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ABSTRACT

We report the discovery of two new candidate stellar systems in the constellation
of Cetus using the data from the first two years of the Dark Energy Survey (DES).
The objects, DESJ0111—1341 and DES J0225+0304, are located at a heliocentric
distance of ~ 25kpc and appear to have old and metal-poor populations. Their dis-
tances to the Sagittarius orbital plane, ~ 1.73kpc (DES J0111—1341) and ~ 0.50 kpc
(DES J0225+0304), indicate that they are possibly associated with the Sagittarius
dwarf stream. The half-light radius (r, ~ 4.55pc) and luminosity (My ~ +0.3) of
DES J0111—1341 are consistent with it being an ultrafaint stellar cluster, while the
half-light radius (r, ~ 18.55pc) and luminosity (My ~ —1.1) of DES J022540304
place it in an ambiguous region of size-luminosity space between stellar clusters
and dwarf galaxies. Determinations of the characteristic parameters of the Sagit-
tarius stream, metallicity spread (—2.18 < [Fe/H] < —0.95) and distance gradient
(23kpe $ D < 29kpe), within the DES footprint in the Southern hemisphere, using
the same DES data, also indicate a possible association between these systems. If these
objects are confirmed through spectroscopic follow-up to be gravitationally bound sys-
tems and to share a Galactic trajectory with the Sagittarius stream, DES J0111—-1341
and DES J02254-0304 would be the first ultrafaint stellar systems associated with the
Sagittarius stream. Furthermore, DES J0225+0304 would also be the first confirmed
case of an ultrafaint satellite of a satellite.

Key words: globular cluster: general — galaxies:dwarf.

1 INTRODUCTION

The Sagittarius dwarf galaxy was discovered relatively re-
cently due to its position on the far side of the Milky
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Way (MW; Ibata et al. 1994). Its extended morphology to-
wards the MW plane suggested the existence of extra tidal
features (Johnston et al. 1995; Lynden-Bell & Lynden-Bell
1995; Mateo et al. 1996). The Two Micron All-Sky Survey
(2MASS) and the Sloan Digital Sky Survey (SDSS) made
it clear that this dwarf is responsible for the most conspic-
uous tidal stellar substructure present in the Galactic halo
(Newberg et al. 2002; Majewski et al. 2003).

Deeper photometric and spectroscopic data, specifi-
cally with SDSS, have allowed the morphological, struc-
tural and kinematic properties of the Sagittarius stream
to be disentangled from MW substructure (Newberg et al.
2003; Belokurov et al. 2006, 2014; Newberg et al. 2007;
Yanny et al. 2009). This wealth of data was used by
Law & Majewski (2010a) to model the MW gravitational
potential and to find some evidence in favour of triaxiality
(i.e., flattening).

Belokurov et al. (2006) demonstrated that the Sagit-
tarius stream in the northern Galactic hemisphere bifur-
cates into brighter and fainter components separated by
up to ~ 15° on the sky. More recently, Koposov et al.
(2012) have shown that a bifurcation also appears in the
Sagittarius tails in the southern Galactic hemisphere. This
fainter branch had comparatively more metal-poor stars
and a simpler mix of stellar populations than the main
structure. The southern bifurcation, extending at least 30°
on the sky, was confirmed using Panoramic Survey Tele-
scope and Rapid Response System 1 (Pan-STARRS) data
by Slater et al. (2013). The authors found evidence that
the fainter substructure is 5kpc closer to the Sun than the
brighter one, similar to the behaviour seen in the northern
Galactic hemisphere. They also argue that the distance be-
tween the streams agrees with the predictions of the N-
body simulations presented by Law & Majewski (2010a).
Based on their model, the same authors also identify MW
satellites, dwarf galaxies and globular clusters (GCs), that
may be physically associated with the Sagittarius dwarf.
In particular, the Sagittarius dwarf has been observed to
contain at least four GCs (NGC 6715, Arp 2, Terzan 7, and
Terzan 8) within its main body (Da Costa & Armandroff
1995; Bellazzini et al. 2003). However, different studies have
proposed several GCs to likely be associated with the Sagit-
tarius stream (e.g., Bellazzini et al. 2003; Forbes & Bridges
2010; Dotter et al. 2010, 2011; Carballo-Bello et al. 2014;
Sbordone et al. 2015). Even open clusters (OCs) have been
suggested as members of the Sagittarius family (e.g.,
Carraro et al. 2004; Carraro & Bensby 2009). It is likely
that additional GCs and OCs may have been stripped from
Sagittarius during prolonged interaction with the MW and
now lie scattered throughout the Galactic halo. In a recent
analysis based on new models of the tidal disruption of the
Sagittarius dwarf, Law & Majewski (2010b) found that sev-
eral of the candidates proposed in the literature have non-
negligible probability of belonging to the Sagittarius dwarf.
However, calculating the expected quantity of false associa-
tions in the sample, they proposed that only five GCs (Arp 2,
NGC6715, NGC 5634, Terzan 8, and Whiting 1) are almost
certainly associated with the Sagittarius dwarf, an addi-
tional four (Berkeley29, NGC 5053, Pal12, and Terzan7)
are moderately likely to be associated.

It now appears that stars left over from the accretion
of the Sagittarius dwarf entirely wrap around the Galactic

centre. Recent spectroscopic analysis by Hyde et al. (2015),
for instance, finds over 100 good stream candidates with
metallicities in the range —0.97 < [Fe/H] < —0.59 spread
over 142°. De Boer et al. (2015) analyse the stream in the
SDSS Stripe 82 region with both photometry and spec-
troscopy, finding a tight age—metallicity relation. They also
show that the fainter branch is old (> 9 Gyr) and metal-
poor ([Fe/H] < —1.3), while the dominant branch has stars
covering large ranges in age and metallicity.

In this paper we explore the tidal tails of
Sagittarius within the Dark Energy Survey (DES;
The Dark Energy Survey Collaboration 2005) footprint
in the Southern hemisphere. This data set is ~ 2mag
(in the g band) deeper than other large surveys covering
this part of the sky (e.g., Pan-STARRS or SDSS). DES
is a wide-field imaging survey of the Southern hemisphere
that has recently finished its third year of data taking,
from an expected total of 5yr (Diehlet al. 2016). We
also identify two previously undiscovered ultrafaint stellar
systems whose inferred ages, metallicities and distances
make it likely that they are associated with Sagittarius.
In Section 2, we present the DES data. In Section 3, we
discuss the properties of the Sagittarius stream as probed
by those data. In Section 4, we present a method used to
search for star clusters and other stellar systems in the DES
footprint. In Section 5, we report on the identification of
the two star system candidates whose properties make them
likely to have been stripped from the Sagittarius dwarf. If
DES J0111—1341 is confirmed to be a stellar cluster, it will
be named DES 2, whereas DES J02254-0304 will be named
CetusIII if found to be a dwarf galaxy. Our final remarks
are then presented in Section 6.

2 DES DATA

DES is a wide-field optical imaging survey of 5000 deg?
in the southern equatorial hemisphere in the grizY bands.
DES is scheduled for 525 nights distributed over 5 yr. It uses
the Dark Energy Camera (DECam), a 3 deg® (2°2 diameter)
mosaic camera with 0.263 arcsec pixels on the prime focus of
the 4-metre Blanco telescope at Cerro Tololo Inter-American
Observatory (Flaugher et al. 2015). The DES data manage-
ment (DESDM) uses an image processing pipeline that con-
sists of image detrending, astrometric calibration, nightly
photometric calibration, global calibration, image coaddi-
tion, and object catalogue creation. For a more detailed de-
scription, we refer to Sevilla et al. (2011), Desai et al. (2012)
and Mohr et al. (2012). Here, we use DES Y2Q1 (year-two
quick release) data derived from single-epoch imaging. This
catalogue is derived from 26,590 DECam exposures taken
during the first 2yr of DES observing and has a median
point-source depth at an S/N = 10 of g = 23.4, r = 23.2,
i =224, z = 22.1, and Y = 20.7. The resulting calibrated
DES magnitudes are already corrected for Galactic redden-
ing by the stellar locus regression (SLR) calibration (see
Drlica-Wagner et al. 2015).

The stellar sample used in this work was drawn
using SEXTRACTOR parameters FLAGS, SPREAD_MODEL and
PSF magnitudes (Bertin & Arnouts 1996; Bertin 2011;
Bouy et al. 2013). Briefly, FLAGS tells for instance if an ob-
ject is saturated or has been truncated at the edge of the im-
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Figure 1. Density map of stars with 17 < g < 23 and —0.5 < g—r < 1.2 from the DES Y2Q1 footprint in two different coordinate systems.
The left-hand panel is shown in a coordinate system defined by the orbit of the Sagittarius dwarf (Majewski et al. 2003; Belokurov et al.
2014), while the right-hand panel is in Galactic coordinates (I, b). The current location of the Sagittarius dwarf is indicated by a red star.
The red dashed line traces the Sagittarius tidal tail (Majewski et al. 2003). At the top left of each panel, we show an inset of the density
map where the stream is more visible. Overdensities of some GCs (Harris 2010) and dwarf galaxies (McConnachie 2012; Bechtol et al.
2015; Koposov et al. 2015a) are also indicated. The new stellar system candidates discovered, DES J0111-1341 and DES J0225+0304, are
marked with red circles. The ON region (solid lines) defined by 95° < A < 115° and —5° < B < 5° represents the best-sampled region
of the Sagittarius stream, whereas the OFF region (dashed lines) represents the region of stars used for the background with the same
Galactic latitude as the ON region. The Fornax dwarf galaxy and NGC 1399 were masked to avoid overestimating the density of our
sample of background stars (OFF region). These regions are used to construct the Hess diagrams in Figs 3 and 4. The yellow solid line,
as shown in both panels, indicates the position of the faint branch of the Sagittarius stream in the DES footprint (see Section 3.1).

age, while SPREAD_MODEL is the main star/galaxy separator.
We used the weighted-average (WAVG) of the SPREAD_MODEL
measurements from the individual exposures of each source.
A source quality criterion of FLAGS < 4 over the g and r
filters was also applied. To increase stellar completeness, we
selected sources in the r-band with |WAVG_SPREAD_MODEL| <
0.003+ SPREADERR_MODEL. A bright (faint) g magnitude limit
of WAVG_MAG_PSF = 17 (WAVG_MAG_PSF = 24) was also applied.
In order to prevent point sources with extreme colours (in-
cluding red dwarfs from the Galactic disc) from contami-
nating the sample, a colour cut at —0.5 < g —r < 1.2 was
also used. Drlica-Wagner et al. (2015) show that our Y2Q1
stellar classification efficiency exceeds 90% for r < 23 mag,
and falls to ~ 80% by r < 24 mag, whereas contamination
by galaxies is ~ 40% for 23 mag and increases to ~ 60% by
r < 24mag.

3 SAGITTARIUS STREAM IN THE
SOUTHERN HEMISPHERE

In Fig. 1, we show a density map of stars with 17 < g < 23
and —0.5 < g—7r < 1.2 from the DES Y2Q1 footprint in two
different coordinate systems. The colour cut was performed
to exclude stars from the Galactic disc and possibly spuri-
ous objects that can contaminate our sample. The left-hand
panel is in the coordinate system aligned with the Sagit-
tarius stream (A, B) (Majewski et al. 2003; Belokurov et al.
2014), while the right-hand panel is in Galactic coordinates
(1,b). Several overdensities are noticeable, such as some GCs
(Harris 2010), dwarf galaxies (McConnachie 2012) and the
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recently discovered dwarf galaxy Reticulum IT (Bechtol et al.
2015; Koposov et al. 2015a). The Sagittarius stream in the
Southern hemisphere (trailing tail) is also visible between
90° < A £120° and —15° < B < 12° in Sagittarius coordi-
nates and between 120° < I < 190° and —80° < b < —45°
in Galactic coordinates (see the inset maps on the top left
of each panel). In the same figure, we show with red cir-
cles two new stellar system candidates, DES J0111—1341
and DES J022540304. Given their physical locations, these
new candidates are possibly associated with the Sagittarius
stream (discussed in Section 4). In this figure, we also show
ON and OFF regions. The ON region (solid lines) defined by
95° < A < 115° and —5° < B < 5° represents the best sam-
pled region of the Sagittarius stream, while the OFF region
(dashed lines) represents the sample of background® stars lo-
cated at the same Galactic latitude as the ON region. These
regions are used in our colour-magnitude diagram (CMD)
analysis presented in Sections 3.2 and 3.3. Finally, the yel-
low solid line represents the position of a possible secondary
peak previously identified by Koposov et al. (2012, see dis-
cussion in the next section).

We emphasize that our analysis of the Sagittarius
stream is focused on determining, using DES data, its basic
characteristic parameters, such as metallicity, age and dis-
tance ranges, so that they can be compared to the properties
inferred for the newly discovered systems, DES J0111—1341
and DES J0225+0304. The compatibility between stream

L 'We refer to these stars as ‘background’, though they are domi-
nantly composed of MW foreground stars.
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2. Left-hand panel: decontaminated Hess diagram constructed with stars within a region defined by 95° < A < 115° and

—15° < B < 12°. The solid lines on the CMD plane are used to select MS stars belonging to the Sagittarius stream. Middle panel:
number of MS stars (using the selected stars in the previous panel) along the Sagittarius stream (95° < A < 115°). The expected position
of the faint stream (Koposov et al. 2012) is at B ~ 8°. Right-hand panel: number of MS stars for two regions along the stream from
95° < A < 105° and 105° < A < 115° as indicated. The faint stream is seen only at 95° < A < 105° due to the current coverage of the

DES footprint (see Fig. 1).

stars and these newly found systems helps shed light on
their possible physical association.

3.1 Inferred Number of Stars

The Sagittarius stream is known to display substructures,
like its bright and faint branches, both in the northern
and southern Galactic hemispheres (Newberg et al. 2003;
Belokurov et al. 2006; Yanny et al. 2009; Koposov et al.
2012). In particular, in the southern Galactic hemisphere,
parallel to the bright branch, but ~ 10° away, the faint
branch is found (Koposov et al. 2012). We start by analysing
variations in stellar number counts along and across the
Sagittarius stream as covered by DES, in search for any clear
branching of the stream in this region. In the left-hand panel
of Fig. 1, we show the density map of the Sagittarius stream
in the coordinate system approximately aligned with the
orbit of Sagittarius (A, B) as described in Majewski et al.
(2003) and Belokurov et al. (2014). We selected stars inside
an area defined by 95° < A < 115° and —15° < B < 12°.
We name this region the stream sample. This chosen region
is a compromise between reaching a reasonably homoge-
neous stream coverage along both streams and still keeping
a sizeable area within the DES footprint. To subtract the
expected number of background stars coinciding with the
stream sample region, we selected stars inside a region that
is offset by Al = 80° with respect to the centre of the stream
sample region. These regions? have approximately the same
area and are from approximately the same Galactic latitude
(b ~ —59°) in order to maintain similar background density.
For each region described above, we constructed the Hess
diagram. In the left-hand panel of Fig. 2, we show the de-
contaminated Hess diagram calculated as the difference be-
tween the Hess diagrams of both regions weighted by their

2 These two regions are not shown in Fig. 1 to avoid confusion
with the ON and OFF regions used in Sections 3.2 and 3.3.

respective areas®. We use the HEALPIX software to determine
the effective area in each region. In order to obtain a sample
of representative stars of the Sagittarius stream, we weight
each star of the stream sample region by its probability of
being member of the Sagittarius stream, w = n;/m;, where
ni (m;) represents the number of stars in a given cell of the
Hess diagram, with bins of 0.01 mag x 0.05 mag, after (be-
fore) subtracting the background stars. We consider that all
the stars in a given cell of the Hess diagram have the same
weight. The solid lines in the CMD plane on the left-hand
panel of Fig. 2 select main sequence (MS) stars associated
with the stream. We then use the weights of these stars
to analyse the variation of the number of stars along and
across the stream. The results are shown in the middle and
right-hand panels of Fig. 2. We use the HEALPIX software to
compute the area actually covered by the Y2Q1 footprint
and thus to compensate the number of stars for the area
loss.

Koposov et al. (2012) find evidence for a faint stream at
B ~ 8% —10°. The DES footprint covers this area only from
95° < A < 105°. The red histogram in the right-hand plot
in Fig. 2 shows the number of MS stars within this region in
bins of B; within this area, our data show a suggestion of an
excess of stars that could be attributed to the faint stream.
At Sagittarius longitudes 105° < A < 115°, DES does not
cover the secondary stream (5° < B < 12°); however, where
DES has coverage (—15° < B < 5°), the number of MS
stars (yellow histogram) is consistent with those at 95° <
A < 105° (red histogram). Scaling the number of stars to
the full range (—15° < B < 12°), we infer a number of MS
stars for 95° < A < 115° as shown in the middle panel.
The possible excess of stars observed at B ~ 8° (middle
and right-hand panels in Fig. 2) only is visible when we use
bin sizes between 0°6 < AB < 0°7, otherwise, this latter
is not evident. Therefore, in this paper, we do not claim a
detection of the branching of the stream.

3 We replace negative values in the decontaminated Hess diagram
by zero.

MNRAS 000, 1-13 (2015)
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Figure 3. Left-hand panel: Hess diagram constructed with stars within a region of the Sagittarius stream defined by 95° < A < 115°
and —5° < B < 5° (ON region; Fig. 1). Middle panel: Hess diagram of the background constructed with stars within the OFF region (Fig.
1). Right-hand panel: difference Hess diagram between the ON and OFF regions. The solid black (red) circles represent the mean colour
(standard deviation) values of RGB stars as a function of the colour (g —r) for different ranges of magnitude. The mean colour value (1)
and standard deviation (o) obtained from the Gaussian fit are: p = 0.527 £ 0.002 and o = 0.043 £ 0.002 (top circles), u = 0.544 £ 0.003
and o = 0.051 £ 0.005 (middle circles), p = 0.509 £ 0.004 and ¢ = 0.061 £ 0.006 (lower circles). The solid line, in each panel, represents
the best-fitting isochrone (Bressan et al. 2012) determined from mean colour values. The lower (top) dashed line represents the 1o (—10)
isochrone. From the bottom up, the isochrone parameters are: log(Age) = 9.98, D) = 24.5kpc and [Fe/H] = —0.95 (lower dashed line),
log(Age) = 10.02, D) = 24.5kpc and [Fe/H] = —1.34 (solid line), log(Age) = 10.12, D = 24.5kpc and [Fe/H] = —2.18 (top dashed
line). In addition, an isochrone model with [Fe/H] = —2.18, log(Age) = 10.12 and (m — M) = 17.31 parameters is also overplotted on

each panel (dot—dashed line; see Sections 3.2 and 3.3).

3.2 Metallicity spread

The Sagittarius stream in the northern Galactic hemisphere
and the celestial equator (Stripe82) is known for having a
metallicity range (e.g., Koposov et al. 2012; De Boer et al.
2015; Hyde et al. 2015). In particular, using photometric and
spectroscopic data within the SDSS Stripe 82 region (region
in common with the DES footprint), Koposov et al. (2012)
determined that the stars belonging to the bright and faint
branches cover a metallicity range from —2 < [Fe/H] < 0,
while De Boer et al. (2015) determined a metallicity range
from —2.5 < [Fe/H] < —0.3. However, the brighter branch
contains substantial numbers of metal-rich stars as com-
pared to the fainter branch (Koposov et al. 2012).

We now turn to a global analysis of the stellar popula-
tions contributing to the Sagittarius stream. We first use the
red-giant branch (RGB) stars to find a spread in metallicity,
as follows. First, we selected stars inside a region defined by
95° < A < 115° and —5° < B < 5° (ON region; left-hand
panel of Fig. 1). The more restricted range in B is meant to
further reduce sky coverage effects and to avoid any possi-
ble contamination by the faint branch. Using these stars, we
have constructed and decontaminated a Hess diagram repre-
sentative of the Sagittarius stream. The left-hand and mid-
dle panels of Fig. 3 show the Hess diagrams for the ON and
OFF regions, respectively. They contain 185558 and 117 860
stars (within an isochrone filter!), respectively. These re-
gions are from approximately the same Galactic latitude (see
right-hand panel of Fig. 1). The decontaminated Hess dia-
gram shown in the right-hand panel of Fig. 3 was calculated

4 The isochrone filter is constructed by using the best-fitting
isochrone determined for mean colour values (see Fig. 3). For
isochrone filter details, we refer to Luque et al. (2016).

MNRAS 000, 1-13 (2015)

as the difference between the Hess diagrams of the ON and
OFF regions weighted by their respective areas. It contains a
total of 87810 stars. We use the HEALPIX software to deter-
mine the effective area in each region. In the decontaminated
Hess diagram we can identify MS, RGB, and some younger
population stars.

We select stars within the decontaminated CMD region
defined by 0.4 < g—r < 0.8 and 19.3 < ¢g < 20.5. For each in-
terval of ~ 0.4 mag along the CMD, we count stars as a func-
tion of colour and use PYTHON package scipy.optimize® to fit
a Gaussian distribution to determine the mean colour value
and the associated standard deviation. The peak and 1o de-
viations from it are shown as the black and red dots in the
right-hand panel of Fig. 3. We then choose a set of PARSEC
isochrone (Bressan et al. 2012) models that visually agree
with the RGB mean and associated 1o colours resulting
from the Gaussian fits as well as the observed main sequence
turn-off (MSTO) and MS loci. This is done by imposing the
following restrictions to the isochrones: (i) the model age
and metallicity must respect the tight age-metallicity rela-
tion by De Boer et al. (2015) and (ii) a single distance must
be used for the three sets of points along the RGB, MS and
MSTO loci.

The best-fitting isochrones for the mean values and
standard deviations (as described above) are shown in Fig. 3.
Our results show that the stream population is old but dis-
plays a significant metallicity spread. While the peak RGB
locus is consistent with [Fe/H] = —1.34, their redder and
bluer ends are more metal-rich ([Fe/H] = —0.98) and metal-
poor ([Fe/H] = —2.18), respectively. The metallicity spread
found in this analysis is also much larger than the photo-
metric errors (og—, ~ 0.01 for RGB stars at g ~ 20) and

5 http://docs.scipy.org/doc/scipy-0.17.0/reference/optimize. html
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uncertainty in calibration® [A(g — 7) = 0.013 for the ON
region], which again attests to its reality. However, metal-
licity determinations in the literature (Koposov et al. 2012;
De Boer et al. 2015) suggest that the Sagittarius stream in
the Stripe 82 region contains more metal-rich stars than our
determinations.

3.3 Distance gradient

Distance determinations for different regions of the Sagit-
tarius stream in the northern Galactic hemisphere were
performed by different authors (e.g, Belokurov et al. 2006;
Correnti et al. 2010). Recent studies of the Sagittarius
stream in the southern Galactic hemisphere were performed
by Koposov et al. (2012) and Slater et al. (2013). Using
SDSS Data Release 8, Koposov et al. (2012) determined a
distance gradient from 22.08 (A ~ 97°5) to 27.2kpc (A ~
112°5), whereas Slater et al. (2013), using Pan-STARRS
data, determined a distance gradient from 29.5 (A ~ 102°)
to 33.1kpc (A ~ 110°). We note a discrepancy in determin-
ing the distance gradient between the two groups. While it
is true that both groups use red clump (RC) stars to deter-
mine the distance gradient along of the Sagittarius stream,
the difference lies in the absolute magnitude value assumed

6 The uncertainty in calibration was determined by compar-
ing the SLR calibration for Y2Q1 against external catalogues
(2MASS and AAVSO Photometric All-Sky Survey, APASS-DR9).
The latter transformed to DES filters.

in these determinations. To compare our results with the lit-
erature, we show only results within our region of analysis,
95° < A < 115°. In this section, we perform an indepen-
dent estimate of the distance gradient along the Sagittarius
stream in the southern Galactic hemisphere, so as to com-
pare it to those previous studies.

For each interval of 2°5 in A, we construct a Hess di-
agram along the Sagittarius stream (ON region; left-hand
panel of Fig. 1), eight in total. To decontaminate each one
of the Hess diagrams by removing the background stars,
we first divide the OFF region in subregions approximately
equal to those used in ON region, maintaining the same
Galactic latitude. We then follow the same procedure de-
scribed in Section 3.2. The results are shown in Fig. 4.

We estimated the distance gradient along the stream
as follows. For each interval in A (see the text above), we
first select CMD stars with 0.4 < g —r < 0.8. For two in-
tervals of magnitude, we count stars as a function of colour
and fit a Gaussian distribution to determine the mean colour
value (u). The choice of only two intervals of magnitude is
due to low statistics of RGB stars present in all the CMDs.
By applying this restriction, we obtain ~ 150 stars in each
magnitude interval. The peak values are shown as black
solid dots in Fig. 4. We then use a set of PARSEC isochrone
(Bressan et al. 2012) models that visually fit the RGB mean
values resulting from the Gaussian fits as well as the ob-
served MSTO and MS loci. This is done by again imposing
the restriction that the model age and metallicity respect the
age—metallicity relation by De Boer et al. (2015). The best-
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fitting isochrones using the method described above are su-
perposed on to the decontaminated Hess diagrams (Fig. 4).
Our best-fitting isochrones show a distance gradient along
the Sagittarius stream from ~ 23kpc for 95° < A < 97°5
and ~ 29kpc for 1125 < A < 115°. We estimate dis-
tance uncertainties in each A interval by varying the age and
metallicity of the PARSEC isochrones around the best fitting
case (but still bound to the same age-metallicity relation)
and redoing the visual isochrone fit. We estimate a mean
distance uncertainty of +0.3 kpc. Therefore, our results are
in agreement with those obtained by Koposov et al. (2012).

To quantify the effect of the distance gradient along
the stream on the metallicity spread (see Section 3.2), we
overplotted in Fig. 3 the same isochrone model that best fits
the —1o Gaussian locus ([Fe/H] = —2.18, log(Age) = 10.12;
dots shown on the blue side of the RGB locus), but now
shifted to (m — M)o = 17.31 = 29kpc (dot-dashed line).
This distance corresponds to the maximum value determined
in the analysis of the distance gradient. We conclude that
a variation in distance as large as is inferred in this section
does not account for the observed colour spread on the RGB
(see Fig. 3).

4 SUBSTRUCTURE SEARCH AND OBJECT
DETECTION

Many more than 17 objects were selected by our com-
pact overdensity search techniques, stellar density maps,
likelihood-based search and SPARSEX. Only 17 of them have
been published” (Bechtol et al. 2015; Drlica-Wagner et al.
2015; Luque et al. 2016). A careful reanalysis of the promis-
ing candidates detected by the SPARSEX code has revealed
two new candidate stellar systems in addition to those re-
ported by Drlica-Wagner et al. (2015, see discussion in the
next section). In this section, we briefly review SPARSEX.

The SPARSEX code is an overdensity detection algo-
rithm, which is based on the matched-filter (MF) method
(Balbinot et al. 2011; Luque et al. 2016). Briefly, we begin
by binning stars into spatial pixels of 1.0 arcmin X 1.0 arcmin
and colour-magnitude bins of 0.01 mag x 0.05 mag. We then
create a grid of simple stellar populations (SSPs) with
the code GENCMD®. We use GENCMD along with PARSEC
isochrones (Bressan et al. 2012) and an initial mass func-
tion (IMF) of Kroupa (2001). We simulate several SSPs in
a range of ages [9.0 < log(Age) < 10.2], metallicities (Z =
{0.0002, 0.001,0.007}) and distance (10 < D < 200kpc).
To account for local variations in the background CMD, we
partition the sky into 10° x 10° regions. We then apply SPAR-
SEX on the stellar catalogue in every sky region using the grid
of the SSPs. This procedure generates one density map for
each SSP model within a sky region.

To search for stellar clusters and dwarf galaxies, we con-
volved the set density maps with Gaussian spatial kernels of

7 Thus far, spectroscopic observations have confirmed that Retic-
ulumII (Koposov et al. 2015b; Simon et al. 2015; Walker et al.
2015), HorologiumI (Koposov et al. 2015b) and Tucanall
(Walker et al. 2016) are indeed dwarf galaxies.

8 https://github.com/balbinot/gencmd
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different sizes?, from ¢ = 0 (no convolution) to 9arcmin.
To automatically detect overdensities in each map, we use
the SEXTRACTOR code (Bertin & Arnouts 1996). Finally, we
selected stellar object candidates based on two criteria: (1)
according to the number of times that the SSP models are
detected. In this case, the 10 highest ranked candidates in
each region of the sky and each convolution kernel were visu-
ally analysed. (2) According to the statistical significance of
the excess number of stars relative to background: we built a
significant profile in a cumulative way, in incremental steps
of 1.0 arcmin in radius, centred on each candidate. We then
applied a simple cut in significance. All candidates with sig-
nificance thresholds > 50 were visually analysed to discard
artificial objects as well as contamination by faint galaxies
(Luque et al. 2016).

Applying the method described above on DES Y2Q1
data, we successfully recovered with high significance all
19 stellar objects that have been recently reported in
DES data (Bechtol et al. 2015; Drlica-Wagner et al. 2015;
Kim et al. 2015; Kim & Jerjen 2015b; Koposov et al. 2015a;
Luque et al. 2016). Additionally, we detected two new can-
didate stellar systems potentially associated with the Sagit-
tarius stream, DES J0111—-1341 and DES J02254-0304. The
physical properties derived for DES J0111—1341 reveal that
this candidate is consistent with being an ultrafaint stellar
cluster, whereas DES J0225+4-0304 is more consistent with
being a dwarf galaxy candidate (see discussion in the next
section).

5 DESJ0111-1341 AND DES J0225+0304

DESJ0111—-1341 and DES J02254-0304 were detected with
high statistical significance, 8.2¢0 and 7.50, respectively. A
Test Statistic (TS) for these candidates was also determined
in an independent manner. The TS is based on the like-
lihood ratio between a hypothesis that includes an object
versus a field-only hypothesis (Bechtol et al. 2015, Equation
4). This analysis has revealed a TS ~ 15 (~ 40) for both
candidates. We do not observe an obvious overdensity of
sources classified as galaxies, which reduces the possibility
that the detected overdensities are caused by misclassified
faint galaxies.

We use the maximum likelihood technique to deter-
mine the structural and CMD parameters. To estimate the
structural parameters, we assume that the spatial distri-
bution of stars of both objects follow an exponential pro-
file model. Following the convention of Martin et al. (2008),
we parametrize this model with six free parameters: cen-
tral coordinates agp and dp, position angle 0, ellipticity e,
exponential scale radius 7. and background density Xigq.
For CMD fits, we first weighted each star by the mem-
bership probability p taken from the exponential density
profile (Pieres et al. 2016). We then selected all the stars
with a threshold of p > 1% to fit an isochrone model.

9 As mentioned in Luque et al. (2016), our range of spatial kernel
sizes complements those adopted by the other two substructure
search techniques. This range of kernel sizes and all possible com-
binations of parameters, age, metallicity and distance, allows us
to detect compact objects as GCs, as well as extended objects
such as dwarf galaxies.
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Figure 5. Top-left panel: on-sky number density map of stars around DES J0111—1341. Only stars that lie close to the best-fitting
isochrone are included. Top middle panel: similar to previous panel, but now for galaxies. Top-right panel: elliptical significance as a
function of semimajor axis a from the centre of DES J0111—1341. The solid [dashed] line corresponds to isochrone-filtered [not pass the
filter (unfiltered)| stars. Lower-left panel: CMD of stars within an ellipse with semimajor axis a = 2r}, from the centre of DES J0111—1341.
In this and the other two bottom panels, the best-fitting PARSEC isochrone (Bressan et al. 2012) is shown, along with ridge lines meant
to bracket the most likely members. Lower middle panel: CMD of background stars in an elliptical annulus of equal area on the sky
as the previous panel. Lower-right panel: Hess diagram of the CMD difference between stars within a = 2r,, and background stars
(20.0 arcmin < a < 35.0 arcmin). The mean photometric error is shown in the extreme left of each lower panel.

The free parameters age, (m — M) and Z are simultane-
ously determined by this fitting method (for details, see
Luque et al. 2016; Pieres et al. 2016). To explore the pa-
rameter space, we use the EMCEE module for Markov Chain
Monte Carlo (MCMC; Foreman-Mackey et al. 2013)'° sam-
pling. We use MCMC to determine the best-fitting param-
eters for both the exponential profile and isochrone mod-
els. The absolute magnitudes were calculated using the pre-
scription of Luque et al. (2016). The inferred properties of
DES J0111—1341 and DES J022540304 are listed in Table
1.

5.1 DESJ0111-1341

DESJ0111—-1341 is the candidate detected with most sta-
tistical significance (~ 8.2¢) in our sample of promising
candidates. In the top-left panel of Fig. 5, we show the
density map constructed using stars inside the isochrone
filter. For comparison, we show in the top middle panel
the density map of objects classified as galaxies. Note the
prominent stellar overdensity centred on DES J0111—1341.
The top-right panel shows the elliptical significance profile.
It is defined as the ratio of the number of stars inside a
given ellipse and in excess of the background (Nuga), Nobj,

10 http://dan.iel.fm/emcee/current/

to the expected fluctuation in the same background, i.e,
Nobj/\/Nbgd- Nobj = (Nobs — Nbgd), where Ngps is the total
number of observed stars. We build the elliptical significance
profile using cumulative ellipses with semimajor axis a cen-
tred on the object. Nygq is computed within an elliptical an-
nulus at 30 arcmin < a < 34 arcmin from DESJ0111-1341
(Luque et al. 2016). Note that the higher peak of signifi-
cance (PS) is clearly steeper for the filtered stars accord-
ing to our best-fitting isochrone model. In the same fig-
ure, the CMD for DES J0111—1341 is shown in the bottom-
left panel. Only stars inside an ellipse with semimajor axis
a = 2ry are shown. The CMD shows predominantly MS
stars. The bottom middle panel shows the CMD of back-
ground stars contained within an elliptical annulus of equal
area as the previous panel. In both CMDs, we show the
filter based on our best-fitting isochrone (see Luque et al.
2016). The Hess difference between the stars inside an el-
lipse with semimajor axis a = 2r, and background stars
(20.0arcmin < a < 35.0 arcmin), this latter scaled to the
same area, is shown in the bottom right-panel. In Fig. 6, we
show the binned stellar density profile for DES J0111—1341.
The best-fitting exponential model is also overplotted. In
both cases, we took into account the ellipticity of the ob-
ject.

The physical size (rn ~ 4.55pc) of DESJ0111—-1341 is
comparable with the size of GCs associated with the Sagit-
tarius stream [e.g., Terzan7 (r, ~ 5.10 pc) and NGC6715
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Figure 6. Solid points show a binned version of the density pro-
file of DES J0111—1341, constructed in elliptical annuli using the
derived structural parameters from the best-fitting exponential
profile (see Table 1). The error bars are 1o Poisson uncertainties.
The dotted line represent the best-fitting of exponential profile.
The horizontal dashed line shows the background level. The solid
line is the combination of the background level with the exponen-
tial profile.

(rn ~ 6.3pc); Forbes & Bridges 2010; Harris 2010;
Law & Majewski 2010b]. However, its luminosity (My ~
+0.3) is inconsistent with this class of objects [My ~ —5
(Terzan7) and My ~ —10 (NGC6715); Forbes & Bridges
2010; Harris 2010; Law & Majewski 2010b]. Therefore, its
low luminosity and small size place DES J0111—-1341 among
the MW ultrafaint stellar clusters (see size—luminosity
plane, Fig. 9). In particular, its luminosity is comparable
to Kim1 (My ~ +40.3; Kim & Jerjen 2015a). However,
DES J0111—1341 is fainter than DES 1 (Luque et al. 2016),
Koposov 1, Koposov2 (Koposov et al. 2007) and Munioz 1
(Munoz et al. 2012).

5.2 DES J022540304

Figs 7 and 8 show the analogous information as Figs 5 and
6 for DES J0225+0304. The physical size (rn ~ 18.55pc)
and luminosity (My ~ —1.1) place it in an ambiguous re-
gion of size-luminosity space between stellar clusters and
dwarf galaxies (see Fig. 9). DES J02254-0304 is elongated
(e ~ 0.61) and has a physical size similar to an extended
GC or a very small faint dwarf galaxy. In fact, the physi-
cal size, luminosity and ellipticity of DES J02254-0304 are
comparable to the properties of the Tucana V stellar system
(rn >~ 17pc, My ~ —1.6 and € ~ 0.7; Drlica-Wagner et al.
2015).

5.3 Association with the Sagittarius stream

As mentioned in Section 3, DESJ0111-1341 and
DES J02254-0304 are probably associated with the Sagit-
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tarius dwarf stream. Their log(Age), [Fe/H] and D¢, (see
Table 1) are well bracketed by the age, metallicity and
distance ranges determined in Section 3.2 for the stream.
In fact, the inferred ages and metallicities are very similar
for both DES J0111—-1341 and DES J0225+4-0304, and agree
very well with the isochrone fit to the mean RGB colours
of the stream, log(Age) = 10.02, [Fe/H] = —1.34 and
Do = 24.5kpc.

To better explore this association, we estimate the dis-
tance of the two new candidates to the Sagittarius orbital
plane (Do, ). For this purpose, we use the best-fitting Sagit-
tarius orbital plane'! determined by Majewski et al. (2003).
We then obtain a distance of ~ 1.73 and ~ 0.50 kpc for
DES J0111—-1341 and DES J0225+0304, respectively. When
we compare the D, of the new candidates with the
Doy, determined for GCs associated with the Sagittarius
dwarf (Bellazzini et al. 2003, and references therein), we
note that DES J0111—1341 has a Dy, similar to Terzan 7
(~ 1.89kpc), whereas that the Doy, of DES J0225+0304 is
comparable to NGC 6715 (~ 0.45kpc). These results indi-
cate that both DESJ0111—-1341 and DES J0225+0304 are
very close indeed to the Sagittarius plane, something that
strongly increases the likelihood of their association with
the Sagittarius stream. However, there are GCs spatially
compatible with the orbit of Sagittarius (e.g., NCG 4147
and NGC288) but not associated with Sagittarius when
their radial velocities and proper motions are considered
(Law & Majewski 2010b). This suggests that the spectro-
scopic determination of the radial velocity, and the proper
motion of these systems are both crucial to confirm that
association.

We use a random sampling technique to give a sta-
tistical argument for this possible association. For this
purpose, we use the sample of known star clusters and
dwarf galaxies from various recent sources (Harris 2010;
McConnachie 2012; Balbinot et al. 2013; Laevens et al.
2014, 2015b,a; Bechtol et al. 2015; Drlica-Wagner et al.
2015; Koposov et al. 2015a; Kim & Jerjen 2015a; Kim et al.
2015, 2016; Martin et al. 2015; Luque et al. 2016). The null
hypothesis assumes that the stellar systems from our sam-
ple are not associated with the Sagittarius dwarf galaxy, thus
we removed the four GCs confirmed to be associated with
the Sagittarius dwarf (NGC 6715, Arp 2, Terzan 7, Terzan 8).
First we calculate D, for each stellar system. We then ran-
domly selected two systems from the sample, assigning an
equal selection probability to each system. After perform-
ing 10° selections, we estimated a 0.08 probability of finding
two stellar systems with Doy, < 1.73 kpc. While it is true
that this probability value is not negligible, these randomly
drawn pairs of objects are not necessarily as close to the
Sagittarius orbit as our candidates.

6 CONCLUSIONS

In this paper, we report the discovery of two new can-
didate stellar systems in the constellation of Cetus us-
ing DES Y2Q1 data. These objects add to the 19

1 The best-fitting plane was performed by using M-giant stars
detected in 2MASS data (for details, see Majewski et al. 2003).
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Figure 7. Top-left panel: on-sky number density map of stars around DES J02254-0304. Only stars that lie close to the best-fitting
isochrone are included. Top middle panel: similar to previous panel, but now for galaxies. Top-right panel: elliptical significance as a
function of semimajor axis a from the centre of DES J0225+-0304. The solid [dashed] line corresponds to isochrone-filtered [not pass the
filter (unfiltered)| stars. Lower-left panel: CMD of stars within an ellipse with semimajor axis a = 1r}, from the centre of DES J022540304.
In this and the other two bottom panels, the best-fitting PARSEC isochrone (Bressan et al. 2012) is shown, along with ridge lines meant
to bracket the most likely members. Lower-middle panel: CMD of background stars in an elliptical annulus of equal area on the sky
as the previous panel. Lower-right panel: Hess diagram of the CMD difference between stars within a = 1r, and background stars
(25.0 arcmin < a < 45.0 arcmin). The mean photometric error is shown in the extreme left of each lower panel.

star systems that have been found in the first 2yr
of DES (Bechtol et al. 2015; Drlica-Wagner et al. 2015;
Kim & Jerjen 2015b; Koposov et al. 2015a; Luque et al.
2016). DESJ0111-1341 is a compact (rn ~ 4.55pc)
and ultrafaint (My +0.3) stellar cluster, whereas
DES J022540304 in faint (My ~ —1.1) and has a physi-
cal size (rn ~ 18.55pc) comparable to a very small faint
dwarf galaxy. These new stellar systems appear to be at a
heliocentric distance D) ~ 25kpc.

~

There are several lines of evidence that suggest that our
new candidates are associated with the Sagittarius stream:
(i) they lie on the edges of the Sagittarius stream, as can be
seen in Fig. 1 (red circles). (ii) The CMD parameters (age,
metallicity and distance) determined for these new candi-
dates lie within the metallicity and age range determined
for the Sagittarius stream using the same DES data (Section
3.2). In particular, they are consistent with the parameters
inferred by fitting the mean CMD locus of the stream stars.
(iii) The distances Doyt of our candidates to the Sagittarius
orbital plane, ~ 1.73 kpc (DES J0111—1341) and ~ 0.50 kpc
(DES J02254-0304), are comparable to GCs previously asso-
ciated with the Sagittarius dwarf, more specifically Terzan 7
and NGC 6715 (Bellazzini et al. 2003). Therefore, we spec-
ulate that these candidates are likely associated with the
Sagittarius stream. However, the spectroscopic determina-
tion of the radial velocity and proper motion of these sub-
structures will be very useful to confirm this hypothesis. Fur-

thermore, the dynamic mass, derived from the velocity dis-
persion, will help to confirm the nature of our candidates. If
all of our hypotheses are confirmed, DES J0225+0304 would
be the first ultrafaint dwarf galaxy associated with the Sagit-
tarius dwarf stream. It would also be the first confirmed case
of an ultrafaint satellite of a satellite.

As for the properties of the stream itself, the star count
histograms constructed across the Sagittarius stream show
a possible excess of stars at B ~ 8°. However, this putative
excess is only clearly visible when we use bin sizes of 076 <
AB < 0°7. Therefore, we do not claim a detection of the
branching of the stream. We found no further direct evidence
of additional stream substructures to those already known
to exist.

Finally, decontaminated Hess diagrams of the Sagit-
tarius stream allowed us to determine a metallicity spread
(—=2.18 < [Fe/H] < —0.95) as well as a distance gradient
(23kpc < D < 29kpc). This suggests that the stream is
composed of more than one stellar population. Our deter-
mination of distance gradient is consistent with those deter-
mined by Koposov et al. (2012). However, metallicity de-
terminations in the literature suggest that the stream in
the celestial equator contains more metal-rich stars than
those determined in this work (see, e.g., Koposov et al. 2012;
De Boer et al. 2015).
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Figure 8. Solid points show a binned version of the density pro-
file of DES J0225+0304, constructed in elliptical annuli using the
derived structural parameters from the best-fitting exponential
profile (see Table 1). The error bars are 1o Poisson uncertainties.
The dotted line represent the best-fitting of exponential profile.
The horizontal dashed line shows the background level. The solid
line is the combination of the background level with the exponen-

tial profile.

Table 1. Properties of DES J0111—1341 and DES J0225+0304

Parameters DESJ0111-1341  DES J022540304 Unit
a0 (J2000)  01:11:10.3%049  02:25:42.471%2  him:s
80 (J2000)  —13:41:05.4757%  03:04:10.1F350  °.n.”
l 142.83 163.58 deg

b ~75.79 —52.20 deg
A 86.61 111.02 deg
B -3.97 1.24 deg
G —53.2413%70 31.25771-38 deg

‘ 0.270 0 0.617) 11

Sog 10107 01 LeToTh 00 e
Do 26.57 13 23.870% kpc
m® 0.59J_rg:}; 2.681“(1):?3 arcmin
Th 4.55T 0 53b 18.5515 22¢ pc
My +0.370% ~1.1795 mag
Do, ~1.73 ~ 0.50 kpc
[Fe/H]? ~1.387007 ~1.267003

log(Age) 10.0670-02 10.0770:0

(m— M)o 171270 16.88%0°05

Notes. “Using the relation, r,, = 1.68r. (Martin et al. 2008).
b Adopting a distance of 26.5 kpc.

¢Adopting a distance of 23.8 kpc.

4Adopting Zg = 0.0152 (Bressan et al. 2012).

In the future, DES will acquire additional imaging data
in this region, allowing even more significant studies of the
region in which the Sagittarius stream crosses the equator.
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Figure 9. Absolute magnitude as a function of half-light ra-
dius. MW GCs (‘4+’ symbols; Harris 2010), outer halo clus-
ters with ambiguous classification (‘x’ symbols; Koposov et al.
2007; Belokurov et al. 2010; Mufioz et al. 2012; Balbinot et al.
2013; Laevens et al. 2014, 2015b; Kim & Jerjen 2015a; Kim et al.
2015, 2016; Luque et al. 2016), MW dwarf galaxies (blue
squares; McConnachie 2012), M 31 dwarf galaxies (blue trian-
gles; McConnachie 2012), previously reported dwarf galaxy can-
didates in the DES footprint (red circles; Bechtol et al. 2015;
Drlica-Wagner et al. 2015), other recently reported dwarf galax-
ies (green diamond; Kim & Jerjen 2015a; Laevens et al. 2015a,b;
Martin et al. 2015; Torrealba et al. 2016), and DES new can-
didates (red stars) are shown. Note that DESJ0111-1341
clearly lies inside the region inhabited by ultrafaint stellar
clusters, whereas DES J02254+0304 occupies the ambiguous re-
gion between stellar clusters and dwarf galaxies. The dashed

¢

lines indicate contours of constant surface brightness at p =
{25, 27.5, 30} mag arsec™2.
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