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Abstract. We analyzed more than 200 ROSAT PSPC ob-
servations in a 10 by 10 degree field centered on the
Large Magellanic Cloud (LMC) and performed between
1990 and 1994 to derive a catalogue of X-ray sources.
The list contains 758 sources with their X-ray properties.
From cross-correlations of the PSPC catalogue with the
SIMBAD data base and literature searches we give likely
identifications for 144 X-ray sources based on positional
coincidence, but taking into account X-ray properties like
hardness ratios and source extent. 46 known sources are
associated with supernova remnants (SNRs) and candi-
dates in the LMC, most of them already detected by pre-
vious X-ray missions. Including the new candidates from
Haberl & Pietsch (1999) based on variability studies of
the sources in our PSPC catalogue, the number of X-ray
binaries in the LMC increased to 17 and that of the su-
persoft sources (SSSs) to 9. The remaining ~50% of the
identified sources comprise mainly foreground stars (up to
57) and background extragalactic objects (up to 15). The
often distinguished X-ray properties of the different source
types were used for a first classification of new, unknown
X-ray sources. Eight new PSPC sources are classified as
SNRs from their hardness ratios and one promising new
SNR candidate with extended X-ray emission is found fur-
ther north than all known SNRs. Three soft X-ray sources
have hardness ratios compatible to those of the known
SSSs. A selection on hardness ratios and X-ray to optical
flux ratio further suggests 27 foreground stars and 3 AGN.

Key words: catalogues — galaxies: magellanic clouds —
galaxies: stellar content — X-rays: galaxies — X-rays:
stars

1. Introduction

The first soft X-ray survey of the LMC with imaging in-
struments was performed with the Einstein satellite (Long
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et al. 1981, hereafter LHG81; Wang et al. 1991, here-
after WHHWO1). More than 100 discrete X-ray sources
were detected and in addition large-scale diffuse emis-
sion originating from hot gas with temperatures of several
108 K was revealed. About 50% of the point-like sources
were identified with objects in the LMC, while the re-
mainder was assigned to galactic foreground stars and
background AGN. Due to the vicinity to the south eclip-
tic pole the LMC was observed with high sensitivity by
the Position Sensitive Proportional Counter (PSPC) dur-
ing the ROSAT all-sky survey (RASS). For a description
of the ROSAT mission and PSPC detector see Triimper
(1983) and Pfeffermann et al. (1986). Pietsch & Kahabka
(1993) analyzed a 13° x 13° area centered on the LMC
and found more than 500 X-ray sources.

Large-scale radio surveys of the LMC were performed
using the Parkes 64 m radio telescope at different fre-
quencies (Filipovié et al. 1995). A comparison of the ra-
dio source catalogue with the ROSAT survey catalogue
of Pietsch & Kahabka (1993) yielded 71 sources within a
correlation radius of 2.5" (Filipovié et al. 1996). These are
mainly SNRs and extragalactic objects.

Pointed ROSAT PSPC observations from independent
scientific programs covered large parts of the LMC and
first mosaic images have been published by Snowden &
Petre (1994). Here we present the first results of a system-
atic study of the PSPC observations to derive a catalogue
of point(-like) sources in the LMC. Cross-correlations with
catalogues from other wavelength bands yield first identi-
fications and allow to derive classification schemes for the
new, unidentified sources. Based on this one can pre-select
candidate samples for various source classes like SNRs,
X-ray binaries and SSSs in the LMC and to distinguish
them from foreground stars and background AGN.

2. ROSAT PSPC observations and analysis

During the nominal operation phase of the PSPC
between 1990 and 1994 this imaging X-ray detector
on board ROSAT was used for more than 200 pointed
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observations in an area of 10° x 10° centered on the
position RA = 05" 25™ 00° Dec = —67° 43’ 20”. The
often overlapping images cover in total 58.6 square
degrees of the LMC region. A merged image in the energy
band 0.5 — 0.9 keV with a resolution of 15” is presented
in Haberl & Pietsch (1998). Statistics about the location
and exposures of the PSPC observations can be found
in Haberl & Pietsch (1999), hereafter HP99. For our
analysis we used the 212 observations with exposure of
more than 100 s.

Using merged data for source detection is only useful
in areas where data from the central part of the detector is
not superposed by off-axis data with degraded spatial res-
olution. To derive a catalogue of point and point-like X-ray
sources in the LMC we therefore started with the analysis
of the images from the individual observations. Each of the
212 observations has been analyzed in five energy bands
(soft: 0.1—0.4 keV, hard: 0.5—2.0 keV, hard1: 0.5—0.9 keV,
hard2: 0.9 — 2.0 keV and broad 0.1 — 2.4 keV) with the
three detection methods of EXSAS (Zimmermann et al.
1994). For each band the merged detection lists of two slid-
ing box methods (using local background and a spline fit
background map) were used as input for the maximum
likelihood (ML) algorithm. Sources were only accepted
when the likelihood of existence (MLeyi) was larger than
10.0 (corresponding to a probability P = 1 —exp(—MLeyi)
greater than 1 — 4.5 107°), the total number of counts
more than 12 and the angle to the telescope axis within
52'. The five ML detection lists from the different bands
were merged to a single list for each observation. The ML
results were used for the final source parameters like like-
lihood of existence, celestial coordinates, detected counts,
source extent and extent likelihood. For all parameters
uncertainties are given.

The source extent was determined using a Gaussian
approximation for the intensity profile. This is justified as
long as the extent is small and the surface brightness dis-
tribution is well peaked in the center. However there are
well known SNRs in the LMC which do not obey these
criteria (in particular ring shaped remnants like N 132D).
The maximum likelihood algorithm gives too low count
rates in these cases. This effect is strongest in the center
of the field of view (FOV) of the instrument and decreases
with off-axis angle due to the degrading point spread func-
tion (PSF) which smears out any structures. As a conse-
quence we re-determined the number of detected source
counts by integrating them in a box around the source
and a nearby box for background for the following SNRs:
N 132D, N63A, N49, N103B and N 49B.

To determine count rates, exposure maps were cre-
ated taking instrument maps (vignetting) and the satel-
lite attitude into account. From the count rates in the
soft (S), hard (H), hardl (H1) and hard2 (H2) bands
hardness ratios HR1 = (H — S)/(S + H) and HR2 =
(H2 — H1)/(H1 4 H2) were derived as indicators for the
shape of the X-ray spectrum. A mask of the support struc-
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ture of the detector entrance window and the detector
rim (WSS) was summed up taking the changing attitude
(mainly caused by the satellite wobble) into account. This
“wobbled mask” was used to calculate the distance of each
source to the shadowed structures where the exposure was
reduced by more than 10%. The distance in units of the
FW HM of the point spread function directly gives an in-
dication for how much source parameters are influenced
by the WSS.

A large fraction of the LMC region was observed more
than once yielding multiple detections of many sources.
To study long-term time variability HP99 cross-correlated
the detection lists of all individual observations. They pre-
sented 27 X-ray sources which showed flux variations as
observed by the PSPC by factors between 3 and more than
1000.

For this work the detection lists were merged to pro-
duce a source catalogue of ROSAT PSPC sources. For
sources with multiple detections the one with the small-
est position error (usually the detection nearest to the
telescope axis and/or best counting statistics) entered the
catalogue. T'wo detections were regarded as caused by the
same source when their positions are within the distance
d = dgy + dext, Where dgg denotes the summed 90% er-
rors of the two sources and the systematic error of 7"/ and
dext the average source extent of the two detections. The
source extent was only used when the likelihood for the ex-
tent was larger than 20. The catalogue was finally visually
screened to remove spurious detections like multiple detec-
tions in diffuse emission regions and obvious false detec-
tions near the WSS. In particular in the 30 Doradus region
the intense diffuse X-ray emission led to many spurious de-
tections which were screened out. Only known SNRs were
accepted and for a more complete catalogue in that area
HRI data with better angular resolution needs to be ana-
lyzed. The final PSPC catalogue of point-like and weakly
extended sources comprises 758 entries. An excerpt with
five consecutive entries is shown in Table 1. The com-
plete table is available electronically. The table columns
give (1) source number, (2) likelihood of existence (maxi-
mum value from the five detection energy bands), (3) net
exposure, vignetting corrected, (4) and (5) celestial coor-
dinates of X-ray source, derived from energy band with
lowest position error, (6) statistical 90% confidence error
on the X-ray position, the systematic uncertainty is about
7", (7) PSPC 0.1—2.4 keV count rate and error, (8) and (9)
hardness ratios, not calculated in cases where not all re-
quired count rates are available, (10) source extent, from
same detection as source position, (11) likelihood for the
extent, (12) ROSAT observation identifier, (13) off-axis
angle, (14) distance to WSS and (15) remark.
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Table 1. Excerpt of the catalogue of 758 PSPC sources from a 10° x 10° field centered on the LMC
1 2 3 4 5 6 7 8 9 10 11
No MLeyi Exp. RA Dec 90 Count Rate HR1 HR2 Extent MLext
[s] (J2000.0) " [cts s [
183  357.9 43636 0530 10.6 —65 51 27 2.8 6.00e-03 4+ 4.5e-04 1.00 &+ 0.21 0.62 & 0.07 1.6 0.0
184  531.3 40488 053232.0 —65 5142 3.3 1.11e-02 4+ 6.3e-04 1.00 & 0.10 0.43 & 0.05 10.7 15.4
185 12.0 39771 053214.0 —655209 12.6 7.50e-04 & 7.5e-04 1.00 &+ 0.51 0.0 0.0
186 36.3 5318 0527237 —655235 159 9.57e-03 £ 1.7¢e-03 1.00 = 0.36 0.29 £ 0.19 24.2 16.0
188 23.9 5937 0520 16.7 —655315 29.7 6.14e-03 £ 1.5e-03 13.2 0.1
12 13 14 15
ROR 1) drip  Remark
[l [FWHM]
200692p 5 21.3  [hard]
200692p 12 10.5 HMXB OB variable RXJ0532.5 — 6551, Sk —65 66 (HPD95 HP99)
200692p 10 13.7
500062p 14 6.4
500053p 25 0.2

3. Comparison with existing catalogues
3.1. Correlation with the Finstein survey

The first comprehensive X-ray survey of the LMC was
performed with the Einstein Observatory in the energy
range 0.15 — 4 keV. Catalogues of discrete sources derived
from the Imaging Proportional Counter (IPC) data
were published by LHG81 and after a re-analysis by
WHHWO91. Both lists comprise together 140 distinct
X-ray sources from which 12 were not covered by PSPC
pointings (within 52’). From the remaining 128 sources
78 (a fraction of 61%) were detected in the PSPC obser-
vations (within a correlation radius of 90”). In Table 2
the 50 IPC sources with no detection in the PSPC are
summarized. The table gives the source number from
LHG81 (Col. 1), the WHHW91 name (Col. 2), the
number of PSPC observations which covered the IPC
position (within 52’, Col. 3), the minimum and maximum
off-axis angle (Cols. 4 and 5) and the minimum and
maximum exposure (Cols. 6 and 7). 67 IPC sources in the
PSPC FOV were both detected by LHG81 and WHHW91
from which 55 (82%) were detected by the PSPC. The
lower PSPC detection rates of 38% (15 out of 39) IPC
sources found by WHHWO91 only and 36% (8/22) IPC
sources found by LHGS81 only are compatible with the
expected higher percentage of spurious detections in these
subsamples. Extrapolating from the more secure sources
(those detected by LHG81 and WHHWO91) that ~18%
of the IPC sources were not recovered by the PSPC,
most likely due to time variability, results in about 50%
spurious detections in the number of Einstein sources
which are either only detected by LHGS81 or only by
WHHWO1. A similar conclusion was drawn by Schmidtke
et al. 1998, from ROSAT HRI observations of Einstein
sources. Sources 29, 55, 58, 63, 64 and 96 from LHGS81
were not detected by the HRI although the observations
were sensitive enough. Neither of these sources were

detected by the PSPC (96 was not in the FOV), casting
doubt on their reality. Table 2 shows several additional
IPC detections (e.g. sources LHG 37, 65, 75, 76, 81, 84
and WHHW 521.5 — 6921, 523.7 — 6923, 524.2 — 6937...)
which were observed many times by the PSPC and never
detected.

In Table 4 77 Einstein IPC sources detected by the
PSPC are given. In addition to the columns described
for Table 1 Col. 2 gives the source number from LHGS81,
Col. 3 the source name from WHHW91, Col. 4 the dis-
tance between Einstein IPC and ROSAT PSPC position
and Col. 7 the IPC count rate. For source 603 the IPC
sources 522.5 — 6759 and 522.6 — 6801 (WHHWO91) are
within the correlation radius of 90", both are part of the
HIT complex N 44. To estimate the confidence of the iden-
tification, the 90% statistical error of the PSPC position
is given. A systematic error of 7" should be added. The
error on the IPC position is estimated to 40” by LHG81

(o).

The TPC and PSPC count rates of 76 sources from
Table 4 (LMC X — 3 is not included because no IPC count
rate is given in LHG81 and WHHWO91) are compared
in Fig. 1 where the sources identified with an SNR, (see
Sect. 3.3.1) are marked with a circle. A linear fit to the
SNR count rates gives a mean conversion factor of 3.2 for
IPC to PSPC count rates. The scatter shows however that
the conversion rate is strongly dependent on the detailed
X-ray spectrum and in particular on the absorption. Clear
variability on long-term time scales is only seen for at most
three sources: AB Dor, CAL 83 and LMC X — 4 which are
known to be highly variable. The different energy bands
and comparison of only two epochs makes it difficult to
look for time variable sources.
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Table 2. Einstein IPC sources not detected by the PSPC

1 2 3 4 5 6 7
LHG WHHW Nobs  Omin  Omax  ©XPmin  ©XPmax

[] [l [s] [s]
21  517.9-7047 4 22 51 184 443
24 519.7-7107 3 31 50 184 443
520.8-6738 6 22 41 3420 8720
521.5-6921 52 9 51 117 14581
522.2-6758 5 0 46 117 8720
523.7-6923 51 7 51 117 14581
524.2-6937 54 4 52 141 14581
527.6-6729 17 10 51 357 8720
528.5-6942 66 4 51 143 16957
41 528.6-6746 9 20 50 357 8720
44 530.8-6657 30 4 51 285 14507
534.3-7052 8 14 44 157 11303
56 535.3-6948 56 8 52 143 16957
536.2-6912 35 6 52 143 16957
537.0-6942 45 4 52 143 16957
538.0-6904 28 3 47 143 16957
538.0-6932 35 8 51 143 16957
68 538.4-6907 30 3 51 143 16957
538.9-6914 33 6 51 143 16957
72 539.1-6908 29 1 52 143 16957
73 539.2-6911 31 4 50 143 16957
74 539.2-6904 28 5 52 143 16957
539.4-6860 24 9 47 182 16957
539.7-6858 24 11 48 182 16957
539.8-6907 26 5 49 182 16957
540.3-6909 28 8 52 182 16957
7 540.5-6927 33 6 52 143 16957
541.0-6859 22 9 47 192 16957
541.0-7013 21 15 47 200 11303
80 541.8-6906 26 4 51 192 16957
543.1-6927 30 11 50 192 16957
543.9-6934 30 9 50 192 16957
545.9-6731 4 45 52 535 1578
546.4-6945 18 7 47 822 8823
553.0-6953 4 27 51 822 4021
94 553.2-6927 2 27 34 2061 4021
29 2 21 21 11277 12794
37 57 10 52 117 16957
55 45 5 51 143 16957
58 43 12 51 143 16957
63 37 7 51 143 16957
64 34 14 52 157 11303
65 28 1 48 143 16957
75 15 39 51 285 14507
76 41 4 52 143 16957
81 20 13 52 200 11303
84 18 14 47 200 8823
85 1 36 36 4566 4566
90 1 24 24 4566 4566
95 3 24 50 6039 19651

8.2. Comparison with the ROSAT all-sky survey

The Bright Source Catalogue (BSC) of the RASS was pub-
lished by Voges et al. (1996). A correlation of the PSPC
catalogue from the pointed observations with the BSC cat-
alogue yields 55 sources within a distance of 60”. They
are summarized in Table 5. The count rates are shown in
Fig. 2. The SNR count rates scatter little around the line
of ratio 1.0, as expected for constant sources. The only
exception is N 49 with a too low BSC count rate. Sources
variable by more than a factor of 3.0 are the high mass
X-ray binary (HMXB) LMC X —4 and the Be X-ray tran-
sient A0538 — 66 which was in outburst during the RASS
(see also HP99).
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Fig.2. ROSAT all-sky survey vs. PSPC pointing count rates.
Circles mark SNRs which follow the line of equal count rates

3.8. Literature search with SIMBAD

To identify the PSPC sources with known objects we
cross-correlated our catalogue with the SIMBAD data
base operated at CDS. SIMBAD contains predominantly
stars but also includes catalogues of sources from other
wavelength bands together with references. This allows
to define samples of sources with the same type (SNRs,
SSSs, X-ray binaries, foreground stars and background ob-
jects) which can be used to classify the newly discovered
sources using the global X-ray properties characteristic to
the source class.

3.3.1. Supernova remnants

Table 6 lists 46 SNRs and candidates (indicated with
SNR?) found in the literature and detected in ROSAT
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PSPC pointings. Many of them were already seen by the
Einstein IPC. The majority appears as extended X-ray
sources with typical extent of 10” —40”. However the value
can only be regarded as indicator for the extent because it
is determined by a Gaussian approximation of the inten-
sity profile. For sources with deviating profile the param-
eters determined by the ML algorithm become more and
more unreliable. For this reason the count rates were re-
determined for the sources already mentioned in Sect. 2.

From preliminary investigations of the PSPC catalogue
Haberl et al. (1998) have shown that extent and likelihood
for the extent (MLeyt) in combination with the hardness
ratios can be used to characterize the class of SNRs. In
Fig. 3 extent and MLey are plotted for all PSPC sources
detected in the inner 18" of the detector where the PSF
of the instrument is best. The sources from Table 6 are
marked with a square (filled for known SNRs and open
for candidates; crossed squares for new candidates classi-
fied in this work — see below). The known X-ray binaries,
SSS, foreground stars and AGN should be point sources
and are marked with hexagons. On the left part of the
diagram (left to the majority of unknown sources marked
with a cross) many point sources appear with small ex-
tent. These are all detections with very good counting
statistics (more than 400 counts) in which deviations of
the PSF from the assumed Gaussian shape become signif-
icant, resulting in an artificial extent. This includes also
most of the known SNRs which shows that the two pa-
rameters can only be used as indicator for source extent.
Nevertheless the known SNRs are clearly distinguished
showing the highest MLy values. For some of the SNR
candidates found in the literature (mainly new candidates
suggested by radio observations, Filipovi¢ et al. 1998) the
source parameters derived from the PSPC observations
support their classification. This is particularly true for
PSPC source 712 which was detected by Einstein and sug-
gested as SNR by WHHWO91 (see Table 6). For source
687 source extent and hardness favour an SNR identifica-
tion and the nearby foreground star proposed by Cowley
et al. (1997) as optical counterpart for RX J0528.6 — 6836
is probably unrelated to the X-ray source. There is one
unknown source (93) which is located in the area of the
diagram where only SNRs are found. The hardness ratios
are also compatible with such an interpretation. Other
new sources with the highest MLyt values, but below the
majority of known SNRs, need to be investigated in detail
as promising SNR candidates.

3.3.2. X-ray binaries and supersoft sources

X-ray binaries belong to the objects with hardest X-ray
spectrum in the ROSAT energy band. From an investiga-
tion of the variability on time-scales of days to years of
the PSPC sources presented in this work, HP99 proposed
seven new candidates for X-ray binaries. Most of them are
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Fig. 3. Source extent and extent likelihood for PSPC sources
with off-axis angle less than 18 (crosses). SNRs are marked
with squares (filled: secure, open: candidates, crossed: classi-
fied in this work) and known point sources (X-ray binaries,
SSSs, stars and AGN) with hexagons

probably HMXBs and one is a candidate for a low mass
X-ray binary (LMXB). The HMXB nature of one of them
(source 1225, RX J0544.1 — 7100 = 1SAX J0544.1 — 710)
was confirmed by the independent detection of X-ray
pulses by the BeppoSAX satellite (Cusumano et al. 1998).
Together with the previously known X-ray binaries their
properties as determined from the PSPC observations are
summarized in Table 7. It should be noted that the count
rates (Col. 5) are only representative for a single observa-
tion. For more information on variability see HP99.

Supersoft sources were established as a new class of
X-ray sources after the ROSAT discoveries of five new such
objects. Before ROSAT only two (CAL83 and CALS87)
were known from Einstein observations. SSSs are charac-
terized by very soft X-ray spectra resulting in PSPC hard-
ness ratios HR1 and HR2 close to —1.0. Foreground ab-
sorption may however increase HR1. HP99 proposed two
new SSS candidates from their hardness ratios and X-ray
variability. The properties of the known SSSs in the LMC
which are all detected in PSPC observations are summa-
rized in Table 7.

3.3.3. Background AGN and galaxies

Relatively few of the PSPC sources were identified with
background objects like AGN and galaxies (Table 8), al-
though many are expected from the log N — logS dis-
tribution of extragalactic objects. Using a sensitivity of
6 1073 cts s~ ! for a typical 2000 s observation and the
log N —log S distribution from Hasinger et al. (1998), one
would expect of the order of 5 background objects per
square degree in LMC areas where the absorbing column
density is 3 102* cm~? (e.g. Dickey et al. 1994). The PSPC
observations cover in total an area of 58.6 square degrees,
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including areas where the absorption is only by the galac-
tic contribution of about 6 102° cm~2. There the number
of background objects can be up to 10 per square degree.
Also large areas are covered by observations deeper than
2000 s, resulting in a lower limit of about 300 background
objects expected in the catalogue.

Most of the known AGN were optically identified due
to ROSAT follow-up observations of Einstein sources (e.g.
Schmidtke et al. 1998). Three galaxies and a group of
galaxies are proposed as optical counterparts from their
positional coincidence. However, in these cases the error
on the X-ray position is large and the identifications need
to be confirmed as is also the case for source 1367.

3.3.4. Foreground stars

The source classes described so far contain bright X-ray
sources which were in many cases already detected by
X-ray instruments launched before ROSAT. Also ROSAT
sources identified optically are already published. The
high sensitivity of the ROSAT PSPC allowed for the first
time to study the X-ray emission from normal stars. A
large number of stars (mainly active corona late type
stars) are therefore expected in the PSPC source catalogue
in the direction of the LMC. Since many of these stars
are detected in X-rays the first time, PSPC sources were
“identified” with stars by correlation with the SIMBAD
catalogue, i.e. by positional coincidence only. Few stars
were identified by follow-up optical work published in the
literature and six sources were proposed by HP99 as fore-
ground stars from their X-ray spectral and temporal prop-
erties. In total up to 57 of the PSPC sources investigated
in our fields correlate with foreground stars (Table 9). In
10 of these cases the identification is uncertain due to
a large distance to the optical position and/or uncertain
X-ray position.

A flux ratio fx/ fopt in the X-ray and optical band was
calculated from the 0.1 — 2.4 keV count rate and opti-
cal magnitude mggc from the GSC from log(fx/ fopt) =
log(PSPC counts/s 10711) + 0.4mgsc + 5.37 (Maccacaro
et al. 1988; Voges et al. 1999). We use here the more com-
plete GSC instead of V or B magnitudes available for
a smaller number of sources from the correlations with
SIMBAD. A clear correlation of fx/fops With spectral type
of the stars is seen with A and F stars as weakest X-ray
emitters while dMe stars show highest log(fx/ fopt) values
around —1.0 (Table 9).

8.4. Source classification

In Tables 69 in total 144 source “identifications” are sum-
marized. In many cases these are based on optical identifi-
cations of previously known X-ray sources. Identifications
from positional coincidence only (mainly foreground stars)
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are supported by their X-ray properties like hardness ra-
tios and X-ray to optical flux ratios. In the following we
investigate this sample of identified sources to find proper-
ties unique to the different types of X-ray emitters with the
aim of a classification of the unidentified sources. Kahabka
et al. (1999) have classified ROSAT PSPC sources in
the Small Magellanic Cloud using hardness ratio crite-
ria. Figure 4 (top) shows the hardness ratios of identified
sources which have errors on both hardness ratios of less
than 0.25. The different source classes occupy partially
overlapping areas of the diagram. There are however parts
of the parameter space where only sources from one class
are found. SSSs exhibit HR2 below —0.70 and only fore-
ground stars are found with HR2 > —0.70 and HR1 <
0.25. In the range HR1 > 0.25 and —0.70 < HR2 < 0.25
only SNRs are located. In Fig. 4 (bottom) the hardness
ratios of unidentified PSPC sources are drawn. The ar-
eas covered by different source classes are indicated by
thick lines in both diagrams. Since most of the 758 PSPC
sources have large error bars on the hardness ratios a re-
strictive selection was used to classify new sources. This
yields a smaller number of sources, but maximizes the
probability for giving the correct classification.

A more detailed classification requires the knowledge
of foreground absorption to the sources. Because this
varies across the LMC, sources with the same intrinsic
X-ray spectrum are distributed over a range of hardness
ratios, in particular HR1 which is most sensitive to ab-
sorption. The selection criteria used here are relatively
insensitive to absorption. Only stars may be misclassified
when higher absorption increases HR1 above 0.25.

Table 3 summarizes the selection criteria used to find
new promising candidates for SNRs and SSSs in the LMC,
foreground stars and background objects. The numbers of
sources which obey the selection criteria (and not already
included in a previous selection) are given in Col. 3. The
number of finally classified sources are found in Col. 4.
Sources on the hardness ratio dividing lines (error bar
crossing the line) were included when the errors on HR1
(EHR1) and HR2 (EHR2) are both less than 0.25. As
expected three of the HR-selected SNR, candidates (153,
887 and 1293) are very likely identified with stars in the
GSC, visible as bright point-like objects on the DSS im-
ages. These three were re-classified as foreground stars
which is also consistent with their low fy/fops ratio (see
below). One further HR-selected SNR candidate (327) was
removed from the classification because it is located near
the south ecliptic pole and far from the LMC. The classi-
fied sources are summarized in Table 10 and indicated by
[SNR], [SSS] or [fg Star] in the remark column.

Supernova remnants are characterized by constant
X-ray flux. The SNR candidates (from literature and from
this work) were therefore investigated for temporal vari-
ability. In case of more than two PSPC detections a chi-
square test against a constant count rate was performed as
in HP99. The more appropriate hard band (0.5 — 2.0 keV)
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Fig. 4. Hardness ratios of known PSPC sources (top). X-ray bi-
naries are marked with a hexagon, SSSs with crossed square,
SNRs with square, stars with z, and AGN with triangle. The
thick lines separate areas where only members of a single class
are found. Hardness ratios of new PSPC sources with unknown
nature (bottom). Only sources with error on HR1 and HR2 less
than 0.25 are shown

was used. One case with clear variability was found for
source 440 (probability more than 5 ), which rules out
the identification with an SNR. The detections of sources
93, 540, 712 and 1063 are consistent with constant flux,
in agreement with their proposed SNR nature.

In the upper right part of Fig. 4 one finds all, stars,
SNRs, AGN and X-ray binaries and it is not possible
to classify the hard sources uniquely according to their
hardness ratios. The very hard sources (HR1 > 0.75 and
HR2 > —0.10) are candidates for either SNRs, AGN or
X-ray binaries. Thirty-seven sources are classified as [hard]
in Table 10. An inspection of the DSS images in the error
circle of these hard sources reveals galaxy-like extended
objects in three cases (101, 653 and 1184). All are located
far from the LMC supplying further evidence that they are
background objects unrelated to the LMC, in particular
source 1184 is classified as AGN below. Also sources 418
and 1189 are located in areas where no LMC objects are
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expected. From the remaining hard sources many show
empty error circles on the DSS images — at least those
without indication of X-ray extent and position errors less
than 20”. In three cases (482, 747 and 1181) even optical
follow up observations failed to identify the optical coun-
terpart (see Table 10). This suggests either background
AGN or LMC objects optically too faint to be identi-
fied. If located in the LMC their PSPC count rates in-
dicate typical X-ray luminosities of 1034 — 103 erg s,
too high for cataclysmic variables, but consistent with
LMXBs. The latter consist of a neutron star and a late
type dwarf star, too faint for current optical instrumen-
tation to be detected at the distance of the LMC, consis-
tent with the empty error box. It is remarkable that most
of these LMXB candidates are located around the opti-
cal bar of the LMC where also the SSSs are found. SSSs
and LMXBs evolve from low-mass stars and belong to an
older population compared to the HMXBs, many of which
are found in areas of more recent star formation (e.g. in
LMC4, HP99).

AGN and stars can be distinguished from their flux
ratio fx/fopt in the X-ray and optical band (e.g. Fig. 14
in Voges et al. 1999). Calculating fi/ fopt for a subsam-
ple of the PSPC catalogue with clear optical identifica-
tions and available visual or blue magnitudes (most from
Schmidtke et al. 1994) yields similar results. fx/fops for
some identified AGN, SSSs, X-ray binaries and foreground
stars is shown in Fig. 5. The six identified AGN, gather
near log(fx/fopt) = 0 with HR1 above 0.8. However also
SSSs and X-ray binaries can show high fx/ fopt ratio, even
exceeding that of AGN. Stars have the lowest fx/fopt
and usually softer spectra (smaller HR1). For uniden-
tified PSPC sources with a nearby GSC entry fx/fopt
was calculated using again the optical magnitude given
in the GSC. The cases with error on HR1 of less than
0.25 are included in Fig. 5. Five sources with HR1 < 0.25
were not classified by criteria described above and show
log(f«x/fopt) < —0.5, compatible with foreground stars.
Two more candidates are found near identified foreground
stars with HR1 < 0.75 and log( fx/ fopt) < —2. These seven
sources are classified as [fg Star] in Table 10. Source 1163
with HR1 = —1 and low fx/fopt (unusual for SSSs and
also white dwarfs using examples from Thomas et al. 1998)
is probably unrelated with the GSC entry as the GSC po-
sition is also outside the X-ray error circle.

Three unidentified PSPC sources exhibit HR1 > 0.25
and high log(fx/fopt) above —1.0 (1, 37 and 1184). All
three are located in the outermost regions of the 10° by
10° field covered by PSPC observations and are probably
unrelated to the LMC. Source 1184, mentioned before to
have a possible galaxy as likely optical counterpart, corre-
lates as well as source 37 with a radio source. Based on the
high fx/ fopt they are classified as [AGN] in Table 10. The
three AGN candidates are relatively bright PSPC sources
with two of them also detected in the RASS (1 and 37).
Their optical brightness given in the GSC, range from 15.0
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Table 3. Classification criteria

Source class  selection unidentified sources classified
SSS HR2 + EHR2 < —0.70 3 3
fg star HR1 -+ EHRI1 < 0.25 HR2 — EHR2 > —0.70 12

HR1 < 0.25 HR2 > —0.70 EHR1 < 0.25 EHR2 < 0.25 5

EHRI < 0.25 —0.75 < HR1 < 0.25 log(fx/fopt) < —0.5 5

EHR1 < 0.25 0.25 < HR1 < 0.75 log( fx/ fopt) < —1.0 2 27
SNR MLext > 50 offaxis angle < 18’ 1

HR1 — EHR1 > 0.25 HR2 — EHR2 > —0.70 HR2 + EHR2 < —0.10 7

HR1 > 0.25 —0.70 < HR2 < —0.10 EHR1 < 0.25 EHR2 < 0.25 5 9
hard HR1 — EHRI1 > 0.75 HR2 — EHR2 > —0.10 35

HR1 > 0.75 HR > —0.10 EHR1 < 0.25 EHR2 < 0.25 2 36
AGN EHR1 < 0.25 HR1 > 0.25 log(fx/fopt) > —1.0 3 3
stellar rgo< 20" distance to GSC entry < rgo 29 14
H ‘ ‘ ‘ "]  the hardness ratios). None of the 16 sources shows signifi-
gL = . - cant X-ray extent. However from their optical brightness —
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Fig. 5. Flux ratio fx/fopt as function of hardness ratio 1. The
optically identified sources are marked with different symbols
(X-ray binaries: hexagon, SSSs: crossed square, foreground
stars:  and AGN: triangle). Unidentified sources with error
on HRI1 less than 0.25 and nearby GSC entry are shown with
HRI1 error bars

to 15.3 mag. The majority of expected AGN in the PSPC
catalogue is fainter and to find them by utilizing their
fx/ fopt ratio more complete optical catalogues of the LMC
area are required.

Additional PSPC sources likely related to foreground
stars were obtained from the correlation with the GSC.
A conservative selection of sources with position uncer-
tainty 9 of less than 20” and a distance to GSC entries of
less than rgq yields 29 objects. Removing unclear cases af-
ter visual investigation of the DSS images (several objects
with similar brightness exist in the X-ray error circle) and
objects with optical extent indicated in the GSC yields
16 stellar-like sources. Two of them are already classified
as foreground stars from their low fx/fopt ratio. The re-
maining 14 are classified as [stellar] in Table 10. In general
this sample consists of X-ray fainter objects compared to
the hardness ratio classified foreground stars (which have
better photon statistics and therefore smaller errors on

GSC magnitudes range from 10.1 to 14.8 mag — early type
LMC stars not can be excluded (e.g. HMXBs in the LMC
identified with Be stars have magnitudes at the lower end
of the brightness distribution, cf. Haberl et al. 1997).

3.5. Source distribution

The spatial distribution of the 758 PSPC sources in
the catalogue is shown in Fig. 6. The 144 identified
sources from Tables 6-9 (including literature candidates)
are marked according to their source class. In Fig. 7 the
sources belonging to the LMC (SNRs, SSSs and X-ray
binaries) are shown. Candidates and sources classified in
this work are included. As was noted already by HP99
there is a significant concentration of X-ray binaries in
and around the LMC4 supergiant shell. In contrast SSSs
are only detected along the rim of the optical bar of the
LMC. This includes all new SSS candidates from HP99
and this work, supporting their proposed nature. Many
SSSs may be hidden inside the bar where the soft X-rays
are strongly attenuated by photo-electric absorption.

4. Summary

The analysis of the ROSAT PSPC pointed data from
1990-1994 has yielded a catalogue of 758 discrete sources
in an area of 58.6 square degrees. This is a factor of 3.5
more than found in the same area from the all-sky survey
(Pietsch & Kahabka 1993) where the exposure quickly de-
creased with distance from the south ecliptic pole.

First cross-correlations with SIMBAD have resulted
in about 140 identifications with objects of known na-
ture partially only based on positional coincidence. The
number of known objects in different source classes like
SNRs, SSSs, X-ray binaries, foreground stars and back-
ground extragalactic objects are sufficiently high to derive
criteria for a classification scheme. Using a preliminary
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Fig. 6. Distribution of X-ray sources in the LMC region detected by the ROSAT PSPC (small circles). The source positions are
plotted on a weak grey scale image (0.1 — 2.4 keV) for orientation. Identified sources are marked with different large symbols for
different source classes; cross: SSS, square: SNR, circle: X-ray binary, cross + circle: foreground star, cross + square: background
object
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Fig. 7. Distribution of PSPC detected LMC sources: SNRs (square), SSSs (cross) and X-ray binaries (circle) including new
candidates from this work. The background image is the same as in Fig. 6
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scheme and additional information about time variability
of sources in the PSPC catalogue Haberl & Pietsch (1999)
already proposed several new candidates for X-ray bina-
ries and supersoft sources in the LMC. In this paper a very
restrictive hardness ratio classification scheme was used,
resulting in promising new candidates for SNRs, SSS,
X-ray binaries, background objects and foreground stars
useful for follow-up studies to identify the X-ray sources.
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Table 4. PSPC sources detected by the Einstein IPC
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1 2 3 4 5 6 7 8
No LHG WHHW d 790 PSPC count rate IPC rate Remarks
"] "] [cts s71] [cts s71]
1001 78 540.1-6946 6.2 0.6 1.27e+01 £ 8.7e-02 9.632 HMXB LMC X-1
1024 93 553.0-6950 24.8  33.9 7.30e-02 + 1.3e-02 0.015  [hard]
1036 92 551.6-6955 53.5  60.9 5.99e-02 + 8.9e-03 0.012  foreground Star F5V:, HD 40156 (CSM97)
1040 16 509.8-6958 44.8  14.3 4.32e-02 £ 4.5e-03 0.013 AGN Syl, z = 0.175 (WHHW91)
1043 53 534.5-6957 7.4 5.2 2.81e-01 + 1.3e-02 0.086  SNR 0534-69.9 (CS98), RX J0534.0-6955 (CSM97)
1093 38 526.5-7014 4.0 3.7 4.14e-02 £ 2.7e-03 0.016  foreground Star K2IV-Vp, RS CVn (SCF94 HP99)
1094 32 524.6-7014  34.3 1.5 1.14e-01 4+ 4.0e-03 0.024 AGN RXJ0524.0-7011 z = 0.151 (SCF94)
1136 554.1-7025  38.0  34.7 2.01e-02 + 3.2e-03 0.018 no HRI detection by (CSM9T)
1137 89 548.4-7026 9.8 5.8 1.52e-01 £ 9.6e-03 0.048 SNR 0548-70.4 (WHHWO1)
1145 52 534.3-7029 6.0 7.0 7.06e-03 + 1.2e-03 0.004 no HRI detection by (CSM9T7)
1147 18 513.5-7031 8.6 28.7 1.14e-01 + 1.3e-02 0.030 foreground Star dM4e, V12567 (CCH84)
1160 54 534.9-7036  27.4 5.4 6.49e-02 + 2.8e-03 0.018 SNR DEM L 238 (WHHW91), RX J0534.2-7034 (CSM97)
1164 97 67.2 19.2 5.64e-03 + 1.5e-03 0.016
1173 61 536.7-7040  16.9 4.9 6.02e-02 + 2.7e-03 0.022 SNR DEM L 249 (WHHW91), RX J0536.1-7039 (CSM97)
1178 51 27.2  15.6 5.13e-03 £ 1.0e-03 0.005
1181 536.7-7043  22.6 3.7 1.03e-02 £ 1.1e-03 0.006  [hard] RX J0536.0-7041 (no ID in CSM97)
1192 45 530.8-7049  24.0 41.6 2.44e-03 + 4.0e-03 0.005 no HRI detection by (SCF94), no ID in (CCHS84)
1222 47 532.6-7102  19.3 7.6 8.73e-02 + 3.6e-03 0.030 SNR LHA 120-N 206 (WHHWO91), RX J0531.9-7100 (SCF94)
1238 50 46.2 243 9.43e-03 + 1.6e-03 0.012
1240 87 547.5-7110 22.2 0.8 1.24e-01 + 2.6e-03 0.044 SSS CAL 87
1242 33 524.8-7112  40.6  35.9 2.77e-01 + 3.4e-02 0.060  foreground Star dM5e (CCHS84)
1279 46 532.3-7132 82.0 66.4 1.44e-02 4+ 1.7e-02 0.019 AGN RXJ0531.5-7130 z = 0.2214 (SCF94)
1308 517.4-7149 226 17.2 1.20e-02 + 1.7e-03 0.007 RX J0516.7-7146 (no ID in CSM97)
1325 30 521.3-7201 16.3 0.6 1.31e+01 £ 3.2e-02 6.154 LMXB LMC X-2

Notes to the remark column to this and following tables:
Abbreviations for references given in parenthesis are described in the literature list,
Unsecure identifications from positional uncertainty begin with? in the remark,
Candidates from literature are marked with? after source class name,
Abbreviations:
SEP: in pointing near south ecliptic pole,
GSC: HST guide star catalogue (Lasker et al. 1990),
NED: NASA/IPAC extragalactic database, operated by the Jet Propulsion Laboratory, California Institute,
of Technology, under contract with the National Aeronautics and Space Administration,

fg: foreground, var: X-ray variable, const: X-ray constant.
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Table 5. PSPC sources detected in the ROSAT all-sky survey
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Table 6. SNRs and candidates in the LMC
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Table 8. Identification with background AGN and galaxies

Table 7. X-ray binaries and supersoft sources in the LMC
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Table 9. Identification with foreground stars
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Table 10. Classified PSPC sources
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