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ABSTRACT

We present the largest collection of RR Lyrae stars in the@agic System and in its fore-
ground. The sample consists of 45451 RR Lyr stars, of whidbB29were detected toward the Large
Magellanic Cloud and 6369 toward the Small Magellanic Clowé provide long-term time-series
photometric measurements collected during the fourth@lafighe Optical Gravitational Lensing
Experiment (OGLE-1V).

We discuss several potential astrophysical applicatidrsuo collection: investigation of the
structure of the Magellanic Clouds and the Galactic halajiss of the globular clusters in the Mag-
ellanic System, analysis of double-mode RR Lyr stars, aattbdfor RR Lyr stars in eclipsing binary
systems.

Key words: Stars: variables: RR Lyrae — Stars: oscillations — Starsp#ation 1l — Magellanic

Clouds — Catalogs

1. Introduction

RR Lyrae stars are a powerful tool to trace the oldesiQ Gyr) stellar compo-
nent in our and other galaxies. These radially pulsating stee numerous, easily
identifiable, and present in all Local Group galaxies, pezsive of their morpho-
logical type. RR Lyr stars are standard candles making thepoitant distance

*Based on observations obtained with the 1.3-m Warsaw tgpesat the Las Campanas Observa-
tory of the Carnegie Institution for Science.
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indicators, probes of the three-dimensional structurabtef parent galaxies, and
tracers of the star formation history. Large samples of RR/ayiables have proven
useful in investigating the metallicity distribution inlgaies and in determination
of the interstellar extinction maps.

The Optical Gravitational Lensing Experiment (OGLE, U#alsSzymahski
and Szymaski 2015) has already released catalogs of RR Lyr starseirLénge
(LMC) and Small Magellanic Clouds (SMC) based on the obg&ma obtained in
1997-2000 during the OGLE-II (Sodzski et al. 2002, 2003) and in 2001-2009
during the OGLE-IIl phases (Sodzski et al. 2009, 2010). The latter release con-
tained a total of 27 381 RR Lyr stars detected in 54 squaresds@f the sky cover-
ing central regions of the LMC and SMC. These catalogs fouadynastrophysical
applications. They were used by various authors to invetgithree-dimensional
structure of the Magellanic Clouds (Pejcha and Stanek 280®&ramaniam and
Subramanian 2009, Haschkeal. 2012b, Kapakos and Hatzidimitriou 2012, Sub-
ramanian and Subramaniam 2012, Wagner-Kaiser and Samiap€di3, Morettiet
al. 2014, Deb and Singh 2014, Debal. 2015), to examine metallicity gradients in
both galaxies (Feast al. 2010, Kapako®t al. 2011, Kapakos and Hatzidimitriou
2012, Haschket al. 2012a, Wagner-Kaiser and Sarajedini 2013), to construakt re
dening maps toward both Clouds (Pejcha and Stanek 2009hkiastal. 2011,
Wagner-Kaiser and Sarajedini 2013), to study the RR Lyttlgrve morphology
in various passbands (Chen al. 2013, Gavrilchenkeet al. 2014, Morettiet al.
2014), and to analyze relations between periods, lumiegsitolors, amplitudes,
and metallicities of RR Lyr stars (Ripept al. 2012, Bhardwagt al. 2014, Mu-
ravevaet al. 2015). The OGLE samples were also used as training setsdor th
automatic systems of the variable star classification (Letngl. 2012, Kimet al.
2014, Kim and Bailer-Jones 2016).

In this paper, we present a new OGLE collection of RR Lyr stathe Mag-
ellanic System being an extension of the OGLE-III cataloth®regions covered
by the OGLE-IV fields. About 650 square degrees of the skyleglyumonitored
by the OGLE-IV survey cover a large part of the Magellanict8ys including the
outskirts of the two galaxies and the Magellanic Bridge @mtimg them. The new
OGLE release of RR Lyr variables in the Magellanic Systemtaios 45451 ob-
jects in total. This is the largest set of RR Lyr stars puldisko date in any stellar
environment.

The paper is organized as follows. Section 2 presents cdis@nmal data used
in this investigation. Methods used in the selection andsif@ation of RR Lyr
stars are detailed in Section 3. The collection itself iscdbed in Section 4. In
Section 5, we estimate the completeness of our sample angazerit with other
catalogs of RR Lyr stars in the Magellanic Clouds. In Sec@pwe discuss some
possible applications of our collection. Finally, condtus are presented in Sec-
tion 7.
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2. Observations and Data Reduction

The time-series photometry used in this study has beennglutavith the 1.3-m
Warsaw telescope at Las Campanas Observatory (operatéa Iyatnegie Insti-
tution for Science), Chile, between March 2010 and July 20M%e telescope is
equipped with a mosaic camera composed of 32 CCDs, each @4t By 4096
pixels, providing a field of view of 1.4 square degrees on #ye Most of the ob-
servations were obtained through the Cousifiker — typically from 100 to 750
points, depending on the field. In the Johnad6band we secured from several to
260 observations for color information.

Altogether 475 OGLE-IV fields cover about 650 square degiedke Mag-
ellanic System, including the Magellanic Bridge betweesn tMC and SMC and
selected peripheral areas, up to 20 degrees from the centbesgalaxies. The to-
tal number of point sources in the Magellanic Cloud OGLE-&fabase exceeds 75
million. The OGLE data reduction pipeline is based on thdddifnce Image Anal-
ysis technique (Alard and Lupton 1998, Wozniak 2000). Tdthiction procedures,
photometric calibrations and astrometric transformatibave been described by
Udalskiet al. (2015a).

3. Selection and Classification of RR Lyrae Stars

We performed a period search for nearly laband light curves stored in the
OGLE database. The only cut was done on the number of datesgbat had to be
larger than 30. We used theuFEAKS codd which calculates the Fourier amplitude
spectra and provides the best periods with their signabise ratios. For each star
we derived two periods, the second one on the residual lighvecobtained by the
subtraction of the primary periodicity.

A search for RR Lyr stars was conducted on light curves witiods between
0.2 and 1 day. The preselection of the candidates was badbe &ourier decom-
position of the light curves (Simon and Lee 1981) and the tataditting to the
I-band light curves. Double-mode RR Lyr stars were identifiedhe basis of their
period ratios, which fall in a narrow range of 0.72-0.75. Idwer, the automatic
algorithms played only a supporting role in the process @itianual selection and
classification of RR Lyr stars. The final decision on each abjgas made after
a visual inspection of its light curve. In doubtful cases wektinto account the
position of the star in the color—-magnitude diagram, as aglberiod—luminosity,
period—amplitude, and other diagrams.

The selected sample of RR Lyr variables has been dividedtimee classes:
fundamental-mode RRab stars, first-overtone RRc stars,daotle-mode RRd
stars. Our classification was based on the periods, ame$ifuand light curve
shapes of the stars. In several dozen cases we correctedlsla¢ign modes pro-
vided by Soszfiski et al. (2009, 2010). All objects classified in the OGLE-III

Thttp://helas.astro.uni.wroc.pl/deliverables.phpeen&active=fnpeaks
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catalogs as RRe stars (second-overtone pulsators) hameiraeeporated to the
RRc group. The second-overtone RR Lyr stars have not beamaged from the
first-overtone variables because of the doubts whether BRe $Rars exist at all.
We did not find any natural boundary, which could be used foumambiguous
separation of the first- and second-overtone RR Lyr stars.

As aresult, we found 18 158 RR Lyr stars in both Clouds thaewet recorded
during previous stages of the OGLE survey. Only 227 of therss(than 1% of the
OGLE-IIl sample) were found in the region covered by the OG@LHelds, con-
firming the high completeness of the OGLE collection of Jalegastars. Other
newly detected variables lie in the outer regions of the talaxjes. We also ver-
ified the OGLE-IIl samples of RR Lyr stars (So$ski et al. 2009, 2010) with
the OGLE-IV photometry and we decided to remove 88 of thecsipreviously
classified as RR Lyr stars (0.3% of the original sample). Tétaited list of these
objects is given in Table 1. Most of them turned out to be saiig or ellipsoidal
binary systems or their variability type could not be unaguibously identified from
the OGLE photometry (they are designated in Table 1 as “Oth&nother ~ 200
stars in our collection should be treated with caution, beedheir classification is
uncertain. These stars are flagged in appropriate data fites gollection.

4. RR Lyrae Stars in the Magellanic System

The current version of the OGLE collection of RR Lyr starstie Magellanic
System contains variables detected during the previogesiaf the OGLE project
(Soszyiski et al. 2002, 2003, 2009, 2010) and during the current, fourth phase
of the survey. The whole sample consists of 45451 RR Lyr $&2$81 RRab,
10246 RRc, and 2624 RRd stars, including 22 anomalous RRRg] Saszfiski et
al. 2016, in preparation), of which 39082 and 6369 variablesevieund toward
the LMC and SMC, respectively. The on-sky boundary betweasth Blouds may
be established only approximately, because the halos divbeyalaxies overlap
with each other. In our collection, we adopted celestialidi@n of 278 to separate
the LMC and SMC samples, because we found a local minimumeimtimber of
RR Lyr variables around this value of right ascension. Ollection also includes
RR Lyr stars from the halo of the Milky Way. It is impossible duaambiguously
separate Galactic and Magellanic Cloud old stellar pojmriat since the Clouds
are immersed in the halo of our Galaxy. There is no a natunainasity boundary
that separates RR Lyr stars from the Magellanic Clouds amditky Way.

The entire collection can be downloaded from the OGLE Imkrrchive
through anonymous FTP sites or via a web interface:

ftp://ftp.astrouw.edu.pl/ogle/ogle4/OCVS/Imc/rriyr/
ftp://ftp.astrouw.edu.pl/ogle/ogle4/OCVS/smc/rrlyr/
http://ogle.astrouw.edu.pl
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Tablel
Reclassified variables from the OGLE-III catalogs of RR Liars in the Magellanic Clouds
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Identifier

New
classification

Identifier

New
classification

OGLE-LMC-RRLYR-00077
OGLE-LMC-RRLYR-00485
OGLE-LMC-RRLYR-00803
OGLE-LMC-RRLYR-00824
OGLE-LMC-RRLYR-00961
OGLE-LMC-RRLYR-01104
OGLE-LMC-RRLYR-01257
OGLE-LMC-RRLYR-01802
OGLE-LMC-RRLYR-02171
OGLE-LMC-RRLYR-02376
OGLE-LMC-RRLYR-02390
OGLE-LMC-RRLYR-02548
OGLE-LMC-RRLYR-03158
OGLE-LMC-RRLYR-03802
OGLE-LMC-RRLYR-04103
OGLE-LMC-RRLYR-04426
OGLE-LMC-RRLYR-04733
OGLE-LMC-RRLYR-04862
OGLE-LMC-RRLYR-04892
OGLE-LMC-RRLYR-05128
OGLE-LMC-RRLYR-05282
OGLE-LMC-RRLYR-05305
OGLE-LMC-RRLYR-05784
OGLE-LMC-RRLYR-06232
OGLE-LMC-RRLYR-06645
OGLE-LMC-RRLYR-07073
OGLE-LMC-RRLYR-07569
OGLE-LMC-RRLYR-07905
OGLE-LMC-RRLYR-07935
OGLE-LMC-RRLYR-08281
OGLE-LMC-RRLYR-08457
OGLE-LMC-RRLYR-09009
OGLE-LMC-RRLYR-09044
OGLE-LMC-RRLYR-09614
OGLE-LMC-RRLYR-10747
OGLE-LMC-RRLYR-10933
OGLE-LMC-RRLYR-10994
OGLE-LMC-RRLYR-11143
OGLE-LMC-RRLYR-11169
OGLE-LMC-RRLYR-11606
OGLE-LMC-RRLYR-12072
OGLE-LMC-RRLYR-12151
OGLE-LMC-RRLYR-12343
OGLE-LMC-RRLYR-12875

Other
Other
Spotted
Other
Eclipsing
Eclipsing
Other
Eclipsing
Other
Other
Eclipsing
Eclipsing
Eclipsing
Eclipsing
Eclipsing

Classical Cep.

Other
Eclipsing
Eclipsing
Eclipsing

Other
Eclipsing
Eclipsing
Eclipsing

Other

Other
Eclipsing
Eclipsing

Other

Other

Other
Eclipsing
Eclipsing

Other

Other
Eclipsing
Eclipsing

Other
Eclipsing

Other
Eclipsing
Eclipsing

Other

Eclipsing

OGLE-LMC-RRLYR-13259
OGLE-LMC-RRLYR-13512
OGLE-LMC-RRLYR-15806
OGLE-LMC-RRLYR-16124
OGLE-LMC-RRLYR-16210
OGLE-LMC-RRLYR-16426
OGLE-LMC-RRLYR-16656
OGLE-LMC-RRLYR-16795
OGLE-LMC-RRLYR-17073
OGLE-LMC-RRLYR-17117
OGLE-LMC-RRLYR-17396
OGLE-LMC-RRLYR-17584
OGLE-LMC-RRLYR-17847
OGLE-LMC-RRLYR-18086
OGLE-LMC-RRLYR-18360
OGLE-LMC-RRLYR-18854
OGLE-LMC-RRLYR-19067
OGLE-LMC-RRLYR-19207
OGLE-LMC-RRLYR-19243
OGLE-LMC-RRLYR-19258
OGLE-LMC-RRLYR-19438
OGLE-LMC-RRLYR-20089
OGLE-LMC-RRLYR-20767
OGLE-LMC-RRLYR-20781
OGLE-LMC-RRLYR-20821
OGLE-LMC-RRLYR-21161
OGLE-LMC-RRLYR-21207
OGLE-LMC-RRLYR-21255
OGLE-LMC-RRLYR-21285
OGLE-LMC-RRLYR-21455
OGLE-LMC-RRLYR-22035
OGLE-LMC-RRLYR-22482
OGLE-LMC-RRLYR-22492
OGLE-LMC-RRLYR-23055
OGLE-LMC-RRLYR-23485
OGLE-LMC-RRLYR-23513
OGLE-LMC-RRLYR-23517
OGLE-LMC-RRLYR-23685
OGLE-LMC-RRLYR-23868
OGLE-LMC-RRLYR-24247
OGLE-LMC-RRLYR-24338
OGLE-LMC-RRLYR-24428
OGLE-SMC-RRLYR-0251

OGLE-SMC-RRLYR-0720

Eclipsing
Eclipsing
Other
Eclipsing
Eclipsing
Other
Eclipsing
Eclipsing
Eclipsing
Eclipsing
Eclipsing
Eclipsing
Other
Other
Other
Other
Eclipsing
Other
Eclipsing
Other
Eclipsing
Other
Eclipsing
Other
Eclipsing
Eclipsing
Other
Eclipsing
Eclipsing
Eclipsing
Other
Eclipsing
Other
Other
Other
Eclipsing
Eclipsing
Other
Other
Other
Other
Eclipsing
Other
Other
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Each RR Lyr star has a unique identifier which follows the svhéntroduced
in the OGLE-III catalogs. The identifiers from OGLE-LMC-RRR-00001 to
OGLE-LMC-RRLYR-24906 (in the LMC) and from OGLE-SMC-RRLY¥B001
to OGLE-SMC-RRLYR-2475 (in the SMC) are reserved for the RRRdtars pre-
sented by Soszhgski et al. (2009, 2010). The identifiers with higher numbers are
assigned to the newly detected RR Lyr stars in order of irsingearight ascension.

Our collection contains not only the most important pararsebf the sources
(their coordinates, modes of pulsation, periods, mean inatgs in thel- andV-
bands, amplitudes, and Fourier coefficients of the lightewlecomposition), but
also the time-serie¥| photometry collected from the beginning of the OGLE-IV
survey. This photometry can be combined with the OGLE-Id &@GLE-II light
curves (if available) from the Sosagki et al. (2009, 2010) catalogs, however in
individual cases one should compensate possible diffeseimcthe mean bright-
ness and amplitudes between the previous and present sfageOGLE project.
About 8% of the RR Lyr stars included in the OGLE-IIl catalods not have
OGLE-IV photometry, mostly because they fell in technicapg between CCD
chips of the OGLE-IV mosaic camera. The parameters of thasables were
copied from the OGLE-IIl catalog. In the future, we plan taab the OGLE-
IV time-series photometry also for the stars in the gaps;esihese regions are
observed from time to time due to imperfections of the tapsgointing.

5. Completeness of the Sample

Due to a partial overlap of the adjacent OGLE-IV fields, sorhéhe sources
were recorded twice, independently in both fields. Howemarcollection contains
only one entry per star — in the case of the double detecti@ngsually chose the
one with the larger number of observing points in its lightveu These independent
identifications of the same RR Lyr stars may be used to esithatcompleteness
of our sample.

We expect that the OGLE collection of RR Lyr variables is ficatly complete
in the central regions of the LMC and SMC, that were monitseite 2001 by
the OGLE-IIl and OGLE-IV surveys. The outer regions are @#d by the gaps
between CCD detectors of the mosaic camera, which reduceothpleteness by
about 7%. The efficiency of our search for RR Lyr stars in tleaaovered by the
pixels may be judged on the basis of the double detectionssidauthe OGLE-III
fields, 1284 variables from our sample had two entries in td. BV database
(assuming that both light curves must have at least 100908t we had a chance
to find 2568 counterparts. We independently identified 2480eom, which implies
the completeness of about 96%.

The highest completeness is expected for RRab stars, doeiteaharacteristic
sawtooth-like light curves. Indeed, the same method appbehe fundamental-
mode pulsators gives the completeness well above 98%. ForaR& RRd stars
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we obtained the completeness of about 92%, which reflectditfieulties to dis-
tinguish between the overtone pulsators and close binatgsys.

We compared the OGLE collection with the sample of 9722 RRstars in the
LMC published by Alcocket al. (2001). Our sample does not include 131 of these
objects, of which 40 are not present in the OGLE-IV databasss( of them lies in
the gaps between the CCD chips). The remaining 91 starsfidddsy MACHO as
RR Lyr stars either clearly belong to other types of variaaearces or are constant
stars.

Kim et al. (2014) published a list of periodic variable star candidatetected
from the EROS-2 LMC photometric database. These objects wlassified using
an automatic random forest algorithm. The list of poterf®& Lyr stars contains
6607 sources not discovered during the previous stageg @@LE survey or the
MACHO project. We cross-matched an early version of ouremtibn of RR Lyr
stars in the LMC with the sample published by Kehal. (2014) and we found
that as many as 4408 object were missed in our list. For 323hesk stars we
found their counterparts in the OGLE-IV database within dsac search radius.
We carefully analyzed the light curves of these objects andd that 149 of them
indeed are probable RR Lyr stars. Most of these overlookedhlas turned out
to be RRc stars with noisy, nearly sinusoidal light curvespstimes affected by a
small number of points in their light curves. We supplemerdar collection with
these newly identified RR Lyr variables. In turn, we do notfaam the Kim et
al. (2014) classification for the remaining 3085 sources. Femtlajority of these
objects we had no doubt that we deal with eclipsing binadeSct stars, Cepheids,
or simply just constant stars. There is also a number of saurcthis group for
which the OGLE light curves are too noisy to unambiguoushtggarize their type
of variability.

6. Discussion

The present version of the OGLE collection of RR Lyr starshim Magellanic
Clouds is larger and purer than any other catalog of thesafmubk detected in any
other environment. Therefore, our sample is an ideal tostwidy RR Lyr stars
themselves, as well as the structure of the Magellanic Gleud their interactions
with each other and our Galaxy. Below we present a few passipplications of
our collection, however we are far from being exhaustive.

6.1. Spatial Distribution of RR Lyr Stars in the Magellanis&m

RR Lyr stars are primary tracers of the ancient stellar patpart. These pulsat-
ing stars are common in various environments, can be easifidd in time-series
sky surveys, and are standard candles, so can be used tatlstudigtribution of
the old population in three dimensions. The OGLE-Ill cagal@f RR Lyr stars
(Soszyiski et al. 2009, 2010) were extensively used to investigate the streiaif
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Fig. 1. Spatial distribution of RR Lyr stars in the OGLE fietdsvard the Magellanic Cloud&Jpper
panelpresents members of the Magellanic Clouds (fainter groGpay circles indicate positions of
twelve globular clusters that host RR Lyr statsower panelshows positions of the brighter group
of RR Lyr stars — consisting mostly of the Milky Way member$eTboundary between fainter and
brighter groups has been adopted at 1 magnitude above the peei@d—luminosity relations for
RRab, RRc, and RRd stars, separately for the LMC and SMC.tibddily, blended stars have been
removed from the bright group. Gray area shows the sky cgeeséithe OGLE fields.
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the Magellanic Clouds (Pejcha and Stanek 2009, SubramaamahBubramanian
2009, Haschket al. 2012b, Kapakos and Hatzidimitriou 2012, Subramanian and
Subramaniam 2012, Wagner-Kaiser and Sarajedini 2013, tMeteal. 2014, Deb
and Singh 2014, Debt al. 2015). Now we extend the OGLE-III set to the periph-
eral areas of the Clouds, which offers the opportunity testigate the history of
interactions between the LMC, SMC, and Milky Way.

In Fig. 1, we present two-dimensional maps of RR Lyr stanfour collection.
We divided our sample into fainter (upper panel of Fig. 1) arighter variables
(lower panel), wherein the dividing lines were arbitrardgfined at 1 magnitude
above the mean period—luminosity relations in the reddgfriee Wesenheit index,
W =1—-155V —1), separately for RRab, RRc, and RRd stars in the LMC and
SMC. In the case of the brighter group, we also cleaned th@lsaftom blended
variables. In this procedure we relied on the light curve l#oges, which are
smaller in blended variables than in typical pulsators withsame periods.

The fainter RR Lyr stars belong mainly to the Magellanic @suwhile the
brighter group is populated mostly by members of the Milkywialo, although
there is no clear boundary between outer regions of these talaxies. This is
seen in the distribution of the brighter RR Lyr stars, whighaughly uniform over
the OGLE fields with the exception of the center of the LMC. EReess of bright
RR Lyr stars in this region may be partially explained by tbatamination of not
removed blends, but the majority of these RR Lyr stars hapiedy amplitudes of
their light curves, so they do not seem to be substantiaipdéd. Thus, these stars
are likely located in the outskirts of the LMC stellar haldaily stretched toward
our Galaxy.

The fainter group (upper panel of Fig. 1) mostly belong to khagellanic
Clouds. The projection of the SMC halo on the celestial splseem to be round,
while the LMC halo is obviously elongated. Moreover, thdritisition of the LMC
RR Lyr stars probably cannot be described by a simple eltip$@cause the num-
ber of RR Lyr stars in the North-East part of the LMC seems tlatgger than in the
opposite side. A detailed analysis of the three-dimensidistribution of RR Lyr
stars in the Magellanic Clouds on the basis of our collectidlhbe presented in
the forthcoming paper (Jacyszyn-Dobrzenieekal. in preparation).

6.2. RR Lyr Stars in Globular Clusters

The Oosterhoff dichotomy observed in Galactic globulastdts is not present
among the globular clusters in nearby dwarf galaxies, iniqdar in the LMC.
Five of the LMC clusters (NGC 1466, NGC 1853, NGC 2019, NGC®24nd
NGC 2257) have properties that place them inside the zoneocidance between
the two Oosterhoff groups in the Milky Way. This fact poseggaigicant challenge
to the models assuming hierarchical merger formation oXakactic halo.

The catalog of extended objects in the Magellanic Systemibg & al. (2008)
lists 18 globular clusters in the Magellanic Clouds, 14 ofclbare currently mon-
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itored by OGLE. We found RR Lyr stars in all but two of the obser globular
clusters. We found no RR Lyr stars in Hodge 11 in the LMC andlkay 1 in the
SMC (strictly speaking we identified one RR Lyr star in Hodde lut it is prob-
ably a field variable located by chance in the area outlinethbycluster radius).
The simplest explanation for the lack of RR Lyr stars in Hodi§iend Lindsay 1 is
that these clusters are younger thari0 Gyr.

Table?2

Globular clusters containing RR Lyr stars

Cluster name RA Dec Cluster Nrr  NfieldrRR
(J2000) (J2000) radiug|[ (estimated)
NGC 121 0026M47 —71°3212" 3.8 15 1.2
NGC 1466  0844m33 —71°4017" 3.5 92 0.1
NGC 1754 0454™17 —70°2629" 1.6 37 0.4
NGC 1786 0459m06° —67°4442' 2.0 57 25
NGC 1835 0805"06° —69°24'14" 2.3 125 6.4
NGC 1898 0816M415 —69°3923" 1.6 49 6.8
NGC 1916 0818M38 —69°24/23" 2.1 25 10.5
NGC 1928 0820M57° —69°2840" 1.3 8 4.7
NGC 1939 0821M26° —69°56'59" 1.4 7 4.9
NGC 2005 0830M10° —69°4510" 1.6 19 5.2
NGC 2019 0831M56° —70°09'33" 1.5 61 4.6
NGC 2210 0811M315 —69°07'18" 3.3 59 1.0

Table 2 summarizes the properties of twelve globular ctastethe LMC and
SMC that host RR Lyr stars. The coordinates and angular oadliie clusters are
taken from Bicaet al. (2008). In the last two columns we provide numbers of
RR Lyr stars detected within one radius from the clustersters and estimated
numbers of field RR Lyr stars that are expected to fall insidedame area. We
estimated the number of field variables counting RR Lyr siiarthe rings from
1.5 to 2.5 radii around the cluster centers and rescalingethembers to the area
occupied by clusters. The full lists of RR Lyr stars foundhiitthe cluster radii
are provided in the FTP site in the fije.dat.

In two clusters — NGC 1928 and NGC 1939 — we found only eightsewkn
RR Lyr stars, respectively, while the expected number af fratiables is about five
in both cases. Therefore, it cannot be excluded that all RR®tays detected inside
the area outlined by the radii of these clusters are fielciléas. Spectroscopic and
astrometric follow-up observations of these stars shoiviel g definitive answer to
the question of their membership. In other globular clsststed in Table 2 the
identification of a significant number of RR Lyr stars is firfthaugh in most cases
cluster members and field variables cannot be unambigudigtinguished.
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Fig. 2. Period distributions of RR Lyr stars in the Mageltafilouds’ globular clusters. Blue, red,

and green contours show histograms for RRab, RRc, and RRtdfiertone periods) stars. Globular
clusters are arranged by increasing metallicities, [Fegiten in the top right corner afach panel

The distribution of pulsation periods of RR Lyr stars in tee tichest clusters
are presented in Fig. 2. The clusters are arranged by inogeasetallicities to
show the progression of the period distribution with mét&yl. RRd stars have
been detected in four globular clusters and it is intergstirat all of them have
intermediate metal abundanced.86 < [Fe/H] < —1.78 and fall in the Oosterhoff

gap.
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6.3. Double-Mode RR Lyr Stars

RR Lyr stars with two first radial modes simultaneously ee@ti{RRd stars)
constitute 5% of the total sample in the LMC and 10% in the SMiaese are the
largest sets of RRd stars known in any stellar environmenthey may serve as
important testbeds for theories of stellar pulsation. Retediagram (period ratios
plotted against the longer period) is a sensitive tool widsked in asteroseismology
(Popielskiet al.2000) and we construct it to analyze RRd stars.

075 ¢ . LMC 1T SMc

0.745 -

0.74 |- S 4k -

Pio/Pe

0.735

0.73 ° 1 h

0.725 - 1r h
L L L L | L L L L | L L L L L L | L L L L |
-0.4 -0.3 -0.2 -0.4 -0.3 -0.2

log P log Fe

Fig. 3. Petersen diagrams for double-mode RR Lyr varialléise LMC (eft pane) and SMC (ight
pane). Black dots represent “classical” RRd stars, while emjitgies mark anomalous RRd stars
(Soszyski et al. 2016, in preparation). Gray dashed lines indicate peritid & 0.744 used to
separate RRd stars shown in the two panels of Fig. 4.

Fig. 3 shows the Petersen diagrams for RRd stars in the LMCSahd. The
vast majority of double-mode RR Lyr stars has period ratighiwva narrow range
of 0.74 < Po/P- < 0.75 and forms a curved sequence in the diagram. The se-
guence is longer in the LMC and reaches smaller period rtienrsin the SMC. A
simple test shows how the Petersen diagram is sensitives tohttmical composi-
tion of the stars. We divided our sample of RRd stars into treags — with period
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Fig. 4. Spatial distribution of double-mode RR Lyr starshie OGLE fields toward the Magellanic
Clouds. Upper panelpresents RRd stars with period ratiBso/Pr > 0.744. Lower panelshows
positions of RRd stars witRPyo/Pr < 0.744.
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ratios above and below 0.744 — and we checked the spatiaibdigin of both
groups. The result is displayed in Fig. 4. TRgy/P- < 0.744 group is almost ab-
sent in the SMC, while in the LMC both groups have clearlyat#éit distributions,
reflecting different metal abundance of these stars. RRd sith P;o/P: < 0.744
are clearly more concentrated toward the LMC center tharother group. This
indicates that smaller period ratios are associated wighdrimetal abundances.

In Fig. 3, we included a new class of double-mode RR Lyr stétk period
ratios ranging between 0.725 and 0.738. We call these sbfuimalous RRd
stars and describe them in the paper by Sioskiyet al. (2016, in preparation).
Anomalous RRd variables are characterized not only byrdifferatios of periods
in comparison to “classical” RRd stars, but also by différamplitude ratios (in
the anomalous RRd stars the fundamental mode usually dtes)nand different
light curve morphology of the fundamental mode componenisoAanomalous
RRd stars usually show modulations of the pulsation angei in other words —
the Blazhko effect. First RRd stars exhibiting Blazhko mlatlan were recently
discovered in the Galactic bulge (Soaski et al. 2014, Smoleet al. 2015) and
these objects also belong to the anomalous subclass.

6.4. RR Lyr Stars with Eclipsing Modulation

In contrast to other types of classical pulsating starséital Cepheids e.g,
Udalski et al. 2015b — or type Il Cepheids), none of RR Lyr stars was confirmed
as a member of an eclipsing binary system. In the OGLE-IllogtaSoszfski
et al. (2003) discovered three RR Lyr stars in the LMC which showitamithal
eclipsing variability superimposed on the pulsation lightves. However, it is not
clear whether the pulsating stars are components of theybgystems, or these
are physically unrelated blends. Sosgki et al. (2009) found one more RR Lyr
star with eclipsing modulation. Very similar object - OGIBE-G-RRLYR-02792
— detected by Soshgki et al. (2011) in the Galactic bulge was spectroscopically
studied by the Araucaria project (Pietfiski et al. 2012). They confirmed that
OGLE-BLG-RRLYR-02792 is indeed a pulsating star in a binaygtem, but it
cannot be a classical RR Lyr star, since its mass is only 0.26 M turned out
that OGLE-BLG-RRLYR-02792 is a prototype of a new class ¢éiinal variables
— binary evolution pulsators — that mimic properties andavédr of RR Lyr stars.

In the present investigation, we report the discovery of orwee candidate
for an RR Lyr star with eclipsing-like modulation — OGLE-LMRRLYR-30844
— and we confirm the four previously announced objects ofiimd (Soszyski et
al. 2003, 2009). All these stars are located in the LMC. Fig. shihhe OGLE-IV
I-band light curves of all five stars.

Based solely on the photometric data it cannot be judgedhehehese ob-
jects are real binary systems with a pulsating star as oneecfdmponents or the
eclipsing binaries are not related to the RR Lyr stars andusteoptical blends. It
should be noted that the orbital periods of our candidatesveny short compared
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to the values expected for horizontal branch stars whiclménprevious stage of
their evolution were located at the tip of the red giant bhanRecently, Hajdwet
al. (2015) conducted a search for binary RR Lyr stars in the Galaalge using
the OGLE collection (Soshgki et al. 2011, 2014) and found 12 firm candidates
for (non-eclipsing) binary systems with the RR Lyr compadseriThe orbital pe-
riods of all these candidates are longer than 1000 d. Oupsiel binaries have
orbital periods between 1.48 d and 16.23 d, which may sudbative deal with
optical blends.

However, the case of OGLE-BLG-RRLYR-0279Bf, = 15.24 d) indicates
that at least some of the stars shown in Fig. 5 may be binarytéwo pulsators
— stars that transferred most of their mass to their comparemd currently they
cross the pulsation instability strip in their fast evabmtitoward the helium white
dwarf branch. In particular, OGLE-LMC-RRLYR-0354P4, = 16.23 d) has
very similar properties (period, light curve shape) to OGREG-RRLYR-02792.
In turn, OGLE-LMC-RRLYR-10752 exhibits a monotonic de@eaof the pul-
sation period, just as it is expected for fast-evolving bynavolution pulsators
(Pietrzyhski et al. 2012). Using the 18-years-long OGLE light curve of OGLE-
LMC-RRLYR-10752 we found the period change rate equal®09+ 0.01 s/yr.

7. Conclusions

We presented the OGLE collection of over 45000 RR Lyr stathénMagel-
lanic System. Our sample contains, in fact, the vast mgjofitall RR Lyr vari-
ables in the Magellanic Clouds. A comparison of the OGLE-4Vte the previous
editions of the OGLE collection of variable stars (Sas#i et al. 2009, 2010)
assures us that our collection is characterized by a veltly leigel of complete-
ness and low contamination. Therefore, it is currently thstlsuited dataset for
studying old stellar population in the Magellanic Systenist@nce determinations,
three-dimensional distribution of the ancient stars,dmsof interactions between
the Magellanic Clouds and the Milky Way, mapping of the istellar extinction,
metallicity gradients in the galaxies, properties of glabelusters — these are just
the most obvious applications of the OGLE collection of RR &tars.

The sample of RR Lyr stars itself is also a gold mine for stedlstrophysics.
Exotic multimode pulsations, non-radial modes, periodhges, mode switching,
Blazhko effect, searching for pulsating stars in binaryteays — all these studies
are possible with the long-term OGLE photometry publishéth this collection.
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