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Table 1. Detection of new satellite galaxy candidates in DES Y1A1

Name ↵
2000

�
2000

m � M Map Sig TS Scan TS Fit rh ✏ � ⌃pi
(deg) (deg) (�) (deg) (deg)

DES J0335.6-5403 (Ret II) 53.92 -54.05 17.5 24.6 1466 1713 0.10+0.01
�0.01 0.6+0.1

�0.2 72+7

�7

338.1

DES J0344.3-4331 (Eri II) 56.09 -43.53 22.6 23.0 322 512 0.03+0.01
�0.01 0.19+0.16

�0.16 90+30

�30

96.9

DES J2251.2-5836 (Tuc II) 343.06 -58.57 18.8 6.4 129 167 0.12+0.03
�0.03 – – 114.9

DES J0255.4-5406 (Hor I) 43.87 -54.11 19.7 8.2 55 81 0.04+0.05
�0.02 – – 30.6

DES J2108.8-5109 (Ind I) 317.20 -51.16 19.2 5.5 – 75 0.010+0.002
�0.002 – – 26.6

DES J0443.8-5017 (Pic I) 70.95 -50.28 20.5 7.1 – 63 0.02+0.07
�0.01 – – 19.1

DES J2339.9-5424 (Phe II) 354.99 -54.41 19.9 5.1 – 61 0.02+0.01
�0.01 – – 19.4

DES J0222.7-5217 (Eri III) 35.69 -52.28 19.9 5.4 – 57 0.007+0.005
�0.003 – – 8.9

Note. — Best-fit parameters from the maximum-likelihood fit assuming the composite isochrone described in Section 3.2. Uncertainties are

calculated from the the highest density interval containing 90% of the posterior distribution. “Map Sig” refers to detection significance of the

candidate from the stellar density map search method (Section 3.1). “TS Scan” refers to the significance (Equation 4) from the likelihood scan

using a Plummer model spatial kernel with half-light radius rh = 0.�1 (Section 3.2). “TS Fit” denotes the significance of the likelihood method

using the set of best-fit parameters. Ellipticities and position angles are not quoted for lower significance candidates where they are not well

constrained by the data. ⌃pi is the estimated number of satellite member stars with g < 23 in the stellar catalog.

Fig. 2.— Left : False color gri coadd image of the 0.

�3 ⇥ 0.

�3 region centered on DES J0335.6

�5403. Right : Stars in the same field of view with membership probability pi > 0.01 are marked

with colored circles. In this color map, red signifies high-confidence association with DES J0335.6

�5403 and blue indicates lower membership probability. The membership probabilities have been

evaluated using Equation (2) for the best-fit model parameters listed in Table 1.
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BEASTS OF THE SOUTHERN WILD. DISCOVERY OF A LARGE NUMBER OF ULTRA FAINT SATELLITES
IN THE VICINITY OF THE MAGELLANIC CLOUDS.

Sergey E. Koposov, Vasily Belokurov, Gabriel Torrealba, and N. Wyn Evans
Institute of Astronomy, Madingley Road, Cambridge CB3 0HA, UK

(Dated: March 11, 2015)
Submitted 20 Feb 2015

ABSTRACT

We have used the publicly released Dark Energy Survey data to hunt for new satellites of the Milky
Way in the Southern hemisphere. Our search yielded a large number of promising candidates. In this
paper, we announce the discovery of 9 new unambiguous ultra-faint objects, whose authenticity can be
established with the DES data alone. Based on the morphological properties, three of the new satellites
are dwarf galaxies, one of which is located at the very outskirts of the Milky Way, at a distance of
380kpc. The remaining 6 objects have sizes and luminosities comparable to the Segue 1 satellite and
can not be classified straightforwardly without follow-up spectroscopic observations. The satellites
we have discovered cluster around the LMC and the SMC. We show that such spatial distribution
is unlikely under the assumption of isotropy, and, therefore, conclude that at least some of the new
satellites must have been associated with the Magellanic Clouds in the past.
Keywords: Galaxy: halo, galaxies: dwarf, globular clusters: general, galaxies: kinematics and dynam-

ics

1. INTRODUCTION

Currently, there are no strong theoretical predictions
as to the luminosity function and the spatial distribution
of the Galactic dwarf companions. In other words, to-
day’s semi-analytic models are so flexible they can easily
produce any number of Milky Way (MW) satellites: from
a few tens up to several thousands (e.g. Koposov et al.
2009). Similarly, a large range of spatial arrangements
is possible: from nearly isotropic to strongly planar (e.g.
Bahl & Baumgardt 2014). This is why to improve our
understanding of the physics of the Universal structure
formation on small-scales we look to observations. How-
ever, to date, only a third of the sky has been inspected.
The Sloan Digital Sky Survey (SDSS) has demonstrated
the power of deep wide-area imaging to fuel resolved stel-
lar populations studies of the Galactic halo. The analysis
of the SDSS data covering only 1/5 of celestial sphere has
more than doubled the number of the known Galactic
dwarf satellites (see e.g. Willman 2010; Belokurov 2013).
Recently, both PanSTARRS and VST ATLAS have ex-
panded the surveyed region significantly, but found little
of the wealth they came to seek (Laevens et al. 2014;
Belokurov et al. 2014).
The SDSS discoveries extended the dwarf galaxy

regime to extremely low luminosities and sizes. As a re-
sult of adding these new faint surface-brightness objects
(known as ultra-faint dwarfs, UFDs) to the panoply of
Milky Way companions, it has been revealed that there
appears to be a gap in the distribution of effective radii
between Globular Clusters and dwarfs which extends
across a large range of luminosities. In the absence of
a working definition of a galaxy, an ad hoc combination
of morphological, kinematic and chemical properties is
required to be classified as one. Therefore, some objects
that live dangerously close to the notional gap may risk
misclassification. These faintest of the UFDs are only

koposov@ast.cam.ac.uk,vasily@ast.cam.ac.uk

detectable with surveys like SDSS out to a small frac-
tion of the MW virial radius. As a result, their total
number in the Galaxy must be reconstructed under the
assumption of the shape of their galactocentric radial dis-
tribution. Given that only a handful of such objects are
known today, their radial profile is not observationally
constrained. However, if it is assumed that the faintest
of the UFDs are linked to the small-mass field dark mat-
ter (DM) sub-halos, their distribution can be gleaned
from Cosmological zoom-in simulations. This is an ex-
ample of so-called sub-halo abundance matching which
predicts that the bulk of the Galactic dwarf galaxy pop-
ulation is in objects with luminosities MV < −5. The
details of the semi-analytic calculations may vary but
the result remains most astounding: there ought to be
hundreds of galaxies with MV ∼ −1, if the faintest of the
UFDs occupy field DM sub-halos (see e.g. Tollerud et al.
2008; Bullock et al. 2010).
It is, however, possible that the smallest of the UFDs

may have been acquired via a different route. It has been
suggested that some of these objects may have been ac-
creted as part of a group (see e.g. Belokurov 2013). In
the case of the UFD Segue 2 for example, the group’s
central object appears to have been destroyed and can
now be detected only as tidal debris in the MW halo
(Belokurov et al. 2009; Deason et al. 2014). In this sce-
nario, the satellites of satellites survive (unlike their pre-
vious host) in the MW halo, but their spatial distribu-
tion should differ dramatically from that predicted for
the accreted field sub-halos. Not only the radial density
profile is modified, the satellites’ morphological proper-
ties might have been sculpted by the pre-processing (see
e.g. Wetzel et al. 2015). Thus, the total numbers of the
UFDs would be biased high if estimated through sim-
ple abundance matching calculation, while their spatial
anisotropy would be greatly under-estimated.
On the sky, the remaining uncharted territory lies be-

neath declination δ = −30◦ and is currently being ex-
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ABSTRACT

We present the discovery of a faint Milky Way satellite, Laevens 2/Triangulum II, found in the
Panoramic Survey Telescope And Rapid Response System (Pan-STARRS 1) 3 π imaging data and
confirmed with follow-up wide-field photometry from the Large Binocular Cameras. The stellar sys-
tem, with an absolute magnitude of MV = −1.8 ± 0.5, a heliocentric distance of 30+2

−2 kpc, and a
half-mass radius of 34+9

−8 pc, shows remarkable similarity to faint, nearby, small satellites such as Will-
man 1, Segue 1, Segue 2, and Boötes II. The discovery of Laevens 2/Triangulum II further populates
the region of parameter space for which the boundary between dwarf galaxies and globular clusters
becomes tenuous. Follow-up spectroscopy will ultimately determine the nature of this new satellite,
whose spatial location hints at a possible connection with the complex Triangulum-Andromeda stellar
structures.
Subject headings: Local Group — Milky Way, satellites, streams: individual: Laevens 2/Triangulum II

1. INTRODUCTION

The last couple of decades saw the discovery of nu-
merous satellites in the Milky Way (MW) halo. While
the Sloan Digital Sky Survey (SDSS (York et al. 2000))
satellite discoveries have provided us with greater ob-
servational constraints in our backyard, especially to
understand the faint end of galaxy formation in the
preferred cosmological paradigm of ΛCDM (Belokurov
2013), they have also led to debates about the na-
ture of the faintest satellites (Gilmore et al. 2007). It
has become apparent that the previously clear distinc-
tion between the compact globular clusters (GCs) and
the brighter, more extended, and dark-matter domi-
nated dwarf galaxies (DGs), blurs out for faint systems
(Willman & Strader 2012). This is exemplified by the
discoveries of Willman 1 (Wil1; Willman et al. 2005) and
Segue 1 (Seg1; Belokurov et al. 2007), followed up by
those of Boötes II (BooII; Walsh et al. 2007), and Segue 2
(Seg2; Belokurov et al. 2009), all nearby satellites within
25–45 kpc, and just slightly larger than extended outer
halo GCs. At the same time, these systems are fainter
than most GCs and all the other DGs. Theoretical expec-
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tations show that these objects could well be the faintest
DGs and that tens or hundreds of DGs with these prop-
erties could populate the Milky Way halo (Tollerud et al.
2008; Hargis et al. 2014). As of yet, just two objects have
been found in the PS1 survey (Laevens et al. 2014), re-
inforcing the tension between theory and observations
(Klypin et al. 1999).Only the closest DGs would be de-
tected with current photometric surveys (Koposov et al.
2007; Walsh et al. 2009). Spectroscopic studies do show
that the faint systems found so far are dynamically hotter
than their mere stellar content would imply, hinting that
they are indeed DGs (Martin et al. 2007; Willman et al.
2011; Simon et al. 2011; Kirby et al. 2013). However, the
low velocity dispersion of these satellites (< 4 km s−1),
combined with the possibly large impact of binaries
(McConnachie & Côté 2010), the complexity of disentan-
gling member stars from foreground contaminants, and
the overall dimness of their member stars renders any
definite conclusion difficult.
Here, we present the discovery of another faint MW

satellite, Laevens 2/Triangulum II 9 , with very similar
photometric properties to Wil1, Seg1, BooII, and Seg2.
The new system was found in our ongoing effort to mine
the Pan-STARRS 1 (PS1) 3π survey for localized stel-
lar overdensities. This letter is structured as follows: in
section 2, we describe the PS1 survey along with the de-
tection method that led to the discovery. We continue
by discussing follow-up imaging obtained with the Large
Binocular Cameras in section 3. We discuss the nature
of the satellite and its implication in section 4. In the
final section, we summarize and conclude our results.
In this paper, magnitudes are dereddened using the

Schlegel et al. (1998) maps, adopting the extinction co-

9 In the absence of spectroscopic confirmation, we wish to remain
agnostic about the nature of this object and therefore propose a
double name. For future reference in this paper, we abbreviate to
Lae 2/Tri II.

ar
X

iv
:1

50
3.

06
21

6v
1 

 [a
st

ro
-p

h.
G

A
]  

20
 M

ar
 2

01
5

Draft version March 24, 2015
Preprint typeset using LATEX style emulateapj v. 5/2/11
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ABSTRACT

We present the discovery of a new dwarf galaxy, Hydra II, found serendipitously within the data
from the ongoing Survey of the Magellanic Stellar History (SMASH) conducted with the Dark Energy
Camera on the Blanco 4m Telescope. The new satellite is compact (rh = 68 ± 11 pc) and faint
(MV = −4.8± 0.3), but well within the realm of dwarf galaxies. The stellar distribution of Hydra II
in the color-magnitude diagram is well-described by a metal-poor ([Fe/H] = −2.2) and old (13 Gyr)
isochrone and shows a distinct blue horizontal branch, some possible red clump stars, and faint stars
that are suggestive of blue stragglers. At a heliocentric distance of 134± 10 kpc, Hydra II is located
in a region of the Galactic halo that models have suggested may host material from the leading arm
of the Magellanic Stream. A comparison with N-body simulations hints that the new dwarf galaxy
could be or could have been a satellite of the Magellanic Clouds.
Subject headings: dwarf galaxy: individual: Hydra II — Local Group — Magellanic Clouds
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1. INTRODUCTION

Our view of the Milky Way satellite system has thor-
oughly changed over the last decade, thanks to system-
atic CCD surveys of large swathes of the sky. Explo-
rations of the Sloan Digital Sky Survey (SDSS) first
revealed that dwarf galaxies extend to a much fainter
regime than previously thought (e.g., Willman et al.
2005) and more than doubled the number of known
Milky Way dwarf galaxies from data mainly covering the
North Galactic Cap (e.g., Belokurov et al. 2007). Spec-
troscopic surveys (e.g., Muñoz et al. 2006; Martin et al.
2007; Simon & Geha 2007) confirm the dwarf galaxy na-
ture of these systems by demonstrating them to be kine-
matically hotter than implied by their stellar content —
which can be as low as only a few hundred solar lumi-
nosities (Martin et al. 2008).
More recently, a cohort of faint satellites, most of them

likely dwarf galaxies, was found within the first year
data from the Dark Energy Survey (Bechtol et al. 2015;
Koposov et al. 2015). Although these data only cover
1,800 deg2 of the southern Galactic cap to the north of
the Magellanic Clouds, they revealed 9 new stellar sys-
tems. The majority of these new systems have distances
that hint that they likely are, or were, associated with
the Clouds.
Within the ΛCDM cosmology, the Milky Way is ex-

pected to grow hierarchically by accreting groups of
smaller galaxies over time (e.g., Li & Helmi 2008) and
it is therefore not unexpected that the Large Magel-
lanic Cloud (LMC) would be in the process of shedding
its satellites in the Milky Way halo (D’Onghia & Lake
2008). In fact, comparisons with simulations show that
the majority of current Milky Way satellites, especially
the fainter ones, could have been accreted as satellites of
larger dwarf galaxies (Wetzel et al. 2015). These group
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ABSTRACT

We report the discovery of an ultra-faint Milky Way satellite galaxy in the constellation of Pegasus.
The concentration of stars was detected by applying our overdensity detection algorithm to the SDSS-
DR 10 and confirmed with deeper photometry from the Dark Energy Camera at the 4-m Blanco
telescope. Fitting model isochrones indicates that this object, Pegasus III, features an old and metal-
poor stellar population ([Fe/H]⇠ �2.1) at a heliocentric distance of 205 ± 20 kpc. The new stellar
system has an estimated half-light radius of rh = 110±6 pc and a total luminosity of MV ⇠ �4.1±0.5
that places it into the domain of dwarf galaxies on the size–luminosity plane. Pegasus III is spatially
close to the MW satellite Pisces II. It is possible that the two might be physically associated, similar
to the Leo IV and LeoV pair. Pegasus III is also well aligned with the Vast Polar Structure, which
suggests a possible physical association.
Subject headings: Local Group – Milky Way, satellites: individual: Pegasus III

1. INTRODUCTION

Following the Sloan Digital Sky Survey (York et al.
2000), more recent wide-field imaging surveys such as the
Stromlo Milky Way Satellite survey (Jerjen 2010), the
Dark Energy Survey (The Dark Energy Survey Collab-
oration 2005), the Pan-STARRS 3⇡ Survey (K. Cham-
bers et al., in preparation), and the Survey of the Magel-
lanic Stellar History (SMASH; PI D. Nidever) have been
revealing new Milky Way companions including satel-
lite galaxies (Koposov et al. 2015; Bechtol et al. 2015;
Laevens et al. 2015; Martin et al. 2015) and star clus-
ters (Belokurov et al. 2014; Laevens et al. 2014; Kim &
Jerjen 2015; Kim et al. 2015). The new Milky Way com-
panions, many of which are in the southern sky, share the
properties of previously discovered ultra-faint stellar sys-
tems, such as low luminosities (�8 . MV . �1.5) (Mar-
tin et al. 2008) and low metallicities [Fe/H]< �2 (Kirby
et al. 2008; Norris et al. 2010; Simon et al. 2011; Koch &
Rich 2014).
In this letter we report the detection of the new ultra-

faint Milky Way satellite Pegasus III found in SDSS Data
Release 10 and confirmed with deep DECam imaging
(Sections 2 & 3). Peg III appears to be located at a
heliocentric distance of ⇠ 205 kpc and have a half-light
radius of ⇠ 110 pc (Section 4). In the last section we dis-
cuss the possible origin of the new satellite galaxy and
conclude our results.

2. DISCOVERY

The SDSS is a photometric and spectroscopic survey
in the ugriz photometric bands to a depth of r ⇠ 22.5
magnitudes (York et al. 2000). Data Release 10 (DR10),
publicly available on the SDSS-III Web site1, covers
14, 555 deg2 mostly around the north Galactic pole (Ahn
et al. 2014).
The new object was first flagged by our detection algo-

rithm in the search for stellar overdensities over the exist-

dongwon.kim@anu.edu.au
1 http://www.sdss3.org/dr10/

ing SDSS catalog as described in Walsh et al. (2009) and
Kim & Jerjen (2015). Briefly, we used isochrone masks
based on the PARSEC stellar evolution models (Bres-
san et al. 2012) as a photometric filter to enhance the
presence of old and metal-poor stellar populations rela-
tive to the Milky Way foreground stars. We then binned
the R.A., DEC. positions of the filtered stars and con-
volved the density-map with a Gaussian kernel. Based
on the density-map, we calculate the signal to noise ra-
tios (S/Ns) of potential overdensities and measure their
significance by comparing their S/Ns to those of ran-
dom clusters in the residual background. Moving the
isochrone masks over a range of distance moduli (m�M)
between 16 and 22 magnitudes, this process is repeated
with di↵erent scales of bins and Gaussian kernels.
With this algorithm, we recovered all of the previously

known MW companions in the SDSS coverage and found
a few more promising candidates, one of which was re-
ported in Kim & Jerjen (2015). The new object was
detected with a significance of ⇠ 7� in the constellation
of Pegasus.

3. FOLLOW-UP OBSERVATIONS AND DATA REDUCTION

Deeper follow-up observations of the Peg III field were
conducted on during the night of 17th July 2014 using
the Dark Energy Camera (DECam) at the 4-m Blanco
Telescope located at Cerro Tololo Inter-American Ob-
servatory (CTIO) in Chile. DECam imager is equipped
with a focal plane array containing sixty-two 2k ⇥ 4k
CCD detectors with a wide field of view (3.0 square
degrees) and a pixel scale of 0.0027 (unbinned). Un-
der photometric conditions, we obtained 840 s expo-
sures in g and 1050 s in r band, divided over dithered
single exposures of 210 s. The average seeing dur-
ing the observing was 1.003 in the g and 1.001 in the r
band. The single exposure images were fully reduced
and stacked through the DECam community pipeline
(Valdes et al. 2014). We carried out weight-map com-
bination, source extraction and PSF photometry with
the use of WeightWatcher (Marmo & Bertin 2008)
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Reticulum 2

Gamma-rays 1-300 GeV Gamma-ray background model at 8 GeV
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nearest of the new DES dwarfs (30 kpc)
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Fermi isotropic model



100 101 102

Energy [GeV]

10�7

10�6

10�5

E
2
d
F

/d
E

[G
eV

cm
�

2
s�

1
sr

�
1
]

13390
51 33 22

18 11

10 6

1

1

A first look at the gamma-ray signal

  AGS et. al. arXiv:1503.02320

Events within 0.5° 
of Ret2



Need to quantify the significance of the signal (e.g. p-value)

Statistical procedure

Each photon gets a weight

sum over all observed events

Weight of photon is based on: 
!

• Energy 
• Angular separation from 

location of dwarf

{

Qi

T =
X

i2photons

w(Qi)

wQ = log

✓
1 +

sQ
bQ

◆
signal

background

  AGS, Koushiappas, Walker 1410.2242 (PRD accepted)



T =
X

i2photons

w(Qi)

Background modeling

Poisson process background:
• Number of events is a Poisson variable 
• Isotropic within 0.5° of Ret2 
• Event energies are independent draws from some energy spectrum

follows a compound Poisson distribution 
which we can compute exactly
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Empirical background sampling

No assumptions about background
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= Strength of interaction (particle physics)

= Dark matter content of Ret2 (astrophysics)
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FIG. 11: Annihilation cross section limits from the joint analysis of 20 dwarf galaxies. The shaded band is the systematic 1�

uncertainty in the limit derived from many realizations of halo J-profiles of the dwarfs consistent with kinematic data. The
solid line depicts the median of this distribution of limits over the halo realizations. The thin dashed line corresponds to the
benchmark value of the required relic abundance cross section (3 ⇥ 10�26cm3

/s), while the solid horizontal line corresponds
to the detailed calculation of this quantity derived by Steigman et al. [18]. The observed limits are below this latter curve
for masses less than [0, 26, 54] GeV (for annihilation into bb̄), [18, 29, 62] GeV (⌧+

⌧

�), [21, 35, 64] GeV (uū, dd̄, ss̄, cc̄, and gg),
[87, 114, 146] GeV (��), and [5, 6, 10] GeV (e+

e

�), where the quantities in brackets are for the �1�, median, and +1� levels of
the systematic uncertainty band. A machine-readable file tabulating these limits is available as Supplemental Material.

observed test statistic. The signal significance is shown
assuming the two di↵erent background PDFs. An as-
sumption of a Poisson background does not describe the
actual background in many cases and can lead to a mis-
takenly large detection significance.

The di�culty in fitting a multi-component Poisson
background model is illustrated in Fig. 4 of [92]. There,
“blank sky locations” are used to test whether the like-
lihood ratio test statistic is accurately described by an
“asymptotic” �2 distribution. This sampling of blank sky
locations is analogous to the empirical background sam-
pling developed in [48] and employed in the present work.
Ackermann et al. [92] found that the blank sky PDF of
the test statistic deviated from the �2 distribution at

large values of the test statistic. One of the reasons for
the deviation could be that the background model is not
flexible enough to describe the true background. Carl-
son et al. [56] present evidence that unresolved blazars
and radio sources are at least partly responsible for the
insu�ciency of the background treatment used in [92].

The blank sky location sampling of Ackermann et al.
[92, Fig. 4] reduces the tail probability of a TS = 8.7
observation to a local p-value of 0.13. This corresponds
to a significance of 2.2� which can be directly compared
to the values shown in our Figs. 8, 9, and 10. Thus,
when calibrating the detection significance using an em-
pirical sampling of the background, the results of Acker-
mann et al. [92] are closer in line with what we find. We
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Path forward…

1. Gamma-ray data is inconsistent with background

2. Consistent with dark matter annihilation

3. Inconsistent with any other possible source

Dark matter halo of Ret2 
!
Energy spectrum of signal 
!
Other indirect, direct, and collider searches

Population of sources inside Ret2 (pulsars?) 
!
Distant source coincidentally in same direction 
!
Instrumental/data systematics 
!

✓

?? — will know soon

✓

✓
?? — related to (1)

Drlica-Wagner+ (Fermi,DES) 1503.02632 
Hooper & Linden 1503.06209?? 


