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ABSTRACT

Based on over 300BV images of M4 collected in years 1995-2009 we obtain lighvesiof
22 variables, 10 of which are newly detected objects. Wetifyefour detached eclipsing binaries
and eight contact binaries. Accurate periods are found Ifdyua two variables. Nineteen variables
are proper-motion members of the cluster, and the remaitireg are field stars. Five variables are
optical counterparts of X-ray sources. For one of the vdemlinassociated with X-ray sources we
report a flare lasting for about 90 min and reaching an amg#inf AV = 0.11 mag.

One of the new contact binaries has a record-low mass @t00.06. Another four such
systems show season-to-season luminosity variationsaptphlelated to magnetic activity cycles,
whose lengths are surprisingly similar to that of the sojete despite a huge difference in rotational
periods. The location of contact binaries on the color—ntage diagram of M4 strongly suggests
that at least in globular clusters the principal factor dimgbEW systems to form from close but
detached binaries is stellar evolution. We identify 46 kdmnel yellow stragglers in M4 and discuss
their properties. We also derive a map of the differentialrestion in the central part of M4, and
determine the reddening of a selected reference regioB—V) = 0.392 mag.

Key words: globular clusters: individual: M4 — blue stragglers — bines: eclipsing — Stars:
variables: general

1. Introduction

M4 = NGC 6121 is located about 1.8 kpc away from the Sun (Kajwetral.
2013 and references therein) in an uncrowded stellar fieédd@alactic latitude of
+16 deg. These parameters coupled with its low concentrétiome and half-light
radii of 1'2 and 43, respectively, Harris 1996, 2010 edition) make it an ea®y a
attractive target for detailed studies, in particular, fosearch for variable stars.
The online catalog of Clemeset al. (2001 updated in 2009) contains 80 variables
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found in the M4 field, of which 50 are either unquestionablékaly RR Lyr stars.
The CASE group conducted an extensive search for detachgdieg binaries

in M4, and a detailed analysis of three such system has fgdee¢n published
by Kaluznyet al. (2013). In two earlier contributions (Kaluzny, Thompsordan
Krzeminski 1997, Mochejsket al. 2002) we reported the detection of 15 variables
which were located in the blue-straggler region or near th@rmequence (MS) on
the cluster color—-magnitude diagram (CMD). The presenepépa continuation
of those studies.

We present the results of the analysis of over 3B&Images collected at Las
Campanas Observatory in the years 1995-2009. Section 2insrat brief report
on the observations and explains the methods used to dalitira photometry.
Section 3 is devoted to a measurement of the differenti&etkdon across the M4
field along with the reddening& (B —V) of a selected reference region. The new
variables are described in Section 4, and Section 5 is dévota discussion of
the population of blue/yellow straggler stars in M4. A sunmnaf the paper is
contained in Section 6.

2. Observations and Photometric Reductions

The cluster was observed on the 2.5-m du Pont telescope pglipith the
TEK5 2K? CCD camera. All images were taken with the same set of filters a
a scale of 259 per pixel. Most of the frames cover arB8x 8:84 field cen-
tered 44 south and 147east of the cluster center. Observations aimed at cover-
ing eclipses of some binary systems involved a subfield'8# 8.4'42 centered
31”south and 36east of the cluster center. These subrastered images tabasti
about half of the observations. A detailed log of the obs#oma is accessible at
the CASE web pade

The data were collected on 51 nights between UT June 1, 199%anjune
30, 2009. The images were takerMandB filters at a median seeing of' @9 and
1707, respectively, with average exposures of 47 3fand 102 s foB.

In total, we obtained 2447 useful framesVrand 672 inB. The light curves
were extracted with a modified version of the image subtwaatitility 1SIS V2.1
(Alard and Lupton 1998, Alard 2000). The step involving npigation of images
was performed using the IRARasksimmatch.geomap andimmatch.geotran in-
stead of thenterp routine from the I1SIS packag®AOPhot, Allstar and Daogrow
code (Stetson 1987, 1990) was used to extract the profileoptaity of point
sources and to derive aperture corrections for referenagé@s. The reference
image inV was constructed by combining eight individual frames taéea after

Lhttp://case.camk.edu.pl

2|RAF is distributed by the National Optical Astronomy Obsapry, which is operated by the
Association of Universities for Research in Astronomy,.Jnmder a cooperative agreement with the
National Science Foundation.
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another, each exposed for 19 s. A total of seleframes were combined, each
exposed for 60 s. The seeing for the reference imag&sandB was (.66 and
0”78, respectively. For the analysis, each frame was divideml 4x 4 or 4x 2
segments to reduce the effects of PSF variability.
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Fig. 1. Photometric measurements of stars in the M4 fieldadgtad deviation is plotteds. average
V-magnitude.

The light curves derived with ISIS were converted from difigtial counts to
magnitudes based on profile photometry and aperture camnsctetermined sep-
arately for each segment of the reference images. Instriaharagnitudes were
transformed to the standaBV system as described in Section 2.1. Thbeand
light curves were extracted for 15 240 sources. A plot ofrthe of the individual
measurementgs.average magnitude for all of the sources is shown in Fig. & Th
photometric accuracy is about 4 mmagvat= 16.0 mag, decreasing to 49 mmag
atV = 20.0 mag, and to~ 100 mmag atv = 22.0 mag. We note that depend-
ing on exposure time and seeing, some images of stars with<1¥ < 16.0 mag
were saturated. The light curves of these objects weredérdiltered to remove
points affected by saturation. All stars with < 14.7 mag were overexposed on
the referenc& image, making the study of their light curves impossible.

2.1. Calibration

Accurate calibration of the photometry was essential ferdhalysis of three
detached eclipsing binaries described by Kaluetwl. (2013). To achieve the
required accuracy, selected Landolt standards (Land@®2)19ere observed on
several nights in different seasons. Two of those obsematproved to be of par-
ticularly high quality thanks to good seeing and stablegpamency. On UT May
2, 2002 we observed 22 standards from five Landolt fields (soetds were ob-
served several times at different airmasses). In totaB &dV measurements at
air masses .07 < X < 2.00 were collected. On UT May 5, 2003 we observed 39
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standards from seven fields. Again, some fields were obsenggd than once,
totalling 84B andV measurements at air masse86l< X < 1.94. Aperture pho-
tometry was extracted witDAOPhot, and total magnitudes were derived using
Daogrow (Stetson 1987, 1990). Standard magnitudes of starsLandolt fields
were taken from the catalog of Stetson (2000, January 20lideoedition). The
following linear transformation from the instrumental (@nsymbols) to the stan-
dard system was derived for UT May 5, 2003:

v=V —0.011224) x (B—V)+0.112940) x X 4 const 1)
b=B-0.058027) x (B—V)+0.205439) x X + const 2
b—v = 0.952022) x (B—V) +0.097933) x X + const (3)

Fig. 2 shows residual differences between standard andessd magnitudes and
colors, withrmsvalues of 0.0091 mag, 0.0086 mag and 0.0071 may/f&@ and
B—V, respectively. The residuals do not show any systematiermfignce on the
color index. On the same night several frames of the M4 fielcevesllected at
X = 1.0 with sub-arcsecond seeing. These data were used to obtadalibrated
BV photometry of the cluster.
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Fig. 2. Residuals resulting from the transformation defibgdEqs. (1)—(3). Difference between
original and recovered magnitudes of Landolt standard steg plotted as a function of color.

For the night of 2 May 2002, we obtained

0=V —0.013325) x (B—V)+0.122530) x X -+ const @)
b=B-0.065827) x (B—V)+0.208032) x X -+ const (5)
b—ov = 0.943631) x (B—V)+0.090437) x X +const (6)
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The rmsvalues of the residuals are 0.0077 mag, 0.0077 and 0.0090 forag
V, B and BV, respectively. As in the previous case, the residuals dshoiv
any correlation with color. On the same night M4 was obseated = 1.25 with
sub-arcsecond seeing. Calibrai®d photometry was derived for cluster stars and
compared to that from May 5th, 2003. We find that color termiheftwo transfor-
mations agree with each other to within about one sigma. Vamge differences
of magnitudes and colors calculated for 4& < 19 mag aredV = —0.0132 mag
andd(B—V) = —0.0104 mag, with 2002 magnitudes brighter and colors redder.
The zero points of the finally adopt®&Y photometry of reference images were cho-
sen as the averages of zero points defined by 2002 and 2008 wétoy. The whole
observed field contained 83 secondary standard stars frerodtalog of Stetson
(2000). The average residuals for these stars¥te- +0.0164+0.0091 mag and
A(B—-V) = 0.0235+ 0.0071 mag, with our magnitudes brighter and our colors
bluer.

3. Extinction and Color—Magnitude Diagram

The interstellar extinction exhibits a significant varigiacross the M4 field
(Cudworth and Rees 1990). Maps of differential redderd&gB — V) were de-
rived by Mochejskeet al. (2002), and more recently by Hendricks al. (2012)
and Monelliet al. (2013). Hendrickset al. (2012) also show that the redden-
ing law for the line of sight toward M4 has the fordy, /JE(B—V) = 3.76, and
that the average reddening in a circle with drb@ius around the cluster center is
E(B—V)=0.37+£0.01 mag.

The quality of our photometry is high enough to attempt atratependent de-
termination of differential reddening in the observed fialde follow the approach
developed by Kaluzny and Krzeminski (1993) in an analogtuysof the globu-
lar cluster NGC 4372, which later on was reinvented by séwsreer authors. The
basic assumption is that the intrinsic width of the printi@#D features (main
sequence, subgiant, giant and horizontal branch) is siwadl,that the cluster is
rich enough for these sequences to be densely populatedn@ynéhen divide the
observed field into segments and derive the differentiadeathg by shifting their
CMDs along the reddening vector until they match each otheredless to say,
such an approach works best when the cluster hosts just qnegpion of stars.

In the case of M4 we split the observed field into anmosaic of equal circu-
lar subfields with a radius of 85which were partially overlapping. The differential
reddening was derived in reference to a 35050 arcseé square template region
centered ala, d)2000 = (24589109 —26.49646 deg. The reddening in this area
is nearly uniform, as indicated by the narrowness of maiusace and subgiant
branch on the CMD. We cleaned the template of field stars ukmgroper motion
catalog of Zloczewsket al. (2012). From among the remaining cluster members,
only those populating main sequence and subgiant brancmamgaitude range 15
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mag < V < 20 mag were used for the analysis. The merit function usecto d
rive 0E(B—V) was defined as follows: i) Select a subfield. ii) For each teepl
star select from that subfield stars located closer than &g on the B—V, V)
plane. iii) Derive the average distance of those stars fleriegmplate star. iv) Sum
squared average distances over all stars from the temggit@. v) Minimize the
result as a function odE(B—V).
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Fig. 3. Differential extinctiondE(B —V) in the M4 field as a function of J2000 equatorial coordi-
nates.

Fig. 3 is a schematic map of the differential extinction dedi for the above
quoted reddening law of Hendriclket al. (2012). The map in a tabular form is
available in the electronic version from theta Astronomica ArchiveThe derived
values ofdE(B —V) range from—0.053 mag to+0.011 mag, with negative val-
ues corresponding to higher reddening. To correct the CMDBI4ffor the effects
of differential reddening we interpolatedE (B — V) for each star. The results of
this procedure are illustrated in Fig. 4, whose left panellides all stars measured
on B andV reference images. A sample of stars with< 14 mag and photometry
based on a few short-exposure frames taken at a seeing of abdiis shown
to indicate the location of the red giant and horizontal brees. The nearly ver-
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tical feature at(B—V) ~ 1 mag betweelv = 22 mag andv = 19 mag is com-
posed of stars belonging to Milky Way'’s bulge. The middleglahows the same
CMD corrected for differential reddening and cleaned ofecks with relatively
poor photometry, which we identified based on the analys\é afy andV /og_v
relations. In the right panel only proper motion members dfévle shown, selected
from the middle-panel sample. Note that the proper-motiemtmership survey of
Zloczewskiet al. (2012) is limited to stars brighter than 21 magvpand it is very
incomplete for bright stars with' < 13.5 mag.
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Fig. 4. CMD of M4. In the case of variable objects magnitudes eolors correspond to the phases
at which the reference frames were takereft: all stars, no correction for differential reddening.
Middle: stars with large errors in photometry are removed; remaissitars are corrected for differ-
ential reddeningRight: same as middle for proper motion members of the cluster (neeship was
determined folV < 21 mag only).

The reddening for the reference field was derived using thedgtinction glob-
ular cluster NGC 6362 as an intermediary. For the latter waiabdBV photom-
etry using the same equipment and the same methods as eéesabbve. For
both NGC 6362 and the reference field of M4 we measured aveBage colors
at the turnoff, obtaining 404+ 0.0004 mag {ms= 0.0113 mag, 665 stars) and
0.843+0.001 (rms=0.0099 mag, 85 stars), respectively. The difference in tdrnof
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color, equal to B03+0.001, can result from differences in reddening, metallic-
ity and age between the two clusters. According to Dadteal. (2010), M4 and
NGC 6362 are coeval at about 12.5 Gyr. This finding is confirtnedur data, since
the CMDs of the two clusters match very well when offs&{8 —V) = 0.303 mag
andAV = 1.97 mag are applied.

Three independent surveys (Zinn and West 1984, Carettéh 2009, Dotter
et al. 2010) consistently indicate that the difference in [Fe/ldivileen M4 and
NGC 6362 amounts to 0.10, with the latter being more metal lBased on Dart-
mouth Isochrones (Dottest al. 2008) we find that for an age of 12.5 Gyr, and
[Fe/H] = —1.1, a metallicity decreasA[Fe/H] = 0.1 causes the turnoff color to
decrease by 0.019 mag. According to Harris (1996, 2010aJitNGC 6362 is
reddened by 0.09 mag. This value seems to be a weighted aveff&iB —V) =
0.08 mag from Reed, Hesser and Shawl (1988) BifH —V) = 0.11+0.03 mag
from Zinn (1985), with both these estimates based on theiated cluster light.
The value we adopt results from the SDF map of the foregroeddening pub-
lished by Schlegedt al.(1998), which at NGC 6362 coordinates giveB—V) =
0.075 mag. According to Schlaflgt al. (2010), in regions of low reddening the
SDF values ofe(B—V) are overestimated by 14%. As a result the reddening of
NGC 6362 is reduced to 0.070 mag, and the reddening of ourléenieeld in M4
can finally be calculated &(B—V) = 0.070+ 0.303+ 0.019= 0.392 mag.

4. Variable Stars

We derivedVv-band light curves for 15 240 stars and examined them in &kear
for variable stars with AV and AOVTRANS algorithms (Schwarzenberg-Czerny
1996, Schwarzenberg-Czerny and Beaulieu 2006) implerdémtbe TATRY code.
Ten new variables were identified. Our field also contains Bjgas withV >
15.7 mag which were previously identified as variables V44-VBi.these V57
turned out to be constant. Following the numeration fromehdier CASE pa-
pers, we named the new variables V58-V56 and V68. Variablg d&cussed by
Kaluznyet al.(2013), is not included here because it is located outsiglelserved
field. Equatorial coordinates of all 22 confirmed variableslested in Table 1.

The astrometric solution for the reference imag&/iwas found based on po-
sitions of 273 UCACS stars (Zachariatal. 2010). The average residuals in RA
and DEC between cataloged and recovered coordinates anoodii®t0+ 0”13 and
070040713, respectively. Finding charts for V44-V56 can be foun&ailuzny
et al.(1997). The finding chart for V63 was published by Mochejskal. (2002),
who, however, did not detect its variability, and classifieab a blue object, named
B3. Based on the photometric data described here and ansesdespectroscopic
survey, variables V65 and V66 were examined in detail by Kajet al. (2013),
who also provide the relevant finding charts. The remaineges charts for the
new variables are presented in Fig. 5.



Vol. 63

Equatorial coordinates of M4 variables identified withie ffresent survey

Tablel

ID | RA(J2000)| Dec(J2000) ID | RA(J2000)| Dec(J2000)
[deg] [deg] [deg] [deg]
44 | 245.83760| —26.55700| 56 | 245.89282| —26.49887
46 | 245.94653| —26.53236 | 58 | 245.89228| —26.52629
47 | 245.85642| —26.48659| 59 | 245.91317| —26.49859
48 | 245.90328| —26.52891| 60 | 245.94794| —26.53663
49 | 245.89301| —26.53384 | 61 | 245.92637| —26.55500
50 | 245.88047| —26.53015| 62 | 245.88582| —26.60363
51 | 245.88830| —26.51918 | 63 | 245.86390| —26.54075
52 | 245.88111| —26.51607 | 64 | 245.83658| —26.51727
53 | 245.91034| —26.53635| 65 | 245.86826| —26.50608
54 | 245.96223| —26.57836| 66 | 245.88431| —26.52813
55| 245.94067| —26.52127 | 68 | 245.91071| —26.50860

Objects V45, V57, and V67 are not listed here as the first one
turned out to be constant, and the second one is locatedleutsi
the field analyzed in this paper.
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Fig. 5. Finding charts for variables V58-61, V62, V64, and8V&ach chart is 30on a side, with
North up and East to the left. See text for references to shmublished elsewhere.

To check on the effect of blending on the photometry of ouraldes, we ex-
amined HST/ACS images of M4 and the catalog of Andertal. (2008). V48 has
three close visual companions located at distance$ ?1@o 0’84. We measured
profile photometry for this quadruplet in the fixed-positimwde using positional
information extracted from the data of Anderseiral. (2008). The detached binary
V65 has two close visual companions at distances’@&Mand 0.57. Their pres-
ence was deduced from the ground-based data, but accucatérades could only
be determined based on HST/ACS photometry. The case of V58digaussed
in detail by Kaluznyet al. (2012). ThisV =~ 20.5 mag optical counterpart to the
X-ray source M4-CX1 (Bassat al. 2004) has a bright companion at a distance of
0”15 which we originally regarded to be the source of variapilA closer analysis
unambiguously showed that the fainter component of thedbiemesponsible for
the observed variations. As far as can be established basE&®/ACS data, the
images of the remaining variables are free from significdending problems.

The basic properties of the variables are listed in Tablef#® geriods in col-
umn 2 were derived with the help of the above mentioned codERFWAIn the
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Table?2

Basic data of M4 variables identified within the present syrv

ID P Vmax | B=V | AV | AE(B-V) | PM? Type?
[d] [mag] | [mag] | [mag] | [mag]

44 | 0.263584542(2) | 17.746| 0.987| 0.19 —0.020 Y EW

46 | 0.0871525535(3) 18.553| 0.287 | 0.05 —0.005 Y sdB

47 | 0.269874785(2) | 16.826| 0.815| 0.27 —0.005 Y EW

48 | 0.28269398(2) | 16.805| 0.812| 0.31 —0.005 U EW CX15

49 | 0.297443902(1) | 17.087| 1.290| 0.99 —0.007 N EW CX13

50 | 0.26599834(1) | 17.251| 0.830| 0.48 —0.006 Y EW

51 | 0.303682374(3) | 17.103| 0.870| 0.45 —0.001 Y EW

52 | 0.7785087(15) | 16.863| 0.950 | 0.13 —0.003 Y -

53 | 0.308448705(1) | 15.757| 0.594| 0.23 —0.007 Y EW

54 | 0.25244661(1) | 17.802| 0.951| 0.24 —0.008 Y EB

55 | 0.310703451(1) | 16.722| 0.809 | 0.41 0.001 Y EW

56 - 14.646| 1.154| 0.14 0.000 Y CX5 CX9

58 | 0.2628216(1) 20.38 - 0.35 —0.001 U CX1

59 | 0.71155962(4) | 20.296| 1.565| 0.41 0.000 Y EA

60 | 0.370342607(7) | 19.297| 1.206| 0.51 —0.005 Y EA

61 | 0.0413287(1) 15.683| 0.590| 0.01 —0.014 Y SX

62 | 0.04062724(10) | 19.074| 0.608 | 0.07 —0.040 N SX

63 - 17.670| 0.101| 0.03 -0.012 Y sdB?

64 | 0.040953844(9) | 18.439| 0.609| 0.05 —0.008 N SX

65 | 2.29304564(26) | 17.028| 0.903| 0.40 —0.006 U EA CX30

66 | 8.11130346(85) | 16.843| 0.878| 0.70 —0.003 Y EA

68 | 0.0380887(1) 15.238| 0.615| 0.01 0.000 Y SX

Notes:2 Membership status: Y — member, N — field star, U — unkndWBW — contact
binary, EB — close eclipsing binary, EA — detached eclips&imary, SX — SX Phe type
pulsator, CX — X-ray source from Basstal.(2004), sdB — hot subdwarf.

Variables V58-V66 and V68 are newly detected. Objects V&Y \é6i7 are not listed
here as the first one turned out to be constant, and the seoernd mcated outside the
field analyzed in this paper.

case of the eclipsing binaries thB { V) values in column 3 correspond to the
phase of maximum brightness. For the remaining stars wageoaedian B—V)
from all available measurements. Column 6 contains difféaécorrections to the
reference reddening of 0.392 mag. They are interpolated fiee map shown in
Fig. 3. The membership status in column 7 is taken from thpgrmotion study of
Zloczewskiet al. (2012). It is worth noting that in their Fig. 1 members of M&ar
very clearly separated from field stars. The classificatidh® variables as well as
associated X-ray sources discovered by Batsd. (2004) are given in column 8.
The optical variables were identified with X-ray sourcesdubsn positional coin-
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Fig. 6. CMD of M4 with positions of variables detected witlthe CASE program. Magnitudes
and colors of the variables are taken from Table.2, they either correspond to the phase of the
maximum brightness or are median values from all measurem8quares: detached binaries; trian-
gles: contact binaries; stars: SX Phe variables (field abj@e marked with “f”). Background dots:
non-variable stars selected from a small section of thergbddield to avoid crowding.

cidences. In all cases but one the identification was unamhbigy The exception
was V56, located between X-ray sources CX5 and CX9 which eparated by
1” 3. Positions of variables on the CMD of M4 are shown in Fig. 6.
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4.1. Eclipsing Binaries

The sample of variables includes thirteen eclipsing besariAll but one of
these are likely proper motion members of the cluster. Tple@rsedv/-light curves
are presented in Fig. 7. In four cases the light curve indEatdetached configura-
tion. Variables V65 and V66 are located at the cluster tdrndfdetailed analysis
of these two systems, including a determination of absqdatameters and ages,
was presented in Kaluzret al. (2013). The faint binary V59 is located 0.7 mag
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above MS which indicates that its mass ratio is close to unite light curve
of V60 shows noticeable curvature between the eclipsespiiethe rather short
orbital period of 0.37 d this system is undoubtedly detachElis conclusion is
based on a preliminary analysis of the light curve performéth the PHOEBE
utility (Préa and Zwitter 2005).

The remaining nine eclipsing variables are classified atacbibinaries (EW).
All but V49 have proper motions consistent with cluster menship. Two systems,
V50 and V54, show a particularly large difference betweendbpths of primary
and secondary eclipses. Such light curves are called E&-amd sometimes they
are observed in semidetached binaries. Since the ecligséS®and V54 are
partial, and the mass ratios are unknown, we cannot exchad¢hese two systems
are semidetached rather than contact. However, their ehaital periods favor the
second possibility (in particular, the light curves of V5@la/54 can be reproduced
assuming a contact configuration and modest mass ratiesoB).
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Fig. 8. Light curves of stars V44, V48, V50, and V55.

All but possibly one of the EW systems show season-to-seag@tions of the
average luminosity. Particularly large and systematicaioms occur at all orbital
phases in V44, V48, V50, and V55, where the whole light curages by more
than 0.1 mag (see Fig. 8). Analogous behavior is observedbih (gee Fig. 7),
but the changes are less systematic. Similar effects wpetesl and discussed by
Rucinski and Paczynski (2002) in an EW system observed gluhiree consecu-
tive seasons by the OGLE team, and it would be certainly wdrile to analyze
in this respect the sample of 569 contact binaries obserye@®LE during 14
seasons (Kubiak, Udalski and Szyfms&i 2006). Such luminosity variations can be
explained by magnetic cycles analogous to the Solar cytie.ld@ngth of the cycle
is about 5 years in V44, 8-9 years in V48 and V55, and more thaass in V50. It
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is interesting that while our EW systems rotate two ordemmafjnitude faster than
the Sun, their magnetic activity periods do not vastly diffem the solar period.
Finally, we note that several EW systems in M4 show evidenceibital period
variability, with particularly rapid changes occurring V47 and V50. A detailed
analysis of this effect is, however, beyond the scope of thegnt paper.

Our survey of the contact binaries in M4 leads to two inténgstonclusions.
First, that EW systems are absent among unevolved cluster. $Dn the CMD of
the cluster they begin to appear about 1 mag below the tyrab¥f ~ 17.8 mag
andB—V =~ 0.95 mag. These values correspondg = 5.0 mag andB—V )o =
0.55 mag, which at an age ef 12 Gyr implies primary masses of about 0.7:M
Moreover, five out of the seven contact binaries belonginthéeoMS are located
within = 0.3 mag from the turnoff, and not a single such system was datect
among 12246 stars with 1<V < 21 mag whose light curves we analyzed.
Fig. 1 makes it obvious that we would detect all EW variablesmltoV ~ 22 mag
with light curve amplitudes larger than 50 mmag. And indebdre are numerous
binaries in M4: the right panel of Fig. 4 shows a well populasequence paral-
lel to the MS which is most simply interpreted as a binary sege. These two
findings indicate that at least in globular clusters the @pal factor enabling EW
systems to form from close but detached binaries is stellalugon. A similar
conclusion results from the studies of variables in M55 (kaly et al. 2010) and
NGC 6752 (Kaluzny and Thompson 2009). Apparently, even rstostellar evo-
lution is more important in this respect than the frequeimiypked mechanism of
magnetic breaking; se=g, Stepié and Gazeas (2012) and references therein.

The second conclusion concerns the frequency of contaatibsamong evol-
ved MS stars in M4. W UMa variables of spectral types F—G araron in the
nearby thin disk population. Rucinski (2002) estimated thahe solar neighbor-
hood their frequency relative to the MS is as high as 0.2%n#ilar frequency was
found for the thick disk population by Nef and Rucinski (2Dp0& M4 we detected
seven contact binaries among 5652 upper MS stars with 4& < 18 mag. The
corresponding relative frequency of occurrencel, 20t 0.05%, is consistent with
that found for field stars.

The eclipsesin V48 and V53 systems are total (Fig. 7). Mockirend Doughty
(1972) demonstrated that the totality of eclipses in a aritmary allows for a re-
liable determination of two otherwise degenerate pararsetmass ratioq and
inclination i. We analyzed thé&/-light curves of V48 and V53 with PHOEBE,
obtainingg = 0.148 andq = 0.060 for V48 and V53, respectively. The latter re-
sult is very interesting as it sets a new record-low masse ragating SX Crv with
g= 0.066+ 0.003 measured spectroscopically by Ruciretikal. (2001). Mass ra-
tios that low pose a challenge for the current theory whigdptsq = 0.09— 0.08
as the lower limit for tidally stable contact binaries (Ra&B95, Arbutina 2012).
A detailed analysis of V48 and V53 is deferred to a separgteipa
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4.2. Other Variables

Variable objects V53, V61, and V68 belong to the group of tdtragglers dis-
cussed in Section 4.3. The first one was described above. erhaiming two are
pulsating stars of SX Phe type. They belong to the bluestl dfl4lstragglers and
are apparently located at the red boundary of the instglsilitp for M4 metallicity
of [Fe/H] = —1.16 (Harris 1996, 2010 edition). We note that the analysidwé b
straggler populations in several globular clusters wolllohaan empirical deter-
mination of instability strip limits for SX Phe stars as a @tion of metallicity. We
detected two additional SX Phe stars (V62 and V64), whictudwer, are field ob-
jects. Their observed magnitudes indicate that they amdakin the Galactic halo
or the outskirts of the bulge, far behind the cluster.
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Fig. 9. Time-domain and phased light curves of the variald2 W V-band.

The variable V52 is a proper motion member of M4. Located Oagno the
red of the main sequence, it can be called a red stragglerigllOFwe show its
time-domain and phased light curves. The average lumino$iv52 varies from
season to season. A superimposed periodic variability Witk 0.78 d is also
observed. Both the shape of the light curve and its cohereneethe interval of
14 years indicate that we are dealing with a binary star. Tieeoed periodic
modulation may be due to the ellipsoidal effect. On UT May@)&a flare of V52
was observed, lasting for about 90 min and reaching an amjel&V = 0.11 mag
(Fig. 9). Optical flares are often observed in close binakigis chromospherically
active components. The chromospheric activity should lmempanied by an X-
ray emission. However, none of the X-ray sources detectdddirby Basseet al.
(2004) coincides with V52. Since the variable is located.0 mag above the main
sequence, it cannot be composed of two main sequence stagIch, it deserves
a spectroscopic follow-up aimed at the determination afidsire.

The variable red giant V56 is a proper motion member of M4. As be seen
in Fig. 10, in addition to seasonal variations of the avelaggnosity it exhibits
a low amplitude variability on a time scale ef 10 days. The star may be as-
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Fig. 10. Light curves of the variable V56.

sociated with one from the close pair of X-ray sources detbdly Bassat al.
(2004). The optical variability of this object may indicate binary nature. If V56

is indeed a binary, then the rapid rotation of the giant conemb may result in sub-
stantial chromospheric activity and associated X-ray siois The star was iden-
tified as a radial velocity variable by Sommariegal. (2009, object No. 34848 in
their Table 4). Two radial-velocity measurements perfair@6 days apart yielded
66.75+0.12 km/s and 681+ 0.07 km/s. These values both confirm the variabil-
ity of V56 and prove that it is a radial-velocity member of M4.

The hot subdwarfs V46 and V63 are proper motion members of Bbth the
stars have blué&J — B colors (Mochejskat al. 2002). The binary nature of V46
was discussed in some detail by O'Toeleal. (2006). Our data show that the light
curve of this variable was very stable over the time intenfal4 years (Fig. 7).
TheV-band luminosity of the second subdwarf was systematidadiseasing from
17.71 magin 1995 to 17.68 mag in 2009, however we did not tatscperiodicity
in its light curve.

5. Blue and Yellow Stragglers

Our accurate photometry supplemented with proper motiombagships of
Zloczewskiet al. (2012) allows to select a very clean sample of blue and yel-
low stragglers (BSs and YSs) belonging to the cluster. Flgslows the relevant
region of the CMD, only proper motion members of M4 are shoviAor refer-
ence we also plot a 2.5 Gyr isochrone wiffe/H] = —1.2 from the Dartmouth
data base (Dottest al. 2008). To match the lower main sequence the isochrone
was shifted assuming a reddeni&gB — V) = 0.392 mag and distance modulus
DM = 1281 mag. This isochrone is a good fit to the lower main sequehb#&o
on our CMD. The sequence of BSs emerges from the main seque&hae the
cluster turnoff atv ~ 17.3 mag and extends %@ = 14.6 mag. It includes 38 BSs
with B—V < 0.81 mag and eight YSs located above the subgiant branch. Aritc
be seenin Fig. 11, masses of these objects range from 0.8Nb 1.4 M., where



Vol. 63 197

0.8 Mg, is the turnoff mass of M4 (Kaluzngt al. 2013 and references therein).
This estimate is based on the assumption that BSs and Y ®svftlle standard
relation between mass, color and luminosity.

0.4 0.6 0.8 1
B-V

Fig. 11. Color-magnitude diagram for proper motion memioéfgl4. Positions of blue and yellow
straglers are marked with triangles (fast rotators), esdlslow rotators) and large dots (objects with
unknown rotation rates). A 2.5 Gyr isochrone is also showith gtellar masses marked at selected
locations.

The stragglers are thought to originate either as produicteeoevolution of
close binary systems afia stellar collisions and direct merging (McCrea 1964,
Hills and Day 1976). The first scenario may lead to a coaleszefithe compo-
nents, but an end product in the form of a detached binarygngfrom the mass
exchange phase is also possible.

Coalescence should result in fast rotation of the mergedymb Lovisiet al.
(2010) obtained/ sini values for 20 BSs from M4. They found;sini > 50 km/s
for eight “fast rotators” and lower values & sini for the remaining 12 objects.
Our sample of stragglers includes 16 stars from Lovisi'sseur Seven of these
are fast rotators and proper motion members of the clustarisi’s BSs 2000121,
43765 and 2000085 correspond to V53, V61, and V68, resgdgtior the re-
maining objects withV,o;Sini > 50 km/s we found no evidence for photometric
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variability. Lovisi's BS 2000106 turned out to be a field stihe remaining eight
“slow rotators” from Lovisi’s list are proper motion memiseof M4. Fig. 11 sug-
gests that the fast rotators are relatively unevolved irsthrese of stellar evolution
(they belong to the bluest BSs). This in turn may suggestttiggt are products
of a recent (in case of V53 even ongoing) mass exchange imbayatems. This
conjecture can be verified by time-series spectroscopierebsons of our BS/YS
sample.

Eclipsing BSs have been found in several clusters, howdentembership
status remains to be established for many of them. Thoseagitfirmed cluster
membership include Algols NJL5 =V192 in Omega Cen (Nisal. 1978, Bellini
et al.2009), V228 in 47 Tuc (Kaluzngt al. 2007), and V60 in M55 (Rozyczket
al. 2013), as well as a number of contact systems. We have exdthi@@opulation
of contact binaries in seven clusters with proper motioradaifind that just 15 of
them are blue stragglers, of which 10 belong to the very naassid atypical cluster
Omega Cen (Kaluzny and Rozyczka, in preparation). We cdedlat in nearby
well studied clusters not more than a few percent of BSs digséreg binaries. M4
seems to follow this trend: among the 45 BS/YS in M4 there $$ @ine eclipsing
binary, the contact system V53.

The accuracy of our photometry is sufficient to detect peciedriability at a
milli-magnitude level for stars witlV < 17 mag and periods up to a few days, as
expected in close binaries with an ellipsoidal effect. Wéethto find any such
variability. However, this does not exclude the possipilitat the potential binary
stragglers are well detached. To verify such a hypothesiadil velocity survey
of M4 is needed, similar to the spectroscopic study of theopleh cluster NGC 188
which led to the detection of 15 binary blue stragglers withital periods ranging
from a few days to 10 days (Geller and Mathieu 2012). Eight binary BSs in
NGC 188 are SB1 systems whose secondary components havesrsatimated at
0.6 My (Geller and Mathieu 2012). It is natural to assume that sugjbots are
white dwarfs. Ifthis is true, then the essential factor mgible for the formation of
those blue stragglers must have been mass exchange. Oneandgnif binaries
hosting white dwarfs are present also among BS/YS in M4.

6. Summary

We monitored M4 photometrically from 1995 untill 2009, oiniag over 3000
CCD images of the cluster. OM-band photometry is accurate to within 5 mmag
at the turnoff ¥ = 17 mag), and to within 50 mmag ®t= 20 mag. The collected
data are accurate enough to measure the differential reuylé& (B — V) across
the surveyed field, which varies betwee.053 mag and+0.011 mag (with neg-
ative values corresponding to higher reddenindk(B — V) is specified with re-
spect to a reference subfield, for which we have folr({® —V) = 0.392 mag
using the low-extinction globular cluster NGC 6362 as aeiimediary. Account-
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ing for 8E(B—V) and using the membership catalog of Zloczewetlal. (2012),
we have derived a very clean color—magnitude diagram of M# sharply defined
principal features and a clearly visible binary main seaqeenVe also selected a
clean sample of a few dozen of blue and yellow stragglersn@proper-motion
members of M4, they can be used for a spectroscopic studyhwhight shed light
on the origins of these populations of stars.

We have obtained light curves of 22 variable stars, ten ofctvtdre newly
detected. Accurate periods are found for all but two vadgabNineteen variables
are firm or likely proper-motion members of the cluster. Amgahese there are
four detached binaries, seven contact binaries, two sulisiwane binary which
may be either semidetached or contact, and two SX-Phe pwsathe remaining
three cluster variables (V52, V56, and V58) are most likalyabes. The binary
nature of V56 is suggested by seasonal variations of theagedluminosity and
a low amplitude variability on a time scale ef 10 days. Such a behavior can
be expected from a red-giant primary, whose rapid synchusmotation results in
a high chromospheric activity. In the case of V52 a periodimdmation of the
luminosity with P ~ 0.78 d is observed, which may be attributed to the ellipsoidal
effect. The light curve of V58 was obtained by Kaluztal.(2012), who identified
this star with the X-ray source CX1 from the list of Baggal. (2004). They argue
that this system is composed of a neutron star and a low-n@mpanion which
has lost most of its hydrogen envelope.

Besides V58, another four cluster variables are either firntikely optical
counterparts of X-ray sources: V56 seems to be associatdd@X5 or CX9
from the same list, and the optical counterparts of CX13, &Xdnd CX30 are,
respectively, eclipsing binaries V48, V49, and V65. V52ads associated with any
known X-ray source, however on May 3rd, 2006 it flared for al@fumin with an
amplitudeAV = 0.11 mag. This type of activity also should be accompanied by
an X-ray emission. Among the three field objects which coneplee sample of
detected variables there are are two SX-Phe pulsators amwtaat binary.

We find that all but one of the contact (EW) systems show setisgrason
variations of the average luminosity with an amplitude ofenthan 0.1 mag. Such
behavior can be explained by magnetic cycles five to ten yeags Interestingly,
their periods are similar to that of the solar cycle despitauge difference in ro-
tation rates. Another interesting finding is that the contaaries appear exclu-
sively among evolved stars which suggests that at leastabutgr clusters the
principal factor enabling EW systems to form from close bettagthed binaries is
stellar evolution. The estimated frequency of occurrenfcEW systems in M4,
0.1240.05%, is consistent with the value of 0.2% observed in thersmayhbor-
hood. Two contact binaries with total eclipses, V48 and \W&8e very low mass
ratios ofq = 0.148 andqg = 0.060, respectively. The latter value poses a challenge
for the current theory, according to whiah= 0.09— 0.08 is the lower limit for
tidally stable contact binaries.
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The detached binaries V65 and V66, located at the turnoffevadditionally
subject to a thorough spectroscopic survey. Their detaitedysis including the de-
termination of absolute parameters and ages can be foundluziyet al. (2013).
The light curves of all variables as well as other data presein this paper are
available online ahttp://case.camk.edu.pl/results/index.html
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