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ABSTRACT

We present the first-ever collection &f Scuti stars found over the entire area of the Small
Magellanic Cloud (SMC). The sample consists of 2810 vaeislof which over 2600 objects belong
to the SMC while the remaining stars are most likely membéteeMilky Way'’s halo. The sample
has been divided into 2733 single mode and 77 multimode foutsa We provide observational
parameters (pulsation periods, mean magnitudes, amgdifieburier coefficients) of ab Sct stars
and the long-tern- andV-band time-series photometric measurements collectadgltive fourth
phase of the Optical Gravitational Lensing Experiment (B3V).
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1. Introduction

d Scuti variables are intermediate-mass stars pulsatingwrorder radial or
non-radial modes driven by themechanism operating in the He Il ionization zone
(Chevalier 1971). This class includes young and internteeige stars on the pre-
main sequence, main sequence, and post-main sequencel, @s stars belonging
to the old population that are probably merged binariesd&r@000). The latter
group is referred to as SX Phe stars. The pulsation periodsS3xt variables are

*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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shorter than 0.3 d, while the amplitudes reach 1 mag in/thand, although most
stars of this type exhibit much smaller amplitudes, dowr&gub-millimagnitude
level (Balona and Dziembowski 2011).

0 Sct stars, like other classical pulsators, follow periogrihosity (PL) and
period—luminosity—color (PLC) relations. The Large anda8rvlagellanic Cloud
(LMC and SMC) play a crucial role in studying the PL relatiaiseyed by various
types of pulsating star®(g, Leavitt and Pickering 1912, Glass and Lloyd Evans
1981, Madore 1982, Udalski al. 1999, Muravevaet al. 2015). The PL relations
for & Sct stars were also investigated based on variables degfadtee Magellanic
Clouds €.g, Poleskiet al. 2010, McNamara 2011, Martinez-Vazquez 2022), but
these studies were limited by a small number of knaw8ct stars in the Clouds,
especially in the SMC.

The first d Sct variables in the SMC were discovered as a by-product of a
search for RR Lyr stars in the OGLE-II photometric databaSeszyski et al.
(2002) published a list of 19 short-period variables (wighipds in the range 0.16—
0.57 d) suggesting that most of them &&ct stars. In the following years, about
half of these stars were re-classified as RR Lyr stars or Geépksee Section 4 for
the definition of the boundary between classical Cepheid®dct stars), but eight
of them turned out to bbona fided Sct variables and are included in the present
work. One mored Sct star from the OGLE project was reported by Pietrukowicz
(2018). The second, and so far the last, samplé &ct stars in the SMC was
published by Martinez-Vazquest al. (2021). They used deep photometry of the
SMC globular cluster NGC 419 obtained by the Gemini Soutbsisdpe to detect
54 & Sct stars of which six objects are probable cluster membei<18 are field
variables. The Gaia DR3 catalog of main-sequence osaiflé@aia Collaboration
et al. 2022) contains over 50 Sct stars in the region of the sky occupied by the
SMC, but all these pulsators belong to the Milky Way halo aredlacated in the
foreground of the SMC.

Thus, only 638 Sct stars in the SMC have been known until now. With this
paper, we release the first catalogdfct variables found over the entire area of
the SMC. Our sample consists of 2810 pulsators of which 0880bjects are
likely members of the SMC. This is part of the OGLE Collectafrvvariable Stars
(OCVS), currently containing over a million manually cldiggl variable stars in
the Milky Way and Magellanic Clouds. In the next paper in thésies, we will
present the OGLE collection of over 14 08(5ct pulsators in the LMC.

This work is structured as follows. In Section 2, we presestimmary of the
OGLE survey of the Magellanic Clouds. Section 3 is devoted bwief review of
the variable star selection and classification procedimeection 4, we discuss the
criteria that can be used to distinguish betw@efct stars and classical Cepheids.
The OGLE collection o® Sct variables in the SMC is described in Section 5. The
completeness of our catalog is discussed in Section 6. Vge ¢he paper with a
summary in Section 7.
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2. OGLE Observations of the Magellanic System

The OGLE survey uses a dedicated 1.3-m Warsaw Telescopepegiiwvith a
large format mosaic CCD camera with a field of view of 1.4 squéggrees and
a pixel scale of 0.26 arcsec. The telescope is located at hagp@nas Observa-
tory, Chile, operated by the Carnegie Institution for Scen Our collection of
0 Sct stars is based on photometric data from the fourth pHadbe @GLE project
(OGLE-IV, Udalskiet al. 2015), which has been operating since 2010 until today.
In this work, we use the observations obtained before Mad&02when the War-
saw Telescope was temporarily closed due to the CoViD-18graic.

The OGLE observations are carried out in thand V photometric bands,
closely resembling those from the Cousins-Johnson stdisgatems. From several
dozen to over 1000 observations per star (typically 600}-H@0e been acquired
in thel-band and from several to over 300 (typically 40—60) datafsdiave been
gathered in th&/-band light curves. The uniform exposure time of 150 s result
in the saturation limit of the OGLE photometry at the levelatiout| ~ 13 mag
and the sensitivity limit at aboutx 21.5 mag.

The total sky area monitored by the OGLE survey in the regiothe Mag-
ellanic System is 765 square degrees. The OGLE footpringrsowoth galaxies
together with the Magellanic Bridge and vast regions onrtperiphery. For the
purposes of this work, we adopted the celestial meridiar'8f& an arbitrary on-
sky boundary between the LMC and SMC regions. The same vahseselected
to separate the LMC and SMC RR Lyr stars in the OCVS (Sasiiet al. 2016).
In the SMC area of about 280 square degrees, OGLE regulaskroés about 14
million stars belonging to both the SMC and the halo of thekiliVay.

3. Selection and Classification od Sct Stars

We began our search fd¥ Sct variables in the SMC with a massive period
analysis for all 14 millionl-band light curves stored in the OGLE-IV databases.
We used the RPEAKS cod€ to span the frequency domain from 0 to 100 cycles
per day with a step of 510~° cycles per day. For each light curve, the period
with the highest signal-to-noise ratio was considered taldminant. Then, this
dominant frequency and its harmonics were subtracted fhartight curve and the
period search was repeated on the residual data.

In the next step of the procedure, we used betmdV-band OGLE-IV photo-
metric data to select and classySct stars in the SMC. The much smaller number
of the OGLE observations in thé-band was compensated by the lower noise of
the V-band light curves compared to thdand ones. Fig. 1 shows theandV-
band light curves of nine exampeSct variables arranged in descending pulsation

Thttp://helas.astro.uni.wroc.pl/deliverables.php Zs@n&active=fnpeaks
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Fig. 1. OGLE-IVI-band (red) an®¥-band (blue) light curves of nine exampleSct stars in the SMC.

periods. Note that the shortest-period (and thereforediingeist) stars have a signif-
icant scatter of the data points in th&and, while theé/-band light curves of these
objects are much less dispersed. However, edeBct variable identified based
on theV-band data was later confirmed with theand observations, although in
some cases theband light curves are very noisy.

Our variability classification was primarily based on thasés of theé- andV-
band light curves. For single-periodic variables, we fdtbout stars with sinusoidal
light curves and obvious eclipsing binaries. For multiipéic objects, we took into
account the characteristic period ratios of multimode giois.
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Fig. 2. g vs. (V — 1) color—-magnitude diagram fod Sct stars in the SMC (blue points). The
background gray points show stars from the subfield SMC719.1

In the final stage of our classification procedure, we exathihe positions of
the candidates in the color-magnitude diagram depictedjir?i-where thé-band
magnitudes and/ — I color index were corrected for the interstellar extinction
using the most accurate reddening maps of the MagellanigdSloecently pub-
lished by Skowroret al. (2021). Most of the stars with the dereddened color index
(V—1)p < 0.2 mag or(V —I)p > 0.7 mag,i.e, outside thed Sct instability strip,
were removed from the list. However, as can be seen in Fige2jetided to keep
some too-blue or too-red stars on the list, because thairdigrve morphology sug-
gested that these objects could be genwirget variables blended with unresolved
stars. Nonetheless, the objects with atypical colors shbeltreated with caution
as uncertain candidates férSct stars.

Finally, our collection ofd Sct stars detected toward the SMC consists of 2810
objects. In addition, the OCVS has been enriched with nimealassical Cepheids
and 123 RR Lyr stars identified as a by-product of the presestch ford Sct
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stars or a result of cross-matching the OGLE database wétitia DR3 catalog
of Cepheids (Ripepét al.2022) and RR Lyr stars (Clementigt al. 2022). A more
detailed comparison of the Gaia DR3 and OGLE catalogs in iitba af the Mag-
ellanic System will be discussed in the forthcoming papesenting the OGLE
collection of d Sct stars in the LMC (Sosmgki et al.in prep.).

4. Boundary Betweend Sct Stars and Classical Cepheids

Population 15 Sct stars and classical Cepheids occupy common sequences
in the PL (Fig. 3), color-magnitude, period—radiesg( Fernie 1992), Petersen
(e.g, Poleskiet al. 2010) and other diagrams. In fact, it is a matter of conventio
what value of the pulsation period is adopted to separate typies of variable
stars. Various authors proposed different maximum perddsSct stars. For ex-
ample, in the General Catalogue of Variable Stars (Saeual. 2017) it is 0.2 d,
Breger (2000) defined Sct variables as pulsators with periods shorter than 0.25 d,
Rodriguezt al.(2000) adopted 0.3 d, Handler (2009) — 0.33 d (8 hr), whilee@at
and Smith (2015) — 0.42 d.

One might ask if it is possible to establish a “natural” boanydperiod sepa-
rating & Sct stars from classical Cepheids. Both types of variablag pulsate,
among others, in the fundamental mode (F), first-overto@®,($econd-overtone
(20), or in the mix of these radial modes. All but one of thesmbinations form
continuity in the vicinity of the Cepheid®-Sct border. The exception is a class
of single-mode F pulsators that show a natural gap betwe8nt stars and clas-
sical Cepheids. OGLE-SMC-CEP-189B-(= 0.842 d, Soszgski et al. 2010) is
a classical Cepheids oscillating solely in the F mode withdhortest known pe-
riod, while OGLE-LMC-DSCT-0617 B- = 0.299 d, Poleskiet al. 2010) is the
longest-period single-mod@ Sct star. Currently, no known Population | single-
mode F-mode star from the Cepheid instability strip pulsatih a period in the
range of 0.3—0.81 For this reason, all Population | radially oscillatingrstéboth
single- and multimode pulsators) with an F-mode periodwél® d are classified
in our collection a® Sct variables. Consequently, the 10 boundary period betwee
0 Sct stars and Cepheids was fixedPap = 0.23 d (corresponding to the period
ratio P,o/Pr of about 0.77).

With the strict definition of different types of pulsatingst, we could extend
the OCVS by nine short-period classical Cepheids in the S®W& F/10 double-
mode and eight 10 single-mode pulsators have 10 periodg iratige 0.23—-0.9 d.
The OCVS (Soszyskiet al. 2019) currently contains 4954 carefully selected clas-
sical Cepheids in the SMC.

*Of course, the Population Il pulsators, like RR Lyr stars noralous Cepheids, may have
periods in this range, but these stars can be isolated usiieg propertiese.g, in the PL diagram,
they lie below the classical Cepheid-Sct ridge.
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5. The OGLE Collection of & Sct Stars in the SMC

Our collection of 28105 Sct variables in the SMC is available at the OGLE
Internet Archive:

https://ogle.astrouw.edu.pk OGLE Collection of Variable Stars
https://www.astrouw.edu.pl/ogle/ogle4/OCVS/smcl/dsct

The sample was divided into 2733 single mode and 77 multinpodeators.
The latter group contains objects with well-defined seconda tertiary periods
that may be associated with additional radial or non-raglidéation modes. At
least 160 stars in our sample are members of our Galaxy — #nesikely SX Phe
variables in the halo of the Milky Way located in front of th#6&. Fig. 4 shows
on-sky maps o® Sct stars from our collection. The left panel presents tlaiap
distribution of probable members of the SMC, while the righnel shows the
positions of the putative Milky Way SX Phe stars. The lineaating these two
populations was arbitrarily set at 1.5 mag above the meareRtion for the SMC
0 Sct variables (Fig. 3). More sophisticated methods woutibably divide the
Galactic and SMC populations more efficiently, however, sheuld remember
that this separation cannot be done unequivocally becigsagellanic Clouds
are submerged in the Milky Way halo — old stellar populationboth galaxies
smoothly transition into each other.

The full list of & Sct stars with their equatorial coordinates (J2000.0})sifa
cation (single mode, multimode), internal designations@éOGLE-IV, OGLE-III,
and OGLE-II databases (if available), and the cross-mateli the International
Variable Star Index (VSX — Watsoet al. 2006) are provided in thiglent.dat file.

In total, we identified only 11 common stars between our ctilte and the VSX
catalog — all of them are unquestionable members of the Mify.

The filedsct.dat contains observational parameters of the stars: theinsitie
averaged mean magnitudes in theand V-bands, up to three pulsation periods
derived with the RTRY code (Schwarzenberg-Czerny 1996), epochs of the maxi-
mum light, I-band peak-to-peak amplitudes, and Fourier coefficierte @eriods
are very precisely determined thanks to the long timespahefOGLE-IV light
curves, however, it cannot be ruled out that in the case oésbmmost noisy light
curves our approach produced daily aliases of the truegerio

The OGLE-IV time-series photometry in theandV-bands are stored in the
directoryphot/. Obvious outlying points (deviating by more thar sigma from
the fitted model) were removed from the light curves, but iswarified before-
hand whether these points are due to, for example, additatipses. We did not
find any d Sct stars with eclipses in the SMC. Finding charts can bedanrthe
directoryfcharts/. These are 80x 60’ subframes of thé-band reference images,
oriented with North at the top and East to the left.
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6. Completeness of the Catalog

The completeness of our collection is strongly limited bg brightness, am-
plitudes, and light curve shapes ®fSct stars. Figs. 2 and 3 show that the number
of variables in our sample drops sharply for mean magnitlde21.2 mag due to
the sensitivity limit of the OGLE photometry.

We cross-matched our collection with the list of 845ct variables discovered
with the Gemini South telescope in the field surrounding th&CSylobular cluster
NGC 419 (Martinez-Vazqueet al. 2021). We found only one common object
in both catalogs — V46 = OGLE-SMC-DSCT-2067 — which is thgbiestd Sct
star detected by Martinez-Vazquetal. (2021). The remaining Sct variables
identified with the 8.1-meter Gemini telescope are belowdigtection limit of the
1.3-meter Warsaw telescope used by the OGLE survey.

The vast majority ofd Sct variables are small-amplitude pulsators (Breger
2000, Balona and Dziembowski 2011), so our collection mesthe tip of the
iceberg because we had the opportunity to discover onlyititedmplituded Sct
stars in the SMC. Fig. 5 shows thdand peak-to-peak amplitudes plotted against
the mean-band magnitudes of our sample. It is obvious that the aog#itde-
tection limits in the OGLE data are strongly correlated wifib brightness of the
pulsating candidates: for stars with the luminosities afalh = 19 mag, the small-
est detectable amplitudes are of the order of 0.04 magl 20 mag stars, the
amplitude detection limit rises to 0.1 mag, and for the fashtstars in our collec-
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tion (I = 21 mag), the light curve amplitude should be larger than abdimag

to be recognized as@ Sct variable. On the other hand, our sample of the Galactic
0 Sct stars [ < 18.5 mag) should be much more complete because we could detect
variables with amplitudes as small as 0.01 mag inlthand.

We used th&d Sct stars with double entries in the OGLE-IV database to es-
timate the completeness of our collection within the bmgists and amplitude de-
tection limits. These objects are located in the overlagpmiarts of the adjacent
OGLE fields, so we had the opportunity to identify them twiceidg the selection
and classification process. We found that 311 out of 2818t stars included in
the final version of our collection have their duplicatesha OGLE-IV database,
so we had a chance to detect 622 counterparts. In fact, 44@teldjom this list
were independently classified asSct variables which correspond to the catalog
completeness slightly above 60%. However, if we considbr stars brighter than
| =19 mag, the formal completeness of our collection increésesdout 85%.
Nonetheless, one should remember that the bulk &fct stars in the SMC have
luminosities and amplitudes below the detection limitshaf OGLE project.

7. Summary

We presented the first-ever catalogdo&ct stars found in the entire area of the
SMC. The number of knowd Sct variables in this galaxy has increased from about
60 to over 2600. Additionally, our collection contains a&se160 Galactic SX Phe
stars located in the foreground of the SMC. The most obviguication of our
collection includes the examination of the PL and PLC relsiobeyed by Sct
stars in the metal-poor environment of the SMC comparedearibre metal-rich
variables in the LMC and Milky Way. The three-dimensionaitdbution of & Sct
variables can be analyzed to better understand the steunfttine SMC. Moreover,
the long-term photometric time series produced by the OGidiept can be used
to study the stability of stellar pulsations over long tincalgs.

This work demonstrates the great versatility of the OGLEtpm®tric data.
The OCVS contains variable stars with periods ranging fromutes to years,
luminosities from 12 mag to over 22 mag in thiéband, and amplitudes from mil-
limagnitudes to several magnitudes. We expect the nexkthneaugh in the field
of variable stars in the Magellanic Clouds to come after theath of the LSST
project on the Rubin Observatory (Hamblettral. 2022).
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