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Abstract. We detect stars from the Hipparcos and Tycho Cat-ray position to that of a cataclysmic variable, and thus their
logues in the field of view of observations with the ROSAT HRprobability depends on the accuracy of the X-ray position.
of three globular clusters. We use the positions of these starsThe accuracy of the ROSAT position of a detected X-ray
to reduce the systematic error in the positions of X-ray sourcgsurce is determined by two factors: the statistical accuracy
in the clusters to~ 2 for w Cen and NGC 6752, antd’ for of the position of the source on the detector, and the accuracy
NGC 6397. We detect three X-ray sources in the cote ©en, with which the position of the detector as a whole is projected
and four in the core of NGC 6752; the data for the center oh the sky. For a sufficient number of photons the statistical
NGC 6397 may be fitted with five or six sources. Outside thegror is less than an arcsecond, but the projection in general
cores, but within the half-mass radius of the clusters, we detbeis a typical error of- 5”. Secure identification of a source
two sources i Cen, one in NGC 6397 and two in NGC 6752in the detector field reduces the error in the projection to the
these may or may not be cluster members. A ROSAT HRI ostatistical error of the identified source, provided that the optical
servation of Liller 1 does not detect a low-luminosity sourc€or radio) position has better accuracy. Only one identification is
at a limit below a detection with ASCA. We discuss the natureecessary, because the roll angle of the detector (i.e. the North-
of the low-luminosity X-ray sources in globular clusters in th&outh direction) is accurately known; nonetheless, identification
light of these new results. of more than one source is preferable to allow checks oninternal
consistency. In a globular cluster the surface density of possible
Key words: Galaxy: globular clusters: individuakw Cen, counterparts is so high that chance coincidence usually cannot
NGC6397, NGC6752, Liller 1 —X-rays: stars be excluded; a secure identification can usually be made only
for X-ray sources detected well outside the cluster. This method
has been used by Verbunt & Hasinger (1998) to improve the
positional accuracy of the sources in the core of 47 Tuc f56m
1. Introduction to 2”, whereby the area in which the source is expected to lie is

Globular clusters contain many X-ray sources at lower lunfieduced sufficiently to exclude several proposed identifications,

nosities, L, < 103*ergs!. These sources were first discoy@nd increase the probability of others, including two possible

ered with the Einstein satellite (Hertz & Grindlay 1983), ang@taclysmic variables. .
many more were found with ROSAT (for a compilation, see In this paper we investigate three clusters known to contain
Johnston & Verbunt 1996). The nature of these low-luminosifjultiPle dim X-ray sources in their core, which have been ob-
sources is the subject of debate, because various types of $ved inlong exposures with the ROSAT HRI, and one cluster
jects can emit X-rays at such luminosities, such as soft X-r§pown to harbour a transient. We analyse hitherto unpublished
transients in quiescence, cataclysmic variables, RS CVn bigRservations and detect both previously published and new X-

ries, and recycled neutron stars (see e.g. Fig. 8 in Verbunf@f sources. All source positions are checked in the SIMBAD
Xgata base versus positions of other objects, and we find objects

al. 1997). The most compelling identification of a dim X-ra X _
source with an object observed at other wavelengths is the Feth€ Hipparcos or Tycho Catalogues (ESA 1997; Perryman et

cycled radio pulsar in M 28: the X-ray flux varies on the puls&- 1997; H8g et al. 1997) with each cluster, i.e. counterparts
period (Danner et al. 1994). Plausible identifications with caf/ith very accurate positions. In Sect. 2 we describe the obser-
aclysmic variables have been suggested for dim X-ray sourdations and our data reduction procedures; Sects. 3t0 5 qescnbe
in NGC 6397, NGC 6752, NGC 5904 and 47 Tuc (Cool et df€ results for Cen, NGC 6397, and NGC 6752, respectively.
1995b; Grindlay 1993; Hakala et al. 1997: Verbunt & Hasingérr" Sect. 6 we dl.scus_s an observation of Liller 1. A discussion of
1998). These identifications are based on the proximity of tRY results is given in Sect. 7.
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Table 1. Log of the ROSAT HRI observations of globular clusters

i . . analysed in this paper. For each cluster observation, the observation
The X-ray observations were obtained with the ROSAT X'rac}’ate(s) and exposure time are given. We further give the shift &

telescope (Timper et al. 1991) in combination with the highxppjied to bring the X-ray coordinate frame of the longest observation

2. Observations and data reduction

resolutionimager (HRI, David et al. 1995). The list of the obseis the optical coordinate frame J2000.

vationsis givenin Tab[g 1. The standard data reduction was done

with the Extended Scientific Analysis System (Zimmermann et observing period texp(S)  Aa AS
al. 1996), as follows. To take into account the re-calibration of »Cen

the p|>'(el size (Hasinger et al. ;998), we multiply they pixel 92 Aug 2448835.935-837.027 3469

coordinates of each photon with respect to the HRI center w Jan 2449008 688—008.702 1243

0.9972. A search for sources is made by comparing counts| kb, 31 2449547 .617-550.695 5997

a box with the counts in a ring surrounding it, and by movingggs  jan  2449735.780-744.786 17653

this detection box across the image. The sources thus detegiggh  Jul  2449912.812-941.103  75481-0°05 00
are excised from the image and a background map is madefog6 Feb 2450120.247-130.418 12990

the remaining photons. A search for sources is then madel997 Jan  2450461.343-461.358 1317

comparing the number of photons in a moving box with re- NGC 6397

spect to the number expected on the basis of the backgrmigg1 Mar 2448338.820-340.054 7499

map. Finally, at each position in which a source was found, 89> Mar 2448696.631-697.646 12958
maximum-likelihood technique is used to compare the observgshs  Mar  2449793.872-810.440  77204+0°11  —0"4
photon distribution with the point spread function of the HRI NGC 6752

(Cruddace et al. 1988). This produces a maximum-likelihogd . .
value ML such that the probability that the source is due m:: gjjgggg;ﬁ:;ggig? f%igg_o‘% -3
chance at one trial position is given by™™. We retain sources 6 Apr 2 450182 957—186.041 23278

for further discussion if ME> 13. (To make sure that all such 'Lillerl '

sources are found, we enter in the maximum likelihood techggs sep  2450332.541-337.810 16412

nigue all sources that have Mi10 according to the sliding box

searches.) ) ) .
Upper limits at the position of known sources were detefhe last term in this equation dqesn’t depend on the assumed

mined by counting the number of actually detected photons™MCd€l, and — in terms of selecting the best model — may be

at the position of the source (and in an area surrounding it c6RnSidered as a constant. Thus maximiziigs equivalent to

responding to the uncertainty in the position); we then assighnimizing L, where

as upper limit the onvest expected numberfor which the , ; _ _Q(Z nig Inm; — Zmi) 3)

probability of measuring a numberor smaller is less than 5% - -

according to the Poisson distribution. ' . !
The maximum-likelihood technique also provides an indicd-ON€ compares two models A and B, with number of fitted pa-

tion whether the source is extended. If such indication is presdfletersza andns and with likelihoods oin L. and21n_LB_,

we apply further analysis to test whether the source is a multipfesPeCtively, the differenc@ L =In L, —In L is ax” distri-

point source. ution withn 4 —n g degrees of freedom, for a sufficient number

The further analysis is also based on maximum likelinodtf Photons (Cash 1979; Mattox et al. 1996).
techniques, but the analysis is limited to a small area of the OUr analysis of possibly multiple sources thus proceeds as

detector, near its center. This allows the simplifications that tfi!0Ws. Firstwe computé L for a model with constant back-

background in the analysed area is a constant (as opposed%(:#nd and for the best model with background plus one source,
compare it with thg2-distribution with 3 degrees of free-

polynomial function of ther, y pixel coordinates), and that the?" o
point spread function is that for the center of the image (David&@™M- ITAL > 15, the presence of one source has a significance
al. 1995). Suppose that a model to be tested predigfshotons more than three sigma. Next we compare the best model with

at detector pixel. The probability that:; photons are observed/0 Sources with the best model with one source, to prove the
is then given by the Poisson probability: significance of a second source; the best models with three and

two sources to prove the significance of a third source, etc. until
m;"ie” " 1) no more significant sources are found.

n;! The addition of one source adds three fitted parameters, one
for its number of counts and two for its position. In the case of
N&C 6397 optical counterparts have been suggested for three X-
ray sources. For these we also make a fit in which the distances
fn right ascension and declination between these three sources
is fixed to the optically determined values. The three sources in
that case only add five fitted parameters, two for the position of
one of them, and three for the fluxes.

P=

The probability that the model describes the observations
given by the product of the probabilities for alin the region
consideredZ’ = IIP;. For computational ease we maximiz
the logarithm of this quantity:

lnL’EZlnPi:Znilnmi—Zmi—Zlnni! 2
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To determine the error in a parameter, we start from the b&able 2. X-ray sources detected in the globular clusteZen (Ay =
fit value a;. We then fix the parameter at + d and make a 0.47, d = 4.9kpc, Djorgovski 1993) with the ROSAT HRI. Sources
new fit, allowing all other parameters to vary. The valud r with a number less than 17 correspond to sources detected previously

ber are new sources. For each source we give the position, the statistical

error in the position (ir{'), the distance to the cluster center in units of
3. wCen the core radius., the countrate with error, and where applicable the
identification with sources detected with Einstein (Hertz & Grindlay
w Cen is a very massive globular cluster, with a relatively lowogs). The sources are ordered on declination. The positions given are
central density. Hertz & Grindlay (1983) reported five sourceisose after correction for bore sight (see text). The positions of the
A-E nearw Cen. Sources A, D and E all are well outside theenter of the cluster (GC, Djorgovski & Meylan 1993), its core radius
cluster core, and it appears that only source C is clearly related half-mass radius (Trager et al. 1993), and positions of some optical
to the globular cluster (e.g. Verbunt et al. 1995). Source E Hafyjects discussed in the text are also listed; epochs are 1990.5 for posi-
tentatively been identified with a foreground K star (MargofiPns by Cool etal. (1979) for USNO-A2, and 1995.5 for HD 116789.
& Bolte 1987). The sources A and D have been identified with
foreground M stars, on the basis of better positions for the X-ray X-ray sources
sources obtained with Einstein and ROSAT HRI observatiors « (2000) §(2000) A d/r. ctslksec
(Cool et al. 1995a). A ROSAT PSPC pointing indicates that 13272772 —-4719 80 04 46 780.4D
source C, near the cluster center, is composed of two source3 of 132552.05 —-4719 86 05 51 6380.3A
comparable luminosity (Johnston et al. 1994). 18 132646.33 —-4719459 1.0 34 0501
We have analysed all observations listed in Tdble 1. TR@ 132721.21 -4723220 1.8 3.1 0401
1992 and 1993 data have been reported on before by Cool efal. 13272927 —4725545 13 30 0£0.2
(1995a). As expected, we detect the largest number of sourf@s 13264870 —4727465 1.0 04  0%£0.1
in the longest observation, that of July 1995. We use this obs g 13265339 —4729 15 09 05 0801C

. . - " . 132619.75 —-4729119 08 1.7 1#402B
vation as the basis for comparison with the other observatiogs.  1o5cc5 04 _4729372 09 06 1402C

21 13264899 —-4731281 21 11 0501

3.1. Source list and membership probability 10 13262520 -4732289 14 20 0#0.1
13 132611.12 —473711.1 3.7 40 1803
In the July 1995 observation we detect twelve sources, listed

in Table[2. Eight of these sources have been detected before
o avvom " P8 13272027 4710 62 Conltai fous
13272768 —4719 6.3 USNO-A20375-18249604

The sources X 3 and X 4 are the Einstein sources A and p 132551.79 —4719 7.0 Cool etal. (1995a)

respectlvely, identified with foreground M dwarfs by Cool et ab 13255223 —4719 7.5 USNO-A20375-18177834

(19954, see Tablé 2). Both stars can be found in the USNO-A2 132646.33 —4719459 HD 116789

catalogue (Monet etal. 1998, see Tdllle 2). The new source Xel8 132918.54 —472250.5 Margon & Bolte (1987)

can be identified with HD 116789; this is star TYC 82524627 1

in the Tycho Reference Catalogue, and thus its position and

proper motion are well known (Hgg et al. 1998). For this rea-

son we use this star to determine the bore sight correction, serendipitous background source. The brighter sources within

the offset between the X-ray coordinates and the optical cotite core radius probably are associated witben. Outside the

dinates. The result is listed in Taljle 1. core radius a source is more likely to be a fore- or background
This bore sight correction has been applied to the X-rapurce than a cluster member.

positions, and the resulting positions are given in Table 2. With

a statistical accuracy for the X-ray position of X 18-ef1”,

and taking into account small additional systematic errors (see

Hasinger et al. 1998), we estimate the systematic error in fhlee X-ray image of the inner area ©fCen is shown in Fid.]1.

positions given in Tablel2 to be less thh for each individual The half-mass radius of the cluster contains five sources. Source

source its statistical uncertainty should be added in quadraturXt® from Johnston et al. (1994) is clearly separated into two

this systematic error. The positional accuracy can be improvealirces, which we denote X 9a and X 9b for the northern and

if accurate astrometry of X 3/A and X 4/D is obtained, whickouthern source, respectively.

will allow computation of their positions at epoch 1995.5. We have determined the countrates or upper limits for the six
In the ROSAT Deep Survey (Hasinger et al. 1998), an areantral sources in all ROSAT HRI observations.afen listed

with 12/5 radius contains 25 sources brighter than our apprdr-Tablel. For the very short observations, no useful upper limits

imate detection limit 0f.7 x 10~ ergcm =25~ !; we thus ex- are obtained; the long-term lightcurves as determined from the

pect~1 serendipitous source within the core radius, i.e. tlmther observations are shown for four of the central sources in

faintest source within the core radius, X 20, may well be Rig.[2. We also show the PSPC observation, dividing the PSPC

optical objects
1326 459 —-4728 37 r.=155",r, = 288"

Sources in the cluster
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o — o (") source X 7 is 40% brighter, and sources X 20 and X 21 are 40%
200 0 200 fainter.

3.3. Sources not related to the cluster

200

The foreground dwarfs (Einstein X-ray sources A and D) are
highly variable, as has been pointed out before (Koch-Miramond
& Auriere 1987; Cool et al. 1995a). These sources also vary
between the first and second half of the July 1995 observation.
The extremely high flux of A in 1996 is due to a flare, which
lasts almost a day (see Hig. 3).
HD 116789 is an AQV star. From its magnitutie= 8.40
and colourB — V = 0.07 we estimated, = 0.22 and a
distance of about 310 pc. For an assumed bremsstrahlung spec-
trum of 1.4keV the observed countrate corresponds to a lu-
minosity in the 0.5-2.5keV band of 2 x 10*ergs?. It
is not expected for an AQV star to emit such a flux; perhaps
this star has a white dwarf companion which is responsible for
— the X-ray emission, as various other AQV stars detected with
—500 Xpix 0 ROSAT; on the other hand, various apparently single AQV stars
in the Bright Star Catalogue have been detected at similar and
Fig. 1. X-ray contours in the central area ©fCen as observed with higher luminosities as HD 116789 (e.g. HD 17864jndch et
the ROSAT HRI in 1995 July. The image was smoothed with a 2al. 1998). HD 116789 was detected with EXOSAT by Verbunt
o~5" Gaussian. The detected sources are indicated with their nugg-g|. (1986), who interpreted the detection as due to the ultra-
bers in Tabl€R. The inner circle gives the core radius of the clustg[g|et |eak of the CMA detector. The EXOSAT CMA countrate
the outer circle the half-mass radius. The lower and left gxes give pi%ﬁlthis sourcel.7 x 103 ctss !, converts to an X-ray lumi-
numbeljs for the RQSAT HRI. detector, the upper and right axes nq%sity at the distance of HD 116789 of about10%! ergs !
ascension and declination with respect to the cluster center. The con- . . ; . . !
version between pixel and celestial coordinates is accurate to withi ch higher tharl the luminosity derlyed _for this star from the
o ROSAT observations; we therefore still think that the EXOSAT
countrate is due to the ultraviolet flux. The ultraviolet leak in the
ROSAT HRI is far too small (Bergifer et al. 1999) to explain

counts for PSPC-X 9 equally between X 9a and X 9b. For thée ROSAT detection.
absorption towards Cen and a black body spectrum of 0.6 keV
the PSPC countrate is about 2.8 times the HRI countrate; 5. Discussion
smaller reddening the PSPC-to-HRI count ratio varies rapid[k/, . o .
and therefore we do not show PSPC points of the foregroundVi€ positions of the sources within the half-mass radius@én
dwarfs, whose absorption is unknown. as given in TablE]2 are more accurate than previously published
There is marginal evidence for variability in sources X 9B0sitions, and may be used to search for optical counterparts.
and X 10; and no evidence for variability of X 7 and X 9a. X 20 i¥Ve have done this among the variables (contact binaries, de-
detected only in July 1995 and in 1996, X 21 only in July 199%ached binaries, and suspected RS CVn stars) foundden
and all upper limits in the other observations are compatighy Kaluzny et al. (1996, 1997): no counterpart is among these
with the faint fluxes of these sources. stars. (Only one of these variables is in the area shown iftFig. 1,
The July 1995 observation was obtained in two parts, Séﬁz.the contactbinary OGLEGC 13.) Our non-detection of these
arated by about 10 days. We have analysed the two parts S@‘iﬁaries is not surprising, considering that our detection limit is
rately, and find marginal variation of X 7.7 +0.3 and1.140.2 abovel03! ergs!: all of the contact binaries hitherto detected
ctsksec! in the first and second half, respectively) and of X 9 X-rays (McGale et al. 1996), and many RS CVn systems
(0.8 + 0.2 and1.4 + 0.2 ctsksec, respectively). In addition, (Dempsey et al. 1993) are less luminous than this.

virtually all counts of X 21 are from the first part of the obser- Cool etal. (1995a) argue that X 7/B is an extended source.
vation. The number of counts of X 21 is too small for furthefhis source is detected in the ROSAT PSPC observation (John-

subdivision. ston et al. 1994) and in the ROSAT HRI observations of 1994,
To convert the observed countrates into X-ray luminosities995 January and July, and 1996. All of these observations are

we assume a column and distanceGen as given in Tablg 2. More sensitive than the 1992 and 1993 observations used by

For an 0.6 keV blackbody (see the analysis of the PSPC spe@0! et al. (1995a); in all of them X7/B is compatible with

trum of X 9 in Johnston et al. 1994) 1 cts ksédn the ROSAT  being a point source. _

HRI corresponds td.5 x 1032 ergs ! inthe 0.5-2.5keV band. ~ With the identification of sources X3 and X4 with fore-

The two sources X 9a and X 9b thus have about this luminosigfound stars, we can reinvestigate the suggested identification

ypix
500
§ -6, (")

—200

1000
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Fig. 2. X-ray lightcurves of four sources in the center.o€en and of two foreground M dwarfs (A, D). The HRI data are shown(dstections,
with 1-o errors),] (2-0 upper limits). PSPC data (converted to estimated HRI countrates) are shawiTlasre is marginal evidence for
variability in sources X 9b and X 10; the foreground sources A and D are highly variable, with source A showing a large flare in 1996.

of X5/E with a foreground K star, as suggested by Margambservations. The standard analysis provides 14 sources, listed
& Bolte (1987). We use the optical positions of A and D tin Table[3. Identifications with earlier X-ray sources or optical
determine the offset between the X-ray positions of the PSBGjects are indicated; 7 sources are new. X 6 has been identified
observation as listed in Johnston et al. (1994) and the optibgl Cool et al. (1993) as SAO 244944, This star is identical to
positions. We then apply this offset to the position of X5, andD 160177, and is in the Hipparcos Catalogue as HIP 86569.
find that the resulting position is atth arcseconds from the op-Its position and proper motion are thus very accurately known,
tical star. We take the position of the optical star (Table 2) froand we use it to determine the bore sight correction. This bore
USNO A2 0375-18334783 (Monet et al. 1998). Identification gfight correction is given in Tabld 1, and is applied to the X-
X5 with the foreground star is therefore a distinct possibility.ray positions; the resulting positions are given in Table 3. The

statistical uncertainty in the X-ray position of X 6 is about'Q.5
4. NGC 6397 we therefore estimate that systematic error of the X-ray positions

listed in TabldB is better than’1this error should be added
NGC 6397 is a nearby cluster, with a collapsed core, in or clogequadrature to the statistical error for each individual source
to which Cool et al. (1993) detected four X-ray sources (Byosition. The quasar identified by Cool et al. (1993) with X5
C1-3) with a ROSAT HRI observation. Photometry with thgincides within the error with our position for X 5. However,
Hubble Space Telescope enabled Cool et al. (1995b) to fing active galaxy identified by Cool et al. (1993) with X 2 is
eight candidate counterparts for these sources, on the basi$®f from our X-ray position, mainly in right ascension; and
high ultraviolet flux or of Hx emission. The Hx emission of \ye conclude that it is not the X-ray source. The explanation
three stars has been confirmed spectroscopically by Grindlaygdpably lies in the new scale for the size of the HRI pixel that
al. (1995) who argue that these stars are cataclysmic variabigsyse (see Sect. 2), which modifies positions of sources atlarge
and responsible for the X-ray emission close to the core.  {istance from the center of the HRI image.

The flux detection limit is about.8 x 10~ ergcm 257!

4.1. Source list and membership outside the blended central region, similar to that obtained for

w Cen. Analogousto our argument folCen, we find that all ob-

We analyse first the longest observation, obtained in 1995, 3ggks detected withifi’5 are probably cluster members, whereas
use this as a reference for our discussion of the earlier, shorter
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S+ o B } . Table 3. X-ray sources detected in the NGC 639( = 0.56,
d = 2.2kpc, Djorgovski 1993) with the ROSAT HRI, for the stan-
— . dard analysis of the whole field, and separately for two multi-source
g © 2. | analyses of the central area. Numbers up to 10 are sources from John-
© ] ston et al. (1994), higher numbers are new; cross-identifications with
= . - sources discussed by Cool et al. (1993) are listed on the right. All X-
— . ray positions have been corrected for boresight. The positions of the
% . center of the cluster (GC, Djorgovski & Meylan 1993), its core radius
N . ] and half-mass radius (Trager et al. 1993) and the positions of some
Fo * optical objects discussed in the text are also listed; epochs are 1992.7
cLe® & 7 ) for positions by Cool et al., and 1996.3 for HIP 86569.
129.5 130 130.5
time (JD—2450000) X « (2000) 5 (2000) A djr. ctslksec
Fig. 3. Lightcurve of X 3/A in the 1996 observatiow. indicate the X-ray sources in HRI field
numbers of counts collected in 100 s intervals; the horizontal lings 174134.79 —-5332 20 0.8 230 4803G
indicate when ROSAT was collecting data. 11 174051.16 —-533349.0 2.0 135 040.1

12 174048.85 —533946.0 1.2 25 0401

13* 17404156 -5340 6.0 05 6.3 4460.3B
we expect 1.4 background sources witBirfrom the center of 4 174042.24 -5340238 04 22 7803C
of NGC 6397; the sources at5 < r < 3’ therefore may be 14 1740 143 -5342256 16 125 030.1
background sources. We thus cannot decide whether X 12 itba  173916.54 -534311.3 3.7 258 2803
cluster member. Outside the half-mass radius, the sources@are 174033.18 -534346.6 04 72 3:602D
more likely to be background or foreground sources. X5, ju%? 17412373 -5346172 10 172 1202E

outside the half-mass radius, is a quasar (Cool et al. 1993). 18 g 28 gg‘gi :gg 33 gi‘z g'g igg gig'i

6 1741 27.66 —-534810.6 0.5 207 503 F
4.2. The central sources 19 17401453 —-535031.7 2.8 217 0#50.1
17 40 10.46 —-535054.7 1.7 229 140.2

X-ray sources near center; 5-source fit

8
In Fig.[4 we show the X-ray contours of the center of NGC 6397
together with the ultraviolet and/or ddemission stars discov-

ered by Cool et al. (1995b). The first models we investigated%f';tos i; jg jé‘j‘; *gg 28 222 82 3i8§ B
fits to the central area 60" x 60", containing sources X 13/B 2 L : ' '

d X 4/C th ith ivel t th f ) 17404255 -534019.1 05 250.21D3
an , are those with successively one, two, three, fourapld 75 454168 —5340190 0.9 12021D1

fiye sources; all with free posit.ions. Usi_ng thd, criterion for 4d 17404164 —534027.7 0.7 150.3
significance (see Sect. 2) we find that five sources are required:
We refer to the fit with five sources as Model I. The parameters

of the five sources of this model are given in Tdlle 3. We do nbt 174041.44 -5340 33 0.3 3x028B

X-ray sources near center; 6-sourc fit

detect source A of Cool et al. (1993) in the 1995 observatiori2 g 28 “g-é? —gg 38 ig.g 0.4 ;ig.g :Bg
Cool et al. (1995b) resolved source X 4/C into three conj- o ) e
. e . C 17404152 —-534019.4 1.40.2ID1
ponents C1-3. From a list of & emission and/or ultraviolet o 17404156 _5340277 08 120.2
excess objects (their Table 2), they suggest identifications@f 17 4042.65 —534027.6 1.4031D6

ID 1 with C2, 1D 2 for C3 and ID 3 for C1. Comparing the posi-

tions of the sources in Model | we find that the positions of X 4b

and X 4c are compatible with those of ID3 and ID 1, respeg—c

juvely, we thus identify X 4b with Ql and X 4c with C2. X4d 1741 359 _5332 4. G Cooletal (1993)

is a new source. (The oﬁset required to match thes'e p93|t| S 1741 280 -5348 13 F Cooletal. (1993)

from Table 3 with those given by Cool et al. (1995t_3)_|s sllghtlg 1741 27.66 —534810.6 HIP 86569/HD 160177

larger than our claimed accuracy 8f 1”; the remaining dif-

ference may be explained by an offset between the Guide St&psition affected by nearby source 4

Catalogue coordinate system and the more accurate HipparcB8sitions of ID 1, 3 and 6 fixed relative to 1D 2

coordinate system.) The position of X 4a is not compatible wittU99€sted identification probably wrong

that of ID 2. The reason for this may be seen in Hig. 4: the two

brightest components of source X 4/C have a smaller difference

in right ascension than ID 2 and ID 3. If ID 2 is the correct iderare accurately known from the HST observations. In Model Il

tification for C3, we conclude that X 4a is not identical to C3.we fit five sources to the X-ray data of the center of NGC 6397,
To further investigate this, we note that if the identificationsf which three are forced to be at fixed relative positions, corre-

are correct, the distances between the X-ray sources must mafmbnding to the distances between ID 1, ID 2 and ID 3. Model Il

the distances between the proposed optical counterparts, whiaks has four fitted parameters less than Model I. Tthe of

optical objects

1740 41.3 -5340 25 r.=3",r, =174"
1740 33.4 -5343 45. D Cooletal. (1993)
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Fig. 4. Positions of ultraviolet or K-emission objects in the central Fig. 5.X-ray contours in the central area of NGC 6397 as observed with
area of NGC 6397X, +, numbered with their ID in Table 2 of Cool etthe ROSAT HRI in 1995, with the positions of the sources obtained in
al. 1995b) superposed on X-ray contours of sources X 13/B and X 4f& best fitse positions found with the best fit for four components
as observed with the ROSAT HRI in 1995. The candidate counterpartsC in which all positions are left free (Model Il positions found
for three X-ray sources suggested by Cool et al. are marketihe with the best fit for five components in C, in which three sources have
X-ray image was smoothed with a 2ect~2” Gaussian. The lower distances fixed with respect to one other source, at the distances of
and left axes give pixel numbers for the ROSAT HRI detector, tHB 1, 3, and 6 to ID 2 (Model IV). Other symbols as in Fif). 4. Model |
upper and right axes right ascension and declination with respect toihmarginally better at the 2-sigma level.
cluster center. The conversion between pixel and celestial coordinates
is accurate to within L Table 4. Results of fitting four models to the three data sets of
NGC 6397. The table lists the numbeiof fitted parameters, and the
differenceA L with respect to the best model for a given data set. In
all fits, the fluxes of all sources are fitted parameters. For the 1995 ob-
Model Il is 26 higher than that of Modell, i.e. it is a signifi-servation Model | has four sources with free positions, Model IV has
cantly (4-sigma) worse fit. This confirms that X 4a is not ID Xix sources of which three have free positions and three have fixed
InModel Ill we assume that ID 6 of Table 2in Cool etal. (1995k)ositions relative to ID 3, corresponding to the offsets of ID1, ID 2,
rather than 1D 2 is the counterpart of C3, and fix the distanca®’d ID 6 with respect to ID 3. Models Il and Il are as Model IV, after
between the sources accordingly. This fit has the sanieas removing ID6 and ID 2, respectively. For each Model, the same posi-
Model I, and thus also is significantly worse than the fit 0tfons as in the best fit for 1995 are used for the 1991 and 1992 data.
Modell. Again, the reason for the bad fit is the mismatch in the
difference in right ascensions of the two brightest X-ray sources
with that between the proposgq counterpqrts: Xd4ais notID R1odel n AL n AL n AL
We note that the best position of X 4a is between ID 2 and —
ID 6, and in Model IV we fit six sources, of which four are forcet:il(FBJ’fl)HD 123) ig :2% 88 11'34 88 ‘;78
to be at the relative distances of ID 1-3 and ID 6. Model IV thqﬁ 8 ' '
9

1995 1991 1992

. . : (B+1+ID 136) 12 26 32 8 =0
has three fitted parameters less than Model lnls is 6 higher |, (B+1+ID1236) 13 6.2 =0 9 19

than that of Modell, i.e. it is marginally worse at less than 2=
sigma. The parameters of the six sources of this model are also
given in TablegB. It is seen that the positions of X 4b, X 4c arsbcond new source, X 4e/ID 6. The two acceptable models are
X 4d are the same (within the error) in Model IV as in Model lillustrated in Fig[h.

Thus, we have two acceptable models. In both models we
confirm the possible identifications of ID 3 with C2X 4b) and 4.3. The earlier observations
of ID 1 with C2 (=X 4c), and we find one new source (X4d). "
In Model | the remaining flux is ascribed to one source (X 4dhe standard analysis detects X 2, X5, X 16, X6 and X 8 in both
which is not identical to ID 2. In Model IV the remaining fluxthe 1991 and the 1992 data of NGC 6397, and X 19 in the 1992
is ascribed to two sources, one of which is ID 2/C3 and one iglata, all at countrates compatible with those of 1995. It also
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Table 5. Countrates (counts kset) assigned to the central sourcegt.4. Sources not related to the cluster
in Models 1 and IV in the fits to the observations of 1991 and 1992. . .
Numbers in parentheses indicate the errors in the last digit. For ld@ga 86569is aK1IV/V starwith’ = 9.44, B—V = 0.90,and

see TablE]3. aparallax 0f).0167(18)". Hipparcos discovered that this star is
a close binary (separationl9”) of stars with Hipparcos magni-

Model | Model IV tudesH = 10.17(9) and10.47(11), respectively. At a distance

X 1991 1992 X 1991 1992 of 60 pc the observed ROSAT HRI countrate converts to an X-

13 2.3(7) 2.9(5) 13 25(7) 2.8(6) ray luminosity in the 0.5-2.5 keV band 6f, ~ 4 x 10*® ergs™*

4a  1.4(6) 0.8(4) 4a  1.5(8) 0.7(5) (for assumed 1.4 keV bremsstrahlung with no absorption). This

4b  2.2(7) 2.1(5) 4b  2.2(7) 2.1(6) is similar to the X-ray luminosities of single KV stars detected

4c  1.8(7) 2.5(5) 4c 1.9(7) 2.3(6) in the ROSAT All Sky Survey, such as HD 17925 (K1V) which

4d  0.9(6) 0.9(4) 4d 0.7(6) 0.8(4) hasLy ~ 1.2 x 102 ergs™! (Huinsch et al. 1998).

4de < 0.6 0.4(3)

4.5. Discussion

detects sources X 13/B and X 4/C in the 1991 data and in thiee core of NGC 6397 contains at least four X-ray sources de-
1992 data, labelling both as extended. The number of photé@gted with ROSAT, and possibly five. 1 cts ksédor a source
in sources B and C is rather small in these short observationsatghe distance and with the absorption column of NGC 6397,
limit the number of parameters in the fits to the central sourct®s an assumed 0.6 keV bremsstrahlung spectrum corresponds
we demand that the distance between the fitted central soufe8 luminosity in the 0.5-2.5keV band 8f2 x 10*! ergs™'.
in each model is the same as in the best fit to the 1995 data, Ba€ faintest source we detect, X 4c, is at this level. The brightest
allow the fluxes to be different. The corresponding reductiogurce is X 13/B, at a luminosity of abo6is x 10°' ergs'.
in the number of fitted parameters for each model are indicatB@ese luminosities are at the bright end of the luminosity dis-
in Table[4. tribution for cataclysmic variables, such as the large sample
We thus fit four models to each data set. For each year, iRgestigated with ROSAT (Verbunt et al. 1997), as expected for
best model is set @t L = 0, and the quality of the other modelsan X-ray selected sample.
forthat year is determined with respect to this model. The results Of these sources, X13 and X 4b have the same flux level
of our fitting are shown in Tablg 4. For the 1991 data, the modédfisall three observations. Source X 4c is fainter in 1995. The
with five sources are comparable in quality, and the six-souriggntifications of X 4b and X 4c with cataclysmic variables ID 3
model is not significantly better. For the 1992 data, Model 1gnd ID 1 remains probable, as does the argument by Edmonds et
is marginally better (2 sigma) than Model | and significantl§l. (1999) that these systems are DQ Her type systems. The dis-
(3 sigma) better than Model Il, whereas Model IV is of similatance between X 4b and X 4c in Model | is marginally less than
quality. the distance between the proposed counterparts; it is tempting
The fits to the earlier data confirm the conclusions that W speculate that this is due to a small X-ray flux contribution
draw on the basis of the observation of the long observation@fa fourth cataclysmic variable (‘CV 4’) identified by Cool et
1995. Model | in which source X 4/C is separated into four con@. (1998) and confirmed by Edmonds et al. (1999).
ponents at free positions is acceptable for all three observations.The new source X 4d has been detected in the 1995 obser-
Model Il in which X 4/C is separated into four components a@tion because of the longer exposure; it may, but need not, be
fixed relative distances of ID 1-3, is not acceptable for the 199gighter in the 1995 observation than in 1991 and 1992.
data. Model IV in which X 4/C is separated into five compo- If the remaining flux is assigned to one source X4a, then
nents, four of which correspond to ID 1, ID 2, ID3 and ID 6this source is not identified, and was brighter in 1995 than in
also is acceptable for all observations. ID 2 is not required #992. If the remaining flux is distributed over two sources X 4a
1992, and ID 6 is not required in 1991. The latter fact explaigd X 4€, the flux of X 4a may still be constant, and X 4a may be
why ID 6 is not present in the analysis by Cool et al. (1993) d¢dentified with the probably DQ Her type cataclysmic variable
the 1991 data. These conclusions are confirmed by the col2. In this case, the flux of X 4e has increased between 1991
trates that Model IV ascribes to the different sources, listedand 1995. ID 6 was reported to vary by 1.1 magnitude in five
Tabld® hours by De Marchi & Paresce (1994), but was constant in a
To see whether we can confirm the existence of sourcet@n hour observation by Cool et al. (1998). It is suggested by
of Cool et al. (1993) we have also added the 1991 and 198dmonds et al. (1999) that ID 6 is a undermassive helium white
observation (after shifting the 1992 observation3ty, 170 in  dwarf, probably in a binary. If it is a single helium white dwarf,
«, §; compatible with the shift as determined by Cool et al.). W& cannot be a variable X-ray source; if it is in a binary with a
fit Model | to the added image, and compare it with the fit ifecycled radio pulsar, it also is unlikely to be a variable X-ray
which a source is added to model A. We find. = 10, which  source; if itis in a binary with another white dwarf, then optical
implies that source A is marginally significant-at2.50. The and X-ray variability can be due to variable mass transfer from
position (234, —14” with respect to source B) and countratéhat other white dwarf. However, itis also possible that not D 6,
(0.4 counts/ks) that we find for source A are compatible witbt @ nearby hitherto unidentified starin NGC 6397 is the X-ray
those given by Cool et al. (1993). source X4e.
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o — o (") Table 6. X-ray sources detected in NGC 67524y = 0.12, d =
100 0 —-100 4.2 kpc, Djorgovski 1993) with the ROSAT HRI, for the standard anal-
o ysis of the whole field, and separately for the multi-source analysis
8L ° of the central area. Numbers up to 15 are sources from Johnston et
R 1e al. (1994), higher numbers are new. All X-ray positions have been
corrected for boresight. Identifications with letter on the right refer to
Grindlay (1993). The positions of the center of the cluster (GC, Djor-
govski & Meylan 1993), it core radius and half-mass radius (Trager et
al. 1993) and the positions of some optical objects discussed in the text
C are also listed.
(>_:<)_ o} 400
S 1° | X « (2000) 4 (2000) A dfre cts/ksec
© X-ray sources in HRI field
3 191227.01 -594820.1 2.9 87 3504
13 19 959.88 -595450.6 1.1 42  1480.2
4 1910 3.26 —-595533.9 0.5 38  340.2
5 1 6 191040.23 —-595839.3 0.9 84 180.1A
I i § 7 191051.35 —-5959 3.0 0.6 1.0 360.3BC
I 14 191055.73 -5959359 1.1 44  0X#0.1D
L . L . ! ] 15 1910 425 -60 254.3 0.7 73 180.2
-200 0 200 16 1910 456 -60 316.2 0.8 70 150.2
Xpix 17 191120.33 -60 3185 1.2 70 0&%0.1

] ) 18 19103292 —-60 359.8 1.3 67 050.1
Fig. 6. X-ray contours in the central area of NGC 6752 as observgg 19114166 —60 5 92 2.2 75 060.1

with the ROSAT HRI in the combined image of the 1992-1996 datgy 191012.07 —-60 6 6.6 1.8 67 060.1
The image was smoothed with a 2sd-3” Gaussian. The detectedij2 19105791 —6016165 0.9 62 26407
sources are indicated with their numbers in Table 2. The circle gives
the half-mass radius of the cluster. The lower and left axes give pixel

X-ray sources near center

numbers for the ROSAT HRI detector, the upper and right axes righd ~ 191051.43 —595856.6 0.5 1.60.2C
ascension and declination with respect to the cluster center. 7o 191051.20 5959 82 0.6 1.#20.2B
21 19105251 —-5959 19 11 0.50.1

22 191051.34 —595924.0 1.5 0.40.1
Whether source X4a alone, or source X4a and X4e are optical obiects
present in the core of NGC 6397, and in the latter case whether P J B .
X4e is identical to ID 6 requires a better spatial resolution f(%‘gC 1910 51.8 —5958 55. r.=11", 7, =115

: ; 19114166 —6005 9.2 TYC 90712281
the X-ray observations than provided by ROSAT. 11  191057.84 —601619.1 HIP 94235/HD 178085

16 191004.51 -60 03 18.4 USNO-A20225-29896802
5. NGC 6752 191051.27 —-5958 53 #1 Bailyne.a. 1996
191051.18 —-5958 49 #2 Bailyne.a. 1996

Two sources have been detected in the core and two near-the

core of NGC 6752 in a ROSAT HRI observation obtained inPosition affected by nearby detector edge

1992 (Grindlay 1993); close to one of the core sources, two

candidate cataclysmic variables have been identified on the basis

of H o emission and variability on (presumably orbital) periodéda = —0”7 £ 0”7 in right ascension andj = +376 + 0’7

of 5.1 and 3.7 hrs (Bailyn et al. 1996). in declination to be brought in line with the 1992 data. Simi-
larly, the 1995 data (on the basis of the same sources plus X 14)
must be shifted byla = +274 + 077, dé = +172 £ 0”7. We
apply these corrections to the pixel coordinates of the photons,
Two more observations of NGC 6752 have been obtained &yd then add the three images into a combined image, which
us. Because the three observations have comparable lengthisvemalysed in the standard way. The resulting list of sources in
add them into a combined image which we analyse and usega&n in Tabld®.

a reference for the individual observations. To add the three ob- We identify two sources with stars with accurate posi-
servations we use the method outlined by Verbunt & Hasingéons: X 19 is close to TYC 90712281 (CD-607128), a star
(1998), as follows. First we correct the data for each obserwaith V' = 9.99 and B = 1048, and X11 is close to
tion separately for the changed pixel size (see Sect. 2), analy$E 94235/HD 178085, a GOV star wifi = 8.38 and B =

the resulting images and determine the offsets between soué8. The latter identification was suggested already by Johnston
detected in separate observations. Averaging these offsetsetval. (1994) on the basis of the PSPC observation. The chance
find (on the basis of sources X3, X13, X4, and X 6) that thgrobability of finding a counterpart at these optical brightnesses
X-ray coordinates of the 1996 observation have to be shiftedisysmall, and we consider both identifications secure. The X-ray

5.1. Data analysis and source list
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position of X 11 is affected by its proximity to the edge of the a = o (")

HRI detector. For this reason we use X 19 to tie the X-ray to the ~ 2° . 0 . 20
optical coordinates. X 19 is not found in any of the three indi-

vidual observations, showing up only in the combined frame. It
is a relatively weak source and its position accordingly has an
error of 1”5 both in right ascension and in declination. The shift
required to bring X19 in coincidence with TYC 90712281
is given in Table[1l, and has been applied to all positions of
the X-ray sources; the resulting positions are listed in Table 6.
(The remaining offset between X 11 and HIP 94235 is withink
the nominal error for the right ascension, and within 2-sigm&;
for the declination: note that the error is composed of the statis-
tical uncertainties in the positions of both X 19 and X 11.)

The detection limit in the total observation is ab@ut x
10~ ergem—2s~1. An area with radiug2!5 in the ROSAT
Deep Survey contains 25 sources brighter than this limit; we
thus expect to find 0.6 in the region within the half-mass radius
of NGC 6752, ~ 2'. The sources in the core thus probably
belong to the cluster, and possibly the two sources X 6/A and - - - ' - - - - !

X 14/D as well. 0 . 50
Xpix

6§ — 6. (")

(@}
[Te)

5.2. Sources in the center of the cluster Fig. 7.X-ray contours inthe central area of NGC 6752 as observed with
the ROSAT HRI in the combined data of 1992-1996, with the positions

Analysing the central source with the method described dfithe sources obtained with the multi-sourceffi) (The positions of

Sect. 2, we find four significant sources (the increasktih two candidate cataclysmic variables found by Bailyn et al. (1996) are

is 29 both for the third and for the fourth source). This addsdicated withx.

two sources to the two already described by Grindlay (1993).

The position and fluxes of these sources are listed in TablesBectrum, the countrate of X 19 converts to an X-ray luminos-
Fig.[4 shows the positions and X-ray contours of the centerif in the 0.5-2.5keV band of 3 x 1028 ergs !, a reasonable
NGC 6752, together with the positions of the two candidate cglue for a late F main-sequence star (see e.g. the list of ROSAT
aclysmic variables found by Bailyn et al. (1996). The southefatections of bright stars byiisch et al. 1998). The Tycho Cat-
cataclysmic variable (‘star 1') is &t8 + 2.3" from X7a, and ajogue marks this star with ‘unresolved duplicity’, with visual
therefore remains a possible counterpart (assuming an erroﬁ@gnitude varying between 9.51 and 10.88.
1 for the optical position, and taking into account tHeezror HIP 94235 has a significant parallax which puts it at 57 pc.
of X19). _ ~Its countrate converts to an X-ray luminosity at that distance of
We have analysed the separate observations, keeping4hgut2 x 102° ergs !, a normal X-ray luminosity for a GOV
position of the four central sources fixed at those of the cgpyy.
added image (as listed in Taljle 6), but allowing their fluxes 0 comparison of the ROSAT image with the USNO-A2 Cat-
vary. We do not find significant evidence for variation; due tgiogue gives a candidate identification for X 16, at a distance of
the limited statistics we cannot exclude variations by a factgr see Tablgl6. No other sources outside the cluster have been
two. o identified by us.
A countrate of 1 cts kset COfESSDondls toaluminosity be-  we have analysed the three separate HRI observations, and
tween 0.5 and 2.5 keV of.6 x 10°" ergs" at the distance of find no evidence for variablility, except for X 15, whichin March

NGC 6752 and for an assumed 0.6 keV bremsstrahlung Spggg2 had an X-ray flux about half of that observed in March
trum. Thus, X7a and X 7b have X-ray luminosities of aboutggs and April 1996.

7.5 x 103t ergs™!, and X 21 and X 22 about a quarter of this.
X6 and X 14, the two sources outside the cluster core have
luminosities of4.6 x 103 ergs ™' and3.2 x 103! ergs !, re- ©- Lillerl

spectively, if they are in NGC 6752. The globular cluster Liller 1 is a highly reddened cluster near
the galactic centetdy ~ 9.5, d = 8.6 kpc, Frogel et al. 1995).
5.3. Sources not related to the cluster It probably has undergone core collapse (Djorgovski 1993).

) Liller 1 harbours the Rapid Burster, a highly unusual recurrent
The spectral type of TYC 9071 228 1 is not known; on the basjgnsient. When discovered in 1977 the source emitted short

of its magnitude and colou#( = 9.99, B — V = 0.5) the star (< 55) bursts of X-rays every 10s; in some later observa-
could be a late F star at a distance~of154 pc. At this dis- tions, e.g. Aug 1985, it emitted bursts6f500 s separated by
tance and for an assumed unabsorbed 1.4 keV bremsstrahii5§0-4000's; and it has also been observed as a steady source.
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Table 7. Positions of the center of Liller 1 (GC, Picard & Johnstor{’ Cen Oe eeoO
1995) its core radius (Trager et al. 1993) and the positions of X-ray; 5397
sources detected near it, viz. the Rapid Burster (RB, Hertz & Grindlay

O o o - o

1983), a dim source detected with ASCA (A, Asai et al. 1996) andNGC6752 e e O O e
dim source detected with the ROSAT HRI (R, this paper). The position
of the O star HD 317889 is also given. The final columns gives the’ '4¢ | © 000 s o
errors in the positions. 3 3,33

« (2000) §(2000) Sy  88(") log Los 2.5 ev (€r9/S)
GC 1733245 -3323204 r.=4" Fig. 8. X-ray luminosities of dim sources in four globular clusters.
RB 1733240 -332316.2 2 2 Sources in and outside the core are shownarsdo, respectively. Data
A 173319.0 -3323 90 30 points are from Tab[g8, and for 47 Tuc from Verbunt & Hasinger (1998)
A* 1733242 -3323 65 20 20 slightly modified for an assumed 0.6 keV bremsstrahlung spectrum. In
R 1733476 —-332327.2 5 5 all cases the detection limits in and outside the core are close to the
HD 17335.02 —-3323284 lowest detected luminosities in and outside the cores.

# new determination by Asai, 1999, private communication

We can interpret the ROSAT and ASCA observations in
two ways. The first and most likely is that ASCA indeed did de-
The bursts are interpreted as accretion events. In additiorteet the Rapid Burster in quiescence, or another low-luminosity
these, thermonuclear bursts have also been detected, identifg@igree in Liller 1; and that ROSAT observed when this source
the accreting star as a neutron star. A review of this remarkabrd a lower flux level. In fact, variation of transients in their
source is given by Lewin et al. (1995). A low-luminosity X-quiescent state is common (e.g. Campana et al. 1997). The star
ray source near Liller 1 is tentatively identified as the quiescetgtected with ROSAT in this case is not detected with ASCA,
(low-state) counterpart of the Rapid Burster (Asai et al. 199@)resumably because its spectrum is too soft. The second inter-
No source is detected in the cluster in our ROSAT HRaretation is that ASCA in fact detected the star also detected
observation of the globular cluster Liller 1. Near the clustavith ROSAT, and not the quiescent counterpart of the Rapid
center, no circle with radius of'scontains more than 4 photons Burster. The position of the ROSAT source is marginally com-
For an expected number of 10 photons, the probability of gettipgtible with that of the ASCA source; its countrate is exactly
4 or fewer photons is less than 4%. We thus take 10 as the fhat predicted on the basis of the ASCA source. Dr. Asai has
upper limit to the number of photons, which with the effectivisindly communicated a new determination of the position of
exposure time is converted to an upper limit of 0.6 cts kdec the X-ray source detected by ASCA, using new calibrations to
Asai et al. (1996) report the detection on 1993 Aug 27 witinprove the accuracy. This position, listed in Telble 7, excludes
ASCA of a source near Liller 1. For a powerlaw with photothe ROSAT source as a possible counterpart, and thus confirms
index 2, absorbed by a colum¥y = 10%2cm—2, this source that ASCA indeed detected a source in the cluster.
has an unabsorbed flux in the 2-10 keV band&ftj % x
10713 ergcm~2s~1. For this spectrum our upper limit in the
ROSAT HRI corresponds to a flux #f4 x 10713 erg cm =251,
slightly lower than the ASCA detection. In the three low-reddened clustetsCen, NGC 6397 and
The ROSAT HRI detects a source with a countrate of NGC 6752 we have detected a total of 17 dim X-ray sources,
ctsksec! about 4 from the cluster center. The statistical erroof which 5 are well outside the core. The X-ray luminosities of
in the position of this source is about;lthe actual error is these sources are listed in Table 8, and plotted ifFFig. 8. The in-
dominated by the error in the bore sight correction, which terpretation of Fid.J8 must be made with some care. First, sources
about ¥. The ROSAT source is not compatible with the centautside the core may not belong to the cluster; the faintest core
of Liller 1, and also not compatible with the position of the Rapidource ino Cen may be a fore- or background source. Second,
Burster as determined with Einstein (see Table 7). The posititve conversion of observed countrate to luminosity depends on
of the ROSAT source coincides within the bore sight uncertaintye assumed spectrum, and from PSPC observations we know
with the O4 111(f) star HD 317889 (Vijapurkar & Drilling 1993). that different sources have different spectral parameters (John-
The star is in the Tycho Catalogue as TYC 7380 976 1. From thimn et al. 1994). For example, the 0.6 keV black body spectrum
observed magnitude and colouf$ & 10.12, B — V = 0.92, used for the sources in Cen gives a 40% higher flux for the
U — B = —0.23, Drilling 1991) we estimate a reddening ancame countrate than an assumed 0.6 keV bremsstrahlung spec-
distance ofE(B — V) ~ 1.2 andd ~ 3kpc for HD 317889. trum would give. The bremsstrahlung spectrum is used for the
The observed ROSAT HRI countrate is as expected for suctheee other clusters. Third, the detection limits in NGC 6397,
star, according to the general correlation between bolometNGC 6752 and 47 Tuc are higher in the cores, where the point
luminosity and X-ray luminosity of O starg;, ~ 10~ "L; (e.g. spread functions of sources overlap, than outside the core. Such
Kudritzki et al. 1996). (HD 317888 is within"1of the O4 star; adifference is not presentinCen. Fourth, we show the average
we have not been able to find more information on this star.)luminosity, and several sources are known to be variable.

7. Summary and discussion



F. Verbunt & H.M. Johnston: Dim X-ray sources in four globular clusters 921

Table 8. X-ray luminosities in ergs’ in the 0.5-2.5 keV band of the [ dwarf nova T ]
dim X-ray sources in globular clusters described in this paper. For 2 DQ Her x B E:;'DD 28’ 00
sources i Cenwe assume a 0.6 keV black body spectrum; for those in~ [ "ngHef A 085w g zﬂ 7
NGC 6397 and NGC 6752 a 0.6 keV bremsstrahlung spectrum. Forthe | _ rs cvn I PN oD Bo og ©
same countrate, the blackbody spectrum corresponds to a flux hig}ﬁer b +,~' T o 3 o
by about 40% than the bremsstrahlung spectrum. S }; Lo# T %?E%TD o
s r frj; R **y#'o o [ o
B A By 9: o o oO B
wCen NGC 6397 NGC 6752 5 S féﬁ Sy o
X log Lx X log Lx X log Lx © T y + '++7¢( £
core core core Sol N Yo ]
9a 32.14 13 31.84 7a 31.86 r . A,*
9b 32.22 4a 3173 7b  31.89 -
20 31.96 4b  31.75 21 31.35 =t E E
outside 4c 31.43 22 31.26 i 2‘0 — 1‘5 —— w‘o E— é
7 3233 4d 31.53 outside v
21 31.88 outside 6 31.66 . ) )
E— 12 3095 14 3150 Fig. 9. X-ray countrates of the dim sources in globular clusters as a

function of their visual magnitude, compared with the ROSAT PSPC
countrates and visual magnitudes of various types of cataclysmic vari-
) . . . . ables (data from Verbunt et al. 1997; filled symbols represent systems

With these points in mind, we note from Fig. 8 that in alfist discovered in X-rays and only subsequently identified as cata-
clusters except possibly Cen the most luminous sources apclysmic variables, i.e. X-ray selected systems) and with RS CVn sys-
pear to be in the cluster core. The main difference betwegms (data from Dempsey et al. 1993) respectively. PSPC countrates
w Cen and the other clusters is that the collision frequency dfthe dim cluster sources have been computed for an assumed 0.6 keV
w Cen is so low that one expects no low-mass X-ray binariestiremsstrahlung spectrum, corrected for absorption, from the observed
it, and that most cataclysmic variables in it will be evolved frofIR! countrates. Visual magnitudes are also corrected for absorption.
primordial binaries (Verbunt & Meylan 1988, Davies 1997). id indic_ate sources in_47 Tuc (X9 and X 1i9,as estimated by Verbunt
addition, the mass segregation in this cluster is very low. Thfig1asinger 1998), Ain NGC 6397 (X 4b and X 4¢, from Cool et al.
in w Centhere is no marked difference between the core and 88).’ B in NGC 6752 (X 7ay’ from Bailyn et al. 1996). The dotted

. . inés indicate a constant ratio of X-ray to optical flux.
regions outside the core.

In each cluster we detect sources down to the detection limit;
this suggests that more sensitive observations will detect métdéhe case of overlapping sources, we do not have unique solu-
sources. In the cores of NGC 6397 and NGC 6752 the detéiens. Thus, in the core of NGC 6397 fits with 5 and 6 sources
tion of more source will also require better imaging, so thafe both acceptable, at similar quality; and we cannot exclude
the faint sources can be detected against the brighter ones.tigé more sources contribute to the observed flux, which would
do not detect a difference between the luminosities of sourd@¥alidate our derived positions.
in the collapsed globular cluster NGC 6397 and the much less Binaries may reside away from the core either because the
concentrated globular cluster NGC 6752. On the other hand, ghéster has undergone little mass segregation, or because athree-
highly concentrated cluster 47 Tuc contains three sources whitgfly interaction (i.e. a close encounter of a binary with a single
are an order of magnitude brighter than the brightest sourcest@r) in the core has expelled the binary from the core (e.g.
NGC 6397 and NGC 6752. Hut et al. 1992). In the latter case the binary is expected to be

Viable optical counterparts have been suggested for ofgcentric immediately after being expelled; tidal forces may in
five among the 26 sources shown in Fig. 8, all of them probabige circularize the orbitagain. Such binaries are only a minority
cataclysmic variables. We compare the ratio of X-ray flux @f the overall binary population of a cluster; however, X-ray
optical flux of these sources with the ratios measured for cagpservations may preferably select such binaries if tidal forces
clysmic variables and for RS CVn systems in the Galactic Dig€t in them. Since sources away from the core can be fore- or
in Fig[8. Itis seen that the suggested optical counterparts for fekground sources, optical identification of them is required
sources in NGC 6397 and NGC 6752 lead to ratios which dfesettle whether they belong to the cluster or not. Our accurate
compatible with those of cataclysmic variables, whereas thd¥esitions should help in finding such counterparts.

![E:Je-rslj)cu?gzstc;?eb{rl]%rgelg ?a:ZZIS’slrr:li?:g\l;zﬁg]b?g; szirag)fésll\cknowledgementwe have made use of the ROSAT Data Archive
. . Y . . 51 ¥ife Max Planck Institutifr Extraterrestrische Physik at Garching; of

X-ray Iu_mmqs_ﬂy _needs to be explamed;_ altematlvew, th_e SUBle SIMBAD database operated at Centre de Besmastronomiques
gested identifications may be chance coincidences (as d'scu%‘?'@rasbourg; and of the Digitized Sky Surveys. For Hipparcos and
by Verbunt & Hasinger 1998). All suggested counterparts leagcho data the CD-ROM Celestia, provided by ESA, was very helpful.
to higher X-ray to optical flux ratios than those of RS CVRve further thank Lucien Kuiper for discussions about the Maximum
binaries. Likelihood algorithms, Marten van Kerkwijk for help with use of the

The accurate positions that we determine for individu&igitized Sky Surveys, and Dr. Asai for communication of the re-
sources are valid for separately detected sources in particudgtermination of the position of the ASCA source in Liller 1.
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