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ABSTRACT

We report the discovery of a new star cluster, DES 3, in the constellation of Indus, and deeper
observations of the previously identified satellite DES J0222.7—5217 (Eridanus III). DES 3
was detected as a stellar overdensity in first-year Dark Energy Survey data, and confirmed
with deeper photometry from the 4.1-m Southern Astrophysical Research (SOAR) telescope.
The new system was detected with a relatively high significance and appears in the DES
images as a compact concentration of faint blue point sources. We determine that DES 3 is
located at a heliocentric distance of ~76.2 kpc and it is dominated by an old (~9.8 Gyr) and
metal-poor ([Fe/H] >~ —1.84) population. While the age and metallicity values of DES 3 are
comparable to typical globular clusters (objects with a high stellar density, stellar mass of
~103 M@ and luminosity My ~ —7.3), its half-light radius (r, ~ 6.87 pc) and luminosity
(My ~ —1.7) are more indicative of faint star cluster. Based on the angular size, DES 3, with
a value of r, ~ 0/31, is among the smallest faint star clusters known to date. Furthermore,
using deeper imaging of DES J0222.7—5217 taken with the SOAR telescope, we update
structural parameters and perform the first isochrone modelling. Our analysis yields the first
age (~12.6 Gyr) and metallicity ([Fe/H] ~ —2.01) estimates for this object. The half-light
radius (r, ~~ 11.24 pc) and luminosity (My ~ —2.4) of DES J0222.7—5217 suggest that it is
likely a faint star cluster. The discovery of DES 3 indicates that the census of stellar systems
in the Milky Way is still far from complete, and demonstrates the power of modern wide-field
imaging surveys to improve our knowledge of the Galaxy’s satellite population.

Key words: globular clusters: general — Galaxy: halo.

of the Milky Way (MW) grow by the accretion of smaller subsys-
tems (e.g. White & Rees 1978; Davis et al. 1985; Font et al. 2011).
A fundamental prediction of the Lambda cold dark matter (ACDM) The Sagittarius dwarf galaxy and the globular cluster Palomar 5
theory of structure formation is that galactic DM haloes of the size are interesting examples of physical systems that are even now go-

ing through the process of tidal disruption before being absorbed

by the MW (see e.g. Ibata, Gilmore & Irwin 1994; Odenkirchen
* E-mail: elmer.luque @ufrgs.br et al. 2002). Spectroscopic observations have shown that the dwarf

1 INTRODUCTION
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galaxies have central velocity dispersions larger than expected for
baryonic material, assuming that the dwarf galaxies are dynam-
ically relaxed stellar systems. It is widely accepted that dwarf
galaxies are dominated by DM, with high dynamical mass-to-light
ratios, while globular clusters typically do not exhibit evidence
of DM (e.g. Mateo et al. 1993; Willman & Strader 2012; Ibata
et al. 2013).

Based on the horizontal branch (HB) morphology, metallicity,
structure, and kinematics, the globular clusters of the MW halo
have been classified into two groups: the Young and Old Halo glob-
ular clusters (Zinn 1985, 1993). It is established observationally that
the accretion of satellite galaxies leads to the accretion of globular
clusters and possibly open clusters (e.g. Mackey & Gilmore 2004;
Law & Majewski 2010; Marino et al. 2014, 2015). Direct evidence
for this scenario is provided by the Sagittarius dwarf galaxy. By
using the distance and radial velocity measurements of the stars of
the Sagittarius stream and a sample of Galactic globular clusters,
Law & Majewski (2010) determined that at least five globular clus-
ters of the MW (Arp 2, M 54, NGC 5634, Terzan 8, and Whiting 1)
originated in the Sagittarius dwarf. Additional evidence has been
provided by Mackey & Gilmore (2004, and references therein).
These authors compared the HB morphologies of the Young and
Old Halo populations and the globular clusters of several satellite
galaxies. They found that the globular clusters of the MW’s satel-
lites have HB morphologies similar to the Young Halo population.
Therefore, searching for star clusters can help us understand the
assembly history of our Galaxy and the associated globular cluster
system.

With the advent of the Sloan Digital Sky Survey (SDSS; York
etal. 2000), anew class of star clusters was discovered (e.g. Koposov
et al. 2007; Belokurov et al. 2010; Fadely et al. 2011; Muifioz et al.
2012; Kim & Jerjen 2015a). These star clusters have very low lumi-
nosities (—3.0 < My < 0), small half-light radii (r, < 10 pc), and are
thought to suffer mass-loss via dynamical processes such as tidal
disruption or evaporation (see e.g. Koposov et al. 2007; Kim & Jer-
jen 2015a). The census of MW satellite galaxies has also increased
considerably, from 11 classical dwarfs known in 1990, up to a total
of 27 that were known by early 2015 (McConnachie 2012). Over
the past three years many satellite candidates have been found in the
following surveys: the Dark Energy Survey (DES; The Dark Energy
Survey Collaboration 2005), the Panoramic Survey Telescope and
Rapid Response System 1 (Laevens etal. 2014, 2015a,b), the Survey
of the Magellanic Stellar History (Martin et al. 2015), VST ATLAS
(Torrealba et al. 2016a,b), the Hyper Suprime-Cam Subaru Strategic
Program (Homma et al. 2016, 2018), and the Magellanic SatelLites
Survey (Drlica-Wagner et al. 2016). In particular, 21 stellar sys-
tem candidates with My 2 —8 have been found in DES (Bechtol
et al. 2015; Drlica-Wagner et al. 2015; Kim & Jerjen 2015b; Ko-
posov et al. 2015a; Luque et al. 2016, 2017). Thus far, spectroscopic
measurements of radial velocity and metallicity have confirmed that
Reticulum IT (Koposov et al. 2015b; Simon et al. 2015; Walker et al.
2015), Horologium I (Koposov et al. 2015b), Tucana II (Walker et al.
2016), Grus 1 (Walker et al. 2016), Tucana III (Simon et al. 2017),
and Eridanus I (Li et al. 2017) are indeed dwartf galaxies. The possi-
ble association of the recently discovered DES dwarf galaxy candi-
dates with Large and Small Magellanic Clouds (LMC and SMC) has
been discussed by several authors (e.g. Bechtol et al. 2015; Drlica-
Wagner et al. 2015, 2016; Koposov et al. 2015a; Jethwa, Erkal &
Belokurov 2016; Dooley et al. 2017; Sales et al. 2017). Several
of the candidates may be associated with the Sagittarius stream
(Luque et al. 2017).

DES 3 and DES J0222.7—-5217 2007

Here, we announce the discovery of anew MW star cluster, which
we call DES 3, in the constellation of Indus. The object was detected
as a stellar overdensity in the first internal release of the DES co-
add data (Y1A1), which covers a solid angle of ~1800deg® in
the Southern equatorial hemisphere, and later confirmed with deep
Southern Astrophysical Research (SOAR) imaging. We additionally
present deeper imaging of DES J0222.7—5217 (Eridanus III) taken
with the SOAR telescope in order to determine its properties, several
of which have not been reported in the literature (Bechtol et al. 2015;
Koposov et al. 2015a). We use these deeper data to better investigate
the nature of this object, whether it be a star cluster or a very small
faint dwarf. This paper is organized as follows. Section 2 describes
the method used to search for star clusters and other stellar systems.
In Section 3, we describe the first-year DES data and discovery of
DES 3. The photometric follow-up observations and data reduction
are presented in Section 4. In Section 5, we quantify the physical
properties of the new stellar object. In Section 6, we present the
updated properties of DES J0222.7—5217 with deeper imaging. Our
final remarks are given in Section 7.

2 SUBSTRUCTURE SEARCH METHOD

Here, we briefly review our overdensity search technique (SPARSEX;
Luque et al. 2016). The sparsex code is based on the matched-filter
method (Rockosi et al. 2002; Szabo et al. 2011). It minimizes the
variance between star counts from a data catalogue and a model
containing a simple stellar population (SSP) and a MW field star
contamination. This minimization is carried out over colour and
magnitude bins for each individual and small spatial cell. A grid of
SSPs covering a wide range of ages, metallicities, and distances, is
created using the code GENCMD.! GENCMD uses PARSEC isochrones by
Bressan et al. (2012) for different assumed distances and randomly
selects stellar masses following a predefined initial mass function
(IMF) from Kroupa (2001). The approach interpolates the stellar
masses among the isochrone entries to draw absolute magnitudes in
the desired filters. These are converted into measured apparent mag-
nitudes using the assumed model distance, magnitude uncertainties
taken from the Y1Al data, and the reddening map of Schlegel,
Finkbeiner & Davis (1998). The positions of the stars on the sky
may also be simulated assuming different density profile models. To
account for local variations in the field colour—-magnitude diagram
(CMD), we partition the sky into 10° x 10° regions. The variance
minimization yields the SSP model normalization as a function of
position, i.e. a map with the number density of stars consistent with
that particular SSP. We then convolve each SSP map with different
spatial kernels to highlight substructures of different sizes. For each
of these maps, we apply SExTRACTOR (Bertin & Arnouts 1996) to
identify the most significant and/or frequently detected overdensi-
ties. Then we perform visual inspection on the images, CMD, and
significance profile of each candidate. The significance profile is
defined as the ratio of the number of stars N,y inside a given radius
in excess of the number Ny, relative to the expected fluctuation
in the same field background, i.e. Ngpj//Npgd- Defining Ny, to be
the total number of observed stars, then Nyyj = (Nobs — Npga)- TO
avoid a low stellar statistic, we built the significance profile using a
cumulative radius of 1 centred on the candidate. Nygq is computed
within a circular annulus at 30° < r < 36" from each candidate. We

Thttps://github.com/balbinot/gencmd
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refer to Luque et al. (2016, 2017) and to Sections 3 and 5 below for
more details.

3 DES DATA AND DISCOVERY

DES is a wide-field optical survey that uses the Dark Energy Camera
(DECam; Flaugher et al. 2015) to image 5000 deg” in the Southern
equatorial hemisphere. DECam is an array of 62 2k x 4k CCDs,
with pixel scale of 07263, that images a 22 diameter field of view. It
is installed at the prime focus of the 4-m Blanco telescope at Cerro
Tololo Inter-American Observatory. DECam images are reduced by
the DES Data Management system. The pipeline consists of image
detrending, astrometric calibration, nightly photometric calibration,
global calibration, image coaddition, and object catalogue creation
(see Sevilla et al. 2011; Desai et al. 2012; Mohr et al. 2012; Bal-
binot et al. 2015; Drlica-Wagner et al. 2018, for a more detailed
description). The SEXTRACTOR toolkit is used to create catalogues
from the processed and co-added images (Bertin & Arnouts 1996;
Bertin 2011).

To search for stellar substructures in the DES Y1A1 catalogue, we
applied cuts based on the SEXTRACTOR parameters SPREAD_MODEL,
FLAGS and point spread function (PSF) magnitudes. The FLAGS
parameter denotes if an object is saturated or has been truncated
at the edge of the image and a cut of FLAGS < 4 is sufficient for
our purposes. We apply this restriction in all our subsequent anal-
yses. The SPREAD_MODEL parameter is the main star/galaxy sepa-
rator. To avoid issues arising from fitting the PSF across variable-
depth co-added images, we utilized the weighted-average (WAVG) of
the SPREAD_MODEL measurements from the single-epoch exposures
(see Bechtol et al. 2015). Therefore, our stellar sample consists
of sources in the i band with |WAVG_SPREAD_MODEL| < 0.003 +
SPREADERR_MODEL as described in Drlica-Wagner et al. (2015) and
Luque et al. (2016). In addition, Inagnitude2 (17 < gpgs < 24) and
colour (—0.5 < gpgs — rpes < 1.2) cuts were also applied. The
colour cut was performed to exclude stars from the Galactic disc
and possibly spurious objects that can contaminate our sample. Each
star was extinction corrected from the reddening map of Schlegel
et al. (1998).

Applying the method described in Section 2 on DES Y1A1 data,
we have successfully recovered all 10 stellar objects that have been
reported in first-year DES data’® (Bechtol et al. 2015; Kim & Jerjen
2015b; Koposov et al. 2015a; Luque et al. 2016). These detec-
tions include the faint satellite DES J0222.7—5217, which we de-
tect with significance of 16.10, where o is the Poissonian standard
deviation of the stars in the field of DES J0222.7—5217. Bechtol
et al. (2015) reported DES J0222.7—5217 with a heliocentric dis-
tance of 95kpc, an absolute magnitude My = —2.4 £ 0.6, and
a half-light radius of llfg§ pc. In contrast, Koposov et al. (2015a)
found DES J0222.7—5217 to be slightly less distant, 87 kpc, with
an absolute magnitude My = —2.0 £ 0.3, and a half-light radius of
14-03.265 pc. Deeper imaging is necessary to conclusively determine
the characteristics of this faint satellite.

In addition, to the previously detected satellites, we detected one
new star cluster, DES 3, with a statistical significance of 8.30". DES 3
is readily visible as a cluster of faint blue stars in the DES co-add

2We refer the WAVG_MAG_PSF measurements in the DES gri filters as gpgs,
rpEs, and ipgs, respectively.

3The 11th object, Grus 1, reported by Koposov et al. (2015a) is in a region
of Y1 data that is not included in the Y1A1 co-add due to limited coverage
in some of the DES filters.

Figure 1. DES co-add image cutout of DES 3 taken from the DES Science
portal. The 158 x 1/58 image is centred on DES 3. The R,G,B channels
correspond to the i, r, g bands. North is up, and east is to the left.

images* (see Fig. 1). The fact that they are blue sources indicates
that this overdensity is not a galaxy cluster. The overdensity is
also clear from the DES stellar significance map shown in panel
(a) of Fig. 2. The significance map, defined as NCC”/Nblg/j, is built
by subtracting the field stars (Npgq) from the observed in a given
spatial cell, Ny, and dividing the result by the square root of the
same field.> We replace negative values in the significance map
by zero. For comparison, in panel (b), we show the significance
map of sources classified as galaxies. Note that faint galaxies do
not contribute to the observed overdensity of DES 3. In panel (c)
of Fig. 2, the circular significance profile is shown. Note that the
significance profile shows the higher peak at r = 1" from the centre
of DES 3, where Nypj = 22 and Nypgq = 7 stars. To take into account
the missing coverage® observed in panels (a) and (b) of Fig. 2, in
this analysis, we estimated the effective area (A¢¢r) for each circular
region as follows. After inserting a certain number of uniformly
distributed random points (N) inside a circle with radius r centred
on DES 3, we computed the ratio between the number of points that
fall inside the region of the sky covered by the DES data (N;,) and
N. Therefore, for each region Ay = A N where A is the area of
the circle.

In panel (d) of Fig. 2, we show the CMD of DES 3 constructed
with stars within a circle of radius r = 0!64, which is equivalent
to two half-light radius (see Section 5 for details of the best-fitting

4The images were taken from the DES Science portal. The latter is a web-
based system being developed by DES-Brazil and Laboratério Interinsti-
tucional de e-Astronomia (LIneA, http://www.linea.gov.br) for the DES
collaboration.

5 Npga is computed with stars within a circular annulus at 30 < r <36 from
the centre of DES 3, weighted by the area of the spatial cell. The centre of
DES 3 was determined from the best-fitting exponential profile (see Table
2).

6We masked the regions on the sky those were not covered by DES Y1Al
catalogue due to limited coverage in some of the DES filters, holes caused
by CCD gaps, and the region affected by the very bright star located ~11'5
north-west of DES 3.
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Figure 2. Detection of DES 3 from the DES data. Panel (a): stellar significance map built around DES 3 and smoothed by a Gaussian kernel with standard
deviation 0’5. Panel (b): similar to previous panel, but now for galaxies [panels (a) and (b) share same colour bar]. Panel (c): significance profile as a function
of radius r from the centre of DES 3. The solid line corresponds to stars, while the dashed line corresponds to galaxies. Panel (d): CMD of stars within a circle
with radius r = 0/64 from the centre of DES 3. A parskc (solid line) isochrone model with age 9.8 Gyr and [Fe/H] = —1.84 is overplotted at a distance of
76.2kpc (see Section 5 for details of the best-fitting isochrone). The isochrone filter (grey shaded area) based on photometric uncertainties contains the most
likely members. The mean photometric errors in both colour and magnitude are shown in the extreme left of this panel.

structural parameters). We also have plotted a parsec (CMD v3.0;’
Bressan et al. 2012) isochrone model (solid line) corresponding to
the best-fitting parameters (this will be discussed fully in Section 5).
There are stars with gpgs 2 22.5 scattered in the CMD, some of
which fall inside the isochrone filter® (grey shaded area). We are
tempted to say that these stars belong to the main sequence turn-off
(MSTO) and subgiant branch (SGB) of DES 3. Note that the CMD
also shows one star that may belong to the HB. However, based
on the limited information given by this CMD, we are not able to
confirm the nature and infer reliable parameters for DES 3. In order
to reach the main sequence (MS; gpgs ~ 25.5) in the CMD, deeper
follow-up observations are required.

4 SOAR FOLLOW-UP DATA

Follow-up imaging of DES 3 and DES J0222.7—5217 was carried
out on 2016 July 29 and October 20, respectively, using the SOAR
Optical Imager (SOI) on the 4.1-m SOAR telescope. SOI consists
of two 2048 x 4096 CCDs and covers a 5/2 x 52 field. The SOI
CCDs have a scale of 07077 pixel~'. As the images were binned
2 x 2, the final image scale is 0”154 pixel~!. We observed each
object for a total of 45 min in each SDSS filter (g and r; hereafter
¢ and r). The integrations were split into nine exposures of 300 s
to avoid overexposing. The observations were carried out with an
airmass below 1.20.

Raw exposures were trimmed, corrected for bias, and flat-fielded
by the SOAR Brazilian Resident Astronomers, David Sanmartin,
and Luciano Fraga, using SOAR/IRAF packages. Individual exposures
for each filter, g' and 7, were co-added. In particular, Fig. 3 shows
the SOAR/SOI (g band only) co-added images of DES 3. The fig-
ure attests to the increase in spatial resolution’ and in photometric

7We are using PARSEC isochrones revised to include instrumental and atmo-
sphere response.

8The isochrone filter is built by using the photometric uncertainties in both
colour and magnitude. We added a value of 0.1 mag in the colour—magnitude
space to avoid too narrow isochrone filters at the bright magnitudes, where
the uncertainties are small (for details, see Luque et al. 2016).

9By using several bright and isolated stars in the direction of DES 3, we
determined that the DES co-added images have an average PSF FWHM
of >~ 1719 and 0794 in the g and r bands, respectively, while the SOAR
co-added images have a value of >~ 0”8 in both ¢ and r bands.

Figure 3. SOAR g- band co-add image cutout of DES 3. The 1/58 x 1/58
image is centred on DES 3. North is up, and east is to the left.

depth when the latter is compared with the DES images (see Fig. 1).
The scattered light observed in Fig. 3 is discussed in the text be-
low. To create a source catalogue in the direction of DES 3 and
DES J0222.7—5217, we use a combination of the SEXTRACTOR/PSFEX
routines (Bertin & Arnouts 1996; Bertin 2011). A first pass of SEx-
TRACTOR i$ run to create an input catalogue for psrex. The pSFEX
routine creates a PSF image for a second pass of SEXTRACTOR that
determines the PSF magnitude and the SPREAD_MODEL parameter.
We transformed the instrumental magnitudes, gy and ripg, to
apparent magnitudes,'” g and r, by using a set of DES stars in
the direction of each object. This process was performed as fol-
lows: first, we built 2 SOAR catalogue by merging the g and r
full photometric lists, using a matching radius of 075. We also
selected DES stellar sources with [WAVG_SPREAD_MODEL| < 0.003
and WAVG_MAGERR_PSF < 0.03 to obtain a sufficiently pure stellar

10The ginst and ringe magnitudes are given by —2.5 x log (counts), while the
g and r magnitudes correspond to gpgs and rpgs, respectively.
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Table 1. Calibration coefficients obtained from the fit of the set of equations
presented in equation (1).

Coefficient DES 3 DES J0222.7-5217
B (mag) 31.71 £ 0.02 31.43 + 0.08
y —0.10 £ 0.02 —0.16 £ 0.09
¢ (mag) 31.70 £ 0.02 31.51 + 0.03
n —0.15 £ 0.03 —0.12 £ 0.02

sample. Next, we matched the SOAR sources with DES brightest
(from 17 to 22 mag) stars, on g' and 7 filters, using a radial toler-
ance of 0”5. Then, we use these brightest stars'! to fit the following
calibration curves:

& = &inst T B + v(gDEs — IpEs),
F = Finst + ¢ + 1(gDEs — 7pEs), (1)

where the 8 and ¢ coefficients represent the zero-points of the two
bands, while y and 7 are the colour term coefficients. Airmass cor-
rection, in both filters, was assumed to be constant and therefore
it is absorbed by the zero-point coefficient. The results of our fits
are presented in Table 1. Estimates for the two objects are identical
within uncertainties. The calibration was then applied to all instru-
mental magnitudes in the photometric list. Finally, all magnitudes
of the calibrated sources were corrected for Galactic reddening us-
ing the Schlegel et al. (1998) dust maps, with typical reddening
values E(B-V) >~ 0.019 [E(B-V) >~ 0.025] in the direction of DES 3
[DES J0222.7—5217].

For our further analysis, we modify the cuts to reach
faint magnitudes. Our stellar sample consists of sources with
|SPREAD_MODEL| < 0.003 + SPREADERR_MODEL. Moreover, we ap-
plied colour (—0.5 < gpgs — rpes < 1.2) and magnitude (gpgs > 17)
cuts. The faint gpgs magnitude, for each catalogue, is estab-
lished based on the magnitude error (o), where o, has a value
of ~0.07 mag. Therefore, this limiting magnitude corresponds to
gpes < 25 (gpes < 24.5) for the star catalogue in the direction of
DES 3 (DES J0222.7—5217).

We have verified that the scattered light observed only in the
DES 3 images (see Fig. 3) does not affect the completeness of
sources (stars and galaxies) down to a magnitude depth gpgs~ 25.
To check, we count sources as a function of magnitude both inside
and outside scattered light affected regions. These regions have
equal areas, which contain 159 and 154 sources, respectively. Thus,
we find that both counts of sources in function of the magnitude are
similar.

The completeness of our photometry has been evaluated per-
forming artificial star tests on the SOAR images. The completeness
curves are constructed with reference to the centre of each object
up to an external radius » = 1', taking regular intervals of Ar = 0!1.
Artificial stars from 20th to 27th magnitudes in steps of 0.5 mag
were added to the same image with the IRAF/ADDSTAR routine using a
PSF model derived from several bright and isolated stars. In order
to avoid the crowding in the images, only 15 per cent of the original
number of sources (stars and galaxies) detected in each region were
added per run.'? After inserting the artificial stars, these artificial
images were reduced with the same SEXTRACTOR/PSFEX routines as
the SOAR images. SEXTRACTOR/PSFEX assigns each detected object

1T A total of 35 (23) stars were used for the photometric calibration of DES3
(DES J0222.75217).

12 A fter multiple runs, we obtained a total of 120 artificial stars in each bin
of magnitude.
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Figure 4. Completeness curves as function of magnitude and radius from
the SOAR data. The solid squares represent the completeness at a radius
of 0/1 from the centre of DES 3, the solid dots represent the completeness
within an annulus with radius 0/1 < r < 0/2, the solid triangles represent
the completeness within an annulus with radius 0/4 < r < 0!5, and the
solid diamonds represent the completeness within an annulus with radius
08 <r<009.

Table 2. Properties of DES 3.

Parameters Exponential Plummer profile Unit
profile

a (J2000) 214013.20700%8 214013.247013 hms

80 (J2000) —523230.487]5 —523230.481] 50 ol

l 343.83 343.83 deg

b —46.51 —46.51 deg

Do 76.2%33 76.27%5 kpc
0.05 0.05 .

0.32:)‘04 0.304:0‘04 arcmin
rh 7.09% 55" 665 03" pe
38.33 30.83

0 —10.7273%2 —11.59739% deg
0.14 0.14

€ 0.15%)1] 0.18%)15 N

Shed 1.3+02 1.3+£02 stars

5 105 arcmin
My —1.7+03 —-1.6%03 mag
0.18 0.22

[Fe/H] —1.847013 —1.8470%2 dex
1.1 1.1

Age 9.8708 9.8711 Gyr

(m — M)y 19.41759 19.4175% mag

“Adopting a distance of 76.2 kpc.

a SPREAD_MODEL value. We consider point source candidates those
sources with |[SPREAD MODEL| < 0.003 4+ SPREADERR_MODEL (see
the text above for details). At last, the artificial stars are considered
to be recovered if the input and output positions are closer than 05,
and magnitude differences are less than 0.5 mag. The completeness
curves as a function of magnitude and distance from the centre of
DES 3 are shown in Fig. 4.

5 PROPERTIES OF DES3

In order to better constrain the properties and the nature of DES 3,
we use SOAR data, which is ~1 mag deeper than the DES data in
the region of this stellar object (see Fig. 3).
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coordinates of the centre of DES 3, o = 21h40m13520 and 8o = —52032/30/.’48, are determined by using the spatial offset of the centre, X and Yy, and the

central coordinates obtained from a first run.

We use the maximum-likelihood method to determine the struc-
tural and CMD parameters for DES 3. We used the EMCEE!® pyTHON
package (Foreman-Mackey et al. 2013), which implements an affine
invariant Markov Chain Monte Carlo (MCMC) ensemble sampler,
to sample the In—likelihood function over the parameter space. We
have assumed flat priors for all parameters. We take the median
of each marginalized posterior distribution function (PDF) to be
the best-fitting solution, with uncertainties given by the 16th and
84th percentiles, equivalent to =10 assuming the PDFs are normal
distributions.

To estimate the structural parameters, we follow a convention
similar to that of Martin, de Jong & Rix (2008). We adopt two dif-
ferent density profile models: exponential and Plummer (Plummer
1911). Due to the small field covered by the SOAR/SOI images, we
parametrize both models with just five free parameters. For the ex-
ponential profile, the free parameters are central coordinates ¢ and
80, position angle'* @, ellipticity €, and exponential scale radius re.
For the Plummer profile, the parameters are «, 8¢, ¢, €, and Plum-

Bhttp://dan.iel.fm/emcee/current/
14The position angle is oriented from north to east (Martin et al. 2008).
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mer scale radius r,. The exponential scale radius is related to the
half-light radius by the relation r, = 1.68r., whereas the Plummer
scale radius, ry, is equivalent to ry,.

First, we determine the best-fitting structural parameters using the
method above described. For CMD fits, we first weight each star
by the membership probability p taken from the first best profile
fits. We then selected all the stars with a threshold of p > 0.01
to fit an isochrone model. The free parameters age, (m — M),
and metallicity,' Z, are simultaneously determined by this fitting
method (Luque et al. 2016, 2017; Pieres et al. 2016). To investigate
a possible range in the CMD parameters, in this analysis we use the
selected stars from both exponential and Plummer models.

To reduce contamination by field stars in the determination of
structural parameters, we use only stars that fall inside the isochrone
filter [see panel (b) of Fig. 7]. Repeating the method to fit the struc-
tural parameters using the isochrone filter, we obtain the results
shown in Table 2.'® The background density, Yped» 18 determined

ISwe adopted Zoy = 0.0152 (Bressan et al. 2012) in order to convert from
Zto [Fe/H], assuming [Fe/H] = log (ZIZ ).

19We want to highlight that the lack of applying the isochrone filter would
have increased the field density, but since there is an overdensity it does not

MNRAS 478, 20062018 (2018)
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Figure 6. Filled points show a binned version of the density profile of
DES 3, constructed in elliptical annuli using the derived structural parame-
ters from the best-fitting exponential profile (see Table 2). The error bars are
1o Poisson uncertainties. The grey (black) dotted line represents the best-
fitting of Plummer (exponential) profile. The horizontal dashed line shows
the field background level. The grey (black) solid line is the combination of
the background level with the Plummer (exponential) profile.

by using a region outside r > 1’5 around DES 3, which results in
1.3 ﬁ and it is kept constant in the fits. The resulting marginal-
ized PDFs for the structural parameters obtained from the expo-
nential model are presented in Fig. 5. Our MCMC run uses a total
of 200 walkers and 800 steps including 300 steps for the burn-in
phase.

Fig. 6 shows the binned elliptical density profile of DES 3. To
determine the effective area of each elliptical annulus, correcting
for the gap and borders of the field covered by the SOI CCDs, we
follow the same technique used in Section 3. The best-fitting expo-
nential and Plummer models are also overplotted in this figure. As it
can be seen, both the exponential and Plummer profiles adequately
describe the observed data. From both models, we find that DES 3
is only slightly elongated (¢ ~ 0.17) and compact, with a half-light
radius of r, ~ 0/31. Its ellipticity is comparable to Kim 2 (e ~ 0.12;
Kim et al. 2015) and Kim3 (¢ >~ 0.17; Kim et al. 2016a). Only
Koposov 1 and Koposov 2, with r, ~ 0/21 and r, ~ 0!26, respec-
tively (Koposov et al. 2007), have slightly smaller angular sizes than
DES 3.

Panel (a) of Fig. 7 shows the spatial distribution of all sources
classified as stars with gpgs < 25 centred on DES 3, as obtained
from the SOAR photometry. In panel (b) of Fig. 7, we show the
CMD of DES 3 from the SOAR data. We show only stars within
an ellipse with semimajor axis a >~ 2r,, 0 = —10072, and € = 0.15
according to the best-fitting exponential profile (see Table 2). This
CMD clearly shows the presence of MS and SGB stars down to
gpes =~ 25.5. We can also identify one star that may belong to
the HB. In panel (c) of Fig. 7, we show the CMD of background
stars contained in an elliptical annulus, centred on DES 3, of equal
area as the previous panel, whose inner semimajor axis is equal to

generally affect the results significantly. In fact, we have obtained a variation
of ~0!02 on the half-light radius, ~0.02 on the ellipticity, and the angular
position is within the uncertainties.

a="2".Weused the technique described in Section 3 to determine the
effective area of this region. The excess of stars within the isochrone
filter seen in panel (b) relative to the background is remarkable,
attesting not only the physical reality of DES 3, but also allowing a
detailed CMD analysis. For comparison, in panel (d) of this figure,
we show the CMD of DES 3 from the DES data [see panel (d) of
Fig. 2]. As expected, the SOAR-based CMD is substantially more
informative.

By using the maximum-likelihood method to fit the CMD dis-
tribution, we find that the DES 3 population is well described by
a PARSEC (Bressan et al. 2012) isochrone model with age 9.8 Gyr,
(m — M)y~ 19.41, and [Fe/H] >~ —1.84. These parameters agree for
both density profile models (exponential and Plummer). This is not
surprising given that these models adequately describe the observed
density profile of DES 3 (see Fig. 6). The best-fitting isochrone is
overplotted in panels (b), (c), and (d) of Fig. 7 as the solid line. In
the same figure, an isochrone filter (grey shaded area) is also shown
in the last three panels.

The absolute magnitude (My) has been determined using a similar
approach as Koposov et al. (2015a). We integrate over all masses
along the best-fitting model isochrone assuming a Kroupa (2001)
IMF, and normalize the number of objects by those observed in the
CMD with rpgs < 24.5 and which fall in the isochrone filter built
only with MS, MSTO, SGB, and red giant branch (RGB) stars. We
corrected the star counts for completeness by weighting each star
by w; = 1/c;, where ¢; is the completeness of the star interpolated
in magnitude for an interval of radius (see Fig. 4). In addition, we
have also subtracted the expected number of field stars in the star
counts as a function of magnitude. This was done as follows: first,
we counted stars inside an ellipse of 37, semimajor axis from the
centre of DES 3 and in aregion limited by an ellipse with semimajor
axisa =3, centred on DES 3, and the edges of the SOI CCDs. Then,
we subtracted the star counts in the last region from the counts in
the internal ellipse, weighted by their respective areas.!” Due to the
low number of stars observed in this type of objects, the estimate
of the absolute magnitude has large uncertainty. We then calculate
the uncertainty by estimating the upper and lower limits for the
integrated V magnitude. We convert the gpgs and rpgs magnitudes
to V magnitude using a SDSS stellar calibration sample'® and the
equation from Jester et al. (2005),

goes = &spss — 0.075(gspss — rspss) + 0.001
rpes = r'spss — 0.069(gspss — rspss) — 0.009

V = gspss — 0.59(gspss — rspss) — 0.01. (2)
This procedure yields an absolute magnitude of My = —1.7J_r8:§
for the exponential model and My = —1.6703 for the Plummer

model. Therefore, in the size-luminosity plane DES 3 lies in the
faint star cluster region (see Fig.8). The luminosity of DES 3 is
comparable to Koposov1 (My ~ —2; Koposov et al. 2007) and
Gaia2 (My >~ —2; Koposov et al. 2017). However, the small size
(r, ~ 6.87 pc) of DES 3 is comparable to Balbinot 1 (r, >~ 7.24 pc;
Balbinot et al. 2013), Kim 1 (r, 2~ 6.9 pc; Kim & Jerjen 2015a), and
Laevens 3 (r, >~ 7 pc; Laevens et al. 2015b).

17We have used the technique described in Section 3 to compute the effective
area of each region.

8This new version of transformation equations are based on SDSS Data
Release 13 (DR13) and DES Year 3 Annual Release (Y3A1) single-epoch
data.
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Figure 7. Panel (a): spatial distribution of all sources classified as stars, with gpgs < 25, from the SOAR data in a field of view of 1/58 x 1/58 centred on
DES 3. The black dots represent the stars inside an ellipse with semimajor axis a = 0/64 (=~ 2ry), § = —10272, and € = 0.15 (see Table 2), and that fall inside
the isochrone filter as illustrated in the next panel. The red dot marks the possible HB star. Panel (b): CMD of DES 3 from the SOAR data. Only stars inside
the ellipse marked on panel (a) are shown. In this and the other two panels, the best-fitting pArRSEC (Bressan et al. 2012) isochrone derived from the SOAR data
is shown. The isochrone filter (grey shaded area) based on photometric uncertainties contains the most likely members. Panel (c): CMD of field stars in an
elliptical annulus, from the centre of DES 3, of equal area on the sky as the previous panel. Panel (d): CMD of DES stars within a radius r = 0/64 centred on
DES 3. The horizontal dashed line in the last three panels indicates the faint magnitude limit used. The mean photometric errors in both colour and magnitude

are shown in the extreme left of panels (b), (c), and (d).

T
12+ O A & A
+ Globular clusters ~ £
X Recently Found Star Clusters u} /’A .
10} +1 O //[QA/A/A’
+ 1+ + + Fal
+1 - A
+ hoE codd, .6
+*#' -+ A A 7z
-8 + I, /C] A A0
B + p o A4
%& #jdrjfrJr + . AL L7
B gt F o DA T =V
g T e + {l % /E] 057 i
e
\; + 4 +7+ + ﬁ;§,+4'+ P [%9/6 //
D e o gE” 1
+ + . o %;ig 03
<> e e
++ P Doy o
-2r X g TRy o o7 oMW Dvarks 1
LOXX T L7 A M31 Dwarfs
0 X, s . 4 O DES Dwarf Candidates
i %, X % °, <> Other Candidates 1
LT I % DES3
o | /’;4:25 //;4:27.5//;4:30 % DESJ0222.7-5217

10° 10! 10% 10°
Half-light Radius (pc)

Figure 8. Absolute magnitude as a function of half-light radius. MW glob-
ular clusters (‘+” symbols; Harris 2010), recently found MW star clusters
(“x’ symbols; Koposov et al. 2007; Belokurov et al. 2010; Muiioz et al.
2012; Balbinot et al. 2013; Laevens et al. 2014, 2015b; Kim & Jerjen 2015a;
Kim et al. 2015, 2016a; Luque et al. 2016, 2017; Koposov, Belokurov &
Torrealba 2017), MW dwarf galaxies (blue squares; McConnachie 2012;
Bechtol et al. 2015, Drlica-Wagner et al. 2015; Koposov et al. 2015a; Kim
et al. 2016b; Torrealba et al. 2016a,b), M 31 dwarf galaxies (blue triangles;
McConnachie 2012), previously reported dwarf galaxy candidates in the
DES footprint (red circles; Bechtol et al. 2015; Drlica-Wagner et al. 2015;
Kim & Jerjen 2015b; Koposov et al. 2015a; Luque et al. 2017), other recently
reported dwarf galaxy candidates (green diamonds; Laevens et al. 2015a,b;
Martin et al. 2015; Drlica-Wagner et al. 2016; Homma et al. 2016, 2018),
DES 3 (red star), and DES J0222.7—5217 (green star) are shown. The red
circles connected with a line represent the two previous DES J0222.7—-5217
estimates. Note that DES 3 and DES J0222.7—5217 lie inside the region
inhabited by faint star clusters. The uncertainties of both objects are com-
parable to the symbol size. The dashed lines indicate contours of constant
surface brightness at = {25, 27.5, 30} mag arcsec™ 2.

6 PROPERTIES OF DES J0222.7-5217

As mentioned earlier, applying sparsex on DES Y1Al data,
DES J0222.7—5217 (first identified by Bechtol et al. 2015; Ko-
posov et al. 2015a) was detected with a statistical significance that
is close to 16 times the expected Poisson fluctuation in the back-
ground. Fig. 9 shows the same information as Fig. 2, but now for
DES J0222.7—5217.

We obtained deeper photometric data for DES J0222.7—-5217
with the SOAR telescope. Much like our SOAR imaging of
DES 3, our SOAR imaging of DES J0222.7—5217 (see Fig. 10) is
~1mag deeper than the DES data. We apply the same method-
ology described in Section 5 to provide updated properties of
DES J0222.7—5217.

Fig. 11 shows the marginalized PDFs for the structural parame-
ters of DES J0222.7—5217, and Fig. 12 shows the binned elliptical
density profile of DES J0222.7—5217 and the best-fitting exponen-
tial and Plummer models. We find that the two models yield very
similar structural parameters for this object (see Table 3). Our half-
light radius (r, >~ 0750) estimate is ~16 per cent larger than the value
determined by Bechtol et al. (2015, r, =~ 0’42), but it is ~7 per cent
smaller than that determined by Koposov et al. (2015a, r;, >~ 0/54).
We find the system to be more elliptical (¢ ~ 0.47) and less rotated
(6 ~ —76°) when compared to the values previously determined (e
2~ (.27 and 0 >~ —97°; Koposov et al. 2015a). In general, our results
are in agreement within 1o with the literature. However, our deeper
data have allowed us to better constrain the structural parameters of
DES J0222.7—5217 thereby reducing significantly the uncertainties
reported in previous work.

Panel (a) of Fig. 13 shows the spacial distribution of all stellar
sources with gpgs < 24.5 in the vicinity of DES J0222.7—5217
obtained from the SOAR data. The CMD of DES J0222.7—-5217
from the SOAR data is shown in panel (b) of Fig. 13. The CMD,
built with stars within an elliptical annulus of semimajor axis a >~ 2r,
centred on the object, clearly shows MS, MSTO, blue straggler (BS),
RGB, and HB stars. Note that there is a potential asymptotic giant
branch (AGB) star. Panel (c) of Fig. 13 shows the CMD of field stars
contained in an elliptical annulus, centred on DES J0222.7—-5217,
of equal area as the previous panel, whose inner semimajor axis
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Figure 9. DES J0222.7—5217 from the DES data. Panel (a): stellar significance map built around DES J0222.7—5217 and smoothed by a Gaussian kernel
with standard deviation 0!5. Panel (b): similar to previous panel, but now for galaxies [panels (a) and (b) share same colour bar]. Panel (c): significance profile
as a function of radius r from the centre of DES J0222.7—5217. The solid line corresponds to stars, while the dashed line corresponds to galaxies. Panel (d):
CMD of stars within a circle with radius r = 1 (= 2ry, see Table 3) from the centre of DES J0222.7—5217. A parsec (solid line) isochrone model with age
12.6 Gyr and [Fe/H] = —2.01 is overplotted at a distance of 77.3 kpc (see details in Section 6). The isochrone filter (grey shaded area) based on photometric
uncertainties contains the most likely members. The mean photometric errors in both colour and magnitude are shown in the extreme left of this panel.

Figure 10. SOAR g-band co-add image cutout of DES J0222.7—5217. The
3 x3 image is centred on DES J0222.7—5217. North is up, and east is to
the left.

is a = 2!5. For comparison, in panel (d) of Fig. 13, we show the
CMD of DES J0222.7—5217 from the DES data [see panel (d) of
Fig. 9]. Only stars within a circle of radius » = 1" from the centre of
DES J0222.7—5217 are plotted. Much like SOAR data, this CMD
shows BS, RGB, HB, and AGB stars; however, it does not provide
enough information about the MSTO and MS stars. Therefore, the
SOAR CMD is substantially more informative than the DES CMD.

The best-fitting model isochrone, determined from our CMD fit
method, estimates that DES J0222.7—5217 is located at a distance
of D@ =~ 77.3 kpc and its stellar population is old (=~ 12.6 Gyr) and
metal poor ([Fe/H] >~ —2.01). Again, the values of these parameters
are consistent for both density profile models (see Table 3).

There is a moderate discrepancy between our heliocentric dis-
tance estimate and previous estimates of De ~ 95kpc (Bechtol
et al. 2015) and D¢ >~ 87 kpc (Koposov et al. 2015a). In fact, this
discrepancy may be due mainly to the limiting magnitude used in
this work and those used by Bechtol et al. (2015) and Koposov
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et al. (2015a), since the resolution of MS and MSTO allows for an
improved distance measurement and estimations of the age and the
metallicity. Unfortunately, the metallicity and age values were not
reported by these authors.

We estimate an absolute magnitude for DES J0222.7—5217 of
My = —2.4753 for both density profiles. For these determinations,
we used stars brighter than rpgs = 24 and the star counts were
corrected for sample incompleteness, and subtracted the field stars.
These results are in agreement (within 1) with those previously
reported in the literature, My >~ —2.4 (Bechtol et al. 2015) and My
~ —2.0 (Koposov et al. 2015a).

With a half-light radius of r, >~ 11.24pc and a luminosity
of My >~ —2.4, DESJ0222.7—5217 lies in a region of size—
luminosity space occupied by faint star clusters (see Fig.8). In-
terestingly, the half-light radius, ellipticity, and absolute magnitude
of DES J0222.7—5217 are comparable to those for the star cluster
DES 1 (1, =9.88 pc, € >~ 0.53, and My >~ —2.21; Luque et al. 2016).

7 CONCLUSIONS

In this paper, we announce the discovery of a new MW faint star
cluster found in DES Y1A1 data, which we name DES 3. Its con-
firmation as a physical system required deep photometric imaging
from the SOAR telescope. This new object adds to the 21 systems
that have been found in the first two years of DES (Bechtol et al.
2015; Drlica-Wagner et al. 2015; Kim & Jerjen 2015b; Koposov
et al. 2015a; Luque et al. 2016, 2017).

With a MCMC technique and two different density profile mod-
els (exponential and Plummer), we find that DES 3 is compact
(rn ~ 0/31) and slightly elongated (¢ ~ 0.17). The nearly circular
morphology of DES 3 does not suggest any evidence of on-going
tidal disruption.

By means of an isochrone fit, we derive a distance of ~76.2 kpc
for DES3. It is consistent with being dominated by an old
(~9.8 Gyr) and metal-poor ([Fe/H] ~ —1.84) population, as com-
monly observed in MW GCs found in the Galactic halo' [e.g.
NGC 4833 ([Fe/H] >~ —1.85) and NGC 5904 (age 10.0 £ 2.0 Gyr)].
However, its small physical size (1, ~ 6.87 pc) and low luminosity

19For metallicities, see Harris (2010) and for ages, we refer to O’Malley,
Gilligan & Chaboyer (2017) as a recent compilation.
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Figure 11. Marginalized PDFs for the structural parameters of DES J0222.7—5217 obtained from an exponential model. The vertical dashed central line
represents the best-fitting solution, while the left (right) dashed line represents the uncertainty to —1o (+10). The contours show the 1o and 20 confidence
levels. The coordinates of the centre of DES J0222.7—5217, g = 0212245348 and 8¢ = —52°17 04792, are determined by using the spatial offset of the
centre, Xy and Yy, and the central coordinates obtained from a first run.

Table 3. Properties of DES J0222.7—5217.

Parameters Exponential Plummer profile Unit
profile
g (J2000) 022245.4810-24 02224541102 hms
80 (J2000) —521704.9271-89 ~521705.6471-5 ol
! 274.96 274.96 deg
b ~59.60 ~59.60 deg
Do 773433 7732 kpe
h 0.507907 0.507907 arcmin
" 11.247 42 11.247]40 pe
0 ~74.70778 ~76.807713 deg
€ 0.45709 0.4870%
Thed 12+£02 12+£02 tats
My 24703 —2.4703 mag
[Fe/H] —2.011043 —2.01+048 dex
Age 12.610% 12.679% Gyr
(m — M) 19.44799 19.44759 mag

“ Adopting a distance of 77.3 kpc.
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(My ~ —1.7) place DES 3 in the region occupied by faint star clus-
ters as observed in Fig. 8. In fact, DES 3 is also one of the faint star
clusters with smallest angular size known so far.

With deep SOAR data we found that DES J0222.7—5217 is lo-
cated at a heliocentric distance of 77.3 kpc, and it hosts an old
(=~ 12.6 Gyr) and metal-poor ([Fe/H] ~ —2.01) stellar population.
Our best-fitting structural parameters for DES J0222.7—5217 are in
general agreement (within 1o) with the ones derived by Bechtol
et al. (2015) and Koposov et al. (2015a), although the heliocentric
distance determined in this work points to a closer object than previ-
ously reported. The half-light radius (r, >~ 11.24 pc) and luminosity
(My >~ —2.4) of DESJ0222.7—5217 suggest that it could be clas-
sified as a faint star cluster. However, spectroscopic measurements
of metallicity and radial velocity of the stars of DES J0222.7—-5217
will be very useful to confirm its nature, since the dynamic mass of
the object is determined from the radial velocity dispersion of its
stars (see e. g. Wolf et al. 2010; Willman & Strader 2012, for more
details).

Based on the Magellanic Stream (MS; Nidever, Majewski &
Butler Burton 2008) coordinates of DES 3, (Lys, Bwvs) =~ —37°39,
— 31269 and DES J0222.7—5217, (Lys, Bus) =~ —26245, 8225, it

MNRAS 478, 20062018 (2018)
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Figure 12. Elliptical surface density profile of DES J0222.7—5217. The
filled points represent the observed values with 1o error bars. The grey
(black) dotted line represents the best-fitting of Plummer (exponential) pro-
file. The horizontal dashed line represents the background density. The grey
(black) solid line is the combination of the background level with the Plum-
mer (exponential) profile.

is interesting to note that DES J0222.7—5217 is in a region where
there is a high probability of finding objects associated with the
Magellanic Clouds, while DES 3 lies close to a sequence of faint
dwarf galaxies, some of which may also be associated with the
Clouds (Fig. 10; Jethwa et al. 2016). However, DES 3 lies outside
£20° of the plane of the MS where the satellites of the LMC would
be distributed (Jethwa et al. 2016). In particular, DES J0222.7—5217
is located ~39.9 kpc from the LMC and =~ 31.3 kpc from the SMC
centre, distances about (or less than) a half than the distance of
DES J0222.7—5217 to the Galactic Centre (=~ 77.4 kpc).

Finally, the discovery of DES 3 in DES data indicates that the
census of stellar systems, with characteristics of faint star clusters,
is still incomplete. It is likely that additional new stellar systems
will be found in future DES data. We have demonstrated the value

of deeper imaging to improve the photometric errors and to detect
stars at and below the MSTO. This greatly improves the fitting of
isochrones, in particular tightening the constraints on the age. For
many of these newly discovered objects, a wide field is not needed
and SOI on the SOAR telescope is an ideal instrument for follow-up
studies.
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