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Abstract

We report the detection of three RR Lyrae (RRL) stars (two RRc and one RRab) in the ultra-faint dwarf (UFD) galaxy
Centaurus I (CenI) and two Milky Way (MW) 6 Scuti/SX Phoenicis stars based on multi-epoch giz DECam
observations. The two RRc stars are located within two times the half-light radius () of Cen I, while the RRab star
(Cenl-V3) is at ~6 r,,. The presence of three distant RRL stars clustered this tightly in space represents a 4.7 excess
relative to the smooth distribution of RRL in the Galactic halo. Using the newly detected RRL stars, we obtain
a distance modulus to Cenl of p=20.354+0.002 mag (0=0.03 mag), a heliocentric distance of
D, =117.7£0.1kpc (o = 1.6 kpc), with systematic errors of 0.07 mag and 4 kpc. The location of the CenI RRL
stars in the Bailey diagram is in agreement with other UFD galaxies (mainly Oosterhoff II). Finally, we study the
relative rate of RRc+RRd (RRcd) stars (f.q) in UFD and classical dwarf galaxies. The full sample of MW dwarf
galaxies gives a mean of f,q = 0.28. While several UFD galaxies, such as Cen I, present higher RRed ratios, if we
combine the RRL populations of all UFD galaxies, the RRcd ratio is similar to the one obtained for the classical dwarfs
(fea ~ 0.3). Therefore, there is no evidence for a different fraction of RRcd stars in UFD and classical dwarf galaxies.

Unified Astronomy Thesaurus concepts: Pulsating variable stars (1307); Dwarf galaxies (416); Time domain
astronomy (2109); RR Lyrae variable stars (1410); Local Group (929); Stellar astronomy (1583); Variable
stars (1761)

Supporting material: machine-readable table

1. Introduction

The A cold dark matter cosmological model predicts that
galaxies form hierarchically, with large galaxies formed by a
continuous merging of low-mass systems (Searle & Zinn 1978;
White & Frenk 1991; Frenk & White 2012). The dwarf satellite
galaxies that we observe today may be the remnants of the
merging process, and thus some authors refer to them as
surviving representatives of the halo’s building blocks (e.g.,
Fiorentino et al. 2015). The search for these building blocks has

* Based on DECam data.
2! NHFP Einstein Fellow.

provided the impetus for exceptional observational efforts
targeting resolved Local Group dwarf systems (e.g., Tolstoy
et al. 2009). However, the discovery of ultra-faint dwarf (UFD)
galaxies located in the outer halo of our Galaxy has given a
new perspective to the search for Galactic building blocks
(Simon 2019, and references therein). These numerous (>40),
old (>10 Gyr), and metal-poor ([Fe/H] < —2 dex) systems can
have extremely low present-day luminosities (L ~ 10°-10° L)
and are considered to be among the most ancient relics of the
formation of the Milky Way (MW; Bose et al. 2018).

Before the discovery of the first UFD galaxy a decade and a
half ago (Willman et al. 2005a, 2005b), there was believed to
be a clear distinction between dwarf galaxies and globular
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clusters, since they were situated in different locations in the
absolute V-band magnitude (M) versus physical half-light
radius (r;,2) plane (see, e.g., Figure 10 in Willman et al.
2005a). However, recently discovered systems with small sizes
(r1/2 < 80 pe) and low luminosities (My 2, — 6 mag) cannot be
definitively classified as star clusters or UFD galaxies without
internal dynamics. Furthermore, the red giant branches (RGBs)
of these systems are often so sparse, especially in shallow
imaging, that their stellar populations and distances can only be
determined at the most basic level. RR Lyrae (RRL) stars play
an important role as unambiguous tracers of old stellar
populations (>10 Gyr; Walker 1989; Savino et al. 2020) and
standard candles (see, e.g., Beaton et al. 2018). They are
pulsating variable stars with periods between ~7 hr and ~1 day
and with typical amplitudes of several tenths of a magnitude
(Smith 1995; Catelan & Smith 2015). RRL stars are excellent
primary distance indicators due to their well-established
optical /near-infrared period-luminosity relations (see, e.g.,
Céceres & Catelan 2008; Marconi et al. 2015). Although the
number of RRL stars in systems with My > — 3.5 mag is
expected to be of the order of 1 4 1 stars (see Equation (4) in
Martinez-Véazquez et al. 2019), the detection of even a single
RRL star offers an independent and accurate distance to the
host system (see, e.g., Vivas et al. 2016; Martinez-Vazquez
et al. 2019). Improving the distance measurement to a system
allows a better determination of the physical size and absolute
magnitude, thus helping to determine its nature.

In addition, the period distribution of RRL stars provides clues
about the contribution of the UFD galaxies to the formation of
the MW halo (Stetson et al. 2014; Zinn et al. 2014; Fiorentino
et al. 2015; Vivas et al. 2016; Fiorentino et al. 2017). While the
inner halo has a period distribution peaked at P ~ 0.55 days, the
outer halo has a period distribution shifted to longer periods.
Increasing the observed population of RRL stars in UFDs will
help us to ascertain how much of the long-period tail of field
halo RRL stars can be attributed to disrupted UFDs.

Centaurus I (Cen ) is an ultra-faint system (absolute magnitude
My=—55 mag, azimuthally averaged half-light radius
rp = 2!3) discovered by Mau et al. (2020) in the DECam Local
Volume Exploration survey (DELVE; Drlica-Wagner et al. 2021).
DELVE combines archival DECam data with new observations to
obtain complete coverage of the southern sky (|b| > 10°). Data
collection began in 2019A, with public DECam community data
available through the NOIRLab Astro Data Archive.”” CenT’s
measured age (7> 12.85 Gyr), size (11, = 79ﬂ3 pc), and
systemic metallicity ([Fe/H]= —1.8 dex) place it within
the size-magnitude locus consistent with most known UFDs
(Mau et al. 2020). UFDs with similar brightness as CenI have
between 1 and 12 RRL stars (see Martinez-Vazquez et al. 2019;
Vivas et al. 2020), and thus, we expect to detect several RRL in
Cenl. In fact, using the Nrgy versus M relation from
(Martinez-Véazquez et al. 2019, Equation (4)), Cen I is expected
to contain 6 2 RRL stars, which strongly motivates high-
cadence observations of this system.

The paper is structured as follows. In Section 2 we present
our observations and explain the details of the data reduction
process. In Section 3, we describe the search method we used
for detecting variable stars in the field of Cen I, and we report
the variable stars detected in this work. In Section 4, we present
the classification of the variable stars detected, their light

2 https:/ /astroarchive.noao.edu/
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curves, and mean properties. We also show the color—
magnitude diagram (CMD), the spatial distribution, and the
proper motions (when available from Gaia) of stars in Cen L. In
Section 5, we determine the distances of the RRL stars
associated with Cen I. In Section 6, we perform the Oosterhoff
classification (Oosterhoff 1939, 1944) of Cenl. In Section 7,
we study the ratio of first overtone RRL stars in classical dwarf
galaxies and UFDs. We investigate the angular size of CenI in
Section 8, and we conclude in Section 9.

2. Observations and Data

The data for this work were collected using the Dark Energy
Camera (DECam; Flaugher et al. 2015) on the 4 m Blanco
Telescope located at the NSF’s NOIRLab Cerro Tololo Inter-
American Observatory (CTIO) in Chile. We obtained g, i, and z
time-series photometry. The data were obtained in the second
halves of 2020 February 8—10, 2020 March 4-7, and 2020 March
15-19 (PropID: 2020A-0238, P.I. Martinez-Vazquez). We
observed two dithered fields, one centering CenI on CCD N4
(one of the central DECam CCDs) and the other one dithering
60" in R.A. and 60" in decl. from the previous pointing in order
to cover the gaps between CCDs. The majority of the data were
obtained in gray nights; however, we also used bright nights of
director’s discretionary time (where only z and i observations
were made). The mean (median) seeing of the images is 1705
(1”701) in g, 0793 (0786) in i, and 0791 (0”87) in z. In total, we
collected 98 exposures: 35 g-band, 39 i-band, and 25 z-band
exposures. Individual exposure times were 180 s in g and i, and
300s in z, which allowed us to reach g, i, z~ 21 mag with a
signal-to-noise ratio = 50 for single exposures.

We processed all exposures using the Dark Energy Survey
(DES) Data Management (DESDM) pipeline (Morganson et al.
2018) following the procedure described in Drlica-Wagner
et al. (2021). The DESDM pipeline achieves sub-percent-level
photometric accuracy by calibrating exposures based on
seasonally averaged bias and flat images and by performing
full-exposure sky background subtraction (Bernstein et al.
2018). This pipeline utilizes SExtractor and PSFEx (Bertin
& Arnouts 1996; Bertin 2011) for automatic source detection
and photometric measurement on an exposure-level basis.
Stellar positions are calibrated against Gaia (Gaia Collaboration
et al. 2016) Data Release 2 (DR2; Gaia Collaboration et al.
2018), which provides 30 mas astrometric calibration precision.
The photometry is calibrated by matching stars in each CCD to
the Asteroid Terrestrial-impact Last Alert System (ATLAS)
Refcat2 catalogs (Tonry et al. 2018), which consist of
measurements from The Panoramic Survey Telescope & Rapid
Response System DR1 (PS1; Chambers et al. 2016) and
SkyMapper DR1 (Wolf et al. 2018) transformed to the PS1 griz
filter system. For this calibration, stars were defined as objects
passing a filter of |[SPREAD_MODEL_(BAND)| < 0.01. Photo-
metric measurements from the ATLAS Refcat2 catalog were
transformed to the DECam giz filters before calibration using
the following empirically derived equations:

gDECam = gPSl + OO994(gPSl — rpsl) — 00319
ipECam = Ips1 — 0.3407(ips; — zps1) — 0.0013
ZDECam = rps1 — 0.2575(rps1 — zps1) — 0.0201,

which have statistical rms calibration errors per CCD estimated
relative to DES of ~0.01 mag (see Drlica-Wagner et al. 2021).
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The typical photometric uncertainties for the horizontal-branch
(HB) stars of Cen 1 are of the order of 0.005 mag.

In addition to our high-cadence observations, we also
included individual giz DECam images previously processed
by DELVE in the field of Cenl.>® These exposures were
processed identically through the same pipeline described
above. Further information on the DELVE photometric pipe-
line can be found in Drlica-Wagner et al. (2021).

3. Search for Variable Stars

To search for variable stars, we first constructed a multiband
source catalog by matching detections between individual
exposures, following the procedure outlined in Drlica-Wagner
et al. (2021). For this catalog only, we cross-matched all unique
sources detected in the individual exposures with a 077
matching radius, and calculated weighted-average photometry
for each source based on their measurements in each exposure
and their associated uncertainties.

We calculated the extinction due to foreground dust from the
MW for each individual source in the time-series and
multiband catalogs through bilinear interpolation from the
rescaled versions of the extinction maps of Schlegel et al.
(1998) presented in Schlafly & Finkbeiner (2011). We then
calculated the reddening for each source by assuming a
reddening law of Ry=3.1 and utilizing a set of coefficients
R\=A,/E(B—V) derived by the DES (DES Collaboration
et al. 2018) for the giz bands.

We performed a search for periodic variable sources within
25" centered at the previously identified centroid for CenI
(ay2000 = 1892585, 812000 = — 409902) in the region of the
CMD defined by —0.5<(g —i)<0.6 mag and 18.0<g<
22.5 mag. This region covers the instability strip of Cenl,
where pulsating variable stars are located—specifically, RRL
stars and Anomalous Cepheids (see, e.g., Sculptor, Martinez-
Viazquez et al. 2016; or Sextans, Vivas et al. 2019). These
selections produced hundreds of sources. As a variability index,
we calculated a reduced chi-squared XZ (see Sokolovsky et al.
2016) for each star by comparing a given star’s individual
point-spread function measurements to the median magnitude
of that same star across all epochs for the g band. Sources with
Xi > 1 were considered as potential variable candidates. We
looked through all of the time series in the sources selected to
check whether they showed a reliable variation in their light
curves. We produced periodograms as a Fourier transform of
the time-series data following the prescription described in
Horne & Baliunas (1986). The periodograms were calculated
between 0.01 and 10 days, in order to encompass all of the
possible periods of RRL stars, Anomalous Cepheids, and
possible short-period variables, such as 6 Scuti (6Sct) or
SX Phoenicis (SX Phe) stars. Once periodicity was confirmed,
we obtained the first estimation of the period from the highest
peak in the periodograms, but the final period was refined by
visually inspecting the folded light curves in the three bands
simultaneously. In addition, we visually inspected all potential
candidates in the images to remove spurious detections. The
vast majority of spurious detections were background galaxies.
Finally, we detected three RRL stars and two ¢ Sct/SX Phe
stars in our sample.

2 From 2013 March, and 2017 March—April.
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4. Variable Stars in the Field of CenI

The most common types of RRL stars are the ab-type (RRab)
and c-type (RRc). RRab stars are fundamental pulsators character-
ized by longer periods (~0.45-1.0 days) and saw-tooth light curves
while RRc stars are first overtone pulsators with shorter periods
(~0.2-0.45 days), lower amplitudes (AV =~ 0.4 mag), and almost
sinusoidal light variations. We detected three RRL stars (two RRc
and one RRab) in the field of CenI. Since our photometry reaches
several magnitudes below the HB and the observing strategy
(cadence) was meant to search for RRL stars, we expect ~100%
completeness for detecting isolated RRL stars.**

Assuming a smooth distribution of Galactic halo RRL stars (see,
e.g., Zinn et al. 2014; Vivas et al. 2016), it is unlikely to find three
RRL stars clumped together in space at large galactocentric
distance. If we integrate the number density profile of RRL stars
derived in Medina et al. (2018)—which is appropriate for the outer
Galactic halo out to distances of ~150 kpc—we find that 0.15 RRL
stars are expected in a search area of 0.54 sq. deg. in the range of
distances between 40 and 245kpc (i.e., covering the magnitude
limits of our search). The probability of finding three or more
Galactic halo RRL stars within this region is p =5 x 10~*, which
corresponds to a one-sided Gaussian significance of 3.30. In
particular, if we estimate the number of MW halo RRL stars
between 100 and 140 kpc that can contaminate our HB, the number
is reduced to 0.02 RRL stars. The probability of finding three or
more MW halo RRL stars in this case is p=1.3 X 107, which
corresponds to a one-sided Gaussian significance of 4.70. Thus,
these three RRL stars are high confidence members of Cen L

Additionally, we detected two & Sct/SXPhe variables of the
MW. They are classified as éSct/SXPhe stars because their
periods are shorter than 0.1 day and their light curves are typical for
this type of variable stars (see, e.g., Martinez-Vazquez et al. 2021).
Furthermore, they are identified as MW field stars and not as
members of Cen I because they are pulsating main-sequence stars
(0 Sct) or blue straggler stars (SX Phe) and are thus significantly
closer than Cen| (see Catelan & Smith 2015).

Figure 1 shows the light curves in the different filters and
Table 1 provides the individual epoch photometry for all of
these variable stars. It is worth noting that the light curve of
Cenl-V3 has half the number of epochs (since it fell in one of
the gaps between the DECam CCDs) and its phase space is not
fully covered, particularly reflected as a lack of maximum in
the light curve (see third top panel in Figure 1). We derive the
pulsation parameters for the variable stars, obtaining the
intensity-averaged magnitudes and amplitudes by fitting the
light curves with the set of templates based on Layden (1998).
The mean magnitudes were calculated using the best-fitting
template, thus preventing biases in case light curves are not
uniformly sampled in phase. Table 2 lists the coordinates and
the pulsation parameters of the variable stars detected in the
vicinity of Cen L

Figure 2 displays the CMD of the stars found in the central 7/
radius (gray points) of Cen I, the candidate members of Cen I
according to Mau et al. (2020; i.e., pygai > 0.05, red points),25

24 We note that a variable source located within 0”7 of another source would
be harder to recover due to the angular cross-matching that is performed to
associate sources across individual exposures (see Section 3).

25 This membership is based on the spatial position, measured flux,
photometric uncertainty, and the local imaging depth, with an initial mass
function weighting. It was obtained from the ultra-faint galaxy likelihood
toolkit, ugali: https://github.com/DarkEnergySurvey/ugali (Bechtol et al.
2015; Drlica-Wagner et al. 2015).
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Cenl-V1, Period=0.3899181d

Cenl-V2, Period=0.4224812 d

Cenl-V3, Period=0.7358982 d
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Figure 1. Light curves of the variable stars detected in the field of Cen I in the g (blue), i (orange), and z (green) bands, phased with the period in days given at the top
of each panel. The name of the variable is also displayed. For clarity, the g and z light curves have been shifted to +0.2 and —0.4 mag, respectively. RRL stars of Cen I

are displayed in the top panels while the field § Sct/SX Phe stars are in the bottom panels.

Table 1

Photometry of the Variable Stars Found in the Field of Cen I

i

MID, g o, MID; o; MID, z o,
Cenl-V1

56373.2754 20.987 0.014 56357.1475 20.933 0.021 56357.1449 20.925 0.065
56373.2768 20.984 0.015 57831.0747 20.808 0.028 56360.1379 20.885 0.039
57831.0729 21.085 0.025 57831.0875 20.815 0.028 56360.1389 20.852 0.038
57831.0738 21.087 0.025 58888.2045 20.800 0.027 56361.1419 20.809 0.031
57831.0858 21.045 0.025 58888.2451 20.803 0.024 56361.1430 20.807 0.031
57831.0866 21.067 0.026 58888.2874 20.849 0.021 56373.2729 20.784 0.040
58888.2020 20.903 0.047 58888.3292 20.972 0.024 56373.2792 20.783 0.042
58888.2426 20.992 0.039 58889.2138 21.092 0.030 57849.0516 20.719 0.045
58888.2850 21.315 0.050 58889.2555 21.070 0.026 57850.0564 20.990 0.035
58888.3268 21.378 0.047 58889.2961 20.908 0.022 57850.0581 21.029 0.044

Note. MJD is the Modified Julian Date of mid-exposure.

(This table is available in its entirety in machine-readable form.)

and the variable stars found in this work. The three RRL stars
(blue stars) are well positioned over the HB, while the two
variables brighter than the HB (orange crosses) have periods
shorter than 0.08 days and are field 6 Sct/SX Phe foreground
stars.

Figure 3 shows the spatial distribution of the variable stars in
the sky. Two of the RRL stars are within 27, (specifically
between 1 and 2r,) while the third RRL is at ~6r, An
examination of whether the latter is an extra-tidal member of
Cenl is presented Section 8.

4.1. Cross-matching with Gaia DR2 and Gaia EDR3

Within a radius of 25’ (i.e., ~10 r;,) from the center of Cen I,
Gaia DR2 (Gaia Collaboration et al. 2018; Holl et al. 2018)

flags only one star as “VARIABLE,” but no pulsation
parameters nor proper motions are given for this star. When
matching with our catalog, this star turned out to be V4, a
6 Sct/SX Phe from the MW field. The mean value of G for this
star is 20.14 mag, which is consistent with the mean g
magnitude we obtain.

Using Gaia Early Data Release 3 (EDR3; Gaia Collaboration
et al. 2021), we find proper motions for three of our variable
stars, the two ¢ Sct/SX Phe stars (V4 and V5), and one of the
CenI RRL stars (Cenl-V2). The remaining two Cen I RRL are
either not in the catalog (Cenl-V3) or do not have an
astrometric solution (Cenl-V1). Table 3 lists the Gaia EDR3
source\inferior id and proper motions for these stars.

In Figure 4, we compare the proper motion for Cenl-V2 and
the two ¢ Sct/SX Phe stars with candidate RGB members of



THE ASTRONOMICAL JOURNAL, 162:253 (10pp), 2021 December

Martinez-Vazquez et al.

Table 2
Coordinates, Pulsation Properties, and Average Photometry of the Variable Stars in Cen I
Star RA. Decl. r Period g i z Ag® AP A Type
(degrees) (degrees) (arcmin) (days) (mag) (mag) (mag) (mag) (mag) (mag)
Cenl-V1 189.570323 —40.939879 2.38 0.3899181 21.24 20.92 20.86 0.56 0.25 0.24 RRc
Cenl-V2 189.633635 —40.878072 3.37 0.4224812 21.20 20.88 20.83 0.53 0.27 0.20 RRc
Cenl-V3 189.584351 —41.101214 13.12 0.7358982 21.21 20.67 20.59 >0.27 >0.36 >0.26 RRab
V4 189.516808 —40.744898 12.86 0.0413440 20.96 20.82 20.81 0.37 0.19 0.13 6 Sct/SX Phe*
\A 189.776219 —40.977123 16.19 0.0724028 20.31 20.12 20.11 0.72 0.37 0.33 6 Sct/SX Phe®
Notes.
 r is the elliptical radius measured from each star to the center of Cen L.
Apang refers to the amplitude of the variable star in a particular band.
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Figure 2. Dereddened CMD of Cen I within 7’ from the Cen I center (gray squares. The ellipses correspond to 2 and 6 r, (; = 2:3; Mau et al. 2020).
points) and its three newly discovered RR Lyrae stars (RRL; blue stars). The Orange crosses are MW field 6 Set/SX Phe stars. The arrow marks the
black line is the isochrone of 12 Gyr and Z = 0.0001 from BaSTI (Hidalgo direction of the reflex-corrected proper motion of Cen L.
et al. 2018) shifted to a distance modulus of 20.35 mag (the distance modulus
of Cen 1 obtained in this work, Section 5). The probable members of Cen I Table 3
l(\p/['{i/mﬁzl((i).gss’ci\;lgl;(%haelsi?rio) are highlighted in red. Orange crosses are the Gaia EDR3 Proper Motions for the Variable Stars Discovered in the Field
’ of Cen
. Star Gaia Source_id It, €OS O I
Cenl (red) and MW foreground stars (gray points). The (mas yr ) (mas yr)
candidate Cen I and MW foreground stars here are selected in a oV 19693255 1349505976
.. . . enl- . e
similar manner to those in Pace & Li (2019) and Mau et al. = vy 614630035076699302 155+ 141 062+ 119
(2020) but updated with Gaia EDR3 astrometry. Briefly, stars CenL.V3
are selected based on .thelr location in Fhe CMD, zero parallax, V4 6146250826534361472 098 + 1.17 _180 + 0.98
and small proper motions. The remaining stars are used as the V5 6146230004532587264 231+ 048 111+ 043

input to a proper motion and spatial mixture model to identify
the Cen I proper motion and candidate members. More details
can be found in Pace & Li (2019) and A. B. Pace et al. (2021,
in preparation). The proper motion of Cenl-V2 is consistent
with the proper motion of Cen I (McConnachie & Venn 2020,
A. B. Pace et al. 2021 in preparation). Both ¢ Sct/SX Phe are
consistent with the MW foreground, and the brighter 6 Sct/
SX Phe, V5, is excluded from being a member of Cen I at high
significance based on its proper motion.

5. Distance Determination

RRL stars are considered one of the best standard candles for

old stellar systems (Beaton et al. 2018) since they follow a well-
known period—luminosity—metallicity (PLZ) relation. In part-
icular, it is in the near-infrared bands where the PLZ relations
show the smallest scatter (see, e.g., Caceres & Catelan 2008;
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Figure 4. Proper motions from Gaia EDR3 of Cen| field. The gray points
represent the proper motions of the field stars nearby (within 30’) and are
consistent with an old, metal-poor isochrone (see Section 4.1 for more details).
The reddish dots represent the candidate RGB members. The membership
probability is shown in the color bar. The blue star is the proper motion of the
RRL star Cenl-V2, and the orange crosses denote the proper motions of the two
MW field 6 Sct/SX Phe stars.

Marconi et al. 2015; Neeley et al. 2015). Therefore, we use the
pulsational properties obtained from the i and z light curves of
the RRL stars discovered in this work to derive precise distances.

We employed the PLZ in i and z given by Caceres & Catelan
(2008) to measure the distance moduli to our recently detected
RRL stars. The standard uncertainties of these relations are
0.045 mag and 0.037 mag, respectively. For the metallicity, we
used the mean metallicity [Fe/H] = —2.57 £ 0.12 from CenI
RGB stars obtained from preliminary results of unpublished
spectroscopic measurements (J. D. Simon 2021, private
communication). For the « abundance, we used [«/Fe]=
0.3 + 0.2 based on the average values obtained for other UFD
galaxies (e.g., Pritzl et al. 2005; Ji et al. 2019; Simon 2019 and
references therein). Therefore, considering the previous values
and following the relationship between Z, [Fe/H], and [«/Fe]
from Salaris & Cassisi (2005), using Zs =0.0014 (Asplund
et al. 2021), we obtain Z=0.0001 for Cen L. It is important to
note that the Céceres & Catelan (2008) PLZ relations were
obtained in Sloan Digital Sky Survey (SDSS) passbands;
therefore, a transformation from SDSS to DES was needed. To
do so, we used the following transformation equations that
were generated in the same way as the transformation equations
obtained by the DES Collaboration using matched stars from
DES DR2 and SDSS DR13 in Stripe 82 (DES Collaboration
et al. 2021, Appendix A).

ispss = ipes — 0.029 + 0.361(ipes — zpEs) (1
zspss = zpes — 0.026 + 0.125(ipes — zZDES)- )

The rms for these relations are 0.016 mag and 0.017 mag,
respectively. Also, in order to obtain the true distance modulus
(mo), we corrected the i- and z-band photometry for dust
extinction (see Section 3). The absorption coefficients for the
RRL stars of CenI used in this work can be found in the fist
two columns of Table 4.

The distance moduli obtained for the RRL stars in CenI are
listed in Table 4. The uncertainties of the individual distance
moduli were obtained by propagation of errors considering: (i)
the photometric uncertainty of the mean magnitude (0.02 mag),
(ii) the dispersion of the filter transformation equation from
DES to SDSS (0.02 mag), (iii) the dispersion of the PLZ
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(~0.04 mag), (iv) the reddening uncertainty (which is usually
assumed to be 10%), and (v) the uncertainties of 0.1 dex in
[Fe/H] and 0.2 dex in [a/Fe].

For the three RRL stars that are located right on the zero-age
HB, which is very well defined because of the high number of
blue HBs (BHBs) in this UFD galaxy, we decided not to
include the dispersion in magnitude due to evolution since in
these cases it seems negligible.

Finally, from the two more confident RRL stars (i.e., Cenl-
V1 and Cenl-V2),%° the distance modulus of Cenl Lo =
20.354 £0.002 mag (0 =0.03 mag), which translates to a
heliocentric distance of Do, =117.7 £ 0.1 kpc (¢ =1.6 kpc),
with an associated systematic error of 0.07 mag (4 kpc). This
value was assessed by fitting simultaneously the RRL stars and
comparing the zero-points obtained from the theoretical and
semiempirical PLZ relationships in i and z, following the same
approach described in Martinez-Vazquez et al. (2015). The
inclusion of Cenl-V3 in this analysis would only change the
final distance modulus by —0.02 mag.

With the precise distance presented in this work and the Gaia
EDR3 proper motions, the addition of spectroscopic radial
velocities would complete the 6D phase space information,
which can be used to derive an orbit for Cen L.

6. The Oosterhoff Classification of Cen I

Figure 5 shows period versus amplitude (classically known
as the Bailey diagram) for the known RRL stars in UFDs with
My Z —6.0 mag (see Martinez-Vézquez et al. 2019 and Vivas
et al. 2020 and references therein). The RRL stars of Cen1 are
highlighted by blue star symbols.

It is well known that there is a dichotomy between Galactic
globular clusters (GGCs) when studying their mean period and
their mean metallicity together, the so-called Oosterhoff
dichotomy (Oosterhoff 1939). There are two types of GGCs
(Smith 1995; Catelan 2009; Catelan & Smith 2015, and
references therein): Qosterhoff I (Oo 1) with mean periods for
the RRab of ~0.55 days (=0.32 days for the RRc) and mean
metallicities between —1.3 > [Fe/H] > —1.7, and Oosterhoff I
(Oo II) with mean periods for the RRab of ~0.65 days (=~0.37
days for the RRc) and more metal-poor ([Fe/H]< —2.0)
systems.

Figure 5 shows the loci (red curves) provided by Fabrizio
et al. (2019) for the RRab stars in Oo I and Oo II type GGCs
and that derived by Kunder et al. (2013) for the RRc stars in the
cluster M 22, an Oo IT GGC. This figure shows how the bulk of
RRab stars in UFDs are located around the Oo II line,
confirming that UFDs are mainly Oo II systems. Cen I RRL
stars seem to overlay well in the Bailey diagram defined by all
of the UFD RRL stars. While the two CenI RRc stars are
located near to the Oo II line, the CenI RRab star is located
between Oo I and Oo II lines (i.e., in the Oosterhoff
intermediate region). Therefore, due to such a small statistic,
it is difficult to make any strong statement about Oosterhoof
classification of this galaxy.

Within the context of merger scenarios for the assembly of
the Milky Way (Searle & Zinn 1978), the halo formed from the
disruption of small galaxies. The properties of the RRL stars in
the halo, which are predominantly Oo I (see, e.g., Figure 5 in
Drake et al. 2013), do not match those found in the majority of

26 The two RRc stars within 2 r, and complete phase coverage in their light
curves.
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Table 4
Distance Moduli of the RRL Stars in Cen I
Star A A, fio (PLZ) D., (PLZ) o (PLZ) D, (PLZ,) (10) (D)
(mag) (mag) (mag) (kpc) (mag) (kpo) (mag) (kpc)
Cen I-V1 0.192 0.146 20.38 + 0.07 119+ 4 20.33 + 0.06 116 £3 20.35 + 0.07 117+ 4
Cen I-V2 0.203 0.155 20.37 + 0.07 119 +4 20.34 + 0.06 117+3 20.35 + 0.07 117+ 4
Cen I-V3 0.177 0.135 20.31 +0.07 115+4 20.27 + 0.06 113 +£3 20.29 + 0.07 114+ 4

Note. The last two columns are the final distance moduli and heliocentric distances for the RRL stars obtained by averaging the PLZ; and PLZ, values for each star.
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therefore, it is clear that UFD galaxies are far from being the
main contributors to the Galactic halo (e.g., Vivas et al.
2016, 2020).

7. The Frequency of First Overtone RRL Stars in UFD
Galaxies

As can be seen in Figure 2, Cenl hosts a noticeable
population of BHB stars. In addition, two of the three RRL
stars in CenI are RRc stars. Theoretical models predict that
RRc stars are preferentially located in the blue edge of the
instability strip in the HB (e.g., Bono et al. 1995). Since most
of the UFDs have a noticeable BHB population, we wanted to
investigate in this section if UFDs present a higher ratio of RRc
than more massive dwarf galaxies.

In order to check whether there is a higher frequency of RRc
stars in UFD galaxies, we study this ratio individually in all of
the MW galaxies that have RRL studies so far (see Table 6 in
Martinez-Vazquez et al. 2017 for the classical dwarf galaxies
and Table A 1 in Martinez-Véazquez et al. 2019 and updates in
Vivas et al. 2020 for the UFDs). We note that in this analysis
we include RRc and RRd stars due to the fact that some studies
are not able to distinguish between them. We refer to them as
RRcd stars hereafter.

Figure 6 shows the frequency of RRed stars, f.q = Nrrea/
(NrRab + Nrrea), found in MW dwarf galaxies versus their

Figure 6. Top: frequency of RRcd stars (f.q) in MW satellite galaxies vs. their
absolute magnitude (My), color coded by the mean metallicity of the host
galaxy. Bottom: same as top panel but as a function of the true distance
modulus. The dotted line shows the average of the f.q values. The shaded area
represents the 3¢ region, and the gray error bars are the Bayesian errors
associated with the f.4 values. Classical and UFD galaxies are represented by
different symbols as shown in the legend.

absolute magnitude (top panel) and their distance moduli
(bottom panel). The error bars are the Bayesian errors
associated with the f.4 values, obtained following Paterno
(2004). We color coded the data based on the mean metallicity
of the dwarf galaxy. It is clear that there is no particular trend
associated with the mass, distance, or metallicity of the host
galaxy. The average value of f.4 is 0.28 (dashed line), with a
dispersion of 0.27 (shaded region). We can see that there are
several outliers with f.4 2 0.50: BootesI, Cenl, Tucanall,
Sagittarius II, GrusII, and Eridanus III. All of them are UFD
galaxies and have metallicities of [Fe/H] < —2.1 dex. On the
other hand, we see that there are 12 UFD galaxies that do not
contain any RRcd stars. However, we can see in Figure 6 that
there is no indication that UFD galaxies have a higher ratio of
RRcd stars than classical dwarf galaxies and that the outliers
(fea 2 0.50) occur only for UFDs, not for classical dwarfs. In
addition, the frequency of RRcd and RRab stars in the UFD
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Figure 7. Color—color distribution of BHB stars in Cen I. The dashed curve
shows the polynomial in (g — r)o vs. (i — z)o proposed by Li et al. (2019) to
separate BHB from BS stars.

galaxies is strongly dominated by the small number of RRL
stars that belong to them. This is reflected in the dispersion of
the f.4, which is 0.31 for the UFDs while for the classical dwarf
galaxies is only 0.11. Most of the UFDs that have either a high
or null frequency of RRed stars harbor fewer than five RRL
stars. Outliers in f.4 are also observed among GGCs (Fabrizio
et al. 2021).

On the other hand, if we combine all of the MW UFDs, the
mean fq is 0.29, which is similar to the one obtained for the
classical MW dwarfs (f.q=0.24). This indicates that the
frequency of RRcd stars is consistent between UFD and
classical dwarf galaxies.

8. On the Extension of CenI

Two of the three discovered RRL stars in Cen I are located
within 2 7, at 2’4 and 34, while the third RRL star (Cenl-V3)
is at 13’1 (~6 ry,; see Figure 3). In addition, out of the 10 BHB
candidates in Cen I, nine are centrally concentrated in the inner
3 r, (see black squares in Figure 3), but the remaining one is
located much farther out (21/4). In order to check whether
these stars are BHB stars at the distance of Cen I or foreground
blue straggler (BS) stars, we use our giz photometry plus the r
photometry from DELVE DR1 and check their positions in the
(g — r)o versus (i —z)p plane (see Figure 7). Thanks to the
BHB-BS separation obtained by Li et al. (2019, their Equation
(5)), we see that indeed all of them are in the region of the
color—color space where BHB stars are supposed to be (even
the BHBs with the largest angular separation).

Both the distant BHB star (located at 21’4) and the CenI-V3
RRL star (at 13’1) are located along the major axis of Cen I but
in opposite directions, which could be possible evidence of a
tidal disruption event (see Figure 3). In the absence of
perturbations (e.g., from the LMC), the disruption direction
should align with the proper motion vector on the sky. The
reflex-corrected proper motion of Cen I (arrow in Figure 3) using
the Gaia EDR3 proper motion of CenI from McConnachie &
Venn (2020), the distance from this paper, and positions from
Mau et al. (2020) is (4, cos 6, us) = (+0.11, —0.06) mas yrfl.
This is roughly perpendicular to the position angle and would
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naively argue against tidal disruption as an explanation for the
positions of Cenl-V3 and the distant BHB star.

For more insight, we estimated the tidal radius of Cenl.
From preliminary analysis of unpublished spectroscopic
measurements (J. D. Simon 2021, private communication),
the velocity dispersion of CenIis 5.5 kms™'. For this velocity
dispersion, the mass within the half-light radius (using the
formula from Wolf et al. 2010) is 2.2 x 10° M. Using that
mass and the MW potential from Carlin & Sand (2018) in the
equation for the Jacobi radius from Binney & Tremaine (2008),
the tidal radius of CenI is 1 kpc (i.e., 29’). Since this assumed
mass for Cenl is very conservative, relying only on the
dynamical mass in the central regions of the galaxy, this
estimate of the tidal radius can be regarded as a lower limit.
Therefore, we conclude that the most distant Cen I RRL star
and the most distant BHB star are inside the tidal radius of
Cen 1. Deeper imaging reaching several magnitudes below the
main-sequence turn-off and spectroscopic studies of Cen I will
be required to perform a more detailed characterization of its
outer regions and possible tidal extension.

9. Conclusions

We present in this work the first study of variable stars in the
recently discovered UFD galaxy Cen I. From multi-epoch giz
DECam observations, we discover three RRL stars in Cenl,
and we detect two é Sct/SX Phe belonging to the MW field.

Two of them are first overtone (RRc) stars, and the
remaining one is a fundamental pulsator (RRab) star. The
two RRc stars are located within 27, while the RRab star
(Cenl-V3) is at ~6 r;,. From a smooth distribution of Galactic
halo RRL stars, it is not expected to find three MW halo RRL
stars clumped together in space at such large distances. In
particular, from the density profile of RRL stars derived in
Medina et al. (2018), the significance of having three or more
MW halo RRL that could contaminate Cenl HB is 4.70.
Therefore, we conclude that these three RRL stars found are
high confidence members of Cen L.

We measure a distance modulus for Cenl of
1o =20.354 £+ 0.002 mag (c=0.03 mag), and a heliocentric
distance of D, =117.7+ 0.1 kpc (o0 = 1.6 kpc), based on its
best sampled RRL stars (i.e., the two RRc stars). The
systematic error associated with this measurement due to the
uncertainties on the photometry, reddening, [Fe/H], and
[a/Fe], is of 0.07mag (4 kpc). This distance measurement
agrees with the distance obtained in the discovery paper by
Mau et al. (2020; 20.3 = 0.1 mag).

The frequency of RRcd stars in MW dwarf galaxies has a
mean value of 0.28 with no trend with the My, i, or [Fe/H].
Some UFDs, including Cenl, present higher RRcd ratios
(fea 2 0.5), although no strong conclusions can be drawn for
individual UFDs due to limited statistics. However, if we
combine all of the UFDs, the ratio of RRcd is similar to the one
obtained for the classical dwarfs (f.q~ 0.3). Therefore, the
fraction of RRcd stars is consistent between UFD and classical
dwarf galaxies.

The location of the Cen I RRL stars in the Bailey diagram is
in good agreement with general location of RRL stars from
UFD galaxies. Comparing the properties of the RRL stars in
UFDs (mainly Oo II) and those from the halo of the MW
(mainly Oo I), it is clear that UFDs are far from being the main
contributors to the Galactic halo (Vivas et al. 2020). Never-
theless, since UFDs are some of the most ancient systems in the



THE ASTRONOMICAL JOURNAL, 162:253 (10pp), 2021 December

universe, they can also help us to better understand the
hierarchical formation and evolution of our Galaxy.

With the advent of the Vera C. Rubin Legacy Survey of
Space and Time (LSST; Ivezi¢ et al. 2019), numerous ultra-
faint systems will be discovered. The detection of RRL stars
and their role as standard candles is crucial to measuring
accurate distances to UFDs. This, in combination with proper
motions and spectroscopic data, will allow us to derive their
orbits. Thus, time-domain studies of UFDs are necessary to
help address questions about their nature, formation, evolution,
and contribution to the Galactic halo.
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