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ABSTRACT

We present a detailed study of the variable star population of Eridanus II (Eri IT), an ultra-faint dwarf galaxy that lies close to the
Milky Way virial radius. We analyse multi-epoch g, r, i ground-based data from Goodman and the Dark Energy Camera, plus
FATSW, F606W, F814W space data from the Advanced Camera for Surveys. We report the detection of 67 RR Lyrae (RRL) stars
and 2 Anomalous Cepheids, most of them new discoveries. With the RRL stars, we measure the distance modulus of Eri I, pg =
22.84 £+ 0.05 mag (Dg = 370 £ 9 kpc), and derive a metallicity spread of 0.3 dex (0.2 dex intrinsic). The colour distribution of
the horizontal branch (HB) and the period distribution of the RRL stars can be nicely reproduced by a combination of two stellar
models of [Fe/H] = (—2.62, —2.14). The overall low metallicity is consistent with the red giant branch bump location, 0.65 mag
brighter than the HB. These results are in agreement with previous spectroscopic studies. The more metal-rich RRL and the
RRab stars have greater central concentration than the more metal-poor RRL and the RRc stars that are mainly located outside
~1 ry. This is similar to what is found in larger dwarf galaxies such as Sculptor, and in agreement with an outside-in galaxy
formation scenario. This is remarkable in such a faint dwarf galaxy with an apparently single and extremely short (<1 Gyr) star
formation burst. Finally, we have derived new and independent structural parameters for Eri II and its star cluster using our new
data that are in very good agreement with previous estimates.

Key words: stars: variables: RR Lyrae —galaxies: evolution — galaxies: individual: Eri II-Local Group - galaxies: stellar
content.

et al. 2017; Vivas et al. 2020b). Although we still lack accurate

1 INTRODUCTION measurements of the dynamical mass of RR Lyrae (RRL) stars,

Old stellar populations (>10 Gyr) provide fundamental constraints
on the conditions of the early Universe and the physics governing
the early stages of galaxy evolution (e.g. Bernard et al. 2008;
Stetson et al. 2014; Martinez-Vazquez et al. 2016a; Fiorentino

* E-mail: clara.martinez@noirlab.edu

current circumstantial evidence suggests that they are low-mass
stars (~0.7M) in their core He-burning horizontal branch (HB),
implying ages larger than ~10 Gyr (Walker 1989; Savino et al.
2020). This has been thoroughly confirmed empirically, though
rare classes of RRL stars have been identified when other phys-
ical mechanisms are at play, such as binarity (Pietrzynski et al.
2012).
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RRL stars are primary distance indicators (e.g. Beaton et al. 2018),
but can also be used to trace the early chemical evolution of the host
system (Jeffery etal. 2011; Braga et al. 2016; Martinez-Véazquez et al.
2016a) because their pulsational parameters are linked to their metal
content (e.g. Jurcsik & Kovacs 1996; Alcock et al. 2000; Nemec
et al. 2013; Marconi et al. 2015). The intrinsic brightness (My =
0.6 mag) and the large pulsational amplitude ((AV) = 0.8 mag) make
it possible to study RRL stars to beyond the edge of the Local Group
(LG) using Hubble Space Telescope (HST) data (e.g. Da Costa et al.
2010; Yang et al. 2014). Therefore, the properties of RRL stars help to
constrain the early properties of galaxies more distant than the limit
of current spectroscopic facilities. Moreover, comparative studies
of RRL stars in different galaxies provide a unique opportunity to
investigate the conditions of the early LG, opening the possibility of
a global study that probes beyond the details of individual galaxies
(Fiorentino et al. 2015, 2017; Martinez-Vazquez et al. 2017; Monelli
etal. 2017).

Our view of the LG has drastically changed in the last two decades.
In particular, the number of satellites of both the Milky Way (MW)
and M31 has increased by almost an order of magnitude, thanks to
new deep, wide photometric surveys (e.g. The Dark Energy Survey
Collaboration 2005; McConnachie et al. 2009; Drlica-Wagner et al.
2016, 2021). While the majority of new stellar systems extend the
range of galactic properties to low mass, low luminosity, and low
mean metallicity (e.g. Simon 2019), a few extended galaxies of
modest luminosity but with remarkably low surface brightness have
been discovered; in particular, Crater II, Antlia II (Torrealba et al.
2016, 2018), And XXXI, and And XXIII (Martin et al. 2013). RRL
stars have been found in almost all the galaxies where they have
been searched for, with the exception of only some of the lowest-
mass ultra-faint dwarf galaxies (Willmanl and Carina III, see the
compilation made in Martinez-Vazquez et al. 2019; their table Al).

In this work, we focus on the Eridanus II (Eri II) ultra-faint dwarf,
discovered from a search of the first year data release of the Dark
Energy Survey (DES; Bechtol et al. 2015; Koposov et al. 2015).
Eri II is the presently most distant known possible MW satellite, at
D~370 kpc (Crnojevié et al. 2016). It is approaching the MW (Li
et al. 2017) and possibly bound (Fritz et al. 2018), though the error
bars on the Gaia Data Release 2 (DR2) proper motion are too large
to set firm constraints.

The spectroscopic investigation of bright red giant branch (RGB)
stars (Li et al. 2017) supports that Eri II is a metal-poor system
({[Fe/H]) ~ —2.4) which presents a non-negligible metallicity
dispersion (o ey = 0.47). Contrary to other distant satellites such as
Leol, LeoIl, and Leo T, Eri II shows no evidence of an intermediate-
age population. This was confirmed by the deep Advanced Camera
for Surveys (ACS) photometry and the detailed star formation history
analyses recently published (Gallart et al. 2021; Simon et al. 2021).
Indeed, Eri II seems to have formed the vast majority of its stars early
(before z ~6), with a possible residual population not younger than
9 Gyr.

A remarkable feature of Eri Il is the presence of an apparent stellar
overdensity adjacent to its centre (Koposov et al. 2015). This was
interpreted as a stellar cluster by Crnojevié et al. (2016), making
Eri II the faintest galaxy (My = —7.1) known to host a cluster, a
conclusion supported by the recent photometric (Simon et al. 2021)
and spectroscopic (Zoutendijk et al. 2020) studies. Due to the small
number of stars associated with the cluster, no statistically significant
age difference can be proven with respect to the main field population.

In this paper, we analyse both ground-based and space data to
study the variable star population of Eri II and its early chemical
enrichment based on its RRL star population. We report the discovery
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Table 1. Number of epochs collected in Eri II.
Data Source Ng N N; Nrpazsw Nrooew Nrg1aw
ACS 8 10 24
Goodman 314 304 304
DECam - 4 16

4This is the number of epochs collected for Eri II independently in the two
fields of Eri II (East and West) observed with Goodman.

of 67 RRL stars and 2 Anomalous Cepheids (AC). The paper
is organized as follows. In Section 2, we present the observing
material, data reduction, and photometric calibration. In Section 3,
we derive structural parameters for Eri II and its tentatively cluster
(Section 3.1), and we discuss some features about the colour—
magnitude diagram (CMD, Section 3.2). In Section 4, we present
the detection, classification, and characterization of variable stars.
AC and RRL stars are discussed in detailed in Sections 5 and
6, respectively. In particular, we derive the distance to Eri II and
its metallicity distribution using the population of RRL stars. In
Section 7, we perform a simulation of the HB to support the spread
in metallicity observed in this galaxy. In Section 8, we discuss the fast
and early evolution of Eri II based on a careful analysis of its RRL
stars. Finally, the summary and final remarks of this work (Section 9)
close the paper.

2 OBSERVATIONS AND DATA REDUCTION

This work uses ground-based and space data. The details of each
particular data set are given in the following subsections.

2.1 Goodman and DECam data

Ground-based data were taken under NOAO PropID. 2018A-0310
(PI: C. E. Martinez-Vazquez). We collected multi-epoch data using
the Goodman High Throughput Spectrograph (Clemens, Crain &
Anderson 2004) (red camera), in imaging mode, at the 4m Southern
Astrophysical Research (SOAR) Telescope, located on Cerro Pachén
(Chile). The Goodman imager is characterized by a circular field of
view (FoV) of 7.2 arcmin diameter with a 0.15 arcsec pixel™! scale.
In order to reduce readout time and increase the signal to noise, we
selected 2 x 2 binning in our observations. Our strategy consisted
in taking two overlapping Goodman pointings in the East (RA =
03:44:28.0, Dec = —43:31:36.7) and West (RA = 03:44:11.6, Dec
= —43:32:28.7) side of Eri II, covering the body of Eri II to more
than 2 ry,, and doubling the number of measurements in the innermost
regions. We obtained time series photometry in g, r, and i. The
individual exposure times were between 120 and 600 s. The cadence
of these observations was optimized for RRL stars, taking into
account the actual weather conditions, seeing, and the moon phase
and position. The images were acquired during non-consecutive
nights: 2018 October 31, November 1, and November 30. This
cadence helps to minimize the aliasing in the period determination
of RRL stars with P =~ 0.5 d. In order to prevent having a saturated
background due to the bright Moon and to allow easier removal of
cosmic ray contamination, we split long exposures into two to three
shorter exposures, in the same filter. Due to the short readout time
of the camera (10.3 s) this procedure did not introduce significant
inefficiency. The total number of epochs gathered in g, r, and i for
each pointing are given in Table 1. The images were collected under
grey conditions (Moon phase ~6 d) with a median value of the seeing
of 0.77 arcsec.
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Table 2. Morphological parameters.

Sample RA DEC € PA Th o D(é)
(deg) (deg) (deg) (arcmin) (mag) (kpe)

Eridanus IT

Crnojevic et al. (2016) 56.084 + 0.003 —43.534 4+ 0.001 0.48 + 0.04 72.6 £33 231 £ 0.12 22.8 + 0.1¢ 363 + 17

Simon et al. (2021) 56.0880 £+ 0.0005 —43.5334 + 0.0002 0.45 £+ 0.02 77.8 £ 1.2 3.03 £ 0.12¢ 22.65 + 0.08 339 £+ 12

This work 56.0829 £ 0.0015 —43.535 4+ 0.001 0.40 + 0.03 75 + 3 230 + 0.12 2284 £ 0.07¢ 370 £+ 12

RR Lyrae stars” 56.081 + 0.001 —43.533 4+ 0.001 0.50 4+ 0.08 80 + 4

Cluster

Crnojevic et al. (2016) 56.0925 £+ 0.0003  —43.5331 + 0.0006 0.11 + 0.01

Simon et al. (2021) 56.0933 £+ 0.0001 —43.5334 + 0.0001 0.31 fg:gg 75 £ 6 0.16 = 0.01

This work 56.0933 £+ 0.0002 —43.5334 + 0.0001 0.40 £ 0.06 74 + 6 0.20 + 0.02

“Simon et al. (2021) acknowledge that the smaller size given by Crnojevi¢ et al. (2016) is more accurate.
bParameters based on a bivariate Gaussian distribution of the RR Lyrae variable stars using the routine £it _bivariate normal in AstroML (Ivezi¢ et al.

2014).
“Based on isochrone-fitting.
9Based on the RR Lyrae stars (see Section 6.3).

“Heliocentric distance converted from the distance modulus (j4¢) in column 7.

During each run, a set of bias exposures and dome flats were
collected in the afternoon. In addition, sky flats were secured during
the evening twilight (only for the Goodman data set; sky flats at
DECam are forbidden). The set of biases and flats that were closest in
time were used for processing each exposure. Images were corrected
using IRAF' tasks for bias subtraction and flat-fielding. We followed
exactly the same procedure detailed in Martinez-Vazquez et al.
(2019, their section 3.1).

Additional data were taken in bright time using DECam (Flaugher
et al. 2015), a wide FoV camera (3 degz, 62 science CCDs, 0.263
arcsec pixel™!) installed at the prime focus of the Victor Blanco
4-m telescope at Cerro Tololo Inter-American Observatory (CTIO)
in Chile. The data were taken during small time windows available
during Director’s Discretionary Time, on average one image every
few days for a total time baseline of ~90 d between mid November
2018 and mid February 2019. The galaxy was centred on DECam
chip S4 at the centre of the FoV. The entire galaxy (1, = 2.3 arcmin,
see Table 2) fits well within a single CCD, which has an FoV of 9
arcmin x 18 arcmin. Because these nights were close to Full Moon,
we mostly collected i band data, since this band is less affected by the
increase of the sky background due to the brightness of the Moon.

The basic reduction was performed using the DECam Community
Pipeline (Valdes, Gruendl & DES Project 2014) for bias, flat-fielding,
illumination correction, and astrometry. These data were taken in
groups of four consecutive images, with individual exposure times
of typically 250 s to avoid background saturation. In order to increase
the S/N for the Eri II RRL stars, we summed all the good-quality
images of each block to produce one phase point in each filter, thus
resulting in a total of 16 and 4 individual epochs in i and r filters,
respectively.

Fig. 1 shows the distribution of sources detected in the observed
field. Eri II was well covered by just one of the DECam CCDs. The
distribution of points corresponds to a portion of CCD S4 in DECam,
while the two SOAR/Goodman pointings are shown by the two red
circles (see Section 2.1). The plot also shows the location of the
detected variable stars (Section 4).

LIRAF (Tody 1986, 1993) was distributed by the National Optical Astronomy
Observatory, which was managed by the Association of Universities for
Research in Astronomy (AURA) under a cooperative agreement with the
National Science Foundation.

MNRAS 508, 1064-1083 (2021)

2.2 ACS data

HST images have been collected by two independent projects in
cycle 23, GO 14234 (PI: Simon, 13 orbits) and GO 14224 (PI: C.
Gallart, 6 orbits), see also Gallart et al. (2021) for further details. The
first program was executed between 2016 January 6 and February
2, thus covering a total of 20.8 d. A total of 10 and 16 images in
the F606W and F814W filters were collected, with exposure times
ranging between 1220 and 1390 s. The observing strategy was such
that images in one filter were observed during each orbit, and the
bulk of observations in each filter were grouped together. Therefore,
the data cover a time range of 14.3 and 7.6 d in the F606W and
F814W bands, respectively. The second program, observed on 2016
September 22 and 23, had a different strategy. In order to optimize
the search for short-period variable stars such as RRL stars and ACs,
each orbit was split into one F475W and one F814W image. Six
images of 1257s and 1300 s, respectively, plus two short exposures
were collected. The observations consisted of two blocks of ~3.5 h,
separated by a gap of 24 h, thus covering in total 1.3 d. The two
data sets, collected in February and September 2016, were therefore
separated by 2236 d. Moreover, a rotation of about >~ 121° is present
between the two sets. This means that sources in the innermost
regions have been observed with the three filters, while the region
close to the corners of the camera have been covered by two filters
only, with only F814W covering the whole HST FoV. Table 1 shows
the total number of epochs observed from both data sets in the
FAT5W, F606W, and F814W filters.

Fig. 1 shows the area covered by the two HST programs. The FoV
of the two ACS pointings is enclosed by black lines, where it is
clearly visible how the ACS photometry is significantly deeper than
that from the ground-based data.

2.3 Instrumental photometry and photometric calibration

The data reduction was performed using the DAOPHOT-
IV/IALLFRAME programs (Stetson 1987, 1994), following the
prescriptions by Monelli et al. (2010b). The two ACS and the two
ground-based data sets were reduced separately, and combined a
posteriori. In the case of the DECam images we only processed the
CCD $4 since it covers completely the area of the two Goodman
pointings and thus the expected extension of Eri II (as shown in
Fig. 1).
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Figure 1. Spatial distribution (in planar coordinates) of the variable stars detected in Eri II. The Goodman+DECam photometry of non-variable stars is shown
by grey crosses while the ACS photometry of non-variable stars is identified with grey dots. The FoV of the ACS data for Eri II is outlined by black lines and
the locus of the Goodman pointings are represented by black circles. The 1 ry, locus of the central star cluster in Eri II is represented by the purple ellipse. The
dashed red ellipses mark the locus corresponding to 1 r, and 2.5 ry, of Eri IT using the morphological parameters calculated in this work.

We then adopted the following procedure: As a first step, an
iterative run of the DAOPHOT and ALLSTAR routines are used
to identify the best list of PSF stars. Subsequently, ALLFRAME
processes all images simultaneously, using a list of stars detected in
a registered, combined median image. The full procedure is iterated
twice to exploit the improved knowledge of the stellar centroid
and coordinate transformations to refine both the PSF on individual
images and the star list. The process provides a catalogue of sources
with instrumental magnitude for each available image.

Additionally, we mention that the parallel WFC3 fields were
reduced as well with an identical approach, but since no variable
stars were identified in either data set, they will not be discussed
further.

2.4 Photometric calibration

To build the time series data, we calibrated the individual ground-
based catalogues to the standard DES photometric system, as defined
by the DES DR2 catalogue,” which has a photometric precision
of the order of 2 mmag in the g, r, i bands and a median depth
of g =247, r = 244, i = 23.8 mag at S/N = 10 (Abbott et al.
2021). The transformation equations between the instrumental and
the g, r, i DES magnitudes were derived only for those stars with
magnitude uncertainties less than 0.05 mag, obtaining zero-points,
colour terms and linear positional terms (X and Y). The positional
terms were negligible and the colour term was only applied to the
Goodman observations. The DECam instrumental magnitudes do
not show any colour dependency when comparing with DES, which
is expected since DES uses the same DECam passbands. The root-
mean-square deviations of the transformations from the instrumental

Zhttps://des.ncsa.illinois.edu/releases/dr2

to the calibrated magnitudes were 0.03 mag in r, i-DECam, 0.05 mag
in g-Goodman and 0.04 mag in r, i-Goodman. The g, r, i-Goodman
filters are very close to the g, r, i-SDSS passbands. Our catalogue
depth at S/N = 101s g, r, i = (25.2, 24.5, 24.2) mag.

In the case of the ACS data, we started from the photometry cat-
alogues for individual images obtained from ALLFRAME (Gallart
et al. 2021), individually calibrated to the VEGAMAG system (see
Fig. 2, bottom panel).

3 PROPERTIES OF THE STELLAR
POPULATIONS OF ERI II

3.1 Structural parameters of Eri II and its cluster

To derive the global structural parameters of Eri II, we fitted an
exponential function plus an uniform distribution of contaminants,
to our Goodman+DECam data. Although these data already resulted
in a relatively clean CMD (see Fig. 2, top panel), we performed an
additional selection retaining those stars within 19 < i < 24 (i.e. just
below the tip of the RGB and the HB, respectively) and (g — i) <
1.5, so to remove residual foreground and background contamination
sources.

To derive the structural parameters, we followed the same method-
ology by Cicuéndez et al. (2018) based on Richardson et al.
(2011). The procedure evaluates, at the individual stellar locations,
a likelihood expression depending on the surface density profile
to be fitted as well as on the position angle, ellipticity, and the
density of contaminants. The most likely value of each structural
parameter is then evaluated by sampling this likelihood expression
with a Markov chain Monte Carlo (MCMC) method. We used a
Bayesian MCMC sampler with affine invariance of the form given
by Goodman & Weare (2010): ‘The MCMC Hammer’ (Foreman-

MNRAS 508, 1064-1083 (2021)
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Figure 2. CMDs of Eri II using Goodman+DECam (top panel) and ACS
(bottom panel) data. Variable stars detected in this work are shown with
different colours and symbols (same as in Fig. 1). The arrows point the
location of the RGB bump.

Mackey et al. 2013).> We established a total of 80 walkers, each of
them performing 6000 steps.

Table 2 shows the structural parameters obtained for Eri II. Our
results are in very good agreement with those reported by Crnojevié
et al. (2016), confirming the goodness of their finding. In the same
way, we also agree with Simon et al. (2021), although our half-light
radius and the right ascension of the galaxy’s central coordinates are
significantly different (at 3o level) than their reported values. It is
probable that the half-light radius reported by Simon et al. (2021) was
overestimated due to the small FoV of their HST data, as these authors
explained when comparing their results with those of Crnojevi¢ et al.
(2016). We therefore attribute to the same reason the difference we
found in the central coordinates of Eri II.

3The code used was https:/github.com/grinsted/gwmeme

MNRAS 508, 1064-1083 (2021)

Since the discovery by Crnojevic et al. (2016), the existence of an
off-centre stellar cluster in Eri II has attracted a lot of attention, due to
the low-mass of Eri II and the possibility that the cluster would help
characterize its dark matter content (Amorisco 2017; Contenta et al.
2018; Marsh & Niemeyer 2019; Simon et al. 2021). We therefore
used our 3-band HST data set, which covers a smaller portion of the
galaxy but with deeper photometry, to fit the surface density profile of
the candidate star cluster by modeling its background contamination
density with the constrained fitted profile of Eri II plus a uniform
distribution to account for contamination by foreground MW stars.
Table 2 shows the structural parameters obtained for the cluster,
comparing with the results reported in Crnojevi¢ et al. (2016) and
Simon et al. (2021).

Data listed in this table show that Eri II and its candidate star cluster
share the same ellipticity and position angle, within their respective
error bars, a surprising finding already noted by Simon et al. (2021).
The centre of the cluster presents a small but significant offset with
respect to the galaxy centre, with the cluster placed 32 £ 5 arcsec to
the East to the galaxy centre, which translate to 57 &£ 9 pc, assuming
our calculated heliocentric distance reported in Section 6.3. This
value is comparable to what found by Crnojevié etal. (2016) (i.e. ~25
arcsec), but significantly larger (at 3o level) than the value reported
by Simon et al. (2021; i.e. 13.9 &£ 2.0 arcsec or 23 £ 3 pc). Since
the cluster central coordinates that we found are almost identical to
those of Simon et al. (2021; who used similar HST data), we attribute
this discrepancy to the different central coordinates for Eri II.

We note that a larger offset between the cluster and the galaxy
centre would imply a larger core radius for the dark matter halo
than previously reported by Simon et al. (2021). Qualitatively, if we
assume, as these authors did (see their section 5.3 for details), that
the calculated offset is ~1/3 of the core radius, then this would result
in a core radius ~170 pc. Therefore, the core radius of Eri II would
remain small, but now closer to those values postulated for other
dwarfs, i.e. ranging from a few hundred pc to one kpc.

Despite the very low stellar density, the kinematic analysis by
Zoutendijk et al. (2020) supports that the cluster is real, as the velocity
dispersion of its stars is smaller than that of stars in the main body
of Eri II. On the other hand, Simon et al. (2021) tried to estimate
the cluster age, but given the very low number of stars in the cluster
regions, they could only find marginal evidence that the cluster is
slightly younger (~0.6 Gyr) than the bulk of the Eri II population.

To check whether the analysis of the variable stars can add
information about this, Fig. 1 shows the location of the detected
variable stars, shown with filled symbols as labelled, as well as the
estimated centre of Eri II (red cross) and the cluster’s half-light
radius (purple ellipse). The comparison discloses that the centre of
the distribution of the RRL stars is close to the Eri II centre, separated
by only ~6arcsec as reported in Table 2. We find that there is no
accumulation of RRL stars associated with the cluster, and only one
RRL star (V46, see Section 4) is located with 1 r,, from the cluster’s
centre. The analysis of the CMD of the stars within the 1 7, from the
cluster’s centre reveals that only two stars appear to be on the HB,
the aforementioned RRL star plus one red HB star (see Fig. 3).

3.2 The colour-magnitude diagram and the red giant branch

Fig. 2 shows the ground-based r, (g — i) (top panel) and the ACS
F606W, (FAT5W — F814W) (bottom panel) CMDs, highlighting
the detected variable stars. Notably, the Goodman+DECam CMD
reaches ~1.5 mag fainter that the HB, to » ~ 25.0 mag. The CMD was
cleaned by visual inspection of the images, removing background
galaxies. A detailed discussion of the main features of the Eri II
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Figure 3. CMD of stars within 1 ry, Eri II cluster.

ACS CMD has been presented in Gallart et al. (2021), and will not
be repeated here. Nevertheless, two features are worth discussing.
First, we confirm the colour range of HB stars, on both side of
the instability strip. Interestingly, the blue part is significantly more
populated in the ground-based CMD, which covers a wider area. A
detailed discussion of the spatial variation of the HB morphology
is presented in Section 8. Secondly, we report here the detection of
the RGB bump, which was not analysed in previous works. This
appears as an over-density in the luminosity function of the RGB,
caused by the H-burning shell crossing the chemical discontinuity
left behind the convective envelope (see e.g. Cassisi & Salaris
1997 and references therein). This results in a re-adjustment of the
stellar structure that leads to a decrease, and then an increase in
luminosity. This is reflected by an overdensity in the star counts up
the RGB, due to the stars crossing the same region of the CMD three
times. The position of the RGB-bump depends both on the age and
the metallicity, becoming fainter as either of these two parameters
increase. Therefore, the RGB bump position is a useful observable
to investigate the envelope chemical stratification of low-mass stars,
and the occurrence of non-canonical mixing processes at the bottom
of the convective envelope (see, e.g. Cassisi, Salaris & Bono 2002,
and references therein). The magnitude difference between the
RGB bump and the HB luminosity, being distance and reddening
independent, has been extensively adopted to test the reliability
of the stellar evolutionary framework. The latest investigations (Di
Cecco et al. 2010; Monelli et al. 2010a; Cassisi et al. 2011) indicate
an overall agreement between theory and observations, but have
consistently shown a disagreement in the most metal-poor regime
([M/H]<-1.5), in the sense that the observed location of the bump is
fainter than the predicted one.

From analyses of the different CMDs at our disposal, we have
consistently detected the RGB bump in the different filters. In
particular, the peaks of the RGB luminosity function, corresponding
to the RGB bump, were detected at gpymp = 23.11 &= 0.05 mag, roump
= 22.46 £ 0.05 mag, iyump = 22.24 £ 0.05 mag, and F606 Wy,
= 22.47 £ 0.05 mag. The location of the bump in r and F606W
is indicated by the arrows in Fig. 2. Since the bump gets brighter
with decreasing metallicity, its location (well above the magnitude
level of the HB) is an independent qualitative indicator that the mean
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metallicity is low, in agreement with spectroscopic measurements
(Li et al. 2017). To further investigate the bump properties, we
take advantage of the ACS data and follow the approach proposed
by Monelli et al. (2010a). This is based on defining a pseudo-
V magnitude as V*=(F475W + F814W)/2, which provides HB
morphology which is horizontal in the colour range of RRL stars,
facilitating the estimate of its magnitude level. In particular, the
luminosity function of the RRL stars is fitted with a Gaussian
distribution, and the lower envelope level, representative of the
ZAHB locus, is calculated to be 1.5¢ fainter than the peak of the
magnitude distribution. This analysis gives Vjj3=23.21 £ 0.03 mag
which, combined with the bump location at Vij,,,=22.56 &+ 0.03

provides AV;ip™ = —0.65 mag. At face value, such estimate would
imply either an age much younger than 10 Gyr (for [Fe/H]=—2) or
a much higher metallicity (~—1.5) for an old age, both being in
stark contrast with the properties of the bulk of the Eri II population.
However, it has been widely discussed that for a mean metallicity
closer to [M/H]= —2* the observed AV;g“mp is smaller that the one
predicted by theoretical model. In particular, the value derived here
for Eri II is smaller than predicted by theory by about 0.2 mag, and
it is in agreement with previous findings for both globular clusters
and dwarf galaxies (Di Cecco et al. 2010; Monelli et al. 2010a).

4 VARIABLE STAR DETECTION AND
CHARACTERIZATION

The search for variable stars was performed using a modified version
of the Welch & Stetson index (Welch & Stetson 1993; Stetson
1996), which identifies candidate variable stars on the basis of our
multiband photometry. The light curves of candidate variable stars
were individually inspected in order to clean the sample of spurious
detections. Given the large time gap between the different data sets,
we performed an independent search of periodic variable sources
in the ACS and Goodman+DECam data, following the same steps
for both samples. For each candidate variable star, we calculated the
periodogram of the time series via Fourier analysis (following the
prescriptions of Horne & Baliunas 1986) exploring the period range
between 0.01 and 10 d, which is far broader than the range of all
possible periods of RRL stars and AC (which lie between 0.2 and
1.5 d). In order to classify a source as a variable star, we inspected
the time series (to verify correlated variations in the different filters)
and the morphology of the source in the image (to avoid background
galaxies or hot pixels).

Once the variability was confirmed, the pulsation period was
derived and refined by an interactive inspection of the periodogram
and the simultaneous visual inspection of the light curves in the six
bands. The amplitudes, and intensity-averaged magnitudes for all
the variable stars were calculated by fitting the mono-periodic light
curves with a set of eight RRL templates based on the set of Layden
(1998, namely RRal, RRa2, RRa3, RRbl, RRb2, RRb3, RRc, Sine)
plus two templates for Cepheids built by Bernard et al. (2009). For
each folded light curve, the best-fitting template was calculated using
the Simplex method (Nelder & Mead 1965), choosing the template
that shows the lowest x2. The calculation of the intensity-averaged
magnitudes and amplitudes through the integration of the best-fitting
template avoids biases arising from light curves that are not uniformly
sampled.

At the end of the above process, we confirm 69 variable stars in
the Goodman+DECam data, 43 of which are also present in the field

4Considering [a/Fe] = 4-0.4, [M/H]= —2.0 corresponds to [Fe/H] = —2.3.

MNRAS 508, 1064-1083 (2021)
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Figure 4. Light curves of the two AC stars detected in Eri Il in the g, r, i (Goodman+DECam) and F475W, F606W, F814W (ACS) bands (when available). The
name of the variable and its period are displayed at the top of each panel. Open symbols show the data for which the uncertainties are larger than 3o above the
mean error of a given star and, therefore, they were not considered in the period, amplitude and mean magnitude calculations. For clarity, g, i, F475W, F606W,
and F814W light curves have been shifted by +0.4, —0.6, +-0.7, —0.2, and —0.6 mag, respectively. Template fits for each light curve are shown by grey lines.
The individual g, r, i, FA75W, F606W, and F814W photometry for the variables detected in this work are in Table S1.

covered by the ACS data. Only one RRL star (V23) is detected in
the ACS but not in the ground-based (DECam-+Goodman) data sets,
due to the combination of low amplitude and vicinity to a bright
star. 67 out of 69 variables are RRL stars, while the remaining 2
stars are ACs. Interestingly, despite the large time baseline and the
sparse cadence of the data, no long-period variable stars have been
identified. Table Al in Appendix A shows the location, periods,
intensity-average magnitudes, amplitudes, and classification of the
69 variable stars detected in the field of Eri II. Notes on individual
variables are in Table B1 (Appendix B).

We note that the spatial distribution of RRL stars in the outer
regions of Eri II seems highly asymmetric. Indeed, beyond 1.3 ry,
only 1 RRL star is located on the east side, while 8 are present on
the west side and spread over a wide area. It is unlikely that this
is an observational bias, as the time sampling and the number of
measurements are similar in the two SOAR/Goodman fields. We
have verified that the CMD of the stars at distances larger than 1.5 r,
is well populated by RGB and HB stars for both sides of the galaxy.

4.1 Comparison with previous work

Using the full 6-yr data set from the DES, which covers ~5000 deg”
of the Southern Hemisphere, Stringer et al. (2021) associate five RRL
stars to Eri II. We identify the corresponding stars in our catalogue as
V04, V26, V31, V49, and V50. Additionally, the two ACs (V34 and
V63) were also detected by Stringer et al. (2021).° The remaining 62
RRL stars are detected for the first time in this work. We compare
the period (' PERIOD_0') given by Stringer et al. (2021) with our
periods and most of them agree at the level of 0.0001 d, with the
exception of V34 and V49 where the respective discrepancies in
period are 0.4182 and 0.0853 d shorter than those we have measured.
We suggest that the period given by Stringer et al. (2021) for V49
is likely an alias since it is close to half of the period we obtain
for that star. The discrepancies (2 0.1 mag) in some cases among
the amplitudes and mean magnitudes between Stringer et al. (2021)
and this work are understandable since DES was not designed to

S5The identifiers of Stringer et al. (2021) for these stars are listed in Table B1
(Appendix B).

MNRAS 508, 1064-1083 (2021)

study RRL stars. DES only has a few epochs (~7) per filter but
they analysed all bands together in order to detect the RRL stars
and determine their periods (see e.g. fig. 3 in Stringer et al. 2021).
Therefore, the lack of full coverage in the light curve is the likely
cause of the differences we observe in the amplitude and magnitudes
between the two works.

5 ANOMALOUS CEPHEIDS

Two variable stars (V34 and V63) are ~1 mag brighter than the mean
magnitude of RRL stars and are classified as ACs. Their light curves
are presented in Fig. 4 and their pulsation properties are in Table Al.
One of the two ACs detected is the most distant variable star detected
from Eri II, 5.9 arcmin from its centre and relatively far from any
other variable star (see Fig. 1). The classification of these stars as ACs
is based mostly on the location in the CMD, as the period (0.88875 d,
0.76811 d) and the shape of the light curves alone are compatible
with an RRab type star. If this was the case, these stars would not be
part of Eri II, but rather a field RRL star accidentally detected along
the line of sight. In this scenario, if we derive the distance to this star
using the period—luminosity (PL) relation (see Section 6.3 for more
details), we obtain a distance of ~220 kpc. Finding two MW halo
RRL stars at such a distance and clumped in this small area of sky
is very unlikely. To quantify this, we integrated the number density
profile of RRL stars derived in Medina et al. (2018) and we found
that 0.00049 RRL stars are expected in an area of 0.023 deg? (Fig. 1)
in the range of distances between 200 and 350 kpc. Therefore, the
AC interpretation for these two stars is a more reasonable one.

The classification of the pulsation mode of ACs can be determined
from the morphology of well phase-sampled light curves (see e.g.
Soszynski et al. 2008; Plachy et al. 2021). Moreover, theoretical
predictions indicate that for the same luminosity and colour, first-
overtone (FO) pulsators are less massive than fundamental (F)
pulsators (see e.g. Bono et al. 1997; Marconi, Fiorentino & Caputo
2004; Fiorentino et al. 2006). Therefore, determining the correct
pulsational mode is important for obtaining a reliable mass estimate.
To distinguish the pulsation mode of the two ACs in Eri II, we follow
three approaches.

Firstly, we visually inspect the folded light curve of both AC stars
(see Fig. 4). From the g, r, i band, in particular, we can see that
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Figure 5. Period—Wesenheit diagram for ACs. Black dots (F pulsators) and
grey circles (FO pulsators) represent the ACs of the LMC from the OGLE-
IV release (Soszynski et al. 2015). ACs discovered in Eri IT are represented
by brown stars. The solid and dashed lines are the empirical PL relations
obtained by Soszyiski et al. (2015) for ACs in the LMC for the F and FO
mode, respectively.

V34 has a sawtooth shape, typical of F pulsators, while V63 has a
smoother behaviour and sinusoidal shape, typical of a FO type.

Secondly, the different pulsation modes follow separate PL rela-
tions — which are also different from those of classical and type 11
Cepheids. Their location in the PL diagram can therefore be used to
constrain their pulsation mode (see, e.g. Bernard et al. 2013). Fig. 5
shows that V34 falls on the F mode sequence, while V63 falls closer
to the FO mode sequence defined by Soszynski et al. (2015) for the
LMC ACs in the period—Wesenheit W(I, V — I) diagram.® Therefore,
based on this method, V34 is clearly an F pulsator while V63 is an
FO pulsator.

Thirdly, we used the method described in Marconi et al. (2004)
and followed by Fiorentino & Monelli (2012) and Martinez-
Viazquez et al. (2016b) to simultaneously constrain the mass and
the pulsation mode. It has been shown that ACs obey well-defined
mass-dependent period—luminosity—amplitude (MPLA) and period—
luminosity—colour (MPLC) relations (Marconi et al. 2004). The
MPLA relation is only valid for F pulsators, whereas MPLC relations
exist for both pulsation modes. In order to assign a pulsation mode
and a mass to each AC, we proceed as follows. We first estimate
the mass using both the MPLA and MPLC relations for F pulsators
and the MPCL relation alone for FO pulsators. Then, when the two
values for the F stars agree with each other within 1o, we classify the
star as F mode and take the mean mass as the true value. If instead
the two mass estimates are not consistent, we assume that the star is
an FO pulsator and we use the corresponding MPLC relation for the
mass estimation. In agreement with the classification made from the
morphology of the light curves and the period—Wesenheit plane, this

%In order to plot the ACs in this plane, we convert the i to / using Lupton’s
photometric transformation equation: http://www.sdss3.org/dr8/algorithms/s
dssUBVRITransform.php#Lupton2005
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Table 3. Parameters of the AC stars in Eri II.

ID MyprLa,Fu Mmpe,Fu. MmpLc,Fo MODEq,gs M
Mg ) Mo) Mop) Mop)

V34 1.22 +£0.14 1.23£0.06 0.72 £ 0.03 F 1.23 £ 0.06

V63 1.60 £0.19 1.91 +0.09 1.17 £0.05 FO 1.17 £ 0.05

“ Final value of the mass. The mass of the fundamental mode is the average
value of the Myipra, Fu and Myprc, Fu measurements.

method confirms independently that V34 is an F pulsator with M =
1.23 £ 0.06 Mg and identifies V63 as an FO pulsator with a similar
mass, M = 1.17 &+ 0.05 Mg, (see Table 3).

ACs are interesting population tracers, as they can form through
two different channels, originating either from the evolution of
primordial binaries, or else from the evolution of single, metal-poor
(Z < 0.0004), relatively young (<1 Gyr) stars. Mateo, Fischer &
Krzeminski (1995) was the first to notice a correlation between the
frequency of ACs (known as logS), normalized to the host galaxy
luminosity as a function of its luminosity. This was updated by
Fiorentino & Monelli (2012), who suggested that the frequency of
ACs is higher in systems with intermediate-age population, at fixed
magnitude, because of the contribution of the two channels. Despite
the fact that the two relations converge for My > —9 mag, in purely
old galaxies such as Eri I (Gallart et al. 2021; Simon et al. 2021) only
the progeny of binary stars is expected. By assuming a luminosity
of My = —7.1 mag and given the two ACs detected, we derive a
frequency of log S = 0.52 for Eri 11, in very good agreement with the
general behaviour shown by other galaxies according to the Mateo
et al. (1995) correlation.

6 RR LYRAE STARS

Of the 67 RRL stars found in Eri II, 44 are fundamental mode (RRab),
6 of them appear to be affected by the Blazhko effect (Blazhko
1907), 12 are first overtone (RRc), 8 are probable double-mode (RRd)
pulsators, and 3 are peculiar RRL stars (brighter than the bulk of the
RRL stars). As explained in Martinez-Vazquez et al. (2016b, section
7.1), these peculiar variable stars are unlikely to be ACs since they
are expected to be brighter, i.e. ~1 mag above the HB in the r-band
(while they are just between 0.25 and 0.38 mag brighter). A possible
explanation for this apparent overluminosity is that they are either
RRL affected by blending, or stars evolving from the blue part of the
HB (i.e. BL Herculis variables). However, their amplitude ratios are
similar to that those expected for RRL stars (see Section 6.2) thus not
supporting a possible blend effect.” On the other hand, BL Herculis
variables typically have periods longer than 1 d (see e.g. Soszyriski
etal. 2010) but these peculiar variables have periods lower than 0.8 d.
Variable stars of this kind have been detected in galaxies like Sculptor
(Martinez-Vazquez et al. 2016b), Carina (Coppola et al. 2013), also
Cetus and Tucana (Bernard et al. 2009).

The spatial distribution of the different types of RRL stars and their
location in the CMD are displayed in Figs 1 and 2 with different
symbols and colours. The individual pulsation properties together
with their location and classification are given in Table Al. Fig. 6
shows the light curves in the g (blue), r (red), i (yellow), FA75W
(purple), F606W (green), and F814W (grey) passbands for six RRL
stars. The full set of light curves in the ACS and DECam filters for
the 41 RRL stars in ACS and the 66 RRL stars in Goodman+DECam

7In addition, a visual inspection of each star in the images does not reveal a
source nearby.

MNRAS 508, 1064-1083 (2021)
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Figure 6. Example of some light curves of the RRL stars discovered in Eri II in the g, r, i (Goodman+DECam) and F475W, F606W, F814W (ACS) bands
(when available). The name of the variable and its period are displayed at the top of each panel. Open symbols show the data for which the uncertainties are
larger than 30 above the mean error of a given star and, therefore, they were not considered in the period, amplitude and mean magnitude calculations. For
clarity, g, i, F475W, F606W, and F814W light curves have been shifted by +0.4, —0.6, +0.7, —0.2, and —0.6 mag, respectively. Template fits for each light
curve are shown by grey lines. All light curves are available as Supporting Information with the online version of the paper. The individual g, r, i, FA75W,
F606W, and F814W photometry for the variables detected in this work are in Table S1.

is available as Support Information Material in the online version of 1.8 _
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6.1 Deepening the Oosterhoff classification 1.4 Peculiar RRL o
Table 4 reports the number, the mean magnitude in the different 1.2
filters, and the mean period of the different types of pulsators We find
that the frequency of RRc and RRcd types are f, = m =0.21 o 1.0 ®
and f.g = % = 0.31, respectively. By comparing with the < 0.81
values obtained in other dwarf galaxies, we find the Eri II result is ° .‘”_
similar to the average expected in dwarf galaxies. In particular, MW 0.6 o ®
dwarf satellites like Ursa Major I, Hercules, Sextans, Fornax, LMC; .
M31 dwarf satellites like And XI, And XV, And VII, NGC 147, 0.4 ° .
NGC 185; and isolated galaxies like Leo A and IC 1613, share 0.2
almost the same frequency of RRcd stars, f,; ~ 0.3 (see table 6 in
Martinez-Vazquez et al. 2017). The mean periods obtained here for 0.0 0. 6 05 04 03

the RRab and the RRc are 0.62 and 0.34 d. If we compare these
values with those driving the Oosterhoff classification of globular
clusters (Oosterhoff 1939, 1944), Eri II corresponds to a system
with an Oosterhoff intermediate (Oo-int) classification (see, e.g.
Bono, Caputo & Stellingwerf 1994; Smith 1995), which is the usual
classification given for dwarf galaxies (Catelan 2009).

Fig. 7 presents the period—amplitude (or Bailey) diagram. The
dashed and solid lines show the loci provided by Fabrizio et al.
(2019), scaled to the g band applying a factor of 1.29 provided by
Vivas et al. 2020b, for the RRab stars in Oosterhoff I (Oo-I) and
Oosterhoof II (Oo-II) type globular clusters. The dotted curve is that
derived by Kunder et al. (2013) for the RRc stars in M 22, an Oo-II
type cluster. Despite the fact that the mean period of RRab type,
(Py=0.62 d would suggest an Oo-int type galaxy, the distribution in

Table 4. Mean properties of the RR Lyrae stars in Eri II.

Log P

Figure 7. Bailey diagram in the g-band for the RRL stars of Eri II. The
dashed and solid lines are the relations for the RRab stars in Oosterhoff I and
Oosterhoof II type globular clusters, respectively. The dotted curve is that
derived empirically for the RRc stars in the cluster M22 (Oo-II type). Black
circles point to those RRab stars we consider affected by the Blazkho effect.

the period-amplitude plane clearly shows that while the majority of
RRab type stars (66 per cent) closely follow the Oo-I line, 34 per cent
of them are scattered in between the two lines or closer to the Oo-11
locus. Dwart galaxies like Ursa Major I, Sextans, Leo II, And XIII,
And XVI, And XXV, NGC 185, Tucana, IC 1613, and ESO410-G005

Pulsator N (P) a(p) (l) O (i) (r) O (r) (g) O (g) (F814VV) O (F814W) (F606W) O (F606W) (F475W> O (FAT5W)
RRab 44 062 0.01 2314 0.01 2314 0.01 2331 0.01 22.71 0.01 23.11 0.01 23.47 0.02
RRe 12034 001 2325 0.03 2320 0.02 2325 0.03 22.84 0.02 23.11 0.04 23.39 0.03
RRd 8 038 0.01 2321 0.02 2320 0.02 2331 0.03 22.77 0.02 23.09 0.02 23.45 0.03
Peculiar 3 0.58 0.08 2282 0.03 2283 0.04 23.01 0.11 22.48 0.11 22.87 0.13 23.18 0.17
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have essentially the same distribution in the Bailey diagram as Eri 11
(see per cent Oo-I and per cent Oo-II values of table 6 in Martinez-
Vazquez et al. 2017). Further, in Martinez-Vazquez et al. (2017)
we find that the vast majority of galaxies host a large fraction of
RRab that match the Oo-I locus, between 60 and 90 per cent despite
having mean periods that would classify them as Oo-int systems.
This suggests once more that the RRL stars in complex systems
such as galaxies are not properly represented by the mean period of
their RRab stars. Hence, the Oosterhoff classification based on the
mean period poorly describes the complicated early history of dwarf
galaxies.

6.2 Amplitude ratios in DECam filters

We have also derived the amplitude ratios for the three combinations
of g, r, and i bands. These relations are useful for future comparisons
and transformations between SDSS-like filters, such as DECam and
the forthcoming filters with which the Vera C. Rubin Observatory
Legacy Survey of Space and Time (LSST) will be carried out (Ivezi¢
etal. 2019). Fig. 8 shows from the left to the right, A, versus A,, A,
versus A;, A, versus A;. The Eri II RRL stars, represented in Fig. 8
by blue crosses, are used to derive a linear fit (cyan solid lines):

A, = 1.32(£0.05)A, + 0.06(+0.03) o = 0.08 (1)
A, = 1.62(+0.08)A; 4+ 0.11(£0.04) o =0.11 2)
A, = 1.20(£0.05)A; 4 0.05(0.02) o = 0.07 ©)

We compare with the predicted theoretical pulsation amplitudes
for the full set of F and FO models derived by Marconi et al.
(2006) for RRL stars in the SDSS photometric system (red empty
squares in Fig. 8). We see clearly in Fig. 8 that the amplitude ratios
obtained using the RRL stars in Eri II are in good agreement with
the theoretically predicted values of Marconi et al. (2006).

6.3 Distance determination

RRL stars are fundamental distance indicators and play a crucial
role in establishing the population II distance scale (Beaton et al.
2018). RRL stars have been routinely used to derived the distance to
nearby galaxies. In this way, using different methods and different
calibrations MW ultra-faint (e.g. Vivas et al. 2016; Martinez-Vazquez
et al. 2019; Vivas, Martinez-Vazquez & Walker 2020a) and classical
dwarf galaxies (e.g. Coppola et al. 2015; Martinez-Vdzquez et al.
2015; Vivas et al. 2019), M31 dwarf galaxies (e.g. Fiorentino et al.
2012; Martinez-Vazquez et al. 2017; Monelli et al. 2017), isolated
dwarf galaxies (e.g. Bernard et al. 2009, 2010), and Sculptor group
dwarf galaxies (e.g. Yang et al. 2014, and references therein) have
RRL distance determinations.

In order to determine the distance to Eri II from its RRL stars,
we used the theoretical PL relation derived by Céaceres & Catelan
(2008) in the i-SDSS band, the PL relation in the /-Cousins band
from Marconi et al. (2015), and the PL relation in the F814W band
obtained following the same approach as in Marconi et al. (2015).

We transform our i band into i-SDSS and into /-Cousins, using
the transformation equations provided by the DES Collaboration®
and Lupton’® so we can use some of the previously mentioned PL

8http://www.ctio.noao.edu/noao/content/Photometric- Standard- Stars-O#tra
nsformations

9http://www.sdss3.org/dr8/algorithms/sdssUB VRITransform.php#Lupton2
005
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relations. In addition, we correct our photometry for extinction by
considering a reddening of E(B — V) = 0.01 (Schlegel, Finkbeiner &
Davis 1998) and the following extinction coefficients, A;/Ay = 0.51
(obtained from Abbott et al. 2018), Apgiaw/Ay = 0.48, and A;/Ay =
0.58 (derived using Cardelli, Clayton & Mathis 1989). In order to
provide an accurate and precise distance we remove the RRd stars
and those RRL stars with the noisy qualifier (based on their light
curve) in Table B1. We end up with a sample of 46 RRL stars in the
Goodman+DECam photometry and 30 in the ACS photometry.

The mean true distance moduli obtained with the different PL
relations using the selected clean sample of RRab and RRc stars,
assuming [Fe/H] = —2.38 (Li et al. 2017), are listed in Table 5.
A 30 clipping is applied in these calculations. Only 1 RRL star in
the ACS photometry is rejected by this procedure. The systematic
uncertainties in the distance moduli are derived by propagation of
errors considering: (i) the photometric uncertainties of the mean
magnitudes in i (~ 0.07 mag) and F814W (~ 0.03 mag); (ii) the
uncertainty that comes from transforming i to i-SDSS and /, when it
applies; (iii) the uncertainties of the coefficients in the relationships;
(iv) uncertainties of 0.2 dex in [Fe/H], 0.2 dex in [a/Fe] (when it
applies), and 0.0001 d in the period; (v) the E(B — V) uncertainty,
assumed to be 10 per cent. The random uncertainties are quite small
in all cases (0.01 mag). They are estimated from the standard error
of the mean (the standard deviation divided by the square root of the
number of RRL stars used to estimate the distance modulus).

All the obtained distances agree at 0.20 level. We consider
therefore the final distance modulus of Eri II as the average of them:
Ho = 22.84 £ 0.05 mag (¢ = 0.01 mag). This corresponds to a
heliocentric distance for Eri II of Do = 370 £ 9 kpc.

The distance modulus derived for Eri II using its population of
RRL stars is consistent within 1o to that found by Crnojevié et al.
(2016, o = 22.8 £ 0.1 mag) and Koposov et al. (2015, po =
22.9 £ 0.1 mag), however it is 2o larger than the distance moduli
derived by Bechtol et al. (2015, pp = 22.6 mag) and Simon et al.
(2021, pp = 22.65 £ 0.08 mag). Such a discrepancy with Bechtol
et al. (2015) can be probably explained by their shallow photometry,
while the origin is not clear in the case of Simon et al. (2021).

6.4 Period-luminosity relations in DECam filters

We have derived the following period luminosity relations in the g,
r, i bands for the RRL stars of Eri I, using a clean sample of stars
(see Fig. 9):

g0 = 0.22(40.12) log Py + 23.34(40.03) o = 0.04 )
ro = —0.71(+0.11)log P; +22.97(+0.03) o = 0.04 5)
ip = —0.95(%0.10) log P; + 22.93(£0.02) o = 0.03 (6)

where Py is the fudamentalized period of the RRL stars, i.e. Py = P
for RRab stars and P; = 1027+ %127 for RRc stars (e.g. see Bono
etal. 2001). In order to determine these relationships, we dereddened
the apparent magnitudes g, r, i of Eri II RRL stars using a reddening
E(B — V) =0.01 mag and we used an extinction law corresponding
to values of R, = 3.186, R, = 2.140, R; = 1.569 (Abbott et al. 2018).

Using the true distance modulus derived in this work, we scale
the intercept of the above relationships to obtain the absolute PL
relations in the g, r, i bands:

M, = 0.22(+0.12)log P; + 0.50(+0.06) o = 0.04 (7

M, = —0.71(£0.11)log Py + 0.13(£0.06) o = 0.04 8)
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Figure 8. Amplitude ratios for the RRL stars in Eri II (crosses). The cyan line represents the fit to the data. For comparison we show with black and red squares
the fundamental and first overtone amplitudes predicted theoretically for different populations in Marconi et al. (2006).

Table 5. Distance moduli to Eri IT from its RRL stars.

PL relation N o O'sys O rand D¢
(mag) (mag) (mag) (kpe)
i-SDSS 46 22.83 0.10 0.01 368 £ 17
F814W 29 22.83 0.09 0.01 368 + 15
1 46 22.85 0.08 0.01 372+ 14
(l‘LO) O (o) O rand (DO)
(mag) (mag) (mag) (kpe)
Average 22.84 0.05 0.01 370 £9
M; = —0.95(%0.10) log Py + 0.09(£0.05) o =0.03 )

The intercepts are in agreement with those obtained in the DECam
bands by Vivas et al. (2017) for the globular cluster M5, however
the slopes here differ to those obtained in that work. The cause of
this discrepancy may be due to a different data treatment and/or the
different samples fitted.

In particular, if we compare the PL(i) obtained for Eri II (equa-
tion 9) with the theoretical PL(i-SDSS) predicted by Caceres &
Catelan (2008) assuming a [Fe/H] = —2.38 and [a/Fe] = +0.4 (i.e,

M; = 1.035log P + 0.061), we can see ~1o agreement between
them.

For the g and r band, there are not theoretical relations to compare
with, however we see that their period slopes seems to follow the
expected trend (positive for g as in the B band, null for the V' band, and
becoming more negative for redder filters; see e.g. Fig 6 in Beaton
et al. 2018).

These are the first PL relations obtained for a low metallicity
system in the DECam filters and could be used in systems with
approximately the same metallicity range as Eri II, i.e. in metal-poor
systems with [Fe/H] <—2.0 dex.

6.5 Metallicity distribution of RR Lyrae stars

Following Martinez-Véazquez et al. (2016a) we derived the metal-
licity distribution for the RRL stars using the PL relations in the
i-SDSS band from Céceres & Catelan (2008), and the 7 and F814W
bands based on the models by Marconi et al. (2015). The average
metallicity distribution obtained for the clean sample of RRL stars
using the latter relations is displayed in Fig. 10. By construction, the
mean values of our metallicity distributions match with the mean
[Fe/H] of Eri II given by Li et al. (2017), since we made use of

22.8 —— go = 0.22 logP + 23.34 (RMS = 0.04) —— ro =-0.71 logP + 22.97 (RMS = 0.04) —— ip =-0.95 logP + 22.93 (RMS = 0.03)
22.8 22.8
23.0 o
o
o o
o 23.0 o °° 23.0
23.2 ° °g ®y o0 o & 00
§ | T eS| < o o e
L5y O 23.2 8%e 23.2
23.4 o o® O o 00°
23.4 23.4
23.6
23.6 23.6
-0.4 -0.3 -0.2 -0.1 -0.4 -0.3 -0.2 -0.1 -0.4 -0.3 -0.2 -0.1
log P: log Ps log Pt

Figure 9. Period-luminosity relations for the RRL stars in Eri II. From left to right, the dereddened go, ro, and iy magnitudes are shown as a function of the
logarithm of the period. Only stars represented with blue filled circles have been used in the fit, while stars shown as open red circles have been rejected by an

iterative 2o -clipping algorithm.
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Figure 10. Metallicity distribution of Eri II from RRL stars obtained in this
work (blue histogram) compared to spectroscopic measurements for RGB
stars available in the literature (orange, Li et al. 2017; green, Zoutendijk et al.
2020).

this value to obtain the distance modulus. The dispersion of this
distribution, assessed using a Gaussian fit is o ey, Rr1, = 0.3 dex.

As discussed in Martinez-Vazquez et al. (2016a), the metallicity
distribution based on well-sampled light curves of a monometallic
population such as that of a normal globular cluster like Reticulum
provides a metallicity dispersion of o gemy, rrr. = 0.2 dex. Consid-
ering this value as an estimate of the dispersion of the method,
a measured dispersions of 0.31 dex from the RRL stars in Eri II
is consistent with an intrinsic metallicity spread of ~ 0.2 dex
being in place at a very early epoch. This implies a fast chemical
evolution, in agreement with both spectroscopic measurements (Li
et al. 2017) and the SFH derivation (Gallart et al. 2021; Simon et al.
2021).

Fig. 10 also shows the comparison with spectroscopic determi-
nations; in orange, the metallicity distribution derived for 15 RGB
stars by Li et al. (2017), while in green is the distribution derived
by Zoutendijk et al. (2020) and based on MUSE spectra for 26
RGB stars. Our RRL distribution, which represents the global old
population of Eri II, looks more peaked than the other two, but this
could be at least partly due to the smaller sample of spectroscopic
stars available. The dispersion of the metallicity distribution derived
from the RRL stars of Eri II is slightly smaller than that shown by
the spectroscopic studies. This could be at least partly explained
by taking into account that the RGB samples could include slightly
younger stars, whose existence can not be completely excluded by
the SFH determinations (detected by Simon et al. 2021; Gallart et al.
2021), for which there is no counterpart in the RRL group. In addition,
it has to be taken into account that the most metal-poor and most
metal-rich tails of the distribution are probably not producing RRL
stars because these stars do not fall into the instability strip. Finally,
we should not discard the possibility that field contamination may
be present in the MUSE data set.

Given our sample of Eri Il RRL stars are all at the same distance,
we can exclude the possibility that the sample is contaminated by
field stars. Therefore, we conclude that the metallicity distribution
obtained in this work adequately describes the old and metal-poor
population of Eri II.

Variable stars in Eridanus I~ 1075

7 HORIZONTAL BRANCH SIMULATIONS

In order to further search for evidence of a significant metallicity
spread among the various stellar populations of Eri I we investigated
in some detail the distribution of stars in the observed HB by using
synthetic HB simulations. Synthetic HB models have been computed
by adopting the HB tracks from the BaSTI stellar models repository
(Pietrinferni et al. 2004, 2006). Using the o-enhanced BaSTI models
we selected the model sets corresponding to Z = 0.0001 ([Fe/H] =
—2.62) and Z = 0.0003 ([Fe/H] = —2.14) based on the metallicity
distribution obtained in Section 6.5. The numerical code used to
generate the synthetic HB distribution has been developed in the
framework of the BaSTI project, and a description can be found in
Cassisi & Salaris (2013) and in Dalessandro et al. (2013). Since in
the case of Eri Il we are considering only quite old stellar populations
(Gallart et al. 2021; Simon et al. 2021), our synthetic HB calculations
need, for each individual stellar population, the specification of three
parameters, (i) the metallicity, (ii) the mean mass (M) of the stars
along the HB, and (iii) the mass spread o (M) around this mean value.
Throughout the present analysis, a Gaussian distribution around the
mean mass value has been assumed, and o (M) represents the 1o
spread around the specified mean mass value.

To reproduce the observed HB morphology we combined the
synthetic HB models corresponding to three individual populations:
(1) a very metal-poor, old stellar population with Z = 0.0001, (2)
a more metal-rich, old population with Z = 0.0003, and (3) a (very
small) sample of HB stars corresponding to the blue straggler stars
progeny that we assumed to belong to the more metal-poor stellar
population.'”

We have performed several HB simulations by taking care that
the total number of synthetic HB stars is the same as the observed
number. The observational constraints that we used to find the best
synthetic HB simulation are the HB colour distribution and the RRL
period distribution; which are strongly affected by both the mass and
metallicity distribution adopted in the synthetic HB models.

Fig. 11 shows the comparison of the observed HB and the
simulated one that closely reproduces the colour distribution. The
top panel shows in black the observed points, while the orange, blue,
and green symbols are used for three different synthetic populations,
according to the labelled values of metallicity, mean mass, and
mass dispersion. The bottom panel shows the colour distribution:
the black solid and dashed line represents the observed and the sum
of the synthetic populations, respectively. Although qualitative, this
comparison shows that a metallicity spread is required to account
for the colour range covered by the Eri II HB stars, in excellent
agreement with the results obtained from the SFH by Gallart et al.
(2021) and for the RRL stars (see Section 6.5).

Fig. 12 shows the comparison between the observed RRL period
distribution and that corresponding to the variable stars in the syn-
thetic HB model shown in Fig. 11. This figure reveals that the selected
HB simulation adequately reproduces the location of the two main
peaks in the observed period distribution, although the simulation
predicts the presence of a (small) sample of long-period RRL stars
that are not observed. To assume a different average age for the metal-
rich population would not help to remove these long-period variables

10The results of our HB simulations should be barely affected by a different
assumption about the metallicity of the bulk of the blue straggler stars
population. This is because in the metallicity range covered by the stellar
populations in Eri II, HB stellar models more massive than about 1.1M¢
occupy the same region of the CMD (see, e.g. Salaris & Cassisi 2005, and
references therein).
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Figure 11. Top: Absolute CMD (M, (g — i)o) for the observed and the simu-
lated HB of Eri I1. The constraints for each synthetic populations are labeled in
the legend. Bottom: Colour (g — i)o distribution of each synthetic population,
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Figure 12. Period distribution of the observed and simulated RRL stars.

from the HB simulation; this is because in order to achieve a signifi-
cant reduction of the luminosity, and hence of the period, in the cor-
responding RRL population, it would be necessary to assume a huge
reduction — of the order of 5-6 Gyr — for the age of the bulk metal-rich
population, a possibility ruled out by the accurate SFH derived by
Gallartetal. (2021). A more realistic option to overcome this problem
would be to adopt a multimodal mass distribution for the metal-
rich stellar population, but this would need the introduction of two
additional free parameters. When considering the small number of
objects populating this portion of the period distribution, and the aim
of this analysis, a more complex HB simulation appears unprofitable.
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Figure 13. Radial gradient of the metallicity (top), the logarithm of the period
(middle), fundamentalized for the RRc types, of the RRL stars in Eri II, and
the morphology of the HB (HByype, bottom). The blue shaded areas show the
corresponding uncertainties.

8 METALLICITY GRADIENTS AND RADIAL
DISTRIBUTION OF RR LYRAE STARS

To further investigate the fast chemical enrichment of Eri II, and
taking advantage of the large portion of the galaxy covered with the
DECam and Goodman data, we investigate how the properties of
RRL stars change as a function of the elliptical radius (r).!' In
particular, we performed a moving average over the metallicity and
the logarithm of the period (fundamentalized for RRc stars) for the
clean sample of RRL stars in Eri II. The top panel of Fig. 13 presents
how the RRL metallicity changes with radius. The plot shows that
the metallicity of RRL stars attain the highest values ([Fe/H] ~ —2)
in the innermost 1 arcmin, and then steadily decreases by ~0.6 dex
at a distance of 4 arcmin (or 430 pc). The inner region (0.5-3 arcmin)
is characterized by a gradient of —0.199 4 0.014 dex arcmin™! while
the outermost region (3—4.7 arcmin) has a milder negative gradient
of —0.007 £ 0.016 dex arcmin™!.

To check whether this gradient can be an artefact of the PL(i)
adopted to derive the metallicity, the middle and lower panels
of Fig. 13 show the trend with radius of the logarithm of the
fundamentalized period and of the HB\y,. index,'? respectively. The
period shows a very similar tendency as the metallicity, with a steady
decrease of ~0.1 d. How to explain a trend in the period with the

HThe elliptical radius or elliptical distance, rj, is the semi-major axis of the
ellipse centred on the galaxy and defined by the morphological parameters (e
and PA) at the location of each individual star.

12The HByype index parametrizes the morphology of the HB and is defined
as (B-R)/(B4+V+R), (Lee 1990), where B and R are the number of HB stars
bluer and redder than the instability strip, respectively, and V is the number
of RRL stars.
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Figure 14. Top left: Number of RRab and number of RRc+RRd as a function
of the elliptical distance (rey). Top right: Spatial distribution for the RRab
and RRc+RRd. There is a clear distinction between the distribution of RRab
(centrally concentrated) and the distribution of RRc+RRd (located in the
outer parts of Eri IT). Bottom left: Number of the more metal-rich (MR, [Fe/H]
>—2.4) and number of the more metal-poor (MP, [Fe/H] <—2.4) RRL stars
as a function of the elliptical distance. Bottom right: Spatial distribution for
the MR and MP RRL stars. The MR are clearly more centrally concentrated
than the MP RRL stars, that are spread over the entire body of Eri II. The
ellipses in the right panels mark the locus corresponding to 1 r, and 2 ry, of
Eri IT using the morphological parameters calculated in this work.

position within the galaxy? While a problem with the photometry
or the photometric calibration could easily introduce an error in
the luminosity of the stars, it is very difficult to find a systematic
effect that can alter the period. In addition, this period gradient also
discards the possibility that the metallicity gradient observed in Eri I
is a consequence of the inclination and geometry of the galaxy along
the line of sight, which could affect the absolute magnitude of the
RRL stars used to determine the metallicity.

Furthermore, the bottom panel shows that overall the HBy.
increases for rey >2 r,, meaning that the HB gets bluer in the
outskirts of Eri II. This is supported by Fig. 14, which shows in
the top panels the number of RRab and RRed versus radius (left)
and their spatial distribution (right). The number of the redder RRab
stars decreases with the distance, while the number of the RRcd
bluer stars has its maximum between 3 and 4 arcmin from the centre.
The top right panel shows that indeed RRab stars cluster in the
innermost regions of Eri II, while RRc stars are dominant between
land 2 ry,.

The bottom panels of Fig. 14 show a similar plot but splitting RRL
stars in two samples with approximately the same number of objects
according to their metallicity. To do this we use equation (6) to split
the sample into a bright (metal-poor or MP) and faint (metal-rich
or MR) subsample. By definition, the MP sample is represented
by the RRL stars with a metallicity smaller than —2.4 dex and
the MR sample are the RRL stars more metal-rich than —2.4 dex.
The MR sample (red) is more centrally concentrated while the MP
sample (grey) is more spread over the entire body of Eri II. In
addition, the MR sample closely follows the behaviour of the RRab
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stars, while the more MP sample mostly corresponds to the RRed
stars.

Overall then, this analysis strongly supports a metallicity gradient
for the RRL stars of Eri II. The decreasing metallicity towards the
outskirts is driving the change in the HB morphology: a more metal-
poor population implies a bluer HB when moving outward, which in
turn shows up in the higher fraction of RRed stars and in the shorter
mean period.

9 SUMMARY AND FINAL REMARKS

We present in this work multi-epoch g, r, i SOAR/Goodman and
Blanco/DECam, and F475W, F606W, F814W ACS/HST photometry
of Eri II.

Using these data, we derive new and independent structural
parameters (RA, Dec, €, PA) for Eri II and its star cluster. Overall,
they are in very good agreement with those reported by Crnojevic¢
et al. (2016). We also agree with Simon et al. (2021), except for the
r, and the RA of the galaxy’s central coordinates.

We perform the most comprehensive study of variable stars
in this galaxy. We detect 69 variable stars in total, 68 in the
Goodman+DECam photometry and 43 in ACS. Out of them, 67
are RRL stars and 2 are ACs. Only 7 of them (5 RRL and 2 AC stars)
are detected in previous work by Stringer et al. (2021).

The position of the two ACs is particularly interesting. One is
located very close to the centre while the other is the farthest variable
star of this galaxy. The probability of them being foreground RRL
stars is very low. The two AC stars (with masses of ~1.2 M) are
compatible with being F (V34) and FO (V63) pulsators based on the
period—Wesenheit and the mass classification.

From the sample of RRL stars, 44 are RRab, 12 RRc, 8 probable
RRd, and 3 peculiar RRL stars that are brighter than the bulk of
the RRL stars, similar to those found in Sculptor (Martinez-Vazquez
et al. 2016b) and Carina (Coppola et al. 2015). By looking at the
ratio of RRc+RRd stars (f,; = 0.31) and the mean periods of the
RRab (0.62 d) and RRc (0.34 d) type, Eri II can be classified as
an Oosterhoff-intermediate system like the classical dwarf galaxies.
However, in more detail, following Martinez-Vazquez et al. (2017),
we analyse the percentage of RRab close to the Oo-I and Oo-II loci
and establish that 66 per cent of the RRab are Oo-I and 34 per cent are
Oo-II. This ratio is also seen in other systems (such us Ursa Major I,
Sextans and Tucana, for example; see table 6 in Martinez-Vazquez
et al. 2017) and suggests that the traditional Oosterhoff classification
(see e.g. Catelan 2009) is insufficient to account for the complexity
of the early evolution of dwarf galaxies as noticed previously by
other works (Kuehn et al. 2013; Martinez-Vazquez et al. 2016b).

We use the information of the amplitudes of the RRL stars in the
different bands to obtain the amplitude ratios, which are useful for
future comparisons and transformations between SDSS-like filters,
such as DECam and the forthcoming set of filters in which the
LSST survey will be carried out. The relations obtained appear as
equations (1)—(3). We see that these empirical ratios are in good
agreement with those obtained from the SDSS theoretical RRL star
models of Marconi et al. (2006).

Additionally we derive the PL relations for the RRL stars in Eri II.
These are the first PL relations obtained for a low metallicity system
in the DECam filters and could be used in systems with similar
metallicity to Eri II (i.e. in metal-poor systems with [Fe/H] >—2.0).
In particular, our derived PL(i) is in very good agreement with that
predicted theoretically by Caceres & Catelan (2008).

We use PL relations for the RRL stars to measure the true distance
modulus to Eri II. The results of the different relations are in a >0.5¢
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agreement. Therefore, we adopted as the true distance modulus, the
average of those distance moduli, i.e. o = 22.84 & 0.05 (0 1ana =
0.01) mag (Dg = 370 £ 9 kpc).

We obtain the metallicity distribution of the RRL stars in Eri II,
which is in agreement with the metallicities obtained by Li et al. 2017
based on 16 RGB stars. The overall low metallicity of Eri II is also
consistent with the RGB bump location, 0.65 mag brighter than the
HB level. The dispersion of the metallicity distribution derived from
the RRL stars (o [re/my, rrr. = 0.3 dex, 0.2 dex intrinsic) is slightly
smaller than the derived from the spectroscopic studies (Li et al.
2017; Zoutendijk et al. 2020). Nevertheless, this could be at least
partly explained by assuming that the spectroscopic studies could
include RGB stars slightly younger than RRL stars — not excluded
by the SFH determinations (Gallart et al. 2021; Simon et al. 2021),
with no counterpart in the RRL stars — and also low metallicity
stars not producing RRL stars. Overall, the value of the metallicity
dispersion obtained from the RRL stars in Eri I is a very interesting
result, since it is a further confirmation that this low-mass galaxy was
substantially enriched in its very short star formation burst (likely
shorter than 1 Gyr, Gallart et al. 2021), similar to what also occurred
in much more massive galaxies such as Sculptor dSph (Martinez-
Vazquez et al. 2016a).

We perform a HB simulation by selecting two «-enhanced BaSTI
stellar models corresponding to [Fe/H]=—2.62 and [Fe/H]=—-2.14,
together with the RRL metallicity distribution of this work, the SFH
derived by Gallart et al. (2021), and considering the same number of
synthetic HB stars as the observed HB stars of Eri II. The synthetic
HB shows a fair agreement with the observed HB of Eri II and in
particular shows that a metallicity spread is needed to replicate the
colour range covered by the Eri II HB stars. In addition, this HB
simulation reproduces the location of the two main peaks in the
observed RRL period distribution.

Finally, the study of the metallicity gradients and the spatial
distribution of RRL stars yields interesting findings regarding the
stellar population gradients of this small and old system. We find
that the RRab stars are more concentrated than the RRc stars, mainly
located outside ~1 r,. Moreover, metal-poor RRL stars are spread
around Eri II while the metal-rich stars are centrally concentrated.
This behaviour is similar to what is seen in galaxies like Sculptor
(Martinez-Vézquez et al. 2016a, see their fig. 4) and it is in agreement
with outside-in galaxy formation scenarios.

As shown in this paper, Eri II is a very interesting galaxy in
terms of its fast and early chemical enrichment. It is surprising how
such a low-mass galaxy can harbour a strong metallicity gradient
(—0.199 #+ 0.014 dex arcmin~' between 0.5 and 3 arcmin) at its early
epochs, comparable with galaxies like Sculptor (which is ~50 times
more massive). This makes it mandatory to explore the early metal-
enrichment of low-mass dwarf galaxies in more detail. Being able to
answer questions relating to the formation sites for these galaxies,
and ascertaining the main mechanisms that drove their fast and
early evolution are essential to understand the nature, formation and
evolution of these systems. Clearly, follow-up studies are needed to
understand more deeply the big picture of these galaxies as part of
the MW and LG zoo.
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The full set of light curves in the ACS and DECam filters for the
41 RRL stars in ACS and the 66 RRL stars in Goodman+DECam is
available as Support Information in the online version of the journal.
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Table S1: Photometry of the variable stars in Eri II. This table shows
the individual i, 1, g, F814W, F606W, and F475W photometry for the
variables detected in this work.

Figure S1: Full set of light curves of the variable stars detected in
Eri I1.
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APPENDIX A: PULSATION PARAMETERS AND CLASSIFICATION FOR THE VARIABLE STARS

DETECTED IN ERI II

Table Al gives the positions, periods, intensity-weighted magnitudes and amplitudes for the filters 7, r, g, F814W, F606W, FAT5W, and

classifications for the 69 variable stars detected in Eri II.
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APPENDIX B: COMMENTS ON INDIVIDUAL VARIABLE STARS DETECTED IN ERI II

Table B1 lists the notes we have made on some individual variable stars based on the visualization of their light curves.

Table B1. Comments on individual variable stars in Eri II.

Name ID(S"Z)0 Comment

V03 RRd? nosiy

Vo4 1410944738

V05 few outliers at minimum light in i, bad photometry

V09 RRd? noisy

V10 noisy, especially in i

V1l noisy in i

V12 noisy at minimum light in r and i

V18 FA475W data only samples the minimum

V20 RRd, noisy specially in i

V21 RRd?

V22 Blazhko? F475W data only samples the minimum

V23 detected in ACS, blended with a brighter star in Goodman and DECam

V24 RRd

V26 1410941177

V27 noisy in i

V30 Blazhko? F475W data only samples the minimum

V31 1410943700

V32 FA75W data only samples the minimum

V34 1410944785

V37 Blazhko

V38 noisy in 7 (at maximum light)

V39 Blazhko?

V40 Blazhko?

V45 outliers in 7, noisy in i

V46 noisy in 7 and r, blend?

V49 1410942171

V50 1410940364

V52 peculiar RRL, brighter than the bulk of RRL stars

V53 Blazhko? few outliers in r and i

V54 noisy in r and i

V56 noisy in r, i, F606W and F814W. FAT5W data only samples the minimum.

V57 RRd? noisy. Uncertain fundamental mode period. The period reported
seems to correspond to the first overtone pulsation.

V58 RRd? noisy

V62 RRd?

V63 1410937190

¢ Identifier (* COADD_OBJECT-ID') in Stringer et al. (2021) for the seven variable stars of Eridanus II detected in their

work.

This paper has been typeset from a TEX/IATEX file prepared by the author.
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