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ABSTRACT

We present a collection of classical, type Il, and anomaloepheids detected in the OGLE
fields toward the Galactic center. The sample contains &&icial Cepheids pulsating in one, two or
three radial modes, 924 type Il Cepheids divided into BL NerVir, peculiar W Vir, and RV Tau
stars, and 20 anomalous Cepheids — first such objects fouhd iBalactic bulge. Additionally, we
upgrade the OGLE Collection of RR Lyr stars in the Galactilgbby adding 828 newly identified
variables. For all Cepheids and RR Lyr stars, we publish-$eresVI photometry obtained during
the OGLE-IV project, from 2010 through 2017.

We discuss basic properties of our classical pulsator#: gpatial distribution, light curve mor-
phology, period—luminosity relations, and position in thetersen diagram. We present the most
interesting individual objects in our collection: a typedépheid with additional eclipsing modula-
tion, W Vir stars with the period doubling effect and the R\iepomenon, a mode-switching RR Lyr
star, and a triple-mode anomalous RRd star.

Key words: Stars: variables: Cepheids — Stars: variables: RR LyraearsStoscillations — Galaxy:
center — Catalogs

1. Introduction

Cepheids and RR Lyr stars, sometimes collectively calledsital pulsators,
undergo radial oscillations driven by tlkemechanism in helium ionization zones.

*Based on observations obtained with the 1.3-m Warsaw tghesat the Las Campanas Observa-
tory of the Carnegie Institution for Science.
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Cepheid variables can be divided into several subclassehwelhibit markedly
different masses, ages, and evolutionary histories. Thegest ones are classi-
cal (or type 1) Cepheids which play a fundamental role in thkbcation of the
extragalactic distance scale thanks to their period—losiip (PL) relations. On
the contrary, type Il Cepheids belong to an old stellar paipah, but the exact
stage of their evolution depends on their pulsation peri@dsHer stars, with pe-
riods ranging between 1 d and 5 d, evolve away from the hota&dmanch toward
the asymptotic giant branch. W Vir stars (periods from 5 d @od2 likely un-
dergo blueward loops from the asymptotic giant branch direliom shell flashes.
RV Tau stars (periods longer than 20 d) evolve away from tlyenpgotic giant
branch toward a white dwarf domain. In turn, the evolutigretatus of anomalous
Cepheids is under debate. The two most popular scenaridheeyolution of a
single, intermediate-age, metal-poor star with mass ofNl-2 and the evolution
of coalescent binary systems of old, low-mass stars.

Classical pulsating stars in the central regions of the Wilkay have been
the subject of extensive research in recent years. On thénane, the Optical
Gravitational Lensing Experiment (OGLE) published a lagcgéalog of Cepheids
and RR Lyr stars in the Galactic bulge (Sosgki et al. 2011, 2013, 2014). On
the other hand, near-infrared surveys, like the VISTA Malga in the Via Lactea
(VVV, Minniti et al. 2010) or IRSF/SIRIUS (Nagashingt al. 1999), led to the
discovery of classical pulsators in the highly-obscureaes of the bulge, mostly
within = 1° from the Galactic planee(g, Dékanyet al. 2015, Matsunaget al.
2011, 2013, 2015, 2016).

The previous version of the OGLE catalog (Sasshi et al. 2011, 2013) con-
sisted of 32 candidates for classical Cepheids and 357 typepheids detected in
about 69 square degrees in the Galactic bulge covered by@h&Ed and OGLE-
Il fields. These samples have been successfully used imaénteresting studies
on the stellar pulsations itself and on the structure of oalay. Smolect al.
(2012) reported the discovery of the first BL Her stars exhigia period-doubling
effect —a phenomenon theoretically predicted by BuchldMdaskalik (1992) and
noticed for the first time in the OGLE catalog of type |l Ceplwei Feaskt al.
(2014) used five fundamental-mode classical Cepheids fnen®GLE-III catalog
to discover flared outer disk of the Milky Way. Kovtyuldt al. (2016) studied
metallicity of double-mode classical Cepheids from the @GLollection of Vari-
able Stars (OCVS). Recently, Bhardwetjal. (2017) matched the OGLE type Il
Cepheids with the VVV near-infrared photometry to detemrtime distance to the
Galactic center and to investigate the spatial distributibthe old stellar popula-
tion in the bulge.

In this paper, we extend the OGLE Collection of CepheidsénGlalactic bulge
by objects identified in the OGLE-IV fields. The new versionowair collection
consists of classical Cepheids, type Il Cepheids and, ffitkt time, anomalous
Cepheids in the central regions of the Milky Way. We also $eipent the OGLE
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catalog of RR Lyr stars with 828 newly detected variableshf type and update
the time-series photometry of the previously publishetssta

The rest of the paper is organized as follows. In Section 2present the
OGLE photometric data used in this study. Methods appliedHe variable star
identification and classification are introduced in SeconSection 4 describes
the Cepheid collection itself. In Section 5, we discuss sameresting features
of the published samples of pulsating stars. Finally, amiohs are presented in
Section 6.

2. Observations and Data Reduction

The OGLE-IV data set used in this investigation was obtaletgveen March
2010 and August 2017 with the 1.3-m Warsaw telescope loedteds Campanas
Observatory, Chile (operated by the Carnegie InstitutmmScience). A mosaic
camera composed of 32 CCD chips with Johnson-Coudifitters was used, pro-
viding a field of view of 1.4 square degrees with a pixel scdle/®6. Details of
the instrument can be found in Udalgkial. (2015).

In total, 121 OGLE-IV fields toward the Galactic center wezarshed for clas-
sical pulsating stars. Together with the OGLE-II and OGLH#lds analyzed by
Soszyiski et al. (2011), we studied an area of about 182 square degrees. Owing
to the OGLE observing strategy optimized to detect and mogitavitational mi-
crolensing events, the number of collected data pointesaignificantly from field
to field — from about 40 to 15 000 epochs per star inlthassband (median value:
773) and from 0 to 175 in th¥-band (median: 37). Some of these light curves
may be supplemented with observations obtained duringrthéqus phases of the
OGLE project and published by Sosmkiet al.(2011). One should be aware that
small offsets between individual light curves obtainedniydifferent stages of the
OGLE project are possible, mostly because of contamindtyomeighboring stars
in the dense bulge region. This should be taken into accownwnerging the
photometry from different phases of the project.

Data reduction was carried out using the Difference Imagelysis software
(Alard and Lupton 1998, Wozniak 2000). Detailed desanipsi of the photomet-
ric reductions and astrometric calibrations of the OGLEeda are provided by
Udalskiet al. (2015).

3. Selection and Classification of Cepheids

Each of the 400 milliori-band light curves collected by OGLE in the Galactic
bulge was subjected to a period search procedure based éiotiner technique
implemented by Z. Kotaczkowski in theNPEAKS cod€. The probed frequency
space ranged from 0 to 24 cycles per day, with a step of 0.06@f8s per day. For
each star the primary period was subtracted from the ofidjgiat curve and the

Thttp://helas.astro.uni.wroc.pl/deliverables.php Zs@n&active=fnpeaks
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period search procedure was repeated on the residual dattapBriods (primary
and secondary) were recorded with their amplitudes andbighnoise ratios. The
light curves with the primary periods between 0.2 d and 100d amplitudes
larger than 0.05 mag were fitted with a Fourier cosine semesthe low-order
Fourier coefficientsz1, @21, Rz1, @31 (Simon and Lee 1981) were derived.

This dataset became a basis for our variable star deteatidrclassification
procedure. We visually examined the light curves with therrler parameters
characteristic for classical pulsators. The final decisibout the classification
of each star was made after careful analysis of the lightecahape quantified by
the Fourier coefficients. In ambiguous cases, we also ceresidother available
parameters of the stars, like colors and period ratios (foltirmode pulsators).
Additionally, some candidates for pulsating stars weraiified during the search
for eclipsing binary systems in the Milky Way bulge area &oskiet al.2016a).

Contrary to the fundamental-mode pulsators, the overttamsical Cepheids
ando Sct stars (both single- and multi-mode) constitute cotitirand it is a matter
of convention which period will be adopted as a borderlineveen both types of
variables. In this study, we adopted the same discrimingtiexiod as in other
parts of the OCVS: pulsators with the first-overtone perisksrter than 0.23 d
were classified ad Sct stars and will be published elsewhere. The longer-gerio
(Population 1) pulsators were classified as classical Gdphe

The Fourier coefficients were crucial for the first unambiggimentification of
anomalous Cepheids in the Galactic bulge. The completelsarapclassical pul-
sators in the Magellanic Clouds published by the OGLE ptajoszyiski et al.
2015, 2017) allowed us to show that different types of Ceghare well separated
in the period-¢,1 and periods; diagrams. Fig. 1 shows these diagrams for the
bulge variables overplotted on their counterparts fronLidnge Magellanic Cloud
(LMC). The distinction between anomalous Cepheids andsidakCepheids (and
also RR Lyr stars) is very prominent for the fundamental-enpdisators (shown
in the left panels of Fig. 1), while for the first-overtone gatiors (right panels of
Fig. 1) the distinction is not so clear, so our classificatidess certain for these ob-
jects. We firmly detected 20 anomalous Cepheids (ninetewtafuental-mode and
one first-overtone) in the Galactic bulge, eight of which evpreviously classified
as classical Cepheids (Soézki et al. 2011) and six as RR Lyr stars (So&ski
et al. 2014). Previous designations of the reclassified variadtesgiven in the
remarks of the collection.

Type Il Cepheids have traditionally been divided into BL H&/ Vir, and
RV Tau stars based upon their pulsation periods. We usedatie sliscrimina-
tion periods as in the OGLE-IIl Catalog of Variable Starsg8@skiet al.2011) —
5 d — to distinguish between BL Her and W Vir staend 20 d to separate W Vir
and RV Tau variables.

*Note that in the Magellanic Clouds (Sogmki et al. 2008) we adopted a period of 4 d as a
borderline between the BL Her and W Vir classes.
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Fig. 1. Fourier coefficientgp1 and @31 as a function of periods for single-mode classical Cepheids
(blue points), anomalous Cepheids (red points), and RRtays ¢green points) in the Galactic bulge
(larger and darker points) and Large Magellanic Cloud (fmaind lighter points)Left andright
panelsshow diagrams for fundamental-mode and first-overtoneaparis, respectively.

We also distinguished 30 candidates for peculiar W Vir stéilgs subclass of
type Il Cepheids was defined by So&zki et al. (2008) based on the analysis of
starsinthe LMC. Peculiar W Vir stars are on average brigimerbluer than regular
W Vir stars, and have different light curve morphology, vttie rising branch being
steeper than the declining one. This latter feature is rieftba the period — Fourier
coefficients diagrams (Fig. 2), where the peculiar W Vir staccupy a limited
area, although with some overlap with the regular W Vir stsosour classification
should be treated with caution. In the Galactic bulge, we émlind one peculiar
W Vir star exhibiting additional eclipsing modulation (sgection 5.2), while in the
Magellanic Clouds at least 30% of these pulsators show sifjpimarity: eclipsing
or ellipsoidal variations.
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Fig. 2. Fourier coefficientgp, and @31 as a function of periods for type Il Cepheids in the Galactic
bulge. Green points indicate BL Her stars, blue points —legdlf Vir stars, magenta points — peculiar
W Vir stars, and orange points — RV Tau stars.

Our analysis revealed 68 classical Cepheids, 574 type |h&€dp and 828
RR Lyr stars that were not included in the previous versidnfi® OCVS. Some
objects have been reclassified which is summarized in Table &ddition to the
aforementioned pulsators that were reclassified as anos&@epheids, we re-
moved from the collection several objects which likely gjdo other (usually
unknown) types of variable stars. We confirm that all the fiigssin the flared
disk of the Milky Way studied by Feast al. (2014) are indeed the fundamental-
mode classical Cepheids.



\ol. 67

Tablel
Reclassified stars from the OGLE-III Catalog of Variabler§ta the Galactic bulge

303

Identifier

New
classification

Identifier

New
classification

OGLE-BLG-CEP-006
OGLE-BLG-CEP-008
OGLE-BLG-CEP-010
OGLE-BLG-CEP-011
OGLE-BLG-CEP-012
OGLE-BLG-CEP-013
OGLE-BLG-CEP-014
OGLE-BLG-CEP-017
OGLE-BLG-CEP-022
OGLE-BLG-CEP-023
OGLE-BLG-CEP-025
OGLE-BLG-CEP-026
OGLE-BLG-CEP-028
OGLE-BLG-T2CEP-042
OGLE-BLG-T2CEP-070
OGLE-BLG-T2CEP-099

Anom. Cepheid
Anom. Cepheid
Anom. Cepheid
Type Il Cepheid
Other
Other
Anom. Cepheid
Other
Anom. Cepheid
Anom. Cepheid
Anom. Cepheid
Artifact
Anom. Cepheid
Other
Other
Other

OGLE-BLG-T2CEP-245
OGLE-BLG-T2CEP-264
OGLE-BLG-T2CEP-295
OGLE-BLG-T2CEP-323
OGLE-BLG-RRLYR-08018
OGLE-BLG-RRLYR-09254
OGLE-BLG-RRLYR-10224
OGLE-BLG-RRLYR-18443
OGLE-BLG-RRLYR-21455
OGLE-BLG-RRLYR-25667
OGLE-BLG-RRLYR-27874
OGLE-BLG-RRLYR-28668
OGLE-BLG-RRLYR-31394
OGLE-BLG-RRLYR-33138
OGLE-BLG-RRLYR-36100
OGLE-BLG-ECL-297887

Other
Other
Other
Other
Other
Class. Cepheid
Eclipsing
Anom. Cepheid
Anom. Cepheid
Anom. Cepheid
Class. Cepheid
Anom. Cepheid
Spotted
Anom. Cepheid
Anom. Cepheid
Type Il Cepheid

4. OGLE Collection of Cepheids in the Galactic Bulge

The newly detected classical pulsators have been added frekiiously pub-
lished OGLE catalogs. In total, the OCVS now contains 87sitas Cepheids, 924
type Il Cepheids, 20 anomalous Cepheids, and 39 074 RR Ly istéhe Galactic
bulge. The entire collection can be downloadea the WWW interface or from
the FTP site:

http://ogle.astrouw.edu.pl
ftp://ftp.astrouw.edu.pl/ogle/ogle4/OCVS/blg/cep/
ftp://ftp.astrouw.edu.pl/ogle/ogle4/OCVS/blg/t2cep/
ftp://ftp.astrouw.edu.pl/ogle/ogle4/OCVS/gal/acep/
ftp://ftp.astrouw.edu.pl/ogle/ogle4/OCVS/blg/rriyr/

Each object in our collection received a unique identifiefolthwith some ex-
ceptions, follows the scheme proposed in the previous pétte OCVS. For ex-
ample, classical Cepheids are designated as OGLE-BLGXIEER; where NNN
is a three-digit number. In the OGLE-Ill catalog (So8gki et al. 2011), we
used two-digit numbers in the identifiers of classical Cégidebut in this work
we reached number OGLE-BLG-CEP-100, which forced us tdhdligchange
the naming scheme. Objects from OGLE-BLG-CEP-001 to OGILEECEP-032
were included in the OGLE-III Catalog of Variable Stars (8@ski et al. 2011),
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while objects from OGLE-BLG-CEP-033 to OGLE-BLG-CEP-10@ ¢he newly
discovered classical Cepheids. These new pulsators agesortdy increasing right
ascension. The names of anomalous Cepheids — OGLE-GAL-AQHR — fol-
low the scheme proposed by SoBgkiet al.(2017), who discovered seven Galactic
anomalous Cepheids in front of the Magellanic Clouds.

All tables on the FTP site are in ASCII format and contain basformation
about the stars: their pulsation modes, J2000 equatoadiotates, intensity mean
magnitudes in thé- andV-bands, periods in days with their uncertainties (derived
with the TATRY code of Schwarzenberg-Czerny 1996), epochs of maximurh ligh
peak-to-peak amplitudes in tidand, and Fourier coefficien®, @1, Rs1, @31
derived for thel-band light curves. For the already known variables we pi®vi
their identifiers from the International Variable Star Ind@/atsonet al. 2006).

5. Discussion

5.1. Classical Cepheids

Fig. 3 shows the sky distribution of the OGLE classical Cegdhan the Galac-
tic coordinates. Despite the fact that classical Cepheaielyaung « 300 Myr),
relatively massive (3.5-20 M) stars, a large fraction of our objects are located far
from the Galactic plane, up to the Galactic latitudes= 5°. Feastet al. (2014)
measured distances to five OGLE fundamental-mode Cepheitisi®owed that
they are located in the flared outer disk of the Milky Way, fror@ kpc to 2.1 kpc
from the Galactic plane. Our collection probably contaimseclassical Cepheids
in the flared disk, not necessarily only the fundamental-eqmasators.

The presence of classical Cepheids inside the Galactielsiigurrently a mat-
ter of debate. The VVV survey reported the discovery of 35sitzal Cepheids in
the highly-obscured regions of the Galactic bulge (Dékéngl. 2015) and sug-
gested that the young stellar population form an inner thsk durrounding the
Galactic center. Matsunags al. (2016) used the IRSF/SIRIUS near-infrared ob-
servations to detect their own set of Cepheids in this aradlypoverlapping with
the VVV Cepheids), but they concluded that almost all of ¢heariables are lo-
cated behind the bulge and the Galactic center lacks cid$S&pheids. The only
exception from this rule are four classical Cepheids disoed by Matsunaget al.
(2011, 2015) in the very center of the Milky Way, in the so edINuclear Bulge or
Central Molecular Zone.

We cannot participate in this interesting discussion, beedhe Nuclear Bulge
is inaccessible to optical observations owing to enormaterstellar extinction.
However, the OGLE Collection of Variable Stars also cordaeveral classical
Cepheids relatively closglf < 1°) to the plane of the Milky Way. These objects
are probably located in the Galactic disk in front of the @atabulge. For most of
these stars, thé-band data are not available, usually because of the higiergadg
which shifts thev-band magnitudes below the OGLE detection threshold.
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Fig. 3. Positions in the sky of the OGLE classical CepheidsG@lactic coordinates). Blue, red and
green points mark fundamental-mode, first-overtone, aniti-mode pulsators, respectively. Black
contours show borders of the OGLE fields.

Our collection includes 16 double-mode and three tripledendlassical Cephe-
ids. Positions of these stars in the Petersen diagram éskortonger period ratio
vs.the longer period) overplotted on the LMC and SMC beat Cajshatie shown in
Fig. 4. Soszfiskiet al. (2011) showed that period ratios of double-mode classical
Cepheids in the Galactic bulge are smaller than in the MagielIClouds, which
is probably caused by metallicity differences betweenehstsllar environments.
Our extended sample confirms that indeed double-mode Gipheithe bulge,
both F/10 and 10/20 pulsators, have smaller period ratis their counterparts
in the Magellanic Clouds, but this rule is valid only for theost-period variables.
The longest period beat Cepheids (two F/10 and two 10/2Gaparks) have period
ratios virtually the same as variables in the Magellaniau@®o

Triple-mode Cepheids (marked with triangles in Fig. 4) hgeeaerally short

periods and also tend to have smaller period ratios comparnbeé LMC and SMC
variables.
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Fig. 4. Petersen diagram for double-mode (circles) andetripode (triangles) classical pulsators
detected by the OGLE project toward the Galactic bulge @$gmbols), LMC (light blue symbols),
and SMC (light red symbols). Gray rectangle separates imdtie RR Lyr stars — this region is
zoomed in Fig. 11.

5.2. Type Il Cepheids

In this paper, we present the most humerous sample of typeph€ids de-
tected in one stellar environment. Two-dimensional spdlistribution of 924
type Il Cepheids from our collection is presented in Fig. SheJe stars gener-
ally show a strong concentration toward the Galactic cebterthey avoid regions
around the Galactic plane. This is of course caused by tge Emount of inter-
stellar matter toward these regions which obscures stéingiaptical regime. Such
a distribution suggests that the vast majority of our typ€dpheids are members
of the Galactic bulge.

The same conclusion can be drawn from the analysis of thedjrain (Fig. 6),
where as the “luminosity” we used the reddening-independésenheit index in
the Galactic bulge defined by Pietrukowietzal. (2015) asw =1 — 1.14(V —1)
(Fig. 6 includes only those variables, for which bdthandV-band, mean magni-
tudes are available). The majority of type Il Cepheids pafai& PL relation that is
an extension of the relation for RRab stars in the bulge, lwhidicates that both
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Fig. 5. Positions in the sky of the OGLE type Il Cepheids (ing8tc coordinates). Green, blue,
magenta, and orange points mark BL Her, W Vir, peculiar W ®ird RV Tau stars, respectively.
Black contours show borders of the OGLE fields.

classes are on average at the same distance from us. In toshpfrthe classical
Cepheids are fainter than type Il Cepheids with the sameggrivhich suggests
that the most classical Cepheids in our sample are locatéelfand the Milky Way
center, also in the flared disk (Feastal. 2014). As already mentioned, a number
of classical Cepheids in our sample lie in front of the Gadalstilge, but most of
them do not hav¥/-band measurements and they are not included in the pesiod
Wesenheit index diagram.

Our collection covers the full range of periods observedypetll Cepheids:
from 1 d to 66 4. BL Her variables with the shortest periods are adjacerii¢o t
longest-period RR Lyr stars and the boundary period betileese groups is not
strictly defined. We traditionally used a 1.0 d period as @bdine between RR Lyr
and BL Her stars.

8In the OCVS we provide “single” periodse., intervals between successive minima, even if the
period-doubling effect is present
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mark the first-overtone periods of the multi-mode Cepheids.

In our collection, type Il Cepheids with pulsation periodager than 20 d are
classified as RV Tau stars. The characteristic feature of &Y VvBriables — alter-
nating deep and shallow minima (period doubling) — seemsmbe a distinctive
classification characteristic. On the one hand, the perablihg is a common
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Fig. 7. I-band light curve of OGLE-BLG-T2CEP-494 — one of the shdrfesiod type Il Cepheid
with a prominent RV-Tau-like behavior: periodic altermaus of deep and shallow minima and the
long-term variations of the mean brightness (RVb typegft panelpresents unfolded light curve
collected in the years 2010-201Right panelshows the same light curve folded with the doubled
pulsation period.

phenomenon also among long-period W Vir stars, down to agei about 16 d.
Fig. 7 shows the light curve of OGLE-BLG-T2CEP-49R £ 16.736 d) which
exhibits alternations of minima and maxima. On the otherdhamur collection
contains some long-period type Il Cepheids> 20 d) with no clear alternations
of minima, but in our catalog they are formally categorized? Tau stars. Such
stars may also be classified as yellow semiregular varigBled stars).

At least 15 RV Tau variables in our collection belong to thebR\ass, which
means that these stars experience long-term variatiohg @héan brightness, with
periods of 470-2800 d and amplitudes from 0.2 mag to 2.5 mégp #vo W Vir
stars (with pulsation period shorter than 20 d) exhibit suddlulation (Fig. 7). The
long-term changes are commonly interpreted as being cduyspeeriodic obscura-
tion of a binary system by a circumbinary dust disk, Evans 1985, Pollaret al.
1996, Van Winckeekt al.1999). The long-term homogeneous OGLE light curves in
two standard filters may provide important constraints @othtical models of the
RVb phenomenon. In some objects, the depths of the RVb miiolulsignificantly
change from cycle to cycle.

The OGLE catalog of type Il Cepheids in the Magellanic Clo(#isszyski et
al. 2008, 2010) contains an exceptionally large fraction osatdrs that are mem-
bers of binary systems. Over a dozen type Il Cepheids shoiti@uil eclipsing
or ellipsoidal modulation. Most of these objects were dfeesbas peculiar W Vir
stars, which suggests that the binarity might be relatedamtigin of this class of
pulsating stars (see the discussion in Pileatlal. 2017).

It appears that the fraction of eclipsing Cepheids in thea@ad bulge is much
lower than in the Magellanic Clouds. In our collection weridwnly one type II
Cepheid that exhibits additional eclipsing modulation: (B=BLG-T2CEP-674.
Its light curve is shown in the upper panel of Fig. 8, while di@panels show dis-
entangled pulsation and eclipsing variabilities. The tatlperiod of this system is
close to 2 years (714 d), which interferes with annual gaghenOGLE photom-
etry, but luckily both, primary and secondary, eclipsesvee# visible in the light
curve.
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OGLE-BLG-T2CEP-674
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Fig. 8. OGLE-BLG-T2CEP-674 — a type Il Cepheid with addiaeclipsing variability. Upper
panelshows the original light curve folded with the pulsationipdr middle left panepresents the
pulsation light curve after removing the eclipsedddle right panepresents the eclipsing light curve
prewhitened with the pulsationewer panelshows theO — C diagram obtained in the years 2010—-
2017.

A closer look at the photometric data of OGLE-BLG-T2CEP-6&4eals yet
another interesting feature. Based on the pulsation lightecwe constructed an
observed-minus-calculate@( C) diagram which is presented in the lower panel
of Fig. 8. This diagram shows a long-term sinusoidal-likeations which may be
caused by the light-travel time effect in a binary systemrp8singly, a possible
period of the sinusoidal variations visible in ti@— C diagram (about 1900 d)
is much longer than the orbital period measured from thepsiclg modulation
(714 d), which suggests that OGLE-BLG-T2CEP-674 is a memobet least a
triple system with the third body on-21900 d orbit. However, we must stress here
that this period is comparable to the total time span of the.BG/ photometry
(the star was not observed during the previous phases of Bid&EQurvey) so we
cannot be sure that the variations in tBe- C diagram are indeed periodic ones.
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5.3.  Anomalous Cepheids

In this paper, we present the fitsdna fideanomalous Cepheids detected in the
Galactic bulge. Eight of these stars were published by Swkaet al. (2011) as
classical Cepheids and six other objects were previoualsdied as RR Lyr stars
(Soszyiskiet al.2014), because at that time there was no reliable methodtio-di
guish anomalous Cepheids from other types of classicahfmris based solely on
their light curve shape. This situation changed when Suslzet al. (2015, 2017)
selected the richest known population of anomalous Ceplirithe Magellanic
Clouds and showed that the shape of their light curves (ifatinely assessed by
the Fourier coefficientsp; and ¢s1) is an efficient diagnostic to separate these
groups. Positions in the sky of the 20 anomalous CepheidseifGalactic bulge
are shown in Fig. 9. Despite a small number of objects, we nodigaa lack of
anomalous Cepheids close to the Galactic plane due to higistallar extinction
in these regions.

Fundamental-mode anomalous Cepheids are well separatactfassical Ce-
pheids in the PL diagram (Fig. 6), but, paradoxically, anloms Cepheids have

Galactic latitude

Anomalous Cepheids:
—-15F e Fundamental-mode

e First-overtone

PR S S S S S S |
10 5 0 355 350

Galactic longitude
Fig. 9. Positions in the sky of the OGLE anomalous Cepheit$@lactic coordinates). Blue and
red symbols mark fundamental-mode and first-overtone mrsaespectively. Black contours show
borders of the OGLE fields.
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brighter apparent magnitudes than their classical siblilgn analysis of pulsat-
ing stars in the LMC (Soszski et al. 2015) shows that anomalous Cepheids are
intrinsically fainter by about 0.7 mag than classical CegieOn the other hand,
anomalous Cepheids are on average brighter than type |le@¥phust like in
the Magellanic Clouds, so we can safely assume that our saofdnomalous
Cepheids belongs to the Galactic bulge.

5.4. RR Lyr stars

The newly detected 828 RR Lyr stars represent about 2% ofasilhies of
this type discovered by OGLE in the central regions of thea®@a(Soszfiskiet al.
2014). These new detections were previously overlookeddioous reasons. Most
of the new RR Lyr variables (72%) are first-overtone pulsa{®Rc stars) which
usually show nearly sinusoidal light curves that can be used with other classes
of variable stars, for example close binary systems. Somiablas were missed
because of a small number of data points, or very low ammiudr pulsation pe-
riods close to 1 or 2/3 of the sidereal day which affected #réop determinations.

The time-series photometry of RR Lyr stars published by s et al.
(2014) have been supplemented with new observations tedldry the OGLE-

OGLE-BLG-RRLYR-17342
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Fig. 10. I-band light curve of OGLE-BLG-RRLYR-17342 — an RR Lyr staatlswitched from

a single-mode (RRab) to double-mode (anomalous RRd) patsatlpper panelshows unfolded
OGLE-IV light curve collected in the years 2010-201Zower panelsshow folded light curves
obtained in the selected seasons: 2010-2011, 2014, 20d%04Y. From 2015, when the first-
overtone mode turned on, we present disentangled lighesurf’both modes. Note changes of the
pulsation periods in the different seasons.
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IV survey up to August 2017. At present, the time-span of ti&LE-1V light
curves exceeds 7 years and for some stars it can be increasee 20 years by
joining the OGLE-Il and OGLE-IIl data points. These lightees can be used for
follow-up studies of all stationary and non-stationarympdm@ena in pulsating stars:
non-radial modes, Blazhko effect, period changes, mod&hking, light-time ef-
fect in binary system hosting pulsating stars, etc.

Fig. 10 shows an example of such non-stationary behavibestight curve of
OGLE-BLG-RRLYR-17342 — a Blazhko RR Lyr star that switchedl a single-
mode RRab star to a double-mode RRd star. Lower panels of&idisplay folded
light curves of OGLE-BLG-RRLYR-17342 obtained by OGLE ilexgted seasons.
The amplitude of the fundamental-mode pulsation has coatisly decreased over
the eight years of the monitoring and at present it is sligatlove to the detec-
tion limit of the OGLE photometry. In 2015, the first-overeomode appeared in
the light curve and the star became a double-mode pulsatmeeTother mode-
switching RR Lyr stars in the Galactic bulge were reportedSmgzyski et al.
(2014).

OGLE-BLG-RRLYR-38791

Pro/Pr
°

0.73 ¢ ° B

RR Lyr stars:
/ * RRd

© A anomalous RRd

OGLE-BLG-RRLYR-24137

-0.5 -0.4 -0.3 -0.2
log P

Fig. 11. Petersen diagram for double-mode (circles) aptetrnode (triangles) RR Lyr stars in the
Galactic bulge. Black points mark “regular” RRd stars, gellsymbols represent anomalous RRd
stars (Soszyski et al. 2016b). Triple-mode stars — OGLE-BLG-RRLYR-24137 and O@RIEG-
RRLYR-38791 — and a mode-switching pulsator — OGLE-BLG-RREL7342 — are indicated by
arrows.
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We reclassified 24 double-mode RR Lyr stars from ordinanntmaalous RRd
stars. This latter class of pulsators was defined by Swskagt al. (2016b) who no-
ticed a distinct group of double-mode RR Lyr variables inMegellanic Clouds.
Anomalous RRd stars have different period and amplitudes@ban typical RRd
stars and most of them show Blazhko modulation (Smeleal. 2015a). In the
present investigation, the main classification criteri@aswhe position of a given
pulsator in the Petersen diagram (Fig. 11). All multi-mode Byr variables that
are located outside the curved sequence in the Petersaamidlgoth, above and
below, this sequence) were classified as anomalous RRd Jtaus, we have ex-
panded the definition of anomalous double-mode RR Lyr viegintroduced by
Soszyski et al. (2016b) for the Magellanic Clouds members by adding objects
with the P1o/Pr period ratios higher than observed for “classical” RRdsstdihe
majority of our candidates for anomalous RRd stars in theGl bulge share the
features of their Magellanic Clouds counterparts: usuthléy fundamental mode
is the dominant one and most of these objects exhibit thenRtaeffect. Cur-
rently, the OCVS contains 31 anomalous RRd stars, bothssifiled and newly
discovered variables. This group includes also two modéckimg RR Lyr stars:
OGLE-BLG-RRLYR-13442 and OGLE-BLG-RRLYR-17342.

OGLE-BLG-RRLYR-38791
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Fig. 12.1-band light curve of OGLE-BLG-RRLYR-38791 — a triple-mod®aalous RRd staEach
panelshows a folded light curve of this star prewhitened with thie bther pulsation modes.

One of the new detections deserves special attention. OBLERRLYR-
38791 is a triple-mode star pulsating likely in the fundatagrirst-overtone, and
second-overtone modes. Its disentangled light curvegsponding to the three
pulsation modes are displayed in Fig. 12. The classificatidinis object is unclear.
We decided to list it among anomalous RRd stars for a few reasdirst, its
fundamental-mode and first-overtone periods place thisablgimong anomalous
RRd pulsators in the Petersen diagram (Fig. 11). Secondutitamental-mode
has the largest amplitude. And third, the shape of the furddat-mode light curve
resembles those in some anomalous RRd stars.

Another triple-mode RR Lyr star was found in the OCVS by Srodde al.
(2015b). OGLE-BLG-RRLYR-24137 (in the present work alsasslified as an
anomalous RRd star) exhibits two radial fundamental antddivertone modes and
the third periodicity that may correspond to the radialdrovertone mode or a
non-radial mode.
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6. Conclusions

We present the largest collection of classical, type Il, amdmalous Cepheids
in and toward the central regions of the Milky Way. We relets® long-term
time-series photometry obtained by the OGLE project fottalstars. The OGLE
samples of classical pulsators provide us with a tool togestutionary and stellar
pulsation models, as well as to study the structure and stardtion history in
the Galactic bulge region, which is crucial for our undendiag of the Milky Way
evolution.

In the near future, the OCVS will be extended by classicasatars found
within the OGLE Galaxy Variability Survey regularly obserg an area of about
2000 square degrees in the Galactic disk and outer regiotigedbalactic bulge.
This sub-project of the OGLE survey has been carried outesi#ftl3 and cur-
rently it accumulated long-term multi-epoch photometratadwhich can be used
to perform an effective search for variable stars with theliable classification.
This dataset promises to be a powerful tool to improve ouretstdnding of the
Galactic structure.
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