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Figure 1: The density of stars (log

scale) observed with r < 22 mag

over the DES and PS1 footprints

(red and cyan borders, respectively)

from [24]. Filled markers indicate

kinematically confirmed MW dSphs,

and unfilled markers indicate dSph

galaxy candidates that have not yet

been kinematically confirmed.
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Figure 1. Equal-area Mollweide projection of the density of stars (log scale) observed with r < 22 mag over the DES Y3A2

and PS1 DR1 footprints (red and cyan borders, respectively). Filled markers indicate kinematically confirmed Milky Way

satellite galaxies, and unfilled markers indicate satellite galaxy candidates that have not yet been kinematically confirmed. We

mark classical Milky Way satellites (black circles), and satellites discovered by SDSS (blue squares), PS1 (cyan diamonds),

DES (red upright triangles), other DECam surveys (purple inverted triangles), HSC SSP (green pluses), VLT ATLAS (magenta

pentagons), and Gaia (brown crosses).

ping surveys (Homma et al. 2016, 2018, 2019). More-

over, several recently discovered Milky Way companions

(e.g., Crater II, Virgo I, Aquarius II, Cetus III, Antlia II,

and Boötes IV) are lower surface brightness than most

ultra-faint dwarfs discovered in the SDSS era, implying

that the current generation of surveys and search tech-

niques are sensitive to systems that were previously un-

detectable. Searches using compact spatial kernels and a

wider variety of stellar population ages and metallicities

have revealed diverse Milky Way substructures (Torre-

alba et al. 2019a), and precise proper motion informa-

tion for billions of nearby stars provided by Gaia has

enlarged the sample of extremely low-surface-brightness

satellites (Torrealba et al. 2019b).

Theoretical predictions for the smallest galaxies have

advanced hand in hand with observations. Since galaxy

formation is a nonlinear process, numerical simulations

have long been used to predict the population statis-

tics of these objects. Early simulations that resolved

dark matter substructure within Milky Way-mass halos

predicted far more surviving dark matter subhalos than

the number of observed satellites (Klypin et al. 1999;

Moore et al. 1999). This mismatch, dubbed the “missing

satellites problem,” simply reflects the fact that map-

ping subhalos in dark-matter-only simulations to ob-

served satellites is nontrivial. In particular, reionization

and stellar feedback drastically suppress dwarf galaxy

formation in low-mass halos (e.g., Bullock et al. 2000;

Somerville 2002; Brown et al. 2014), and tidal inter-

actions with the Galactic disk are expected to disrupt

a significant number of systems (e.g., Garrison-Kimmel

et al. 2017; Kelley et al. 2019; Nadler et al. 2018). Semi-

empirical models that account for these e�ects—along

with realistic satellite detection criteria—find that the

observed satellite population is consistent with cold, col-

lisionless dark matter (e.g., Kim et al. 2018; Jethwa et al.

2018; Newton et al. 2018; Nadler et al. 2019b,a; Bose

et al. 2019). Likewise, hydrodynamic simulations that

self-consistently model galaxy formation in a cosmologi-

cal context produce luminosity functions and radial dis-

tributions of satellites that are broadly consistent with

observations of the Milky Way system (e.g., Wetzel et al.

2016; Garrison-Kimmel et al. 2019; Samuel et al. 2020).

In concert, extremely high-resolution simulations of iso-

lated ultra-faint systems suggest that low-mass dwarfs

may be abundant (Wheeler et al. 2019).

Historically, the primary means of comparing Milky

Way satellite observations to simulations has been

through the total satellite luminosity function (i.e., the

total number of satellites within the virial radius of the

Milky Way halo as a function of satellite luminosity).

Typically, an observational selection function is built to

predict the detectability of a satellite as a function of

heliocentric distance, size, and luminosity. This type

of LAT data (at the start of Cycle 14) together with an up-to-date MW satellite census which
has recently been made available. A summary of the known and candidate MW satellites
from [24] is shown in Figure 1.

3 Analysis Method
Since no statistically significant �-ray signal has so far been detected from any individual
target, we improve the search sensitivity by employing a stacking method, consisting of three
main steps. In the first step, for each source in our sample we optimize the model parameters
(Galactic, isotropic, and 4FGL-DR2 sources) in a 10�⇥10� region of interest using a likelihood
fit. In order to optimize the sensitivity of the analysis we will use a joint-likelihood fit with
the four available point spread function (PSF) event classes. To account for the additional
exposure compared to the 4FGL (which is based on 10 years of data), we also find new point
sources. In the second step we construct 2D TS2 profiles for each source by iterating through
values of DM mass and annihilation cross section, and performing a likelihood fit for each
iteration. As our representative cases3 we consider WIMP DM annihilating to either final
state bb̄ or final state ⌧+⌧�. The DM spectra are calculated using DMFit [25]. Finally, in
the last step we add all the individual profiles. Note that the TS is an additive quantity,
and so the stacked profile gives the statistical significance of the combined signal.

We use the combined likelihood profile to calculate 95% ULs on the annihilation cross
section as a function of DM mass. Preliminary results for final state bb̄ are shown in the left
panel of Figure 2 (for a mass range of 10�1000 GeV). In order to make a direct comparison,
here we have used the same sample selection and corresponding J-factors as was used in [8].
Our preliminary analysis is a factor of ⇠2.3 more sensitive than [8] (at 10 GeV), and we
expect this to improve further with the inclusion of the additional targets and exposure
time, implementation of the four PSF event classes, and by fully accounting for astrophysical
mismodeling (see below). Our projected sensitivity will approach the sensitivity projection
using the 60 dSphs of [26], shown in Figure 2. For comparison, we also overlay contours
for the GC excess from [15–17, 19]. As a validation of our combined likelihood method,
we injected a DM particle into the data with a DM mass of 100 GeV and cross section of
2 ⇥ 10�26 cm3 s�1 annihilating to bb̄. Results for this test are shown in the right panel of
Figure 2. Within 1� we recover the input parameters.

2
The test statistic (TS) is defined as -2log(L0/L)), where L0 is the likelihood for the null hypothesis, and

L is the likelihood for the alternative hypothesis.
3
These cases are generally found to provide a good fit to the GC excess. Our full analysis will contain

additional final states, as well as models with multiple annihilation channels.

2

Motivation

2

• An updated MW satellite census is now available, giving more sources and refinements/updates to 
the source properties. 

• The accumulation of over 12 years of data and an improved LAT data set (Pass 8 R3, 4FGL DR2) 
• A robust analysis pipeline 
• The Vera Rubin Observatory will see first light soon, and will likely detect many new dwarfs 
• Now is an ideal time to conduct a detailed up-to-date gamma-ray analysis

Drlica-Wagner+20



Sample

3

Sample based on Drlica-Wagner+20 
• Total number of confirmed and possible dwarfs: 57 
• Kinematically confirmed sources: 39 
• Likely dwarfs based on photometric data: 18

3

2. TARGETS

In 2015, wide-field optical imaging surveys enabled the
discovery of more than 20 new Milky Way satellites hav-
ing morphological characteristics similar to the known
DM-dominated dSphs. Each of these satellites was iden-
tified as a statistically significant arcminute-scale over-
density of resolved stars consistent with an old (>10 Gyr)
and metal-poor (Z ⇠ 0.0002) simple stellar population.
The basic structural characteristics of each stellar sys-
tem (e.g., center position, heliocentric distance, and spa-
tial extension) were inferred by fitting the spatial and
color-magnitude distributions of probable member stars.

The majority of the recently announced Milky Way
satellites were discovered in DES data collected with the
Dark Energy Camera (DECam; Flaugher et al. 2015).
Searches of the DES Y1 data by both the DES Collabo-
ration and other groups led to the discovery of nine dSph
candidates (Bechtol et al. 2015; Koposov et al. 2015a;
Kim & Jerjen 2015). Drlica-Wagner et al. (2015b) subse-
quently reported eight additional dSph candidates found
in DES Y2 data. The compact stellar systems Kim 2
(Kim et al. 2015b)1 and DES 1 (Luque et al. 2016) are
also present in the DES data; however, they have photo-
metric properties that are more similar to low-luminosity
outer-halo star clusters than to dSphs.

In addition to the objects found in DES data, several
systems have recently been discovered in other surveys.
Pegasus III was detected in archival SDSS data (Kim
et al. 2015a) and later confirmed as a stellar overdensity
with DECam. Hydra II was found serendipitously in
DECam data taken for the Survey of the MAgellanic
Stellar History (Martin et al. 2015a). Three additional
dSph candidates were discovered in the Pan-STARRS 1
3⇡ Survey: Triangulum II, Draco II, and Sagittarius II
(Laevens et al. 2015b,a). We note that several other
systems have been discovered using Pan-STARRS 1, but
due to their small sizes and/or measured kinematics, they
are classified as globular clusters and are not considered
in this work (Laevens et al. 2014, 2015a; Kirby et al.
2015b).

Thus far, six recently discovered systems have mea-
sured kinematics consistent with being DM-dominated
dSphs: Reticulum II (Simon et al. 2015; Walker et al.
2015a; Koposov et al. 2015b), Horologium I (Koposov
et al. 2015b), Hydra II (Kirby et al. 2015b), Draco II
(Martin et al. 2015b), Triangulum II (Kirby et al. 2015a;
Martin et al. 2016), and Tucana II (Walker et al. 2015b).
J-factors have been derived for Reticulum II (Simon et al.
2015; Bonnivard et al. 2015b) and Tucana II (Walker
et al. 2015b) from these kinematic data.

The dSphs are good targets for DM searches because
their dynamical and chemical properties suggest the pres-
ence of large quantities of DM. In contrast, globular
clusters have mass-to-light ratios of order unity. Low-
luminosity stellar systems cannot be conclusively classi-
fied as dSphs or globular clusters without radial velocity
measurements. However, dSphs are generally found to
have larger physical half-light radii (r1/2) and lower sur-
face brightnesses (µ) than globular clusters (Figure 1).
Therefore, we used the photometric characteristics of the

1 Kim 2 was also identified as DES J2038�4610/Indus I by Bech-
tol et al. (2015) and Koposov et al. (2015a) slightly after its original
discovery by Kim et al. (2015b).
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Figure 1. Absolute visual magnitude (MV ) versus physical
half-light radius (r1/2) for dSphs and globular clusters. Globu-
lar clusters, which do not contain measurable DM within their
visible stellar distribution, are marked with red crosses (Fadely
et al. 2011; Harris 1996, 2010 edition). Spectroscopically con-
firmed DM-dominated dSphs are labeled with filled green squares.
Segue 2 (open green square) has the chemical signatures of a dSph,
but exhibits a low velocity dispersion (Kirby et al. 2013), and is
therefore excluded from our target list. Milky Way satellites lack-
ing spectroscopic observations are labeled with black filled circles.
Thick orange lines indicate our target sample selection cuts on ob-
jects lacking spectroscopic data (see Section 5): nominal (solid;
r1/2 > 20 pc) and inclusive (dashed; r1/2 > 10 pc). Black dashed
lines indicate contours of constant surface brightness (µ).

newly discovered systems to select those that are likely
to be DM-dominated dSphs when spectroscopic measure-
ments were unavailable.

For stellar systems with MV . �5, DM-dominated
dSphs have r1/2 & 100 pc, while globular clusters have
r1/2 . 20 pc. For fainter systems, the size distinction be-
comes less clear. The most compact kinematically clas-
sified dSph is Segue 1 (Geha et al. 2009; Simon et al.
2011), which has an azimuthally averaged half-light ra-
dius of 21 pc. On the other hand, the Palomar 13 globu-
lar cluster has a half-light radius of approximately 10 pc,
and does not require DM to explain its measured veloc-
ity dispersion (Bradford et al. 2011). We note that re-
cent spectroscopy of Draco II, which has an azimuthally
averaged half-light radius of 16 pc, indicates a velocity
dispersion 2.9 ± 2.1 km s�1 and therefore is moderately
likely to be DM dominated. (Martin et al. 2015b). We
inclusively selected new objects with r1/2 > 10 pc and
surface brightnesses µ > 25 mag arcsec�2.

Two confirmed globular clusters (Palomar 14 and
Laevens 1) would pass our nominal selection criteria
based on their physical size and luminosity (r1/2 ⇠ 20 pc,
MV ⇠ �4.5 mag). However, Palomar 14 is kinemati-
cally determined to have a mass-to-light ratio near unity
(Jordi et al. 2009), and the relatively large metallicity
and low metallicity dispersion of Laevens 1 is more sim-
ilar to globular clusters (Kirby et al. 2013). Therefore,
we do not include these two systems in our analysis.

In Table 1 we summarize the characteristics of con-
firmed and candidate dSphs considered in this work.
This table is divided into three sections: (1) systems
that are kinematically determined to be DM-dominated
dSphs, (2) systems with photometric characteristics con-

Albert+17



Sample J-Factors

J- and D-Factor scaling 3489

Figure 9. Similar to Fig. 7, except with the D-Factor model at ! = "c/2 instead of J-Factor models.

# 4
los) and d!2 dependence from the ‘flux’ nature of the J-Factor. The

remaining unit is 1/[length] and implies that J ! 1/r1/2. The first part
of equation (13) is the scaling relation we find while the remainder
is dependent on the ratio r1/2/rs. With "r1/2/rs# $ 0.25, equation (13)
has the same normalization as our scaling relations for "c (see
Table 1).

4.7 Comparison with other J-Factor compilations

As a cross check we apply our methodology to the compilations10 of
Geringer-Sameth et al. (2015b) and Hütten et al. (2016). Both works
tabulated the d and r1/2 values used in their analysis, however, neither
compiled # los for their samples. We substitute our own calculations
of # los as the kinematic samples for most galaxies overlap. The
Geringer-Sameth et al. (2015b) analysis used a more generalized
dark matter halo (double power law) and assume the same stellar
anisotropy and stellar density profile as our work. The Hütten et al.
(2016)11 study in contrast used more general profiles for the dark
matter, stellar anisotropy, and stellar light compared to our work.
Both provide J-Factors at 0.%5.

We find J0 = 18.09 ± 0.12, # J = <0.18, $#los = 3.8+0.6
!0.7,

$ d = !1.7 ± 0.2, and $r1/2 = !1.4 ± 0.2 for the Geringer-Sameth
et al. (2015b) compilation and find J0 = 18.4 ± 0.26, #J =
0.23+0.12

!0.10, $#los = 2.5+1.1
!1.1, $d = !1.9+0.5

!0.4, and $r1/2 = !1.4 ± 0.4
for the Hütten et al. (2016) compilation. Both studies have a larger
normalizations than our study which may be caused by the gen-
eralized halo model and they have slightly steeper values for the
$r1/2 parameter. The best-fitting slope parameters with the Geringer-
Sameth et al. (2015b) compilation agree with the analytic and units
based argument. In contrast, we find with the Hütten et al. (2016)
compilation a smaller $#los value with much larger errors and a large
intrinsic scatter (# J). As a cross check we examined our sample with
the subset of galaxies in each of these compilations and found our re-
sults were consistent. Overall, the results with the Geringer-Sameth
et al. (2015b) compilation are consistent with our compilation while
the Hütten et al. (2016) compilation results are consistent within 1# .

4.8 Scaling with luminosity

In the era of deep and wide surveys, it will become increasingly
more difficult for the measurement of stellar kinematics within in-

10In both cases, we exclude galaxies (Draco II, Leo IV, Leo V, Pisces II,
Segue 2, and Triangulum II) that were excluded from our sample.
11Most of the analysis in this compilation was initially presented in Bon-
nivard et al. (2015b).

Figure 10. Best-fitting J-Factor luminosity model compared to the mea-
surements at !max = "c. The shaded band represents the intrinsic scatter of
the model (# J) and is noted in the upper-left.

dividual systems to keep up with the rate at which new systems are
discovered. So it is important to determine how the J-factor scales
with parameters other than # los. For satellites without stellar kine-
matics, the stellar luminosity, LV, may be a potential replacement
for # los in the J-factor scaling relation. In our dSph sample, there is a
rough correlation between # los and LV. We explore J-factor scaling
relations replacing LV for # los. The best-fitting relation we find is
(fixing $ d = !2)

J (0.%5)
GeV2 cm!5

$ 1018.17
!

LV

104 L&

"0.23 !
d

100 kpc

"!2 !
r1/2

100 pc

"!0.5

.

(14)

This scaling relation has an intrinsic scatter of # J = 0.27, which
is larger than the scaling with # los (# J < 0.10), but it is equivalent
in scatter to a simple d!2 scaling (# J = 0.30). Similar results are
found for J("c). We note there is a clear anticorrelation between the
parameters, $LV and $r1/2 . We provide the best-fitting parameters for
these two angles in Table 1.

In Figs 10 and 11, we provide comparison figures for the lumi-
nosity models. In Fig. 11, we compare the model residuals versus
the model inputs (d, r1/2, LV) and # los. In the residuals, there is a
trend versus # los implying that the best-fitting model should include
# los. As the luminosity scaling has larger scatter compared to our
# los scaling relation this is not surprising.

We explored different subsets of our sample (similar to Sec-
tion 4.4) to check the robustness of the luminosity-based scaling
relation. Most subsets contain similar results with similar # J. The

MNRAS 482, 3480–3496 (2019)
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kinematic scaling:

photometric scaling:

3486 A. B. Pace and L. E. Strigari

Figure 4. J-Factor versus distance for integration angles of 0.!1, 0.!2, 0.!5, and !c. !c is the angle where the J-Factor uncertainties are minimized (Walker et al.
2011).

Figure 5. Same as Fig. 3 except the J-Factor replaced with the D-Factor within 0.!1.

Since the range in " los between the dSphs is relatively small, the
large " los power is not seen until the other trends are removed.
We note that the exponent in the " los scaling has larger uncertainty
than the other parameters due to the small dynamic range of " los

values.
We explore subsets of our sample at two angles (0.!5, !c) to check

the robustness of our results. The subsets are as follows: MW satel-
lites, systems with a well-measured " los (error of "los < 1.5 km s"1),
luminosity-based subsets (removing faint galaxies at log10L = 3.5,
4.0, 4.5, or removing the ‘brightest’ galaxies log10L < 4.5), the
classical systems (pre-SDSS), systems with a minimum spectro-
scopic sample size (N > 20), galaxies in the Geringer-Sameth
et al. (2015b) or Hütten et al. (2016) J-Factor compilations, and
distant (non-MW) galaxies. For J(#max = !c) models, the median
power-law parameters varied between 3.54 < $"los < 3.90, "2.08
< $ d < "2.30, and "0.60 < $r1/2 < "0.72 except for the classical
($"los = 4.6) and distant subsets ($ d = "2.7). These ranges of me-
dian values cover the errors in the full sample and show that only

in extreme subsets are the slopes different. We find similar results
at J(#max = 0.d5!). The median values in each subset are in the
following ranges: 3.34 < $"los < 3.84, "1.93 < $ d < "2.01, and
"0.80 < $r1/2 < "1.0 , excepts for the classical and distant subsets.
Increasing the number of dSphs with kinematics and improving the
current precision will help determine the exact scaling.

We advocate to use the J-Factor scaling relation with parameters
set by the unit-based values. The scaling relation at #max = 0.!5 with
typical dSph parameters is

J (0.!5)
GeV2 cm"5

# 1017.87
! "los

5 km s"1

"4
#

d

100 kpc

$"2 #
r1/2

100 pc

$"1

.

(11)

The intrinsic spread is constrained to small values with these
parameters (" J < 0.10). We show in Section 4.6 that this relation
can be derived analytically.

MNRAS 482, 3480–3496 (2019)
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Method for assigning J-factors: 
1. measured J from Pace and Strigari 19 
2. new calculation (with CLUMPY) using v_disp from Simon 19 
3. kinematic scaling from Pace and Strigari 19 
4. photometric scaling from Pace and Strigari 19 

• Quantify systematic uncertainty in ULs due to uncertainty in the J-factor, i.e. from the assumption of 
spherical symmetry for the density profiles (Bonnivard+15), as well as the use of log uniform priors 
instead of informed priors based on structure formation models (Ando+20).



Sample

Preliminary

5

Preliminary

• We exclude LMC, SMC, Canis Major, and Sagittarius 
2. 

• Special cases: Willman I, Sagittarius, Bootes I, Crater 
II, Sculptor. 

• We define 3 subsets: 
conservative: all confirmed sources, excluding 
special cases 
benchmark: all confirmed and probable sources, 
excluding special cases 
inclusive: all confirmed and probable, including 
special cases.

2

TABLE I: Kinematically Confirmed Galaxies

(1) (2) (3) (4) (5) (6) (7) (8)

Name RA DEC Distance r1/2 MV log10J Method

(deg) (deg) (kpc) (pc) (mag) (log10GeV
2
cm

�5
)

Antlia II 143.89 -36.77 132 2301 -9.03 16.50 3

Aquarius II 338.48 -9.33 108 125 -4.4 18.27+0.58
�0.66 1

Boötes I 210.02 14.51 66 160 -6.02 18.17+0.29
�0.31 1

Boötes II 209.51 12.86 42 39 -2.94 20.32 3

Boötes III 209.3 26.8 47 289 -5.75 18.65 4

Canes Venatici I 202.01 33.55 218 338 -8.8 17.42+0.15
�0.17 1

Canes Venatici II 194.29 34.32 160 55 -5.17 17.82+0.47
�0.47 1

Carina 100.41 -50.96 105 248 -9.43 17.83+0.09
�0.1 1

Carina II 114.11 -58.0 36 77 -4.5 18.25+0.54
�0.55 1

Carina III 114.63 -57.9 28 30 -2.4 19.70 3

Coma Berenices 186.75 23.91 44 57 -4.38 19.0+0.35
�0.36 1

Crater II 177.31 -18.41 117.5 1066 -8.2 15.63 3

Draco 260.07 57.92 76 180 -8.71 18.83+0.12
�0.12 1

Eridanus II 56.09 -43.53 380 158 -7.21 17.28+0.31
�0.34 1

Fornax 39.96 -34.5 147 707 -13.46 18.09+0.1
�0.1 1

Hercules 247.77 12.79 132 120 -5.83 17.37+0.53
�0.53 1

Horologium I 43.88 -54.12 79 31 -3.55 19.0+0.78
�0.835 1

Hydrus I 37.39 -79.31 28 53 -4.71 18.19 3

Leo I 152.11 12.31 254 226 -11.78 17.64+0.12
�0.14 1

Leo II 168.36 22.15 233 165 -9.74 17.76+0.18
�0.22 1

Leo IV 173.24 -0.55 154 104 -4.99 16.4+1.15
�1.01 1

Leo V 172.79 2.22 178 39 -4.4 17.65+1.03
�0.91 1

Pegasus III 336.1 5.41 215 42 -3.4 18.3+0.97
�0.89 1

Phoenix II 355.0 -54.41 83 21 -3.3 18.3 4

Pisces II 344.63 5.95 182 48 -4.22 17.3+1.09
�1.0 1

Reticulum II 53.92 -54.05 30 31 -3.88 18.9+0.37
�0.39 1

Sagittarius
b

283.83 -30.55 26.7 2662 -13.5 18.72 3

Sagittarius II 298.16 -22.07 69 32 -5.2 18.8 4

Sculptor 15.02 -33.72 84 223 -10.82 18.58+0.05
�0.05 1

Segue I 151.75 16.08 23 20 -1.3 19.12+0.58
�0.49 1

Sextans 153.26 -1.61 86 345 -8.72 17.73+0.12
�0.13 1

Tucana II 342.98 -58.57 58 165 -3.8 18.97+0.52
�0.57 1

Tucana IV 0.73 -60.85 48 128 -3.5 18.7 4

Ursa Major I 158.77 51.95 97 151 -5.12 18.26+0.27
�0.29 1

Ursa Major II 132.87 63.13 32 85 -4.25 19.44+0.39
�0.41 1

Ursa Minor 227.24 67.22 76 272 -9.03 18.75+0.12
�0.12 1

Willman I
c

162.34 51.05 38 20 -2.53 19.53+0.5
�0.5 1

Note: Column descriptions: (1) source name (2) right ascension (3) declination

(4) heliocentric distance (5) half-light radius (6) absolute V-band magnitude (7)

benchmark J-factor used in this analysis (8) method used to determine the J-
factor. The methods are as follows: (1) measured J-factors from Pace and Strigari

19 (2) new kinematic calculations using velocity dispersion measurements from

Simon 19 (3) calculated with kinematic scaling relation from Pace and Strigari

19 (4) calculated with photometric scaling relation from Pace and Strigari 19.

Columns 2-6 are taken from Drlica-Wagner+20. For J-factors predicted from

scaling relations we assume an error of 0.6 dex.
a
Excluded due to spatial extension

and complexity;
b
Source is in the Galactic plane (special case);

c
Excluded due to

evidence of tidal disruption and/or non-equilibrium dynamics.

3

TABLE II: Likely Galaxies

(1) (2) (3) (4) (5) (6) (7) (8)

Name RA DEC Distance r1/2 MV log10J Method

(deg) (deg) (kpc) (pc) (mag) (log10GeV
2
cm

�5
)

Bootes IV 233.69 43.73 209 277 -4.53 17.25 4

Centaurus I 189.59 -40.9 116 76 -5.55 18.14 4

Cetus II 19.47 -17.42 30 17 0.0 19.1 4

Cetus III 31.33 -4.27 251 44 -2.5 17.3 4

Columba I 82.86 -28.01 183 98 -4.2 17.6 4

Draco II
c

238.17 64.58 22 17 -0.8 18.93+1.39
�1.70 1

Grus I
c

344.18 -50.18 120 21 -3.47 16.88+1.51
�1.66 1

Grus II 331.02 -46.44 53 92 -3.9 18.4 4

Horologium II 49.11 -50.05 78 33 -2.6 18.4 4

Hydra II 185.43 -31.99 151 58 -4.6 17.88 4

Pictor I 70.95 -50.29 114 18 -3.45 18.0 4

Pictor II 101.18 -59.9 46 47 -3.2 18.83 4

Reticulum III 56.36 -60.45 92 64 -3.3 18.2 4

Segue II
d

34.82 20.16 35 34 -1.86 19.01 4

Triangulum II 33.33 36.17 30 13 -1.6 19.33 4

Tucana III 359.15 -59.6 25 44 -2.4 19.3 4

Tucana V 354.35 -63.27 55 16 -1.6 18.9 4

Virgo I 180.04 -0.68 91 30 -0.33 18.1 4

Note: Column descriptions: (1) source name (2) right ascension (3) declination

(4) heliocentric distance (5) half-light radius (6) absolute V-band magnitude

(7) benchmark J-factor used in this analysis (8) method used to determine the

J-factor. The methods are as follows: (1) measured J-factors from Pace and

Strigari 19 (2) new kinematic calculations using velocity dispersion measure-

ments from Simon 19 (3) calculated with kinematic scaling relation from Pace

and Strigari 19 (4) calculated with photometric scaling relation from Pace and

Strigari 19. Columns 2-6 are taken from Drlica-Wagner+20. For J-factors pre-
dicted from scaling relations we assume an error of 0.6 dex.

c
Contains tail in

posterior (�los and J) distributions and thus have a higher level of uncertainty;
d
Excluded due to low velocity diespersion.



4

Table 1
Confirmed and Candidate Dwarf Galaxies

(1) (2) (3) (4) (5) (6) (7) (8)
Name l, b Distance r1/2 MV log10(Jmeas) log10(Jpred) Sample

(deg, deg) (kpc) (pc) (mag) log10( GeV2 cm�5) log10( GeV2 cm�5)

Kinematically Confirmed Galaxies
Boötes I* 358.08, 69.62 66 189 -6.3 18.2 ± 0.4 18.5 I,N,C
Boötes II 353.69, 68.87 42 46 -2.7 ... 18.9 I,N,C
Boötes III 35.41, 75.35 47 ... -5.8 ... 18.8 I,N
Canes Venatici I 74.31, 79.82 218 441 -8.6 17.4 ± 0.3 17.4 I,N,C
Canes Venatici II* 113.58, 82.70 160 52 -4.9 17.6 ± 0.4 17.7 I,N,C
Carina* 260.11, -22.22 105 205 -9.1 17.9 ± 0.1 18.1 I,N,C
Coma Berenices* 241.89, 83.61 44 60 -4.1 19.0 ± 0.4 18.8 I,N,C
Draco* 86.37, 34.72 76 184 -8.8 18.8 ± 0.1 18.3 I,N,C
Draco II 98.29, 42.88 24 16 -2.9 ... 19.3 I,N,C
Fornax* 237.10, -65.65 147 594 -13.4 17.8 ± 0.1 17.8 I,N,C
Hercules* 28.73, 36.87 132 187 -6.6 16.9 ± 0.7 17.9 I,N,C
Horologium I 271.38, -54.74 87 61 -3.5 ... 18.2 I,N,C
Hydra II 295.62, 30.46 134 66 -4.8 ... 17.8 I,N,C
Leo I 225.99, 49.11 254 223 -12.0 17.8 ± 0.2 17.3 I,N,C
Leo II* 220.17, 67.23 233 164 -9.8 18.0 ± 0.2 17.4 I,N,C
Leo IV* 265.44, 56.51 154 147 -5.8 16.3 ± 1.4 17.7 I,N,C
Leo V 261.86, 58.54 178 95 -5.2 16.4 ± 0.9 17.6 I,N,C
Pisces II 79.21, -47.11 182 45 -5.0 ... 17.6 I,N,C
Reticulum II 266.30, -49.74 32 35 -3.6 18.9 ± 0.6 19.1 I,N,C
Sculptor* 287.53, -83.16 86 233 -11.1 18.5 ± 0.1 18.2 I,N,C
Segue 1* 220.48, 50.43 23 21 -1.5 19.4 ± 0.3 19.4 I,N,C
Sextans* 243.50, 42.27 86 561 -9.3 17.5 ± 0.2 18.2 I,N,C
Triangulum II 140.90, -23.82 30 30 -1.8 ... 19.1 I,N,C
Tucana II 328.04, -52.35 58 120 -3.9 ... 18.6 I,N,C
Ursa Major I 159.43, 54.41 97 143 -5.5 17.9 ± 0.5 18.1 I,N,C
Ursa Major II* 152.46, 37.44 32 91 -4.2 19.4 ± 0.4 19.1 I,N,C
Ursa Minor* 104.97, 44.80 76 120 -8.8 18.9 ± 0.2 18.3 I,N,C
Willman 1* 158.58, 56.78 38 19 -2.7 ... 18.9 I,N

Likely Galaxies
Columba I 231.62, -28.88 182 101 -4.5 ... 17.6 I,N,C
Eridanus II 249.78, -51.65 331 156 -7.4 ... 17.1 I,N,C
Grus I 338.68, -58.25 120 60 -3.4 ... 17.9 I,N,C
Grus II 351.14, -51.94 53 93 -3.9 ... 18.7 I,N,C
Horologium II 262.48, -54.14 78 33 -2.6 ... 18.3 I,N,C
Indus II 354.00, -37.40 214 181 -4.3 ... 17.4 I,N,C
Pegasus III 69.85, -41.81 205 57 -4.1 ... 17.5 I,N,C
Phoenix II 323.69, -59.74 96 33 -3.7 ... 18.1 I,N,C
Pictor I 257.29, -40.64 126 44 -3.7 ... 17.9 I,N,C
Reticulum III 273.88, -45.65 92 64 -3.3 ... 18.2 I,N,C
Sagittarius II 18.94, -22.90 67 34 -5.2 ... 18.4 I,N,C
Tucana III 315.38, -56.18 25 44 -2.4 ... 19.3 I,N
Tucana IV 313.29, -55.29 48 128 -3.5 ... 18.7 I,N,C

Ambiguous Systems
Cetus II 156.47, -78.53 30 17 0.0 ... 19.1 I
Eridanus III 274.95, -59.60 96 12 -2.4 ... 18.1 I
Kim 2 347.16, -42.07 105 12 -1.5 ... 18.1 I
Tucana V 316.31, -51.89 55 16 -1.6 ... 18.6 I

Note. — Milky Way satellite systems consistent with being dSphs. Horizontal lines divide systems that have been kinematically determined

to be DM dominated (top), systems with photometry consistent with being dSphs (middle), and systems with small physical sizes populating

an ambiguous region of the size-luminosity plane between dSphs and globular clusters (bottom). Columns represent (1) name of stellar system

(2) Galactic coordinates (3) heliocentric distance (4) azimuthally averaged half-light radius (5) absolute visual magnitude (6) measured J-factor

derived from stellar kinematics by Geringer-Sameth et al. (2015a); Reticulum II value taken from Simon et al. (2015) (7) predicted J-factor from

Equation 2 (8) composite sample membership (see Section 5): C=conservative, N=nominal, I=inclusive. Targets used in the combined limits from

Ackermann et al. (2015b) are marked with asterisks.

sistent with known dSphs, and (3) systems with small
physical sizes (10 pc < r1/2 < 20 pc) and ambiguous
classifications (see Figure 1). Due to small stellar sam-
ples and/or complicated kinematics, several kinemati-
cally confirmed dSphs lack spectroscopically measured
J-factors.

Several Milky Way satellites are not considered in this
analysis. For instance, the Sagittarius and Canis Ma-
jor dSphs are excluded because: (1) they reside at low
Galactic latitude (b = �14.�2 and b = �8.�0, respec-
tively) where the di↵use Galactic �-ray foreground emis-
sion presents both statistical and systematic challenges,

and (2) they show strong evidence of tidal disruption,
making accurate determination of their DM masses dif-
ficult (Frinchaboy et al. 2012; Martin et al. 2004). In
spite of these obstacles, the proximity (26 kpc and 7 kpc,
respectively) and large velocity dispersions of these two
systems make them promising targets for dedicated in-
dividual study.

Finally, we exclude Segue 2 from our target list. Spec-
troscopic measurements show that Segue 2 has a large
metallicity dispersion characteristic of dSphs, but the
upper bound on its velocity dispersion, �v < 2.2 km s�1,
implies a mass-to-light ratio within the half-light radius,
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Source Sample from Albert+17
Albert+17

• Ackermann+15: 15 kinematically confirmed srcs 
• Albert+17: 28 kinematically confirmed srcs, 17 candidate galaxies 
• Updated analysis: 37 kinematically confirmed srcs, 17 candidate galaxies



LAT Analysis

• tmin: 8/4/08 (239557417 MET) 
• tmax: 12/25/20 (630600013 MET) 
• 12.1 years of data 
• P8R3 
• 500 MeV - 800 GeV 
• z < 100 
• 10x10 ROI 
• Include sources within 15 degrees of ROI center 
• 8 energy bins per decade 
• pix=0.1 
• irfs=P8R3_SOURCE_V2 
• 4FGL DR2 
• edisp=True (disable for isodiff) 
• JLA with 4 PSF classes 
• New established stacking method
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The points highlighted in red are the main differences with respect to the last LAT collaboration study 
dedicated to the dwarfs (Albert+17).



Analysis Procedure
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• Using Fermipy v0.19.0 
• Ran on Clemson University HPC (Palmetto) 
• Stacking code based on the codes of Vaidehi Paliya and Abhishek Desai 
• Successfully employed for EBL, extreme blazars, star-forming galaxies, and ultra-fast outflows. 

log(L) = log(L1L2) = logL1 + logL2 , where L(θ |X) = P(X |θ)
TS = − 2(logL0 − logL)

1. Preprocessing 

• Optimize ROI for each source 
• Model consists of: Galactic 

diffuse, isotropic, point 
sources, and dwarf source 

• Find new sources 
• Dwarfs are fit with PL 

spectrum 

2. Stacking 

• Construct likelihood 
(TS) profiles for the 
source by iterating 
through DM mass and 
cross-section 

• Only free parameters in 
likelihood fit are 
Galactic diffuse and 
isotropic



Standard “Sample Cleaning”
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• Cross-correlate with 4FGL, Radio Catalog (Yuan and Wang), and Crates  
• Sources that are found to be correlated are excluded from the benchmark 

sample, but are included in the inclusive sample. 
• To account for background mis-modeling we will follow the data-driven 

approach in Linden 20, where we will determine the distribution of “fake” 
point-source fluxes from blank sky regions, and fold this result directly into the 
calculated ULs.  

• The same cleaning is applied to the blank sky regions.
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DM Spectra

• DM Spectra are calculate with DMFitFunction in Fermipy, which is based on DMFit.  
• The dwarfs are modeled as point sources.



Results

TSmax = 4.3 (1.6σ)
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• Standard analysis with 41 dwarfs (nominal sample from Albert+17) 
• Green contours show 68%, 90%, and 99% significance contours.  
• These results do not account for J-factor error (statistical and systematic), 

astrophysical mis-modeling, nor trials factor.

Mχ = 183.3+432.6
−94.7 GeV

< σv > = 1.7+2.7
−1.3 × 10−26 cm3 s−1

Preliminary



Upper Limits

• ULs are calculated using the one-sided profile likelihood method: 
 

• Projected sensitivity for 60 dSphs and 15 years 
• These ULs do not account for J-factor error nor astrophysical mis-

modeling.  
• The ULs shown here are not for the fully updated analysis.

2(logLmax − logL) = 2.71
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Preliminary



Next Steps
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• Update source sample and J-factors 
• Run JLA and full DM scan 
• Incorporate J-factor uncertainty. 
• To account for background mis-modeling we will follow the data-driven approach in Linden 

20, where we will determine the distribution of “fake” point-source fluxes from blank sky 
regions, and fold this result directly into the calculated ULs.  

• Quantify systematic uncertainty in ULs due to uncertainty in the J-factor, i.e. from the 
assumption of spherical symmetry for the density profiles, as well as the use of log uniform 
priors instead of informed priors based on structure formation models. 

• Make our stacking code available to the community and provide a comprehensive set of J-
factors in machine-readable format via the DMSky package (part of fermipy).


