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Abstract. We study photometric variability among the optical counterparts of X-ray sources in the old open
cluster M 67. The two puzzling binaries below the giant branch are both variables: for S 1113 the photometric
period is compatible with the orbital period, S 1063 either varies on a period longer than the orbital period, or
does not vary periodically. For the spectroscopic binaries S 999, S 1070 and S 1077 the photometric and orbital
periods are similar. Another new periodic variable is the main-sequence star S 1112, not known to be a binary.
An increase of the photometric period in the W UMa system S 1282 (AH Cnc) is in agreement with a previously
reported trend. Six of the eight variables we detected are binaries with orbital periods of 10 days or less and equal
photometric and orbital periods. This confirms the interpretation that their X-ray emission arises in the coronae
of tidally locked magnetically active stars. No variability was found for the binaries with orbital periods longer
than 40 days; their X-ray emission remains to be explained.
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1. Introduction

Twenty five members of the old open cluster M 67 have
been detected in X-rays (Belloni et al. 1998). At the age
of M 67 (4 Gyr, Pols et al. 1998) the rotation of single
stars is too slow to generate detectable X-rays. Therefore,
the X-ray emission of many M 67 sources probably arises
in interacting binaries. Indeed, one source is known to be
a cataclysmic variable. Nine sources are binaries with or-
bital periods of 10 days or less, presumably RS CVn type
systems, whose X-rays are due to the coronae of magnet-
ically active stars forced to corotate by tidal interaction
(see Table 2). However, not all X-ray sources are binaries,
e.g. one source is a hot white dwarf, and some others are
stars which do not show signs of binarity.

There are five peculiar binaries (S 1040, S 1063, S 1072,
S 1082 and S 1113) whose evolutionary statuses we cur-
rently do not understand. They are found in the colour-
magnitude diagram in locations which cannot be repro-
duced by combining the light from any two members on
the main sequence, subgiant and/or giant branches. Two
of them have long orbital periods which exclude strong
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tidal interaction. A sixth binary (S 1237) with a long or-
bital period lies to the blue of the giant branch which can
be explained by the superposition of the light of a giant
and a turnoff star.

A spectroscopic study of these peculiar systems was
presented in van den Berg et al. (1999); see their Fig. 1
for the position of these systems in the colour-magnitude
diagram of M 67. Here we report our photometric study of
these sources and of other X-ray sources that happen to
be in the same fields of view. The photometry of S 1082
is published separately (van den Berg et al. 2001). The
observations and analyses are described in Sect. 2. Results
are presented in Sect. 3, followed by the interpretation
and discussion – including comparison with earlier work
– in Sect. 4. Section 5 summarizes our conclusions. The
variability of stars not detected in X-rays but included in
our observations will be the subject of Paper II (Stassun
et al. 2002).

2. Data and analysis

2.1. Observations

U , B, V , I and Gunn i photometry was obtained with
the 0.90m telescope at Kitt Peak, the 0.91m ESO-Dutch
Telescope at La Silla and the 1m Jacobus Kapteyn
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Telescope on La Palma. Combined, the five observation
runs span a period of two years (see Table 1). Figure 1
shows the location of the observed fields. During the first
run weather conditions were good with a typical seeing
of 0.′′9 to 1.′′4. The observations were made during and
around full moon but moon illumination was not a prob-
lem. Weather conditions during runs 2 and 3 were good,
with a typical seeing of 1.′′6. During run 4 the typical seeing
was 1.′′5 while the quality of some images was affected by
the brightness of the nearby moon. The same, at a seeing
between 1.′′5 and 3′′, is true for the last run, that in addi-
tion was troubled by partial cloudiness. This is reflected
in the relatively large errors of the last two runs.

Every X-ray source of Belloni et al. (1998) was moni-
tored in at least one run, except for the faint cataclysmic
variable EU Cnc and the hot white dwarf. The main pur-
pose of run 1 was to monitor variability of S 1113 and
S 1063, of run 2 to monitor S 1113 and of runs 3 to 5 to
monitor S 1082. This means that exposure times were cho-
sen to optimize the measurements of these stars. During
run 5, five additional fields containing X-ray sources were
observed in B and V once or twice per night to search
for obvious signs of variability. As S 364 and S 1237 are
very bright stars (see Table 2) the quality of the images of
fainter stars in these fields is poor. This affects the quality
of the light curves of the X-ray sources in the field of view
of S 1237 (i.e. S 1242, S 1270 and S 1282).

2.2. Data reduction and light curve solution

Standard IRAF1 routines were used to remove the bias
signal and flatfield the images. Aperture photometry for
all the stars was done with the daophot.phot task. For
each individual run, source counts were extracted within
a fixed radius with a value depending on the seeing con-
ditions. The stars in M 67 are separated well enough to
avoid problems of crowding.

The light curve solution was computed with the algo-
rithm of ensemble photometry as described by Honeycutt
(1992). In this method, the magnitudes of all the stars
on every frame are used to create an ensemble average
with respect to which the brightness variations are de-
fined. Frames that have a large offset from this average
(e.g. due to bad seeing) show up as deviant observations
and can be excluded. For a given star, errors were assigned
to the data points by estimating the typical spread in the
light curves of stars of similar magnitude. In most cases
the formal errors from the phot task are negligible; if not,
we used this error instead. The different datasets were
analyzed individually.

As exposure times were chosen to optimize the mea-
surements of the X-ray sources in each field, the photomet-
ric precision as a function of stellar brightness varies from

1 IRAF is distributed by the National Optical Astronomy
Observatories, which are operated by the Association of
Universities for Research in Astronomy, Inc., under cooper-
ative agreement with the National Science Foundation.

one run to the next. Generally speaking, the photometric
precision of the brightest (unsaturated) stars in our ex-
posures is flat-field limited to 5–10 mmag. This precision
level typically holds for stars up to 2–2.5 mag fainter than
the brightest sources, and then becomes photon-noise lim-
ited and degrades for still fainter stars. The best overall
precision was achieved on our Kitt Peak frames (run 1;
Table 1), for which the brightest stars (B ≈ 12, V ≈ 12,
I ≈ 11.5) have σmag = 0.007, 0.005, 0.005 in B, V , and
I, respectively. The precision begins to degrade at around
14th mag. For the faintest sources, at about 18.5 mag, the
precision is 0.05–0.1 mag. We refer the reader to Paper II
for a full discussion of the photometric precision in our
observations.

A simple zero-point shift is applied to the measure-
ments in each filter to roughly place the instrumental mag-
nitudes on an absolute scale as described in Paper II. The
light and colour curves that are presented in Figs. 3–5
show the variations with respect to the mean magnitude
and colour as listed in Table 3 of Paper II.

2.3. Search for variability

Our search for variability is a two-step process. First we
perform a χ2-test on the individual light curves for each
filter for each run, to calculate the probability that the
light curves of the X-ray sources are compatible with be-
ing constant. As the intrinsic properties of the variabil-
ity need not be the same in light curves of different runs
(in particular for brightness variations due to spots), we
consider each light curve separately. To remove acciden-
tal outliers, the minimum and maximum data points are
excluded. A star is listed as a variable in column “var” of
Table 2 if the χ2-test predicts for any of its light curves
that the probability for it being constant is smaller than
0.3%. Eight stars are thus marked as probable variables.
For six of these stars the variability is not detected in
every light curve. In most cases we can ascribe this to dif-
ferences in sensitivity between runs or between different
filters of a certain run, or to different durations of runs.
For S 1063, S 1070 and S 1077 it seems that the variability
itself has changed as discussed below.

We next perform a Lomb-Scargle time-series analy-
sis (Scargle 1982) to search for periodicity in the light
curves. In cases when multiple light curves in a given fil-
ter are marked as variable, those light curves are combined
for the period search; no distinction was made between
I and Gunn i. If the resulting period does not produce a
smooth folded light curve, data from different runs are an-
alyzed separately; this will be indicated for each source in
Sect. 3. A periodogram is computed with 1000 frequencies
between a minimum and maximum period Pmin and Pmax

corresponding to twice the typical sampling period and
the full length of the longest observation run, respectively
(see Table 1). We choose the period of the highest peak
in the periodogram as our first estimate for periodicity
in the data. However, as will be discussed below external
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Table 1. Log of the observations. From left to right: number and dates of the observation run; telescope; Sanders number of
the star near the centre of the field; field of view; filters; typical exposure time in seconds for each filter; the minimum and
maximum period Pmin and Pmax used to compute periodograms for the specified run.

Run Dates Telescope Centre FOV Filters texp (s) Pmin Pmax

1 Jan. 4–16 1998 0.90m KPNO S 1084 23′× 23′ B V I 90 60 60 2.4 hr 10 d
2 Feb. 12, 14–17, 21, 24–28 0.91m ESO Dutch S 1113 3.′8 × 3.′8 U B V Gunn i 300 120 120 120 5 hr 25 d

1998, Mar. 1–3, 6, 8 1998
3 Feb. 2–19 1999 0.91m ESO Dutch S 1068∗ 3.′8 × 3.′8 U B V Gunn i 360 100 50 30 30 mn 18 d
4 Dec. 25, 26 1999 1m ING JKT S 1082 10′× 10′ B V 75 30 12 mn 1 d
5 Feb. 13–16, 20 2000 1m ING JKT S 1082 10′× 10′ U B V I 350 30 15 8 30 mn 8 d

S 364 10′× 10′ B V 15 4 4 hr 8 d
S 628 10′× 10′ B V 150 80 4 hr 8 d
S 1013 10′× 10′ B V 20 8 4 hr 8 d
S 1113 10′× 10′ B V 200 100 4 hr 8 d
S 1237 10′× 10′ B V 20 10 4 hr 8 d

∗ S 1063 starting from February 8.

information often leads us to immediately neighbouring
peaks of comparable significance.

Photometric periods have been determined previously
for the two contact binaries S 1036 (Gilliland et al. 1991)
and S 1282 (e.g. Kurochkin 1979). Therefore, we look for
periods in a narrow window instead of the range limited
by Pmin and Pmax. In both cases, we find that the power at
half the photometric period is far higher than at the photo-
metric period, due to the symmetry in the light curve. For
S 1036 we search for periods between 0.215 and 0.225 days,
for S 1282 between 0.175 and 0.185 days. The periodogram
is computed for 5000 points to increase the resolution.

An estimate for the chance detection of a period, i.e.
the probability that the light curve does not have the peri-
odicity indicated by the highest peak, is expressed by the
false alarm probability. In the case of the Lomb-Scargle
periodogram the false alarm probability follows the ex-
pression: 1−[1−exp(−z)]m, where z is the height of the
peak and m is the number of independent frequencies.
Horne & Baliunas (1986) demonstrated that this number
can be smaller than the number of data points especially
in sets of unevenly sampled data. The value of m is ob-
tained by fitting this expression to a probability distribu-
tion generated by measuring the maximum peak heights
in periodograms of 5000 simulated random datasets with
the same time-sampling and the same spread in the mea-
surements as the actual light curve.

Photometric periods with a false alarm probability
smaller than 1% are summarized in Table 2. These cor-
respond to the position of the highest peak in the peri-
odogram unless indicated otherwise. To estimate the error
in the best period we proceed as follows. For the correct
period the light curves defined by the first and last obser-
vations coincide. A small change dP in the period causes
a small phase shift: dφ = T/ (P + dP )− T/P , where T is
the timespan of the dataset. For each light curve we esti-
mate, by visual inspection, a maximum dφmax for which

the light curves do not split perceptibly. This corresponds
to a maximum acceptable period change of

dP
P

=
−dφmaxP

T + dφmaxP
· (1)

The value for dφmax that we choose is listed in Table 2.

3. Results

We have divided the sources into periodically (Sect. 3.1) or
non-periodically (Sect. 3.2) varying stars. The periodically
varying stars are two W UMa systems, four spectroscopic
binaries and one star not known to be a binary, i.e. S 1112.

3.1. Periodic variables

3.1.1. W UMa systems

The W UMa light curves are plotted versus photometric
phase where phase 0 corresponds to the moment of pho-
tometric primary minimum.
S 1282 is the W UMa variable AH Cnc discovered by
Kurochkin (1960). The periodograms of the total B and
V datasets show peaks with a spacing of ∼ 4 × 10−5 and
∼ 6 × 10−4 days due to the two-year and the two-month
gaps in our observations, respectively (see Fig. 2). The
highest peaks in the B and V periodograms are found
at 0.180226 and 0.180270 days, respectively, which corre-
sponds to two neighbouring peaks in the periodogram. We
folded the data on twice those periods but find that the
peak at 0.180226 represents best the true period: when
we use the longer period, the deeper primary minima of
the first run fall on top of the secondary minima of the
fourth run. Thus we conclude that the photometric period
is 0.360452 days. I data were only obtained during run 1
and cannot provide an equally precise period.

In addition to short-term variations on a time scale of
roughly 9 to 10 years, Kurochkin (1979) finds a secular
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Fig. 1. A 35′× 35′ region of M 67 centred on the star S 783. The coordinates of the sources in this field are taken from the
USNO-A1.0 catalogue (epoch J2000). The areas monitored in the five observation runs are indicated by the squares (see also
Table 1). The open circles mark the optical counterparts to the X-ray sources that are discussed in this paper; the diamond
marks S 1082 that we discuss elsewhere (van den Berg et al. 2001).

increase of the period of AH Cnc. His ephemeris for the
primary minimum is:

Min I = 2 441 740.7166(27) + 0.d36044098(53) E
+1.d56(38)× 10−10 E2. (2)

This ephemeris predicts a period during the time of our
observations between 0.d3604447 and 0.d3604479, in agree-
ment with our result. We note that period changes of sim-
ilar magnitude have been found for other contact binaries.

We observe no significant colour changes in V − I and
B − V .

S 1036, or EV Cnc, was discovered to be a contact bi-
nary by Gilliland et al. (1991) who report a period of
0.44125 days. The B and V periodograms show fine struc-
ture from the two-year and two-month gaps in the data.
In both sets, that include data from run 1, 4 and 5, we
find the same best period of 0.22078 days. When folded
on this period, the light curves show the same effect of in-
terchanging primary and secondary minima as described
for S 1282. Proper phasing is obtained with the period
of 0.22072 days derived from the peak next to the high-
est. The period that corresponds to the highest peak in
the periodogram of the I data is 0.22091 days, but again



892 M. van den Berg et al.: Photometric variability in the open cluster M 67. I.

Table 2. Properties of the X-ray sources of Belloni et al. (1998) discussed in this paper. From left to right: Sanders number
(Sanders 1977); X-ray source number from Belloni et al. (1998); V magnitude and B − V colour (Montgomery et al. 1993); for
spectroscopic binaries: orbital period Porb in days and eccentricity e; observation runs during which the star was observed; a
variability indicator n (y) if the probability that the source is constant is larger (smaller) than 0.3%; photometric period Pphot

in days with the run number(s) and the filter for which the period was detected in square brackets; maximum phase shift used
to estimate the error in the period; logarithm of the false alarm probability of the period detection; remarks and references for
information on the spectroscopic binaries (1 = Mathieu et al. 2002, in preparation, 2 = Mathieu et al. (1990), 3 = preliminary
solution by Latham et al., private communication).

S X V B − V Porb (d) e run var Pphot (d) dφmax log FAP remarks

364 19 9.84 1.36 5 n
628 35 14.47 0.76 5 n
760 49 13.29 0.57 954(12) 0.43(9) 1 n 3
775 44 12.69 0.63 1, 5 n
972 17 15.37 0.89 1.166412(2) 0.009(6) 1, 5 n 3
999 13 12.60 0.78 10.05525(19) 0. 1, 5 y 9.2(2.0)a [1; B] 0.3 −2.62 2

1019 11 14.34 0.81 1.360217(18) 0.023(13) 1, 5 n 3
1027 46 13.24 0.60 1, 4, 5 n
1036 45 12.78 0.49 1, 4, 5 y 0.44144(1)a [all; B] 0.05 −18.6 EV Cnc

0.44144(1)a [all; V ] 0.05 −17.0
0.44144(1)a [1+5; I] 0.05 −6.4

1040 10 11.52 0.87 42.8271(22) 0. 1, 4, 5 n
1045 41 12.54 0.59 7.64521(11) 0. 1, 4, 5 n

1063 8 13.79 1.05 18.396(5) 0.206(14) 1, 3, 4, 5 y (17–18b) [1; U ], 1
[1+3; B,V, I]

1070 38 13.90 0.63 2.66059(8) 0. 1, 3, 4, 5 y 2.6(1) [3; B] 0.3 −17.6 3
2.6(1) [3; V ] 0.3 −31.5

1072 37 11.32 0.61 1495(16) 0.32(7) 1, 3, 4, 5 n 2
1077c 7 12.60 0.64 1.358766(8) 0.095(33) 1, 3, 5 y 1.42(9) [3; B] 0.3 −3.3 3

1.44(9)a [3; V ] 0.3 −7.2
1.38(9) [3; I] 0.3 −5.5

1112 28 14.98 0.78 1, 2, 5 y 2.7(2) [1; B] 0.3 −3.0
2.65(3) [1+2; V ] 0.3 −7.8

1113 26 13.77 1.01 2.823105(14) 0.022(10) 1, 2, 5 y 2.84(8) [2; U ] 0.1 −3.9 1, AG Cnc
2.834(1) [all; B] 0.1 −14.5
2.833(1) [all; V ] 0.1 −14.9
2.84(3) [1+2; I] 0.1 −11.2

1234c 53 12.65 0.57 4.35563(25) 0. 1 n 2
1237 52 10.78 0.94 697.8(7) 0.105(15) 5 n 2
1242 50 12.72 0.68 31.7797(27) 0.664(18) 1, 5 n 2
1270 43 12.73 0.58 1, 5 n
1282 40 13.33 0.56 1, 4, 5 y 0.360452(8)a [all; B] 0.05 −19.2 AH Cnc

0.360452(8)a [all; V ] 0.05 −21.9
a Period does not correspond to the highest peak in the computed periodogram.
b Folded light curves do not look convincing.
c This system is a triple system; the period listed is for the inner binary.

interchanges minima. The period of 0.22072 days coincides
with a nearby peak of similar height. U data were only ob-
tained during run 5 and cannot provide an equally precise
period. In Fig. 3 the light curves are folded on the double
period of 0.44144 days.

A light curve folded on the period given by Gilliland
et al. shows that this period cannot be correct for the
epoch of our observations. Since Gilliland et al. do not
specify the error in the period, we cannot tell whether the
period has changed significantly.

We see no significant changes in any of the colours
U − V , B − V or V − I.

3.1.2. Spectroscopic binaries

We note that the light curves of the spectroscopic bina-
ries are given as function of orbital phase where phase 0
corresponds to the moment of maximum positive radial
velocity of the primary star (primary receding).

S 999 The B and V data of the first run show variabil-
ity with a semi-amplitude of ∼0.03 mag. Only the period
found in the B data has a false alarm probability smaller
than 1%. The highest peak in the periodogram is found
at 4.6 ± 1.0 days (Fig. 2), but this period does not pro-
duce a smooth light curve. We suggest that the peak at
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Fig. 2. Periodograms for the variable stars. The arrow indicates the photometric period or half the photometric period listed in
Table 2. The dotted line marks the position of the orbital period for S 1070, S 1077 and S 1113, half the orbital period for S 999
and the position of the period as predicted by Kurochkin (1979) for S 1282. The horizontal errorbars give our estimate for the
uncertainty in the period.

4.6 days is a harmonic of photometric variation on or near
the orbital period of 10.06 days. Note that the duration
of the first run was 10 nights, so our period search does
not extend up to the orbital period. Gilliland et al. (1991)
report a period of 9.79 days (no error is given) with an
amplitude of only 0.013 mag.

In Fig. 4 we fold the B and V data on the orbital pe-
riod. According to the orbital solution of Mathieu et al.
(1990), the minimum brightness occurs around orbital
phase 0. The B − V colour does not vary significantly.
S 1070 A period of 2.6 ± 0.1 days is detected in the B
and V light curves of run 3 with a semi-amplitude of the
variation of ∼0.03 mag.

The photometric properties of S 1070 have changed
with respect to run 1. If the variations seen in the third
run (σ ≈ 0.014 mag in V ) were present in the first run,
they would have been detected.

In Fig. 4 all data of run 3 are folded on the orbital
period which is compatible with the photometric period.
The photometric minimum occurs around orbital phase
0.1–0.2 (ephemeris from Latham et al., private communi-
cation). The V−Gunn i colour curve shows periodic vari-
ations with a semi-amplitude of ∼0.03 mag such that the
star becomes bluer as it gets brighter.
S 1077 All light curves of this star are marked as vari-
able except for the U and B data of run 5, probably
due to the reduced sensitivity of run 5, and the V and I
data of run 1. The latter can point at a real absence of
variation as could be the case in S 1070; the variations
of run 3 (σ ≈ 0.018 mag in V ) were not seen in run 1.

In the periodograms of the combined data peaks with a
false alarm probability smaller than 1% are found near 0.6
and 1.3 days. However, when folded on these periods, the
light curves do not look smooth. Therefore we also ana-
lyzed data of the different runs separately. Only the light
curves of run 3, with the highest precision, look smooth
when folded on the periods of about 1.4 days (see Table 2)
which have a false alarm probability smaller than 1% only
in B, V and Gunn i. This period does not correspond to
the highest peak in the V periodogram, which is found at
0.60 days. The semi-amplitude of the variation is small,
∼0.03 in V .

The photometric period is compatible with the orbital
period; we consider the latter to be the true period for the
photometric variability. The data of run 3 are folded on the
orbital period in Fig. 4. The photometric minimum occurs
around phase 0.9–0. The colours do not vary significantly.

S 1113 As already noted by Kaluzny & Radczynska
(1991) this star is a photometric variable. In our obser-
vations, the B and V data cover the longest timespan and
can therefore provide the most accurate photometric pe-
riod. The periodogram is computed for 25 000 periods to
make the period bins smaller than the accuracy of our pe-
riod determination (0.001). The periodogram (see Fig. 2)
again shows fine structure with a spacing as expected from
the two-year gap between runs 1 and 5. The maximum
peak indicates a period of 2.833 ± 0.001 days, which is
not compatible with the orbital period. The orbital period
corresponds to a neighbouring peak in the periodogram at
2.822± 0.001 days (in V ; 2.823± 0.001 days in B). Given
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Fig. 3. Light curves of the two contact binaries S 1036 (EV Cnc) and S 1282 (AH Cnc) folded on the newly derived periods (see
Table 2). Data from different observing runs are marked with different symbols: open circles for run 1, filled circles for run 4
and open triangles for run 5.

the lack of significant difference in peak heights, the pho-
tometric and orbital periods may be the same. Therefore,
the light curves in Fig. 4 are folded on the orbital period.
For the B light curve we find a similar result. The peri-
ods found in the U and I band are compatible, but less
accurate (see Table 2).

Data taken during different runs at the same orbital
phase give rise to scatter in the light curve, as seen in
the top panel of Fig. 4. This could be explained if the
amplitude, phase and/or the period of the variability has
changed between the runs. When analyzed separately, the
light curves of run 1 and 2 give a period of 2.8± 0.1 and
2.83± 0.03 days, respectively; the uncertainty is too large
to detect a period change. Assuming that the photometric
period is the orbital period we conclude that the ampli-
tude or the phase of the variations has changed, either of
which is possible if the variation is caused by a star spot.

We show separately the light and colour curves from
runs 1 and 3 in the lower panels of Fig. 4. The colour
variation is significant only in V − I in run 1 and B − V
and V−Gunn i in run 3, such that the star becomes bluer
as it brightens.

3.1.3. S 1112

The data of the first (B, V, I) and second (V ) runs show
variability but only in the B and V light curves do we

find significant periods of 2.7± 0.2 and 2.65± 0.03 days,
respectively. In Fig. 4 the data are folded on the latter
period. The amplitude of the variation is again small,
only ∼0.04 mag. Weak colour variations are only seen in
V−Gunn i and appear to be in phase with the light curve;
the star becomes bluer as it brightens. No information on
binarity from radial-velocity measurements exists for this
star.

3.2. Non-periodic variable: S 1063

Photometric variability of this star up to 0.18 mag was in-
ferred by Racine (1971) from the differences between pub-
lished values of the magnitude. Rajamohan et al. (1988)
and Kaluzny & Radczynska (1991) also noted its variabil-
ity, but only the latter provide light curves (for Dec. 9 to
15 1986, see Fig. 5). This binary was included in all our
runs except the second. The light curves of run 1 and 3
clearly show variability (see Fig. 5) on a long time scale.
The variability during run 1 is similar to that observed
by Kaluzny & Radczynska. The longest interval of contin-
uous observation was eighteen consecutive nights during
run 3, which is almost the length of the orbital period
(18.39 days). Therefore during any one run we could not
have established periodicity on the orbital period.

Data from run 1 and 3 were combined to look for peri-
ods up to 18 days. The highest peaks in the periodogram
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Fig. 4. Light curves of S 1112 (folded on the photometric period) and of S 999, S 1070, S 1077 and S 1113 (folded on the orbital
periods; see Table 2). Data from different observing runs are marked with different symbols: open circles for run 1, filled triangles
for run 2, open squares for run 3, filled circles for run 4 and open triangles for run 5.

are found between 17 and 18 days, all with a false alarm
probability smaller than 1%. However, the folded light
curves show no convincing periodicity. Therefore, no ac-
tual period is specified in Table 2.

The amplitude of the variation increases towards the
blue.

4. Discussion

We have studied the optical photometric properties of
X-ray sources in M 67. Eight photometric variables, in-
cluding three new variables, were found among the twenty
two sources that are discussed in this paper. In all cases

the amplitudes of the variations are small, ranging from
0.03 to 0.4 mag in V .

The light curves of the two contact binaries S 1036 and
S 1282 arise through partial eclipses and ellipsoidal varia-
tions of the tidally deformed stars. Their X-rays are be-
lieved to be emitted by the hot coronae of the magnetically
active components.

The primary and secondary eclipses of contact binaries
usually are of similar depth. This has been interpreted
as evidence that both stars have almost the same tem-
perature, which in turn is evidence for energy exchange
between the two stars in contact. Unequal depths of the
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Fig. 5. Light curves and colour curves of S 1063. Data from
different observing runs are marked as in Fig. 3. The data from
Kaluzny & Radczynska (1991) of Dec. 9–15 1986 are included
on the left; the brightness variations are defined with respect
to the mean magnitude of the lightcurve.

primary and secondary eclipses then implies different tem-
peratures for both stars, i.e. poor thermal contact. The
thermal contact can be suppressed when the system be-
comes (semi-)detached. It has been suggested that such
phases of poor thermal contact occur periodically in con-
tact binaries (Lucy & Wilson 1979). In view of this in-
terpretation it may appear surprising that we see unequal
eclipses but no evidence of colour i.e. temperature varia-
tions in S 1036.

S 1036 is interesting as either an immediate progenitor
of a contact binary, or because it is in the semi-detached
phase of the thermal cycle of a contact binary. The upper
limit on the colour variations in S 1036 is about 0.05 in
B−V (Fig. 3). Radial-velocity measurements are required
to determine the evolutionary status of this system and
to convert the upper limit to the colour variations into an
upper limit on temperature difference.

The small amplitude of the S 1036 light curve indicates
either a small inclination or an extreme mass ratio (e.g.
Rucinski 1997). In a volume-limited sample of contact bi-
naries, Rucinski (1997) found that only two among the
98 systems have light curves with unequal minima. One
of those two also has a relatively small amplitude of vari-
ation of about 0.25 mag.

Another feature of W UMa light curves associated with
unequal eclipses is that at first quadrature (phase 0.25) the
star is brighter than at second quadrature (phase 0.75).
This has been explained with a hot spot on the secondary,
possibly as a result of mass transfer in a semi-detached
system (e.g. Rucinski 1997). This effect is also visible in
S 1036.

Within the two years of our observations we see evi-
dence for variability of the light curve of S 1282: the sec-
ondary minimum of run 1 appears to be less deep and
flatter than observed in run 4. A similar variation was
seen by Gilliland et al. (1991) who noted that in their ob-
servations of 1988 the secondary eclipse had a flat shape,
while the observations by Whelan et al. (1979) done from
1973 to 1976 showed a rounded secondary minimum. The
timescale of these variations is indicative of the presence
of spots.

The light curves of the periodic variables S 999, S 1070,
S 1077 and S 1113 display only one maximum per cycle.
S 1113 and S 1070 also show colour variations in phase
with the brightness. For all four systems there is indica-
tion for variability in the light curves. The amplitude of
the variation in S 999 is different in our observations and
those of Gilliland et al. (1991); in S 1070 and S 1077 there
has likely been a change between run 1 and run 3 and in
S 1113 between run 1 and 2. The short timescale of this
variation is an indication of brightness modulations by
spots. Remarkably, in all cases the photometric minimum
occurs around orbital phase 0. We have no explanation for
this.

All four systems are spectroscopic binaries with pho-
tometric periods compatible with the orbital period. The
circular orbital periods, their X-ray luminosity, and the
Ca II K emission in the case of S 999, S 1077 and S 1113
(Pasquini & Belloni 1998; van den Berg et al. 1999) make
these stars likely candidates for magnetically active sys-
tems due to one or both stars being tidally locked. This
was already suggested by Belloni et al. (1998) and our
light curves support their interpretation.

The light curve of S 1112 shows low-amplitude periodic
light and colour variations similar to those seen in these
four binaries. This star has not been monitored for radial-
velocity variations but the X-ray luminosity and the light
curve are typical for magnetically active systems which
suggests that S 1112 is a binary with an orbital period of
about 2.65 days.

We do not understand the variability that we observe
for S 1063. The source shows spectroscopic signatures of
magnetic activity (van den Berg et al. 1999). However,
if one of the stars in this binary would be corotating
near periastron, we expect a rotation period of 14.6 days
(Eq. (42) of Hut 1981) which is excluded by the observa-
tions of run 3. We conclude that either the star does not
vary periodically or that the period of variability is longer
than 18 days. More observations covering a longer times-
pan are required to understand the nature of the variabil-
ity. Our findings are in contrast with the suggestion by
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Kaluzny & Radczynska (1991) that S 1063, as well as
S 1113, are highly evolved W UMa-type binaries.

5. Conclusion

Of the twenty two X-ray sources in M 67 that we dis-
cuss, sixteen are spectroscopic binaries with known or-
bital periods. Our survey for optical photometric variables
among these X-ray sources has established eight variables.
Seven of these are among the sixteen binaries, the bi-
nary status of the eighth, S 1112, is not yet known. In
addition, Gilliland et al. (1991) observed periodic optical
variation in three more of the X-ray binaries with ampli-
tudes too low to be detected by us: S 1019 (semi-amplitude
0.015 mag), S 1242 (semi-amplitude 0.0025 mag) and
S 1040 (semi-amplitude 0.012) mag. Thus ten of the six-
teen X-ray binaries in M 67 are optical variables at the
>∼0.01 mag level.

Belloni et al. (1998) have suggested that rapid stellar
rotation resulting from tidal locking results in enhanced
magnetic activity and X-ray emission. Figure 6 shows the
visual magnitude versus orbital period of the spectroscopic
binaries. With the exception of S 1040 and S 1112, all vari-
ables have orbital periods less than 20 days and V > 15.
In all cases but S 1019 and S 1063, the photometric period
is equal to the orbital period or, in the case of S 1242, the
orbital period near periastron. Evidently tidal locking has
been established, leading to rotation of at least the pri-
mary star that is more rapid than typical for solar-mass
stars at 4 Gyr. Thus our results establish a key premise
of the Belloni et al. (1998) picture for the X-ray emission.
Furthermore, if the cause of the observed optical variabil-
ity is indeed spot modulation of the observed flux, then
the presence of the required large spots is consistent with
enhanced magnetic activity in these stars. The X-ray emis-
sion and optical variability properties of S 1019 and S 1063
require further investigation.

Three binaries were not detected as variables despite
their short orbital periods. S 972 is the faintest of the bi-
nary sample at V = 15.37, and so its variability may
have gone undetected. The X-ray luminosities of S 1045
(Porb = 7.6 days) and S 1234 (Porb = 4.3 days) are among
the lowest of the binary X-ray sources and indicate low
activity levels; this can explain the absence of optical
variability due to spots. Rajamohan et al. (1988) have
noted S 1234 as a possible optical variable (semi-amplitude
∼0.16 mag) which suggests that time-variability of the
spot phenomenon can also explain the absence of optical
variation.

The interpretation of S 1040 and of the remaining three
X-ray binaries S 760, S 1072 and S 1237 may be the most
challenging. All have long orbital periods. Given their
wider separations tidal locking is not expected and so the
consequent stellar rotations may be characteristic of sin-
gle stars. As such, their lack of large spots and consequent
photometric variability is not a surprise. Nonetheless,
these binaries are X-ray sources. Their X-ray emission re-
mains to be explained.

Fig. 6. Visual magnitude versus orbital period of the M 67 bi-
naries detected in X-rays. The size of the symbol is a mea-
sure for the logarithm of the X-ray luminosity (0.1–2.4 keV, in
erg s−1) as indicated in the figure. Eccentric binaries are in-
dicated with triangles, binaries with eccentricities compatible
with zero (within the 3σ error) with circles. Filled symbols are
systems for which we detected photometric variability. S 1112
is indicated with a filled square.

No large radial-velocity variations were found for S 775
and S 1270 (σ is 0.9 km s−1 in 12 observations spanning
5200 days and 0.7 km s−1 in 7 observations spanning
800 days, respectively, see Mathieu et al. (1986)); if these
stars are binaries their periods must be relatively long.
Thus their X-ray luminosities, as those of S 364, S 628 and
S 1027 for which no radial-velocity information is avail-
able, remain unexplained.
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