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Precise constraints on the dark matter content of Milky Way dwarf galaxies
for gamma-ray experiments
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We examine the prospects for detecting! -rays from dark matter annihilation in the six most promising
dwarf spheroidal (dSph) satellite galaxies of the Milky Way. We use recently measured velocity dispersion
proÞles to provide a systematic investigation of the dark matter mass distribution of each galaxy, and show
that the uncertainty in the! -ray ßux from mass modeling is less than a factor of! 5 for each dSph if we
assume a smooth Navarro-Frenk-White (NFW) proÞle. We show that Ursa Minor and Draco are the most
promising dSphs for! -ray detection with GLAST and other planned observatories. For each dSph, we
investigate the ßux enhancement resulting from halo substructure, and show that the enhancement factor
relative to a smooth halo ßux cannot be greater than about 100. This enhancement depends very weakly on
the lower mass cutoff scale of the substructure mass function. While the amplitude of the expected ßux
from each dSph depends sensitively on the dark matter model, we show that the ßux ratios between the six
Sphs are known to within a factor of about 10. The ßux ratios are also relatively insensitive to the current
theoretical range of cold dark matter halo central slopes and substructure fractions.
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I. INTRODUCTION

In the ! CDM cosmological model, cold dark matter
(CDM) comprises approximately one-fourth of the total
energy density of the Universe [1]. However, the nature of
dark matter remains unknown. Extensions to the standard
model, such as those based on supersymmetry [2,3] and
universal extra dimensions [4], predict the existence of
stable, weakly interacting massive particles (WIMPs)
with mass!" 101Ð104#GeV, which provide excellent can-
didates for cold dark matter. In these models, WIMPs
interact gravitationally as well as weakly, therefore
WIMP annihilation can produce! -ray photons.

Present and next-generation! -ray observatories such as
STACEE [5], HESS [6], MAGIC [7], VERITAS [8],
CANGAROO [9], GLAST [10], and HAWC [11] will
search for the signatures of dark matter annihilation. The
nearest location to search for this signal is the center of the
Milky Way, although uncertain backgrounds from astro-
physical sources would make the clean extraction of such a
signal difÞcult [12Ð14]. Additionally, there is wide empiri-
cal uncertainty as to the shape of the central dark matter
density proÞle, which may have been altered by the growth
of a supermassive black hole [15,16] or any process which
can exchange energy between the baryonic and dark matter
components (e.g. [17Ð19]).

In the case of dwarf spheroidal galaxies (dSphs), astro-
physical backgrounds and baryonic-dark matter interac-
tions are expected to be largely absent. The Milky Way

system contains at least 18 dSphs, which are observed to be
low-luminosity systems with an extent! kpc. Based on
their stellar mass-to-light ratios, dSphs contain of order
O$101Ð102%more mass in dark matter than in visible light
[20] and thus are ideal laboratories for studies that are
sensitive to the distribution of dark matter. Furthermore,
their relative proximity and high galactic longitude and
latitude makes them ideal for high signal-to-noise
detection.

In this paper, we consider the prospects for! -ray detec-
tion from dark matter annihilation in six dSphs of the local
group. The six dSphs are selected because of both their
proximity and estimated masses, the latter of which is
based on the most recent measurements of their velocity
dispersion proÞles. We estimate the range of allowable
distributions of dark matter that satisfy the observed ve-
locity dispersion proÞles, and deduce the! -ray ßux ex-
pected from each dSph. We focus on quantifying the
uncertainty in the predicted ßuxes that comes from the
dark matter density distribution in each system. As part
of this uncertainty, we determine the ßux contribution of
substructure within the dSph dark matter halos.

Past work in the literature considered detecting! -rays
from dark matter annihilation in Milky Way-bound dark
matter halos: dSphs were studied in [14,21Ð24], more
massive galaxies in the local group were considered in
[25], potentially dark subhalos were studied in [26Ð31],
and the prospects of detecting microhalos were explored in
[32,33].

In comparison to previous studies of dSphs, our work is
the Þrst to combine theoretical predictions for CDM halo
proÞle shapes and normalizations with speciÞc dynamical
constraints for each observed system. Though the observed
velocity dispersion proÞles are equally well Þt by both
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ABSTRACT
We use kinematic data from three new nearby, extremely low luminosity Milky Way dwarf galaxies (Ursa Major II,

Willman 1, and Coma Berenices) to constrain the properties of their dark matter halos, and from these we make pre-
dictions for the! -ray ßux from annihilation of dark matter particles in these halos. We show that these! 103 L" dwarfs
are the most dark-matterÐdominated galaxies known, with total masses within 100 pc that are in excess of 106 M" .
Coupled with their relative proximity, their large masses imply that they should have mean! -ray ßuxes that are com-
parable to or greater than those of any other known satellite galaxy of the Milky Way. Our results are robust to both
variations of the inner slope of the density proÞle and the effect of tidal interactions. The ßuxes could be boosted by up
to 2 orders of magnitude if we include the density enhancements caused by surviving dark matter substructure.
Subject headinggs: cosmology: theory Ñ dark matter
Online material:color Þgures

1. INTRODUCTION

The census of the Local Group has changed dramatically in
the last few years. Prior to the turn of the century, there were only
11 known satellite galaxies of the Milky Way (MW), with a dis-
covery rate of roughly one new Local Group satellite per decade
(Mateo 1998). However, the Sloan Digital Sky Survey (SDSS) has
been able to uncover a population of extremely low luminosity
satellite galaxies, which has roughly doubled the number of known
satellites (Willman et al. 2005; Zucker et al. 2006; Belokurov et al.
2007; Irwin et al. 2007; Walsh et al. 2007). Determining how
these new satellites Þt in a given model for dark matter and cos-
mology presents a very exciting theoretical challenge.

The cold dark matter (CDM) model predicts the existence of
hundreds of MW satellites that are expected to host galaxies at
the faint end of the luminosity function (Kauffmann et al. 1993;
Klypin et al. 1999; Moore et al. 1999). The ability of gas to cool
and form stars in these low-mass dark matter halos depends on a
number of complex physical processes, such as supernova feed-
back, the photoionizing background, and mass loss due to tidal
interactions (Dekel & Silk 1986; Cole et al. 1994; Somerville &
Primack 1999; Barkana & Loeb 1999; Bullock et al. 2000; Chiu
et al. 2001; Benson et al. 2002). Despite the broad range of ob-
served luminosities, the dark matter masses for all of the pre-
SDSS satellites are constrained to within a relatively narrow range,
approximately! 1 6 ; 107 M" within their inner 600 pc (Walker
et al. 2007; Strigari et al. 2007a). Understanding this strong lu-
minosity bias at the low-mass end is crucial to deciphering the
formation of these dwarf spheroidal (dSph) galaxies, as well as to
constraining the nature of dark matter.

In this paper we show that three new and nearby members of
the Local Group discovered by the SDSS (Willman 1, Coma

Berenices, and Ursa Major II ) are likely to have masses that are
comparable to those of their more luminous counterparts. Initial
estimates have already shown that these galaxies have mass-to-
light ratios that are similar to or larger than those of the pre-SDSS
dwarfs (Martin et al. 2007; Simon & Geha 2007). With luminos-
ities that are more than 2 orders of magnitude less than those of
the pre-SDSS dwarfs, these new satellites are interesting not only
in the context of galaxy formation at the lowest mass scales, but
also for indirect dark matter detection. The new dwarfs are very
faint, but they contain large amounts of dark matter and are lo-
cated quite nearby, which makes them ideal sites to search for sig-
nals of dark matter annihilation.

Current and future observatories, including space-based ex-
periments, such asGLAST(Ritz et al. 2006), as well as a suite of
ground-based Cerenkov detectors, such as STACEE (Hanna
et al. 2002), H.E.S.S. (Hofmann 2003), MAGIC (Cortina 2005),
VERITAS (Weekes et al. 2002), CANGAROO (Yoshikoshi et al.
1999), and HAWK (Sinnis 2005), will search for the signal of
! -rays from dark matter annihilations. The prospects for! -ray
detection from dark matter in well-known MW satellites with
these observatories has been the subject of many previous studies
(Baltz et al. 2000; Evans et al. 2004; Profumo & Kamionkowski
2006; Bergstrom & Hooper 2006; Strigari et al. 2007b; Sa«nchez-
Conde et al. 2007). All of these systems are interesting targets not
only because of their large mass-to-light ratios, but also because
they are expected to have very low intrinsic! -ray emission. This
is in contrast to the situation at the Galactic center, where astro-
physical backgrounds hinder the prospects of extracting the signal
from dark matter annihilation (Hooper & Dingus 2004). More-
over, the known location of the MW satellites makes a search of
dark matter annihilation well-deÞned, unlike the search of com-
pletely dark substructure, which would rely on serendipitous dis-
covery (Calcaneo-Roldan & Moore 2000; Tasitsiomi & Olinto
2002; Stoehr et al. 2003; Koushiappas et al. 2004; Pieri et al. 2005;
Koushiappas 2006; Diemand et al. 2007; Baltz et al. 2007).

From the mass modeling of the dark matter halos, we pro-
vide the Þrst determination of the! -ray signal from dark matter
from Ursa Major II, Willman 1, and Coma Berenices (ÔÔComaÕÕ
hereafter). These galaxies provide promising targets for! -ray
detection for three reasons: (1) they are the among the closest
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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 -proÞles 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! 26 cm3/ 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 bøb), [18, 29, 62] GeV (" + " ! ), [21, 35, 64] GeV (uøu, d ød, søs, cøc, 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 Þle tabulating these limits is available as Supplemental Material.

observed test statistic. The signal signiÞcance 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 signiÞcance.

The di" culty in Þtting a multi-component Poisson
background model is illustrated in Fig. 4 of [92]. There,
Òblank sky locationsÓ are used to test whether the like-
lihood ratio test statistic is accurately described by an
ÒasymptoticÓ! 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
ßexible 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 signiÞcance of 2.2" which can be directly compared
to the values shown in our Figs. 8, 9, and 10. Thus,
when calibrating the detection signiÞcance using an em-
pirical sampling of the background, the results of Acker-
mann et al. [92] are closer in line with what we Þnd. We
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Table 1
Parameters of the discovered MW satellites.

Name ! " Signif m ! M Dist ! M V r maj r1/ 2 r1/ 2 e PA BF(ell)
[deg] [deg] [mag] [kpc] [mag] [arcmin] [arcmin] [pc] [deg]

Reticulum 2 53 .9256 ! 54.0492 48.5 17.4 30 -2.7± 0.1 3.4± 0.2 3.7± 0.2 32± 1 0.58+0 .03
" 0.03 71± 1 > 1000

Eridanus 2 56 .0878 ! 43.5332 31.5 22.9 380 -6.6± 0.1 1.2± 0.1 1.6± 0.1 172± 12 0.39+0 .07
" 0.07 80± 6 1113

Horologium 1 43 .8820 ! 54.1188 28.4 19.5 79 -3.4± 0.1 0.9± 0.1 1.3± 0.2 30± 3 0.16+0 .12
" 0.12 55± 50 0.35

Pictoris 1 70 .9475 ! 50.2830 17.3 20.3 114 -3.1± 0.3 0.7± 0.2 0.9± 0.2 31± 7 0.39+0 .19
" 0.22 79± 23 1.41

Phoenix 2 354.9975 ! 54.4060 13.9 19.6 83 -2.8± 0.2 0.9± 0.2 1.1± 0.2 27± 5 0.38+0 .18
" 0.19 150± 54 1.81

Indus 1 317.2044 ! 51.1656 13.7 20.0 100 -3.5± 0.2 0.9± 0.3 1.4± 0.4 39± 11 0.22+0 .16
" 0.16 82± 50 0.46

Grus 1a 344.1765 ! 50.1633 10.1 20.4 120 -3.4± 0.3 1.6± 0.6 2.0± 0.7 70± 23 0.37+0 .24
" 0.25 48± 60 1.01

Eridanus 3 35 .6897 ! 52.2837 10.1 19.7 87 -2.0± 0.3 0.6± 0.3 0.7± 0.3 18± 8 0.34+0 .23
" 0.23 89± 36 0.81

Tucana 2 342.9664 ! 58.5683 8.3 19.2 69 -4.4± 0.1 7.3± 1.2 9.9± 1.4 199± 28 0.31+0 .16
" 0.17 106± 22 1.29

aAs this object is located very close to the CCD chip gap,Õ+ its morphological properties should be treated with caution

PSF magnitudes of star-like objects are given by the
MAG_PSFoutput of SExtractor. As an indicator of star-
galaxy separation we use theSPREAD_MODELparame-
ter provided by SExtractor. This is a metric simi-
lar to psfmag-modelmagused by SDSS (see Fig. 1).
A sensible selection threshold for bright stars would
be |SPREAD_MODEL| < 0.003 (Annunziatella et al. 2013),
however for faint magnitudes this cut causes signiÞcant
incompleteness in stars. Therefore, instead we choose to
require:4

|SPREAD_MODEL| < 0.003 + SPREADERR_MODEL(1)

This particular cut ensures that the stellar complete-
ness remains reasonably high at faint magnitudes, while
the contamination is kept low at the same time. The
behaviour of 0.003 + SPREADERR_MODELas a function
of magnitude shown in Figure 1 explains why a Þxed
SPREADERR_MODELthreshold is suboptimal. To assess the
levels of completeness and contamination induced by our
stellar selection, we use a portion of the DES-covered
area of sky overlapping with the CFHTLS Wide survey
(Hudelot et al. 2012). This is a dataset of comparable
depth, for which morphological object classiÞcations are
provided. Figure 2 gives the resulting performance of the
stellar selection procedure in which Equation 1 is applied
to both g and r -band catalogues. In particular, the Fig-
ure gives completeness (black solid histogram) calculated
as the fraction of objects classiÞed as stars by CFHTLS
(their CLASS_STAR> 0.5) which are also classiÞed as stars
by our cuts applied to the DES data. Similarly, con-
tamination can be gleaned from the fraction of objects
classiÞed as galaxies by the CFHTLS but as stars by our
DES cuts (red dashed line). It is reassuring to observe
low levels of contamination all the way to the very mag-
nitude limit of the DES survey. At the same time, com-
pleteness is high across a wide range of magnitudes and
only drops to ! 60% for objects fainter than r ! 22. It
is also worth noting that the star-galaxy separation cri-
teria employed in this work may not be ideally suited for
other studies, as they may have di! erent requirements in
terms of the balance between the completeness and the
contamination.

In the stellar catalogues built using the procedure
described above, the magnitudes are equivalent to the

4 http://1.usa.gov/1zHCdrq

SDSS gri . Consequently, the extinction coe" cients
used are those suitable for the SDSS photometric sys-
tem, while the dust reddening maps employed are from
Schlegel et al. (1998). Note that the depth of the result-
ing catalogues varies somewhat across the DES footprint,
but could be approximately estimated from the source
number counts in g, r , i Þlters. These number counts
peak at magnitudes 23.7, 23.6, 22.9 ing, r , i correspond-
ingly, indicating that the catalogues start to be signiÞ-
cantly a! ected by incompleteness at somewhat brigher
magnitudes g! 23.5, r! 23.4, i! 22.7.

To illustrate the quality of the resulting catalogue, Fig-
ure 3 displays the density of the Main Sequence Turn-
O! (MSTO; 0.2< g" r< 0.6) stars on the sky. The den-
sity of stars with 19< r< 21 (corresponding to distances of
10" 25kpc) is shown in the green channel, more distant
stars with 21< r< 22.75 (corresponding to distances of
25" 56kpc) are used for the red channel, and the nearby
stars with 17< r< 19 (distances of 4" 10 kpc) in the blue
channel. This map is an analog of the ÓField of StreamsÓ
picture by Belokurov et al. (2006). The density distribu-
tion is very uniform thus conÞrming the high precision
and the stability of the photometry as well as the robust-
ness of the star-galaxy separation across the survey area.
The map also reveals some of the most obvious overden-
sities discovered in this work, at least two of which are
visible as bright pixels in the Figure.

3. SEARCH FOR STELLAR OVER-DENSITIES

To uncover the locations of possible satellites lurking
in the DES data, we follow the approach described in
Koposov et al. (2008); Walsh et al. (2009). In short, the
satellite detection relies on applying a matched Þlter to
the on-sky distributions of stars selected to correspond
to a single stellar population at a chosen distance. The
matched Þlter is simply a di! erence of 2D Gaussians,
the broader one estimating the local background density,
while the narrow one yielding the amplitude of the den-
sity peak at the location of the satellite.

We start by taking a catalogue of sources classiÞed as
stars. A sub-set of these is then carved out with either a
set of colour-magnitude cuts or with an isochrone mask
o! set to a trial distance modulus. Then a 2D on-sky
density map of the selected stars is constructed, keeping
the spatial pixel su" ciently small, e.g. 1! on a side. At
the next step, the density map is convolved with a set
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FIG. 1: Energy spectrum of events detected within 0 .5! of
Ret2 (red points), with Poisson error bars. The number of
events detected in each energy bin is shown. Two background
estimates are shown: 1) the sum (solid black) of the Fermi
CollaborationÕs models for isotropic (dashed) and galactic dif-
fuse (dot dash) emission at the location of Ret2, and 2) the
average intensity (gray triangles) within 3306 ROIs that lie
within 10 ! of Ret2 and overlap neither known sources nor the
ROI centered on Ret2.

decade between 0.2 GeV and 300 GeV). The Þg-
ure also shows two estimates of background. First,
the solid black line represents a two-component back-
ground model that is derived by the Fermi col-
laboration (http://fermi.gsfc.nasa.gov/ssc/data/
access/lat/BackgroundModels.html ). It is the sum
of the isotropic spectrum iso source v05.txt (dashed
black line) and the di! use interstellar emission model
gll iem v05 rev1.fit (dot dashed). The latter is aver-
aged over the 1! region surrounding Ret2 (we conÞrmed
that the curve does not change for any choice of radius
within 5 ! ). Second, gray triangles indicate an empirical
estimate of background, showing the average intensity
within 3306 ROIs that fall within 10 ! of Ret2 and do not
overlap with any source masks, the central ROI, or the
boundary of the 10! region (see Fig. 3, right panel). The
two estimates of background show good agreement.Be-
tween 2 GeV and 10 GeV, the spectrum from Ret2 clearly
rises above the expected background.

To derive a detection signiÞcance we employ the follow-
ing method (see [41] for details). Each event in the ROI is
assigned a weightw(E, ! ) based on its energyE and an-
gular separation! from the ROI center. The test statistic
T =

!
w(Ei , ! i ) is the sum of the weights of all events in

the ROI, with larger values of T providing evidence of a
signal. In this approach, the most powerful weight func-
tion for testing the background-only hypothesis is given
by w(E, ! ) = log[1+ s(E, ! )/b(E, ! )], where s(E, ! ) is the
expected number (in a smalldE, d! range) of events due

to dark matter annihilation for the alternative hypothe-
sis (signal) and b(E, ! ) is the expected number from all
other sources (background).

The expected signal depends on the dark matter parti-
cle properties (massM , annihilation cross section!" v"),
the dark matter content of the dwarf galaxy (parame-
terized here by the single quantity J [e.g. 47]), and the
detector response (exposure# and PSF):

s(E, ! )
dEd!

=
!" v"J
8$M 2

dNf (E )
dE

# #(E)PSF(! |E )2$ sin(! ). (1)

For annihilation into a Þnal state f , dNf /dE is the num-
ber of %-rays produced (per intervaldE) per annihilation.
We adopt the annihilation spectra of Cirelli et al. [48],
which include electroweak corrections [49]. Note that the
unknown J value is exactly degenerate with! " v".

We quantify the signalÕs signiÞcance by calculating its
p-value: the probability that background could generate
events with a total weight greater than the one observed
for the ROI centered on Ret2. We also quote Ò" valuesÓ,
CDF" 1(1 $ p), using the standard normal CDF.

First we compute signiÞcance by modeling the back-
ground in the central ROI as an isotropic Poisson process.
This procedure is justiÞed by Ret2Õs location in a quiet
region that is far from known sources and strong gradi-
ents (see Fig. 3, right panel). SpeciÞcally, we assume that
1) the number of background events within 0.5! of Ret2 is
a Poisson variable, 2) background events are distributed
isotropically, and 3) their energies are independent draws
from a given spectrum. Under these assumptions the test
statistic is a compound Poisson variate whose PDF we
can calculate for any weight function and any adopted
background spectrum [41]. There is no assumption that
the PDF follows an asymptotic form such as&2.

We consider four possible energy spectra for the back-
ground b(E, ! ). The Þrst two are sums of the Fermi Col-
laborationÕs isotropic and galactic-di! use models, where
the latter is averaged within either 1! or 2! of Ret2. We
refer to these spectra as ÔDi! use 1Õ (this is the same back-
ground model shown in Fig. 1) and ÔDi! use 2Õ. The third
is an empirically-derived spectrum (ÔEmpirical 1Õ) using
events between 1! and 5! from Ret2 (excluding masked
sources). Below 10 GeV, this spectrum is a kernel den-
sity estimate, with each event replaced by a Gaussian
with width 20% of its energy. Above 10 GeV we Þt a
power law with exponential cuto! . Finally, we bin the
same events (30 bins between 0.2 GeV and 1 TeV) in
order to construct a fourth possible background spec-
trum (ÔEmpirical 2Õ), where the intensity between bin
centers is found by linear interpolation in log(intensity).
Figure 2 shows signiÞcance of the detected%-ray signal
from Ret2 for various annihilation channels and for each
background model. In every case, the signiÞcance peaks
above 4" , with little dependence on choice of background
spectrum.
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these inÞnite products converge exactly to

!

Q

(1 ! bQ ) " exp

"

# !
$

Q

bQ

%

& ,

!

Q

(1 ! sQ ! bQ ) " exp

"

# !
$

Q

(sQ + bQ )

%

& .

(10)

Using (9) and (10), the likelihood ratio (8) is given by

! = exp

"

# !
$

Q

sQ

%

&
!

i

'
1 +

sQ i

bQ i

(
.

It makes no di" erence if we use log! as the test statistic
since the logarithm is a monotonic function:

log ! = !
$

Q

sQ +
N$

i =1

log
'

1 +
sQ i

bQ i

(
.

The Þrst term is a constant that does not depend on the
data so it has a trivial e" ect on the probability distri-
bution governing the test statistic. Ignoring this term
leaves us with a test statistic that is most powerful at
distinguishing Hs+ b from Hb:

T =
N$

i =1

log
'

1 +
sQ i

bQ i

(
, (11)

whereHs+ b should be rejected ifT is belowT! , speciÞed
by the condition P( T < T ! |Hs+ b) = ! . Comparing (11)
with (1) we see that if we set the weight function to be

w(Q) = log
'

1 +
sQ

bQ

(
(12)

the test statistic (1) is equivalent to a likelihood ratio test
statistic. Therefore, using the weight function (12) gives
rise to the most powerful test statistic. This will be the
test statistic we use throughout this work. Note that if
we are testing the hypothesisHb and want the test to be
optimally sensitive to Hs+ b we can use precisely the same
weight function (12). The only di " erence is that theHb
will be rejected whenT is larger than T! , as determined
by P(T > T ! |Hs+ b) = ! .

It is interesting to observe that the log-weighting in
(12) is in some sense a compromise between the two
weighting schemes derived in (6) and (7). Considered
as functions of x = sQ /bQ we see that x/ (1 + x) <
log(1 + x) < x for all physical values ofx (non-negative
sQ and bQ ). When we are considering a very weak sig-
nal (sQ # bQ ) all three become equivalent to (6). In this
case the test statistic is actually independent of the anni-
hilation cross section since$" v%enters as a multiplicative
factor in sQ (??) and two test statistics are equivalent if
they di" er by a constant factor. This implies that when
searching for the presence of a small signal (i.e. testing
the background-only hypothesis) the test statistic is op-
timal against all alternative hypotheses Hs+ b with small
cross section (keeping other model parameters Þxed).

C. Probabilty distribution of the test statistics

Here we derive the PDF of the test statistic deÞned by
(1) for any choice of weight function w(Q). First note
that T is the sum of two terms

T = Ts + Tb, (13)

where Ts is the total weight of all detected photons orig-
inating from dark matter annihilation in dwarfs (signal)
and Tb is the total weight of all other detected events
(background). The signal events and background events
are statistically independent of one another. Therefore,
the the PDF of T is the convolution of the PDFs of Ts
and Tb. Determination of the PDF of Tb will be described
in Sec??.

To Þnd the PDF of Ts note that the number of detected
signal eventsNs is a random variable distributed accord-
ing to a Poisson distribution. The weights of the detected
signal events{ w(Qi ) | i = 1 . . . Ns} are independent and
identically distributed random variables. Therefore, the
random variable Ts is the sum of independent variables
where the number of terms in the sum is itself a Poisson
random variable. Such a quantity is distributed accord-
ing to a compound Poisson distribution (e.g. [4, 5]).

This compound Poisson distribution is determined by
two quantities. The Þrst is the meanµ of the Poisson dis-
tribution determining the total number of signal events
observed. In terms of the deÞnitions given in (3) we have
µ =

)
Q sQ . The second input is the single-event weight

distribution f (w). More speciÞcally,f (w)dw is the prob-
ability that a detected signal event has propertiesQ that
cause it to be given a weightw(Q) betweenw and w+ dw.
It is completely determined from the collection sQ . The
Fourier transform #T (k) of the PDF of a compound Pois-
son distribution takes a simple form (see Appendix A):

#T (k) = exp [ µ (#W (k) ! 1)] , (14)

where #W (k) is the Fourier transform of the single-event
weight distribution f (w). Details of the numerical com-
putation of the PDF of T are given in Appendix A.

D. Constructing limits

II. EXPECTED LIMITS

One issue that was not addressed is on the selection of
what events to consider for the analysis. In our case this
entails the selecting which dwarf galaxies to consider. We
also need to decide on the energy range of the events we
consider and

T =
N!

i =1

w(Qi )
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Except for dark matter annihilation directly into two
photons, the spectrum dN! /dE is much broader than
FermiÕs energy dispersion. The exposure and point
spread function, as well, have a slowly varying E-
dependence over the width of the energy dispersion.
Therefore, we neglect the energy dispersion (equivalent
to assuming perfect energy reconstruction) unless consid-
ering annihilation into a photon Þnal state.

Using Eqs. (3) and (4), the expected number of de-
tected dark matter events is (dropping the subscript r Õs)

dN (E, ! )
dEd!

=
!" v"

8#M 2

dN! (E )
dE

[(J # PSF)(E, ! )]$(E ), (7)

where J # PSF is the 2-dimensional convolution of the
J -proÞle with the PSF, and ! is the angular separation
between the center of the dwarf and the reconstructed
direction of the event.

We consider spherically symmetric dark matter halos
so that dJ(ön)/d ! is a function only of the angular sep-
aration between ön and the direction towards the center
of the dwarf. The LATÕs point spread function is also
assumed to be circularly symmetric. Therefore, the 2-
d convolution can be performed using one-dimensional
Hankel transforms that we compute numerically (at each
energy) using our implementation of HamiltonÕs e" cient
FFTLog algorithm [70]. The details of this convolution
are discussed in Appendix B. The upshot is that the rel-
evant ÒobservationÓ-space of the expected signal is two
dimensional: a photon has an energy and an angular sep-
aration from the direction towards the dwarf.

When we consider annihilation into a photon Þnal state
Eq. (7) is modiÞed by replacingdN! /dE with the con-
volution of dN! /dE with the energy dispersion D . We
estimate the energy dispersion as a Gaussian with stan-
dard deviation 10% of the true energy. This seems to be a
reasonable approximation over the relevant energy range
(E > 10 GeV) [69, Fig. 69]. The annihilation spectrum
in this case is a delta functiondN! (E )/dE = 2%(E $ M )
centered on the dark matter mass. Convolution with the
energy dispersion is simply a Gaussian, normalized to 2,
with mean M and standard deviation 0.1M .

C. Pass 7 Fermi-LAT data

We use the publicly available data from the Fermi Sci-
ence Support Center [71], and selectULTRACLEANpho-
tons of evclass=4 with energies between [0.2-1000] GeV
in the mission elapsed time interval of [239557417 -
423617437] seconds (August 4, 2008 to June 4, 2014).
The photons are selected using the providedgtselect
tool within a Region of Interest of radius of 15 de-
grees centered on each dwarf and with a zenith an-
gle cut set to zmax=100. This data is processed
following all standard recommendations and caveats
[72] regarding good time intervals using thegtmktime
tool with the recommended Þlter of DATAQUAL==1 &&
LATCONFIG==1 && ABS(ROCKANGLE)<52. We generate

a livetime cube using gtltcube and compute exposure
and point spread functions (PSFs) with gtpsf by using
the P7REPULTRACLEANV15 instrument response func-
tion.

III. DWARF GALAXIES

The dominant systematic we face is the uncertainty in
the dwarf J -proÞles. The estimation of a dwarfÕs density
proÞle is based on the positions and (spectroscopically
obtained) line-of-sight velocities of its member stars [73,
74]. Statistically, these observational quantities respond
to the gravitational potential of the system as described
by the Jeans equation [43, 45, 75Ð78]. Because the dwarfs
are dark matter dominated, the gravitational potential is
determined by the dark matter density proÞle.

In Geringer-Sameth et al. [59] we presented a uniform
analysis of the stellar kinematic data (projected posi-
tions and line-of-sight velocities) from the 20 Milky Way
dwarfs for which such data are available. Brießy, a likeli-
hood function employs the Jeans equation to relate em-
pirical distributions of position and velocity to a para-
metric, spherically-symmetric density proÞle of the form

&(r ) = &s[r/r s]! ! [1 + ( r/r s)" ]( ! ! # ) / " . (8)

We used the software package MultiNest [79, 80] to gen-
erate samples from the posterior PDFs of the Þve free
parameters in Eq. (8) as well as a sixth ÒnuisanceÓ pa-
rameter that speciÞes the ratio of the velocity dispersions
in radial and tangential directions.

The results of this analysis can be thought of as ex-
ploring the parameter space to Þnd regions which give
a reasonable Þt to the available kinematic data. Due to
the degeneracy between mass and velocity anisotropy, as
well as the limited number of observed stars, the likeli-
hood function is agnostic to very di#erent types of ha-
los so long as they Þt a basic relationship between&s
and r s. For example, the analysis allows halos with very
large values of&s coupled with small r s. These halos
correspond to density spikes at the centers of the dwarf
galaxies. We are able to rule these out using a cosmo-
logical plausibility argument Ñ essentially requiring that
the perturbation that formed the halo was not too rare.
Additionally, the likelihood is unable to distinguish be-
tween di#erent values ofr s oncer s is beyond the distance
of the measured stars. This makes sense as the stars do
not feel the potential far outside their current orbits. We
adopt the most conservative choice (in terms of expected
annihilation signal) by truncating the halos at the dis-
tance to the outermost member star (corresponding to
an angle ! max ). This prevents the halos with unreason-
ably large r s values from inßating the integral in Eq. (4).
Finally, the likelihood function does not distinguish be-
tween cusped (' > 0) and cored (' = 0) proÞles. We do
not apply any external judgement to this question and
our sample halos reßect the large allowed range of inner

Q = { E, ! }

sQ =
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FIG. 2: SigniÞcance of the ! -ray excess in the direction of Reticulum 2 as a function of dark matter particle mass. Left: Curves
correspond to the result of the search in various channels (i.e. using di! erent ways of weighting events) using background model
Di ! use 1. The curve for e+ e! is similar to µ+ µ! , ZZ is similar to W + W ! , and q representsu, d, c, s quarks and gluons. Right:
SigniÞcance in the " + " ! channel for four di ! erent background models (see text).

However, it is important to consider a Òtrials factorÓ to
account for the fact that we are searching for dark mat-
ter particles of any mass. As shown in Fig. 6 of [41], the
search is not particularly sensitive to the particle mass
used in the weight function: ! 3 trial masses su! ce if
the true mass is between 10 GeV and 1 TeV for thebøb
and ! + ! ! channels. Nonetheless, we quantify the trials
factor by simulating large numbers of ROIs under the
Di" use 1 model. Ap-value is found at each trial mass
and the minimum of these pm is recorded for each sim-
ulated ROI. The ÒglobalÓp-value pglobal is the fraction
of simulated ROIs with pm less than that observed in
Ret2. Simulating ! 30 million background ROIs, we Þnd
pglobal = 9 .8 " 10! 5 for bøb and pglobal = 4 .2 " 10! 5 for
! + ! ! . Note that the trials factor may have a more sig-
niÞcant e" ect for a lighter Þnal state (e.g., electrons).

Following [11, 38, 41], we also consider an entirely dif-
ferent procedure for computing signiÞcance. Under this
second procedure, we construct the PDF ofT due to
background by making a histogram ofT values for ROIs
distributed over the region surrounding the dwarf. This
procedure is model-independent and automatically ac-
counts for non-Poisson background processes (e.g., due
to unresolved sources), an e" ect examined by several
groups [11, 19, 40, 41, 50Ð52].

The left-hand panel of Fig. 3 shows the signiÞcance
of Ret2Õs signal as calculated following the model-
independent procedure. Compared with the Poisson-
process model for background (see above), this proce-
dure assigns less signiÞcance to Ret2Õs" -ray signal (in
accord with [19, 40, 41]). For example, when searching
for a 25 GeV particle annihilating to ! + ! ! , eight of 3306
background ROIs haveT-values larger than Ret2Õs (2.8#;
other channels show similar reductions in signiÞcance).

A trials factor for the model-independent approach is
found by counting the number of background ROIs which
have T values among the topn for any mass considered
(n is the rank of the central ROI at the most signiÞcant
mass). For annihilation into ! + ! ! , n = 9 and there are
32 such ROIs, giving a globalp-value of 32/ 3306 = 0.0097
(2.3#). The same global signiÞcance is found by comput-
ing what fraction of simulated Poisson background ROIs
have p-value less than 8/ 3306.

The application of this model-independent procedure
to Ret2 reveals its fundamental limitation: a strong sig-
nal necessarily implies that very few background ROIs
have T larger than that of the object of interest. Thus,
poor sampling of the large-T tail prevents a robust cal-
culation of signiÞcance for the Ret2 signal. For exam-
ple, had we used a 5" background region instead of 10" ,
zero background ROIs would have given aT value larger
than Ret2. In any case, this procedure clearly identi-
Þes Ret2Õs as the most tantalizing" -ray signal from any
known dwarf galaxy (left-hand panel of Fig. 3).

If the " -ray signal is interpreted as dark matter, we
perform a simple exploration of the allowed particle pa-
rameter space. As shown in [41], for the two parameters
M and ##v$, the likelihood ratio is related to T:

log
L(data | (M, ##v$) + bg)

L(data | bg)
= T %

!

E, !
s(E, $), (2)

where the integral is the expected number of events in
the ROI due to dark matter annihilation. We denote the
right-hand side as %(M, ##v$). Maximizing %(M, ##v$)
yields the maximum likelihood estimate "M, ###v$. The
di" erence 2%( "M, ###v$) %2%(M, ##v$) is distributed as a
&2 variable with 2 degrees of freedom [53] whenM, ##v$
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However, it is important to consider a Òtrials factorÓ to
account for the fact that we are searching for dark mat-
ter particles of any mass. As shown in Fig. 6 of [41], the
search is not particularly sensitive to the particle mass
used in the weight function: ! 3 trial masses su! ce if
the true mass is between 10 GeV and 1 TeV for thebøb
and ! +! ! channels. Nonetheless, we quantify the trials
factor by simulating large numbers of ROIs under the
Di" use 1 model. Ap-value is found at each trial mass
and the minimum of these pm is recorded for each sim-
ulated ROI. The ÒglobalÓp-value p
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Following [11, 38, 41], we also consider an entirely dif-
ferent procedure for computing signiÞcance. Under this
second procedure, we construct the PDF ofT due to
background by making a histogram ofT values for ROIs
distributed over the region surrounding the dwarf. This
procedure is model-independent and automatically ac-
counts for non-Poisson background processes (e.g., due
to unresolved sources), an e" ect examined by several
groups [11, 19, 40, 41, 50Ð52].

The left-hand panel of Fig. 3 shows the signiÞcance
of Ret2Õs signal as calculated following the model-
independent procedure. Compared with the Poisson-
process model for background (see above), this proce-
dure assigns less signiÞcance to Ret2Õs" -ray signal (in
accord with [19, 40, 41]). For example, when searching
for a 25 GeV particle annihilating to ! +! ! , eight of 3306
background ROIs haveT-values larger than Ret2Õs (2.8#;
other channels show similar reductions in signiÞcance).

A trials factor for the model-independent approach is
found by counting the number of background ROIs which
have T values among the topn for any mass considered
(n is the rank of the central ROI at the most signiÞcant
mass). For annihilation into ! +! ! , n = 9 and there are
32 such ROIs, giving a globalp-value of 32/ 3306 = 0.0097
(2.3#). The same global signiÞcance is found by comput-
ing what fraction of simulated Poisson background ROIs
have p-value less than 8/ 3306.

The application of this model-independent procedure
to Ret2 reveals its fundamental limitation: a strong sig-
nal necessarily implies that very few background ROIs
have T larger than that of the object of interest. Thus,
poor sampling of the large-T tail prevents a robust cal-
culation of signiÞcance for the Ret2 signal. For exam-
ple, had we used a 5" background region instead of 10" ,
zero background ROIs would have given aT value larger
than Ret2. In any case, this procedure clearly identi-
Þes Ret2Õs as the most tantalizing" -ray signal from any
known dwarf galaxy (left-hand panel of Fig. 3).

If the " -ray signal is interpreted as dark matter, we
perform a simple exploration of the allowed particle pa-
rameter space. As shown in [41], for the two parameters
M and ##v$, the likelihood ratio is related to T:

log
L(data | (M, ##v$) + bg)

L(data | bg)
= T %
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where the integral is the expected number of events in
the ROI due to dark matter annihilation. We denote the
right-hand side as %(M, ##v$). Maximizing %(M, ##v$)
yields the maximum likelihood estimate "M, ###v$. The
di" erence 2%( "M, ###v$) %2%(M, ##v$) is distributed as a
&2 variable with 2 degrees of freedom [53] whenM, ##v$
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FIG. 3: Left : SigniÞcance of ! -ray detection for annihilation into " + " ! for various masses, calculated using the model-
independent procedure of [41]. Solid and dashed blue lines correspond to Ret2 and Seg1 (another attractive nearby target).
Gray curves correspond to the collection of dwarfs used in [41] as well as the 8 other newly discovered DES dwarfs.Right: The
Fermi isotropic+di ! use model intensity near Ret2. The color corresponds to intensity normalized to the value in the direction
of Ret2 (at an energy of 8 GeV Ñ other energies are similar). A 0 .5" ROI is shown at the center and the small dots show
the centers of the ROIs used for the empirical background estimation. White ! Õs mark the locations of known! -ray sources.
Green circles are the ROIs which have a test statistic larger than that in the central ROI (when searching for a 25 GeV particle
annihilating to " + " ! ).

are the true values of the mass and cross section. There-
fore, regions of (M, ! ! v") space where this di! erence is
less than 2.3, 6.2, and 11.8 constitute 68.2%, 95.4%, and
99.7% conÞdence regions. The" 2 behavior holds only for
large sample sizes and it is not clear if that assumption is
valid here. In particular, for annihilation into electrons
or muons, where low masses are preferred, there are very
few events above 1 GeV but below the dark matter mass.

Figure 4 shows the derived constraints on the prod-
uct J ! ! v" for a number of representative channels. Al-
though we cannot make a direct measurement of the cross
section, the constraints onJ ! ! v", combined with exist-
ing upper limits on ! ! v", allow us to make aprediction
for the dark matter content of Ret2 which must hold if
the #-ray emission is due to annihilating dark matter.
In the $+ $! channel, for example, the limits from [41]
yield log10 J ! 19.6± 0.3 (compare with Seg1, which has
log10 J = 19.3 ± 0.3 [47]).

While Ret2Õs#-ray signal is tantalizing, it would
be premature to conclude it has a dark matter ori-
gin. Among alternative explanations, perhaps the most
mundane is the possibility that an extragalactic source
lies in the same direction. Searching the BZCAT [54]
and CRATES [55] catalogs reveals a CRATES quasar
(J033553-543026) that is 0.46" from Ret2. Further work
must be done to determine whether this particular source
contributes to the emission, though we note that ßat
spectrum radio quasars rarely have a spectral index less
than 2 [56]. One of the much-discussed astrophysical
explanations for the apparent Galactic Center excess is

FIG. 4: An exploration of a dark matter interpretation
of the observed ! -ray excess for four representative anni-
hilation channels. J = J19 1019 GeV2cm! 5 and "#v# =
"#v#! 26 10! 26 cm3 sec! 1. Currently the data constrain only
the product of J "#v# since the dark matter content of Retic-
ulum 2 is currently unknown. Contours represent 68%, 95%,
and 99.7% conÞdence regions. Note that this Þgure does not
quantify which annihilation channel is preferred by the data,
i.e. which channel provides the best Þt to the ! -ray spectrum.

millisecond pulsars [24, 26, 57Ð61]. In the case of Ret2,
it is the high-energy behavior which disfavors a pulsar
model, as millisecond pulsars exhibit an exponential cut-
o! at around 2.5 to 4 GeV [26, 30, 61Ð64]. Alternatively,
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FIG. 3: Left : SigniÞcance of ! -ray detection for annihilation into " + " ! for various masses, calculated using the model-
independent procedure of [41]. Solid and dashed blue lines correspond to Ret2 and Seg1 (another attractive nearby target).
Gray curves correspond to the collection of dwarfs used in [41] as well as the 8 other newly discovered DES dwarfs.Right: The
Fermi isotropic+di ! use model intensity near Ret2. The color corresponds to intensity normalized to the value in the direction
of Ret2 (at an energy of 8 GeV Ñ other energies are similar). A 0 .5" ROI is shown at the center and the small dots show
the centers of the ROIs used for the empirical background estimation. White ! Õs mark the locations of known! -ray sources.
Green circles are the ROIs which have a test statistic larger than that in the central ROI (when searching for a 25 GeV particle
annihilating to " + " ! ).

are the true values of the mass and cross section. There-
fore, regions of (M, ! ! v") space where this di! erence is
less than 2.3, 6.2, and 11.8 constitute 68.2%, 95.4%, and
99.7% conÞdence regions. The" 2 behavior holds only for
large sample sizes and it is not clear if that assumption is
valid here. In particular, for annihilation into electrons
or muons, where low masses are preferred, there are very
few events above 1 GeV but below the dark matter mass.

Figure 4 shows the derived constraints on the prod-
uct J ! ! v" for a number of representative channels. Al-
though we cannot make a direct measurement of the cross
section, the constraints onJ ! ! v", combined with exist-
ing upper limits on ! ! v", allow us to make aprediction
for the dark matter content of Ret2 which must hold if
the #-ray emission is due to annihilating dark matter.
In the $+ $! channel, for example, the limits from [41]
yield log10 J ! 19.6± 0.3 (compare with Seg1, which has
log10 J = 19.3 ± 0.3 [47]).

While Ret2Õs#-ray signal is tantalizing, it would
be premature to conclude it has a dark matter ori-
gin. Among alternative explanations, perhaps the most
mundane is the possibility that an extragalactic source
lies in the same direction. Searching the BZCAT [54]
and CRATES [55] catalogs reveals a CRATES quasar
(J033553-543026) that is 0.46" from Ret2. Further work
must be done to determine whether this particular source
contributes to the emission, though we note that ßat
spectrum radio quasars rarely have a spectral index less
than 2 [56]. One of the much-discussed astrophysical
explanations for the apparent Galactic Center excess is
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FIG. 4: An exploration of a dark matter interpretation
of the observed ! -ray excess for four representative anni-
hilation channels. J = J19 1019 GeV2cm! 5 and "#v# =
"#v#! 26 10! 26 cm3 sec! 1. Currently the data constrain only
the product of J "#v# since the dark matter content of Retic-
ulum 2 is currently unknown. Contours represent 68%, 95%,
and 99.7% conÞdence regions. Note that this Þgure does not
quantify which annihilation channel is preferred by the data,
i.e. which channel provides the best Þt to the ! -ray spectrum.

millisecond pulsars [24, 26, 57Ð61]. In the case of Ret2,
it is the high-energy behavior which disfavors a pulsar
model, as millisecond pulsars exhibit an exponential cut-
o! at around 2.5 to 4 GeV [26, 30, 61Ð64]. Alternatively,
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Green circles are the ROIs which have a test statistic larger than that in the central ROI (when searching for a 25 GeV particle
annihilating to " + " ! ).

are the true values of the mass and cross section. There-
fore, regions of (M, ! ! v") space where this di! erence is
less than 2.3, 6.2, and 11.8 constitute 68.2%, 95.4%, and
99.7% conÞdence regions. The" 2 behavior holds only for
large sample sizes and it is not clear if that assumption is
valid here. In particular, for annihilation into electrons
or muons, where low masses are preferred, there are very
few events above 1 GeV but below the dark matter mass.

Figure 4 shows the derived constraints on the prod-
uct J ! ! v" for a number of representative channels. Al-
though we cannot make a direct measurement of the cross
section, the constraints onJ ! ! v", combined with exist-
ing upper limits on ! ! v", allow us to make aprediction
for the dark matter content of Ret2 which must hold if
the #-ray emission is due to annihilating dark matter.
In the $+ $! channel, for example, the limits from [41]
yield log10 J ! 19.6± 0.3 (compare with Seg1, which has
log10 J = 19.3 ± 0.3 [47]).

While Ret2Õs#-ray signal is tantalizing, it would
be premature to conclude it has a dark matter ori-
gin. Among alternative explanations, perhaps the most
mundane is the possibility that an extragalactic source
lies in the same direction. Searching the BZCAT [54]
and CRATES [55] catalogs reveals a CRATES quasar
(J033553-543026) that is 0.46" from Ret2. Further work
must be done to determine whether this particular source
contributes to the emission, though we note that ßat
spectrum radio quasars rarely have a spectral index less
than 2 [56]. One of the much-discussed astrophysical
explanations for the apparent Galactic Center excess is
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hilation channels. J = J19 1019 GeV2cm! 5 and "#v# =
"#v#! 26 10! 26 cm3 sec! 1. Currently the data constrain only
the product of J "#v# since the dark matter content of Retic-
ulum 2 is currently unknown. Contours represent 68%, 95%,
and 99.7% conÞdence regions. Note that this Þgure does not
quantify which annihilation channel is preferred by the data,
i.e. which channel provides the best Þt to the ! -ray spectrum.

millisecond pulsars [24, 26, 57Ð61]. In the case of Ret2,
it is the high-energy behavior which disfavors a pulsar
model, as millisecond pulsars exhibit an exponential cut-
o! at around 2.5 to 4 GeV [26, 30, 61Ð64]. Alternatively,
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ABSTRACT
The dwarf spheroidal galaxies (dSph) of the Milky Way are among the most attractive targets for

indirect searches of dark matter. In this work, we reconstruct the dark matter annihilation (J -factor)
and decay proÞles for the newly discovered dSph Reticulum II. This is done using an optimized spher-
ical Jeans analysis of kinematic data obtained from the Michigan/Magellan Fiber System (M2FS).
We Þnd Reticulum II to have one of the highestJ -factor when compared to the other Milky Way
dSphs. We have also checked the robustness of this result against several ingredients of the analysis.
Unless it su! ers from tidal disruption or signiÞcant inßation of its velocity dispersion from binary
stars, Reticulum II may provide a unique window on dark matter particle properties.
Subject headings:galaxies: dwarf Ñ galaxies: individual (Reticulum II) Ñ dark matter Ñ gamma

rays: galaxies Ñ methods: statistical Ñ stars: kinematics and dynamics

1. INTRODUCTION

Along with the Galactic center and galaxy clusters,
the dwarf spheroidal galaxies (dSph) of the Milky Way
have been identiÞed as promising targets for indirect
dark matter (DM) searches (see recent reviews by Stri-
gari 2013; Conrad et al. 2015). Their low astrophysi-
cal background, high mass-to-light ratio, and proximity
make them compelling targets(Lake 1990; Evans et al.
2004). About twenty-Þve Galactic dSphs were known as
of early 2015, and their observation by! -ray telescopes
has thus far shown no signiÞcant emission, leading to
stringent constraints on !" ann v", the thermally-averaged
DM self-annihilation cross-section (Acciari et al. 2010;
Paiano et al. 2011; Abramowski et al. 2014; Geringer-
Sameth et al. 2014; Fermi-LAT Collaboration 2015).

Recently, imaging data from the Dark Energy Survey
has led to the discovery of nine new (potential) Milky-
Way satellites in the Southern sky (Koposov et al. 2015;
DES Collaboration et al. 2015). The nearest object,
Reticulum II (Ret II, d # 32 kpc), is particularly intrigu-
ing, as evidence of! -ray emission has been detected in
its direction using the public Fermi-LAT data (Geringer-
Sameth et al. 2015b; Hooper & Linden 2015). The Fermi-
LAT collaboration simultaneously published a search for
! -ray emission from the newly discovered objects (Fermi-
LAT Collaboration et al. 2015), based on the unreleased
PASS8 dataset, and found no signiÞcant excess.

Nonetheless, and whatever the situation regarding a
(non-)detection in this object might be, a robust de-
termination of Ret IIÕs DM content is crucial in or-
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der to set constraints on the DM particle properties.
Here, we reconstruct the DM annihilation and decay
proÞles of Ret II from a spherical Jeans analysis ap-
plied to stellar kinematic data obtained with the Michi-
gan/Magellan Fiber System (M2FS) (Walker et al. 2015).
We use the optimized Jeans analysis setup from Bon-
nivard et al. (2015a,b), described in Section 2. From the
reconstructed DM density proÞles, we then compute the
astrophysical J - and D-factors, for annihilating and de-
caying DM respectively, and cross-check our results by
varying di ! erent ingredients of the analysis (Section 3).
Finally, we evaluate the ranking of Ret II among the most
promising dSphs for DM indirect detection in Section 4.

2. ASTROPHYSICAL FACTORS, JEANS ANALYSIS AND
DATA SETS

2.1. Astrophysical factors

The di! erential ! -ray ßux coming from DM annihila-
tion (resp. decay) in a dSph galaxy is proportional to the
so-called ÔastrophysicalÕ factorJ (resp. D) (Bergstr¬om
et al. 1998),

J =
!!

#2
DM (l, " ) dld"

"
resp. D =

!!
#DM (l, " ) dld"

#
, (1)

which corresponds to the integration along the line-of-
sight (l.o.s.) of the DM density squared (resp. DM den-
sity) and over the solid angle#" = 2$ $ [1 %cos(%int )],
where %int is the integration angle. This quantity de-
pends on both the extent of the DM halo and the mass
density distribution, and is essential for putting con-
straints on the DM particle properties. All calculations
of astrophysical factors are done with theCLUMPYcode
(Charbonnier et al. 2012), a new module of which has
been speciÞcally developed to perform the Jeans analy-
sis6.

2.2. Jeans analysis

6 This upgrade will be publicly available in the soon-to-be re-
leased new version of the software (Bonnivard et al., in prep.).
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Figure 2. Top: velocity dispersion proÞle of Ret II and recon-
structed median and credible intervals (solid and dashed black lines
respectively), as well as best Þt (long dashed red lines, shown for
illustration purposes only). Bottom: distribution of membership
probabilities as a function of the projected radius R and the de-
parture from the mean velocity ( z-axis, blue to red color) for the
nineteen stars with Pi != 0. The size of the points is proportional
to the velocity uncertainty. See text for discussion.

et al. 2009, 2013), and we use the samples from the pos-
terior PDFs to propagate the light proÞle uncertainty in
the Jeans analysis. Figure 1 shows the Þt to the projected
stellar density proÞle of Ret II (solid red line), with the
contributions from Ret II itself and from the constant
background (solid black and blue lines respectively).

Kinematic data Ñ We use the Ret II stellar kinematic
data set from Walker et al. (2015), obtained with M2FS.
It consists of projected positions and l.o.s. velocities for
38 individual stars, as well as an estimation of their mem-
bership probability Pi . The latter, obtained using an ex-
pectation maximization algorithm (Walker et al. 2009),
quantiÞes the probability that a given star belongs to the
dSph or to the Milky Way foreground.

The top panel of Figure 2 presents the velocity disper-
sion proÞle of Ret II, as well as its reconstruction with the
Jeans analysis8. The bottom panel of Figure 2 shows the
distribution of membership probabilities as a function
of the projected radius R and the departure from the
mean velocity (color-coded from blue to red), for stars
with non-zero Pi . As pointed out in Bonnivard et al.
(2015b), a large fraction of stars with both intermediate
Pi (0.1 < P i < 0.95) and large departure from the mean
velocity hints at Milky Way foreground contamination,
which can a! ect the J - and D-factor reconstruction. For
Ret II, only one star shows an intermediatePi (Ret2-142
in the catalog of Walker et al. 2015, with Pi = 0 .86), with
a very small departure from the mean velocity estimated

8 The binned data and associated velocity dispersion reconstruc-
tion are only shown for illustration purposes. The Þnal results are
obtained with an analysis of unbinned data.

Table 1
Astrophysical factors for Ret II ( d = 32 kpc). For Þve di ! erent

integration angles, the median J (resp D )-factors as well as their
68% and 95% CIs are given. Note that possible triaxiality of the
dSph galaxies adds a systematic uncertainty of ± 0.4 (resp. ± 0.3)

(Bonnivard et al. 2015a) and is not included in the quoted
intervals.

! int log10 (J (! int )) log 10 (D (! int ))

[deg] [J/ GeV2 cm! 5]a [D/ GeV cm ! 2]b

0.01 16.9+0 .5(+1 .1)
! 0.4( ! 0.8) 15.6+0 .5(+1 .0)

! 0.3( ! 0.5)

0.05 18.2+0 .5(+1 .0)
! 0.4( ! 0.7) 17.0+0 .6(+1 .0)

! 0.3( ! 0.5)

0.1 18.6+0 .6(+1 .1)
! 0.4( ! 0.8) 17.5+0 .6(+1 .1)

! 0.4( ! 0.6)

0.5 19.5+1 .0(+1 .6)
! 0.6( ! 1.3) 18.8+0 .7(+1 .2)

! 0.7( ! 1.1)

1 19.7+1 .2(+2 .0)
! 0.9( ! 1.5) 19.2+0 .9(+1 .4)

! 0.9( ! 1.4)

a1 GeV2 cm! 5 = 2 .25 " 10! 7M 2
" kpc! 5

b 1 GeV cm! 2 = 8 .55 " 10! 15 M " kpc! 2

by Walker et al. (2015). Therefore we do not expect a
strong sensitivity to foreground contamination. In this
study, and as advocated in Bonnivard et al. (2015b), we
use the data with Pi > 0.95 (seventeen likely members,
one less than identiÞed by Walker et al. 2015 after exclu-
sion of Ret2-142) as our Þducial setup.

3. RESULTS

Figure 3 displays theJ - (top) and D-factors (bottom)
of Ret II, reconstructed from the Jeans/MCMC analy-
sis, as a function of the integration angle! int . Solid lines
represent the median values, while dashed and dash-dot
lines symbolize the 68% and 95% CIs respectively. Our
data-driven Jeans analysis gives large statistical uncer-
tainties due to the small size of the kinematic sample,
and reßects our restricted knowledge of the DM content
of this object. The CIs are comparable to those obtained
for other ÔultrafaintÕ dSphs by Bonnivard et al. (2015b)
(see also Figure 4). Table 1 summarizes our results for
the astrophysical factors of Ret II.

We cross-checked our Þndings by varying di! erent in-
gredients of the Jeans analysis. The resultingJ -factors
are shown in Figure 4. First, we ran the analysis using all
38 stars of the sample, but weighting the log-likelihood
function of equation (4) by the membership probabilities
Pi . Bonnivard et al. (2015b) Þnd that a large di! erence
between aPi -weighted and a Pi > 0.95 analysis is an-
other hint of contamination by Milky Way foreground
stars. Here, the two analyses give very similar results,
suggesting a clean sample for Ret II. We then randomly
divide the kinematic sample in two parts, using one out of
every two stars to build the two sub-samples. Applying
the analysis to the two subsets leads to very similarJ -
and D-factors, which conÞrms that the reconstruction of
the astrophysical factors is not signiÞcantly a! ected by
outliers. We Þnally performed a binned Jeans analysis
(see Charbonnier et al. 2011; Bonnivard et al. 2015b) of
the kinematic data and found it to be compatible with
our unbinned analysis.

18.8 ± 0.6

18.9 ± 0.6
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