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FIG. 5. Full-sky map, in Galactic coordinates, of the number of photons (above 3 GeV) produced by DM annihilation
(benchmark A). The left (right) panel shows the predicted flux in the Aquarius (Via Lactea II) setup.

FIG. 6. Same as Fig. 5, but with the two simulation setups rescaled to the same local density, same total mass and same
fraction of mass in substructures.

tional to the density squared, i.e. [⇢Aq
sm(�)/⇢V L2

sm (�)]2 =
[0.57/0.42]2 = 1.84. An additional source of discrep-
ancy is the fact that the total mass of the MW in the
Via Lactea II simulation is smaller than in Aquarius, as
reported in Tab. I. However, as shown in Fig. 6, the
two predictions can be brought in agreement by requir-
ing that (i) both Via Lactea II and Aquarius have the
same local density ⇢� (we have taken the recent estimate
⇢� = 0.385 GeV/cm3 from [74, 75]), (ii) the same sub-
halo mass fraction (f tot

sub = 0.18) is adopted and (iii) the
same mass profile is assumed.

A. Experimental detectability

In order to assess the detectability of the �-ray anni-
hilation flux with the Fermi-LAT satellite, we have to
specify what the signal, background or noise are.

If we are interested in finding a signal above the as-
trophysical backgrounds, the signal is contributed by the
sum of all the aforementioned components of the anni-
hilation flux (MW smooth mass distribution + galactic
subhalos + extragalactic halos and subhalos). We fo-
cus on photons with energies larger than 3 GeV and we
assume an exposure time of 1 year, which corresponds
to about 5 years of data taking with Fermi, and we as-
sume an e↵ective detection area of 104 cm2. We don’t
consider here any dependence on the photon energy nor
on the incidence angle. The background or noise is
contributed by the di↵use Galactic foreground and the
unresolved extragalactic background. As mentioned in
Sect. I, to model such contributions we have rescaled
the EGRET data at E > 3 GeV by 50%. We remind
that this reduction reflects the fact that the Fermi data
do not confirm the so-called galactic excess measured
by EGRET. The expected sensitivity is simply given by



Dark Matter Gamma Ray Sky: Targets

2. DATA SET

DES is an ongoing optical imaging survey of ∼5000 deg2 in
the south Galactic cap using the Dark Energy Camera (DECam;
Flaugher et al. 2015) on the 4-m Blanco Telescope at Cerro
Tololo Inter-American Observatory (CTIO). The DECam focal
plane comprises 62 2k× 4k CCDs dedicated to science
imaging and 12 2k × 2k CCDs for guiding, focus, and
alignment. The DECam field of view covers 3 deg2 with a
central pixel scale of 0 263. DES is scheduled for 525 nights
distributed over five years, during which period each point in
the survey footprint will be imaged ten times in each of the
grizY bands (Abbott et al. 2005).

The searches presented in Bechtol et al. (2015) and Luque
et al. (2015) utilized an object catalog generated from the
coadded images in the DES year-one annual release (Y1A1).
To expedite the search for Milky Way satellites in year two, the
present analysis uses data products derived from single-epoch
imaging instead. This data set is referred to as the DES year-
two quick release (Y2Q1), and its construction is summarized
below.

2.1. DES Year-two Quick Release

Observations: The Y2Q1 data set consists of 26,590 DECam
exposures taken during the first two years of DES observing
that pass DES survey quality cuts. Slightly less than half of the
DES survey area was observed during the first season (Y1;
2013 August 15–2014 February 9), with typically two to four
overlapping exposures, referred to as “tilings,” in each of the
grizY filters. The second season (Y2; 2014 August 7–2015
February 15) covered much of the remaining survey area to a
similar depth. Exposures taken in the griz bands are 90 s, while
Y-band exposures are 45 s.

Image Reduction: The DES exposures were processed with
the DES data management (DESDM) image detrending
pipeline (Sevilla et al. 2011; Desai et al. 2012; Mohr et al.
2012; R.A. Gruendl et al. 2015, in preparation). This pipeline

corrects for cross-talk between CCD amplifier electronics, bias
level variations, and pixel-to-pixel sensitivity variations (flat-
fielding). Additional corrections are made for nonlinearity,
fringing, pupil, and illumination. Both the Y1 and Y2
exposures were reduced with the same image detrending
pipeline used to process Y1A1.
Single-epoch Catalog Generation: Astronomical source

detection and photometry were performed on a per exposure
basis using the PSFex and SExtractor routines (Bertin &
Arnouts 1996; Bertin 2011) in an iterative process (Mohr et al.
2012; R.A. Gruendl et al. 2015, in preparation). As part of this
step, astrometric calibration was performed with SCAMP
(Bertin 2006) by matching objects to the UCAC-4 catalog
(Zacharias et al. 2013). The SExtractor source detection
threshold was set at a signal-to-noise ratio (S/N) of S/N > 10
for the Y1 exposures, while for Y2 this threshold was lowered
to S/N > 5 (the impact of this change on the stellar
completeness is discussed in Section 2.2). During the catalog
generation process, we flagged problematic images (e.g., CCDs
suffering from reflected light, imaging artifacts, point-spread
function (PSF) mis-estimation, etc.) and excluded the affected
objects from subsequent analyses. The resulting photometric
catalogs were ingested into a high-performance relational
database system. Throughout the rest of this paper, photometric
fluxes and magnitudes refer to SExtractor output for the
PSF model fit.
Photometric Calibration: Photometric calibration was per-

formed using the stellar locus regression technique (SLR:
Ivezić et al. 2004; MacDonald et al. 2004; High et al. 2009;
Gilbank et al. 2011; Coupon et al. 2012; Desai et al. 2012;
Kelly et al. 2014). Our reference stellar locus was empirically
derived from the globally calibrated DES Y1A1 stellar objects
in the region of the Y1A1 footprint with the smallest E(B − V)
value from the Schlegel et al. (SFD; 1998) interstellar
extinction map. We performed a 1″ match on all Y1 and Y2
objects with S/N > 10 observed in r-band and at least one
other band. We then applied a high-purity stellar selection

Figure 1. Locations of the eight new dwarf galaxy candidates reported here (red triangles) along with 9 previously reported dwarf galaxy candidates in the DES
footprint (red circles; Bechtol et al. 2015; Kim & Jerjen 2015b; Koposov et al. 2015a), 5 recently discovered dwarf galaxy candidates located outside the DES
footprint (green diamonds; Kim et al. 2015a; Laevens et al. 2015a, 2015b; Martin et al. 2015), and 27 Milky Way satellite galaxies known prior to 2015 (blue squares;
McConnachie 2012). Systems that have been confirmed as satellite galaxies are individually labeled. The figure is shown in Galactic coordinates (Mollweide
projection) with the coordinate grid marking the equatorial coordinate system (solid lines for the equator and zero meridian). The grayscale indicates the logarithmic
density of stars with r < 22 from SDSS and DES. The two-year coverage of DES is ∼5000 deg2 and nearly fills the planned DES footprint (outlined in red). For
comparison, the Pan-STARRS 1 3π survey covers the region of sky with δ2000 > −30° (Laevens et al. 2015a).
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stellar systems are DM-dominated dSphs. LAT data coincident with four of the newly discovered targets show a
slight preference (each ~2σ local) for γ-ray emission in excess of the background. However, the ensemble of
derived γ-ray flux upper limits for individual targets is consistent with the expectation from analyzing random
blank-sky regions, and a combined analysis of the population of stellar systems yields no globally significant
excess (global significance s<1 ). Our analysis has increased sensitivity compared to the analysis of 15
confirmed dSphs by Ackermann et al. The observed constraints on the DM annihilation cross section are
statistically consistent with the background expectation, improving by a factor of ∼2 for large DM masses
( ¯ 2m 1 TeVbbDM, and 2t t+ -m 70 GeVDM, ) and weakening by a factor of∼1.5 at lower masses relative to
previously observed limits.

Key words: dark matter – galaxies: dwarf – gamma rays: galaxies

1. INTRODUCTION

Astrophysical evidence suggests that non-baryonic cold dark
matter (DM) constitutes ~84% of the matter density of the
universe(Planck Collaboration 2015). Many particle DM
candidates, such as weakly interacting massive particles
(WIMPs), are predicted to annihilate or decay into energetic
Standard Model particles (e.g., Bertone et al. 2005; Feng 2010).
Depending on the DM particle mass and annihilation cross
section or decay rate, these interactions may produce γ rays
detectable by instruments such as the Fermi Large Area
Telescope (LAT), which is sensitive to γ rays in the range from
20 MeV to>300 GeV (Atwood et al. 2009). Milky Way dwarf
spheroidal satellite galaxies (dSphs) are excellent targets to
search for γ rays produced from DM annihilation due to their
proximity, their large DM density, and the absence of
observational evidence for non-thermal astrophysical processes
that produce γ rays (e.g., Evans et al. 2004; Baltz et al. 2008).

The expected γ-ray flux from DM annihilation is
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where sá ñv is the velocity-averaged DM annihilation cross

section, mDM is the DM particle mass, and gdN

dE
is the differential

γ-ray photon counts spectrum summed over all final states. The
“J-factor” is the square of the DM density (ρ) as a function of
position l integrated along the light-of-sight (l.o.s.) in the
region of interest (ROI), and DW denotes the solid angle over
which the J-factor is calculated (Gondolo et al. 2004).

The J-factors of dSphs can be inferred from the measured
velocities of their member stars (e.g., Simon & Geha 2007;
Walker et al. 2009). While the J-factors of individual dSphs are
several orders of magnitude smaller than that of the Galactic
center, observations of individual dSphs can be combined to
increase the sensitivity to a DM annihilation signal while
simultaneously reducing the impact of systematic uncertainties
for individual dSphs. In addition, observations of the dSphs
provide an important independent test of DM interpretations of
the γ-ray excess associated with the Galactic center (GCE;
Gordon & Macias 2013; Abazajian et al. 2014; Calore
et al. 2015; Ajello et al. 2016; Daylan et al. 2016).

Many groups have searched for excess γ rays associated with
dSphs using LAT data and have reported constraints on DM

annihilation that are competitive with other DM targets such as
the Galactic center (e.g., Abdo et al. 2010; Ackermann
et al. 2011; Geringer-Sameth & Koushiappas 2011; Mazziotta
et al. 2012; Geringer-Sameth et al. 2015b, 2015c; Hooper &
Linden 2015; Li et al. 2016). For example, the combined
likelihood analysis of 15 dSphs with six years of LAT Pass 8
data by Ackermann et al. (2015b) excludes DM particles with
masses1100 GeV annihilating with the canonical thermal relic
cross section via quark or τ-lepton channels. That work used
only dSphs with spectoscopically determined J-factors.
In 2015, a combination of on-going wide-field optical

imaging surveys and a re-analysis of Sloan Digital Sky Survey
(SDSS; York et al. 2000) data revealed more than 20 new
satellite systems(Bechtol et al. 2015; Drlica-Wagner et al.
2015b; Kim et al. 2015a; Kim & Jerjen 2015; Koposov et al.
2015a; Laevens et al. 2015a, 2015b; Martin et al. 2015b). The
photometric characteristics of these new Milky Way satellites
are consistent with previously known dSphs, but are referred to
as “dSph candidates” until their DM content is spectro-
scopically confirmed.
If the newly discovered systems are confirmed as DM-

dominated dSphs, they represent important new targets in the
search for γ rays from DM annihilation. This paper follows on
the work of Drlica-Wagner et al. (2015a, hereafter DW15),
who analyzed satellites discovered in the first year (Y1) of the
Dark Energy Survey (DES; DES Collaboration 2005). Here,
we perform a comprehensive Fermi-LAT γ-ray analysis of all
confirmed and candidate dSphs. This target sample includes
15 additional dSph candidates found in year two (Y2) of DES
and other surveys. In total, our sample comprises 45
confirmed and candidate dSphs (Section 2). We find slight
( s~2 local) excesses of γ rays coincident with four of the new
targets (Section 3). Spectroscopic observations are needed to
measure the dynamical masses and associated J-factors of the
new systems. For recently discovered dSph candidates that
lack spectroscopic observations, we use a simple scaling
relation to predict J-factors based on photometric data alone
(Section 4). In Section 5 we perform a combined analysis of
the population of confirmed and candidate dSphs and find no
globally significant excess associated with the ensemble of
targets. We therefore present constraints on the DM annihila-
tion cross section derived from the population of confirmed
and candidate dSphs. In Section 6 we summarize our findings
and conclude.

2. TARGETS

In 2015, wide-field optical imaging surveys enabled the
discovery of more than 20 new Milky Way satellites having
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DM annihilation and decay in dSphs 851

Schwarzschild and ‘Made-To-Measure’ methods, as well as Jeans
analysis (see recent reviews by Battaglia, Helmi & Breddels 2013;
Strigari 2013; Walker 2013). In this work we focus on the latter,
using parametric functions as ingredients of the spherically symmet-
ric Jeans equation. This technique has already been widely applied
to dSphs (Strigari et al. 2007; Essig et al. 2010; Charbonnier et al.
2011; Geringer-Sameth et al. 2015c). Here, we apply the findings of
Bonnivard et al. (2015a), where an optimized strategy was proposed
to mitigate possible biases introduced by the Jeans modelling.

2.1.1 Spherical Jeans equation

dSph galaxies are considered as collisionless systems described
by their phase-space distribution function, which obeys the col-
lisionless Boltzmann equation. Assuming steady-state, spherical
symmetry and negligible rotational support, the second-order Jeans
equation is obtained by integrating moments of the phase-space
distribution function (Binney & Tremaine 2008):

1
ν

d
dr

(νv̄2
r ) + 2

βani(r)v̄2
r

r
= −GM(r)

r2
, (1)

where ν(r), v̄2
r (r), and βani(r) ≡ 1 − v̄2

θ/v̄
2
r are the stellar number

density, velocity dispersion, and velocity anisotropy, respectively.
Neglecting the (< 1 per cent) contribution of the stellar component,
the enclosed mass at radius r can be written as

M(r) = 4π

! r

0
ρDM(s)s2ds, (2)

where ρDM(r) is the DM mass density profile. The solution to
the Jeans equation relates M(r) to ν(r)v̄2

r (r). However, the inter-
nal proper motions of stars in dSphs are not resolved, and only
line-of-sight-projected observables can be used:

σ 2
p (R) = 2

&(R)

! ∞

R

"
1 − βani(r)

R2

r2

#
ν(r) v̄2

r (r) r√
r2 − R2

dr, (3)

with R the projected radius, σ p(R) the projected stellar velocity dis-
persion, and &(R) the projected light profile (or surface brightness)
given by

&(R)=2
! +∞

R

ν(r) r dr√
r2 − R2

. (4)

Note that the velocity anisotropy βani(r) cannot be measured di-
rectly, in contrast to σ p(R) and &(R). In our approach, parametric
models for βani(r) and ρDM(r) are assumed in order to compute
σ 2

p (R) via equation (3). We can then determine the parameters that
reproduce best the measured velocity dispersion σ obs(R).

2.1.2 Choice of parametric functions

DM density profile. Following Charbonnier et al. (2011), we do not
use a strong cosmological prior (e.g. assume the profile to be cuspy),
as this will bias the derived astrophysical factors. Instead, we fit the
model parameters to data. We adopt the Einasto parametrization of
the DM density profile (Merritt et al. 2006):

ρEinasto
DM (r) = ρ−2 exp

$
− 2

α

%&
r

r−2

'α

− 1
()

, (5)

where the three free parameters are the logarithmic slope α, the scale
radius r−2 and the normalization ρ−2. Bonnivard et al. (2015a) find
that the choice of parametrization – Zhao–Hernquist or Einasto –
has negligible impact on the calculated J- or D- factors and their un-
certainties. With fewer free parameters, the Einasto parametrization
is more optimal in terms of computational time.

Velocity anisotropy profile. We use the Baes & van Hese (2007)
parametrization to describe the velocity anisotropy profile:

βBaes
ani (r) = β0 + β∞(r/ra)η

1 + (r/ra)η
, (6)

where the four free parameters are the central anisotropy β0, the
anisotropy at large radii β∞, and the sharpness of the transition η

at the scale radius ra. This parametrization was found to mitigate
some of the biases arising in the Jeans analysis when using less flex-
ible anisotropy functions with fewer free parameters (e.g. constant,
Osipkov–Merrit – see Bonnivard et al. 2015a).

Light profile. We use a generalized Zhao–Hernquist profile
(Hernquist 1990; Zhao 1996) for the stellar number density:

νZhao(r) = ν⋆
s

(r/r⋆
s )γ [1 + (r/r⋆

s )α](β−γ )/α
, (7)

the five free parameters of which are the normalization ν⋆
s , the scale

radius r⋆
s , the inner slope γ , the outer slope β, and the transition

slope α. Many studies have used less flexible parametrizations (e.g.
King, Plummer, or exponential profiles), but the use of these can
bias the calculated astrophysical factors (Bonnivard et al. 2015a).

2.2 Likelihood functions

2.2.1 Binned and unbinned analyses

Before fitting the actual dSph kinematic data, we tested both a
binned and an unbinned likelihood function on a set of mock data
(mimicking ‘ultrafaint’ and ‘classical’ dSphs, see Appendix A).
Both methods have been used in the literature, but to date, no
systematic comparison has been undertaken to test the merits and
limits of each approach (binned analyses can be found in Strigari
et al. 2007; Charbonnier et al. 2011; unbinned in Strigari et al.
2008; Martinez et al. 2009; Geringer-Sameth et al. 2015c). For
the binned analysis, the velocity dispersion profiles σ obs(R) are
built from the individual stellar velocities (see Section 3), and the
likelihood function we use is

Lbin =
Nbins*

i=1

(2π)−1/2

+σi(Ri)
exp

+
−1

2

"
σobs(Ri)−σp(Ri)

+σi(Ri)

#2,
, (8)

where

+2σi=+2σobs(Ri)+
&

1
2

-
σp(Ri ++Ri)−σp(Ri −+Ri)

.'2

. (9)

The quantity +σ obs(Ri) is the error on the velocity dispersion at the
radius Ri, and +Ri is the standard deviation of the radii distribution
in the ith bin. This likelihood allows the uncertainties on both σ obs

and R for each bin to be taken into account.
For the unbinned analysis, we assume that the distribution of line-

of-sight stellar velocities is Gaussian, centred on the mean stellar
velocity v̄. The likelihood function reads (Strigari et al. 2008)

Lunbin =
Nstars*

i=1

(2π)−1/2

/
σ 2

p (Ri)++2
vi

exp

+
−1

2

"
(vi−v̄)2

σ 2
p (Ri)++2

vi

#,
, (10)

where the dispersion of velocities at radius Ri of the ith star comes
from both the intrinsic dispersion σ p(Ri) from equation (3) and the
measurement uncertainty +vi

.
As detailed in Appendix A, the unbinned analysis reduces the

statistical uncertainties on the astrophysical factors, particularly for
the ‘ultrafaint’ dSphs, without introducing biases. In the remainder
of the paper we therefore favour the unbinned analysis and the
binned likelihood is used only to cross-check our results.
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dSph galaxies are considered as collisionless systems described
by their phase-space distribution function, which obeys the col-
lisionless Boltzmann equation. Assuming steady-state, spherical
symmetry and negligible rotational support, the second-order Jeans
equation is obtained by integrating moments of the phase-space
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models for βani(r) and ρDM(r) are assumed in order to compute
σ 2

p (R) via equation (3). We can then determine the parameters that
reproduce best the measured velocity dispersion σ obs(R).

2.1.2 Choice of parametric functions

DM density profile. Following Charbonnier et al. (2011), we do not
use a strong cosmological prior (e.g. assume the profile to be cuspy),
as this will bias the derived astrophysical factors. Instead, we fit the
model parameters to data. We adopt the Einasto parametrization of
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where the three free parameters are the logarithmic slope α, the scale
radius r−2 and the normalization ρ−2. Bonnivard et al. (2015a) find
that the choice of parametrization – Zhao–Hernquist or Einasto –
has negligible impact on the calculated J- or D- factors and their un-
certainties. With fewer free parameters, the Einasto parametrization
is more optimal in terms of computational time.

Velocity anisotropy profile. We use the Baes & van Hese (2007)
parametrization to describe the velocity anisotropy profile:
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where the four free parameters are the central anisotropy β0, the
anisotropy at large radii β∞, and the sharpness of the transition η
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ible anisotropy functions with fewer free parameters (e.g. constant,
Osipkov–Merrit – see Bonnivard et al. 2015a).

Light profile. We use a generalized Zhao–Hernquist profile
(Hernquist 1990; Zhao 1996) for the stellar number density:

νZhao(r) = ν⋆
s

(r/r⋆
s )γ [1 + (r/r⋆

s )α](β−γ )/α
, (7)

the five free parameters of which are the normalization ν⋆
s , the scale

radius r⋆
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slope α. Many studies have used less flexible parametrizations (e.g.
King, Plummer, or exponential profiles), but the use of these can
bias the calculated astrophysical factors (Bonnivard et al. 2015a).

2.2 Likelihood functions

2.2.1 Binned and unbinned analyses

Before fitting the actual dSph kinematic data, we tested both a
binned and an unbinned likelihood function on a set of mock data
(mimicking ‘ultrafaint’ and ‘classical’ dSphs, see Appendix A).
Both methods have been used in the literature, but to date, no
systematic comparison has been undertaken to test the merits and
limits of each approach (binned analyses can be found in Strigari
et al. 2007; Charbonnier et al. 2011; unbinned in Strigari et al.
2008; Martinez et al. 2009; Geringer-Sameth et al. 2015c). For
the binned analysis, the velocity dispersion profiles σ obs(R) are
built from the individual stellar velocities (see Section 3), and the
likelihood function we use is
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The quantity +σ obs(Ri) is the error on the velocity dispersion at the
radius Ri, and +Ri is the standard deviation of the radii distribution
in the ith bin. This likelihood allows the uncertainties on both σ obs

and R for each bin to be taken into account.
For the unbinned analysis, we assume that the distribution of line-

of-sight stellar velocities is Gaussian, centred on the mean stellar
velocity v̄. The likelihood function reads (Strigari et al. 2008)
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where the dispersion of velocities at radius Ri of the ith star comes
from both the intrinsic dispersion σ p(Ri) from equation (3) and the
measurement uncertainty +vi

.
As detailed in Appendix A, the unbinned analysis reduces the

statistical uncertainties on the astrophysical factors, particularly for
the ‘ultrafaint’ dSphs, without introducing biases. In the remainder
of the paper we therefore favour the unbinned analysis and the
binned likelihood is used only to cross-check our results.
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Compare With Stellar Velocities

isochrone. Since it is near the base of the giant branch, the
photometric uncertainties could contribute to this offset in
color, and we consider DES J033544.18−540150.0 a likely
member of Ret II.

Because the stars for which membership is plausible have
velocities quite similar to that of Ret II (and in some cases have
large uncertainties), including or excluding them from the
member sample does not have any significant effect on the
properties we derive for Ret II in Section 4. We show the

correspondence between M2FS spectroscopic members and
photometric membership probability in Figure 3.

3.3.2. GIRAFFE and GMOS

We also identify a handful of Ret II members in the GIRAFFE
and GMOS data sets that were not observed with M2FS. We use
a velocity measurement based on the Paschen lines to confirm that
the candidate blue HB (BHB) star DES J033539.85−540458.1
(Section 3.4) observed by GMOS is indeed a member of Ret II,
with a velocity of 69 ± 6 km s 1- . The GIRAFFE targets included
a bright (g 16.5~ ) star at ( , ) (03:35:23.85,2000 2000a d =

54:04:07.5)- that was omitted from our photometric catalog
and M2FS observations because it is saturated in the coadded
DES images. However, the spectrum of the star makes clear that it
is very metal-poor and is within a few km s 1- of the systemic
velocity of Ret II. While the magnitudes derived from individual
DES frames place it slightly redder than the isochrone that best
matches the lower red giant branch of Ret II, it is also located
inside the half-light radius, and is very likely a member. In fact, it
is probably the brightest star in any of the ultra-faint dwarfs.

Figure 1. (a) DES color–magnitude diagram of Reticulum II. Stars within 14 ′. 65 of the center of Ret II are plotted as small black dots, and stars selected for
spectroscopy with M2FS, GIRAFFE, and GMOS (as described in Section 2.1) are plotted as filled gray circles. Points surrounded by black outlines represent the
stars for which we obtained successful velocity measurements, and those we identify as Ret II members are filled in with red. The four PARSEC isochrones used
to determine membership probabilities are displayed as black lines. (b) Spatial distribution of the observed stars. Symbols are as in panel (a). The half-light radius
of Ret II from Bechtol et al. (2015) is outlined as a black ellipse. (c) Radial velocity distribution of observed stars, combining all three spectroscopic data sets. The
clear narrow peak of stars at v 60~ km s 1- highlighted in red is the signature of Ret II. The hatched histogram indicates stars that are not members of Ret II; note
that there are two bins containing non-member stars near v = 70 km s 1- that are over-plotted on top of the red histogram.

Figure 2. Magellan/M2FS spectra in the Mg b triplet region for three stars
near the edge of the Ret II velocity distribution. The wavelengths of two Mg
lines and an Fe line are marked in the bottom panel, and the third component
of the Mg triplet is just visible at a wavelength of 5185 Å at the right edge of
each spectrum. The spectrum of DES J033540.70−541005.1 (top) appears
similar to that of a Ret II member, but the color, spatial position, and velocity
offset of this star make that classification unlikely. The very strong Mg
absorption in DES J033405.49−540349.9 (middle), as well as the wealth of
other absorption features on the blue side of the spectrum, indicate that the
star is more metal-rich than would be expected for a system as small as Ret II.
DES J033437.34−535354.0 (bottom) is a double-lined binary star with a
velocity separation of ∼60 km s 1- . The redshifted absorption component
from the secondary star is most visible in the middle line of the Mg triplet.

Figure 3. Comparison of photometric membership probabilities determined
from a maximum-likelihood fit to the DES data and spectroscopic membership
as determined from the velocity measured by M2FS.
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hints at Milky Way foreground contamination, which can affect
the J- and D-factor reconstruction. For Ret II, only one star
shows an intermediate Pi (Ret2-142 in the catalog of Walker
et al. 2015, with Pi = 0.69), with a very small departure from
the mean velocity. Therefore we do not expect a strong
sensitivity to foreground contamination. In this study, and as
advocated in Bonnivard et al. (2015a), we use the data with
>P 0.95i (16 likely members, one less than identified by

Walker et al. 2015 after exclusion of Ret2-142) as our fiducial
setup.

3. RESULTS

Figure 3 displays the J- (top) and D-factors (bottom) of Ret
II, reconstructed from the Jeans/MCMC analysis, as a function
of the integration angle aint. 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 uncertainties due to the small size of the
kinematic sample, comparable to those obtained for other
“ultrafaint” dSphs by Bonnivard et al. (2015a; see also Figure
4). Table 1 summarizes our results for the astrophysical factors
of Ret II.
We cross-check our findings by varying different ingredients

of the Jeans analysis. The resulting J-factors are shown in
Figure 4. First, we perform a binned Jeans analysis (see
Bonnivard et al. 2015a) of the kinematic data, and find

Figure 1. Projected stellar density profile of Ret II, derived from the
photometric catalog of Koposov et al. (2015a). Overplotted (red line) is the
best-fitting model (we note that the fit is to the unbinned data), which is the
sum of contributions from Ret II itself and a constant background (see Section
2.3). Dotted lines enclose 68% CIs for the projection of n r( ).

Figure 2. Top: velocity dispersion profile of Ret II and reconstructed median
and credible intervals (solid and dashed black lines, respectively), as well as
best fit (see footnote 9; long dashed red lines). Bottom: distribution of
membership probabilities as a function of the projected radius R and the
departure from the mean velocity (z-axis, blue to red color) for the eighteen
stars with ¹P 0i . The size of the points is proportional to the velocity
uncertainty. See text for discussion.

Figure 3. Median (solid), 68% (dashed), and 95% (dash–dot) CIs of the
J- (top) and D-factors (bottom) of Ret II, as a function of integration angle,
reconstructed from our Jeans/MCMC analysis.

Table 1
Astrophysical Factors for Ret II (d= 30 kpc)

aint aJlog ( ( ))10 int aDlog ( ( ))10 int

(deg) -J( GeV cm )2 5 a -D( GeVcm )2 b

0.01 - -
+ +17.1 0.5( 0.9)

0.5( 1.1)
- -
+ +15.7 0.3( 0.5)

0.6( 1.0)

0.05 - -
+ +18.3 0.4( 0.8)

0.5( 1.1)
- -
+ +17.0 0.3( 0.6)

0.5( 1.0)

0.1 - -
+ +18.8 0.5( 0.8)

0.6( 1.2)
- -
+ +17.6 0.4( 0.6)

0.6( 1.1)

0.5 - -
+ +19.6 0.7( 1.3)

1.0( 1.7)
- -
+ +18.8 0.7( 1.1)

0.7( 1.2)

1 - -
+ +19.8 0.9( 1.4)

1.2( 2.0)
- -
+ +19.3 0.9( 1.4)

0.8( 1.4)

Notes. For five different 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. 2015b) and is not included in the quoted intervals.
a 1 GeV2 cm = ´- -

:M2.25 105 7 2 kpc−5.
b 1 GeVcm = ´- -

:M8.55 102 15 kpc−2.
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Figure 1. Line-of-sight stellar velocity dispersion profiles observed for the Milky Way’s eight classical dwarf spheroidal satellites, adopted from Walker et al. (2009c).
Solid curves indicate, at each projected radius, the median velocity dispersion of models sampled in the Markov-Chain Monte Carlo analysis. Dashed and dotted
curves enclose the central 68% and 95% of velocity dispersion values from the sampled models. The model profiles are fit to the unbinned kinematic data, but clearly
show good agreement with the binned data plotted here.

Table 1
Properties of Milky Way Satellitesa and Stellar-kinematic Samples

Object R.A. (J2000) Decl. (J2000) Distance MV Rhalf Nsample rmax
(hh:mm:ss) (dd:mm:ss) (kpc) (mag) (pc) (pc)

Carina 06:41:36.7 −50:57:58 105 ± 6 −9.1 ± 0.5 250 ± 39 774 2224+885
−441

Draco 17:20:12.4 +57:54:55 76 ± 6 −8.8 ± 0.3 221 ± 19 292 1866+715
−317

Fornax 02:39:59.3 −34:26:57 147 ± 12 −13.4 ± 0.3 710 ± 77 2483 6272+2616
−1366

Leo I 10:08:28.1 +12:18:23 254 ± 15 −12.0 ± 0.3 251 ± 27 267 1948+794
−407

Leo II 11:13:28.8 +22:09:06 233 ± 14 −9.8 ± 0.3 176 ± 42 126 824+345
−178

Sculptor 01:00:09.4 −33:42:33 86 ± 6 −11.1 ± 0.5 283 ± 45 1365 2673+1099
−569

Sextans 10:13:03.0 −01:36:53 86 ± 4 −9.3 ± 0.5 695 ± 44 441 2544+1109
−587

Ursa Minor 15:09:08.5 +67:13:21 76 ± 3 −8.8 ± 0.5 181 ± 27 313 1580+626
−312

Bootes I 14:00:06.0 +14:30:00 66 ± 2 −6.3 ± 0.2 242 ± 21 37 544+252
−135

Canes Venatici I 13:28:03.5 +33:33:21 218 ± 10 −8.6 ± 0.2 564 ± 36 214 2030+884
−468

Canes Venatici II 12:57:10.0 +34:19:15 160 ± 4 −4.9 ± 0.5 74 ± 14 25 352+105
−28

Coma Berenices 12:26:59.0 +23:54:15 44 ± 4 −4.1 ± 0.5 77 ± 10 59 238+103
−53

Hercules 16:31:02.0 +12:47:30 132 ± 12 −6.6 ± 0.4 330+75
−52 30 638+295

−147

Leo IV 11:32:57.0 −00:32:00 154 ± 6 −5.8 ± 0.4 206 ± 37 18 443+197
−95

Leo V 11:31:09.6 +02:13:12 178 ± 10 −5.2 ± 0.4 135 ± 32 5 201+95
−43

Leo T 09:34:53.4 +17:03:05 417 ± 19 −8.0 ± 0.5 120 ± 9 19 534+183
−60

Segue 1 10:07:04.0 +16:04:55 23 ± 2 −1.5 ± 0.8 29+8
−5 70 139+56

−28

Segue 2 02:19:16.0 +20:10:31 35 ± 2 −2.5 ± 0.3 35 ± 3 25 119+45
−18

Ursa Major I 10:34:52.8 +51:55:12 97 ± 4 −5.5 ± 0.3 319 ± 50 39 732+338
−181

Ursa Major II 08:51:30.0 +63:07:48 32 ± 4 −4.2 ± 0.6 149 ± 21 20 294+139
−74

Note. a Central coordinates, distances, absolute magnitudes and projected half-light radii are adopted from the review of McConnachie (2012,
see references to original sources therein).
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Figure 2. Same as Figure 1, but for the Milky Way’s ultra-faint satellites. In many bins the estimated velocity dispersion is zero because the actual dispersion is
unresolved by the available data. As in Figure 1 the points with error bars are for illustration; binned velocity dispersion estimates are not used in the fitting procedure.

the velocity data sample a line-of-sight velocity distribution that
is Gaussian.3 Thus we adopt the likelihood function

L =
N!

i=1

1

(2π )1/2 "
δ2
u,i + σ 2(Ri)

#1/2 exp
$
−1

2
(ui − ⟨u⟩)2

δ2
u,i + σ 2(Ri)

%
,

(19)

where ui and Ri are the line-of-sight velocity and magnitude
of the projected position vector (with respect to the center
of the dwarf) of the ith star in the kinematic data set, δu,i

is the observational error in the velocity, and σ (R) is the
velocity dispersion at projected position R, as specified by model
parameters and calculated from Equation (16). We consider
only stars for which published probabilities of membership are
greater than 0.95. The bulk velocity of the system ⟨u⟩ is a
nuisance parameter that we marginalize over with a flat prior.
Besides ⟨u⟩, the model has six free parameters and we adopt
uniform priors (as in Charbonnier et al. 2011) over the following
ranges:

1. −1 ! − log10[1 − βa] ! +1;
2. −4 ! log10[ρs/(M⊙ pc−3)] ! +4;

3 Given that we allow models with anisotropic and inherently non-Gaussian
velocity dispersions, this assumption of Gaussianity introduces an internal
inconsistency. However, by enabling the simple likelihood function given by
Equation (19), it avoids problems (e.g., arbitrariness of bin boundaries,
unresolved dispersions) associated with analyses of binned profiles. A more
rigorous treatment would generate the likelihood function directly from a 6D
phase-space distribution function (M. Wilkinson, in preparation).

3. 0 ! log10[rs/pc] ! +5;
4. 0.5 ! α ! 3;
5. 3 ! β ! 10;
6. 0 ! γ ! 1.2.
In order to sample the parameter space efficiently, we use the

nested-sampling Monte Carlo algorithm introduced by Skilling
(2004) and implemented in the software package MultiNest
(Feroz & Hobson 2008; Feroz et al. 2009), which outputs
samples from the model’s posterior probability distribution
function (PDF).

6. PHYSICAL CONSIDERATIONS AND TRUNCATION
OF HALO PROFILES

Figure 3 displays samples from the posterior PDFs returned
by MultiNest for Fornax and Segue 1—the most luminous clas-
sical dwarf and one of the least luminous ultra-faints, respec-
tively. As the model that we adopt for the halo density profile
is free (and unconstrained by, e.g., N-body considerations) the
kinematic data of each dwarf is compatible with a wide range
of profiles. Therefore, we apply three additional filters to the
kinematically allowed dark matter density profiles. The first two
involve identifying an outer boundary for a given halo, while the
third is a requirement that the halo formed in a cosmologically
plausible way.

6.1. Halo Truncation

Given the form of Equation (7), the annihilation rate will drop
rapidly at galactocentric distances r ≫ rs where the density
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Figure 1. Line-of-sight stellar velocity dispersion profiles observed for the Milky Way’s eight classical dwarf spheroidal satellites, adopted from Walker et al. (2009c).
Solid curves indicate, at each projected radius, the median velocity dispersion of models sampled in the Markov-Chain Monte Carlo analysis. Dashed and dotted
curves enclose the central 68% and 95% of velocity dispersion values from the sampled models. The model profiles are fit to the unbinned kinematic data, but clearly
show good agreement with the binned data plotted here.

Table 1
Properties of Milky Way Satellitesa and Stellar-kinematic Samples

Object R.A. (J2000) Decl. (J2000) Distance MV Rhalf Nsample rmax
(hh:mm:ss) (dd:mm:ss) (kpc) (mag) (pc) (pc)

Carina 06:41:36.7 −50:57:58 105 ± 6 −9.1 ± 0.5 250 ± 39 774 2224+885
−441

Draco 17:20:12.4 +57:54:55 76 ± 6 −8.8 ± 0.3 221 ± 19 292 1866+715
−317

Fornax 02:39:59.3 −34:26:57 147 ± 12 −13.4 ± 0.3 710 ± 77 2483 6272+2616
−1366

Leo I 10:08:28.1 +12:18:23 254 ± 15 −12.0 ± 0.3 251 ± 27 267 1948+794
−407

Leo II 11:13:28.8 +22:09:06 233 ± 14 −9.8 ± 0.3 176 ± 42 126 824+345
−178

Sculptor 01:00:09.4 −33:42:33 86 ± 6 −11.1 ± 0.5 283 ± 45 1365 2673+1099
−569

Sextans 10:13:03.0 −01:36:53 86 ± 4 −9.3 ± 0.5 695 ± 44 441 2544+1109
−587

Ursa Minor 15:09:08.5 +67:13:21 76 ± 3 −8.8 ± 0.5 181 ± 27 313 1580+626
−312

Bootes I 14:00:06.0 +14:30:00 66 ± 2 −6.3 ± 0.2 242 ± 21 37 544+252
−135

Canes Venatici I 13:28:03.5 +33:33:21 218 ± 10 −8.6 ± 0.2 564 ± 36 214 2030+884
−468

Canes Venatici II 12:57:10.0 +34:19:15 160 ± 4 −4.9 ± 0.5 74 ± 14 25 352+105
−28

Coma Berenices 12:26:59.0 +23:54:15 44 ± 4 −4.1 ± 0.5 77 ± 10 59 238+103
−53

Hercules 16:31:02.0 +12:47:30 132 ± 12 −6.6 ± 0.4 330+75
−52 30 638+295

−147

Leo IV 11:32:57.0 −00:32:00 154 ± 6 −5.8 ± 0.4 206 ± 37 18 443+197
−95

Leo V 11:31:09.6 +02:13:12 178 ± 10 −5.2 ± 0.4 135 ± 32 5 201+95
−43

Leo T 09:34:53.4 +17:03:05 417 ± 19 −8.0 ± 0.5 120 ± 9 19 534+183
−60

Segue 1 10:07:04.0 +16:04:55 23 ± 2 −1.5 ± 0.8 29+8
−5 70 139+56

−28

Segue 2 02:19:16.0 +20:10:31 35 ± 2 −2.5 ± 0.3 35 ± 3 25 119+45
−18

Ursa Major I 10:34:52.8 +51:55:12 97 ± 4 −5.5 ± 0.3 319 ± 50 39 732+338
−181

Ursa Major II 08:51:30.0 +63:07:48 32 ± 4 −4.2 ± 0.6 149 ± 21 20 294+139
−74

Note. a Central coordinates, distances, absolute magnitudes and projected half-light radii are adopted from the review of McConnachie (2012,
see references to original sources therein).
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J-Factors for Satellites without 
Dynamical Modeling

models (de Palma et al. 2013). We found that using the
alternative diffuse models varied the calculated limits and TS
values by 20%1 .

4. ESTIMATING J-FACTORS FOR THE
DES dSph CANDIDATES

The DM content of the DES dSph candidates cannot be
determined without spectroscopic observations of their member
stars. However, it is possible to predict the upper limits on the
DM annihilation cross section that would be obtained given
such observations by making the assumption that these
candidates possess DM distributions similar to the known
dSphs. Our estimates for the astrophysical J-factors of these
candidates are motivated by two established relationships.
First, the known dSphs have a common mass scale in their
interiors, roughly 107 M: within their central 300 pc (Strigari
et al. 2008a). This radius is representative of the half light
radius for classical dSphs, but is outside the visible stellar
distribution of several ultra-faint satellites. More generally, the
half-light radius of a dSph and the mass within the half-light
radius have been found to obey a simple scaling relation,
assuming that the velocity dispersions are nearly constant in
radius and the anisotropy of the stars is not strongly radially
dependent (Walker et al. 2009; Wolf et al. 2010).

In the analysis that follows, we used the ten ultra-faint SDSS
satellites with spectroscopically determined J-factors as a
representative set of known dSphs. Specifically, we take the
J-factors calculated assuming an NFW profile integrated over a
radius of 0. 5 for Boötes I, Canes Venatici I, Canes Venatici II,
Coma Berenices, Hercules, Leo IV, Segue 1, Ursa Major I,
Ursa Major II, and Willman 1 (see Table 1 in Ackermann
et al. 2014). Figure 3 shows the relation between the
heliocentric distances and J-factors of ultra-faint and classical
dSphs. As expected from their similar interior DM masses, the
J-factors of the known dSphs scale approximately as the
inverse square of the distance. The best-fit normalization is

Jlog 18.3 0.110( ) = at d 100 kpc= . We obtain a similar
best-fit value, Jlog 18.1 0.110( ) = at d 100 kpc= , using the
J-factors derived by Geringer-Sameth et al. (2015a), who
assumed a generalized NFW profile and omitted Willman
1.75 We note that the limited scatter in Figure 3 is primarily due
to the known dSphs residing in similar DM halos (Ackermann
et al. 2014). Under the assumption that the new DES
dSph candidates belong to the same population, we estimated
their J-factors based on the distances derived from the DES
photometry. Table 1 gives the estimated J-factors integrated
over a solid-angle of 2.4 10 sr4DW ~ ´ - using our simple,
empirical relation.
Several caveats should be noted. None of the DES

candidates have been confirmed to be gravitationally bound.
It is possible that some have stellar populations characteristic of
galaxies but lack substantial DM content, as is the case for
Segue 2 (Kirby et al. 2013), or have complicated kinematics
that are difficult to interpret (Willman et al. 2011). Further,
some of the M31 dSphs have been found to deviate from these
relations, though it is possible that these deviations are due to
tidal disruption (Collins et al. 2014). Kinematic measurements
of the member stars are needed to unambiguously resolve these
questions.
Using the J-factor estimates presented in Table 1, we

followed the likelihood procedure detailed in Ackermann et al.
(2015a) to obtain limits on DM annihilation from these eight
candidates shown in Figure 4.
We assumed a symmetric logarithmic uncertainty on the

J-factor of 0.4 dex for each DES candidate. This value is
representative of the uncertainties from ultra-faint dSphs
(Ackermann et al. 2011; Geringer-Sameth et al. 2015a) and
is somewhat larger than the uncertainties derived in Martinez
(2015). The 0.4 dex uncertainty is intended to represent the
expected measurement uncertainty on the J-factors of the DES
candidates after kinematic follow up. The corresponding
uncertainty band is illustrated in Figure 3. We apply the same
methodology as Ackermann et al. (2015a) to account for the
J-factor uncertainty on each DES candidate by modeling it as a
log normal distribution with J iobs, equal to the values in Table 1,
and 0.4is = dex (see Equation (3) of Ackermann et al. 2015a).
We derived individual and combined limits on the DM

annihilation cross section for DM annihilation via the bb̄and
τ+τ−channels, under the assumption that each DES candidate is
a dSph and has the J-factor listed in Table 1. We note that when
using a J-factor uncertainty of 0.6 dex instead of 0.4 dex , the
individual dwarf candidate limits worsen by a factor of ∼1.6,
while the combined limits worsen by 15%–20%. We stress that
the distance-estimated limits may differ substantially as spectro-
scopic data become available to more robustly constrain the DM
content of the DES candidates. However, once measured J-
factors are obtained, the observed limits from each candidate will
scale linearly with the measured J-factor relative to our
estimates. Given the current uncertainty regarding the nature
of the dSph candidates, we do not combine limits with those
from previously known dSphs (i.e., Ackermann et al. 2015a).

5. DISCUSSION AND CONCLUSIONS

The discovery of eight dSph candidates in the first year of
DES observations sets an optimistic tone for future
dSph detections from DES and other optical surveys.
DES J0335.6−5403, at a distance of ∼32 kpc, is a particularly
interesting candidate in this context, and should be considered a

Figure 3. J-factor distance scaling. Black points are from Table 1 in
Ackermann et al. (2014). The red curve is our best fit with an assumed inverse
square distance relation (see the text). The red band shows the 0.4 dex
uncertainty that we adopt.

75 When using the values derived by Geringer-Sameth et al. (2015a) and
including Segue 2, we find a best-fit normalization of Jlog 18.0 0.110( ) = at
d 100 kpc= .
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with a γ-ray emitting blazar. We additionally find the source
PMN J0003−6059 located ¢10 from TucanaIV, but due to the
lack of multifrequency measurements it is unclear whether it is
a potential γ-ray emitter.

4. ESTIMATING J-FACTORS

An estimate of the J-factor is necessary to convert a γ-ray
flux upper limit into a constraint on the DM annihilation cross
section (Equation (1)). The J-factor depends on both the DM
density profile and distance. Distances can be determined from
the photometric data using the characteristic absolute magni-
tude of the main-sequence turn-off and/or horizontal branch in
old, metal-poor stellar populations. On the other hand,
measurement of the DM mass requires spectroscopic observa-
tions to determine the radial velocities of member stars. The
classical dSphs discovered prior to SDSS have measured
velocity dispersions in the range –~ -6 11 km s 1, and the ultra-
faint dSphs discovered by SDSS have velocity dispersions in
the range –~ -2 6 km s 1. Similarly, the six new systems
recently confirmed as dSphs have velocity dispersions in the
range from – -2.9 8.6 km s 1.

The known dSphs have similar central DM densities despite
a wide spread in optical luminosity (Strigari et al. 2008). The
similarity in the central DM density of the dSphs causes
their J-factors to scale approximately as the inverse square of
their distances. In Figure 5, we show that a simple scaling
relationship between J-factor and distance can be clearly seen
in the J-factors derived by several groups (i.e., Bonnivard et al.
2015a; Geringer-Sameth et al. 2015a; Martinez 2015). For each
set of J-factor measurements, the intrinsic scatter relative to the
proposed scaling relationship appears to be smaller than the
average measurement uncertainty.

Following DW15, we assume that the new stellar systems
occupy similar DM halos to the population of known dSphs,
and we predict the J-factors of the new systems from their
distances. This assumption is necessary to convert the γ-ray
flux limits to DM annihilation cross section constraints since

most of the newly discovered systems have not yet been
observed spectroscopically. We do not expect globular clusters
to follow the same scaling relation, since their observed
velocity dispersions imply that they do not contain DM.
For each candidate we calculated a predicted J-factor using

the procedure developed in DW15. Our scaling relationship is

( )= -
⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟

J

J
D

log 2 log
100 kpc

, 210
pred

0
10

where D is the heliocentric distance of the dSph candidate and
J0 is a scale factor derived from a fit to spectroscopic data
(Figure 5). In contrast to DW15, we derived our nominal scale
factor, = -J 18.1 GeV cm0

2 5, using the spectroscopic J-factors
from Geringer-Sameth et al. (2015b) as opposed to those from
Martinez (2015). The two data sets give compatible results (see
DW15); however, the J-factors derived by Geringer-Sameth
et al. (2015b) rely on fewer assumptions about the population
of dSphs and provide slightly more conservative estimates for
the predicted J-factors. The predicted J-factor for each stellar
system is shown in Table 1.
In addition to predicting the value of the J-factor we

approximate the uncertainty achievable with future radial
velocity measurements. The uncertainty on the J-factor derived
from spectroscopic observations depends on several factors,
most importantly the number of stars for which radial velocities
have been measured. For ultra-faint dSphs that are similar to
the dSph candidates, spectra have been measured for 20–100
stars. Additional sources of uncertainty include the DM density
profile and dynamical factors such as the velocity anisotropy of
member stars. We consider characteristic J-factor uncertainties,

{ }s =log 0.4, 0.6, 0.8 dexJ10 , for the newly discovered ultra-
faint satellites lacking spectroscopically determined J-factors.
Note that these uncertainties refer to characteristic measure-
ment uncertainties on the J-factor for a typical dSph, and do not
reflect any intrinsic scatter that may exist in a larger population
of satellites.

Figure 5. Relationship between the distances and spectroscopically determined J-factors of known dSphs is derived with three different techniques: (left) non-
informative priors (Geringer-Sameth et al. 2015a), (center) Bayesian hierarchical modeling (Martinez 2015), and (right) allowing for more flexible parametrizations of
the stellar distribution and orbital anisotropy profile (Bonnivard et al. 2015a). We also include recently derived J-factor estimates for ReticulumII (Simon et al. 2015;
Bonnivard et al. 2015b) and TucanaII (Walker et al. 2015b) with J-factors for other dSphs that were calculated in a similar manner (see references for each panel). We
fit the J-factor scaling relation (Equation (2)) to the data in each panel, yielding ( ) { }=-Jlog GeV cm 18.1, 18.3, 18.410 0

2 5 , for the left, center, and right panels,
respectively; these relationships are plotted as solid, short dashed, and long dashed red lines.
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with a γ-ray emitting blazar. We additionally find the source
PMN J0003−6059 located ¢10 from TucanaIV, but due to the
lack of multifrequency measurements it is unclear whether it is
a potential γ-ray emitter.

4. ESTIMATING J-FACTORS

An estimate of the J-factor is necessary to convert a γ-ray
flux upper limit into a constraint on the DM annihilation cross
section (Equation (1)). The J-factor depends on both the DM
density profile and distance. Distances can be determined from
the photometric data using the characteristic absolute magni-
tude of the main-sequence turn-off and/or horizontal branch in
old, metal-poor stellar populations. On the other hand,
measurement of the DM mass requires spectroscopic observa-
tions to determine the radial velocities of member stars. The
classical dSphs discovered prior to SDSS have measured
velocity dispersions in the range –~ -6 11 km s 1, and the ultra-
faint dSphs discovered by SDSS have velocity dispersions in
the range –~ -2 6 km s 1. Similarly, the six new systems
recently confirmed as dSphs have velocity dispersions in the
range from – -2.9 8.6 km s 1.

The known dSphs have similar central DM densities despite
a wide spread in optical luminosity (Strigari et al. 2008). The
similarity in the central DM density of the dSphs causes
their J-factors to scale approximately as the inverse square of
their distances. In Figure 5, we show that a simple scaling
relationship between J-factor and distance can be clearly seen
in the J-factors derived by several groups (i.e., Bonnivard et al.
2015a; Geringer-Sameth et al. 2015a; Martinez 2015). For each
set of J-factor measurements, the intrinsic scatter relative to the
proposed scaling relationship appears to be smaller than the
average measurement uncertainty.

Following DW15, we assume that the new stellar systems
occupy similar DM halos to the population of known dSphs,
and we predict the J-factors of the new systems from their
distances. This assumption is necessary to convert the γ-ray
flux limits to DM annihilation cross section constraints since

most of the newly discovered systems have not yet been
observed spectroscopically. We do not expect globular clusters
to follow the same scaling relation, since their observed
velocity dispersions imply that they do not contain DM.
For each candidate we calculated a predicted J-factor using

the procedure developed in DW15. Our scaling relationship is

( )= -
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where D is the heliocentric distance of the dSph candidate and
J0 is a scale factor derived from a fit to spectroscopic data
(Figure 5). In contrast to DW15, we derived our nominal scale
factor, = -J 18.1 GeV cm0

2 5, using the spectroscopic J-factors
from Geringer-Sameth et al. (2015b) as opposed to those from
Martinez (2015). The two data sets give compatible results (see
DW15); however, the J-factors derived by Geringer-Sameth
et al. (2015b) rely on fewer assumptions about the population
of dSphs and provide slightly more conservative estimates for
the predicted J-factors. The predicted J-factor for each stellar
system is shown in Table 1.
In addition to predicting the value of the J-factor we

approximate the uncertainty achievable with future radial
velocity measurements. The uncertainty on the J-factor derived
from spectroscopic observations depends on several factors,
most importantly the number of stars for which radial velocities
have been measured. For ultra-faint dSphs that are similar to
the dSph candidates, spectra have been measured for 20–100
stars. Additional sources of uncertainty include the DM density
profile and dynamical factors such as the velocity anisotropy of
member stars. We consider characteristic J-factor uncertainties,

{ }s =log 0.4, 0.6, 0.8 dexJ10 , for the newly discovered ultra-
faint satellites lacking spectroscopically determined J-factors.
Note that these uncertainties refer to characteristic measure-
ment uncertainties on the J-factor for a typical dSph, and do not
reflect any intrinsic scatter that may exist in a larger population
of satellites.

Figure 5. Relationship between the distances and spectroscopically determined J-factors of known dSphs is derived with three different techniques: (left) non-
informative priors (Geringer-Sameth et al. 2015a), (center) Bayesian hierarchical modeling (Martinez 2015), and (right) allowing for more flexible parametrizations of
the stellar distribution and orbital anisotropy profile (Bonnivard et al. 2015a). We also include recently derived J-factor estimates for ReticulumII (Simon et al. 2015;
Bonnivard et al. 2015b) and TucanaII (Walker et al. 2015b) with J-factors for other dSphs that were calculated in a similar manner (see references for each panel). We
fit the J-factor scaling relation (Equation (2)) to the data in each panel, yielding ( ) { }=-Jlog GeV cm 18.1, 18.3, 18.410 0

2 5 , for the left, center, and right panels,
respectively; these relationships are plotted as solid, short dashed, and long dashed red lines.
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Figure 6. J-Factor models versus measured J-Factors at qmax = 0.5�. The models from left to right are: s4
los/d

2
r1/2, 1/d

2, L
0.32/d

2
r1/2. Each model has been

scaled to match the one-to-one line. The shaded bands show the intrinsic spread of the models (sJ) which is labeled in the upper-left hand corners. The last
model is explored in Section 4.7. The slos based model presentations a significant improvement over 1/d

2 models.

Table 1. Normalization (J0/D0) and intrinsic spread (sJ/sD) (in logarith-
mic units) of the scaling relations for different integration angles of the J
and D-Factors. The units of J(D)-Factor are GeV2 cm�5 (GeVcm�2).

log10 J0/ log10 D0 sJ/sD

J(0.1�) 17.51 0.10
J(0.2�) 17.63 0.07
J(0.5�) 17.72 0.05
J(ac) 17.62 0.05
D(0.1�) 9.55 0.53
D(0.2�) 9.90 0.47
D(0.5�) 10.27 0.37
D(ac/2) 9.32 0.11

4.3 J-Factor Scaling

The first searches for dark matter annihilation into gamma-rays
from new dwarf galaxy candidates discovered in DES (Bechtol
et al. 2015; Koposov et al. 2015a; Drlica-Wagner et al. 2015b)
used an empirical scaling relationship between the J-Factor and
distance to estimate the J-Factor for the new discoveries (Drlica-
Wagner et al. 2015a; Albert et al. 2017b). Their relation is written
as log10

�
Jpred(0.5�)/J0

�
= �2log10 (d/100kpc). The normaliza-

tion, J0, varies based on the J-Factor compilation and it ranges be-
tween log10 J0 = 18.1� 18.4GeV2 cm�5 (Geringer-Sameth et al.
2015b; Bonnivard et al. 2015b; Martinez 2015). One of the re-
cently discovered dSphs, Carina II, contained a significantly lower
J-Factor than the distance scaling prediction (T. S. Li et al., in prep)
and led us to explore more general scaling relations.

Guided by the analytic work of Evans et al. (2016), we exam-
ined scaling relations of the form: log(J(qmax)/J0) = a logslos +
b logd + g logr1/2. The best fit scaling parameters (a,b ,g) were
determined by examining model residuals and looking for parame-
terizations without trends with respect to d, slos, or r1/2. We quan-
tified the size of the residuals (which we refer to as the intrinsic

6 In Leo V we find a similar small zero-slos tail in the 5 star data set from
Walker et al. (2009c).

spread or scatter with logarithmic units), sJ , by applying the can-
didate relation and fitting the residuals with a Gaussian.

We find a minimum in sJ for model parameters: (a,b ,g) =
(4,�2,�1) (with qmax = 0.5�). With typical dSph properties, our
J-Factor scaling relation can be expressed as:

J(0.5�)
GeV2 cm�5 ⇡ 1017.72

⇣ slos
5kms�1

⌘4
✓

d

100kpc

◆�2✓
r1/2

100pc

◆�1
.

(9)

This relation has sJ = 0.05. We note that s4
los/d

2
r1/2 combined

with 1/G
2 (Newton’s constant) has the units of the J-Factor, as the

units of [J/G
2] are [velocity]4/ [length]3. In Table 1, we list nor-

malization (J0) and sJ for other integration angles. The minimum
sJ occurs at 0.5�and ac. We expect the minimum to occur at ac as
it is dependent on the r1/2, the radius where the mass is best esti-
mated for dispersion supported systems (Walker et al. 2009d; Wolf
et al. 2010). The errors in the J-Factors are minimized at this angle
(Walker et al. 2011). Due to the rapid fall-off of the J-Factor with
qmax, it is not surprising to see small scatter at the larger angle also.

In Figure 6, we compare J-Factor models and measurements
(at qmax = 0.5�). The models from left to right are: s4

los/d
2
r1/2,

1/d
2, L

0.32/d
2
r1/2. Each model is scaled to match the one-to-one

line. The first is our best-fit model and has the smallest sJ . The sec-
ond is the previously utilized distance based model (Drlica-Wagner
et al. 2015a; Albert et al. 2017b). The last is a luminosity based
model and is discussed in detail in Section 4.7. As shown in Fig-
ure 6, the slos based scaling relation provides an excellent fit to the
data.

In Figure 7, we show the residuals (Jmeasured � Jmodel) of this
relationship along with subsets of the parameters. We compare the
residuals versus d, slos, r1/2, and LV, where LV acts as a cross-
check and is not a direct input. For ease of comparison, each row
has the same residual range (y-axis) and shaded bands display sJ

for each model. In all subset panels, there are trends with respect
to the “missing” dSph parameters. The rough form of our relation
can be derived by examining several rows in Figure 7. The first
step is to examine the d only relation (second row of Figure 7)
and observe that the residuals have a positive trend with slos. The
s4

los/d
2 relation (fifth row in Figure 7), has a negative trend with
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Figure 3. Predicted number of ultra-faint dwarfs for each of the three toy
models as a function of survey r-band limiting magnitude for LSST and DES.
The results for the brighter and fainter subsets of the ultra-faints are shown
in the top and bottom panels, respectively. The error bars show the 10%/90%
confidence intervals as described in Section 4.
(A color version of this figure is available in the online journal.)

are smaller than their observed distances, so we adopt dobserved
as their dmax,SDSS’s and perform an additional efficiency cor-
rection based on an estimated integrated detection efficiency
within dobserved from Walsh et al. (2009, ϵ = 1.0, 0.5, and 0.85
respectively). Objects like the other 11 SDSS dwarfs were de-
tected with 100% efficiency with the Walsh et al. (2009) algo-
rithm, unlike the Koposov et al. (2008) algorithm—the primary
source of the difference between our and the Tollerud et al.
(2008) results.

To scale the corrected numbers within the SDSS footprint
to the expected numbers in each mock DES or LSST sur-
vey, we account for both survey area and point-source de-
tection limit. Rather than scaling directly by relative survey
area, we scale by the ratio of the number of subhalos within
dmax,survey of a mock survey area to the number within dmax,survey
of a mock SDSS. This captures the azimuthal anisotropy in
the ELVIS simulations, allowing us to directly incorporate the
effect into our uncertainties. We naively assume that com-
pleteness distances scale like the flux depth of each survey
(dmax,survey = dmax,SDSS × 100.2(rlim,survey−rlim,SDSS)), given rlim,SDSS =
22.0 mag. In light of the challenges separating resolved

Table 1
Predicted Number of Dwarf Galaxies for LSST and DES

DES (±10/90) LSST (±10/90)

L > 103 L⊙, rlim = 23.8

Massive in the past 7+2
−2 28+6

−5

Pre-reionization fossils 7+3
−2 30+11

−5

Earliest infall 5+4
−2 23+11

−6

L < 103 L⊙, rlim = 23.8

Massive in the past 10+9
−6 40+29

−15

Pre-reionization fossils 10+14
−6 43+36

−19

Earliest infall 8+9
−5 35+32

−15

L > 103 L⊙, rlim = 25.8
Massive in the past 8+3

−3 33+8
−6

Pre-reionization fossils 9+4
−3 37+16

−8

Earliest infall 6+4
−3 25+14

−7

L < 103 L⊙, rlim = 25.8
Massive in the past 42+31

−18 171+117
−60

Pre-reionization fossils 56+43
−27 179+128

−84

Earliest infall 20+17
−11 81+60

−28

stars from unresolved galaxies at faint apparent magni-
tudes, we consider 23.3 < rlim,survey < 25.8 for both DES
and LSST.

We apply a slightly different method to the hyperfaint
dwarfs, because the numbers of subhalos within their dmax,SDSS
(!50 kpc) are too small to provide robust mock survey results. In
some toy models, several MW analogs have no subhalos within
the dmax of Seg 1 (∼30 kpc). We therefore used azimuthally
averaged radial distributions to predict an average number for
each simulation and used the mock survey approach to estimate
the 10/90 percent confidence intervals. We ignored any random
mock survey pointing without a Segue 1-like subhalo. The
resulting predictions do not properly capture halo-to-halo and
spatial anisotropy uncertainties, but they provide reasonable
limits on the uncertainty in the predicted numbers.

The top and bottom panels of Figure 3 show the predicted
numbers of L " 103 L⊙ and L ! 103 L⊙ dwarfs as a function
of r-magnitude depth. We adopted the median and 10/90
percent confidence intervals from the 1200 mock surveys as
our estimated number and uncertainty. The uncertainty on each
number reflects both halo-to-halo and survey-to-survey (radial
and azimuthal) variations.

5. DISCUSSION

Using our approach of correcting the known population of
SDSS dwarfs, we find that the use of paired versus isolated
simulations does not yield systematically different predictions
for the MW’s dwarf population. Although there is statistically
significant super-Poisson azimuthal anisotropy in the toy model
subhalo distributions, this anisotropy appears neither extreme
nor systematically aligned with M31. We also noted that Poisson
statistics alone can explain the seemingly low number of SDSS
dwarf discoveries post-SDSS DR6 (see Section 3), when the bias
against finding dwarfs at low Galactic latitude is considered.

We predict vastly different numbers of regular (L " 103 L⊙)
versus hyperfaint (L ! 103 L⊙) dwarfs (see Tables 1 and 2).
Spanning all toy models, at 90% confidence, and assuming
rlimit = 25.8 mag: 3–13 regular versus 9–99 hyperfaints should
be discovered in DES and 18–53 regular versus 53–307 hyper-
faints should be discovered in LSST. Over the entire sky and
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Figure 3. Predicted number of ultra-faint dwarfs for each of the three toy
models as a function of survey r-band limiting magnitude for LSST and DES.
The results for the brighter and fainter subsets of the ultra-faints are shown
in the top and bottom panels, respectively. The error bars show the 10%/90%
confidence intervals as described in Section 4.
(A color version of this figure is available in the online journal.)

are smaller than their observed distances, so we adopt dobserved
as their dmax,SDSS’s and perform an additional efficiency cor-
rection based on an estimated integrated detection efficiency
within dobserved from Walsh et al. (2009, ϵ = 1.0, 0.5, and 0.85
respectively). Objects like the other 11 SDSS dwarfs were de-
tected with 100% efficiency with the Walsh et al. (2009) algo-
rithm, unlike the Koposov et al. (2008) algorithm—the primary
source of the difference between our and the Tollerud et al.
(2008) results.

To scale the corrected numbers within the SDSS footprint
to the expected numbers in each mock DES or LSST sur-
vey, we account for both survey area and point-source de-
tection limit. Rather than scaling directly by relative survey
area, we scale by the ratio of the number of subhalos within
dmax,survey of a mock survey area to the number within dmax,survey
of a mock SDSS. This captures the azimuthal anisotropy in
the ELVIS simulations, allowing us to directly incorporate the
effect into our uncertainties. We naively assume that com-
pleteness distances scale like the flux depth of each survey
(dmax,survey = dmax,SDSS × 100.2(rlim,survey−rlim,SDSS)), given rlim,SDSS =
22.0 mag. In light of the challenges separating resolved

Table 1
Predicted Number of Dwarf Galaxies for LSST and DES

DES (±10/90) LSST (±10/90)

L > 103 L⊙, rlim = 23.8

Massive in the past 7+2
−2 28+6

−5

Pre-reionization fossils 7+3
−2 30+11

−5

Earliest infall 5+4
−2 23+11

−6

L < 103 L⊙, rlim = 23.8

Massive in the past 10+9
−6 40+29

−15

Pre-reionization fossils 10+14
−6 43+36

−19

Earliest infall 8+9
−5 35+32

−15

L > 103 L⊙, rlim = 25.8
Massive in the past 8+3

−3 33+8
−6

Pre-reionization fossils 9+4
−3 37+16

−8

Earliest infall 6+4
−3 25+14

−7

L < 103 L⊙, rlim = 25.8
Massive in the past 42+31

−18 171+117
−60

Pre-reionization fossils 56+43
−27 179+128

−84

Earliest infall 20+17
−11 81+60

−28

stars from unresolved galaxies at faint apparent magni-
tudes, we consider 23.3 < rlim,survey < 25.8 for both DES
and LSST.

We apply a slightly different method to the hyperfaint
dwarfs, because the numbers of subhalos within their dmax,SDSS
(!50 kpc) are too small to provide robust mock survey results. In
some toy models, several MW analogs have no subhalos within
the dmax of Seg 1 (∼30 kpc). We therefore used azimuthally
averaged radial distributions to predict an average number for
each simulation and used the mock survey approach to estimate
the 10/90 percent confidence intervals. We ignored any random
mock survey pointing without a Segue 1-like subhalo. The
resulting predictions do not properly capture halo-to-halo and
spatial anisotropy uncertainties, but they provide reasonable
limits on the uncertainty in the predicted numbers.

The top and bottom panels of Figure 3 show the predicted
numbers of L " 103 L⊙ and L ! 103 L⊙ dwarfs as a function
of r-magnitude depth. We adopted the median and 10/90
percent confidence intervals from the 1200 mock surveys as
our estimated number and uncertainty. The uncertainty on each
number reflects both halo-to-halo and survey-to-survey (radial
and azimuthal) variations.

5. DISCUSSION

Using our approach of correcting the known population of
SDSS dwarfs, we find that the use of paired versus isolated
simulations does not yield systematically different predictions
for the MW’s dwarf population. Although there is statistically
significant super-Poisson azimuthal anisotropy in the toy model
subhalo distributions, this anisotropy appears neither extreme
nor systematically aligned with M31. We also noted that Poisson
statistics alone can explain the seemingly low number of SDSS
dwarf discoveries post-SDSS DR6 (see Section 3), when the bias
against finding dwarfs at low Galactic latitude is considered.

We predict vastly different numbers of regular (L " 103 L⊙)
versus hyperfaint (L ! 103 L⊙) dwarfs (see Tables 1 and 2).
Spanning all toy models, at 90% confidence, and assuming
rlimit = 25.8 mag: 3–13 regular versus 9–99 hyperfaints should
be discovered in DES and 18–53 regular versus 53–307 hyper-
faints should be discovered in LSST. Over the entire sky and
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ent. Since the range in slos between the dSphs is relatively small,
the large slos power is not seen until the other trends are removed
(sixth row in Figure 7). We note that the exponent in the slos scal-
ing has larger uncertainty than the other parameters; the parameter
range a = 3.5� 4.5 has little variation with respect to the median
value. The large uncertainty is due to the small dynamic range of
slos values.

As a cross-check we explored computing the scaling relation
parameters (J0, sJ) with various sub-sets of our sample. In partic-
ular, we separated the sample based on luminosity (LV 7 104.5

L�),
host (MW or M31 + LF), or a pre-DES sample (specifically galax-
ies used in Geringer-Sameth et al. 2015b). In general, we find the
similar values for most sub-sets (DJ0 ⇡ 0.02 and DsJ ⇡ +0.02)
however, the faint subset and the distant sample (M31 + LF) have
slightly larger sJ values and larger/smaller J0 values respectively.
The different in J0 is likely driven by the distance clustering in these
subsets.

4.4 D-Factor Scaling

We turn now to deriving a D-Factor scaling relation. The best fit
scaling relation with typical dSph parameters is:

D(ac/2)
GeVcm�2 ⇡ 1016.75

⇣ slos
5kms�1

⌘2
✓

100kpc
d

◆2✓
r1/2

100pc

◆
, (10)

and has sD = 0.11. The coefficients for the other D-Factor angles
are listed in Table 1. For the D-Factor, the only scaling relation
model angle with small scatter is ac/2. The relationship for the
D-Factor has considerably larger scatter than the J-Factor scaling.
This is due to the shape of the D-Factor integrand with respect to q
(only line-of-sight integration) compared to the analogous J-Factor
integrand. For the J-Factor integrand the majority of “signal” comes
within rs and always decreases with respect to q . For the D-Factor
however, the integrand initially increases with respect to q and then
turns over q ⇡ 0.4rs/d. There is significantly slower falloff with q
for the D-Factor than for the J-Factor. At a fixed integration an-
gle, the shape of the D-Factor integrand will vary between objects,
whereas it takes a similar shape in the J-Factor for all objects. The
D-Factor profile dependence increases the scatter in all scaling re-
lations at fixed integration angle with respect to the J-Factor. In Fig-
ure 8, we present the D-Factor residual plot. Similar to the J-Factor
scaling relation, when a sub-set of the parameters is examined the
residuals are correlated.

4.5 Analytic Relation

We can derive the form of our scaling relation by appealing to the
analytic work of Evans et al. (2016). They derive analytic J and
D-Factors for several simple halo profiles including the NFW pro-
file. Their analytic J and D-Factors contain two, generally valid,
simplifying assumptions: first, the dwarf is distant enough to sim-
plify the angular part of the integration (projection from infinite
distance versus finite distance) and second, the dark matter halo has
no truncation radius (infinite rt ). We find that their formula works
remarkably well for the NFW J-Factor; generally, the percent error
between the numerical integration and approximate analytic calcu-
lation in our posterior distribution is  0.1%. The D-Factor for-
mula however, preforms quite poorly due to the infinite tidal radius
assumption (percent errors range range from 1� 50%). As the D-
Factor has a larger dependence on the total size of the dark matter

halo than the J-Factor, the approximation tends to over estimate the
D-Factor. We therefore only focus on the analytic J-Factor work.

The bulk of our derivation is in Appendix A. Briefly, we
start with the analytic J-Factor formula for the NFW profile in
Evans et al. (2016, Equation 16) and replace the halo scale density
with observed quantities (slos, r1/2) using the half-mass estimators
(Walker et al. 2009d; Wolf et al. 2010). At ac, the J-Factor can then
be written as:

J(ac) =
s4

los
G2d2r1/2

F(r1/2/rs), (11)

where the F is an analytic function derived in the appendix. The
s4

los dependence comes from the half-mass estimators (J µ r2
s µ

M
2 µ s4

los) and d
�2 dependence from the “flux” nature of the J-

Factor. The remaining unit is 1/[length] and implies that J µ 1/r1/2.
The first part of Equation 11 is the scaling relation we find while the
remainder is dependent on the ratio r1/2/rs. With hr1/2/rsi ⇡ 0.25,
Equation 11 has the same normalization as our scaling relations for
ac (see Table 1).

4.6 Comparison with other J-Factor Compilations

As a cross check we examine whether the compilation of Geringer-
Sameth et al. (2015b) obeys the same scaling relation7 (Equa-
tion 9). They provide tabulated values for the d and r1/2 used in
their analysis, which allows for a straightforward comparison with
our results. The primary difference between their J-Factor analysis
and ours is that their analysis assumes a generalized dark matter
halo, but has the same stellar anisotropy and stellar density profile
assumptions.

We find that the same scaling relation describes their compila-
tion of J-Factors, however, we find that the normalization is slightly
larger (log(J0) = 17.89 versus our log(J0) = 17.72) and the spread
is slightly increased (sJ = 0.08 versus our sJ = 0.05). If we limit
our compilation to only the galaxies in the Geringer-Sameth et al.
analysis we find the same normalization and scatter as in our orig-
inal sample. The difference in normalization between the compila-
tions is likely due by the different dark matter profiles used. This
implies that our scaling relation results are robust to changing the
dark matter profile

4.7 Scaling with Luminosity

In the era of deep and wide surveys, it will become increasingly
more difficult for the rate at which stellar kinematics are measured
within individual systems to keep up with the rate at which new
systems are discovered. So it is important to determine how the
J and D-factors scale with parameters other than slos. For satel-
lites without stellar kinematics, the stellar luminosity, LV, may be
a potential replacement for slos. In our dSph sample, there is a cor-
relation between slos and LV. Replacing slos with LV, the best fit
scaling relation we find is (we fixed the power of d and r1/2):

J(0.5�)
GeV2 cm�5 ⇡ 1017.93

✓
LV

104L�

◆0.32✓
d

100kpc

◆�2✓
r1/2

100pc

◆�1
.

(12)

7 We exclude the galaxies Leo IV, Leo V, and Segue 2 in their sample from
this cross-check.
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Conclusions

•dSphs are excellent targets for the indirect detection 
of dark matter. 

•Astrophysical J-Factors are required to compute the 
dark matter“flux”.   

•There is a simple relationship to estimate the J-Factor 
with dynamical modeling: 

•We will discover many satellites in the LSST era and  
their follow-up requires the next generation of 
telescopes.
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Figure 6. J-Factor models versus measured J-Factors at qmax = 0.5�. The models from left to right are: s4
los/d

2
r1/2, 1/d

2, L
0.32/d

2
r1/2. Each model has been

scaled to match the one-to-one line. The shaded bands show the intrinsic spread of the models (sJ) which is labeled in the upper-left hand corners. The last
model is explored in Section 4.7. The slos based model presentations a significant improvement over 1/d

2 models.

Table 1. Normalization (J0/D0) and intrinsic spread (sJ/sD) (in logarith-
mic units) of the scaling relations for different integration angles of the J
and D-Factors. The units of J(D)-Factor are GeV2 cm�5 (GeVcm�2).

log10 J0/ log10 D0 sJ/sD

J(0.1�) 17.51 0.10
J(0.2�) 17.63 0.07
J(0.5�) 17.72 0.05
J(ac) 17.62 0.05
D(0.1�) 9.55 0.53
D(0.2�) 9.90 0.47
D(0.5�) 10.27 0.37
D(ac/2) 9.32 0.11

4.3 J-Factor Scaling

The first searches for dark matter annihilation into gamma-rays
from new dwarf galaxy candidates discovered in DES (Bechtol
et al. 2015; Koposov et al. 2015a; Drlica-Wagner et al. 2015b)
used an empirical scaling relationship between the J-Factor and
distance to estimate the J-Factor for the new discoveries (Drlica-
Wagner et al. 2015a; Albert et al. 2017b). Their relation is written
as log10

�
Jpred(0.5�)/J0

�
= �2log10 (d/100kpc). The normaliza-

tion, J0, varies based on the J-Factor compilation and it ranges be-
tween log10 J0 = 18.1� 18.4GeV2 cm�5 (Geringer-Sameth et al.
2015b; Bonnivard et al. 2015b; Martinez 2015). One of the re-
cently discovered dSphs, Carina II, contained a significantly lower
J-Factor than the distance scaling prediction (T. S. Li et al., in prep)
and led us to explore more general scaling relations.

Guided by the analytic work of Evans et al. (2016), we exam-
ined scaling relations of the form: log(J(qmax)/J0) = a logslos +
b logd + g logr1/2. The best fit scaling parameters (a,b ,g) were
determined by examining model residuals and looking for parame-
terizations without trends with respect to d, slos, or r1/2. We quan-
tified the size of the residuals (which we refer to as the intrinsic

6 In Leo V we find a similar small zero-slos tail in the 5 star data set from
Walker et al. (2009c).

spread or scatter with logarithmic units), sJ , by applying the can-
didate relation and fitting the residuals with a Gaussian.

We find a minimum in sJ for model parameters: (a,b ,g) =
(4,�2,�1) (with qmax = 0.5�). With typical dSph properties, our
J-Factor scaling relation can be expressed as:

J(0.5�)
GeV2 cm�5 ⇡ 1017.72

⇣ slos
5kms�1

⌘4
✓

d

100kpc

◆�2✓
r1/2

100pc

◆�1
.

(9)

This relation has sJ = 0.05. We note that s4
los/d

2
r1/2 combined

with 1/G
2 (Newton’s constant) has the units of the J-Factor, as the

units of [J/G
2] are [velocity]4/ [length]3. In Table 1, we list nor-

malization (J0) and sJ for other integration angles. The minimum
sJ occurs at 0.5�and ac. We expect the minimum to occur at ac as
it is dependent on the r1/2, the radius where the mass is best esti-
mated for dispersion supported systems (Walker et al. 2009d; Wolf
et al. 2010). The errors in the J-Factors are minimized at this angle
(Walker et al. 2011). Due to the rapid fall-off of the J-Factor with
qmax, it is not surprising to see small scatter at the larger angle also.

In Figure 6, we compare J-Factor models and measurements
(at qmax = 0.5�). The models from left to right are: s4

los/d
2
r1/2,

1/d
2, L

0.32/d
2
r1/2. Each model is scaled to match the one-to-one

line. The first is our best-fit model and has the smallest sJ . The sec-
ond is the previously utilized distance based model (Drlica-Wagner
et al. 2015a; Albert et al. 2017b). The last is a luminosity based
model and is discussed in detail in Section 4.7. As shown in Fig-
ure 6, the slos based scaling relation provides an excellent fit to the
data.

In Figure 7, we show the residuals (Jmeasured � Jmodel) of this
relationship along with subsets of the parameters. We compare the
residuals versus d, slos, r1/2, and LV, where LV acts as a cross-
check and is not a direct input. For ease of comparison, each row
has the same residual range (y-axis) and shaded bands display sJ

for each model. In all subset panels, there are trends with respect
to the “missing” dSph parameters. The rough form of our relation
can be derived by examining several rows in Figure 7. The first
step is to examine the d only relation (second row of Figure 7)
and observe that the residuals have a positive trend with slos. The
s4

los/d
2 relation (fifth row in Figure 7), has a negative trend with

MNRAS 000, 1–16 (2017)
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profiles for each energy bin used to derive our γ-ray flux upper
limits will be made publicly available. We plan to augment this
resource as more new systems are discovered.

After the completion of this analysis, we became aware of an
independent study of LAT Pass 8 data coincident with DES
Y2 dSph candidates (Li et al. 2016). The γ-ray results
associated with individual targets are consistent between the
two works; however, the samples selected for combined
analysis are different.
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Figure 9. Upper limits (95% confidence level) on the DM annihilation cross section derived from a combined analysis of the nominal target sample for the ¯bb (left)
and t t+ - (right) channels. Bands for the expected sensitivity are calculated by repeating the same analysis on 300 randomly selected sets of high-Galactic-latitude
blank fields in the LAT data. The dashed line shows the median expected sensitivity while the bands represent the 68% and 95% quantiles. Spectroscopically
measured J-factors are used when available; otherwise, J-factors are predicted photometrically with an uncertainty of 0.6 dex (solid red line). The solid red line shows
the observed limit from the combined analysis of 15 dSphs from Ackermann et al. (2015b). The closed contours and marker show the best-fit regions (at s2
confidence) in cross-section and mass from several DM interpretations of the GCE: green contour(Gordon & Macias 2013), red contour(Daylan et al. 2016), orange
data point(Abazajian et al. 2014), purple contour(Calore et al. 2015). The dashed gray curve corresponds to the thermal relic cross section from Steigman
et al. (2012).

Figure 10. Upper limits on the DM annihilation cross section ( ¯bb channel) derived from the sub-sample of dSphs with measured J-factors (left) and the complete
nominal sample (right). Green curves show the limits obtained when these samples are analyzed using only predicted J-factors (even when measured J-factors are
available) and fixed J-factor uncertainties of 0.4, 0.6, and 0.8 dex. The solid black line shows the observed limit from Ackermann et al. (2015b). The closed contours
and marker are the same as depicted in Figures 8 and 9.
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