:5, NH = 3 � 1020 cm� 2,
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0.2 - 4.0 keV, and 730 kpc for M 31 distance) a value of 37.6.
Applying their spectral model to ROSAT source #150 yields
for Log(L) a value of 37.7. This value lies within the variability
range for the luminosity of (16� 3)% reported by Collura et al.
We con�rm their identi�cation of their source 4I as a globular
cluster (ROSAT source #150, see Sect. 4.2).

The second variable source reported by Collura et al. is
source 25I, which correlates with ROSAT source #316. In this
case, we have no indication for time variability when comparing
the ROSAT source ux with theEinsteinsource ux using the
spectral model of TF. Applying the spectral model of Collura
et. al. to ROSAT source #316 yields Log(L) = 37.4, whereas
Collura et al. reports Log(L) = 37.2, which would indicate a
variability in luminosity of� 60%. Collura et al. report an ef-
fective amplitude of (14� 2)% with a time scale of> 10 000
seconds (observation I575), and (40� 6)% with a time scale
> 7 000 seconds (observation H4483).

We have also included bright transients in the list of vari-
able sources. We de�ne bright transients as those sources which
are found in one catalog, and are bright enough to be detected
in the other, but which were not seen. ROSAT sources with
uxes � 10� 12 erg cm� 2 s� 1 (applying the spectral model of
TF) should have been seen during theEinsteinobservations.
Conversely,Einsteinsources with uxes� 10� 12 erg cm� 2 s� 1

should have been seen in the ROSAT pointed survey, even when
they are observed at high off-axis angles. Because of the con-
fusion problems, we have excluded the bulge sources in this
search for transients.

Using these criteria, we have identi�ed 3 bright transients
(see Table 3). Of the 327 ROSAT sources not detected with
Einstein, only one, source #69, is found to be a bright transient.
This source, with a luminosity of 1:1� 1038 erg s� 1, apparently
went into outburst just before the �rst ROSAT PSPC survey of
M 31, because it was not seen during the ROSAT all sky sur-
vey 6 months before (which had a limiting X-ray luminosity of
� 2 � 1037 erg s� 1; Kahabka et al. 1991) and later faded from
view (additional pointed PSPC observation; Hasinger, private
communication). We performed optical observations of the er-
ror box of this source on Aug 6, 1991, within 1 month of the
ROSAT observations of the transient. These observations con-
sisted ofBVRICCD images taken at the Michigan-Dartmouth-
MIT 1.3m McGraw-Hill telescope. Each exposure was 600 sec-
onds long. These images showed three stars within 1000of the
location of the transient, and a fourth within 2000. All four of
these stars were visible in observations made in Sept 1990 (see
the catalog of Magnier et al. 1992), and had magnitudes in the
range 20.1 { 20.4. None had substantially different magnitudes
in the Aug 1991 observations. Low resolution (� 3 �A) spectra
were obtained (kindly provided by Dr. Phil Charles) on Aug 18,
1991 with the La Palma 4.2m William Herschel Telescope us-
ing the ISIS spectrograph. For these spectra, exposure times of
2000 seconds were used. None of the stars in question showed
signs of H� emission lines. The two most likely types of bright
transients which we expected were 1) a Be transient and 2) a
soft X-ray transient. Given the lack of H� emission lines from
any of these stars, we conclude that this event was a soft X-ray

transient. In such systems, the absolute optical magnitudes at
the peak of the outburst are typically� 0, implying an appar-
entV magnitude of� 24, and the source would be somewhat
fainter even 1 month after the outburst. Thus it is not surprising
that we did not detect the system in our optical images. Most
of the remaining 326 noncorrelated ROSAT sources have uxes
below the detection threshold of theEinsteinIPC and therefore
no statement can be made about any possible transient nature.

Two of the sources detected withEinstein are found to
be bright transients. The remaining 41 uncorrelatedEinstein
sources have luminosities below the bright transient thresh-
old mentioned above. Even though these 41Einsteinsources
have luminosities above the detection threshold of the pointed
ROSAT survey, they cannot all be considered as (faint) tran-
sients: 35 of these 41Einsteinsources lie within or nearby the
bulge region and therefore are excluded because of possible
confusion. The remaining 6Einsteinsources can be considered
as possible faint transients (see Table 3).

We give upper limits for the uxes of all transients listed
in Table 3. For the two bright transients seen withEinsteinbut
not with ROSAT, we cannot give any reliable upper limit for
the ROSAT X-ray ux because both sources lie in confused
regions. For the one bright transient seen with ROSAT but not
with Einstein, we are not able to calculate an upper limit, because
we do not know about the limiting sensitivity in ux of the
Einsteinobservations in this region.

4.2. Identi�cations with optical and radio sources

To identify and classify individual sources, the ROSAT source
list was correlated with the following public data bases and
catalogs:

{ globular clusters: the two lists of Battistini et al. (1987,
1993; hereafter BA87, BA93) and the lists of Magnier et al.
(1994a; Table 2; hereafter MA94a),

{ extragalactic objects: the NASA Extragalactic Database
(version date: 30. Dec. 1992; hereafter NED),

{ foreground stars: the catalog of stellar photometry de-
scribed by Magnier et. al., (1992) and Haiman et al. (1994),
hereafter MA92, and the SIMBAD catalog (Centre de
Donn�ees astronomiques de Strasbourg; version date: Dec.
1989; hereafter SIMBAD),

{ supernova remnants: the lists of d'Odorico et al. (1980;
hereafter DO80), Braun & Walterbos (1993; hereafter
BW93), and Magnier et al. (1994b; hereafter MA94b).

{ novae: the two lists of Sharov and Alksnis (1991, 1992;
hereafter SA91, SA92).

There exists some overlap between these lists and catalogs as
we tried to incorporate all available data for each class of object.

Table 7 shows the result of the correlations. The columns
are de�ned as follows:
Column 1: ROSAT source number (ref. Table 5).
Column 2: Correlated catalog. The abbreviations used are the
same as de�ned above.
Columns 3+4: Distance between the ROSAT source position
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and the correlated one in the catalog, in arcsec and in� units,
respectively. For the distance expressed in sigma the combined
position error of the ROSAT source and the correlated catalog
source was used.
Column 5: The name of the identi�ed source as it is listed in the
catalogs (for details see the remarks to the individual catalogs
below).
Column 6: Type of the identi�ed source. The used abbreviations
mean: Galaxy = (background) Galaxy; GC = Globular cluster;
Radio = Radio source; Star = Foreground star (with its spectral
type in brackets, if available).

If two catalogs contain the same source (due to an overlap of
the different catalogs) which correlates with one of the ROSAT
sources, then the identi�cations of both entries are listed, sep-
arated by a comma in each column. If different sources in the
catalogs correlate with one ROSAT source, then the catalog en-
tries are listed one in each line behind the number of the ROSAT
source. Some comments on the various catalogs and compar-
isons follow:
Globular Clusters: Battistini et al. (1987 and 1993) report er-
rors in position of less than 100for both lists (BA87, BA93).
Magnier et al. (1994a) also give errors less than 100(MA94a).
For the correlations, the error of each source in these lists was
�xed to 100. For all three lists the entry number in the considered
list is given as an identi�cation. As additional information, if
available, the corresponding GC numbers from the catalogs of
Sargent et al. (1977) and Crampton et al. (1985) are reported in
brackets. Within the 2� error level, we �ndNtotal = 31 correla-
tions, including 7.3 accidentals. ROSAT sources #73 and #282
correlate with two GCs each. Therefore, we identify 29 ROSAT
sources with globular clusters.
Background Galaxies:Within the 2� error level and using the
NED catalog, we �ndNtotal = 6 extragalactic identi�cations,
including M 32. The number of accidentals is negligible.
Foreground Stars:The position accuracy in the MA92 survey
containing foreground stars is better than 100. The index num-
ber of this catalog is given in the identi�cation column for each
correlating source. The SIMBAD database gives individual po-
sition errors for each listed source. Because objects other than
foreground stars are listed with relatively large position errors
within this database, only the foreground stars were used for
the correlation with the ROSAT source list. As identi�cation,
the entries as listed in the SIMBAD catalog are given. In col-
umn `Type' the spectral type of the foreground star is given in
brackets if it is available. Altogether, within the 2� error level,
Ntotal = 51 correlations of ROSAT sources with foreground
stars were found with 24.3 accidentals expected.

From Einsteinand ROSAT medium and deep surveys we
know the foreground source luminosity function. Using this
distribution and taking into account the sensitivity of our ob-
servations, we �nd an upper limit of 54 foreground sources
within the region covered by the MA92 survey, which does not
cover the wholeD25 ellipse of M 31. This value is in agreement
with our correlation result. From the number of total foreground
star correlations, we have removed 5 correlations: 2 foreground
stars correlating with ROSAT source #218 because of the cor-

relations of this source with a GC, which is in better agreement
with its hardness ratios (see Sect. 5.2); 1 correlation of ROSAT
source #220 for the same reason as for source #218; due to spec-
tral properties described in Sect.+5.2 we reject 1 correlation of
ROSAT source #258 with a foreground star which also corre-
lates with a SNR of DO80; and 1 correlation of ROSAT source
#188 with the SIMBAD foreground starBD + 40 147 due to
the relatively hard spectrum of this ROSAT source and its cor-
relation in position with M 32 (for a further discussion of this
matter see Sect. 5.4). The remaining 46 correlations are listed
in Table 7. Within this list, ROSAT sources #8, #137, and #338
correlate with two different foreground stars each. Therefore,
we identify 43 ROSAT sources with foreground stars.
Supernova Remnants:The SNR list of Braun & Walterbos
(1993) contains individual position errors for each given SNR
(BW93). D'Odorico et al. (1980) report general position errors
of 800in declination and 1500in right ascension (DO80). A to-
tal error of 1200was asssumed for the correlation process. For
the position errors in the list of Magnier et al. (1994b) 100was
assumed (MA94b). Strictly speaking, MA94b is a collection of
three individual lists containing strong SNR candidates based on
H� =SII ux, weaker candidates based on this ratio, and candi-
datesbasedon theabsenceofO/B typestars (foradetailedexpla-
nation see Magnier et al.; 1994b). For the identi�cations with the
BW93 list, their identi�cation entries are given in Table 7, for
the DO80 list their entry numbers (followed, in brackets, by the
corresponding numbers of the SNR lists of Baade & Arp (1964)
and Pellet et al. (1978), if available), and for the MA94b list their
source indices. Altogether,Ntotal = 22 correlations with SNRs
(includingNacc: = 4:9) were found. We rejected one correlation
of ROSAT source #114 with a SNR because of the extremely
soft spectrum (hardness ratios) of this source which identi�es
it as a \supersoft source" (see Sect. 5.3). ROSAT sources #116,
#240, #262, and #274 correlate with two different SNRs each,
and ROSAT sources #203 and #211 correlate with the same
SNR. Unfortunately, these two sources have the same spectral
properties (hardness ratios) and also their luminosities lie within
the range for SNRs (e.g. Kahabka et al. 1993). Therefore, we
consider both sources as X-ray emission from the SNR. This re-
sults in 17 identi�cations of ROSAT sources with SNRs. Their
luminosities range from� 1036 to � 1037erg s� 1, when ap-
plying a thermal bremsstrahlung spectrum withT = 107K and
NH = 6 � 1020cm� 2.
Novae:The errors in position for the nova lists of Sharov and
Alksnis (1991, 1992) are reported to be 1:300and 300respectively
(SA91, SA92). Within the 2� error level, no correlations with
novae were found.

4.3. The luminosity function of the globular cluster sources

Of the 29 globular clusters sources we have identi�ed with
ROSAT sources, 27 are situated in the class 1 region of the
pointed survey (i.e. the area covered by the inner 200of the PSPC
pointings). All 490 globular cluster candidates of MA94a also
lie within the class 1 region, as well as 10 additional globular
clusters from BA87 and BA93. The ROSAT detection threshold
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within the class 1 region is 1:38 � 10� 3counts s� 1, which we
take to be an upper limit on the ux of the 473 undetected glob-
ular clusters. Applying an exponential spectral model with kT =
5 keV in the 0.5 - 4.5 keV energy band and assuming 690 kpc for
M 31 distance, the count rates can be converted to luminosities
which can be compared with those reported by Hertz & Grindlay
(1983) for Galactic globular clusters. We can determine the lu-
minosity distribution of the 27 detected globular clusters within
this region by using the Kaplan-Meier estimator to obtain a
nonparametric estimate of the cumulative distribution function
� (L ) (Schmitt 1985). This distribution function� (L ) gives the
fraction of detected sources among all detectable sources at a
given luminosity. The resulting distribution is shown in Fig. 6
(thick line). The equivalent distribution calculated for the Hertz
& Grindlay (1983) observations of the Milky Way globular clus-
ters is also shown (thin line). Both distributions are consistent
with being from the same parent distribution: a Kolmogorov-
Smirnov test yields a probability of 86% for this hypothesis.
Furthermore, the maximum luminosities are comparable.

Earlier investigations (Battistini et al. 1982, Long and van
Speybroeck 1983, Crampton et al. 1984 and references herein)
reported a signi�cant difference between both distributions and
raised the question whether the globular cluster sources in M 31
are more luminous and/or more numerous compared with those
in the Milky Way. Our analysis suggests that the fraction of X-
ray bright clusters among the total cluster population in both
galaxies is similar and also the maximum luminosity of X-ray
bright globular clusters is comparable. This is the result of both,
the more complete detection of X-ray luminous globular clus-
ters with ROSAT and the also more complete list of the opti-
cal detected globular cluster population in M 31. However, as
Magnier et al. (1994a) report, the total M 31 globular cluster
population is somewhat uncertain. If the existing catalogs are
still somewhat incomplete, the fraction of X-ray bright clusters
in M 31 may be a bit lower than shown in Fig. 6 (factor� 0:85
on a logarithmic scale). On the other side, new investigations
about the fraction of X-ray bright clusters in the Milky Way
(Verbunt et al. 1995) also lowers the value for our Galaxy by
approximately the same factor.

Applying a single power lawN (> L ) = N0 � L � to the inte-
gral luminosity distribution of globular clusters in M 31, yields
� = � 0:63� 0:04 including all data points or� = � 1:02� 0:05
when only considering luminosities� 1 � 1037 erg s� 1. The
difference indicates a attening of the distribution, quite com-
parable to the result of the Milky Way.

5. Spectral properties

5.1. Spectral �ts of bright X-ray sources

The energy resolution and sensitivity of the ROSAT PSPC en-
ables us to derive spectral parameters for 56 of the brightest of
the 396 detected sources, those detected with more than 200
counts by the maximum likelihood algorithm. Most of these 56
sources belong to the disk of M 31: although the bulge consists
of very bright sources, most of them were omitted to avoid con-

Fig. 6. The integral luminosity distribution of the globular cluster
sources in M 31 (thick line) together with the distribution in our own
galaxy (thin line) reported by Hertz and Grindlay (1983). Both presen-
tations are normalized by the parameter-free estimator� described by
Schmitt (1985; see also explanation in text).

fusion problems. Since a detailed presentation of all 56 spectra is
beyond the scope of this paper we quote the results of standard
spectral �ts using power law, thermal bremsstrahlung, black
body, and thermal plasma (with solar abundancies) models. In
addition we present a few representative spectra, including one
for the bulge region in total (within 50 of the core).

To generate spectra, counts were integrated within a circle
centered on the source position with a radius of 2� of the 0.1
keV PSF. This region contains 95% of the total source counts in
the S-band and> 99% of those in the H-band. The background
spectrum was taken from an annulus around this source position
from 2:5� to 3:5� of the PSF. In cases where this ring around
the source was contaminated by photons of other sources in its
neighbourhood, we took the background from another source-
free region with comparable off-axis angle. A few sources with
large distances to their neighbourhood sources allowed the col-
lection of photons within a circle larger than 2� to improve
statistics. For these sources background photons were always
taken from a ring between 0:5� and 1:5� of the PSF larger than
the source photon collection circle. On the other hand for some
sources, particularly in the bulge region, we were not able to
include photons up to 2� around the source position; in these
cases, we limited the area to 1� , corresponding to 68% of the
source counts in the S-band and> 95% in the H-band. This
limitation affects the resulting spectral �ts in two ways. First,
the computed luminosity is underestimated; although we ap-
plied a correction for the lost photons, the correction assumes
an analytical (Gaussian) distribution function for the PSF which
is only approximate. Second, the spectral hardness is overesti-
mated, essentially for same reason: the PSF of the ROSAT PSPC
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is energy dependent, with the greatest blur radius for the soft
energy band (Hasinger et al., 1992).

The source and background counts were binned into spectra
with a bin size chosen to provide a particular signal{to{noise ra-
tio. For sources with more than 500 counts, the spectral bin width
was chosen to give a signal{to{noise ratio of 5. For sources be-
tween 200 and 500 counts, the spectral bin width was chosen to
yield a signal{to{noise ratio of 3. Various models for the spec-
tral emission (power law, thermal bremsstrahlung, black body
and/or Raymond-Smith thermal plasma { Raymond and Smith
1977) combined with interstellar absorption were �t to each
spectrum in the energy range of 0.1 keV { 2.4 keV using� 2

minimization. The �tted parameters includedNH , the total ux
(0.1 - 2.4 keV), and either the spectral index (� ) for the photon
power-law model orkT for the thermal emission models.

The results of all �ts are listed in Table 8. Column 1 gives
the ROSAT source number, column 2 lists the photon collec-
tion radius in units of the PSF� , and column 3 lists the number
of photons which went into the �t. The next 9 columns are di-
vided into three groups with three columns each. The �rst group
contains the �tted parameter values for a power law model, the
second group for a thermal bremsstrahlung model, and the third
group for a black body or thermal plasma model respectively.
There are 16 blank entries indicating that these �ts did not con-
verge for the given model or yielded unphysical results.

Table 9 lists the results of a power law �t with theNH value
�xed at 9 � 1020 cm� 2. ThisNH values was chosen as it is the
sum of the mean galactic foreground absorption (6� 1020 cm� 2

{ Stark et al. 1991) and a mean effective absorption in M 31
(3 � 1020 cm� 2 { Unwin 1980). The six sources identi�ed as
foreground stars (#8, #10, #95, #107, #135, #390) and the two
galaxies (#134 and #188) contained in Table 8 are excluded
in Table 9. The mean photon index of all sources in Table 9
is � = � 2:0 � 1:1, and for the globular cluster sources alone
� = � 1:6 � 0:3. These errors are the 1� value of an assumed
Gaussian distribution, derived from the individual errors of the
� i , as described by Maccacaro et al. (1988).

To summarize the typical properties of several groups of
sources, Fig. 7 shows a set of representative spectra:

Fig. 7a shows the spectrum of source #318, which is a bright
LMXB located in a globular cluster. The measuredNH value
of (9 � 2) � 1020 cm� 2 (power law �t with free parameters;
see Table 8) is consisent with M 31 membership. The spectrum
is relatively hard (� = � 1:27 � 0:10) compared to the average
� = � 2:0� 1:1 for all sources or� = � 1:6� 0:3 for the average
of all globular cluster sources. In addition, this source shows
variability on a time scale of� 16 hours (see Fig. 8a). The light
curve was binned in intervalls of 402 seconds to prevent from
inuencies of a possible remaining wobble of the satellite.

Fig. 7b shows the spectrum and �t of a typicalforeground
(are) star , here source #8. In addition to the �ts in Table 8, a
two-temperature thermal plasma model (Raymond-Smith) was
also �t to this spectrum, yielding temperatureskT1 � 65 eV
andkT2 � 950 eV andNH = 2:3� 1020 cm� 2, consistent with
the galactic value. The light curve, binned in the same manner as
described in case a) above, shows an outburst (increase in count

rate by a factor of 10), representing a are (see Fig. 8b). It should
be noted that this source was identi�ed as a foreground star on
the basis of its X-ray spectral signature and the time variability
of its light curvebeforethe correlation with the foreground star
list MA92 independently con�rmed this identi�cation.

Fig. 7c shows the spectrum and �t of one of theSupersoft
Sources (SSS), source #309, the brightest SSS we have found in
M 31. One of the main characteristics of SSSs is their relatively
high luminosity compared with their low temperature. A black
body model �t yieldskT � 30 eV, and a bolometric luminosity
in the order of� 1038 erg s� 1. Altogether, we have identi�ed 15
SSS candidates in M 31. These sources are discussed in more
detail below (Sect. 5.3).

Fig. 7d shows the spectrum of thebulge regionin total and
the �t with a thermal bremsstrahlung model. This �t yields tem-
peraturekT � 1 keV, andNH = (6:3 � 0:2) � 1020 cm� 2. Be-
cause the temperature cannot accurately be determined, we cal-
culate the total luminosityof thebulgewitha typical temperature
of kT = 5 keV. This model yieldsL x;bulge � 1:3 � 1039 erg s� 1

(in the B-band).
Fig. 7e shows the spectrum of the source correlated with

M 32 (source #188). The �t is a thermal bremsstrahlung model
(see Table 8) with a temperature ofkT � 2:6 keV andNH �
7:8 � 1020 cm� 2, yielding a luminosity of 1:9 � 1038 erg s� 1.
For further discussion see Sect. 5.4.

5.2. Hardness ratios

Hardness ratios were computed for all 396 sources (or up-
per/lower limits), providing some spectral (color) information
for the fainter sources which do not have enough photons
to allow spectral �tting. Two different hardness ratios have
been calculated, de�ned as:HR 1 = (H � S)=(H + S) and
HR 2 = (H2 � H1)=(H2 + H1) (where S, H , H1, and H2

stands for the source counts in the considered energy bands
calculated with the maximum likelihood algorithm). We use
this spectral classi�cation to investigate the source popula-
tion of M 31. TypicalHR 1 values for different source mod-
els and absorption columns are:� 0:6 � HR 1 � 0:1 for
thermal plasma with temperatures aroundkT � 0:2 keV and
absorption ofNH = (0 � 3) � 1020 cm� 2 (typical for fore-
ground stars), 0� HR 1 � 0:6 for thermal bremsstrahlung
with temperatures in a range of 0.2 - 0.5 keV and galactic
absorptionNH = 6 � 1020 cm� 2, 0:7 � HR 1 � 0:9 for
power law with power index of� � � 2:0 and absorption of
NH = (6 � 10) � 1020 cm� 2.

Fig. 9 shows histograms of the hardness ratiosHR 1 and
HR 2, as de�ned in Sect. 3.3. TheHR 1 histogram demon-
strates that most of the 396 X-ray sources have hard spectra
(i.e. 0 < HR 1 � 1:0). This is partly due to absorption along
the line of sight, especially for the extragalactic background
sources (see Sect. 6.2), and also to the relatively hard intrin-
sic spectra of X-ray binaries and AGN. There is also a distinct
group of soft sources (� 1:0 � HR 1 < � 0:5) consisting mostly
of foreground objects and the Supersoft Sources. More informa-
tion about the sources with hard spectra can be obtained from
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Fig. 7a{e. Five typical source spectra shown as measured photon rate against energy together with their best �ts of a spectral model.a gives
the spectrum of source #318, which is a bright LMXB located in a globular cluster. The best spectral model can be described by a power law
with NH = (9 � 2) � 1020 cm� 2 and� = � 1:27 � 0:10.b gives the spectrum of source #8, which can be identi�ed as a foreground star. The
spectral �t represents a two-temperature thermal plasma model withkT1 � 65 eV andkT2 � 950 eV together withNH = 2:3 � 1020 cm� 2. c
shows the spectrum of source #309, the brightest Supersoft Source in M 31. The drawn black body model �t yields a black body temperature of
kT � 30 eV.d shows the spectrum of the bulge region of M 31. It can be well described by a thermal bremsstrahlung model withkT � 1 keV
andNH = (6:3 � 0:2) � 1020 cm� 2. egives the spectrum of source #188, which correlates with the dwarf galaxy M 32. The drawn best �t is a
thermal bremsstrahlung model which yieldskT � 2:6 keV andNH � 7:8 � 1020 cm� 2.

theHR 2 histogram. Fig. 9b shows a large group of \medium-
hard" sources (aroundHR 2 = 0:5). From the de�nition ofHR 2

it follows that, for sources withHR 2 = 0.5, the PSPC registers
75% of the counts in the high energy band (H2) and 25% in the
medium energy band (H1). Applying the detector response, this
hardness corresponds to temperatures betweenkT = 1 keV and
kT = 5 keV.

The hardness ratio of the sources is plotted versus their B-
band count rates in Figs. 10a and b. In the left hand panel of
these �gures, different symbols, listed in the lower right corner,
have been used to mark the sources correlated with optical coun-
terpart objects as well the Supersoft Sources (see Sects. 4.2 and
5.3). The hardness ratios errors are additionally encoded within
the symbols: �lled symbols represent errors� 0:2, symbols
with a dot in the center represent 0:2 < error � 0:4, and empty

symbols represent errors> 0:4. Furthermore, three represen-
tative error bars are shown. The right panel of these �gures
shows the unidenti�ed sources, again with three representative
error bars. From these �gures it can be seen that the globu-
lar cluster sources and the SNRs are relatively hard, which is
con�rmed with spectral �ts for the bright ones (Sect. 5.1). The
(foreground) stars are more or less evenly distributed above and
below a hardness of 0 forHR 1 andHR 2 (see below). Finally,
all the Supersoft Sources have values nearHR 1 = � 1 due to the
de�nition (see Sect. 5.3). In general, there is little correlation
between the hardness ratios and the count rates, except for a
general tendency for bright sources to be hard. In contrast, there
is no tendency for faint sources to be soft. Faint sources (around
10� 3 counts s� 1) are more or less uniformly distributed over
the whole hardness ratio range.
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Fig. 8a and b.Two light curves of X-ray sources in M 31 showing variability:a gives the light curve of source #318 which correlates with a
globular cluster and shows variability on a times scale of� 16 hours;b gives the light curve of source #8 which was identi�ed as a galactic
foreground star. The increase in its count rate by a factor of 10 can be explained as a are.

Fig. 9a and b.Histogram of the hardness ratio distribution:a HR 1; b HR 2.

Fig. 11 shows plots ofHR 2 againstHR 1, with Fig. 11a
containing only identi�ed sources and Fig. 11b containing the
unidenti�ed sources. The symbols in Fig. 11a are the same as
for Fig. 10, without the representation of the errors. In both �g-
ures, the solid line indicates the relation expected for a power
law model (� = � 2:0) with a range ofNH values, from 2� 1020

to 40� 1020 cm� 2. BecauseHR 2 does not include the low en-
ergy band, which is strongly affected byNH , theHR 2 values

vary less than theHR 1 values for this range of absorption. Most
sources are concentrated in the upper right quarter of the dia-
gram, near the line of the spectral model and especially near the
crosses for higher absorption values. This supports their iden-
ti�cation as being extragalactic objects. As seen in Fig. 11a,
all globular cluster sources and more than half of the SNRs
are located in this quadrant. Of the foreground star sources, 18
also belong to this quarter of the diagram. Normally, foreground
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Fig. 10a and b.Hardness ratios plotted against the B-band count rates:a HR 1; b HR 2; each split into two diagrams with only the identi�ed
sources (plus the SSSs) on the left side and the unidenti�ed sources on the right side. The different identi�cations are symbolized as the legend
in the lower right corner shows. Three classes of hardness ratio errors are also encoded (empty, dotted, and �lled symbols), as explained in
Sect. 5.2, and representative errors for each class are shown.

sources would not be expected within this area and would refute
the foreground hypothesis for these sources (they may represent
the accidental correlations; see Sect. 4.2). But any intrinsic ab-
sorption in the low energy band of these sources is able to shift
their hardness ratios and would explain their location in the up-
per right quarter of the diagram. Therefore, we decided to accept
the results of the spatial correlation in Sect. 4.2.

In Sect. 4.2 source #258 was correlated to a SNR and also to
a foreground star by spatial correlation. This source is too faint
to allow a spectral �t, but the hardness ratios can help to �nd

out the right correlation. A calculation of the mean value for
HR 1 andHR 2 (using a method described by Maccacaro et al.
(1988), assuming Gaussian distribution and using the individual
errors of theHR i ) yields HR 1 = 0:18 � 0:54 andHR 2 =
0:09 � 0:33 for the X-ray sources correlated with foreground
stars (without #258), andHR 1 = 0:52 � 0:30 andHR 2 =
� 0:07 � 0:41 for the sources correlated with the SNRs (also
without #258). The hardness ratios of source #258 (HR 1 =
0:70 � 0:39, HR 2 = � 0:11 � 0:29) agree better with SNR-
values than with the values for the foreground stars. Because of
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Fig. 11a and b.Diagram ofHR 2 againstHR 1. For the symbolization see legend of Fig. 10. Ina the identi�ed objects are plotted, inb the
unidenti�ed (drawn as dots). We also plot the theoretical points assuming a power law spectrum with� = � 2:0 and forNH values = 2, 4, 6, 8,
10, 12, 14, 16, 18, 20, 25, 30, and 40� 1020 cm� 2 (from left to right, marked with crosses and connected with a line).

the lack of other criteria we decided to reject the correlation of
source #258 with a foreground star.

5.3. Supersoft sources

As already mentioned in Sect. 5.2, there exists a small group of
sources havingHR 1 values near -1, indicating that their spectra
are very soft. Several of these sources have relatively high count
rates, although the Hi column absorbs the main part of their
(soft) radiation. Because these objects could not be identi�ed
with foreground stars, they have to be considered as very soft but
very luminous extragalactic sources. The criteria for selecting
candidate SSSs are (see Hasinger 1994b): (i)HR 1 + � HR 1 �
� 0:80 and (ii) the absence of correlation of the source with
any known foreground object. The error in the hardness ratio
(� HR 1= 2) was calculated by applying Gaussian error propagation
to the formular forHR 1=2. Among all 396 detected sources 15
ful�ll this requirements: #3, #12, #18, #39, #78, #88, #114,
#128, #171, #245, #268, #309, #335, #341, and #376. Only for
source #309 the count rate is high enough, to apply a spectral
�t, which yields a black body temperature of� 30 eV, and a
total luminosity of� 1038 erg s� 1 (see Sect. 5.1).

Several such \Supersoft Sources" (SSS) have been discov-
ered with ROSAT (see Hasinger 1994a for a detailed review);
they have been discussed by Greiner et al. (1991), Pakull (1989),
Kahabka et al. (1994), Schaeidt et al. (1993), Tr•umper et al.
(1991), and Wang & Wu (1992). The favourite explanation for
these sources is in terms of white dwarfs in close binary systems
accreting at a rate just suf�cient for steady nuclear burning (Van
den Heuvel et al. 1992).

5.4. M 32

Source #188 is coincident with the core of M 32, to within
1000. A thermal bremsstrahlung spectral �t yields a temperature
kT = (2:6� 0:4

0:6) keV (see Sect. 5.1 and Table 8). Fitting a power
law to the spectrum of the source #188 yields� = � 1:8 �
0:1, consistent with the globular cluster sources (� = � 1:6 �
0:3). This source lies close to the center of M 32, has an X-
ray luminosity of 1:9 � 1038 erg s� 1 (690 kpc), and shows a
variability of a factor of 3 (Table 3). We consider two possible
descriptions of this source: 1) a superposition of several globular
cluster sources in M 32 and 2) a \mini-AGN" black hole at the
center of M 32 (Kormendy 1992). A followup HRI observation
has been planned to determine the proximity between the source
and the core of M 32 and also to check if this source can be
decomposed into individual sources. For the time being we can
conclude that the upper limit of the black hole luminosity is
1:9 � 1038 erg s� 1 in the ROSAT B-band.

6. Background sources

Most of the 396 X-ray sources discovered with ROSAT in the
�eld of M 31 have no optical or radio counterparts. In this
section we estimate the fraction of extragalactic background
sources in the sample. To do this, we use the results of the
ROSAT deep surveys (Hasinger et al. 1993) and the X-ray ab-
sorption properties of M 31.

6.1. X-ray absorption properties of M 31

The photoelectric cross sections given by Morrison and Mc-
Cammon (1983) and Balucinska-Church and McCammon
(1992) were used for the calculation of the Galactic foreground
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absorption. Because Morrison and McCammon determined the
photoelectric cross sections for Galactic abundances (relative to
the Hi column density), we had to modify the calculations to the
element abundances of M 31 when calculating the absorption
within M 31 as follows: The abundances of the heavier elements
have not been modi�ed because the metallicity of M 31 does
not differ signi�cantly from that of the Milky Way (Blair et al.
1982). Koper et al. (1991) describe the CO surface brightness
of M 31 being� 4 to� 6 times less than that of the Milky Way,
but they argue that it is likely that the molecular mass is lower
only by a factor of 2 for several reasons. Therefore, we used
the half values of the galactic abundances for C and O. TheH2

molecular density in M 31 is reported to be 3 times less than the
atomic Hi density (Koper et al. 1991) and we considered this
for the hydrogen abundancies. The uncertainty in the element
abundances is estimated to� 30%. Finally, it is known that
there exist molecular clouds and local uctuations in dust and
CO in M 31. Although we do not know enough details about
these variations, the CO clouds are reported to be apparently
similar to those in the Milky Way (e.g. Boulanger et al. 1984).

To consider the spatial variation of X-ray absorption across
M 31, the whole galaxy of M 31, de�ned byD25 = 193:20

and d25 = 61:80 as given by Tully (1988), was divided into
4 areas. The innermost is the bulge region: a circular area of
radius 50 (= 1 kpc) around the optical nucleus. The remaining
three regions divide the disk of M 31 into regions according
to their Hi column density. The Hi emission (Unwin 1980) is
dominated by a ring-like structure at a galactocentric distance
of � 10 kpc within which the value ofNH rises up to� 16 �
1021 cm� 2 in the line of sight.

We approximated this distribution by three elliptical disk
annuli (see Fig. 12): The boundaries of the middle annulus (III)
were chosen in such a way that within it the total (galactic and
M 31) absorption is larger than 99.9% in the S-band. This corre-
sponds toNH = 43:5 � 1020 cm� 2. Annulus IV is then de�ned
as the region between annulus III and theD25-border of M 31,
annulus II as the region between annulus III and the bulge re-
gion (I). Because of a slight asymetry of the Hi structure with
respect to the center of M 31, the annuli also are slightly dis-
placed northeast. Table 4 lists each of the annuli, giving the
displacement of the center along the semi-major axis, in kpc
(column 2), the semi-major axis in kpc (column 3), the area in
square degrees (column 4), the meanNH in units of 1020 cm� 2

(H i) along line of sight (column 5), and the resulting transmis-
sion in the H-band (column 6). The semi-minor axes are always
taken be 0.32 times the semi-major axis (Tully 1988), and the
position angle is 38� . The areas of these regions are large enough
compared with local uctuations of the Hi distribution within
M 31 that variations on the mean absorption will be statistically
negligible.

Fig. 12 shows a sketch of these regions, numbered as in
Table 4. The cross marks the optical center of the galaxy, the
outer ellipse (border of area IV) is identical with theD25 ellipse
of M 31. The envelope of the merged 6 pointings of the ROSAT
PSPC survey of M 31 is also drawn in this �gure.

Fig. 12.Sketch of the elliptical annuli de�ned in Table 4. The envelope
of the merged 6 pointings of the ROSAT PSPC survey of M 31 is also
drawn. The cross marks the optical center of M 31.

Table 4. Characteristics of the X-ray absorption properties of M 31.
Area I is a circle, whereas the areas II - IV are ellipses. See also Fig. 12.
Column \a" gives the size of the major axis, \Area" list the area of the
elliptic shells, \NH " gives the mean absorption column ofH i in M 31
as it results from the radio observations of Unwin (1980; i.e. with-
out galactic absorption), and the last column gives the resulting trans-
mission factor in the ROSAT H-band under consideration of galactic
absorption.

Area Center shift a Area �NH Transm.
No. (kpc) (kpc) (deg2) (1020 cm� 2) H-band
I 0.0 1.0 0.026 7.9 0.798
II 0.8 to NE 7.6 0.384 11.1 0.654
III 0.2 to NE 15.4 1.274 77.0 0.260
IV 0.0 19.3 0.942 17.3 0.580

6.2. The fraction of background sources within the ROSAT
PSPC source sample

We calculated an X-ray source count-rate distribution (logN-
logS relation) for our source sample and compared it with known
ux distributions of galactic foreground stars and extragalac-
tic background sources to determine the fraction of non-M 31
sources in our sample. To facilitate a direct comparison with
our logN-logS relation, the known logN-logS relations for the
foreground and background sources must be folded with the de-
tection conditions used to detect the X-ray sources of our source
sample. This can be done in dividing these logN-logS relations
by a sensitive area function which gives the variations of the
sensitive survey area as a function of limiting ux.

In our case, these variations of the sensitive survey area are
on one hand due to the different exposures of the individual
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pointings, on the other hand due to the decrease in sensitivity
within each pointing with increasing off-axis angles. Since we
selected multiple-exposed source data from the most signi�cant
pointing (see Sect. 3.2) the �nal sensitive area is a complicated
function of count rate. Additionally, the maximum likelihood
algorithm used for the source detection was performed within
each ROSAT energy band to maximize the number of detections.
As an disadvantage this does not allow a direct computation of
the count rate threshold for the logN-logS relation.

Therefore, for each of the 396 X-ray sources recalculations
of the source count rates (within the H-band, i.e. 0.5 - 2.0 keV)
and new likelihood values (NL ) of source existence have been
performed by using a more simple strategy. This strategy, ex-
plained in the following paragraph, allows the computation of
the sensitive area function.

For this end, source counts in the 0.5 - 2.0 keV energy band
were collected within 2� of the PSF (0.5 keV) of the source
position while the background counts were calculated from the
background maps (computed as described in Sect. 3.2) for the
same area. With these source and background counts a new like-
lihood (NL ) for the existence of the source was calculated. For
each source the values of the pointing with the highestNL were
used for the logN-logS calculations. To obtain the accompany-
ing sensitive area function the detection sensitivity across the
survey area was calculated in steps of 4500by using the same
procedure: at each position in the background map, the mini-
mum detectable source count rate within a circle of 2� of the
PSF (0.5 keV) was calculated assuming a detection likelihood
NL � 10, and taking into account the corresponding back-
ground count rate, vignetting and deadtime corrected exposure.

Using these detection thresholds, the total effective sky cov-
erage within each of the annuli for a given source count rate was
calculated. This function is shown in Fig. 13 for theD25 ellipse
of M 31, and the elliptical areas III, IV, and II (going from top to
bottom). The sensitive area for theD25 ellipse of M 31 is con-
stant at 2.6 deg2 down to count rates 4� 10� 3 cts s� 1. Between
4 � 10� 3 cts s� 1 and 1� 10� 3 cts s� 1 the sensitive area de-
creases and drops down below 1� 10� 3cts s� 1. The other three
areas behave similarly with more or less earlier and steeper de-
crease below 1� 10� 3 cts s� 1. Their maximum sensitive areas
are 1.259 deg2, 0.944 deg2, and 0.375 deg2 for area III, IV and
II respectively, which differs slightly from the theoretical areas
listed in Table 4, because the square boxes of the 4500-grid do
not �ll exactly the elliptic areas.

Because of consistency with the sensitive area function the
following analysis had to be restricted to sources with NL�
10, which results in a loss of 97 sources from among the 396
sources of the ROSAT source sample or a loss of 29 sources from
among 328 sources of the ROSAT source sample detected in the
H-band (< 9%). On the other hand, additional sources would
have been detected, if the strategy described above had been
directly performed on the full data and not only at the source
positions preselected by the maximum likelihood algorithm. An
estimate revealed the latter to be less than the �rst. In summary,
the uncertainty in the number of sources is of the order of a few
percent. To check for the reliability of the following analysis, a

Fig. 13.The sensitive survey area as a function of limiting count rates
for the D 25 ellipse of M 31 and the three elliptical disk areas II, III,
and IV.

second analysis had been calculated including only sources with
NL � 20 and using an accompanying sensitive area function.
The results of both methods were comparable within the errors.
Thus, we consider the fractions reported in Sect. 6.2.3 as valid
for the whole source sample.

6.2.1. The analytical logN-logS relation for foreground sources

We did not use the foreground stars identi�ed in our own ob-
servations to calculate a logN-logS relaton for foreground stars
because of the relatively large fraction of accidental correlations.
Instead, we used the foreground star ux distributions from
theEinsteinand ROSAT medium and deep surveys (Hasinger
1995) which have a much larger sample. These data are well
�t by a power law N (> S ) = k � SB with power index
B = � 1:41� 0:19 (N expressed in sources per square degree)
for uxes down to 10� 14 erg cm� 2 s� 1. For an estimation of
the number of foreground stars below 10� 14 erg cm� 2 s� 1, we
extrapolated the fraction of foreground sources compared with
the number of background sources (from the background logN-
logS; see Sect. 6.2.2). Recent reports indicate, that this extrap-
olation leads to a slight overestimation of foreground sources
(Jones et al. 1995). On the other hand, the sensitive survey area
decreases dramatically below 10� 14 erg cm� 2 s� 1 so that un-
certainties of the foreground source distribution below this ux
limit is increasingly negligible.

For the count rate to ux conversion a power law spectrum
with � = � 2:0 (the same used to compute the foreground star
ux distribution function within Hasinger et al. 1993) and a
mean galactic absorption ofNH = 3 � 1020 cm� 2 was used
(calculations with no foreground absorption leads to compara-
ble results within the systematic errors of the whole procedure).
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With this, the ux threshold of 10� 14 erg cm� 2 s� 1 corresponds
to � 10� 3 cts s� 1. Finally, applying the sensitive area as a func-
tion of limiting ux to the foreground logN-logS relation yields
the predicted number of foreground stars within each area. The
results will be presented in Sect. 6.2.3.

6.2.2. The analytical logN-logS relation for background sources

Because the logN-logS distribution for the X-ray background
presented by Hasinger et al. (1993) is contaminated by fore-
ground sources, the logN-logS relation for foreground stars (see
Sect. 6.2.1) corrected to mean galactic absorption ofNH =
3 � 1020 cm� 2 was subtracted �rst. Second, the resulting ux
distribution was shifted towards lower uxes according the ex-
tinction properties of M 31. This analysis was carried out sepa-
rately for each of the annuli de�ned in Sect. 6.1. The transmis-
sion coef�cients calculated from the averageNH values and
listed in Table 4 were used to derive the shift to lower uxes
for the background logN-logS distribution. A power law spec-
tral model was applied with� = � 2:0 (Hasinger et al. 1993)
to convert uxes to count rates. Finally, the sensitive area as
a function of the limiting count rate was applied to yield the
number of predicted background sources in the different areas
according to the observational properties of our M 31 survey
(same procedure as already described above for the foreground
source distribution).

6.2.3. Results of the analysis

The results of the background source analysis for the three disk
areas are shown in Fig. 14 for the areas II, III, and IV respec-
tively. In all three �gures, the solid line shows the cumulative
count rate distribution for all sources found with ROSAT within
the considered area and with NL� 10. The squared boxes rep-
resent the background sources predicted from the analytical dis-
tribution function reported by Hasinger et al. (1993; see Sect.
6.2.2).Theerrorbars represent theuncertaintiesof theextinction
properties of M 31 (see Sect. 6.1) together with the statistical
errors of the background distribution. Finally, the triangles show
the (foreground and background subtracted) source distribution
of M 31 with errors as a result of the background distribution
errors. It is common to all three �gures that the slope of the cu-
mulative count rate distribution for all sources (the upper graph)
decreases when going from high to lower uxes and attens be-
low 10� 3 cts s� 1. This is mainly an effect of the decreasing
sensitive area as shown in Fig. 13. The same happens to the
predicted background source distribution function for the same
reason. Therefore, as a result, this is also the case for the back-
ground subtracted distribution of sources belonging to M 31
(the triangles). We summarize the content of these diagrams as
follows:
a) The cumulative background source distribution in area II
reveals� 20 sources down to our count rate limit and the
foreground source distribution predicts� 8 foreground sources
(compatible with the 13 sources including 6 accidentals from in-
dividual correlations derived in Sect. 4). Therefore, from among

92 sources observed with NL� 10 within this area� 70% be-
long to M 31.
b) The cumulative source distribution for area III shows a much
steeper slope near the count rate limit than for area II. Because
area III is the one with the Hi ring, the column density for
absorption is so high, that not only a large fraction of the back-
ground sources are absorbed, but also a large fraction of the
fainter sources of M 31 itself. The cumulation of the adjusted
background source distribution yields� 7 background sources
at our count rate limit and the adjusted foreground source dis-
tribution predicts� 22 foreground sources within area III (in
agreement with the 18 sources including 9 accidentals found
in this region by individual correlations described in Sect. 4).
The total number of detected sources with NL� 10 within this
area is 99. Thus,� 7% of all sources within this region are
expected to be background objects, a consequence of the strong
local extinction, and� 70% are expected to belong to M 31.
c) The cumulative background source distribution in area IV
reveals� 18 sources at our count rate limit and the foreground
source distribution predicts� 9 foreground sources (compara-
ble with the 11 sources including 5 accidentals found by cor-
relations within this area). Therefore, from among 52 sources
observed with NL� 10 within this area� 50% are expected to
belong to M 31.

Because of the high uncertainty in uxes of the bulge
sources, due to confusion within this region, we do not com-
pute a distribution function. Considering the larger number of
sources found by Primini et al. (1993) with the ROSAT HRI
within this region (45 sources compared to our 22 sources), it
is a good approximation to accept all 22 sources as belonging
to M 31.

In the region outside theD25 ellipse of M 31 where we
have found 34 sources with NL� 10, our analysis predicts
14 foreground sources. The remaining number of 20 sources is
consistent with the predicted number of background sources.
From the errors we expect less than 2 sources (1� ) as members
of M 31.

In summary, we estimate that of all sources detected in our
survey,� 60% belong to M 31,� 20% are foreground sources,
and � 20% are background objects (all three fractions with
� 10% uncertainty).

7. Total luminosity and diffuse emission

In this section we will use the term \diffuse component" to
indicate the sum of the emissions from a truly diffuse (gaseous)
emitter and from unresolved point sources. As \total emission"
we will call the sum of the diffuse component and the emission
from resolved point sources.

To investigate the total and partial X-ray luminosity of M 31
and a possible diffuse component, we tried to clean the observa-
tional data from contamination by particle background and solar
X-ray scattering. Because the fraction of particle background
drastically increases above a master veto rate of the ROSAT
PSPC of 170 cts s� 1 (Snowden et al. 1992), the data were se-
lected for time intervals with master veto rates below this thresh-
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Fig. 14a{c. The cumulative count rate distribution of the sources found
with the ROSAT PSPC in the considered area and withNL � 10 (up-
per graph). The squared boxes show the predicted cumulative background
source distribution derived from the analytical cumulative distribution re-
ported by Hasinger et al. (1993), cleaned from foreground sources, applied
to X-ray extinction in the considered area, and corrected by the sensi-
tive area function (Fig. 13). The triangles show the background subtracted
count rate distribution of the sources belonging to M 31. The different plots
show the situation for the disk areas II, III, and IV.

old. The fraction of solar scattered X-rays, which is produced by
scattering of solar X-rays by oxygen in the higher atmosphere
and therefore correlates with the iluminated oxygen column
(Snowden et al., 1993), was reduced by selecting the data for an
illuminated oxygen column of less than 1015cm� 2. With these
procedures the fraction of particle background and solar scatter-
ing could be reduced to< 10% for observations WG600065P,
WG600066P, and WG600067P, and< 6%,< 1%, and< 0:4%
for observations WG6000068P, WG600064P, and WG600079P,
respectively (considering the B band).

These cleaned data were merged together and binned into
an image with 3000� 3000pixel size. The resulting image was
divided by an exposure map with the same pixel size to obtain
a count rate image corrected for the effect of the rib structure,
vignetting and dead time. This exposure map was calculated in

the following manner: the B-band was divided into 10 energy
slices for which EXSAS provides instrument maps for the PSPC
detector response. Together with the photon event �les, exposure
maps for each of these energy slices were created additionally
considering dead time effects. A weighted addition of these
single exposure maps yields the �nal exposure map. The pulse
height spectra in the 10 energy slices of the photon event �les
were used as the weighting factors.

The individual count rates in the four different areas de-
�ned in Sect. 6.1 (Table 4) were taken from this count rate
image. \Background count rates" were taken from an area far
outside and around theD25 ellipse of M 31 { explicitely the
area between the ellipse with major and minor axes 0:15�

larger than theD25 ellipse of M 31 and the ellipse 0:30�

larger. We derived 41:19 � 2:33, 5:44 � 0:07, 4:17 � 0:03,
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and 3:76 � 0:03 cts s� 1deg� 2 for area I, II, III, and IV respec-
tively, and 3:65 � 0:04 cts s� 1deg� 2 for the background count
rate around the galaxy (the errors give the statistical error only).

Considering the bulge, a summation over the count rates
of all 22 bulge sources detected in this area and listed in
Table 5 yields (0:728 � 0:004) cts s� 1. This corresponds to
(1:85� 0:01) � 10� 11erg cm� 2s� 1 for the resolved ux in the
B band when applying a power law as spectral model with
� = � 2:0 andNH = 6 � 1020cm� 2 for galactic absorption.
It yields � 1:1 � 1039erg s� 1 in the B band for the luminos-
ity of resolved bulge sources. For the total emission, the sub-
traction of the background count rate from the count rate de-
rived in total in area I yields (37:5 � 2:3) cts s� 1deg� 2. Mul-
tiplication with the bulge area of 0:026 deg2 (Table 4) leads
to (0:975 � 0:060) cts s� 1, which is (0:247 � 0:060) cts s� 1

higher than the value for the resolved sources in this area
mentioned above. This additional photon ux must be con-
sidered as the amount of a diffuse component. If we count
these photons as completely originating from a gaseous emis-
sion, the application of a thermal bremsstrahlung spectrum with
kT = 5 keV andNH = 6 � 1020 cm� 2 leads to a ux of
(4:6 � 1:1) � 10� 12 erg cm� 2 s� 1, corresponding to a lumi-
nosity of (2:6 � 0:6) � 1038 erg s� 1. This would indicate a gas
mass of (1:4� 0:3)� 106 M � , assuming the gas �lls uniformly
the bulge region, a sphere with 50 radius (using the power per
unit emission integral as a function of temperature for a low
density plasma reported by Kato 1976). It is very likely that
these photons not only originate from gaseous emission, but
also from unresolved point sources, so that this gas mass is an
upper limit.

Considering the disk, a summation over the count rates of
all disk sources, i.e. sources lying in the areas II { IV, and listed
in Table 5 yields (1:7� 0:1) cts s� 1. This corresponds to (4:3�
0:3) � 10� 11erg cm� 2s� 1 for the resolved ux in the B band
when applying a power law as spectral model with� = � 2:0 and
NH = 6 � 1020cm� 2 for galactic absorption. If we subtract the
background count rate per square degree (derived from a region
outside theD25 ellipse of M 31 as described above) from each
of the count rates in the three areas and sum over the results
after multiplication with the individual areas listed in Table 4, it
yields (1:5� 0:1) cts s� 1 for the disk count rate of M 31, which is
(0:2� 0:14) cts s� 1 lower than the value for the resolved sources
in the disk of M 31 mentioned above. This slight difference,
mainly introduced in the result by area III, may indicate a small
amount of absorption of X-ray background radiation by the disk
of M 31. This conclusion is supported by the fact that area III
contains the largest column density of absorbing material (the
area with the Hi ring). A detailed discussion of absorption of
M 31 will be the subject of a future paper. Within this paper we
consider the just mentioned difference as negligible.

Because a fair amount of the detected sources do not be-
long to M 31, but are foreground sources or background sources
shining through the galaxy, as already discussed in Sect. 6.2, the
derived ux of all resolved disk sources mentioned above (or
the sum of the ux in the three disk areas respectively) cannot
be used for a determination of the total X-ray luminosity of the

disk of M 31. To estimate the corrected value, we integrated the
logN-logS distributions for the M 31 sources we have derived
for each of the three disk areas in Sect. 6.2.3. Adding the results
yields a total ux of (3:2 � 0:5) � 10� 11 erg cm� 2 s� 1 for the
disk of M 31 (using the spectral model mentioned above). This
corresponds to a total luminosity of (1:8 � 0:3) � 1039 erg s� 1.

Comparison with the Einstein results:
Assuming a power law spectrum with� = � 2:0, a fore-

ground absorption ofNH = 6 � 1020 cm� 2, and a distance of
690 kpc for M 31 we found for the total B-band luminosity of
M 31 (2:9 � 0:3) � 1039 erg s� 1. Using theEinsteinobserva-
tions, TF found a value of� 3 � 1039 erg s� 1. In comparing
the two values, one has to take into account the different spec-
tral models, energy ranges, and especially the different �elds
of M 31, investigated. TF derived the luminosities from the
Einsteindata by applying a thermal bremsstrahlung spectrum
in the energy band 0.2 keV - 4.0 keV withkT = 5 keV and
NH = 7 � 1020 cm� 2. They integrated the count rates within
an ellipse of� 2:5� � 1:0� which is a bit smaller than theD25

ellipse we used for our calculations. A conversion of our results
to the spectral model of TF, would yield for the total luminos-
ity (3:0 � 0:3) � 1039 erg s� 1. The perfect agreement with the
value reported by TF, however, is somewhat accidental: while
our observation covered the whole galaxy, those of TF did not.
On the other hand, TF did not correct for background sources.

Comparing the luminosity of the bulge region, the ROSAT
luminosity of � 1:1 � 1039 erg s� 1 is lower than the value of
1:5 � 1039 erg s� 1 TF reported for theEinsteinobservation (in
this case the effect of the different spectral models { our's and
TF's { is below the errors and therefore negligible). But TF did
not give the value for the bulge, but only reported a \roughly
equally division (of the luminosity) between bulge and disk".
Additionally, we found a higher luminosity for the disk ((1:9 �
0:3)� 1039 erg s� 1, when converted to theEinsteinmodel) than
TF found. Therefore we cannot agree with the ratio of X-ray
luminosity between bulge and disk TF reported. We �nd a ratio
of 0.5 (1=3 from the bulge, 2=3 from the disk).

Additionally, an indication for a diffuse emission in the
bulge region was found. We derived an upper limit of (2:6 �
0:6)� 1038 erg s� 1 for a diffuse component in the bulge region.
TF report� 3:8� 1038 erg s� 1, which is (46� 27)% higher than
our upper limit. Because TF did not report errors, we are not able
to access the statistical signi�cance of the difference. Further-
more, this may be a contribution due to systematic differences in
the instruments and analysis methods. Another reason could be,
that TF did not detect the slight indication of absorption of M 31.
They used the area around the bulge as background (whereas
the background in this paper was taken from around M 31), but
this value could be too low, due to a possible absorption around
the bulge and the fact of no signi�cant absorption within the
bulge region. In summary, we �nd that the discrepancy between
the gas mass derived by TF of� 2 � 106 M � (assuming the
diffuse emission completely originates from gaseous emission)
and our upper limit of (1:4� 0:3)� 106 M � does not represent
a serious problem.
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8. Summary and conclusions

The �rst pointed ROSAT PSPC survey of M 31 has led to the
detection of 396 X-ray sources in the� 6:3 deg2 �eld of view,
22 of them in the very confused bulge region. Their luminosi-
ties range from� 1035erg s� 1 to 3 � 1038erg s� 1, assuming a
distance of 690 kpc for M 31. Of these sources, 43 sources have
been identi�ed with known foreground stars, and 29 sources
with globular clusters in M 31. We also found 17 identi�cations
with SNRs, three radio sources, and three galaxies including
M 32. A comparison with theEinsteinsource list reported by
TF con�rms 65Einsteinsources, 15 of which appear to be vari-
able. Futhermore, six faint possible transients and three bright
transients were discovered, of which one appears in the ROSAT
observation and two in theEinsteinobservation. Finally, 43 of
theEinsteinsources were not detected in the ROSAT observa-
tions (including the transients), whereas 327 ROSAT sources
were not seen during theEinsteinobservation.

The integral luminosity distribution of 27 globular cluster
sources can be represented by a single power law with a power
index of� 0:63� 0:04, or� 1:02� 0:05 if only globular cluster
sources with luminosities� 1037 erg s� 1 are included. A com-
parison with the X-ray luminosity distribution for the globular
clusters in our own galaxy leads to the conclusion that both come
from the same parent distribution. This is against earlier reports,
which described the luminosity distribution function of globu-
lar cluster sources in M 31 normalized to the known number
of GCs as being higher compared to the Milky Way (Battistini
et al. 1982, Long and van Speybroeck 1983, Crampton et al.
1984).

We have estimated the fraction of background sources
within the ROSAT source sample by dividing the disk of M 31
into three regions with different mean Hi column densities (ac-
cording to radio measurements of Unwin (1980)) and comparing
with the X-ray ux distribution function with that of the back-
ground sources reported by Hasinger et al. (1993). Accordingly,
� 70% are expected to be sources in M 31,� 20% are expected
to be background objects, while the rest of� 20% are expected
to be foreground sources.

For the bulge region, we can give an upper limit to a diffuse
component in the range of (2:6 � 0:6) � 1038 erg s� 1, which
is a factor of� 1:5 lower than TF reported. If we count this
luminosity as completely originating from hot gas (kT = 5 keV)
within the bulge region, this would indicate a gas mass of (1:4�
0:3) � 106 M � as an upper limit. For the total luminosity of
M 31 we �nd (2:9 � 0:3) � 1039 erg s� 1, for the bulge alone
1:1 � 1039 erg s� 1. So, for the total luminosity we �nd a ratio
between bulge and disk of 0.5 (1=3 from the bulge, 2=3 from
the disk), which differs from theEinsteinobservations, although
the total is the same as TF reported.

We have studied the spectral energy distribution for 56
sources. The majority of the sources belonging to M 31 can
be well described by a power law with� = � 2:0 andNH =
9� 1020 cm� 2 within the 0.1 - 2.4 keV energy band. Most of the
sources have spectral properties comparable to those expected
for accreting objects. One source, which correlates in position

with the elliptical dwarf galaxy M 32 shows a relatively hard
spectrum and a luminosity in the range of 1038 erg s� 1. This
source may be associated with a central black hole believed to
exist from observations of the stellar dynamics, but our obser-
vations do not exclude a superposition of binary X-ray sources.

We identify 15 sources with the new class of \Supersoft
Sources". They show extremely soft spectra and no correlation
to known foregound stars.

Finally we note that the 396 ROSAT sources found in the
sky region of the Andromeda galaxy is higher than what was
found with the UHURU satellite in the Milky Way and in the
whole sky 20 years ago. The deep ROSAT observations of the
local group galaxies now allow investigations of more detail
than the UHURU survey did for our own Galaxy.
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