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ABSTRACT

We present new time-series CCD photometry, in the B and V bands, for the moderately metal-rich ([Fe/H] ~ —1.3)
Galactic globular cluster M62 (NGC 6266). The present data set is the largest obtained so far for this cluster and
consists of 168 images per filter, obtained with the Warsaw 1.3 m telescope at the Las Campanas Observatory and
the 1.3 m telescope of the Cerro Tololo Inter-American Observatory, in two separate runs over the time span of
3 months. The procedure adopted to detect the variable stars was the optimal image subtraction method (ISIS v2.2),
as implemented by Alard. The photometry was performed using both ISIS and Stetson’s DAOPHOT/ALLFRAME
package. We have identified 245 variable stars in the cluster fields that have been analyzed so far, of which 179
are new discoveries. Of these variables, 133 are fundamental mode RR Lyrae stars (RRab), 76 are first overtone
(RRc) pulsators, 4 are type II Cepheids, 25 are long-period variables (LPVs), 1 is an eclipsing binary, and 6 are
not yet well classified. Such a large number of RR Lyrae stars places M62 among the top two most RR Lyrae-rich
(in the sense of total number of RR Lyrae stars present) globular clusters known in the Galaxy, second only to M3
(NGC 5272) with a total of 230 known RR Lyrae stars. Since this study covers most but not all of the cluster area,
it is not unlikely that M62 is in fact the most RR Lyrae-rich globular cluster in the Galaxy. In like vein, thanks
to the time coverage of our data sets, we were also able to detect the largest sample of LPVs known so far in a
Galactic globular cluster. We analyze a variety of Oosterhoff type indicators for the cluster, including mean periods,
period distribution, Bailey diagrams, and Fourier decomposition parameters (as well as the physical parameters
derived therefrom). All of these indicators clearly show that M62 is an Oosterhoff type I system. This is in good
agreement with the moderately high metallicity of the cluster, in spite of its predominantly blue horizontal branch
morphology—which is more typical of Oosterhoff type II systems. We thus conclude that metallicity plays a key
role in defining Oosterhoff type. Finally, based on an application of the “A-method,” we conclude that the cluster
RR Lyrae stars have a similar He abundance as M3, although more work on the temperatures of the M62 RR Lyrae
is needed before this result can be conclusively established.
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1. INTRODUCTION

By the early 1990s, it was widely perceived that most vari-
able stars that belong to Galactic globular clusters have by now
been discovered (Suntzeff et al. 1991). Indeed, Suntzeff et al.
estimated that only a few percent of the total population of
RR Lyrae variable stars remained to be discovered in globu-
lar clusters (p. 540). However, most of the pre-1990 studies
based their results on photographic photometry, which in many
cases appear not to have been precise enough to detect small-
amplitude variables. On the other hand, new techniques, based
on image subtraction algorithms, have been developed in the
last years, which are capable of quickly, efficiently and auto-
matically detecting star variations even in the most crowded
fields (e.g., Alard 2000; Bramich 2008). In fact, several studies
have reported substantial increases in the reported globular clus-
ter RR Lyrae populations using these techniques (e.g., Kaluzny
et al. 2001; Corwin et al. 2004; Zorotovic et al. 2009). It seems
that, contrary to what was previously thought, the sample of
RR Lyrae variables identified so far in Galactic globular clus-
ters is significantly incomplete, thus rendering further analyses,
based on high-quality CCD observations and image subtraction
techniques, well worth the while.
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NGC 6266 (M62) is a high-density (log p. = 5.34 L pc?),
highly reddened [E(B—V) = 0.47] cluster, and is also one
of the most massive in our galaxy, with My = —9.19 (Harris
1996). Located at just 1.7 kpc from the Galactic center, it has also
been classified as a possible post-core collapse globular cluster
by Trager et al. (1993, 1995)—a possibility which however was
not confirmed by Beccari et al. (2006) in their study of the radial
density profile of the cluster. Also worth mentioning is the fact
that the cluster currently ranks fifth in the number of millisecond
pulsars (Cocozza et al. 2008, and references therein).

The morphology of the cluster’s horizontal branch (HB)
shows a prominent blue component, in addition to a very
extended blue tail, reaching down to at least the main sequence
turnoff level (e.g., Caloi et al. 1987; Piotto et al. 2002). The
cluster is also known to be rich in RR Lyrae variables (Clement
etal. 2001, and references therein). These features are strikingly
similar to those of M15 (NGC 7078), perhaps the best-known
Oosterhoff type II globular cluster. Yet, M62 is more metal
rich by about 1 dex, with an [Fe/H] = —1.29, compared
with [Fe/H] = —2.26 for M15 (Harris 1996). Since there is
significant debate as to whether metallicity or HB morphology
plays the dominant role in defining the Oosterhoff types of
globular clusters (e.g., Clement 2000; Pritzl et al. 2002), M62
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can provide a very important constraint on whether metallicity
differences, at a fixed HB morphology, can by themselves
change the classification of an object from Oosterhoff type II (as
in the case of M15) to Oosterhoff type I (as is typical of globular
clusters with metallicity similar to M62’s, but with significantly
redder HB types).

The main time-series study of M62 available in the litera-
ture so far was carried out by van Agt & Oosterhoff (1959),
where extensive photographic observations were presented, and
periods derived for a total of 74 (out of 83) stars. More re-
cently, Malakhova et al. (1997) provided a list of 43 additional
RR Lyrae star candidates in the cluster, but without determining
their periods nor their detailed variability status. As a conse-
quence, 126 variable star candidates have been listed for the
cluster, 74 of which have known periods of variability (Clement
et al. 2001, and references therein).

Given the availability of high-quality CCD observations and
state-of-the-art image subtraction techniques, we expected to
find many new variable stars in the course of our new time-
series study of M62. Indeed, we were able to find more than
200 RR Lyrae stars in M62, in addition to a large number of
long-period variables (LPVs) and type II Cepheids (CplIl).

As reported in Contreras et al. (2005), the newly detected
RR Lyrae stars in M62 offer us important insight into the role
played by metallicity in defining Oosterhoff type, suggesting
that M62 is indeed an Oosterhoff type I (Ool) object, in spite of
its predominantly blue HB morphology, but in accord with its
fairly high metallicity.

The main purpose of the present paper is to provide the new,
extensive variability data for M62, upon which the prelimi-
nary results by Contreras et al. (2005) were based. We begin in
Section 2 by describing our data and reduction procedures. In
Section 3, we discuss how the variable stars were detected in our
data. In Section 4, we describe the results of a Fourier decompo-
sition analysis of the measured light curves. A color-magnitude
diagram (CMD) is produced in Section 5, where our approach to
account for the effects of differential reddening is also described.
In Section 6, we revisit the Oosterhoff type determination for the
cluster. In Section 7, we apply the “A-method” to study the He
abundance in the cluster, and in Section 8§ we provide a summary
of our results.

2. OBSERVATIONS AND DATA REDUCTIONS

M62 was observed in conjunction with M69 (NGC 6637;
M. E. Escobar et al. 2010, in preparation) and NGC 5286
(Zorotovic et al. 2009, 2010) as part of a long-term project aimed
at completing the census of (bright) variable stars in Galactic
globular clusters (Catelan et al. 2006). Time-series observations
in B and V were obtained with the Warsaw 1.3 m telescope at
the Las Campanas Observatory (LCO), in the course of seven
consecutive nights over the period 2003 April 6-13. The camera
used is the 8kMOSAIC camera, comprised of eight 2040 x 4096
chips, with a scale 0726 pixel ™! giving an observing area equal
to 35’ x 35'. The cluster was roughly centered on chip 2, and so
in this paper, we focus our analysis on this chip (which covers
a sky area of 8!8 x 17'8). The monitored field on chip 2 covers
most of the cluster area, as the tidal radius of M62 is estimated
at r = 8.95 arcmin (Trager et al. 1995) or » = 10.01 arcmin
(Beccari et al. 2006). The readout noise of the camera is 6-9 e~
(depending on the chip) and the gain is 6.3 ¢~ /ADU. A total
of 126 images in B and 126 in V were secured with this setup.
During the nights of the observations, the seeing was stable
enough with an average measured stellar point-spread function
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(PSF) on the frames of about 0798 FWHM. Exposure times
ranged from 100 s to 220 s for the B frames and 30 s to 90 s for
the V frames.

Observations of the standard fields PG+0918, PG+1323,
PG+1525, PG+1528, PG+1633, PG+1657, and Ru 152 (Landolt
1992) were obtained on the same nights, to calibrate the data
to the standard Johnson—Cousins photometric system. In order
to provide better sampled light curves, the Warsaw data were
complemented by observations obtained with the Cerro Tololo
Inter-American Observatory (CTIO) 1.3 m telescope in service
mode, using the ANDICAM 1024 x 1024 CCD, with a scale
07369 pixel~!, over the timespan 2003 April 24 to 2003 June
30. This additional data set consists of 42 images in each of B
and V and permitted us to extend the time interval spanned by
our observations up to about 3 months, very useful to pin down
periods and to search for long-term variability. The exposure
times in this case were 145 s for the B frames and 40 s for
the V frames. The seeing during these observations was on
average ~ 173, with stable and good photometric conditions.
However, no standard fields were observed with the CTIO
1.3 m telescope. The LCO images were pre-processed with
the Warsaw 1.3 m pipeline, so that no additional pre-reduction
steps were necessary. The preliminary reduction of the CTIO
frames, including bias subtraction and flat fielding, was carried
out using the standard IRAF® data reduction package.

Since no photometric calibration was obtained during the
CTIO run, we used the well-calibrated LCO set to link the CTIO
instrumental magnitudes to the standard Johnson system. With
this purpose in mind, we performed a cross-correlation between
the LCO and the CTIO catalogs, and then selected the best 50
stars in common that covered a sufficiently wide range in color
to prevent any residual uncorrected color trend. These selected
stars were then used to calibrate the CTIO data by means of a
least-squares fit.

We will provide further detailed information regarding our
calibration in Paper II (R. Contreras et al. 2010, in preparation),
when a detailed analysis of our derived cluster CMD will also
be provided. In any case, we note that our derived calibration
equations are well defined and have zero-point errors of only
about 0.006 mag in B and 0.011 mag in V, with similarly small
errors in the derived color coefficients.

3. VARIABLE STARS IDENTIFICATION
AND PERIOD DETERMINATION

Since the pioneering effort by Tomaney & Crotts (1996),
it became clear that the image subtraction technique is one
of the best tools for identifying variable stars in crowded
fields like globular clusters, due to its powerful capability of
comparing images after all non-variable objects have been
removed. We have selected the ISIS v2.2 package for this
purpose (Alard 2000). The ISIS reduction procedure that we
follow consists of several steps. (1) We transform all the frames
to a common coordinate grid, where the image taken with
the best seeing was chosen as astrometric reference; (2) We
select 10% of our frames with the best seeing conditions to
construct a composite, reference photometric image; (3) We then
subtract each individual frame from the composite image, after
convolving the latter so that both images end up having similar
PSFs. As the flux of non-variable stars on both images should

6 IRAF is distributed by the National Optical Astronomy Observatory, which
is operated by the Association of Universities for Research in Astronomy, Inc.,
under cooperative agreement with the National Science Foundation.



1768 CONTRERAS ET AL.

be essentially identical, such objects will disappear when one
image is subtracted from the other, and the remaining signal will
(ideally) come exclusively from variable stars; (4) We construct
amedian image of all the subtracted images (known as “var.fits”)
in order to enhance these weak individual (residual) signals, and
thus making variable star candidates more easily identifiable as
significant peaks in the median image; (5) Finally, profile-fitting
photometry is performed for each variable star candidate on the
subtracted images.

Periods were determined using the phase dispersion mini-
mization (PDM) method (Stellingwerf 1978), as implemented
in IRAF. PDM is a generalization of the Lafler & Kinman (1965)
technique, and essentially attempts to identify the phased light
curve that produces the minimum scatter in phase. We were thus
able to detect and confirm the existence of at least 245 variable
stars in the field of M62, including 209 RR Lyrae, 4 type II
Cepheids, 25 LPVs, 1 eclipsing binary, and 6 of uncertain na-
ture. Among the detected RR Lyrae, 133 are fundamental-mode
(RRab or RRO) pulsators, whereas 76 are first-overtone (RRc or
RR1) stars. We must stress that just one out of the eight Warsaw
1.3 m chips were analyzed, and so the total number of (undis-
covered) variable stars in the cluster is almost certainly higher.
Indeed, although the Beccari et al. (2006) profile suggests that
we should find ~ 98.6% of all cluster stars within 185" of the
cluster center, we find clear evidence for an excess of variable
stars whose properties are consistent with cluster membership
further out. More specifically, in chip 2 we find about four times
more variable stars outside 185" than predicted by the cluster’s
density profile. More details are provided in Section 5. The re-
maining chips will be the subject of a future paper, where the
possible existence of extra-tidal stars in this cluster will also
be examined. Finding charts for the M62 variable stars are pre-
sented in Figure 1.

We identified 66 of the 83 known variable stars discovered
in previous studies (see the online catalog by Clement et al.
2001, for a listing). Of the remaining 17 stars, we were unable
to confirm variability for 2 of them, whereas the other 15 stars
fall outside the fields that we have analyzed. On the other hand,
Malakhova et al. (1997) find an additional 43 stars that they
claim to lie in the instability strip of the cluster, and which are
accordingly RR Lyrae candidates. In our study, we were able
to confirm the variability of 27 among their 43 candidates, with
the remaining 16 stars being non-variable in our data.

Taking into account the 209 RR Lyrae stars detected in our
study and the 15 additional RR Lyrae stars listed in Clement
et al. (2001), which fall outside our studied fields, this gives
a total of 224 RR Lyrae stars that are known so far in this
cluster. For comparison, the most RR Lyrae-rich (in the sense
of total number of RR Lyrae stars present) globular cluster
known in our galaxy, M3 (NGC 5272), possesses a total of
230 reported RR Lyrae stars (Clementini et al. 2004), being
followed by w Centauri (NGC 5139), with a total of 178
RR Lyrae (Clement et al. 2001). Clearly, our detections place
M62 among the most RR Lyrae-rich globular clusters known,
and further analysis of the outer fields not included in our
study is not unlikely to give it the title of the most RR Lyrae
rich of all known globular star clusters (see also Contreras
et al. 2005). In terms of the specific frequency of RR Lyrae
variables, given by Sgr = Nrg x 10%47-5*Mv) "and using for the
cluster an My = —9.19 (as given in the Harris 1996 catalog,
2003 February update), one finds Sgg = 47.2, which is very
similar to the value Sgr ~ 46 originally reported by Contreras
et al. (2005), and which again confirms the fact that M62 is
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Figure 1. (a) Finding chart for the variable stars in M62, based on the Warsaw
1.3 m chip containing the cluster center. A zoom in around the dot-dashed region
is shown in the next panel. (b) Finding chart for the variable stars in M62. A
zoom in around the dot-dashed region is shown in the next panel. (c) Finding
chart for the variable stars in M62 (innermost region).

an extremely RR Lyrae-rich object, since there are at present
only nine clusters with higher known Sgrgr, again according to
the Harris catalog. In this sense, also noteworthy is the large
number of LPV stars detected in the M62 field, with a total of 25
variables, 18 of which appear to be likely cluster members (see
Section 5). According to the Clement et al. catalog, previously
the most LPV-rich of all globular clusters was w Cen, with a
total of 15 LPV stars. This suggests that M62 may also be the
most LPV-rich known of all globular clusters (again in the sense
of total number of LPV stars present).

While ISIS is very efficient in detecting variables stars in
crowded fields, it presents the drawback of providing light
curves in flux values relative to the composite frame. For this rea-
son, ISIS does not provide light curves in standard magnitudes,
and the composite image has to be processed independently
for this purpose. To put our light curves in standard magnitude
units, we followed the procedure recommended by Mochejska
et al. (2001), for those variable stars which could be reliably
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Figure 1. (Continued)

measured in the reference frame. More specifically, the variable
stars detected by ISIS were counteridentified with the B, V mas-
ter catalog of the reference frame, as obtained with DAOPHOT/
ALLFRAME (Stetson 1987, 1994). Then, following the same
procedure as in Mochejska et al., this allowed us to transform
the light curves from differential fluxes into magnitude units.

While DAOPHOT/ALLFRAME represents an excellent tool
to perform absolute photometry in the crowded regions found
in globular clusters, it is still often the case that the variable
stars located in the very crowded cluster center, as well as those
located near bright and/or saturated objects (or close to the
edges of the frames) will lack reliable photometry, even in our
best seeing (reference) images. Therefore, among our sample
of variable stars, 110 objects have differential flux light curves
only, either because we could not measure their magnitudes
on the reference frames, or because we consider that they lack
reliable DAOPHOT/ALLFRAME photometry due to one or
more of the aforementioned reasons.

Photometric properties and basic elements for the 245 vari-
able stars in our study are presented in Table 1. Column 1
indicates the star’s ID. Columns 2 and 3 provide the right as-
cension and declination (J2000 epoch), respectively, whereas
Column 4 gives our derived periods. Columns 5 and 6 list the
derived amplitudes in the B and V bands, respectively. Columns

7 and 8 give the intensity-weighted mean B and V values,
while Column 9 shows the magnitude-weighted mean color. In
Column 10, we provide our derived reddening values for indi-
vidual RRab stars (see Section 5 for more details), and finally
Column 11 indicates the star’s variability type. We assigned
a prefix “NV” to the newly identified objects, including the
variable star candidates (NV84-NV110) from Malakhova et al.
(1997). For the previously known 66 confirmed variables in our
field, we obtain revised periods based on our data alone, since
these new periods produce less scattered light curves than the
old ones. The exception are variables V4, V10, V11, V20, V23,
V27,V38,V43,V45,V50, V52, V62, V62, V64, V66, and V78,
where we adopt periods from the Clement et al. (2001) online
catalog, since they provide good matches to our data. Sample
light curves for the newly detected variable stars are shown in
the Appendix, whereas the complete set of light curves can be
found in the electronic version of the journal. The light curve
data are provided, in the machine-readable form, in Table 2.

3.1. Notes on Individual Variable Stars

V1, V3: periods for these stars are not provided in the online
Clement et al. (2001) catalog. The derived periods are based
on an analysis of the CTIO images, even though only the LCO
photometry is shown in the electronic version of the journal.
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Figure 1. (Continued)

V77, NV117, NV149, NV155, NV166, NV174, NV176,
NV178, NV186, NV197, NV202, NV204, NV207, NV225,
NV229: these are short-period RRc stars with seemingly vari-
able light curves. We have not been able to identify any source
of spurious error in our photometry that could affect these stars
in particular.

NV92, NV103, NV124, NV126, NV129, NV167, NV182,
NV200, NV203, NV211, NV220: the derived periods are based
on an analysis of the CTIO images, even though only the LCO
light curves, which present significantly less scatter but do
not constrain these stars’ periods as tightly, are shown in the
Appendix.

NV112,NV120,NV137,NV187,NV194: these stars present
several aliases and could not be detected in the CTIO data. The
periods adopted are the ones that appear most consistent with
an RRab type.

NV134, NV149: these stars present several aliases and could
not be detected in the CTIO data. The periods adopted are the
ones that appear most consistent with an RRc type.

NV159, NV169: these stars show a curious mismatch in the
light curves around phase 0.8 for the adopted periods. However,
the latter are confirmed on the basis of the CTIO data.

NV170: this star presents several aliases and an uncertain
classification.

NV215: this star’s light curve presents an unusual behavior
close to minimum light. A similar behavior is found in both the
LCO and CTIO data sets, though the latter is considerably more
noisy and contains fewer data points.

4. FOURIER DECOMPOSITION

In the Fourier decomposition method, the light curves of ab-
type pulsating stars are frequently fitted with a Fourier series of
the form

n
mag = Ag+ Y _ Ajsin(jwt +¢;) . (1)
j=1

where w = 27/ P. The light curve shape is then quantified in
terms of the lower-order (j = 2—4) coefficients A;; = A;/A;
and ¢;1 = ¢; — j¢1. In the case of c-type RR Lyrae, a
similar procedure is followed, but a cosine decomposition is
frequently used instead. In our study, we performed such Fourier
decomposition of the RR Lyrae light curves, using n = 10,
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Table 1
Photometric Parameters for M62 Variables
D R.A. (J2000) Decl. (J2000) P (days) Ap Ay (B) (V) (B—V)mag E(B-YV) Type
Vi 255.317419 —30.113051 0.5047 . . . . . RRab
V2 255.295900 —30.134135 10.59 1.164 1.054 14.408 13.418 1.036 CplL
V3 255.275491 —30.116931 0.4913 . . . . e . RRab
V4 255.273855 —30.126022 0.54113 1.382 1.068 16.889 16.109 0.820 0.511 RRab
A\ 255.277571 —30.105578 0.4920 1.363 1.082 16.861 16.121 0.772 0.442 RRab
\'% 255.310374 —30.068129 0.5640 1.235 0.946 16.799 16.044 0.785 0.462 RRab
V8 255.273122 —30.070173 0.5327 1.315 1.009 16.779 16.034 0.780 0.462 RRab
A\"%2(U 255.157448 —30.071484 0.53259 1.531 1.208 16.616 15.948 0.710 0.387 RRab
A28 255.156348 —30.080112 0.59823 0.994 0.749 16.651 15.921 0.746 0.369 RRab
V13 255.302296 —30.105842 0.3033 . . .. .. .. . RRc
\2(9) 255.279503 —30.088975 0.594 1.441 1.105 16.620 15.883 0.774 0.434 RRab
V17 255.296272 —30.086534 0.529 1.475 1.135 16.873 16.109 0.803 0.480 RRab
VI8 255.292820 —30.089474 0.5241 1.285 1.027 16.937 16.156 0.806 0.461 RRab
V19 255.298855 —30.096809 0.5227 . S .. . .. . RRab
V20 255.345754 —30.070601 0.47201 1.590 1.252 16.842 16.099 0.792 0.499 RRab
V21 255.337973 —30.092659 0.4502 1.651 1.301 16.990 16.267 0.781 0.497 RRab
V22 255.324073 —30.111547 0.5013 . . . . . RRab
V23 255.280529 —30.125258 0.44821 0.693 0.306 16.011 14.699 1.329 S RRab
V24 255.323323 —30.125505 0.5223 1.480 1.121 17.309 16.422 0.932 0.620 RRab
V25 255.353541 —30.134815 0.4459 1.691 1.292 17.463 16.626 0.890 0.596 RRab
V26 255.245931 —30.198522 0.3717 1.680 1.210 14.343 13.547 0.862 0.607 RRab
V27 255.302024 —30.131513 0.44916 1.703 1.382 17.183 16.361 0.869 0.562 RRab
V28 255.353523 —30.109435 0.4978 1.424 1.123 17.348 16.610 0.774 . RRab
V29 255.353458 —30.110630 0.5653 1.551 1.184 17.238 16.396 0.888 0.574 RRab
V30 255.285077 —30.165287 0.3041 0.565 0.422 17.308 16.502 0.813 . RRc
V31 255.289800 —30.154549 0.4855 1.577 1.271 17.496 16.590 0.954 0.655 RRab
V32 255.304371 —30.152469 0.5479 1.315 0.953 17.499 16.571 0.966 0.688 RRab
V33 255.300167 —30.147727 0.5736 1.273 0.973 17.600 16.620 1.009 0.688 RRab
V34 255.284474 —30.116560 0.5834 1.402 1.053 16.789 15.955 0.876 0.559 RRab
V35 255.267377 —30.108630 0.5292 1.271 0.975 16.942 16.153 0.822 0.499 RRab
V36 255.290154 —30.080264 0.6527 0.819 0.659 16.730 15.933 0.810 0.442 RRab
V37 255.286882 —30.113188 0.5844 RRab
V338 255.297099 —30.127381 0.77083 . . . .. . . RRab
V39 255.264623 —30.098901 0.6401 0.607 0.479 16.897 16.065 0.840 0.470 RRab
V40 255.264299 —30.102617 0.3012 0.622 0.531 16.790 16.124 0.673 . RRc
V41 255.265477 —30.103925 0.5590 1.078 0.801 16.909 16.112 0.821 0.482 RRab
v42 255.261784 —30.101339 0.2469 0.434 0.351 16.689 16.085 0.608 . RRc
V43 255.285001 —30.171389 0.56356 1.159 0.859 17.377 16.481 0.925 0.832 RRab
V44 255.289436 —30.148943 0.4456 1.471 1.122 17.631 16.724 0.954 0.681 RRab
V45 255.324166 —30.166686 0.51688 . . . . . . RRab
V438 255.276867 —30.151301 0.7432 0.934 0.725 17.108 16.185 0.940 0.571 RRab
V49 255.349296 —30.143648 0.5434 1.239 0.962 17.414 16.524 0.918 0.599 RRab
V50 255.394967 —30.123945 0.50264 . . RRab
V51 255.398036 —30.060953 0.2618 0.617 16.883 RRc
V52 255.328949 —30.165131 0.50538 . . . . e RRab
V53 255.268551 —30.143154 0.2731 0.654 0.502 17.296 16.512 0.794 . RRc
V56 255.315460 —30.081934 0.5616 1.164 0.857 17.089 16.249 0.864 0.520 RRab
V57 255.319997 —30.081330 0.5564 1.096 0.854 17.074 16.235 0.864 0.535 RRab
V58 255.272245 —30.106241 0.481 1.159 0.996 16.832 .. .. . RRab
V59 255.343055 —30.088719 0.5791 1.148 0.871 17.093 16.250 0.870 0.550 RRab
V6l 255.372598 —30.061961 0.2660 0.655 . 17.095 .. e . RRc
V62 255.380443 —30.085530 0.54807 1.235 0.958 17.048 16.230 0.845 0.519 RRab
V63 255.338601 —30.143041 0.6421 0.831 0.612 17.533 16.547 1.001 0.642 RRab
A\ 255.361610 —30.195524 0.47299 0.785 0.592 17.077 16.157 0.937 0.614 RRab
V65 255.275462 —30.077039 0.2523 0.485 0.397 16.705 16.086 0.623 RRc
V66 255.201993 —30.110297 0.33383 0.570 0.420 16.676 16.011 0.674 RRc
V69 255.343090 —30.084393 0.3136 0.556 0.417 16.996 16.249 0.754 . RRc
V72 255.245694 —30.144019 0.468 1.422 1.053 17.034 16.286 0.795 0.529 RRab
V73 255.238968 —30.144283 1.70 1.036 0.788 16.147 15.243 0.923 CplL
V74 255.297471 —30.129784 0.4667 . . . .. . RRab
V77 255.392629 —30.105263 0.319 0.531 0.405 17.240 16.427 0.820 .. RRc
V78 255.412564 —30.066713 0.62170 0.880 0.613 17.326 16.362 0.979 0.619 RRab
V80 255.276084 —30.089919 0.5962 0.914 0.645 16.985 16.090 0911 0.739 RRab
V8l 255.267912 —30.088047 0.5309 1.325 1.042 16.821 16.078 0.774 0.449 RRab
V82 255.291579 —30.133857 0.5648 0.835 0.642 17.291 16.479 0.826 0.483 RRab
V383 255.309339 —30.120442 0.4676 RRab
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ID R.A. (J2000) Decl. (J2000) P (days) Ap Ay (B) (V) (B—V)mag E(B-V) Type
NV8§4 255.271467 —30.134929 0.7312 0.636 0.461 17.003 16.111 0.900 0.523 RRab
NV85 255.276401 —30.139297 0.3196 0.484 0.432 17.189 16.365 0.826 RRc
NV86 255.282427 —30.095331 0.2913 0.565 0.433 16.795 16.112 0.690 . RRc
NV87 255.284966 —30.088009 0.6424 0.401 0.296 16.876 16.049 0.830 0.449 RRab
NV88 255.285771 —30.091009 0.5807 0.922 0.737 16.924 16.129 0.810 0.437 RRab
NV89 255.288146 —30.130509 0.5581 . . .. . e RRab
NV90 255.290712 —30.138332 0.3273 0.602 0.462 17.391 16.534 0.865 RRc
NVI1 255.293574 —30.132221 0.3167 0.521 0.421 17.090 16.337 0.758 RRc
NV92 255.294328 —30.135833 0.5256 .. .. .. . .. . RRab
NV93 255.298447 —30.097374 0.552 1.205 0.966 17.249 16.340 0.935 0.600 RRab
NV94 255.306828 —30.090652 0.3181 . .. ... S . e RRc
NV95 255.311633 —30.142402 0.4941 1.618 1.226 17.533 16.609 0.970 0.668 RRab
NV96 255.315438 —30.140551 0.4663 1.582 1.257 17.452 16.615 0.880 0.572 RRab
NV97 255.323047 —30.096211 0.5510 1.166 0.883 17.096 16.262 0.861 0.534 RRab
NV9g8 255.321234 —30.147140 0.5620 1.113 0.878 17.611 16.670 0.969 0.645 RRab
NV99 255.323772 —30.144410 0.6028 0.565 0.410 17.661 16.644 1.023 0.653 RRab
NV100 255.332677 —30.100980 0.2665 0.612 0.490 17.097 16.370 0.735 RRc
NV101 255.331020 —30.146758 0.3055 0.493 0.397 17.333 16.516 0.821 . RRc
NV102 255.334042 —30.094895 0.6307 0.737 0.541 17.048 16.174 0.885 0.523 RRab
NV103 255.331861 —30.150089 0.4336 0.825 0.611 17.588 16.655 0.949 0.602 RRab
NV104 255.335589 —30.111854 0.6307 0.306 0.221 17.290 16.380 0.913 o RRc?
NV105 255.337117 —30.101376 0.5205 1.517 1.162 17.181 16.351 0.871 0.565 RRab
NV106 255.342344 —30.102395 0.5037 1.504 1.153 17.175 16.359 0.857 0.549 RRab
NV107 255.342654 —30.121002 0.5728 0.898 0.680 17.472 16.541 0.947 0.593 RRab
NV108 255.343116 —30.112112 0.2988 0.539 0.442 17.238 16.468 0.774 S RRc
NV109 255.348015 —30.124260 0.6078 1.015 0.700 17.464 16.525 0.959 0.602 RRab
NV110 255.353263 —30.116493 0.3354 0.584 0.417 17.320 16.483 0.844 RRc
NVI111 255.264451 —30.188755 0.2494 0.462 0.311 17.012 16.317 0.701 RRc
NV112 255.191976 —30.186995 0.503 RRab
NV113 255.323088 —30.186512 0.478 1.632 1.221 17.226 16.404 0.873 0.578 RRab
NV114 255.427287 —30.178179 0.398 1.063 1.010 18.423 17.135 1.294 EB
NV115 255.349885 —30.176159 0.2690 0.671 0.519 17.276 16.529 0.757 . RRc
NV1l6 255.356841 —30.175140 0.615 0.558 0.390 17.290 16.384 0.913 0.551 RRab
NV117 255.247513 —30.170192 0.321 0.236 .. 17.246 . .. RRc
NV118 255.353800 —30.166045 0.2987 0.558 0.455 17.221 16.468 0.760 RRc
NV119 255.312109 —30.163121 0.3191 0.525 0.397 17.552 16.678 0.880 RRc
NV120 255.413338 —30.160585 0.489 1.658 1.271 .. . e RRab
NVi21 255.299162 —30.159912 0.2805 0.498 0.378 18.060 17.251 0.814 RRc
NV122 255.222519 —30.139789 0.373 0.116 . 16.845 . . RRc
NV123 255.222694 —30.138895 0.3043 0.535 0.439 16.990 16.262 0.733 RRc
NV124 255.287656 —30.127940 0.4855 1.539 1.115 16.817 RRab
NV125 255.292043 —30.127814 0.2737 RRc
NV126 255.310969 —30.127268 0.5133 RRab
NV127 255.288948 —30.127077 0.5328 1.677 1.307 16.676 15.942 0.792 0.502 RRab
NV128 255.328694 —30.127022 0.2504 0.538 0.359 17.519 16.692 0.836 RRc
NV129 255.311556 —30.126846 0.3292 RRc
NV130 255.299567 —30.125709 0.2613 . . . . . RRc
NV131 255.327951 —30.125428 0.3132 0.538 0.431 17.371 16.530 0.848 RRc
NV132 255.300206 —30.124985 0.2842 0.764 0.628 16.919 16.189 0.741 RRc
NV133 255.303920 —30.124868 0.3156 0.565 0.479 16.988 16.190 0.802 RRc
NV134 255.304938 —30.124915 0.336 . . . . e . RRc
NV135 255.212612 —30.124641 0.593 0.924 0.698 17.099 16.263 0.853 0.504 RRab
NV136 255.313600 —30.124235 0.6258 1.160 0.878 17.105 16.227 0.904 0.553 RRab
NV137 255.300694 —30.123833 0.515 RRab
NV138 255.303221 —30.123809 0.6051 RRab
NV139 255.304235 —30.123830 0.5405 . . .. . .. RRab
NV140 255.313693 —30.123622 0.3830 0.541 0.427 16.905 16.097 0.813 RRc
NV141 255.302897 —30.123377 0.2994 RRc
NV142 255.324870 —30.122729 0.2758 RRc
NV143 255.299682 —30.121951 0.2959 RRc
NV144 255.297520 —30.121835 0.6105 RRab
NV145 255.310817 —30.121214 0.5665 RRab
NV146 255.296802 —30.121044 0.4660 RRab
NV147 255.301092 —30.120878 0.3259 RRc
NV148 255.307127 —30.120699 0.5606 RRab
NV149 255.300972 —30.120147 0.319 RRc
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ID R.A. (J2000) Decl. (J2000) P (days) Ap Ay (B) (V) (B—V)mag E(B-V) Type
NV150 255.290041 —30.119827 0.5480 0.910 0.686 17.001 16.159 0.862 0.538 RRab
NVI151 255.294859 —30.119358 0.3153 RRc
NV152 255.321269 —30.119151 0.3032 RRc
NV153 255.266009 —30.118983 0.3129 0.596 0.462 16.807 16.109 0.706 RRc
NV154 255.290525 —30.118882 0.3151 RRc
NV155 255.304738 —30.118780 0.271 RRc
NV156 255.301102 —30.118553 0.577 RRab
NV157 255.307981 —30.118448 0.7195 RRab
NV158 255.300638 —30.118371 0.264 RRc
NV159 255.289372 —30.118087 0.3763 .. . . . . e RRc
NV160 255.292290 —30.118020 0.5437 1.482 1.218 16.933 16.147 0.819 0.487 RRab
NV161 255.310399 —30.117484 0.5568 RRab
NV162 255.304420 —30.117429 0.6032 RRab
NV163 255.306762 —30.117204 0.5943 RRab
NV164 255.303820 —30.116505 7.6 Cpll
NV165 255.302432 —30.116402 0.4520 RRab
NV166 255.304920 —30.116240 0.290 RRc
NV167 255.314500 —30.116126 0.630 RRab
NV168 255.270280 —30.115961 0.5754 0.538 0.417 16.965 16.143 0.827 0.489 RRab
NV169 255.291652 —30.115633 0.5144 RRab
NV170 255.306553 —30.115631 0.635 ?
NV171 255.318789 —30.115528 0.6482 0.322 0.254 17.159 16.246 0914 RRc?
NV172 255.308393 —30.115490 0.3132 RRc
NV173 255.305549 —30.115363 0.347 RRc
NV174 255.301761 —30.115313 0.3175 RRc
NV175 255.321256 —30.115305 0.2816 0.643 0.516 17.08 16.372 0.725 RRc
NV176 255.305474 —30.114681 0.2628 RRc
NV177 255.291754 —30.114502 0.6851 RRab
NV178 255.304743 —30.114507 0.407 RRc
NV179 255.301488 —30.114427 0.5483 RRab
NV180 255.296731 —30.114401 1.376 CplL
NV181 255.295084 —30.113733 0.5895 RRab
NV182 255.300463 —30.113602 0.505 RRab
NV1383 255.305893 —30.113635 0.5686 RRab
NV184 255.302188 —30.113549 0.5722 RRab
NV1385 255.313926 —30.113517 0.591 RRab
NV186 255.307716 —30.113428 0.3025 RRc
NV1387 255.298718 —30.113290 0.491 RRab
NV188 255.303150 —30.113177 0.436 RRab
NV189 255.315829 —30.113097 0.5617 RRab
NV190 255.302756 —30.112618 0.554 RRab
NV191 255.305548 —30.112558 0.5857 RRab
NV192 255.353057 —30.112569 0.2652 0.406 0.314 17.250 16.510 0.743 RRc
NV193 255.314500 —30.112496 0.3198 RRc
NV194 255.317154 —30.112403 0.505 RRab
NV195 255.298155 —30.112409 0.47 RRc
NV196 255.288121 —30.112265 0.3109 RRc
NV197 255.304747 —30.111837 0.3183 .. . .. .. . .. RRc
NV198 255.289817 —30.111245 0.5763 1.102 0.782 16.922 16.059 0.889 0.559 RRab
NV199 255.315134 —30.110762 0.5568 RRab
NV200 255.293965 —30.110272 0.487 RRab
NV201 255.314913 —30.108397 0.2507 RRc
NV202 255.307417 —30.108318 0.2709 0.517 0.439 16.974 16.258 0.720 RRc
NV203 255.301002 —30.108253 0.491 .. .. .. .. . RRab
NV204 255.284814 —30.108090 0.263 0.415 0.329 16.922 16.224 0.701 RRc
NV205 255.295998 —30.107995 0.552 RRab
NV206 255.300336 —30.107351 0.640 RRab
NV207 255.299857 —30.106901 0.265 RRc
NV208 255.298778 —30.106808 0.5410 RRab
NV209 255.307591 —30.106368 0.2883 . e . .. . .. RRc
NV210 255.309869 —30.106245 0.4370 1.902 1.647 17.015 16.207 0.861 0.553 RRab
NV211 255.319518 —30.106219 0.3327 RRc
NV212 255.314221 —30.105641 0.6072 RRab
NV213 255.303032 —30.104438 0.5853 .. .. .. .. . .. RRab
NV214 255.318374 —30.103102 0.587 1.004 0.776 17.154 16.299 0.875 0.538 RRab
NV215 255.305126 —30.102857 0.4616 RRab?
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ID R.A. (J2000) Decl. (J2000) P (days) Ap Ay (B) (V) (B—=V)mag E(B-YV) Type
NV216 255.298332 —30.102701 0.2666 RRe
NV217 255.283447 —30.102377 0.3203 e . e . . . RRe
NV218 255.307103 —30.101639 0.4447 1.485 1.249 16.867 16.095 0.804 0.492 RRab
NV219 255.290591 —30.101456 0.7177 0.862 0.744 16.940 16.032 0.916 0.509 RRab
NV220 255.303126 —30.101010 0.496 e . e e . . RRab
NV221 255.265266 —30.091025 0.3300 0.555 0.425 16.802 16.085 0.725 . RRc
NV222 255.250721 —30.080969 0.460 e . e e . . RRab
NV223 255.323255 —30.080828 0.5325 1.346 1.026 17.123 16.305 0.852 0.529 RRab
NV224 255.395528 —30.079961 0.3196 0.546 0.417 17.725 16.952 0.779 . RRc
NV225 255.322496 —30.079209 0.2884 0.396 0.252 16.352 15.353 1.004 . RRe
NV226 255.285658 —30.071786 0.6301 1.073 0.796 16.736 15.984 0.776 0.450 RRab
NV227 255.450562 —30.068877 0.456 1.725 1.290 18.629 17.774 0.899 0.564 RRab
NV228 255.334192 —30.068270 0.6417 0.380 0.322 17.132 16.253 0.881 0.479 RRab
NV229 255.337618 —30.066281 0.2773 0.295 0.248 16.765 16.106 0.660 . RRe
NV230 255.332977 —30.096293 see e LP
NV231 255.324541 —30.097949 ~ 16 LP/CplI?
NV232 255.321150 —30.136159 see e LP
NV233 255.318726 —30.108153 ~ 49 LP
NV234 255.308946 —30.113105 LP
NV235 255.307303 —30.111160 S el LP
NV236 255.307158 —30.110023 ~ 50 LP
NV237 255.303834 —30.130456 LP
NV238 255.304566 —30.106671 e LP
NV239 255.303782 —30.113794 ~ 75 LP
NV240 255.303710 —30.118210 e LP
NV241 255.303521 —30.116544 0.525 RRab?
NV242 255.302059 —30.108011 ~ 36 LP
NV243 255.301054 —30.113012 0.4911 RRab
NV244 255.298619 —30.119052 e LP
NV245 255.297277 —30.084141 ~ 88 LP
NV246 255.295958 —30.105957 0.5086 RRab
NVv247 255.295155 —30.120411 0.4928 RRab
NV248 255.294099 —30.114300 cee el LP
NV249 255.292809 —30.111699 0.2476 RRe
NV250 255.292034 —30.119580 ~ 65 LP
NV251 255.290391 —30.115419 LP
NV252 255.281460 —30.119274 LP
NV253 255.280065 —30.102644 LP
NV254 255.278510 —30.126721 ~90 LP
NV255 255.278235 —30.114604 LP
NV256 255.278240 —30.102156 LP
NV257 255.274444 —30.135636 ~33 LP
NV258 255.308126 —30.120434 LP
NV259 255.298877 —30.063971 0.6704 RRab?
NV260 255.305121 —30.102731 0.2540 RRe
NV261 255.300681 —30.123291 0.5041 RRab
NV262 255.261271 —30.109493 LP

and adopting a sine series for the RRab and a cosine series Table2

for the RRc stars. Amplitude ratios A;; and phase differences Photometry of the Variable Stars

¢ ;1 for the lower-order terms are prpvided in Tables 3 and 4 Name Filter D Phase Mag/Flux €ag/Flux
for the RRc and RRab stars, respectively. For the RRab stars, (days) (mag/counts) (mag/counts)
we also give the Jurcmk—vaacs l?m valuq (Jurcsik & Kovacs v B 2450736.696400 0191645 —2827.8513 21513071
1996, Computed on the basis of their Equatlon (6) and Table 6), vl B 2452736.700780 0.200323 —1942.7248 2225.0713
which is intended to differentiate RRab stars with “regular” light vl B 2452736711450 0221462 —1303.2681  2231.8457
curves from those with “anomalous” light curves, such as those vl B 2452736.717380 0.233211 —1129.5835  2170.9640
presenting the Blazhko effect (but see Cacciari et al. 2005, for vl B 2452736.728060 0.254371  —702.0910  2174.7380
a critical discussion of D,, as an indicator of the occurrence vl B 2452736.734040 0.266218  —427.7235  2307.7481

of the Blazhko phenomenon). In these tables, a colon symbol
() indicates an uncertain value, whereas a double colon (“::")
indicates a very uncertain value, the latter being provided for
completeness only. The error in the ¢3; coefficient was obtained
from Equation (16d) of Petersen (1986).

(This table is available in its entirety in machine-readable and Virtual Observa-
tory (VO) forms in the online journal. A portion is shown here for guidance
regarding its form and content.)



No. 6, 2010 TIME-SERIES PHOTOMETRY OF GLOBULAR CLUSTERS: M62 (NGC 6266) 1775
Table 3 Table 4
Fourier Coefficients for RRc Variables in M62 Fourier Coefficients for RRab Variables in M62

1D Azl Azl Aqy h21 31 a1 ID Az Azl Ay ¢21 31 a1 Dy,
V30 0.124 0.068 0.039 4514 3.298 + 0.120 2.196 V4 0.452 0.315 0.256 2.392 4.780 1.046 4.9
V40 0.144 0.078 0.057 4932 3.624 4+ 0.083 2.188 Veo: 0.455 0.301 0.220 2.351 4.929 1.237 2.7
V42 0.056 0.023 0.023 4.159 0.825 + 0.448 0.581 V7 0.523 0.341 0.200 2.638 5.468 2.141 2.2
V53 0.163 0.096 0.080 4.761 2.976 + 0.080 1.709 V8 0.520 0.356 0.218 2.354 5.130 1.563 3.5
V65 0.081 0.038 0.058 4954 4.192 + 0.407 2.908 V10 0.511 0.351 0.234 2.363 5.101 1.526 1.2
V66:: 0.740 0.647 0.540 6.262 6.243 + 0.009 6.259 Vil:: 0.452 0.228 0.138 2.738 5.493 1.910 6.1
V69 0.067 0.057 0.032 4.673 3.936 + 0.154 2.960 Vie 0.500 0.336 0.171 2.624 5.368 2.132 5.9

V77: 0.133 0.138 0.073 6.268 4.013 £ 0.166 2.574 V17 0.555 0.380 0.251 2.369 5.059 1.556 3.
NV85 0.074 0.069 0.020 4.903 4.001 £+ 0.120 1.797 V18 0.492 0.340 0.221 2.378 5.153 1.645 3.1
NV86 0.133 0.081 0.037 4.534 3.561 + 0.106 2.417 V20 0.476 0.394 0.257 2.281 4.878 1.087 3.4
NV0: 0.143 0.028 0.071 5.017 3.616 4+ 0.455 2.751 V21 0.476 0.364 0.221 2.218 4.772 1.032 2.4
NVI1 0.100 0.074 0.030 4.875 3.972 £ 0.116 2.817 V23 0.547 0.392 0.238 2.084 4.474 0.628 42.9
NV100 0.176 0.077 0.061 4.641 2.794 £+ 0.089 1.703 V24 0.508 0.344 0.264 2.377 5.204 1.608 6.2
NV101 0.063 0.054 0.049 5314 3.592 +0.194 2.700 V25 0.473 0.343 0.216 2.225 4.796 1.142 1.7
NV108 0.112 0.089 0.013 4.542 3.602 £ 0.115 2.150 V26 0.569 0.288 0.186 2.519 5.227 1.701 2.9
NV110 0.085 0.087 0.066 5.124 4.118 +£0.104 2.866 V27 0.478 0.353 0.224 2.288 4.891 1.261 2.5
NVIil11: 0.046 0.086 0.093 4.375 4.317 £ 0.106 0.925 V28:: 0.786 0.321 1.381 0.782 5.934 5.959 1617.8
NV115 0.184 0.075 0.052 4711 2.807 +0.079 1.773 V29 0.535 0.317 0.251 2.422 5.142 1.620 4.6

NV118 0.115 0.074 0.046 4.633 3.505 4+ 0.106 2.446 V3l1: 0.523 0.381 0.236 2.268 4.947 1.152 4.
NV119 0.090 0.056 0.043 4.440 3.793 + 0.149 2.296 V32 0.517 0.330 0.221 2.466 5.297 1.863 1.7
NVI121 0.064 0.083 0.036 4.642 3.138 +0.133 2.480 V33 0.549 0.341 0.209 2.523 5.313 2.004 2.5
NV123 0.101 0.075 0.041 4.512 3.839 + 0.130 2.705 V34 0.529 0.314 0.188 2.559 5.264 1.868 1.3
NV128: 0.187 0.025 0.021 3.889 1.897 4+ 0.492 0.922 V35 0.487 0.339 0.223 2.363 5.076 1.557 0.6
NV131 0.095 0.079 0.039 5.002 3.764 + 0.131 2.308 V36 0.459 0.278 0.105 2.646 5.617 2.238 2.9
NV132 0.096 0.042 0.030 4.058 4.687 + 0.258 2.598 V39 0.429 0.211 0.080 2.610 5.735 2.845 7.2
NV133: 0.115 0.071 0.050 4.675 4.236 +0.162 2.321 V41 0.495 0.306 0.177 2.529 5.391 2.071 1.6
NV140 0.035 0.079 0.028 5.767 4.863 +0.134 3.072 V43 0.529 0.342 0.212 2.433 5.177 1.736 2.2
NV153 0.113 0.051 0.037 4.894 3.688 + 0.150 2.227 Va4 0.392 0.211 0.092 2.370 4.808 0.977 46.9
NV175 0.136 0.101 0.049 4.558 3.055 4+ 0.083 1.833 V48 0.444 0.271 0.088 2.812 5914 2.697 127.6

NV192 0.090 0.028 0.026 4.788 2.338 +0.398 1.210 V49 0.517 0.313 0.197 2.338 5.090 1.596 1.

NV202 0.131 0.046 0.037 4.878 2.782 +0.413 0.751 V50:: 1.070 1.287 1.461 1.771 3.458 5.002 590.
NV204: 0.176 0.084 0.081 4.028 2.769 £ 0.214 5.780 V52:: 1.178 1.808 2.167 1.873 3.279 4.364 3585.7
NV221: 0.120 0.110 0.071 5.602 4.185 + 0.121 3.345 V56 0.501 0.314 0.194 2.472 5.314 1.902 1.5
NV224 0.109 0.088 0.036 4.735 3.653 + 0.131 1.639 V57 0.478 0.304 0.170 2.441 5.197 1.637 2.1
NV225: 0.145 0.091 0.113 4.341 4.403 + 0.197 2.116 V58:: 1.058 0.888 0.674 4.873 3.491 2.047 204.9
NV229: 0.060 0.037 0.005 4.846 4.208 + 0.450 0.562 V59 0.531 0.334 0.191 2.567 5.404 2.086 2.8
V62 0.516 0.330 0.212 2.423 5.184 1.693 1.5
V63 0.461 0.264 0.102 2.741 5.692 2.740 5.6
Vo4 0.450 0.287 0.163 2.266 4.611 1.000 7.1
4.1. RRc Variables \%ep) 0418 0231 0121 2349 5051 1265 39.6
V78: 0.491 0.318 0.168 2.682 5.546 2.297 3.9

Simon & Clement (1993) demonstrated, based on hydrody- V80: 0445 0229 0.138 2541 5285 2428 18.
namical models, that Fourier decomposition of RRc light curves Vsl 0528 0360 0216 2411 5153 1.634 1.7
can potentially provide a very useful technique for determining V82 0489 0292 0.145 2536 5400 2278 2.7

physical parameters of these stars. As a matter of fact, they NV84 0.388  0.170 0043 2774 5980 2844  109.
have provided equations relating the masses, luminosities, tem- NV87 0288 0.115 0059 2774 5846 3653 1189
peratures, and even a “helium abundance parameter” of c-type Nv8s 0496 0301 0.137 2608 5508 2222 L7

RR Lyrae stars to their periods and ¢3; values. Although these NVO3 0.519°0.368 0.230 2429 5132 1648 2.
7 . . . NV9s: 0.466 0.342 0.203 2.138 4.648 0.846 45.6
equathns have been'W1de}y used in the 11Ferature they mus.t be NV96 0481 0359 0224 2259 4924 1232 28
used with some caution, since a combination of their equations NV97 0509 0313 0203 2445 50274 1.820 21
for the RR Lyrae masses and luminosities gives results that are NVO§ 0501 0328 0207 2486 5323 1.812 1.8
inconsistent with the period—mean density equation of stellar NV99:: 0426 0259 0.149 2753 6272 3.011 11.7
pulsation theory (Catelan 2004; Deb & Singh 2010). Accord- NV102 0421 0229 0103 2646 5465 2292 1.3
ingly, while we still provide luminosities, masses, and temper- NV103::  0.872 0.726  0.556  4.808 3.251  1.729 298.9
atures derived on the basis of the Simon & Clement relations, NV105 0540 0363 0259 2371 5.087 1546 4.9
we warn the reader that these quantities cannot all be simulta- NVIo6 0424 0302 0220 2336  4.881  1.328 4.2
neously valid and should accordingly be used for comparison NVI107 0479 0307 0.140  2.555 5462 2.088 3.6
with similar work for other globular clusters only. NV109: 0461 0293 0.144  2.626  5.606  2.385 8.8
. . NV112: 0.936 0.839 0.730 1.672 3.466 5.340 2030.9
Based on the Slmon & Clement (1993) relations, we ﬁnd that NVII3: 0359 0448 0176 2170 4619 1514 167
an error of 0.2 in ¢3; leads to an error of ~ 0.03 My in mass NV116 0375 0165 0066 2.643 5776 2.954 78
and ~ 0.03 mag in (bolometric) magnitude, and so we apply NVI20:  0.872 0741 0649 1613 3284 4894  1632.9
this method only to RRc stars with errors in ¢3; of 0.2 or less. NVI124:: 0815 0.698 0548 4734 3247 1.697 276.1
We thus computed values of M /Mg, log(L/Lg), log Te, and NV127 0.529 0321 0248 2307 5049 1395 3.5
“helium abundance parameter” y (which, as is well known, is not NVI35 0460 0300 0.107 2.636 5420  2.623 108.4
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Table 4
(Continued)

ID Az Az Agqy 21 31 P41 D
NV136 0.544 0.330 0.173 2.695 5.440 2.250 7.7
NV150 0.343 0.146 0.019 2.535 5.053 1.546 43.9
NV160 0.525 0.358 0.225 2.394 5.272 1.772 3.2
NV168 0.261 0.088 0.023 2.864 5.627 5.322 115.6
NV194:: 0.924 0.775 0.623 1.644 3.280 4.853 762.4
NV198: 0.561 0.319 0.168 2.317 5.101 1.824 8.9
NV210 0.466 0.335 0.183 2.339 4.859 1.265 7.5
NV214 0.502 0.328 0.167 2.489 5.325 1.987 1.8
NV218: 0.443 0.271 0.144 2.253 4.759 0.771 41.9
NV219 0.461 0.249 0.112 2.816 5.976 2.706 7.8
NV223 0.519 0.337 0.208 2.386 5.101 1.584 1.1
NV226 0.511 0.303 0.161 2.663 5.588 2.349 2.2
NV227 0.486 0.326 0.195 2.304 4.796 1.174 44.8
NV228: 0.329 0.113 0.031 2.680 5.805 3.165 132.3

necessarily equal to the helium abundance Y; see, e.g., Corwin
et al. 2003); the resulting values are provided in Table 5, where
we also provide [Fe/H],wg4 values (in the Zinn & West 1984
scale), based on the calibration recently provided by Morgan
et al. (2007), and My values, based on the calibration by Kovacs
(1998).

As the reader will readily note, many of the mass values given
in Table 5 are too low, approaching the mass of the degenerate
helium core at the He flash (>~ 0.5 M; see Catelan 2009, for a
recent review). Such low mass values, which are not uncommon
in the literature (e.g., Corwin et al. 2003, and reference therein),
likely confirm the existence of a problem with the Simon &
Clement (1993) calibration equations.

For the 21 retained RRc stars the unweighted mean values
and standard deviations of the mass, log luminosity, effective
temperature, and helium parameter are (0.533 + 0.04) M /M,
1.663 £ 0.01, (7413 £+ 34) K, and 0.293 % 0.003, respectively.
The mean metallicity, in turn, is found to be [Fe/H]l wga =
—1.23 +£0.09.

CONTRERAS ET AL.
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According to the Kovacs (1998) calibration, the mean ab-
solute magnitude in V of these RRc stars turns out to be
(My) = 0.714 £ 0.033. Since for these stars we also have
a (V) = 16.44 £+ 0.06 mag (standard error of the mean),
this gives for the cluster an apparent distance modulus of
(m — M)y = 15.73 £ 0.068 mag.

4.2. RRab Variables

In a series of papers, the Hungarian team has provided a
calibration of several physical parameters of “well-behaved”
(as indicated by the aforementioned D,, parameter) ab-type
RR Lyrae stars as a function of their Fourier decomposition
parameters (e.g., Jurcsik & Kovacs 1996; Jurcsik 1998; Kovacs
& Walker 1999, 2001). Unlike the approach adopted by Simon &
Clement (1993) for the RRc stars, their method does not rely on
hydrodynamical models for the calibration. Following the same
approach as described in detail in Corwin et al. (2003), we obtain
the metallicities, mean colors, and associated temperatures that
are listed in Table 6, for 40 RRab stars with D,, < 5 (see also
Clement & Shelton 1997). Note that V26 is most likely a field
star (see Section 5) and therefore was not taken into account
when computing the average values for the cluster, as indicated
in this table.

Note that the [Fe/H] values derived in this way are actually
in the scale of Jurcsik (1995). The latter is related to the
more traditional Zinn & West (1984) scale by [Fe/H]yos =
1.431 [Fe/H] wgs + 0.880. Therefore, the mean metallicity
[Fe/Hl];os = —0.997 that was derived for the cluster in Table 6
translates into a metallicity value [Fe/H],wss = —1.31 in the
Zinn & West scale. This agrees very well with the value adopted
for the cluster by Harris (1996), namely, [Fe/H] wgs = —1.29,
in his catalog of globular cluster parameters (2003 update),
as well as with the value derived from the RRc by using the
Morgan et al. (2007) calibration, namely, [Fe/H], wss = —1.23
(Section 4.1).

Likewise, we obtain a mean absolute magnitude of (My) =
0.83 + 0.03 mag for the RRab stars in the cluster. The faint HB is

Table 5
Physical Parameters Derived for RRc Variables in M62

D M/Mq log(L/Lo) log Tef y [Fe/H] (My)
V30 0.573 1.681 3.868 0.282 —1.418 0.733
V40 0.525 1.658 3.871 0.292 —1.180 0.686
V53 0.588 1.651 3.873 0.290 —-1.207 0.699
V69 0.496 1.658 3.870 0.294 —1.136 0.725
NV85 0.492 1.663 3.869 0.293 -1.173 0.719
NV86 0.524 1.646 3.872 0.295 —1.082 0.746
NVl 0.494 1.660 3.869 0.293 —1.154 0.714
NV100 0.608 1.651 3.874 0.289 —1.226 0.736
NV101 0.534 1.666 3.870 0.289 —1.259 0.689
NV108 0.526 1.655 3.871 0.293 —1.161 0.760
NV110 0.490 1.678 3.867 0.288 —-1.297 0.652
NV115 0.609 1.654 3.873 0.288 —1.253 0.736
NV118 0.539 1.661 3.870 0.290 —1.224 0.723
NVII9 0.519 1.674 3.868 0.288 —1.305 0.719
NVi21 0.573 1.654 3.872 0.290 —1.209 0.756
NV123 0.500 1.650 3.871 0.296 —-1.075 0.730
NV131 0.517 1.667 3.869 0.290 —1.247 0.703
NV140 0.435 1.694 3.862 0.287 —1.347 0.613
NV153 0.527 1.671 3.869 0.288 —-1.293 0.708
NV175 0.586 1.660 3.872 0.288 —1.274 0.734
NV224 0.538 1.683 3.867 0.284 —1.397 0.713
Mean 0.533 £ 0.043 1.663 £0.012  3.870+0.002  0.290 £ 0.003 —-123+£0.09 0.714 £0.033
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Table 6
Physical Parameters Derived for RRab Variables in M62
D [Fe/Hljos (M) (B—V) log 727" vV -1 log 7.y 7" (V - K) log T\, ™%
V4 —1.527 0.782 0.328 3.814 0.479 3.814 1.110 3.810
\%/ —0.725 0.840 0.343 3.815 0.498 3.808 1.057 3.813
V8 —1.011 0.843 0.337 3.815 0.491 3.810 1.058 3.814
V10 —1.049 0.808 0.322 3.819 0.472 3.815 1.044 3.816
V17 —1.089 0.830 0.334 3.815 0.487 3.811 1.064 3.814
V18 —0.934 0.848 0.330 3.818 0.481 3.813 1.041 3.816
V20 —1.023 0.867 0.316 3.822 0.464 3.817 0.991 3.822
V21 —1.047 0.868 0.301 3.828 0.444 3.823 0.974 3.824
V25 —0.993 0.875 0.296 3.830 0.439 3.824 0.969 3.824
V26 —0.012 1.047 0.286 3.842 0.424 3.827 0.824 3.837
V27 —0.882 0.868 0.293 3.831 0.435 3.825 0.952 3.826
V29 —1.170 0.768 0.324 3.817 0.475 3.814 1.082 3.812
V32 —0.869 0.843 0.338 3.815 0.493 3.809 1.059 3.814
V33 —0.980 0.813 0.345 3.812 0.501 3.807 1.097 3.810
V34 —1.104 0.772 0.334 3.814 0.487 3.811 1.101 3.810
V35 —1.065 0.847 0.337 3.815 0.490 3.810 1.069 3.813
V36 —1.004 0.774 0.369 3.803 0.532 3.799 1.164 3.802
V4l —0.802 0.862 0.349 3.812 0.506 3.806 1.078 3.811
V43 —1.114 0.828 0.350 3.809 0.508 3.806 1.110 3.809
V49 —1.122 0.825 0.335 3.815 0.488 3.811 1.083 3.812
V56 —0.919 0.837 0.344 3.813 0.500 3.808 1.081 3.811
V57 —1.048 0.831 0.342 3.813 0.497 3.809 1.084 3.811
V59 —0.892 0.828 0.351 3.810 0.509 3.805 1.096 3.809
V62 —1.021 0.834 0.340 3.814 0.494 3.809 1.076 3.812
V81 —0.970 0.843 0.335 3.816 0.488 3.811 1.052 3.815
V82 —0.821 0.875 0.359 3.809 0.518 3.803 1.107 3.808
NVS8 —0.762 0.854 0.357 3.809 0.516 3.803 1.093 3.809
NV93 —1.113 0.824 0.344 3.812 0.500 3.808 1.091 3.811
NV96 —0.930 0.874 0.309 3.826 0.454 3.820 0.979 3.823
NV97 —0.915 0.849 0.343 3.813 0.498 3.808 1.072 3.812
NV98 —0.909 0.836 0.345 3.813 0.501 3.807 1.073 3.812
NV102 —1.089 0.799 0.368 3.803 0.531 3.800 1.181 3.801
NV105 —1.002 0.837 0.327 3.818 0.478 3.813 1.040 3.816
NV106 —1.189 0.811 0.305 3.824 0.451 3.821 1.038 3.817
NV107 —0.781 0.868 0.360 3.809 0.519 3.803 1.090 3.810
NV127 —1.120 0.783 0.310 3.823 0.457 3.819 1.037 3.817
NV160 —0.879 0.810 0.325 3.820 0.476 3.814 1.033 3.816
NV214 —1.043 0.817 0.356 3.808 0.514 3.804 1.124 3.807
NV223 —1.048 0.836 0.333 3.816 0.485 3.812 1.063 3.814
NV226 —0.921 0.782 0.359 3.807 0.519 3.802 1.138 3.805
mean® —0.997 +0.144 0.830 £0.030 0.336 +0.019 3.815+0.006 0.489 +0.024 3.811£0.006 1.068 + 0.049 3.813 =+ 0.005

Note. * Excluding V26.

areflection of the adoption of the Baade—Wesselink luminosity
zero point in the calibration of this method (see Jurcsik & Kovéacs
1999, for a discussion). For the same set of 39 RRab used to
derive this value, we also find (Vgr) = 16.260 + 0.03 mag
(standard error of the mean), which is also in very good
agreement with the value of 16.25 mag adopted in the 2003
edition of the Harris (1996) catalog. This implies an apparent
distance modulus of (m — M)y = 15.43 £ 0.04 mag for
M62, which is significantly shorter (by 0.21 mag) than the
value provided in the Harris catalog, and by an even wider
margin (i.e., 0.3 mag) than the value obtained in Section 4.1
on the basis of the Kovacs (1998) My calibration for the
c-type RR Lyrae. We ascribe these differences to the faint
zero point adopted in the original My calibrations. If we
adopt instead the more recent calibration of the RR Lyrae
absolute magnitude—metallicity relation provided by Catelan &
Cortés (2008), and the metallicity value for M62 derived above
([Fe/Hl wss = —1.31), we find My (RR) = 0.68£0.14, and an
apparent distance modulus of (m — M)y = 15.58 £0.14, which

is much more consistent with the value reported in the Harris
catalog (being shorter by only 0.06 mag). Using a reddening
value of E(B—V) = 0.47 (from Harris 1996) and a standard
extinction law with Ay /E(B—V) = 3.1, this implies a distance
modulus (m — M)y = 14.12 & 0.14, which corresponds to a
distance of 6.7 &£ 1 kpc.

Note that a distance modulus for the cluster may also be
obtained on the basis of our detected type II Cepheids, namely,
V2 and V73, using Equation (3) in Pritzl et al. (2003). In this
way, we obtain for distance moduli of (im — M)y = 15.04
and (m — M)y = 15.57 mag, respectively—giving an average
distance modulus of (m — M)y =~ 15.31 £0.26 mag. Given the
large error bar, this value is not inconsistent with the one derived
on the basis of the RR Lyrae stars.

As noted by Contreras et al. (2005), M62 may harbor long-
period RRc’s (see their Figure 2), which are exceedingly rare
among Galactic globular clusters (see Catelan 2004, for a
review). In order to check the pulsation status of the two
candidate long-period RRc stars that we have found in the
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Figure 2. Pulsation mode diagnostics for RR Lyrae stars. In all panels, circles indicate c-type RR Lyrae stars, whereas squares indicate ab-type RR Lyrae. Some of the

variables discussed in the text are indicated by their V (or NV) number.

(A color version of this figure is available in the online journal.)

cluster, namely, NV104 and NV171, we have used several
diagnostics from Simon & Teays (1982) and Clement & Shelton
(1997), who have shown that the RRab and RRc stars occupy
distinctly different positions in the A;;, ¢»; plane in particular,
as well as the Sk (skewness) parameter defined by Stellingwerf
& Donohoe (1987). Figure 2 shows that, for the RR Lyrae with
clean light curves in our sample, most of the ab-type RR Lyrae
do indeed have values of A;; > 0.3, and vice versa for the RRc
stars. Similarly, most of the RRc stars have Sk < 2, whereas
most of the ab-type RR Lyrae have Sk > 2. As can be seen, in all
plots but the one showing ¢3; as a function of log P one finds that
the positions of these two stars are closer to the locus occupied
by RRc than RRab stars. The atypical position of NV104 and
NV171 in the ¢3;—1log P plane is particularly intriguing, in view
of the fact that, if these stars are indeed c-type RR Lyrae, their
periods would clearly be longer than the vast majority of even
the ab-type RR Lyrae in the cluster.

5. CMD AND REDDENING

On the basis of our ALLFRAME reductions, we were able to
obtain a deep CMD for M62, which we show in Figure 3. The
CMD properties will be discussed in detail in a forthcoming
paper (R. Contreras et al. 2010, in preparation), and we show it
here with the main purpose of verifying whether the positions
of the variable stars that were detected in our field are consistent
with cluster membership—which is clearly confirmed for the
vast majority of the stars. One obvious exception is provided
by the RRab star V26, which is clearly a foreground field
RR Lyrae. That V26 is a field star is also suggested by the

near-solar metallicity derived for it on the basis of its Fourier
decomposition parameters (see Table 6). The membership status
of NV224 and NV227, on the other hand, is less clear, for while
their CMD positions suggest that they may be RR Lyrae stars
in the cluster background, their Fourier-based metallicities do
not clearly point to them as being anomalous. In like vein,
their metallicity values, as derived using the Jurcsik (1995) and
Morgan et al. (2007) techniques, suggest [Fe/H] values of —1.40
(for NV224) and —1.35 (for NV227), neither of which is clearly
inconsistent with the cluster’s metallicity. The derived [Fe/H]
value for NV227 should be taken with due caution though, in
view of the star’s fairly large D,, value (see Table 4).

Unfortunately, as can be seen from Figure 3 (left panel),
the cluster CMD is severely affected by differential reddening,
which is not unexpected in view of M62’s large foreground red-
dening and low Galactic latitude. On the other hand, the presence
of a large number of RR Lyrae variable stars across the face of
the cluster can provide us with a handle of this problem, since
RR Lyrae stars can themselves provide dependable reddening
estimates, particularly on the basis of the colors of the ab-type
RR Lyrae at minimum light (e.g., Blanco 1992).

We have applied the Blanco (1992) technique to 71 stars in our
RRab sample, and thus obtained a two-dimensional reddening
map across the face of the cluster. In this case, we adopted the
same [Fe/H] value for all the RRab stars, namely, [Fe/H] =
—1.31, as derived from Fourier decomposition (Section 4.2),
and which is very similar to the value listed in the Harris (1996)
catalog, namely, [Fe/H] = —1.29. We then experimented with
several different techniques for interpolating on this map to
obtain reddening values for individual cluster stars, finally
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Figure 3. Our derived CMD for the cluster, with the mean values for the detected variable stars overplotted. Circles indicate c-type RR Lyrae, squares ab-type
RR Lyrae, and triangles type II Cepheids. The diagram on the right is the same as the one on the right, but with differential reddening accounted for as described in

the text.
(A color version of this figure is available in the online journal.)

opting for a LOESS smoother (Cleveland 1979; Cleveland &
Devlin 1988). That this provided very good results can readily be
appreciated by comparing the differential reddening-corrected
CMD (Figure 3, right panel) with the original one. A zoomed-in
plot around the HB region is shown in Figure 4.

We also note the anomalous positions of stars NV225 (an
RRc) and V23 (an RRab) in the CMD. Not only are these stars
brighter and redder than other RR Lyrae stars in the cluster,
but also—and importantly—they also present peculiarly large
Ap/Ay amplitude ratios. This strongly suggests that they are
blended with redder companions.

In order to verify whether those variable stars for which we
were not able to obtain average magnitudes and colors over the
full pulsation cycle belong to M62, we have included a third
CMD in Figure 5. In this case, the variable stars were simply
identified in the photometry catalog and plotted in the CMD
using mean magnitudes and colors computed as simple averages
of the available photometric data. While this necessarily leads to
increased scatter in the derived CMD positions (as is particularly
obvious around the RR Lyrae region of the CMD), it also allows
us to investigate the likelihood that these stars may be cluster
members. To further aid us in this direction, we overplot in
Figure 5 two model isochrones from the Pietrinferni et al. (2006)
set, computed for a chemical composition consistent with that
of the cluster (in green, reddened and vertically shifted in order
to match the HB of the cluster) and for a chemical composition
consistent with a bulge field at the position of the cluster (in
red, plotted using the same distance modulus as obtained for
the cluster). From their CMD positions, it appears that most
of the LPV stars discovered in this paper (i.e., 18 out of 25)

are likely cluster members, with only a few LPV candidates
likely belonging to the bulge. Note also that NV231, which we
originally classified as an LPV candidate, may actually be more
properly classified as a background type II Cepheid, judging
from its position in the CMD.

Finally, we note that all those RR Lyrae stars for which we
derived metallicities using Fourier decomposition, and which
are located inside the cluster’s tidal radius, present chemical
abundances that are compatible with M62 membership, except
for the already cited case of V26—thus suggesting that most of
the variable star candidates in the cluster outskirts are indeed
cluster members.

6. ON THE OOSTERHOFF TYPE OF M62

The Oosterhoff (1939, 1944) phenomenon is of great astro-
physical importance, given the information that it carries on the
early formation history of the Milky Way and its neighboring
galaxies (e.g., Kuehn et al. 2008; Catelan 2009; Moretti et al.
2009, and references therein), and (increasingly) in the An-
dromeda system (e.g., Contreras et al. 2008; Clementini et al.
2009; Fiorentino et al. 2010; Sarajedini et al. 2009, and ref-
erences therein). As recently summarized by Catelan (2009),
there is a general tendency for bona fide Galactic globular
clusters to present the so-called Oosterhoff dichotomy, i.e., a
sharp division between Oosterhoff type I (Ool) systems, with
(Pab) =~ 0.55 days, and Oosterhoff type II (Ooll) systems, with
(Pn) =~ 0.65 days, with exceedingly few Galactic globulars
occupying the range between 0.58 < (Py(days)) < 0.62. On
the contrary, nearby extragalactic globular clusters and dwarf
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Figure 4. Same as Figure 3 (right panel), but zooming in around the HB.

(A color version of this figure is available in the online journal.)
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Figure 5. Same as Figure 3, but including the variable stars for which the
average magnitudes and colors can only be roughly estimated, due to insufficient
phase coverage. Filled squares indicate candidate LPV stars. Isochrones for
characteristic cluster and bulge chemical compositions are shown as green and
red lines, respectively.

(A color version of this figure is available in the online journal.)

0.2 0.4 0.6 0.8
Period (Days)
Figure 6. Period histogram for the RR Lyrae stars in M62 (dashed line) and for
the RR Lyrae stars in the prototypical Ool globular cluster M3 (solid line).
(A color version of this figure is available in the online journal.)

galaxies occupy preferentially the latter average period interval,
thus clearly revealing a difference in (early) formation history
between bona fide Galactic and nearby extragalactic systems.

As discussed by Contreras et al. (2005), there is at present
some debate as to whether the Oosterhoff type of a globular
cluster is determined chiefly by the morphology of the HB
(Clement & Shelton 1999), or whether metallicity plays an
important role as well—as would be supported by theoretical
calculations that indicate different evolutionary paths for HB
stars of different metallicities but similar zero-age HB (ZAHB)
temperatures, and thus a different efficiency of production of
stars evolved away from the ZAHB as a function of metallicity
(see Section 5.7 in Pritzl et al. 2002, and references therein).
As noted by Contreras et al., M62 provides a near-ideal test of
the relative importance of HB morphology and metallicity in
defining the Oosterhoff type of a globular cluster, given that the
cluster possesses a predominantly blue HB, as in the case of
most Ooll clusters, but is also a fairly metal-rich object, as in
the case of most Ool clusters.

Here, we confirm the preliminary results by Contreras et al.
(2005), finding that the mean periods of the ab-type RR Lyrae



No. 6, 2010

TIME-SERIES PHOTOMETRY OF GLOBULAR CLUSTERS: M62 (NGC 6266) 1781

T T
=D <5
oD >56

o =RR

eRR®®

0.5 -

-0.6 I I I -0.4 I I I -0.2 I I I 0
logP

Figure 7. Bailey (period—amplitude) diagram for the RR Lyrae stars in M62,

compared with reference lines for RR Lyrae stars in Ool and Ooll globular

clusters. Top: Ap—log P diagram; bottom: Ay—1log P plane.

(A color version of this figure is available in the online journal.)

in M62 support an Ool classification for the cluster, thus clearly
showing that, at least in the case of M62, metallicity is the
dominant factor that defines the QOosterhoff type. Indeed, let
us assume, as a first approximation, that all of our detected
variables are cluster members. In this case, and taking our
homogeneous sample of 133 RRab’s and 76 RRc’s into account,
we derive for the cluster average pulsation periods of (Py) =
0.547 days and (P.) = 0.302 days, thus confirming the
preliminary values reported by Contreras et al., which are quite
typical for Ool systems. If the five RRab’s and three RRc’s
with uncertain classification—namely, NV112,NV120,NV137,
NV187,NV194, and NV134, NV149—are removed, we obtain
(Pap) = 0.548 days and ( P.) = 0.301 days. As we have seen, the
membership status for the RRab stars V26 and NV227 and the

1.75 -

1 L L L 1 L L L 1 h
6200 6400 6600 6800

Terr (K)

Figure 8. In this figure, A-parameter values, as derived on the basis of
Equation (3) for ab-type RR Lyrae stars, are plotted as a function of temperature,
as derived based on Fourier decomposition (V—K colors). Squares indicate M62
stars, whereas circles represent M3 stars. The straight line is a least-squares fit
to the M3 data. See the text for more details.

(A color version of this figure is available in the online journal.)

RRc variable NV224 is also questionable; if we further remove
these stars from the final tally, we obtain (P,,) = 0.550 days
(126 RRab stars) and (P,) = 0.302 days (73 RRc stars).

As discussed by M. Catelan et al. (2010, in preparation), { Pap)
and Pyp min are the two quantities that most strongly define the
Oosterhoff type. For M62, the shortest-period RRab is NV 188,
and thus Py, min = 0.436 days—which again clearly indicates
an Ool classification.

As a matter of fact, as shown in Figure 6, the detailed
period distribution is quite similar for both the prototypical
Ool globular cluster M3 and M62, with the main differences
being a somewhat shorter mean period for the RRc stars in
M62 and a slightly broader distribution of ab-type periods. The
period—amplitude diagram may also provide further insight into
these differences, in addition to useful information regarding the
Oosterhoff classification of stellar systems (e.g., Cacciari et al.
2005, and references therein). How does this diagram look in
the case of M62, once those RRab stars identified as peculiar
(i.e., with D,, > 5.0) have been removed?

The answer is provided in Figure 7, where both the Ay—log P
(upper panel) and Ag—log P (lower panel) planes are shown.
In these figures, we also provide reference lines for Ool and
Ooll globular clusters, as derived by Cacciari et al. (2005) and
summarized in Equations (10)—(15) in Zorotovic et al. (2010).
Clearly, there is a tendency for most of the ab-type RR Lyrae
to fall around the Ool line in this diagram, which again is fully
consistent with an Ool classification for the cluster. The RRc’s,
on the other hand, appear to have shorter periods, at a given
amplitude, than indicated by the reference Ool line, which
in turn is based on the M3 RR Lyrae (Cacciari et al. 2005),
which is consistent with the pattern observed in Figure 6. A
possible interpretation for these differences has been provided
by Clement & Shelton (1999), who pointed out that, in the
period—amplitude diagram, well-behaved RRab stars of different
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Table 7
Mean Parameters for RRc Stars in Globular Clusters (from Fourier Decomposition)
ID Oo Type [Fe/H]gps® No. of Stars M/Mg log(L/Lg) Tetr (K) y
NGC 6362° 1 —-0.95 14 0.53 1.66 7429 0.29
NGC 6171 (M107)¢ I —1.04 6 0.53 1.65 7447 0.29
NGC 5904 (M5)4 1 —1.27 14 0.54 1.69 7353 0.28
NGC 6266 (M62) I —1.29 21 0.53 1.66 7413 0.29
NGC 6229¢ 1 —1.43 9 0.56 1.69 7332 0.28
NGC 6934f I —1.54 4 0.63 1.72 7290 0.27
NGC 5272 (M3)2 1 —1.57 5 0.59 1.71 7315 0.27
NGC 7089 (M2)" 11 —1.62 2 0.54 1.74 7215 0.27
NGC 5286 I —1.67 12 0.60 1.72 7276 0.27
NGC 6809 (M55)] I —1.81 5 0.53 1.75 7193 0.27
NGC 4147% I —1.83 9 0.55 1.69 7335 0.28
NGC 2298! 1T —1.85 2 0.59 1.75 7200 0.26
NGC 4590 (M68)™ I —2.06 16 0.70 1.79 7145 0.25
NGC 7078 (M15)" 1T —2.26 8 0.76 1.81 7112 0.24
NGC 6341 (M92)° I —2.28 3 0.64 1.77 7186 0.26

Notes.

2 From the Harris (1996) catalog (2003 February issue). ® From Olech et al. (2001). ¢ From Kaluzny et al. (2000). ¢ From Kaluzny et al. (2000).
¢ From Borissova et al. (2001). f From Kaluzny et al. (2001). & From Kaluzny et al. (1998). b From Lazaro et al. (2006). ! From Zorotovic
et al. (2010).§ From Olech et al. (1999). ¥ From Arellano Ferro et al. (2004). ! From Clement et al. (1995). ™ From Clement & Shelton (1997).

" From Arellano Ferro et al. (2006). © From Lazaro et al. (2006).

Table 8
Mean Physical Parameters for RRab Stars in Globular Clusters (from Fourier Decomposition)®

D Oo Type [Fe/Hlyos No. of Stars [Fe/Hl w4 [Fe/Hljos 7l M (K) My
NGC 6362 I —0.95 14 —1.26 —0.93 6555 0.86
NGC 6171 (M107) I ~1.04 3 —1.25 —0.91 6619 0.85
NGC 1851° I -1.22 7 —143 —-1.17 6494 0.80
NGC 5904 (M5) I —1.27 26 —1.47 -1.23 6465 0.81
NGC 6266 (M62) I —-1.29 39 131 —-0.99 6501 0.83
NGC 6229 I —1.43 9 ~1.60 —1.41 6383 0.81
NGC 6934 I —1.54 24 -1.53 131 6455 0.81
NGC 5272 (M3) I ~1.57 17 ~1.60 —1.42 6438 0.78
NGC 7089 (M2) I —-1.62 9 —1.64 —1.47 6276 0.71
NGC 5286 1 ~1.67 12 —1.68 ~1.52 6266 0.72
NGC 6809 (M55) I —1.81 3 -1.77 —1.65 6333 0.67
NGC 4147 I —1.83 5 —1.46 122 6633 0.80
NGC 7078 (M15) I 226 11 —1.92 —-1.87 6237 0.67
NGC 6341 (M92) 1 —-2.28 5 -1.92 —1.87 6160 0.67

Notes.
2 References are the same as in Table 7, except as noted.
b From Kaluzny et al. (2000).

metallicities seemed to follow a fairly universal mean locus,
defined solely by their Oosterhoff types, whereas the RRc’s,
on the contrary, presented systematic deviations toward shorter
periods (at a given amplitude) with increasing metallicity. Given
that M62 is more metal-rich than M3, this provides a reasonable
explanation for our results.

There is, however, one aspect of the M62 variable star
population that may not seem immediately compatible with
an Ool classification, namely, the number fraction of c-type
variables f.. It has long been thought that the latter quantity is a
strong discriminator of Oosterhoff type, with f. >~ 0.17 for the
Ool systems, and f, =~ 0.44 for Ooll systems (see, e.g., Table 3.2
in Smith 1995). In the case of M62, we find f. = 0.363,
which is intermediate between these two reference values, but
closer to the one for Ooll systems. However, as discussed more
recently by M. Catelan et al. (2010, in preparation), f. is actually
not a particularly reliable indicator of Oosterhoff type, with

known Ool systems covering a wide range in f, values, from
fe =~ 0 up to 0.65 (with most of the objects falling in the range
0.2 £ f. < 0.4), and likewise known Ooll systems covering the
range from f. ~ 0.1 up to 0.6 (with most of the objects falling
in the range 0.3 < f. < 0.55). We thus conclude that the f.
value for M62 is not inconsistent with an Ool type classification
for the cluster; the fact that it is slightly larger than for most Ool
systems is likely due to the fact that M62 also has one of the
bluest HB types among Ool globulars.

As discussed by, e.g., Corwin et al. (2003), the average
physical parameters of the c- and ab-type RR Lyrae, as derived
on the basis of Fourier decomposition of their light curves,
can also provide a useful consistency check of the derived
Oosterhoff type. In Tables 7 and 8, we accordingly compare
some of the physical parameters that we derived on the basis
of the Fourier decomposition method (Section 4) with those
similarly derived for other clusters in the literature, for the RRc
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and RRab stars, respectively. As can be seen from these tables,
the Fourier-based physical parameters that we derived for M62
are again entirely consistent with an Ool classification for the
cluster.

7. THE A-PARAMETER AND THE He
ABUNDANCE IN M62

Recently, several authors have suggested that He abundance
enhancements may be quite commonplace among globular
clusters (e.g., D’Antona & Caloi 2008). In this scenario,
globular clusters with predominantly blue HB morphologies
are suggested to be helium rich, and thus it is worthwhile to
check the RR Lyrae stars in M62 in search for evidence of He
enhancement that might help explain its blue HB.

As is well known, the “A-method” of Caputo & Castellani
(1975) can provide strong constraints on the presence (or
otherwise) of He enrichment among RR Lyrae stars. From the
period—mean density relation of stellar pulsation theory (van
Albada & Baker 1971), one finds

log P =11.497+0.84 A — 3.481 log T, 2)

where
A =log(L/Lg) — 0.81 log(M /M), 3)

with the period in days and the temperature in K. Therefore,
A =13.353 — 1.19 log P — 4.058 log Tys- “)

Similarly, on the basis of the more recent models by Caputo
et al. (1998), Cacciari et al. (2005) obtain

A =13.687 — 1.19 log P — 4.144 log Ty 5)

Thus defined, the A-parameter can therefore be easily com-
puted on the basis solely of period measurements and estimates
of the stellar temperatures. As already mentioned, this parameter
is strongly sensitive to the He abundance; in particular, accord-
ing to the ZAHB models of Sweigart & Catelan (1998) for
Z = 0.002, A depends on Y according to (dA/dY)r,,.z > 1.56,
in the range of Y between 0.23 and 0.28. For comparison, the
dependence on Z at fixed Y is much milder, the same models
indicating, in the range between Z = 0.0005 and Z = 0.002, a
slope (dA/dlog Z)r,, y ~ —0.05.

Here, we provide a comparison with the globular cluster M3,
which has been extensively studied previously, and which has
a metallicity fairly similar to M62’s. In particular, A-parameter
values can be derived for the ab-type RR Lyrae stars in M3,
based on the temperatures derived by Kaluzny et al. (1998)
from their Fourier decomposition of the V-band light curves.
Their procedure is essentially identical to the one adopted in
our paper to derive the temperatures listed in the last column of
Table 6, and thus A-parameter values for M62 RR Lyrae derived
on the basis of these temperatures can be directly compared
with those for M3 RR Lyrae stars, based on the temperatures
derived by Kaluzny and co-workers. As a result, we find for M3
a (A) = 1.803 £ 0.023, and for M62 a (A) = 1.806 =+ 0.024,
implying a difference of AA = 0.003 +0.033 between M62 and
M3. (The standard deviation of the means is indicated.) If due
to a difference in He abundance, these values suggest that M62
is more He-rich than M3, but by only about 0.002 in Y. Within
the errors, this comparison suggests that the RR Lyrae stars in
M3 and M62 have closely the same He abundance.

On the other hand, the fact that the average A values are closely
the same for both M3 and M62 does not necessarily imply that,

TIME-SERIES PHOTOMETRY OF GLOBULAR CLUSTERS: M62 (NGC 6266) 1783

at any given temperature, no offset between the two clusters in
present. To check for the presence of such possible offsets, we
compare in Figure 8 the derived distributions. Intriguingly, and
in contrast with what was found in Figure 7,” there does appear to
be an offset between the two clusters, with the deviation of M62
data points from the M3 regression line in the A—T¢¢ plane (solid
line in Figure 8) amounting to AA7,, = 0.020 £ 0.012. If due
to a difference in He abundance, this would imply that the M62
RR Lyrae stars are more He-rich than their M3 counterparts, by
about0.01340.008 in Y. This result is confirmed if instead of the
Kaluzny et al. (1998) Fourier parameters for M3 RR Lyrae stars
we use those more recently derived by Cacciari et al. (2005).
Further work on the temperatures of M62 RR Lyrae stars will
be required before we are in a position to conclusively settle this
issue.

8. SUMMARY

In this paper, we have provided a detailed account of the
time-series observations that we have collected for the Galactic
globular cluster M62, first reported on in Contreras et al. (2005).
Our results indicate that M62 is one of the most RR Lyrae-rich
(in the sense of total number of RR Lyrae stars present) globular
clusters known in the Galaxy, and it is actually not unlikely
that future studies will reveal that it is the most RR Lyrae-rich
globular cluster known. In like vein, M62 appears to be the
globular cluster with the largest known number of LPV stars
in the Milky Way, thus making it a very attractive benchmark
object for future RR Lyrae and LPV studies alike.

Discussing the distribution of variable stars in the cluster’s
CMD, we find that most of the detected variables are likely
cluster members. The CMD of the cluster is, however, severely
affected by differential reddening; we have accordingly taken
benefit of the large number of RR Lyrae variables that are present
in the cluster to build a two-dimensional reddening map for the
cluster, which allowed us to present a “corrected” CMD that
is much less strongly affected by differential reddening. A full
analysis of the cluster CMD will be presented in a forthcoming
paper (R. Contreras et al., 2010, in preparation).

From an analysis of the pulsation periods of the detected RR
Lyrae stars, we provide an updated metallicity ([Fe/H]zwss =
—1.31, based on Fourier decomposition of the RR Lyrae light
curves) and distance modulus [(m — M)y = 15.58, based on
the recent My (HB) — [Fe/H] calibration by Catelan & Cortés
2008] estimates for the cluster. In addition, we discuss a variety
of Oosterhoff indicators, including the mean periods, period
distribution, and Bailey diagram, and conclude that the cluster is
an Ool object, in spite of its blue HB morphology but consistent
with its moderately high metallicity. Therefore, metallicity does
play an important role in defining Oosterhoff type, at least in the
case of M62 (see also Contreras et al. 2005). Finally, based on
an application of the “A-method,” we conclude that the M62 RR
Lyrae stars likely have a similar He abundance as M3, although
more work on the temperatures of the M62 RR Lyrae is needed
before this result can be conclusively established.

Support for M.C. is provided by MIDEPLAN’s Programa Ini-
ciativa Cientifica Milenio through grant P07-021-F, awarded to
The Milky Way Millennium Nucleus; by Proyecto Basal PFB-
06/2007; by FONDAP Centro de Astrofisica 15010003; and

7 Recall that the reference Ool line in Figure 7, from Cacciari et al. (2005),
indicates the locus occupied by the presumably “unevolved” RR Lyrae stars in
M3.



1784 CONTRERAS ET AL. Vol. 140

NV88 p=0.5807 NV120 p=0.489 NV138 p=0.6051
T T T T T T T
164 [ 4 i £
Ei 165 [, 1 E P
188 * " ! l\ H
168 [ 1 I ] : 1
B B :
17 F 3 . H % :
175 5 ]
172 [ 4 2 E :
B e M
£ o
s L L L B e L L 2t L L L =
156 F T T T 3 T T = T T T
T 3
2 b [
158 [ 4 ;
. : 1 n
@ 3
16 &3 q
v v i H
162 |- q 165 - - . . - 3
164 [ 3
17 ! !
188 & 1 1 L B 1 1 1 1 1 L
o 05 1 15 2 0 05 1 15 2 o 05 1 15 2
Phase Phase Phase
NVI50  p=0.5480 NV161  p=0.5568 NV205  p=0.552
T T T T T T T T
x ]
7 2 =2
= B T o, ]
3 @ © E "o
3 Z T T T
° Qo 4
K. [+ == | ]
A
: o 2
: 8 i .
9 L e,
16.6 1 1 L E 1 1 1 e 1 - L
o 05 1 15 2 0 05 1 15 2 o 05 1 15 2
Phase Phase Phase
NV215  p=0.4616 NV219  p=0.7177 NV222  p=0.460
T T T T T T T T
] %[
2 2
B 3
o b ol
2 L 2
= T T T T T T = T T T
=r B 158 - B ° 5
= F o { = :
2] 158 [ : g ar b
2] z i 2]
[ y v 16 B
162 - ] ‘,h
164 [ 1 r . -
1 1 L 1 1 1 1
o 05 1 15 2 0 0.5 1 15 2 o . 1 2
Phase Phase Phase
NV100 p=0.2665 NV104 p=0.6307 NVi11 p=0.2494
T T wE T T T ] T T T
L L L L L L L L L

0 0.5 1 15 2 0 05 [l 15 2 0 0.5 1 15 2
Phase Phase Phase

Figure 9. Sample light curves for newly discovered variable stars in M62. (This page) first three rows: ab-type RR Lyrae stars; bottom row: c-type RR Lyrae stars.
(Next page) top row, left panel: NV 140, another c-type RR Lyrae star; top row, middle and right panels: NV164 and NV 180, two type II Cepheids; middle row, left
and middle panels: NV239 and NV240, two long-period variables; middle row, right panel: NV114, an eclipsing binary; bottom row: NV170, a variable star with
uncertain classification (left panel), and NV241, a candidate ab-type RR Lyrae star (middle panel).

(An extended version of this figure is available in the online journal.)
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Figure 9. (Continued)
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results.

APPENDIX
SAMPLE LIGHT CURVES

Here, we show a representative sample of light curves for
the newly discovered variable stars in M62 (Figure 9). The full

set of derived light curves, including our light curves for the
previously known variables in the cluster, can be found in the
electronic version of the journal.
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