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ABSTRACT

Aims. We analyse 20 nights of CCD observations in Yhand| bands of the globular cluster M 68 (NGC 4590) and use them to detect variable
objects. We also obtaéd electron-multiplying CCD (MCCD) observations for thislgster in order to explore itsore with unprecedented spatial
resolution from the ground.

Methods. We reduced our data using dirence image analysis to achieve the best possible photometry in the crowded eld of the cluster. In doing
so, we show that when dealing with identical networked telescopes, a reference image from any telescope may be used to reduce data from
other telescope, which facilitates the analysis signi cantly. We then used our light curves to estimate the properties of the RR Lyrae (RRL) sta
in M 68 through Fourier decomposition and empiricdatens. The variable star properties thenaha us to derive the cluster’'s metallicity and
distance.

Results. M 68 had 45 previously con rmed variables, including 42 RRL and 2 SX Phoenicis (SX Phe) stars. In this paper we determine new
periods and search for new variables, especially in the core of the cluster where our method performs particularly well. We detect 4 additior
SX Phe stars and con rm the variability of another star, bringing the total number of con rmed variable stars in this cluster to 50. We also use
archival data stretching back to 1951 to derive period changes for some of the single-mode RRL stars, and analyse the signi cant number
double-mode RRL stars in M 68. Furthermore, we nd evidence for double-mode pulsation in one of the SX Phe stars in this cluster. Using tt
di erent classes of variables, we derived values for the metallicity of the cluster/¢][EeS2.07 + 0.06 on the ZW scale, d82.20+ 0.10 on

the UVES scale, and found true distance mogdygl 15.00+ 0.11 mag (using RRO stars), D8+ 0.05 mag (using RR1 stars), B¥ + 0.11 mag

(using SX Phe stars), and .08 + 0.07 mag (using thévl, S[Fe/H] relation for RRL stars), corresponding to physical distances dialf 0.49,

9.99+ 0.21, 984+ 0.50, and 1M0 + 0.30 kpc, respectively. Thanks to the rst use of drence image analysis on time-series observations of

M 68, we are now con dent that we have a complete census of the RRL stars in this cluster.

Key words. stars: variables: RR Lyrae — stars: variables: general — globular clusters: individual: M 68

1. Introduction derive estimates of several properties for individual stars and for
. . . : the cluster as a whole.
Globular clusters in the Milky Way are ideal environments to In thi | i . b i f M68
study the properties and evolution of old stellar population G?: igg%ap?:rl\g:;eeaznggsiﬁ 'twe'?ZUeSnOmser{VF t|op§ O_
thanks to the relative homogeneity of the cluster contents. 0%39,“27 985, i ézé 44 38.6 aei 32000 (())) gng %futr?é n;ost
the past century, a sizeable observationairé was devoted to tal : I b_l lust : ith B g 2’2 t a dist
studying globular clusters, in particular their horizontal brancﬂe al-poor globular clusters with [Fd] S 2.2, at a distance
(HB) stars, including RR Lyrae (RRL) variables. Increasingl 10.3 kpc. This IS a partlc_:ularly interesting globular cluster,
precise photometry has allowed for detailed study of pulsati ﬁc\;;llul?e theLe \?vrii h'nitsrfhatf'?'"f[t k;le Engergglqg (2:889 cl?llk?pse,
properties of these stars, both from an observational point €ll as showing signs of rotatio gne et al. B It has
view (e.g.Kains et al. 20122013 Arellano Ferro et al. 2013a also been suggested that M 68 is one of a number of metal-poor

Figuera Jaimes et al. 201Runder et al. 2013gand from a the- clusters that were accreted into the Milky Way from a satellite
oretical point of view using stellar evolution (e Dotter et al. ﬂg:gxgbgﬁﬁsigg'zeo%gn their co-planar alignment in the outer
2007 and pulsation models (e.Bono et al. 2003Feuchtinger :

1999. RRL and other types of variables can also be used to Metal-poor clusters are particularly important to our under-
standing of the origin of globular clusters in our Galaxy, since

The full Table 2 is only available at the CDS they are essential to explaining the Oosterldichotomy. This
via anonymous ftp tadsarc.u-strasbg.fr ~ (130.79.128.5 )orvia phenomenon was postulated ®psterho (1939, who noticed
http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/578/A128 that globular clusters fell into two distinct groups, Oosterho
Royal Society University Research Fellow. types | and Il, traced by the mean period of their RRL stars, and
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the relative numbers of RRO to RR1 stars. Since then, many stl@idble 1. Numbers of images and exposure times forvhand| band
ies have con rmed the existence of the Oosterldichotomy as observations of M 68.
a statistically signi cant phenomenon (e $ollima et al. 2014

and references therein), with very few clusters falling within the Date Nvo o tu(s) N ()

20130308 1 120 1 60

“Oosterho gap” between the two groups. 20130311 7 120 9 60

Two metal-rich clusters are now generally thought to be part 20130314 15 120 16 60
of a new Oosterho Il type of clusters (e.gPritzl et al. 2001 20130316 17 120 16 60
2002, and, interestinglyCatelan(2009 notes that globular clus- 20130317 14 120 16 60
ters in satellite dwarf spheroidal (dSph) galaxies of the Milky 20130318 16 120 11 60
Way have been observed to fall mostly within the Oosterho 20130319 12 120 7 60
gap, which would seem to go against theories stating that the 20130320 8 120 8 60

20130321 15 120 16 60
20130323 5 120 6 60
20130329 20 40 20 40

Galactic halo was formed from accretion of dwarf galaxies (e.g.
Zinn 1993ab). The strength of such arguments rests partly on

our ability to obtain complete censuses of RRL stars in globular 20130331 9 120 10 60
clusters. This has only really been achievable afteedince im- 20130401 4 120 2 60
age analysis (DIA) made it possible to obtain precise photometry 20130402 30 40-120 28 40-60
even in the crowded cores of globular clusters (Algrd 1999 20130403 7 120 5 60
2000 Bramich 2008Albrow et al. 2009 Bramich et al. 2013 20130404 19 40-120 19  40-60
Here we use time-series photometry to detect known and 20130427 9 40 9 40
new variable stars in M 68, which we then analyse to derive their 20130428 10 40 10 40

properties and the properties of their host cluster. In particular, 20130423 10 40 0 40

we were able to detect a number of SX Phoenicis (SX Phe) stars 20130520 8 120 S S

. . ) : Total 236 219
thanks to improvements in observational and reduction methods
since the last comprehensive time-series studies of this clustetes.When varying exposure times were used, a range is given.
were published over 20 years agidlker 1994 hereafter W94;
and Clement et al. 1993nhereafter C93). This is also the rst
study of this cluster making use of DIA, meaning that we ¢
now be con dent that all RRL stars in M 68 are known.

We also use electron-multiplying CCD (EMCCD) data tq,

study the core of M 68 with unprecedented resolution from the. is an Andor Technology iXenmodel 897 EMCCD, with
ground. EMCCD observatlo_ns, a_long with methods_that mak§ o x 512 16um pixels and a pixel scale of 0.09er pixel,
use of them, such as lucky imaging (LI), are becoming & pOWsing a FOV of 45x 45 arcse The small FOV means that
erful tool for obtaining images with a resolution close to th nly the core of M 68 was imaged in the EMCCD observations.
di raction limit from the ground. We rst demonstrated therpg it on the camera is approximately equivalent to the SDSS
power of EMCCD studies for globular cluster cores in a pilqt ; iers (Bessell 200% more details on the Iter are given in

study of NGC 6981 gkottfelt et al. 2018 where we were able gy qyifelt et al(2013. Seventy-two good EMCCD observations

to detect two variables in the core of the cluster that were preViz e taken spanning 2.5 mast(May 1 to July 18, 2013), each
ously unknown owing to their proximity to a bright star. i ) ' f

observation consisting of a data cube containing 4800 0.1 s ex-

_InSect.2, we describe our observations and reduction of thgysures; in general, one or two observations were taken on any
images. In SecB, we summarise previous studies of variability)ne pight.

in this cluster and outline the methods we employed to recover
known variables and to detect new ones. We also discuss pe-
riod changes in several of the RRL stars in this cluster. We ud&. Difference image analysis
Fourier decomposmo_n in Sect.to derlve physical parameters, 5 1 ~cp observations
for the RRL stars, using empirical relations from the literature.
The double-mode pulsators in M 68 are discussed in Seahd We used the DIA softwareDanDIA(Bramich et al. 2013
we use individual RRL properties to estimate cluster paramet&samich 2008 following the recipes devised in our previous
in Sect.6. Finally, we summarise our ndings in Seat. publications of time-series globular cluster observatidta{s
et al. 2012 2013 Figuera Jaimes et al. 2013rellano Ferro
et al. 2013p to reduce our observations. DIA is particularly

74 days, with the rst night on March 8 and the last night on
aT{)Iay 20, 2013. These observations are summarised in Table
We also observed M 68 using the EMCCD camera mounted
the Danish 1.54m telescope at La Silla, Chile. The cam-

2. Observations and reductions adept at dealing with crowded elds like the cores of globu-
lar clusters, as described in detail in our previous papers (e.g.
2.1. Observations Bramich et al. 201)L Here we summarise the main steps of the

, ) reduction process. We note that an interesting advantage to us-
We obtained Bessel/- and I-band data with the LCOGT g data from networks of identical telescopes and setups such
RoboNet 1 m telescopes at the South African Astronomicad’the LCOGTRoboNet network is that one can use a reference

Observatory (SAAO) in Sutherland, South Africa, and at Cerigyage constructed from observations from one telescope for the
Tololo, Chile. The telescopesid cameras are identical and capyiher telescopes in the network.

be treated as one instrument. The CCD cameras i_nstalled ONAfter applying bias level and at eld corrections to our raw
the 1m telescopes are Kodak KAF-16803 models with 4996;,5es, we blurred our images with a Gaussian of appropriate

4096 pixels and a pixel scale of 0.2Ber pixel, giving & 15.% 4 that all images have a full-width half-maximum (FWHM)
15.7 arcmif eld of view (FOV). The images were binned to

2048x 2048 pixels, meaning that the ective pixel scale of ! DanDIAis built from theDanIDLlibrary of IDL routines available at
our images is 0.47 per pixel. The CCD observations spannedttp://www.danidl.co.uk

A128, page 2 023



N. Kains et al.: A census of variability in globular cluster M 68 (NGC 4590)

Table 2. Format for the time-series photometry of all con rmed variables in\duandl-band CCD observations.

#  Filter HJD Mstd Mins m frer _ ref _ fai di p
(d, UTC) (mag) (mag) (mag) (ADUS) (ADUs®') (ADUs®) (ADU s
VI V245636056581 15994 18.128 0008  873.400 1095 §784.689 10536 25083
V1 V 245636370715 15099 18.133 0.008  873.400 1.005 $935.364  11.470  2.9662
Vi |  2456360.68185 15057 18303 0.009 447.298 0950 44675 5617  1.4841

V1 I 2456 363.71698 15.370 18.616 0.009 447.298 0.950 $130.860 4.495 1.4636

Notes.The standard/gg and instrumentaiy,s magnitudes listed in Cols. 4 and 5 correspond to the variable star, Iter, and epoch of mid-exposure
listed in Cols. 1-3, respectively. The uncertaintymops and Mgy is listed in Col. 6. For completeness, we also list the referencefpand

the di erential ux fy (Cols. 7 and 9, respectively), along with their uncertainties (Cols. 8 and 10), as well as the photometric scafe factor
De nitions of these quatities can be dund in e.gBramich et al(2011), Egs. (2), (3). This is a representative extract from the full table, which is
available at the CDS.

of 3.5 pixels; images that already havés&/HM 3.5 pixels with the kernel solution andubtracted from each of the stacked
were not blurred. This is to avoid under-sampling, which cathata cubes.

cause di culties in the determination of the DIA kernel solu- & .. EMcCCD reference image has a PSF FWHM of
tion. Images were stacked from the best-seeing photometricajly pixels, or 0.40, and has a total exposure time of 302.4 s
stable night in order to obtain a high signal-to-noise ratiNiS (30-4x 0.1 S). '

reference image in each lter. If an image had too many sa(t

urated stars, it was excluded from the reference. The resulting

images inV and| are made up of 12 and 20 stacked images,3 photometric calibration

respectively, with combined exposure times of 480 sjrand

800s (inl), and respective point-spread function (PSF) FWHM 3 1. seli-calibration

of 3.17 pixels (1.49) and 3.09 pixels (1.45. The reference

frames were then used to measure source positions and refej-the CCD data, we self-calibrated the light curves to correct
ence uxes in each lter. Following this, the images were regisor some of the systematics. Although systematics cannot be re-
tered with the reference frame, and the convolution of the refefoved completely, substantial corrections can be made in the

ence with the kernel solutionag subtracted from each imagegase of time-series photometry, as shown in our previous papers
This resulted in a set of derence images, from which we eX;Se.g.Kains etal. 201R

tracted di erence uxes for each source, allowing us to buil We used the method @ramich & Freudling(2012) to de-

light curves for all of the objestdetected in the reference im- . itud ts 1o b lied t h h of the bh
ages. The light curves of the variable stars we detected in M BY¥E magnituae osets to be applied to each epoch ot the pho-
metry, which corrected for any errors in the tted values of

are available for download at the CDS, in the format outlined ; . :
Table2 e photometric scale factors. The method involves setting up a

(linear) photometric model for all of the available photometric
measurements of all stars andwdng for the best- t parameter
values by minimising 2. In our case, the model parameters con-
sist of the star mean magnitudes and a magnitudetfor each

Each EMCCD data cube was rst pre-processed using the a@ﬁ]_age. The osets we derive are a few percentage points, and

rithms ofHarpsge et a2012), which included bias correction, Iey lead tq”s,lgm cant wfnar_oyem;nts n th? light curves for this
at elding, and alignment of all exposures (corresponding to gluster. An illustration of this is shown in Fid.

tip-tilt correction). This procedure also yielded the point-spread

function (PSF) width of each exposure. Each data cube was tt&eg 2 Photometric standards

subdivided into ten groups of exposures of increasing PSF siZze>™ ™"

We then reduced the pre-processed EMCCD cubes usinga used secondary photometric standards in the FOV from
modi ed version of theDanDIApipeline, and a dierent noise Stetson(2000 covering the full range of colours of our CMD
model was adopted to account for the elience between CCD to convert the instrumental magnitudes we obtained from the
and EMCCD observations, as detailedibgrpsge et al2012. pipeline reduction of the CCD images to standard Johnson-
Conventional LI techniques only keep the best-quality exp#&tron-Cousins magnitudes. This was done by tting a linear re-
sures within a data cube and therefore usually discard mostatfon to the di erence between the standard and instrumental
them, but here we build the reference image from the best-seeimggnitudesmsiy S mins, and the instrument&ISi colour of each
groups alone, but the photometry is measured from all exposupé®tometric standard in our images. The resulting transforma-
within the data cubes. That isnce a reference image has beetion relations are shown in Fi. We compared our photom-
built, the full sets of exposures (including the ones with worsery with that of W94 by comparing mean magnitudes of RRL
seeing) are stacked for each data cube; we do this to achievedfags. This showed small derences 0&£1% in bothV andl (see
best possible Bl. The sharp reference image is then convolvethable3 in Sect.3 for our mean magnitudes).

2.2.2. EMCCD observations
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Z ys7E . E noted some irregularities in V3, V4, V29, and V30, whereby
g 1 they could not derive precise periods for those four stens Agt
3 . E & Oosterho (1959 found seven more variables (V32-V38)
=8 v, when analysing observations taken in 1950 with the Radcli
g ’ 2 ] 74-inch re ector telescope in South Africa. They also noticed
15.9F b E many discrepancies between their derived periods and those pub-
Y P lished a few years earlier Hgosino & Pietra(1954), as well as
02 00 02 04 . o6 08 10 1.2 di erences in light curve morphologié®rzan et al(1973 an-

nounced another four variables in M 68 (V39-V42), including
Fig. 1. V-band light curves for V44 beforégp) and after bottom) self- the rst SX Phe star in this cluste€lement(1990 and C93
calibration using the method &ramich & Freudling(2012, showing then studied 30 of the RRL stars, identifying nine double-mode
signi cant improvement in light curve quality. pulsators and detecting period changes since the earlier studies.
Brocato et al(1994) carried out the rst CCD-era study of this
cluster using the 1.5 m ESO Danish Telescope, and soon after,
W94 used CCD observations made in 1993 at the CTIO 0.9m
We derived astrometry for our CCD reference images by usitgJescope in Chile to discover an additional six variables (V43—
Gaia? to match 300 stars manually with the UCAC3 catalogu&/48), including another SX Phe star. FinaBariya et al(2014
(Zacharias et al. 20)0For the EMCCD reference, we derivedhave recently used observations from 2011 at the Sampurnanand
the transformation by atching ten stars to H3WFC3 images telescope in Nainital, northern India, to claim nine new variable
(e.g.Bellini etal. 201). The coordinates we provide for all stardetections, including ve RR1 stars, bringing the total number
in this paper (Tabld) are taken from these astrometric ts. Theof published variables in this cluster to 57.

rms of the t residuals are 0.27 arcsec (0.57 pixel) for the CCD

reference images and 0.09 arcsec (0.96 pixel) for the EMCCD ) ,
reference. 3.1. Detection of variables

2.4. Astrometry

3.1.1. CCD observations

3. Variables in M 68 We searched for variables using two methods: we began by in-
The rst 28 (V1-V28) variables in this cluster were identi-SPecting the dierence images visualgnd checked light curves
ed by Shapley and RitchieShapley 19191920, using f- of any objects that had residuals on a signi cant number of im-
teen photographs obtained with the 60-inch re ector telescop&es- This did not enable us to detect any new variables. We also
at Mt Wilson Observatory. All of these are RRL stars, except f§onstructed an image from the sum of the absolute values of all
V27, which was identi ed in the 1920 paper as a Iong—perio@'_ erence images and mspected Ilght.curves at pl?(el positions
variable.Greenstein et a(1947) used a spectrum of V27 takenWith signi cant peaks on this stacked image. As with the rst
at the McDonald Observatory in 1939 to work out its radial vél'ethod, this method recovered most known variables, but did
locity and compared this to the cluster’s radial velocity to coflot enable us to detect new variables. Finally, we conducted a
clude that V27 is a long-period foreground variable sRasino period search for Per!ods ranging from 0.02 to 2 days on all light
& Pietra(1954) then used observations taken between 1951 afdfves using the “string length” method (e@woretsky 1983
1953 at Lojano Observatory to derive periods for 20 variabl@@d computed the ratig of the string length for the best- t pe-

and discovered three additional RRL stars (V29-V31). They aldgd to that for the worst (i.e. the string length for phasing with
a random period). For light curves without periodic variations,

2 http://star-www.dur.ac.uk/~pdraper/gaia/gaia.htm| Sk is expected to be close to 1, although in practice, owing to
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Table 3. Epochs, periods, mean magnitudes, and amplitédesv and| for all con rmed variable stars in M 68.

# Epoch P . \% I Ay A Type
(HJID-2 450 000) (d) dMyr®Y] [mag] [mag] [mag] [mag]

RRO

V2 6411.5879 0.5781755 S0.125 1575 15.17 0.72  0.49 RRO
V9 6412.5455 0.579043 S 1572 1512 069 0.40 RRO
V10 6363.7134 0.551920 S 15.71 S 1.08 S RRO
V12 6369.4311 0.615546 S 1556 15.04 089 0.61 RRO
V14 6373.4455 0.5568499 +1.553 1573 1520 1.11  0.77 RRO
V17 6411.5835 0.668424 S 1568 1508 0.82 0.54 RRIY)
V22 6373.4162 0.5634451  § 1567 1513 115 0.75 RRO
V23 6410.5710 0.6588921 S 1568 1511 1.11  0.58 RRO
V25 6411.5323 0.6414842 50488 1572 1508 0.79  0.45 RBO
V28 6363.7134 0.6067796 +0.102 1575 1514 1.18 0.70 RRO
V30 6370.5680 0.7336375 +0.044 1564 1500 0.37 0.25 RRO
V32 S 0.5882 S S S S S RRO
V35 6381.6690 0.7025348  § 1556 1500 1.05 0.66 RRO
V46 6363.7743 0.7382510 S 1564 1501 054 0.37 RRO
RR1

V1 6381.7111 0.3495912 +0.273 1570 15.23 0.45 0.40 RR1
V5 6366.6697 0.2821009 $0.497 1572 1536 0.45 0.28 RR1
V6 6385.6186 0.3684935 $0.088 15,69 15.20 053  0.34 RR1
V11l 6370.6253 0.3649338 +0.225 1571 1524 055 0.37 RR1
V13 6411.5829 0.3617370 +0.116 1574 1526 0.58 0.36 RR1
V15 6385.6092 0.3722615 S 1568 1520 053 0.34 RR1
V16 6381.6814 0.3819671 +0.066 15.69 1522 050 0.35 RR1
V18 6363.7943 0.3673459 S0.051 1572 1524 055 0.37 RR1
V20 6363.7643 0.3857892 +0.234 1568 1520 056 0.34 RR1
V24 6370.4698 0.3764448 $1.081 1568 1520 050 0.34 RR1
V33 6385.5693 0.3905647 S 1567 15.17 0.47 0.23 RR1
V37 6363.7727 0.3846092 S 1564 1517 047 0.33 RR1
V38 6370.4420 0.3828116 S 1563 1517 053 0.33 RR1
V43 6363.7527 0.3706144 S 1571 1524 057 0.35 RR1
Va4 6371.4311 0.3850912 § 1567 15.16 0.48  0.29 RR1
Va7 6385.6436 0.3729255 S 1563 1513 049 0.32 RR1
RRO1

V3 6381.6890 0.3907346 S 1564 1520 0.68 0.42 RRO1
V4 6410.6485 0.3962175 S 1567 1520 061 0.40 RRO1
V7 6381.7511 0.3879608 S 1571 1522 062 041 RRO1
V8 6412.5861 0.3904076 S 1565 1518 053 0.34 RRO1
V19 6368.6564 0.3916309 S 1566 1518 056 0.34 RRO1
V21 6385.6233 0.4071121 S 1562 1515 0.64 0.42 RRO1
V26 6369.4571 0.4070332 § 1572 1518 0.80 0.50 RRO1
V29 6387.5498 0.3952413 S 1571 1514 056  0.30 RRO1
V31 6385.6217 0.3996599  S§ 1558 1515 0.66 0.43 RRO1
V34 6363.7673 0.4001371 S 1576 15.17 0.60 0.45 RRO1
V36 6384.6470 0.415346 S 1568 1516 0.64  0.40 RRO1
V45 6366.6760 0.3908187 S 1572 1517 052 0.30 RRO1
SX Phe

V39 6433.2863 0.0640464 S 18.04 1766 0.85 0.64 SX
V48 6387.6218 0.043225 S 17.29 1693 024 0.11 SX
V49 6387.6120 0.048469 S 18.09 1768 0.59  0.40 SX
V50 6370.4561 0.065820 S 1756 17.13 0.70 0.30 SXd
V51 6383.6232 0.058925 S 1724 1673 0.35 0.20 SX
V52 6410.5871 0.037056 S 1790 1751 025 0.20 SX
Others

V27 2697.3 322.2342 S 9.8 S 4.03 S Field Mira
V53 S S S 16.98 1526 0.1 S ?

Notes.V49, V50, V51, and V52 are newly discovered variabled @ the end of the variable type denotes stars which exhibit Blazhko modulation

in their light curve. “SX” denotes SX Phe stars, and an appended “d” denotes double-mode pulsatand | are intensity-weighted mean
magnitudes. They are calculated from Fourier ts for all RRL stars, as the mean magnitude is stable even for unsatisfactory ts. For stars witho
good Fourier ts, amplitudes are calculated from the d&t@r V27, the data are taken from the ASAS catalodegr6anski 200R The data for

V32 are taken from C93, because that star is outside of our FOV. Values of the period-change rate pam@mmetsp given, where relevant (see
Sect.3.2); in those cases, the value Bfgiven corresponds to the instantaneous period at the epblis. star is FI Hydra.
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Table 4. Equatorial celestial coordinates of all con rmed variables in 0.8
M 68 at the epoch of the reference image, HIR 456 3856 d.

#
RRO
V2
V9
V10
V12
V14
V17
V22
V23
V25
V28
V30
V32
V35
V46
RR1
V1
V5
V6
Vil
V13
V15
V16
V18
V20
V24
V33
V37
V38
V43
V44
V47
RRO1
V3
V4
V7
V8
V19
V21
V26
V29
V31l
V34
V36
V45
SX Phe
V39
V48
V49
V50
V51
V52
Others
V27
V53

RA

12:39:15.29
12:39:25.57
12:39:25.96
12:39:26.918
12:39:27.54
12:39:29.02
12:39:32.30
12:39:32.41
12:39:38.15
12:40:00.31
12:39:36.07
12:39:03.29
12:39:25.19
12:39:24.84

12:39:06.86
12:39:23.83
12:39:23.77
12:39:26.56
12:39:27.49
12:39:28.50
12:39:28.54
12:39:29.12
12:39:30.26
12:39:33.15
12:39:34.41
12:39:26.18
12:39:26.09
12:39:29.06
12:39:29.477
12:39:28.831

12:39:17.33
12:39:19.06
12:39:24.02
12:39:25.18
12:39:30.15
12:39:31.19
12:39:39.46
12:39:48.93
12:39:19.65
12:39:47.56
12:39:24.89
12:39:29.989

12:39:24.34
12:39:38.27
12:39:29.52
12:39:32.12
12:39:28.986
12:39:30.57

12:39:55.92
12:39:08.91

Dec

$26:45:24.6
$26:44:00.8
$26:44:54.7
$26:44:39.73
$26:41:04.2
$26:45:52.4
$26:45:01.6
$26:38:23.0
$26:42:37.2
$26:41:59.8
$26:45:55.6
$26:55:18.0
$26:45:32.5
$26:44:43.4

$26:42:53.3
$26:41:52.3
$26:44:23.6
$26:46:32.7
$26:45:35.9
$26:43:40.9
$26:43:22.1
$26:46:15.2
$26:46:33.2
$26:44:46.6
$26:43:40.7
$26:44:20.9
$26:45:08.3
§26:45:43.7

$26:44:38.06
S26:44:19.92

$26:43:09.9
$26:46:51.3
$26:45:57.7
$26:46:52.5
$26:43:30.4
$26:44:32.0
$26:45:22.9
$26:47:10.1
$26:43:05.4
$26:41:03.5
$26:45:32.1

$26:44:49.18

$26:44:51.8
$26:46:12.4
$26:44:09.3
$26:45:10.5

$26:44:48.47

$26:44:30.1

$26:40:17.4
$26:50:33.8
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Fig. 3. Distribution of theSg statistic as de ned in the text, for our
V-band light curves. A dashed line denotes the threshold below which
we searched for periodic variables. RRO, RR1, and RRO1 variables are
shown as red lled circles, green lled triangles, and blue open inverted
triangles, respectively. SX Phe is indicated as open green triangles, the
eld Mira variable V27 (FI Hya) as a lled blue square, and the variable

of unknown type V53 as an open green square. The three marked stars
above the threshold are V40-V42, which we found to be non-variable.

Table 5. Light curve mean magnitudes and rms values for V40-42, for
which we do not nd evidence of variability, as well as for the “new”
variables published b8ariya et al(2014).

# \% rms (V) | rms ()
# [mag] [mag] [mag] [mag]
V40 1832 0.068 1750 0.075
V41 1815 0.052 17.36 0.060
V42 19.05 0.083 18.36 0.156
SV49 1472  0.008 13.67 0.007
SV50 15.15 0.010 14.14 0.008

Sv51 1268 0013 S S

SVv52 18.17 0225 S S

SV53 1860 0.077 1794 0.14
Sv54 1848 0.361 17.00 0.14
SV55 17.04 0.023 1621  0.03
SVv56 19.81  0.192 1897 0.31
SV57 1681 0.016 1591  0.02

Notes.SinceSariya et al(2014 assigned those variables n&wnum-
bers, we add an “S” as a pre x to avoid confusion with the con rmed
variables in this paper.

Using this method, we recovered all known variables except
for V32, which is outside our FOV, and we were able to derive
periods for all of them, except for V27, which is now known to
be a foreground variable star with a period &22 d Pojmanski
2002. For V27, we do not have aiband light curve because
it is saturated in our reference image. We also discovered four
new variables, all of them SX Phe stars. Furthermore, we nd
that V40—42 are not variable within the limits of the rms in our

Notes.More precise coordinates are given for stars within the FOV fata, given in Tabl®, in agreement with the ndings of W$4

the EMCCD reference image, with epocl2 456 451 d. The coordi-
nates for V32, which is outside of our FOV, are from C93.

We also nd that none of the new variables recently claimed by
Sariya et al(2014) is variable within the rms scatter of our data
(Table5, see also Figd), and we therefore continue the variable

light curve scatter, the mean value is around 0.75; for true peri-

odic light curves Sy

1. The distribution ofSg is shown in

3 The mean magnitudes of V41 and V42 are signi cantly efient

Fig. 3. We inspected all light curves that fell below an arbitrarjtom those given by W94. For V41 we suggest that this might be due
threshold ofSg = 0.5, chosen by visually inspecting light curveso blending by V16 in their data, but no explanation iseced for the
sorted with ascendingg.
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] We also performed frequency analysis on all of the light
curves in order to characterise the Blazhkoeet Blazko
1907, which can cause scatter in the phased light curve due to
modulation of amplitude, frequency, phase, or a combination of
those. We discuss the results of this search in Se8t.

Finally, we inspected the light curve of the standard star S28,
which W94 found to be variable with an amplitude di.1 mag.
Our data show an increase in brightness 6f1 mag as well
over the time span of our observations, con rming the variable
nature of this star. We therefore assign it the variable number
V53. Interestingly, however, we do not nd signi cant variation
in thel-band light curve of this star.

0.01F

- The V-band light curves for all of the variables objects are
<> plotted in Figs5-9. I-band light curves are available for down-

load at the CDS. A nding chartdr all con rmed variables in

M 68 is shown in FiglOand a CMD in Fig11. The CMD con-

rms the classi cation of the con rmed variables, with RRL lo-

cated on the instability strip and SX Phe stars in the blue strag-

gler region. We also show stamps of variables detected on our

EMCCD images ion Figl2.

3.1.2. EMCCD observations

" We repeated the method we used for CCD observations to search
0.01 ¢ R E for variability in the EMCCD observations we obtained. Of the
F ] known variables, only V44 has a light curve, with V12, V45,
T T and V47 also located within our FOV, but is too close to the
<I> edge to allow for photometric measurements. Furthermore, the

Fig. 4. Root mean square magnitude deviation versus mean magnitfga €ra Was changed in May 2013, with a slightlyetient lter

for all stars for which photometry was obtained. Plots are fomttand ~ 21t€" that, meaning that measunents from images taken be-
(top) and I-band bottor). Classi ed variables are marked with redfore and after the change need to be treated as separate light
lled circles (RRO), green lled triangles (RR1) and blue open inverteUrves.

triangles (RR0O1), green open triangles (SX Phe), a blue square (for V27, .

the eld Mira variable FI Hya), and a green open square (variable V53, We also .deteCt the new Va”ab_|e V51, and conrm the_ pe-
of unknown type). Non-variable objects previously catalogued as vafiod found with the CCD data for this object. The EMCCD light

able in the literature are denoted by red crosses. curves for V44 and V51 are shown in Fitg.

3.2. Period changes in RRL stars

numbering system from its standing prior to the publication
their paper. o
We also con rm that many of the RRL stars are double—mocha

%Ieriod changes have been observed in many RRL stars
th in the Galactic eld and in globular clusters. Period

. . anges are usually classed as evolutionary or non-evolutionary.
variables, as previously reported Bjement(1999 and C93, Evolutionary period changes of stars on the instability strip are

and we determine pulsation periods for both modes, when posiersiood to be due to their radius increasing and contracting.

gibk?[s[iouble-mode RRL stars in this cluster are discussed-l;ﬂese only account for slowly increasing or decreasing changes,
ecto. ) . ) . however, and in many RRL, abrupt period changes have been ob-
To obtain the best possible period estimate for each star, W&ed (e.gStagg & Wehlau 1980 which cannot be explained

used archival_ data f_rom previous studies of variability in thi§y such an evolution. As yet, there is no clear explanation for
cluster byRosino & Pietrg1953 1954, C93, W94, andBrocato  sych changes.

et al.(1994. This gives us a baseline of up to 62 years for stars

that were observed osino & Pietra 1953 and over 20 years ~ As noted byJurcsik et al.(2012), in spite of this, period-

for the stars that were observed in the 1993-1994 studies. Tange rates of RRL in a globular cluster can inform us about
data ofRosino & Pietra(1953 1954, andBrocato et al(1994 its general evolution using theoretical modélee et al. (1990
were previously not available in electronic format, so we upuggested that in Oosterhaype Il clusters, most of the RRL
loaded the light curves to theDS for interested readers. Forpass through the instability gorirom blue to red when reaching
some of the stars, it was not possible to phase-fold the data gshtsend of helium burning in their core. Since such a blue-to-red
without also tting for a linear paod change. For some even thisevolution would also lead to a period increakeg (1991) ar-

did not lead to well-phased data sets, suggesting that some otiiezd that a mean positive value of the period change rate

e ectis at work, such as a non-linear period change. Those areluster would support this scenario. Furtherm&athbun &
discussed in Sec8.3. Smith (1997 showed that the average period change should be
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