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Abstract. — Three fields covering the central part of the globular cluster w Cen were surveyed in a search for variable
stars. We present V-band light curves for 39 periodic variables: 24 SX Phe stars, 7 contact binaries, 5 detached or
semi-detached binaries, and 3 likely spotted variables (FK Com or RS CVn type stars). Only 2 of these variables
were previously known. All SX Phe stars and all contact binaries from our sample belong to blue stragglers. Observed
properties of these stars are consistent with their cluster membership. Of particular interest is detection of two well
detached binaries with periods P=1.50 day and P=2.47 day. Further study of these two binaries can provide direct
information about properties of turnoff stars in w Cen. An incomplete light curve of a Mira variable known as V2 was
obtained. We present V' vs. V — I color-magnitude diagrams for the monitored part of the cluster.
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1. Introduction

The Optical Gravitational Lensing Experiment (OGLE)
is a long term project with the main goal of search-
ing for dark matter in our Galaxy by identifying mi-
crolensing events toward the galactic bulge (Udalski et
al. 1992, 1994a). At times the Bulge is unobservable we
conduct other long-term photometric programs. A com-
plete list of side-projects attempted by the OGLE team
can be found in Paczynski et al. (1995). In particular,
we monitored globular clusters NGC 104 (=47 Tuc) and
NGC 5139 (=w Cen) in a search for variable stars of var-
ious types. Of primary interest was detection of detached
eclipsing binaries. Such binaries can potentially provide a
vital information about masses of stars in globular clus-
ters. We expected also to detect some contact binaries and
pulsating variables of SX Phe type.

It has been known for a long time that binaries play
an important role in the dynamical evolution of globular
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vatory of the Carnegie Institution of Washington

clusters. Different types of binary stars are known to oc-
cur in globular clusters (see the detailed review by Hut
et al. 1992). Surprisingly very few globular clusters were
searched thoroughly for eclipsing binaries. So far positive
results were published for NGC 5466 (Mateo et al. 1990),
NGC 4371 (Kaluzny & Krzeminski 1993) and M71 (Yan
& Mateo 1995; Hodder et al. 1992). Niss et al. (1978) dis-
covered several faint variables in w Cen through visual in-
spection of photographic plates. One of these star, known
as NJL-5, turned out to be an eclipsing binary. That was
in fact the first variable of this type discovered in any glob-
ular cluster. The complete light curve of NJL-5 was pub-
lished by Jensen & Jorgensen (1985). Recently Gilliland
et al. (1995) reported discovery of two eclipsing binaries
in the core of 47 Tuc in the data obtained with the HST.

In this paper we report discovery of 11 eclipsing bina-
ries and 23 SX Phe stars in the field of w Cen. In addition
we obtained light curves for 3 previously known variables
- one eclipsing binary, one SX Phe star and one Mira-type
star. Photometry of RR Lyr variables in this cluster as
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Table 1. Equatorial coordinates for centers of w Cen fields
monitored for variables by OGLE in 1993 and 1994 seasons

Field Q2000 62000

5139A 13:26:38.6  -47:15:40
5139B 13:26:43.8  -47:28:52
5139BC  13:26:42.5  -47:29:27
5139C 13 26 50.8 -47 42 14

Table 2. Number of frames reduced for the w Cen fields

Field Filter V' Filter I
5139A 238 1
5139B 152 1
5139BC 227 67
5139C 292 35

Table 3. Basic statistical data about stars from fields 5139A
and 5139C examined for variability using an x2 test. The data
are given for bins 0.5 mag wide. Columns 2 and 5 give median
value of rms for a given bin. Columns 3 and 6 give number of
stars examined for variability while Cols. 4 and 7 give number
of suspected variables selected using the x? test

A C

\4 <rms> N VAR <rms> N VAR
14.5 0.011 100 18 0.013 86 5
15.0 0.009 168 9 0.013 161 2
15.5 0.009 153 6 0.013 139 3
16.0 0.011 202 14 0.013 132 2
16.5 0.013 276 6 0.015 244 4
17.0 0.017 401 18 0.017 339 25
17.5 0.022 877 61 0.022 717 41
18.0 0.027 1946 141 0.028 1633 137
18.5 0.038 3255 338 0.039 2813 263
19.0 0.055 4500 501 0.056 4094 500

Table 4. Same as Table 3 but for inner parts of fields 5139B
and 5139BC

noalign B BC

|4 <rms> N VAR <rms> N VAR
14.5 0.012 86 6 0.027 206 32
15.0 0.012 105 2 0.025 359 35
15.5 0.014 105 2 0.026 327 31
16.0 0.019 118 2 0.031 392 62
16.5 0.028 194 14 0.041 577 134
17.0 0.037 285 25 0.059 1199 403
17.5 0.046 558 51 0.077 2555 1039
18.0 0.064 975 143
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Table 5. Same as Table 3 but for outer parts of fields 5139B
and 5139BC

B BC

|4 <rms> N VAR <rms> N VAR
14.5 0.009 84 12 0.017 87 12
15.0 0.010 123 4 0.014 128 6
15.5 0.011 114 2 0.013 118 2
16.0 0.014 144 4 0.015 164 2
16.5 0.018 236 8 0.018 241 6
17.0 0.024 334 8 0.024 328 10
17.5 0.032 874 36 0.029 847 53
18.0 0.046 2002 166 0.038 1825 208
18.5 0.065 3282 332 0.053 3042 473

Table 6. Number of stars selected as potential variables
by scanning light curves with a filter designed to pick-up
eclipse-like events. Columns 2-5 give results for fields 5139A,
5139C and for the outer parts of fields 5139B and 5139BC

A C B BC

|4 Nvar  Nvar  Nvar  Nvar
14.5 15 5 9 10
15.0 1 1 1 3
15.5 0 0 0 0
16.0 2 0 1 2
16.5 1 1 2 4
17.0 0 10 1 8
17.5 2 14 1 12
18.0 7 44 4 49
18.5 23 46 6 60
19.0 29 54 7 56

well as results for 47 Tuc and 3 other fields in w Cen will
be published elsewhere.

2. Observations and data reduction

The OGLE project is conducted using the 1-m Swope tele-
scope at Las Campanas Observatory which is operated by
Carnegie Institution of Washington. A single 2048 x 2048
pixels Loral CCD chip, giving the scale of 0.435 arc-
sec/pixel is used as the detector. The initial processing
of the raw frames is done automatically in near-real time.
Details of the standard OGLE processing techniques are
described by Udalski et al. (1992).

This paper is based in the data obtained during 1993
and 1994 observing seasons. Each season the cluster was
monitored during about 3 months. Detailed logs of obser-
vations can be found in Udalski et al. (1994b, 1995). In
1993 we monitored three fields. Fields 5139A and 5139C
were centered about 13 arcmin North and about 13 ar-
cmin South of the cluster center, respectively. Field 5139B
covered central part of the cluster. In 1994 we monitored
mostly field 5139BC. This field is offset by about 0.5 ar-
cmin South relatively to the field 5139B — such a shift
was applied in order to include in the central field a newly
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Table 7. Rectangular and equatorial coordinates for variables identified in w Cen. The X and Y coordinates give positions of
variables on the template images (see text). The last column gives alternative names for three variables which were previously

known
Name X Y RA(2000) Dec(2000) Field  Other
(h:m:s) (0721 Name
OGLEGC1 458.02 693.52  13:26:20.45 -47:31:59.77 5139BC
OGLEGC2 796.44 794.47  13:26:34.55 -47:31:03.44 5139BC
OGLEGC3 687.99 1139.61 13:26:28.64 -47:28:38.03 5139BC
OGLEGC4 1606.97 1401.50 13:27:06.90 -47:26:10.17 5139BC
OGLEGC5 1829.46 1603.02 13:27:15.62 -47:24:34.54 5139BC NJL79
OGLEGC6 353.63 1019.25  13:26:11.04 -47:15:53.90 5139A
OGLEGC7 1048.81 1524.93  13:26:38.85 -47:11:51.45 5139A
OGLEGCS 1967.81 966.84 13:27:19.91  -47:15:21.08 5139A
OGLEGC9 1450.04 1676.90 13:27:07.87 -47:37:05.26 5139C
OGLEGC10 862.94 1905.14 13:26:33.28 -47:23:00.11 5139BC
OGLEGC11 1485.72 42.80 13:27:06.86 -47:36:03.07 5139BC
OGLEGC12 1389.98 1819.19 13:26:56.07 -47:23:17.58 5139BC
OGLEGC13 1691.80 1401.10 13:27:10.52 -47:26:07.14 5139BC
OGLEGC14 486.71 1898.47  13:26:17.27 -47:23:16.98 5139BC
OGLEGC15 1033.92 89.44  13:26:47.34 -47:35:59.91 5139BC
OGLEGC16 1188.07 1840.97 13:26:47.38 -47:23:15.73 5139BC
OGLEGC17 1983.73 1732.20 13:27:21.71 -47:23:32.78 5139BC
OGLEGC18 1948.51 1967.27 13:27:19.31 -47:21:52.40 5139BC NJL5
OGLEGC19 1640.67 1897.75 13:27:02.67 -47:08:49.10 5139A
OGLEGC20 1769.64 1618.77 13:27:21.76 -47:37:19.14 5139C
OGLEGC21 524.39 1107.09  13:26:30.08 -47:41:44.32 5139C
OGLEGC22 191.66 917.77  13:26:08.24 -47:30:32.52 5139BC
OGLEGC23 319.91 1630.78  13:26:12.64 -47:24:42.14 5139B V2
OGLEGC24 390.20 1247.84 13:26:16.91 -47:27:25.60 5139B
OGLEGC25 335.06 743.76  13:26:11.21 -47:17:53.44 5139A
OGLEGC26 253.62 541.02  13:26:08.44 -47:19:23.55 5139A
OGLEGC27 1165.27 150.63  13:26:48.75 -47:21:40.79 5139A
OGLEGC28 1801.04 84.63  13:27:16.14 -47:21:47.28 5139A
OGLEGC29 260.73 1200.98  13:26:18.45 -47:41:12.57 5139C
OGLEGC30 1309.84 599.78  13:26:53.25  -47T:18:22.43 5139A
OGLEGC31 613.12 539.02  13:26:23.77 -47:19:12.35 5139A
OGLEGC32 1476.66 1551.36  13:27:02.27 -47:24:36.63 5139B
OGLEGC33 250.61 994.51  13:26:10.48 -47:29:57.10 5139BC
OGLEGC34 412.13  1819.46  13:26:14.37 -47:23:53.94 5139BC
OGLEGC35 902.04 409.20  13:26:40.50 -47:33:46.35 5139BC
OGLEGC36 1766.28 1691.67 13:27:12.59 -47:23:58.56 5139BC
OGLEGC37 361.07 435.27  13:26:25.29  -47:46:40.93 5139C
OGLEGC38 1721.53 1819.38 13:27:19.01 -47:35:53.87 5139C
OGLEGC39 543.09 1568.20 13:26:17.23 -47:11:49.97 5139A
OGLEGC40 1146.90 314.63  13:26:47.35 -47:20:30.86 5139A

discovered detached eclipsing binary which was located
in the overlapping area of fields 5139B and 5139C. Field
5139C was also monitored for a few nights at the be-
ginning of the 1994 observing season. Fields 5139A and
5139C overlap by about 1.5 arcmin with fields 5139B and
5139BC. The equatorial coordinates of centers of four ob-
served fields are given in Table 1.

Most of the monitoring was performed through the
Johnson V filter. Only a few exposures in the Kron-
Cousins I band were obtained for fields monitored during
the 1993 season. A substantial number of exposures in the
I band were obtained for fields 5139C and 5139BC during
the 1994 season. Table 2 gives total numbers of frames re-
duced for each of surveyed fields. For fields 5139A, 5139BC
and 5139C and for the V filter the exposure times ranged
from 420 sec to 600 s, with 420 s being the most frequent

value. Most of the V frames of field 5139B were taken
with the exposure time set to 240 s. For majority of the
analyzed frames seeing was better than 1.6 arcsec.

The DoPHOT photometry program (Schechter et al.
1993) was used to derive profile-fitting photometry. We
used DoPHOT in the fixed-position mode. The stellar po-
sitions were provided from a list obtained by reduction of
“template” images. Separate template list were used for
V and I observations. For fields 5139A and 5139C indi-
vidual frames of particularly good quality served as tem-
plates. In case of field 5139BC a template image for the
V filter was constructed by averaging 3 individual frames.
Frames mr4534, mr6489-91 (average of three individual
frames), mr4535 and mr4704 were used as templates for
fields 5139A, 5139BC, 5139B and 5139C, respectively. All
frames collected by the OGLE team were deposited at
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the NASA NSS Data Center'. To cope with positional

Table 8. Light-curve parameters for SX Phe stars from the
field of w Cen. Ay is the range of observed variations in the V'
band. (V —1I) is the observed color at the maximum light. The
period is given in days

Name Period <V > Vimax Ay (V-1
OGLEGC1 0.04712 17.03 16.95 0.13 0.58
OGLEGC2 0.04818 17.41 17.32 0.15 0.71
OGLEGC3 0.06229 16.65 16.21 0.63 0.65
OGLEGC4 0.04952 16.72 16.52 0.32 0.47
OGLEGC5 0.06549 16.79 16.56 0.36 0.50
OGLEGC6 0.05065 17.20 17.09 0.19 0.54
OGLEGC7 0.04642 17.17 17.11  0.12 0.57
OGLEGCS8 0.04178 16.75 16.61 0.25 0.49
OGLEGC9 0.049375 16.95 16.71 0.40 0.41

OGLEGC24 0.05326 17.19 17.11 0.2 -
OGLEGC25 0.04374 17.14 17.10 0.07 0.53
OGLEGC26 0.03867 17.35 17.31 0.08 0.57
OGLEGC27 0.05289 17.05 17.00 0.10 0.54
OGLEGC28 0.03613 16.74 16.71 0.05 0.71
OGLEGC29 0.03891 17.31 17.28 0.05 0.55
OGLEGC32 0.04864 16.99 16.85 0.25 -
OGLEGC33 0.03785 17.43 17.39 0.08 0.57
OGLEGC34 0.038 17.38 17.35 0.05 0.62
OGLEGC35 0.03985 17.35 17.30 0.08 0.50
OGLEGC36 0.03753 17.40 17.36 0.08 0.54
OGLEGC37 0.03388 16.55 16.56 0.03 0.48
OGLEGC38 0.03748 17.52 17.55 0.05 0.62
OGLEGC39 0.03697 17.56 17.58 0.04 0.058
OGLEGC40 0.03654 17.36 17.40 0.10 0.53

changes of the point spread function each analyzed frame
was divided into a 4 x4 grid of overlapping sub-frames. The
point spread function showed only very small variability in
these 540 x 540 pixel sub-images. Photometry derived for
the “template” sub-frames was transformed to the com-
mon instrumental system by application of additive cor-
rections. These corrections were equal to the aperture cor-
rections derived for each sub-frame. Subsequently an in-
strumental photometry derived for a given sub-frame of a
given frame was tied to the common instrumental system
of the “template” image. The CCD camera used by OGLE
is known to suffer from some non-linearity (e.g. Udalski et
al. 1993). This leads to systematic errors of photometry
reaching up to 7% over the whole range of observed magni-
tudes for stars measured on individual frames. Therefore,
a non-linear transformation was applied while transform-
ing instrumental magnitudes to the systems defined by
“template” images.

!The OGLE data (FITS images) are accessible for astronomical
community from the NASA NSS Data Center. Send e-mail to:
archives@nssdc.gfc.nasa.gov with the subject line: REQUEST
OGLE ALL and put requested frame numbers (in the form
MROONNNN where NNNN stands for frame number according
to OGLE notation), one per line, in the body of the message.
Requested frames will be available using an “anonymous ftp”
service from nssdc.gfc.nasa.gov host in location shown in the
return e-mail message from archives@nssdc.gsfc.nasa.gov.
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Finally the data base containing photometry from all
reduced frames was constructed. Relatively poor measure-
ments were flagged at this point. A given measurement
was considered to be “poor” if the formal error of photom-
etry was 2.5 times or more larger than the average error
of photometry for the nearby stars of comparable magni-
tudes. The actual procedure of constructing the data base
was similar to that described by Szymanski & Udalski
(1993). Separate data bases were prepared for objects de-
tected on the “template” images and for additional “non-
template” objects measured by Dophot on the individual
frames. Data bases for the V-band observations were con-
structed for all four monitored fields. Data bases for the I-
band were constructed for fields 5139C and 5139BC, only.
Only single frames in the I-band were reduced for fields
5139A and 5139B.

The data were calibrated using the following proce-
dure. First we obtained VI photometry for the field lo-
cated east of the cluster center (field 5139D in Udalski et
al. 1995). This field includes several secondary standards
calibrated by Walker (1994). Instrumental photometry for
field 5139D was transformed to the standard system using
relations:

v=const +V —0.028 x (V —1I) (1)
v — 4 = const + 0.952 x (V —1I) (2)

where a lower case letters correspond to the instrumental
magnitudes. The color terms of this transformation were
determined using photometry for several Landolt (1993)
fields. The zero points were derived using local standards
from Walker (1994). Specifically, 9 stars with 16 < V' < 18
were used as secondary standards. This range of magni-
tudes was selected to obtain the possibly most reliable
calibration for stars located near the turnoff on the clus-
ter color-magnitude diagram. In Fig. 1 we plot the residu-
als between Walker’s photometry and our calibrated data.
Some systematic trends in residuals, which are due to non-
linearity of the camera used by OGLE, are apparent.
Subsequently stars from the overlapping part of fields
5139D and 5139BC were used to establish zero points of
VI photometry for stars from field 5139BC. Finally stars
from the overlapping parts of field 5139BC and three re-
maining fields were used to determine zero points of VI
photometry for these fields. The instrumental v and ¢ mag-
nitudes for stars included in data bases were transformed
to the VI system using simplified transformation in the
form V = v+const and I = i+const. To determine value
of offsets an average values of (V —v) and (I — i) were
calculated for stars with 0.7 < V —1I < 1.1 The color term
of the V transformation equals 0.028 (see Eq. 1). Hence,
neglection of this term leads to some systematic errors of
V' magnitudes which do not exceed 0.028 mag for stars
with 0 < V' — I < 2.0. Colors of variables stars discussed
later in this paper range from V —I =~ 0.3to V — I ~ 1.1.
In fact the external errors of presented photometry are
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Table 9. Light-curve parameters for variables OGLEGC10-23 from the field of w Cen. (V — I) is the observed color at the
maximum light. Tp is the time of minimum light. Variable OGLEGC22 is listed twice — the first entry corresponds to the 1993

season while the second one corresponds to the 1994 season

Name Type Period Vinax Vinin To HID (V—-1)
(days) 2449000+

OGLEGC10 EW 0.368712 17.31 17.65 81.7776 0.69
OGLEGC11 EW 0.307348 17.20 17.50 81.9880 0.52
OGLEGC12 EW 0.275865 17.79 18.10 464.7160 0.56
OGLEGC13 EW 0.305525 17.12 17.44 81.7978 0.44
OGLEGC14 EA 0.834420 16.64 16.92 81.6456 0.31
OGLEGC15 EA 1.496605 16.96 17.58 82.6188 1.08
OGLEGC16 EA 0.576233 18.15 19.38 81.9842 0.82
OGLEGC17 EA 2.466760 17.27 17.60 82.3608 0.89
OGLEGC18 EA 1.376188 16.02 17.15 82.3725 0.44
OGLEGC19 EW 0.39823 16.22 16.51 81.8333 0.38
OGLEGC20 EW 0.341803 16.61 16.78 81.7196 0.44
OGLEGC21 EW 0.249260 17.86 18.05 81.7409 0.66
OGLEGC22 RS? 22 15.115 15.232 81.6 —
OGLEGC22 RS? 22 15.075 15.182 464.5 1.11
OGLEGC23 M 236 — 15.78 — —
OGLEGC30 RS? 23 14.56 14.90 91.0 —
OGLEGC31 RS? 34 15.13 15.21 83.3 1.12

dominated by uncertainties introduced by nonlinearity of
the used detector.

Table 10. List of frames used for construction of CMDs shown
in Fig. 12

Frame Texp Filter FWHM
sec arcsec

mr6489 420 \4 0.92
mr6490 420 \4 0.92
mr6491 300 \4 0.92
mr6492 60 14 0.94
mr6425 300 I 1.15
mr6821 15 I 1.06
mr6822 60 I 1.08

A search for variables was conducted using the data
bases for the V filter. Three methods were employed.
The first method makes use of a x? statistic. We dropped
from the analysis the frames suffering from poor seeing
(the limiting value was set to 1.65 arcsec for fields 5139A
and 5139C, and to 1.5 arcsec for fields 5139B and 5139BC)
and frames with the very high level of sky background.
The actual number of frames retained for fields 5139A,
5139B, 5139BC and 5139C, was 144, 100, 204 and 190, re-
spectively. Measurements flagged as “poor” were rejected
during extraction of the light curve for a given object.
For every star which was measured on at least 100 frames
for a given data set, we calculated a x? statistic (for field
5139B the minimal number of frames was reduced to 80).
To take into account a noise introduced by the procedure
of transforming photometry from different frames to the
common photometric system and to compensate for the
residual effects of variable PSF, we raised formal errors of

photometry returned by DoPHOT by 0.02 mag. Objects
with P(x?) < 107* (e.g. Press et al. 1986) were consid-
ered candidate variables and their light curves were tested
for variability with periods in the range from 0.03 to 60
days. To determine the most probable periods we used
an aov statistic (Schwarzenberg-Czerny 1989, 1991). This
statistic allows — in particular — reliable determination
of periods for variables with non-sinusoidal light curves
(e.g. eclipsing variables of EA-type). Phased light curves
of suspected variables were subsequently inspected visu-
ally and objects with regular light curves were selected.
In Fig. 2 we present a plot of rms deviation versus the
average V magnitude for the light curves of stars from
field 5139A examined for variability. The analogous plot
for field 5139C looks very much the same and therefore
it is not shown. For fields 5139A and 5139C the search
for variable stars was conducted down to V = 19.25.
For fields 5139B and 5139BC the quality of photome-
try degrades significantly with decreasing distance from
the clusters center. Stars from these two fields were di-
vided in two subgroups. For stars located inside central
area of size 1000 x 1000 pixel? the search for variables
was conducted down to V = 18.25 and V = 17.75 for
fields 5139B and 5139BC, respectively. The outer regions
of fields 5139B and 5139BC were searched for variables
down to V = 18.75. In Figs. 3 and 4 we plot rms vs.
< V > for the inner and outer parts of field 5139BC,
respectively. Tables 3-5 give some information about the
numbers of stars analyzed for variability and numbers of
stars which were selected as suspected variables. The to-
tal number of stars contained in data bases ranged from
about 1.1E5 for fields 5139B and 5139BC to about 3.5E4
for fields 5139A and 5139C. Most of these stars were faint
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objects with V' > 19 showing noisy and poorly sampled
light curves. Out of about 5300 candidate variables with
an average magnitude V > 14.75 which were selected in
all 4 fields with a x? test, only 26 could be classified with
confidence as periodic variables. The time-domain light
curves of candidate variables with the average magnitude
V' < 18.0 were examined visually. No obvious variables,
with the exception of previously selected periodic stars,
were noted.

The x? statistic allows reliable detection of variables
showing sine-like light curves. It is relatively less suitable
for detection of detached eclipsing binaries whose light
curves are flat for most of the time and show only rel-
atively short episodes of decreased brightness. Therefore
the light curves extracted from data bases were scanned
with a filter designed to detect probable eclipsing events.
A candidate eclipse event was defined as a set of three
consecutive points on a light curve which fulfill condition:

3)

where o is an error of a given measurement and M (V) is
a median value of magnitude for a given stars. Parame-
ter 6V corresponds to the minimal depth of a potential
eclipse detectable by the filter. We used 6V = 0.10 for
stars with M (V) < 18.0 and 6V = 0.15 for fainter ob-
jects. Stars whose light curves exhibited 2 or more possible
eclipse events were selected as candidate variables. Table
6 provides numbers of candidates selected in each of four
analyzed fields. Comparison of data from Table 6 and Ta-
bles 3-5 shows that of the two used methods the first one —
based on a x2 test — leads to significantly higher frequency
of false alarms. All eclipsing binaries discovered using an
x2 test were detected also by filtering light curves with an
“eclipse filter”. No new variables were however discovered
using the second method of search. Two of the low am-
plitude variables with sine-like light light curves were dis-
covered only using the x2 test. Almost all variables which
were included in more than one data base were detected in-
dependently in all relevant data sets. The only exceptions
were SX Phe variable OGLEGC2 which was missed in field
5139BC, and an eclipsing binary OGLEGC15 which was
missed in field 5139B. The names of variables quoted here
refer to the Tables presented in the next section.

Both methods described above select candidate vari-
ables based on presence of some unexpected scatter in the
light curves of examined stars. The criteria used to select
possible variables were chosen as a compromise between
possibility of missing some low-amplitude variables and
danger of picking up unreasonably large number of false
variables. The monitored fields are very crowded and for
some stars the estimated errors of photometry are likely
to be underestimated. Therefore application of statistical
tests like x2 leads to detection of huge numbers of false
variables. On the other hand one may expect presence of
some low-amplitude and periodic variables in w Cen (e.g.

V+3x0>MV)+ 6V
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Fig. 1. Residuals for the Walker (1994) standards from field
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Fig. 2. Standard deviation versus average V magnitude for
stars with at least 100 reliable measurements. This plot corre-
sponds to field 5139A. Only 1/3 of the whole sample of stars
examined for variability was plotted for clarity. Stars with
V' > 19.25 are not shown as they were not examined for vari-
ability

SX Phe stars or contact binaries with low inclination). To
look for this type of variables we calculated power spectra
for all stars whose average magnitude was V' < 18.1. Only
well populated light curves were subject to the analysis
(the minimal number of “good” points qualifying a given
light curve for analysis ranged from 90 for field 5139B
to 150 for field 5139BC). The power spectra were calcu-
lated using the CLEAN algorithm (Roberts et al. 1987).
This particular algorithm is very efficient in removing from
the derived power spectrum some false peaks introduced
by periodicities which are present in the observing win-
dow. Stars whose power spectra showed a peak indicating
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Fig. 4. Same as Fig. 1 but for the outer part of field 5139BC.
Only 1/5 of the whole sample was plotted for clarity

presence of modulation of the light curve with a full am-
plitude exceeding some specified threshold were selected
as potential variables. The threshold was set at the level
of 0.025 mag for stars with V' < 17.0 and at the level of
0.04 mag for stars with 17 < V < 18.1. There were two
reasons to limit this procedure to stars with V' < 18.1: a)
the light curves of fainter stars are too noisy to detect with
confidence variables with amplitudes lower than about
0.1 mag; b) calculation of power spectra with CLEAN is
quite demanding in respect of the CPU time. The num-
ber of selected candidates was about 60 for fields 5139A
and raised to about 100 for fields 5139B and 5139BC.
It should stated that this method of selecting variables
works best for objects with smooth sine-like light curves.
In particular, it works poorly for EA-type eclipsing bina-
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ries. The light curves of selected candidates were phased
and examined visually. Sixteen stars proven to be real low-
amplitude variables. These were variables OGLEGC24-
29, OGLEGC31-40. Their power spectra, with one ex-
ception, showed a single pronounced peak. Of these 16
variables 15 are SX Phe stars and one is a long period
variable (OGLEGC31). Admittedly we did not use any
formal statistical test to prove reality of detected variabil-
ity of these low-amplitude variables. However, as we show
below, 22 out of 24 detected SX Phe stars proven to be
blue stragglers although blue stragglers constituted only a
small fraction of all stars examined for variability. For two
SX Phe stars position on the color-magnitude diagram is
unknown as we are unable to determine their colors. It
is unexpected to find SX Phe on the subgiant branch or
among main-sequence stars. The fact that no one of iden-
tified SX Phe stars turned out to be located on the CMD
outside area occupied by blue stragglers supports reality of
detected variability. Several systems were observed during
both observing seasons. For these stars very similar values
of periods were obtained from two independent data sets.

Concluding this section we would like to emphasize
that our goal was simply to detect the maximum number
of variables of different types. The question on complete-
ness of obtained sample of variables is beyond scope of
this paper. An extensive tests would be necessary to an-
swer the question about number of variables which were
missed. A lower limits on the relative frequency of occur-
rence of some particular types of variables can be derived
using data from Tables 3-6 and the data presented in the
next section.

3. Basic properties of variables

The rectangular and equatorial coordinates of 40 periodic
variables identified in our data are listed in Table 7. The
rectangular coordinates correspond to positions of vari-
ables on the V-band “template” images which were sub-
mitted to the editors of A&A (see Appendix A). These
images allow easy identification of all objects listed in Ta-
ble 7. The name of field in which a given variable can be
identified is given in the 6th column.

For fields 5139A and 5139C transformation from rect-
angular to equatorial coordinates was derived based on
positions of a set of stars from the Guide Star Catalogue
(Lasker et al. 1988). We identified 101 and 95 GSC stars
for fields 5139A and 5139C, respectively. The adopted
plate solutions reproduce equatorial coordinates of GSC
stars with residuals rarely exceeding 0.5 arcsec. Transfor-
mations for fields 5139BC and 5139B was derived based
on positions of 69 RR Lyr variables. Equatorial coordi-
nates for RR Lyr stars in w Cen were kindly provided
by Dr. Nicolai Samus (Shokin, Evstigneeva and Samus,
in preparation). A few GSC stars were identified in the
outer parts of fields 5139B and 5139BC. The adopted plate
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solution reproduces equatorial coordinates of these stars
with residuals not exceeding 0.8 arcsec.

Our sample of variables consist of 24 SX Phe stars
(variables 1-9, 24-29 and 32-40), 12 binaries (variables
10-21), three objects of uncertain classification (variables
22, 30 and 31) and one Mira (variable 23). Variability
of OGLEGC5 and OGLEGC18 was first discovered by
Niss et al. (1978) and these stars are known as NJL79
and NJL5, respectively. Photometric studies of NJL5 and
NJL79 were published by Jensen & Jorgensen (1985) and
by Jorgensen & Hansen (1984), respectively. OGLEGC23
is a previously known Mira-type variable listed as V2 in
Hogg (1973) catalogue. This star was near its minimum
light during the 1993 observing season It was sufficiently
faint at that time to be measured on most of 4 minute
long exposures obtained for field 5139B. On the contrary
V2 was too bright during the 1994 observing season to
be measured on images of field 5139BC (note also longer
exposure times for the field 5139BC as compared with the
field 5139B).

Table 8 lists basic characteristic of the light curves
of 20 SX Phe star identified in our survey. The mean V
magnitudes were calculated by numerically integrating the
phased light curves after converting them into intensity
scale. The periods of all but one SX Phe stars are firmly
established. The power spectra of the light curves calcu-
lated using CLEAN algorithm (Roberts et al. 1987) show
prominent peaks at the positions corresponding to peri-
ods listed in Table 8. The only exception is OGLEGC34.
Its power spectrum show several peaks which only slightly
lower than the main peak occurring at P = 0.038 d. Our
data for this low amplitude variable are too poor to prove
or disprove its multi-periodic nature. OGLEGC34 was ob-
served during 1993 and 1994 seasons. For both light curves
the maximal peak in the power spectrum is observed at
the period P = 0.038 day. Photometric data for the re-
maining variables are given in Table 9. Phased light curves
for stars 1-22 and 24-40 are shown in Figs. 5-7. Figure 8
shows the light curve of OGLEGC23 obtained during the
1993 season.

Figure 9 shows location of variables with known
colors on the cluster color-magnitude diagram (CMD).
For SX Phe stars marked positions correspond to the
intensity-averaged magnitudes. For the remaining vari-
ables we marked positions corresponding to magnitude at
maximum light. The main sequence and red giant branch
are marked with double lines in Fig. 9. The large width
of these sequences is due to the well known spread of
metallicity exhibited by stars in w Cen (Woolley et al.
1966). All SX Phe stars as well as all contact binaries and
two non-contact binaries (OGLEGC14 and OGLEGC18)
are located on the cluster CMD among candidate blue
stragglers. An eclipsing binary OGLEGC16 is located
right at the clusters turnoff while two detached bina-
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ries OGLEGC17 and OGLEGC15 occupy positions on the
subgiant branch.

Light curves of OGLEGC14, OGLEGC15 and
OGLEGCI17 are flat outside eclipses what indicates that
these binaries are detached systems. Each of these stars
exhibits two minima of similar depth what implies similar
effective temperatures of their components. By combin-
ing radial velocity curves with photometry one would be
able to determine absolute parameters for components of
OGLEGC14, OGLEGC15 and OGLEGC17. OGLEGC14
is a blue straggler and most probably its components
exchanged mass in the past. Relatively long periods of
OGLEGC15 and OGLEGC17 connected with their po-
sitions on the cluster CMD indicate that these systems
evolved most probably without mass exchange between
their components. Hence, determination of parameters for
these two binaries can provide us with a direct measure of
masses for the turnoff stars in w Cen. Moreover, all three
detached systems listed above can be used for determina-
tion of a distance to w Cen. For eclipsing binaries the frac-
tional accuracy of distance determination is equal to the
fractional accuracy of the determination of radial velocity
amplitudes, K7 and K>, as the distance is proportional to
stellar diameters, which in turn are proportional to the K
values. Basing on a spectra collected with large telescopes
and using a new “two-dimensional” cross-correlation tech-
nique TODOCOR (Zucker & Mazeh 1994; Metcalfe et al.
1995) one may expect to determine radial velocity ampli-
tudes for components of discussed detached binaries with
an accuracy better than 1%.

Variables OGLEGC22 and OGLEGC31 are located on
the giant branch in the cluster CMD. The light curve
of OGLEGC22 is unstable (see Fig. 6) what excludes
its classification as an ellipsoidal variable. Most probably
OGLEGC22 belongs to so called “spotted variables”. It
may be either an RS CVn-type star or an FK Com-type
star. The same remark cane be made about a nature of
variability observed for OGLEGC30 and OGLEGC31.

3.1. Cluster membership of the variables

The w Cen cluster is located at an intermediate galac-
tic latitude of b = +15 deg. Therefore, one cannot as-
sume a-priori that all variables listed in Table 7 are clus-
ter members. Figure 10 shows the period versus absolute
magnitude diagram for 20 SX Phe stars identified in our
survey. The standard relations for the F-mode pulsators
(solid line) and the H-mode pulsators (dashed line) and
for [Fe/H] = —2.2 (upper line) and [Fe/H] = —0.7 (lower
line) are also shown. The calibration P — L — [Fe/H] was
taken from Nemec et al. (1994). We adopted for the cluster
an apparent distance modulus (m — M)y = 13.86 while
calculating absolute magnitudes of SX Phe stars. The as-
sumed range of metallicities is based on results published
by Brown & Wallerstein (1993) and Vanture et al. (1994).
One can see that observed luminosities of SX Phe stars
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Fig. 6. Phased V light curves for variables OGLEGC10-21
observed in the field of w Cen are consistent with the hy- We adopted for all systems [Fe/H] = —1.6 what is the

pothesis that all of them are members of the cluster.

We have applied the absolute brightness calibration
established by Rucinski (1995) to calculate My for newly
discovered contact binaries. Rucinski’s calibration gives
My as a function of period, unreddened color (V — I)g
and metallicity:

M = —4.43 log(P) + 3.63(V — I)g — 0.31 — 0.12
x [Fe/H]. (4)

mean metallicity for the cluster stars. Figure 11 shows the
period versus an apparent distance moduli diagram for
contact binaries identified in the surveyed area of w Cen.
An apparent distance modulus was calculated for each sys-
tem as a difference between its V magnitude and ML
An apparent distance modulus for w Cen is estimated at
(m—M)y = 13.86 (Nemec et al. 1994). We conclude based
in Fig. 11 that the individual moduli calculated for each
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Fig. 10. Period, absolute magnitude diagram for SX Phe stars
from the field of w Cen

individual contact binary are compatible with their cluster
membership.

4. The color-magnitude diagrams

In Fig. 12 we show the V vs. V. — I CMDs of three sur-
veyed fields. For each field the photometry is based on a
single pair of V&I exposures — the V-filter “templates”
(see 1’st paragraph of Sect. 4) were supplemented by the
deepest available exposures in the I-band. We obtained
VI photometry for a more than 1E5 stars from all 3 fields.
The presented CMDs were cleaned from stars of relatively
poor photometry. It is known that w Cen possesses an
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Fig. 11. Period, apparent distance modulus diagram for con-
tact binaries from the field of w Cen. A horizontal line at
(m — M)y = 13.86 corresponds to distance modulus of the
cluster. Error bars correspond to the formal uncertainty of ab-
solute magnitudes derived using Rucinski’s (1995) calibration

extended horizontal branch (Da Costa et al. 1986; Bailyn
et al. 1992). Our data show that a sequence of blue stars
extends down to V & 19. Moreover, the data for fields
5139A and 5139C indicate that the sequence of faint blue
stars has a gap approximately at 17.4 < V < 18.0.

Another feature which can easily be noted on CMDs
for fields 5139A and 5139C is a scattered sequence of stars
located to the blue of the subgiant branch of the cluster.
The distribution of colors for these stars shows a cut-off at
(V —1I) =~ 0.70. This scattered sequence corresponds most
probably to the foreground stars from the so called “old
disk” (Jonch-Sorensen & Knude 1994; Ng et al. 1995).

A substantial number of blue straggler candidates can
be identified in CMD'’s for fields 5139A and 5139C. The
accuracy of photometry for stars from field 5139BC is rela-
tively low due increasing crowding as we move toward the
cluster center. In Fig. 13 we show CMD for these stars
from the field 5139BC whose photometry fulfills condi-
tions oy < 0.025 and oy < 0.035. Several candidates
for blue stragglers are visible in this figure. In addition
to photometry presented in Fig. 12 we constructed an-
other CMDs for the field 5139BC. The CMD obtained by
averaging photometry extracted from long and short ex-
posures is show in Fig. 13a. Figure 13b presents CMD
based on frames mr6492 and mr6822 while Fig. 13c shows
CMD based on frames mr6492 and mr6821. Some infor-
mation about frames used to construct CMDs presented
in Fig. 13 are given in Table 10. Again presented CMDs
were cleaned from stars of relatively poor photometry. An
onset of the asymptotic giant branch at V' ~ 14.0 can be
noted in Figs. 12a-c.

All photometry presented in this section was submitted
in tabular form to the editors of A&A and is available in
electronic form to all interested readers (see Appendix A).
The potential users of these data should keep in mind a
presence of some systematic magnitude dependent errors
of the photometry (see Sect. 2).
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5. Summary

An extended survey of the central part of w Cen lead to
discovery of 37 new periodic non-RR Lyr variables. We ob-
tained also light curves of 3 previously known variables.
Our sample of variables includes 24 SX Phe stars, 7 con-
tact binaries, 5 non-contact eclipsing binaries and three
likely spotted variables. All identified SX Phe stars and
all contact binaries occupy positions among blue strag-
glers in the cluster CMD. Three non-contact binaries are
located among turnoff stars. Of particular interest are de-
tached systems OGLEGC15 and OGLEGC17 which can
potentially provide information about masses of turnoff
stars in w Cen.

In the next paper from this series we shall present re-
sults for another 3 w Cen fields which were monitored by
the OGLE team during the 1995 observing season. A sep-
arate paper will be devoted to RR Lyr stars in w Cen.
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6. Appendix A

Tables containing light curves of all variables discussed in this
paper as well as tables with VI photometry for more then 1E5
stars from the surveyed fields are published by A&A at the
centre de Données de Strasbourg, where they are available in
electronic form: See the Editorial in A&A 1993, Vol. 280, page
E1l. Equatorial coordinates are given for all stars included in
these tables. We have also submitted the V-filter “template”
images of four analyzed fields (see Sect. 2). These images can
be used for identification of all variables discussed in this paper
as well as for identification of all stars for which we provide VI
photometry.
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Fig. 12. The CMDs for fields 5139BC (left), 5139A (center) and 5139C (right)
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Fig. 13. The CMD’s for field 5139BC (see text for details)



