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Dark matter annihilation today
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• Dark matter (DM) particles may 
annihilate to standard model (SM) with 
subsequent production of photons 

• Would enhance gamma-rays from DM 
rich regions

The photon flux for dark matter annihilation is given by
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to the observed abundance of DM. Self-annihilation of
WIMPs would continue today in regions of high DM den-
sity and result in the production of energetic Standard
Model particles. The large mass of the WIMP (mDM)
permits the production of gamma rays observable by the
Fermi Large Area Telescope (LAT), which is sensitive to
energies ranging from 20 MeV to > 300 GeV.

Kinematic data indicate that the dwarf spheroidal
satellite galaxies (dSphs) of the Milky Way contain a
substantial DM component [6, 7]. The gamma-ray signal
flux at the LAT, �

s

( ph cm�2 s�1), expected from the
annihilation of DM with a density distribution ⇢DM(r) is
given by
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Here, the first term is dependent on the particle physics
properties — i.e., the thermally-averaged annihilation
cross section, h�vi, the particle mass, mDM, and the
di↵erential gamma-ray yield per annihilation, dN

�

/dE
�

,
integrated over the experimental energy range.1 The
second term, known as the J-factor, is the line-of-sight
(l.o.s.) integral through the DM distribution integrated
over a solid angle, �⌦.

Milky Way dSphs can give rise to J-factors in excess of
1019 GeV2 cm�5 [8, 9], which, coupled with their lack of
non-thermal astrophysical processes, makes them good
targets for DM searches via gamma rays. Gamma-ray
searches for dSphs yield some of the most stringent con-
straints on h�vi, particularly when multiple dSphs are
analyzed together using a joint likelihood technique [10–
15]. Limits on h�vi derived from observations of dSphs
have begun to probe the low-mDM parameter space for
which the WIMP abundance matches the observed DM
relic density.

In contrast, DM searches in the Galactic center take
advantage of a J-factor that is O(100) times larger, al-
though gamma-ray emission from non-thermal processes
makes a bright, structured background. Several stud-
ies of the Galactic center interpret an excess of gamma
rays with respect to modeled astrophysical backgrounds
as a signal of 20 to 50 GeV WIMPs annihilating via the
bb̄ channel [16–19]. Coincidentally, the largest deviation

1 Strictly speaking, the di↵erential yield per annihilation in Equa-
tion (1) is a sum of di↵erential yields into specific final states:

dN�/dE� =
P

f Bf dNf
� /dE� , where Bf is the branching frac-

tion into final state f . Here, we make use of Equation (1) in the
context of single final states only.

from expected background in some previous studies of
dSphs occurred for a similar set of WIMP characteris-
tics; however, this deviation was not statistically signifi-
cant [13].

Using a new LAT event-level analysis, known as
Pass 8, we re-examine the sample of 25 Milky Way
dSphs from Ackermann et al. [13] using six years of
LAT data. The Pass 8 data benefits from an improved
point-spread function (PSF), e↵ective area, and energy
reach. More accurate Monte Carlo simulations of the
detector and the environment in low-Earth orbit have
reduced the systematic uncertainty in the LAT instru-
ment response functions (IRFs) [20]. Within the stan-
dard photon classes, Pass 8 o↵ers event types, subdivi-
sions based on event-by-event uncertainties in the direc-
tional and energy measurements, which can increase the
sensitivity of likelihood-based analyses. In this work we
use a set of four PSF event-type selections that sub-
divide the events in our data sample according to the
quality of their directional reconstruction. In addition
to the improvements from Pass 8, we employ the up-
dated third LAT source catalog (3FGL), based on four
years of Pass 7 Reprocessed data, to model point-like
background sources [21]. Together, these improvements,
along with an additional two years of data taking, lead
to a predicted increase in sensitivity of 70% relative to
the four-year analysis of Ackermann et al. [13] for the bb̄
channel at 100 GeV. More details on Pass 8 and other
aspects of this analysis can be found in Supplemental
Material [22].

LAT DATA SELECTION

We examine six years of LAT data (2008-08-04 to 2014-
08-05) selecting Pass 8 SOURCE-class events in the en-
ergy range between 500 MeV and 500GeV. We selected
the 500 MeV lower limit to mitigate the impact of leakage
from the bright limb of the Earth because the PSF broad-
ens considerably below that energy. To further avoid
contamination from terrestrial gamma rays, events with
zenith angles larger than 100� are rejected. We also re-
move time intervals around bright GRBs and solar flares
following the prescription used for the 3FGL catalog. We
extract from this data set 10�⇥10� square regions of in-
terest (ROIs) in Galactic coordinates centered at the po-
sition of each dSph specified in Table I.

At a given energy, 20%–40% of the events classified as
photons in our six-year Pass 8 data set are shared with
the analysis of Ackermann et al. [13]. The low fraction of
shared events can be attributed primarily to the larger
time range used for the present analysis (four versus six
years) and the increase in gamma-ray acceptance of the
P8R2 SOURCE event class relative to P7REP CLEAN.
At most, the Pass 7 events can represent 35%–50% of the
new, larger sample. Migration of the individual recon-
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The Fermi gamma-ray sky
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• Fermi Large Area Telescope (LAT): 

pair-conversion telescope consisting of 
layers of tungsten and silicon on top of 
a calorimeter

• Sensitive to EW scale thermal DM!
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Where should we look?
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Image taken from [0908.0195]
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Where should we look?

�DM / J ⇠
Z
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Z

ds ⇢2

Milky Way Dwarfs
• Dark matter dominated
• Many discovered recently

See Fermi-LAT Collaboration:
[1310.0828,1503.02641,1611.03184]

Fornax Sextans

Image taken from [0908.0195]
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Dark matter in the Local Group: dwarf galaxies
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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 bb̄ (left) and ⌧+⌧� (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 black 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 2� 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).

sensitivity is a factor of ⇠ 1.5 for hard annihilation spec-
tra (e.g., the ⌧+⌧� channel) compared to the median
expected limits in Ackermann et al. (2015b). More pre-
cisely determined J-factors are expected to improve the
sensitivity by up to a factor of 2, motivating deeper spec-
troscopic observations both with current facilities and fu-
ture thirty-meter class telescopes (Bernstein et al. 2014;
Skidmore et al. 2015).

The limits derived from LAT data coincident with con-
firmed and candidate dSphs do not yet conclusively con-
firm or refute a DM interpretation of the GCE (Gor-
don & Macias 2013; Daylan et al. 2016; Abazajian et al.
2014; Calore et al. 2015). Relative to the combined anal-
ysis of Ackermann et al. (2015b), the limits derived here
are up to a factor of 2 more constraining at large DM
masses (mDM,bb̄ & 1 TeV and mDM,⌧+⌧� & 70 GeV)
and a factor of ⇠ 1.5 less constraining for lower DM
masses. The weaker limits obtained at low DM mass
can be attributed to low-significance excesses coincident
with some of the nearby and recently discovered stellar
systems, i.e., Reticulum II and Tucana III. While the
excesses associated with these targets are broadly con-
sistent with the DM spectrum and cross section fit to
the GCE, we refrain from a more extensive DM interpre-
tation due to the low significance of these excesses, the
uncertainties in the J-factors of these targets, and the
lack of any significant signal in the combined analysis.

Ongoing Fermi -LAT observations, more precise
J-factor determinations with deeper spectroscopy, and
searches for new dSphs in large optical surveys will each
contribute to the future sensitivity of DM searches using
Milky Way satellites (Charles et al. 2016). In particular,
the Large Synoptic Survey Telescope (Ivezic et al. 2008)
is expected to find hundreds of new Milky Way satellite
galaxies (Tollerud et al. 2008; Hargis et al. 2014). Due to
the di�culty in acquiring spectroscopic observations and
the relative accessibility of �-ray observations, it seems
likely that �-ray analysis will precede J-factor determi-
nations in many cases. To facilitate updates to the DM

search as spectroscopic J-factors become available, the
likelihood profiles for each energy bin used to derive our
�-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 �-ray
results associated with individual targets are consistent
between the two works; however, the samples selected for
combined analysis are di↵erent.
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found to be smaller than T ⇤ (i.e. the measurement is too
background-like). This choice of critical region for T (i.e.
T < T ⇤ as opposed to T > T ⇤) generates upper limits on
the cross section: for large cross sections T ⇤ will increase
since the data is likely to be more “signal-like”. For su�-
ciently large cross sections the associated hypothesis will
be always be rejected, leading to upper limits on h�vi.

A. General form of the test statistic

In principle, T can be an arbitrary function of the data.
However, some functions are better, in a well-defined
sense, than others. Here we detail the construction of
an optimal test statistic.

The gamma-ray data are in the form of a list of discrete
detector events. We wish to jointly analyze the gamma-
ray signal from multiple targets simultaneously and to
take full advantage of the information contained in the
data. Each event is assigned a numerical weight w(Q)
based on its properties Q and the hypothesis we are test-
ing. We use a test statistic that is simply the sum of the
weights of all the events in the entire data set

T =
NX

i=1

w(Q
i

), (9)

where i runs over all detected events. The total number
of events N and the collection {Q

i

} are random variables.
For the data set we are working with, the dark matter

physics is encoded in three properties of each detected

event: which dwarf field the event came from ⌫, the
reconstructed energy of the photon E, and the recon-
structed direction of the photon ✓ (i.e. the angular sep-
aration between the event and the direction toward the
dwarf galaxy). Therefore, in our study Q = (⌫, E, ✓) is
the set of these three variables, the first being discrete
and the latter two continuous.

This general form for the test statistic is capable of
reproducing many other analyses by making particular
choices for the weight function. For example, a stan-
dard event counting analysis can be performed by setting
w(Q) = 1 for events in some energy range and within
some angular separation of one of the dwarfs, and set-
ting w(Q) = 0 for all other events. In this case the test
statistic T just counts the number of events detected. As
a second example, the analysis performed in [48] is recov-
ered by having w(Q) be a function only of which dwarf
field the event came from (and not of the energy or an-
gular separation of the event). The test statistic then
becomes a simple weighted sum of counts observed from
each dwarf.

B. Designing the weight function

Given this general form of test statistic the important
work lies in designing the weight function. Here we show
that there is a statistically most powerful choice of weight
function.

Recall that ↵ denotes the probability of rejecting the
hypothesis when the hypothesis is true. The power of a
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found to be smaller than T ⇤ (i.e. the measurement is too
background-like). This choice of critical region for T (i.e.
T < T ⇤ as opposed to T > T ⇤) generates upper limits on
the cross section: for large cross sections T ⇤ will increase
since the data is likely to be more “signal-like”. For su�-
ciently large cross sections the associated hypothesis will
be always be rejected, leading to upper limits on h�vi.

A. General form of the test statistic

In principle, T can be an arbitrary function of the data.
However, some functions are better, in a well-defined
sense, than others. Here we detail the construction of
an optimal test statistic.

The gamma-ray data are in the form of a list of discrete
detector events. We wish to jointly analyze the gamma-
ray signal from multiple targets simultaneously and to
take full advantage of the information contained in the
data. Each event is assigned a numerical weight w(Q)
based on its properties Q and the hypothesis we are test-
ing. We use a test statistic that is simply the sum of the
weights of all the events in the entire data set

T =
NX

i=1

w(Q
i

), (9)

where i runs over all detected events. The total number
of events N and the collection {Q

i

} are random variables.
For the data set we are working with, the dark matter

physics is encoded in three properties of each detected

event: which dwarf field the event came from ⌫, the
reconstructed energy of the photon E, and the recon-
structed direction of the photon ✓ (i.e. the angular sep-
aration between the event and the direction toward the
dwarf galaxy). Therefore, in our study Q = (⌫, E, ✓) is
the set of these three variables, the first being discrete
and the latter two continuous.

This general form for the test statistic is capable of
reproducing many other analyses by making particular
choices for the weight function. For example, a stan-
dard event counting analysis can be performed by setting
w(Q) = 1 for events in some energy range and within
some angular separation of one of the dwarfs, and set-
ting w(Q) = 0 for all other events. In this case the test
statistic T just counts the number of events detected. As
a second example, the analysis performed in [48] is recov-
ered by having w(Q) be a function only of which dwarf
field the event came from (and not of the energy or an-
gular separation of the event). The test statistic then
becomes a simple weighted sum of counts observed from
each dwarf.

B. Designing the weight function

Given this general form of test statistic the important
work lies in designing the weight function. Here we show
that there is a statistically most powerful choice of weight
function.

Recall that ↵ denotes the probability of rejecting the
hypothesis when the hypothesis is true. The power of a
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FIG. 11: Annihilation cross section limits from the joint analysis of 20 dwarf galaxies. The shaded band is the systematic 1�

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

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

⌧

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

e

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

This e↵ect can be seen explicitly in Fig. 13. For each
dwarf we plot the PDF of the test statistic due to back-
ground. The black curve is the empirically derived dis-
tribution (Sec. V B) while the blue curve is a compound
Poisson distribution based on the observed background
energy spectrum (Sec. V A). In both cases we adopt a
weighting function for a search for a 25 GeV particle anni-
hilating into b quarks. The vertical dashed line shows the
observed test statistic. The signal significance is shown
assuming the two di↵erent background PDFs. An as-
sumption of a Poisson background does not describe the
actual background in many cases and can lead to a mis-
takenly large detection significance.

The di�culty in fitting a multi-component Poisson

background model is illustrated in Fig. 4 of [94]. There,
“blank sky locations” are used to test whether the like-
lihood ratio test statistic is accurately described by an
“asymptotic” �2 distribution. This sampling of blank sky
locations is analogous to the empirical background sam-
pling developed in [48] and employed in the present work.
Ackermann et al. [94] found that the blank sky PDF of
the test statistic deviated from the �2 distribution at
large values of the test statistic. One of the reasons for
the deviation could be that the background model is not
flexible enough to describe the true background. Carl-
son et al. [57] present evidence that unresolved blazars
and radio sources are at least partly responsible for the
insu�ciency of the background treatment used in [94].

Large uncertainties 
remain

Assumptions can 
have a big effect on 

sensitivity
Geringer-Sameth et al. [1410.2242]
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• Hard to model halo environment

Image taken from [0908.0195]
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Building a map of extragalactic DM

Starting point: a catalog of galaxies, e.g. 2MASS

How do we go from galaxies to DM?

2MASS Redshift Survey 
Huchra et al. [1108.0669]



S. Mishra-Sharma | 30th Recontres de Blois �11

Building a map of extragalactic DM
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FIG. 1. A schematic illustration of the analysis procedure as applied to DarkSky. We begin with a sky map of galaxy counts
(center left). The DarkSky group catalog categorizes the galaxies into groups, which likely share a common DM halo. From the
DarkSky group catalog, we build a map of the J-factors for the host halos, as shown in the top right. In reality, the properties
of the halos surrounding each group of galaxies must be inferred from its total luminosity. For a given DM model (here, a
100 GeV particle annihilating to bb̄ with cross section h�vi ⇡ 10�24 cm3s�1) and detector energy range (here, ⇠ 0.9�1.4 GeV)
the DM annihilation flux can be obtained (bottom right). Going from the map of J-factors to that of DM counts also requires
knowledge of the Fermi exposure. Note that the full sky map has been subjected to 2� Gaussian smoothing.

searches. Here, we present the full details of the anal-
ysis method and a thorough discussion of the system-
atic uncertainties involved in deducing the DM-induced
flux associated with a given galaxy group. To fully un-
derstand these uncertainties, we apply these methods on
mock data where it is possible to compare the inferred
DM properties to their true values. For this purpose, we
use the DarkSky cosmological N -body simulation [39, 40]
and its associated galaxy catalog. We emphasize that,
while we illustrate the analysis method on gamma-ray
data, it can also be applied to other wavelengths and
even other messengers, such as neutrinos.

This paper is organized as follows. In Sec. II, we de-
scribe how to build DM annihilation flux maps starting
from a galaxy group catalog and discuss the associated
systematic uncertainties. Sec. III presents a detailed de-
scription of the statistical methods that we follow to im-
plement the stacking. We show the results of applying
the limit-setting and signal recovery procedures on mock
data in Sec. IV and conclude in Sec. V. Appendix A pro-
vides a detailed discussion of the J-factor expressions
used in the main text. Appendix B discusses the va-
lidity of approximations made in the profile likelihood
procedure. Appendix C shows the results of performing
a full-sky template study, as a contrast to the stacking
results presented in the main text.

II. TRACING DARK MATTER FLUX WITH
GALAXY SURVEYS

In this Section, we describe how to construct catalogs
of extragalactic DM targets starting from a list of galaxy
groups. We begin by reviewing the properties of the
galaxy group catalogs and then describe how to predict
the DM signal from a given galaxy group and quantify
the systematic uncertainties of this extrapolation.

A. Galaxy and Halo Catalogs

The approach that we use throughout this work relies
on galaxy surveys as an input. Di↵erent galaxy catalogs
span a range of redshifts and luminosities. Optimal cat-
alogs for DM searches should cover as much of the sky as
possible (to increase statistics) and sample low redshifts.
The strength of the DM signal increases at lower redshifts
due to accretion of mass at late times, a↵ecting both the
halo mass distribution and substructure [17]. In contrast,
the integrated gamma-ray flux of standard astrophysical
sources, such as Active Galactic Nuclei and star-forming
galaxies, is expected to peak at higher redshifts between
⇠0.1 and ⇠2 depending on the specific source class and
model for its unresolved contribution [17, 19].

The Two Micron All-Sky Survey Extended Sources
Catalog (2MASS XSC) satisfies the criteria listed above
and has been used extensively in past cross-correlation
studies [16–22]. The XSC is an all-sky infrared survey

40963 particles; 400 Mpc/h box; 
Skillman et al. 1407.2600; 
darksky.slac.stanford.edu

Use DarkSky N-body simulation and 
galaxy catalog as testing ground

http://darksky.slac.stanford.edu
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Galaxy group catalogs

Based on several nearby galaxy catalogs 
(2MASS, LEDA, NED, CosmicFlow3…)

z . 0.01

Fig. 7.— Distribution of galaxies in the Local Sheet. The equatorial slice in supergalactic coordinates is
3 > SGZ > −2 Mpc. Symbol colors and shapes distinguish galaxy masses: red > 1012 M⊙, filled black
1011 − 1012 M⊙, open 1010 − 1011 M⊙, cross < 1010 M⊙. Blue circles delineate R2t radii of larger groups,
dashed green circles represent the R1t domains, and dotted orange circles approximate the zero energy
surfaces. Galactic latitudes ±5◦ are coincident with the dotted wedge.

15

Fig. 12.— An Aitoff supergalactic projection of all identified groups with VLS < 3500 km s−1. Right and
left halves of this diagram correspond to the Galactic northern and southern part of the sky, respectively.
Galaxies in groups are represented with the same color corresponding to the group radial velocity. Contours
of Galactic extinction are drawn from the dust maps of Schlegel et al. (1998).
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Nearby galaxies and groups All groups 

Main catalog: Kourkchi and Tully [1705.08068]
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Extragalactic dark matter targets catalog

Send catalogs through our pipeline to obtain table of DM properties:

J-factor Substructure boostConcentrationHalo mass
Bartels and Ando 
[1507.08656]12

Name log
10

J log
10

M
vir

z ⇥ 10�3 ` b log
10

c
vir

✓
s

b
sh

TS
max

Incl.

[GeV2 cm�5 sr] [M�] [deg] [deg] [deg]

Andromeda 19.79±0.36 12.4±0.12 0.17 121.51 -21.79 1.04±0.17 2.57 2.64 2.92

NGC4472/Virgo 19.11±0.35 14.6±0.14 3.58 283.94 74.52 0.80±0.18 1.16 4.53 1.04 X

NGC5128 18.89±0.37 12.9±0.12 0.82 307.88 17.08 0.99±0.17 0.88 3.14 0.00

NGC0253 18.76±0.37 12.7±0.12 0.79 98.24 -87.89 1.00±0.17 0.77 2.90 0.63 X

Ma↵ei 1 18.68±0.37 12.6±0.12 0.78 136.23 -0.44 1.01±0.17 0.71 2.81 7.26

NGC6822 18.59±0.37 10.7±0.10 0.11 25.34 -18.40 1.17±0.17 0.77 1.70 16.65

NGC3031 18.58±0.36 12.6±0.12 0.83 141.88 40.87 1.02±0.17 0.64 2.76 0.00 X

NGC4696/Centaurus 18.34±0.35 14.6±0.14 8.44 302.22 21.65 0.80±0.18 0.48 4.50 6.60 X

NGC1399 18.31±0.37 13.8±0.13 4.11 236.62 -53.88 0.89±0.17 0.45 3.87 0.72 X

IC0356 18.27±0.36 13.5±0.13 3.14 138.06 12.70 0.92±0.17 0.43 3.51 0.02

NGC4594 18.26±0.35 13.3±0.13 2.56 299.01 51.30 0.94±0.17 0.43 3.36 0.00 X

Norma 18.18±0.33 15.1±0.15 17.07 325.29 -7.21 0.74±0.18 0.39 5.17 1.72

IC 1613 18.17±0.37 10.6±0.10 0.17 129.74 -60.58 1.18±0.17 0.48 1.67 0.00 X

NGC 1275/Perseus 18.13±0.33 15.0±0.15 17.62 150.58 -13.26 0.75±0.18 0.37 5.16 0.00

NGC4736 18.12±0.36 12.2±0.12 1.00 124.83 75.76 1.05±0.17 0.38 2.58 0.93 X

NGC3627 18.11±0.35 13.0±0.13 2.20 241.46 64.36 0.98±0.17 0.35 3.23 27.24

NGC1316/Fornax 18.01±0.36 13.5±0.13 4.17 239.98 -56.68 0.92±0.17 0.32 3.49 2.33

NGC5236 18.01±0.36 12.2±0.12 1.09 314.58 31.98 1.05±0.17 0.33 2.56 22.08

IC0342 18.01±0.37 11.8±0.11 0.73 138.52 10.69 1.09±0.17 0.34 2.33 1.92

Coma 17.98±0.33 15.2±0.15 24.45 57.20 87.89 0.73±0.18 0.32 5.21 41.15

NGC4565 17.97±0.35 13.1±0.13 2.98 229.92 86.07 0.96±0.17 0.31 3.28 2.35 X

NGC3311/Hydra 17.95±0.34 14.4±0.14 10.87 269.55 26.41 0.82±0.17 0.30 4.32 0.08 X

NGC1553/Dorado 17.94±0.36 13.4±0.13 4.02 265.56 -43.51 0.94±0.17 0.30 3.41 0.04 X

NGC3379 17.94±0.37 12.9±0.12 2.42 233.64 57.77 0.99±0.17 0.29 3.11 0.00 X

NGC5194 17.93±0.37 12.6±0.12 1.84 104.86 68.53 1.01±0.17 0.30 2.81 4.94 X

ESO097-013 17.92±0.37 11.6±0.11 0.60 311.33 -3.81 1.11±0.17 0.32 2.12 13.45

NGC4258 17.92±0.36 12.5±0.12 1.64 139.02 68.89 1.03±0.17 0.30 2.71 0.50 X

NGC1068 17.91±0.35 13.3±0.13 3.60 171.99 -51.86 0.95±0.17 0.29 3.33 6.95 X

NGC4261 17.91±0.37 13.9±0.13 7.16 281.87 67.45 0.88±0.17 0.28 4.03 12.56

NGC4826 17.88±0.36 12.1±0.12 1.16 315.69 84.42 1.06±0.17 0.29 2.53 3.31 X

TABLE S1. The top thirty halos included from the T15 [30] and T17 [31] catalogs, as ranked by inferred J-factor, which
includes the boost-factor. For each group, we show the brightest central galaxy and the common name, if one exists, as well
as the virial mass, cosmological redshift, Galactic coordinates, inferred concentration using Ref. [19], angular extension, boost-
factor using the fiducial model from Ref. [20], and the maximum test statistic (TS

max

) over all m� between the model with
and without DM annihilating to bb̄. A checkmark indicates that the halo satisfies the selection criteria and is included in the
stacking analysis. A complete listing of all the halos used in this study is provided as Supplementary Data.

https://github.com/bsafdi/DMCat

https://github.com/bsafdi/DMCat
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FIG. 1. (Left) The solid black line shows the 95% confidence limit on the DM annihilation cross section, h�vi, as a function
of the DM mass, m�, for the bb̄ final state, assuming the fiducial boost-factor [20]. The containment regions are computed by
performing the data analysis multiple times for random sky locations of the halos. For comparison, the dashed black line shows
the limit assuming no boost-factor. The Fermi dwarf limit is also shown, as well as the 2� regions where DM may contribute
to the Galactic Center Excess (see text for details). The thermal relic cross section for a generic weakly interacting massive
particle [44] is indicated by the thin dotted line. (Right) The change in the limit for m� = 100 GeV as a function of the
number of halos that are included in the analysis, which are ranked in order of largest J-factor. The result is compared to the
expectation from random sky locations; the 68 and 95% expectations from 200 random sky locations are indicated by the red
bands.

Galaxy groups are expected to emit gamma-rays from
standard cosmic-ray processes. Using group catalogs to
study gamma-ray emission from cosmic rays in these ob-
jects is an interesting study in its own right (see, e.g.,
Ref. [24, 26, 47, 48]), which we leave to future work. For
the purpose of the present analysis, however, we would
like a way to remove groups with large residuals, likely
arising from standard astrophysical processes in the clus-
ters, to maintain maximum sensitivity to DM annihila-
tion. This requires care, however, as we must guarantee
that the procedure for removing halos does not remove a
real signal, if one were present.

We adopt the following algorithm to remove halos with
large residuals that are inconsistent with DM annihila-
tion in the other groups in the sample. A group is ex-
cluded if it meets two conditions. First, to ensure it is
a statistically significant excess, we require twice the dif-
ference between the maximum log likelihood and the log
likelihood with h�vi = 0 to be greater than 9 at any DM
mass. This selects sources with large residuals at a given
DM mass. Second, the residuals must be strongly in-
consistent with limits set by other galaxy groups. Specif-
ically, the halo must satisfy h�vi

best

> 10⇥h�vi⇤
lim

, where
h�vi

best

is the halo’s best-fit cross section at any mass
and h�vi⇤

lim

is the strongest limit out of all halos at the
specified m�. These conditions are designed to exclude
galaxy groups where the gamma-ray emission is incon-
sistent with a DM origin. This prescription has been
extensively tested on mock data and, crucially, does not
exclude injected signals [3].

Results. The left panel of Fig. 1 illustrates the main
results of the stacked analysis. The solid black line repre-
sents the limit obtained for DM annihilating to a bb̄ final
state using the fiducial boost-factor model [20], while the
dashed line shows the limit without the boost-factor en-
hancement. To estimate the expected limit under the null
hypothesis, we repeat the analysis by randomizing the
locations of the halos on the sky 200 times, though still
requiring they pass the selection cuts described above.
The colored bands indicate the 68 and 95% containment
regions for the expected limit. The limit is consistent
with the expectation under the null hypothesis.

The right panel of Fig. 1 illustrates how the limits
evolve for the bb̄ final state with m� = 100 GeV as an
increasing number of halos are stacked. We also show
the expected 68% and 95% containment regions, which
are obtained from the random sky locations. As can be
seen, no single halo dominates the bounds. For example,
removing Virgo, the brightest halo in the catalog, from
the stacking has no significant e↵ect on the limit. Indeed,
the inclusion of all 495 halos buys one an additional order
of magnitude in the sensitivity reach.

The limit derived in this work is complementary to
the published dSph bound [1, 2], shown as the solid gray
line in the left panel of Fig. 1. It also probes the pa-
rameter space that may explain the Galactic Center ex-
cess (GCE); the best-fit models are marked by the or-
ange cross [49], blue [50], red [51], and orange [52] 2�
regions. The GCE is a spherically symmetric excess of
⇠GeV gamma-rays observed to arise from the center of

Galaxy groups

Fermi dwarfs

Lisanti, SM, Rodd and Safdi [1708.09385] 

https://arxiv.org/abs/1708.09385
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FIG. 7: Intensity maps (in galactic coordinates) after subtracting the point source model and best-fit Galactic di↵use model,
Fermi bubbles, and isotropic templates. Template coe�cients are obtained from the fit including these three templates and
a � = 1.3 DM-like template. Masked pixels are indicated in black. All maps have been smoothed to a common PSF of 2
degrees for display, before masking (the corresponding masks have not been smoothed; they reflect the actual masks used in
the analysis). At energies between ⇠0.5-10 GeV (i.e. in the first three frames), the dark-matter-like emission is clearly visible
around the Galactic Center.

V. THE GALACTIC CENTER

In this section, we describe our analysis of the Fermi

data from the region of the Galactic Center, defined as
|b| < 5�, |l| < 5�. We make use of the same Pass 7 data
set, with Q2 cuts on CTBCORE, as described in the pre-
vious section. We performed a binned likelihood analysis
to this data set using the Fermi tool gtlike, dividing
the region into 200⇥200 spatial bins (each 0.05�⇥0.05�),
and 12 logarithmically-spaced energy bins between 0.316-

10.0 GeV. Included in the fit is a model for the Galac-
tic di↵use emission, supplemented by a model spatially
tracing the observed 20 cm emission [45], a model for
the isotropic gamma-ray background, and all gamma-ray
sources listed in the 2FGL catalog [46], as well as the
two additional point sources described in Ref. [47]. We
allow the flux and spectral shape of all high-significance
(
p
TS > 25) 2FGL sources located within 7� of the

Galactic Center to vary. For somewhat more distant or
lower significance sources ( = 7� � 8� and

p
TS > 25,
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FIG. 6: Left frame: The spectrum of the dark matter component, extracted from a fit in our standard ROI (1� < |b| < 20�,
|l| < 20�) for a template corresponding to a generalized NFW halo profile with an inner slope of � = 1.18 (normalized to the
flux at an angle of 5� from the Galactic Center). Shown for comparison (solid line) is the spectrum predicted from a 43.0 GeV
dark matter particle annihilating to bb̄ with a cross section of �v = 2.25⇥10�26 cm3/s ⇥ [(0.4GeV/cm3)/⇢

local

]2. Right frame:
as left frame, but for a full-sky ROI (|b| > 1�), with � = 1.28; shown for comparison (solid line) is the spectrum predicted from
a 36.6 GeV dark matter particle annihilating to bb̄ with a cross section of �v = 0.75⇥ 10�26 cm3/s ⇥ [(0.4GeV/cm3)/⇢

local

]2.

of the Galactic plane; masking the region with |b| < 2�

changes the preferred value to � = 1.25 in our default
ROI, and � = 1.29 over the whole sky. In contrast to
Ref. [8], we find no significant di↵erence in the slope pre-
ferred by the fit over the standard ROI, and by a fit only
over the southern half (b < 0) of the ROI (we also find
no significant di↵erence between the fit over the full sky
and the southern half of the full sky). This can be seen
directly from Fig. 5, where the full-sky and southern-
sky fits for the same level of masking are found to favor
quite similar values of � (the southern sky distribution
is broader than that for the full sky simply due to the
di↵erence in the number of photons). The best-fit values
for gamma, from fits in the southern half of the standard
ROI and the southern half of the full sky, are 1.13 and
1.26 respectively.

In Fig. 6, we show the spectrum of the emission cor-
related with the dark matter template in the default
ROI and full-sky analysis, for their respective best-fit
values of � = 1.18 and 1.28.6 We restrict to energies
50 GeV and lower to ensure numerical stability of the
fit in the smaller ROI. While no significant emission is
absorbed by this template at energies above ⇠10 GeV,
a bright and robust component is present at lower en-
ergies, peaking near ⇠1-3 GeV. Relative to the analy-
sis of Ref. [8] (which used an incorrectly smoothed dif-
fuse model), our spectrum is in both cases significantly
harder at energies below 1 GeV, rendering it more con-

6 A comparison between the two ROIs with � held constant is
presented in Appendix A.

sistent with that extracted at higher latitudes (see Ap-
pendix A).7 Shown for comparison (as a solid line) is the
spectrum predicted from (left panel) a 43.0 GeV dark
matter particle annihilating to bb̄ with a cross section
of �v = 2.25 ⇥ 10�26 cm3/s ⇥ [(0.4GeV/cm3)/⇢

local

]2,
and (right panel) a 36.6 GeV dark matter particle anni-
hilating to bb̄ with a cross section of �v = 0.75 ⇥ 10�26

cm3/s ⇥ [(0.4GeV/cm3)/⇢
local

]2. The spectra extracted
for this component are in moderately good agreement
with the predictions of the dark matter models, yielding
fits of �2 = 44 and 64 over the 22 error bars between 0.3
and 50 GeV. We emphasize that these uncertainties (and
the resulting �2 values) are purely statistical, and there
are significant systematic uncertainties which are not ac-
counted for here (see the discussion in the appendices).
We also note that the spectral shape of the dark matter
template is quite robust to variations in �, within the
range where good fits are obtained (see Appendix A).

In Fig. 7, we plot the maps of the gamma-ray sky
in four energy ranges after subtracting the best-fit dif-
fuse model, Fermi Bubbles, and isotropic templates. In
the 0.5-1 GeV, 1-3 GeV, and 3-10 GeV maps, the dark-
matter-like emission is clearly visible in the region sur-
rounding the Galactic Center. Much less central emission
is visible at 10-50 GeV, where the dark matter compo-
nent is absent, or at least significantly less bright.

7 An earlier version of this work found this improvement only in
the presence of the CTBCORE cut; we now find this hardening
independent of the CTBCORE cut.
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FIG. 7: Intensity maps (in galactic coordinates) after subtracting the point source model and best-fit Galactic di↵use model,
Fermi bubbles, and isotropic templates. Template coe�cients are obtained from the fit including these three templates and
a � = 1.3 DM-like template. Masked pixels are indicated in black. All maps have been smoothed to a common PSF of 2
degrees for display, before masking (the corresponding masks have not been smoothed; they reflect the actual masks used in
the analysis). At energies between ⇠0.5-10 GeV (i.e. in the first three frames), the dark-matter-like emission is clearly visible
around the Galactic Center.

V. THE GALACTIC CENTER

In this section, we describe our analysis of the Fermi

data from the region of the Galactic Center, defined as
|b| < 5�, |l| < 5�. We make use of the same Pass 7 data
set, with Q2 cuts on CTBCORE, as described in the pre-
vious section. We performed a binned likelihood analysis
to this data set using the Fermi tool gtlike, dividing
the region into 200⇥200 spatial bins (each 0.05�⇥0.05�),
and 12 logarithmically-spaced energy bins between 0.316-

10.0 GeV. Included in the fit is a model for the Galac-
tic di↵use emission, supplemented by a model spatially
tracing the observed 20 cm emission [45], a model for
the isotropic gamma-ray background, and all gamma-ray
sources listed in the 2FGL catalog [46], as well as the
two additional point sources described in Ref. [47]. We
allow the flux and spectral shape of all high-significance
(
p
TS > 25) 2FGL sources located within 7� of the

Galactic Center to vary. For somewhat more distant or
lower significance sources ( = 7� � 8� and

p
TS > 25,
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FIG. 6: Left frame: The spectrum of the dark matter component, extracted from a fit in our standard ROI (1� < |b| < 20�,
|l| < 20�) for a template corresponding to a generalized NFW halo profile with an inner slope of � = 1.18 (normalized to the
flux at an angle of 5� from the Galactic Center). Shown for comparison (solid line) is the spectrum predicted from a 43.0 GeV
dark matter particle annihilating to bb̄ with a cross section of �v = 2.25⇥10�26 cm3/s ⇥ [(0.4GeV/cm3)/⇢

local

]2. Right frame:
as left frame, but for a full-sky ROI (|b| > 1�), with � = 1.28; shown for comparison (solid line) is the spectrum predicted from
a 36.6 GeV dark matter particle annihilating to bb̄ with a cross section of �v = 0.75⇥ 10�26 cm3/s ⇥ [(0.4GeV/cm3)/⇢

local

]2.

of the Galactic plane; masking the region with |b| < 2�

changes the preferred value to � = 1.25 in our default
ROI, and � = 1.29 over the whole sky. In contrast to
Ref. [8], we find no significant di↵erence in the slope pre-
ferred by the fit over the standard ROI, and by a fit only
over the southern half (b < 0) of the ROI (we also find
no significant di↵erence between the fit over the full sky
and the southern half of the full sky). This can be seen
directly from Fig. 5, where the full-sky and southern-
sky fits for the same level of masking are found to favor
quite similar values of � (the southern sky distribution
is broader than that for the full sky simply due to the
di↵erence in the number of photons). The best-fit values
for gamma, from fits in the southern half of the standard
ROI and the southern half of the full sky, are 1.13 and
1.26 respectively.

In Fig. 6, we show the spectrum of the emission cor-
related with the dark matter template in the default
ROI and full-sky analysis, for their respective best-fit
values of � = 1.18 and 1.28.6 We restrict to energies
50 GeV and lower to ensure numerical stability of the
fit in the smaller ROI. While no significant emission is
absorbed by this template at energies above ⇠10 GeV,
a bright and robust component is present at lower en-
ergies, peaking near ⇠1-3 GeV. Relative to the analy-
sis of Ref. [8] (which used an incorrectly smoothed dif-
fuse model), our spectrum is in both cases significantly
harder at energies below 1 GeV, rendering it more con-

6 A comparison between the two ROIs with � held constant is
presented in Appendix A.

sistent with that extracted at higher latitudes (see Ap-
pendix A).7 Shown for comparison (as a solid line) is the
spectrum predicted from (left panel) a 43.0 GeV dark
matter particle annihilating to bb̄ with a cross section
of �v = 2.25 ⇥ 10�26 cm3/s ⇥ [(0.4GeV/cm3)/⇢

local

]2,
and (right panel) a 36.6 GeV dark matter particle anni-
hilating to bb̄ with a cross section of �v = 0.75 ⇥ 10�26

cm3/s ⇥ [(0.4GeV/cm3)/⇢
local

]2. The spectra extracted
for this component are in moderately good agreement
with the predictions of the dark matter models, yielding
fits of �2 = 44 and 64 over the 22 error bars between 0.3
and 50 GeV. We emphasize that these uncertainties (and
the resulting �2 values) are purely statistical, and there
are significant systematic uncertainties which are not ac-
counted for here (see the discussion in the appendices).
We also note that the spectral shape of the dark matter
template is quite robust to variations in �, within the
range where good fits are obtained (see Appendix A).

In Fig. 7, we plot the maps of the gamma-ray sky
in four energy ranges after subtracting the best-fit dif-
fuse model, Fermi Bubbles, and isotropic templates. In
the 0.5-1 GeV, 1-3 GeV, and 3-10 GeV maps, the dark-
matter-like emission is clearly visible in the region sur-
rounding the Galactic Center. Much less central emission
is visible at 10-50 GeV, where the dark matter compo-
nent is absent, or at least significantly less bright.

7 An earlier version of this work found this improvement only in
the presence of the CTBCORE cut; we now find this hardening
independent of the CTBCORE cut.
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Galactic DM annihilation limit

Chang, Lisanti, SM [1804.04132] 

3

templates that model the Northern and Southern lobes.
The shape of the lobes is inferred directly from Fermi

data [45], and the intensity of the emission is taken to
be flat. We let the normalization of the Northern and
Southern lobes float independently in the fit. The ROI
also overlaps with Loop I, a large radio lobe in the North-
ern hemisphere [53, 54]. While features corresponding to
the radio observations have been observed in the Fermi

data [45, 55–57], significant uncertainties remain in the
modeling of the spatial and intensity profile of Loop I in
gamma rays. As a result, we conservatively do not in-
clude a template that traces Loop I in our fiducial study.
We have performed variants of the fiducial study to asses
the impact of this choice. We find that the inclusion of an
additional isotropic template in the Northern hemisphere
as a proxy for Loop I emission strengthens the limit by
a factor of . 1.2.

The isotropic template is intended to primarily cap-
ture extragalactic gamma-ray emission from unresolved
sources such as blazars and star-forming galaxies, as well
as more exotic contributions from extragalactic DM an-
nihilation. The inclusion of the point-source template
accounts for emission from resolved (Galactic and extra-
galactic) sources. The normalizations of all the sources
are floated together in the template after fixing their indi-
vidual fluxes to the values predicted by the 3FGL catalog.
We note that all 3FGL sources are conservatively masked
to 95% containment in PSF for the corresponding energy
bins. Therefore, the primary purpose of the point-source
template is to account for any potential mis-modeling in
the tails of the emission.

To summarize, there are twelve free parameters asso-
ciated with the astrophysical components—eight for the
Galactic di↵use slices, two for the Fermi bubbles, and one
each for the isotropic and point-source templates. As we
are ultimately interested in the intensity of the DM sig-
nal, we treat these as nuisance parameters and remove
them using the profile likelihood method [58]. Specifi-
cally, we build a likelihood profile for the intensity asso-
ciated with DM annihilation in the smooth Galactic halo,
fixing the normalization of this template at various values
while profiling over the astrophysical components. The
resulting likelihood only depends on the DM intensity in
each energy bin, which is related to the annihilation cross
section, h�vi, and mass, m�, through the expression for
the di↵erential gamma-ray flux:

d�

dE�
= J ⇥ h�vi

8⇡m2

�

X

j

Brj
dNj

dE�
, (4)

where E� is the gamma-ray energy and Brj is the branch-
ing fraction to the jth annihilation channel. The energy
spectrum for each channel is described by the function
dNj/dE� , which is modeled using PPPC4DMID [59]. Note
that we do not account for DM substructure in the Milky
Way halo in this study, which would increase the strength
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FIG. 1. The solid black line shows the 95% confidence limit
on dark matter of mass, m�, annihilating with cross sec-
tion, h�vi, in the smooth Galactic halo, within |b| > 20� and
r < 50�. The green(yellow) band denotes the 68(95)% con-
tainment for the expected sensitivity, as derived from Monte
Carlo simulations. For the Galactic halo, we assume a gener-
alized NFW profile with inner slope of � = 1 and local density
⇢(r�) = 0.4 GeV cm�3. We also show the corresponding lim-
its obtained from dwarf galaxies [5] and galaxy groups [7]
(grey dashed and dot-dashed lines, respectively). The ex-
pected annihilation cross section for a generic weakly inter-
acting massive particle is indicated by the solid grey line [63].

of the annihilation signal. Given the theoretical uncer-
tainties associated with modeling the spatial distribution
and properties of DM subhalos, such a search deserves its
own dedicated study.

The test statistic (TS) profile for h�vi is defined as

TS ⌘ 2
h
log L(d|M, h�vi, m�) � log L(d|M, dh�vi, m�)

i
,

(5)

where dh�vi is the cross section that maximizes the likeli-
hood for a specified DM model, M, of given annihilation
channel and mass. The TS is nonpositive by definition
and can be used to set a threshold for limits on the cross
section. In particular, the 95% upper limit on the anni-
hilation cross section is given by the value of h�vi asso-
ciated with TS = �2.71. We implement template fitting
with the package NPTFit [60] and use the L-BFGS-B [61]
minimization algorithm implemented through SciPy [62].

We have performed numerous tests to ensure that the
statistical procedure outlined above can recover a poten-
tial signal in the data. Such tests are crucial in veri-
fying the robustness of these methods, especially given
the potentially large degeneracies between the signal and
foreground components, which are both di↵use in na-
ture. Additionally, the freedom given to the foreground
emission by separately fitting its normalization in the

Fermi dwarfs

Galaxy groups

Smooth Galactic halo
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Figure 18: Maps of Fermi data in the high-latitude regions of interest we have tested our analysis on.
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FIG. S5. Similar to Fig. 1 of the Letter, except using the Model A, B, and C foreground models (left, middle, and right panel,
respectively) as provided by the Fermi-LAT Collaboration [8]. Note that the foreground templates are still divided into eight
radial slices, as in the fiducial study, but the normalizations of the inverse-Compton and ⇡0+Bremsstrahlung templates are
allowed to float independently. The fiducial limit obtained using the p6v11 foreground model is shown by the dashed black line
for comparison. The “excesses” in the Model A and C studies (with significances TS

max

⇠ 28 and 14, respectively) are well-
understood in terms of the source populations included in these models; see text for further discussion. Model B is statistically
preferred over Models A and C as a description of the data in our ROI; the di↵erence in the maximum log-likelihood between
Model B and A(C) is � log L

max

= 136(119).

A, B, and C fits. As a result, the foreground templates in these tests are given considerable freedom in the fitting
procedure, as they are associated with sixteen free parameters (rather than just eight, as in the p6v11 case). This
is a very important cross-check of the fiducial results, because the relative normalizations of foreground components
are fixed in p6v11, with the ratio set by a previous fit to the data. However, because that fit did not include a DM
template, one might worry that a potential signal—if present—would be absorbed by the foreground components
(particularly the IC component) in the initial fitting procedure. If this were the case, using p6v11 for a Galactic DM
search could potentially give artificially stringent DM limits.

Fig. S5 shows the limits obtained using Models A, B, and C. The di↵erences between the results can be understood
in terms of the assumptions going into the separate models, which we now describe in detail:

• Model A: Model A is based on the class of Galactic di↵use models studied in [74], and is described in detail
in [8]. Here, we only highlight the main elements that distinguish it from Models B and C. For Model A,
cosmic-ray electrons and nuclei are both sourced by the same population of pulsars, and the cosmic-ray di↵usion
coe�cient and re-acceleration strength are held constant. The left panel of Fig. S5 shows the Monte Carlo
expectation and data limit when rerunning the fiducial analysis using the Model A templates. The recovered
data limit is weaker than the Monte Carlo expectation, which suggests that there is excess gamma-ray emission
in the ROI that is not captured by the Model A templates. It should be noted that the foreground templates
are given considerable freedom in the fitting procedure, as the normalizations of the ⇡0+Brem and IC templates
are allowed to float separately in each radial slice. Despite this freedom, a large amount of DM emission is still
needed to improve the quality of the fit. A DM “excess” with a TS

max

⇠ 28 is observed, with the best-fit 1�
and 2� (corresponding to deviations in TS of �2.30 and �6.18 from the global maximum) containment regions
as shown in the figure. The fact that the DM parameter space that is favored is clearly excluded by the dwarf

searches strongly suggests that the weakening of the bounds is not due to DM, and is likely of astrophysical origin.

• Model B: Model B provides an important counterpoint to Model A [8]. It includes an additional source popu-
lation of electrons at the Galactic Center, which contributes to the IC emission. Unlike Model A, which closely
reproduces the local cosmic-ray electron spectrum, Model B under-predicts the distribution below ⇠20 GV.
However, this disparity can be accounted for by contributions from other more local sources. The middle panel
of Fig. S5 shows the Monte Carlo expectation and data limit for the Model B study. The limit is comparable to
the fiducial case at low masses and is somewhat tighter for masses above ⇠100 GeV, although still consistent
within the Monte Carlo expectation. Clearly, the IC component in Model B absorbs the excess emission that
was previously attributed to DM in the Model A study, bringing the data limit in line with the Monte Carlo
expectation. Quantitatively, Model B is a better overall fit to the data than Models A and C in our ROI; the

Galactic DM: confronting diffuse foregrounds
Consider different diffuse models from Ackermann et al [1410.3696]:

Baseline Better diffuse modeling 
in inner halo

Better diffuse modeling  
in outer halo
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Galactic DM: confronting diffuse foregrounds
Consider different diffuse models from Ackermann et al [1410.3696]:
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FIG. S5. Similar to Fig. 1 of the Letter, except using the Model A, B, and C foreground models (left, middle, and right panel,
respectively) as provided by the Fermi-LAT Collaboration [8]. Note that the foreground templates are still divided into eight
radial slices, as in the fiducial study, but the normalizations of the inverse-Compton and ⇡0+Bremsstrahlung templates are
allowed to float independently. The fiducial limit obtained using the p6v11 foreground model is shown by the dashed black line
for comparison. The “excesses” in the Model A and C studies (with significances TS

max

⇠ 28 and 14, respectively) are well-
understood in terms of the source populations included in these models; see text for further discussion. Model B is statistically
preferred over Models A and C as a description of the data in our ROI; the di↵erence in the maximum log-likelihood between
Model B and A(C) is � log L

max

= 136(119).

A, B, and C fits. As a result, the foreground templates in these tests are given considerable freedom in the fitting
procedure, as they are associated with sixteen free parameters (rather than just eight, as in the p6v11 case). This
is a very important cross-check of the fiducial results, because the relative normalizations of foreground components
are fixed in p6v11, with the ratio set by a previous fit to the data. However, because that fit did not include a DM
template, one might worry that a potential signal—if present—would be absorbed by the foreground components
(particularly the IC component) in the initial fitting procedure. If this were the case, using p6v11 for a Galactic DM
search could potentially give artificially stringent DM limits.

Fig. S5 shows the limits obtained using Models A, B, and C. The di↵erences between the results can be understood
in terms of the assumptions going into the separate models, which we now describe in detail:

• Model A: Model A is based on the class of Galactic di↵use models studied in [74], and is described in detail
in [8]. Here, we only highlight the main elements that distinguish it from Models B and C. For Model A,
cosmic-ray electrons and nuclei are both sourced by the same population of pulsars, and the cosmic-ray di↵usion
coe�cient and re-acceleration strength are held constant. The left panel of Fig. S5 shows the Monte Carlo
expectation and data limit when rerunning the fiducial analysis using the Model A templates. The recovered
data limit is weaker than the Monte Carlo expectation, which suggests that there is excess gamma-ray emission
in the ROI that is not captured by the Model A templates. It should be noted that the foreground templates
are given considerable freedom in the fitting procedure, as the normalizations of the ⇡0+Brem and IC templates
are allowed to float separately in each radial slice. Despite this freedom, a large amount of DM emission is still
needed to improve the quality of the fit. A DM “excess” with a TS

max

⇠ 28 is observed, with the best-fit 1�
and 2� (corresponding to deviations in TS of �2.30 and �6.18 from the global maximum) containment regions
as shown in the figure. The fact that the DM parameter space that is favored is clearly excluded by the dwarf

searches strongly suggests that the weakening of the bounds is not due to DM, and is likely of astrophysical origin.

• Model B: Model B provides an important counterpoint to Model A [8]. It includes an additional source popu-
lation of electrons at the Galactic Center, which contributes to the IC emission. Unlike Model A, which closely
reproduces the local cosmic-ray electron spectrum, Model B under-predicts the distribution below ⇠20 GV.
However, this disparity can be accounted for by contributions from other more local sources. The middle panel
of Fig. S5 shows the Monte Carlo expectation and data limit for the Model B study. The limit is comparable to
the fiducial case at low masses and is somewhat tighter for masses above ⇠100 GeV, although still consistent
within the Monte Carlo expectation. Clearly, the IC component in Model B absorbs the excess emission that
was previously attributed to DM in the Model A study, bringing the data limit in line with the Monte Carlo
expectation. Quantitatively, Model B is a better overall fit to the data than Models A and C in our ROI; the

Better diffuse modeling  
in outer halo
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FIG. 2. The 95% confidence limits on dark matter annihilation into bb̄ (left) and ⌧+⌧� (right) for the fiducial analysis, varying
over the inner slope, �, of the generalized NFW density profile. The limits tighten as � increases; the lines shown correspond to
linearly spaced steps from � = 1 to 1.5. The best-fit parameters obtained by previous studies of the GeV excess are indicated by
the data point [18] and the solid [15], cross-hatched [19], and hatched [21] regions. Each region is indicated by 1�/2� contours
and colored corresponding to the best-fit � obtained by that study, also specified in the legend. For ease of comparison, we have
rescaled the best-fit cross-sections to be consistent with ⇢(r�) = 0.4 GeV cm�3. The corresponding limits obtained from dwarf
galaxies [5] and galaxy groups [7] (grey dashed and dot-dashed lines, respectively) are also shown. The expected annihilation
cross section for a generic weakly interacting massive particle is indicated by the solid grey line [63].

radial slices can lead to challenges in regimes of low pho-
ton statistics. We have performed tests on both data
and Monte Carlo and verified that our analysis proce-
dure would not exclude a DM signal if one were present
in the data. A detailed description of these tests is pro-
vided in the Supplemental Material.

Dark Matter Annihilation Limit. Figure 1 shows
the 95% confidence limit on the DM annihilation cross
section into the bb̄ final state (solid black). For compari-
son, the published limits from the most recent dwarf [5]
and galaxy group [7] studies appear as the grey dashed
and dot-dashed lines, respectively. The bb̄ limits from the
smooth Galactic halo are the strongest to date for DM
masses below ⇠70 GeV.

The green(yellow) band in Fig. 1 shows the 68(95)%
expected sensitivity obtained from Monte Carlo simula-
tions. To make the simulations, we Poisson fluctuate the
sum of best-fit templates on data within the ROI, letting
the normalizations for the di↵erent foreground slices and
bubble lobes float independently. The sensitivity pro-
jection is derived from 100 Monte Carlo variations. A
data-driven foreground expectation obtained by looking
at a large number of blank fields, as is standard for dwarf
and galaxy group studies, is not feasible for Galactic DM
searches because the overall size of the ROI is a sub-
stantial fraction of the full sky. The Monte Carlo bands
do, however, provide an important comparison bench-
mark. For example, if the Galactic foregrounds are over-

subtracted in the fitting procedure, then the data limits
will be artificially strengthened and appear stronger than
the Monte Carlo expectation. This happens, for exam-
ple, when the p6v11 di↵use template is not divided into
eight independent slices for the ROI used here.

Given the large uncertainties inherent in the modeling
of the Galactic di↵use emission, it is imperative to repeat
the fiducial study for a variety of foreground models. In
addition to the p6v11 model, we have repeated our study
using Models A, B, and C, which are foreground models
developed by the Fermi -LAT Collaboration specifically
for their study of the isotropic gamma-ray background
at higher latitudes [8]. These models span a variety of
possibilities for the cosmic-ray source distribution, di↵u-
sion coe�cients, and re-acceleration parameters. In addi-
tion, the sub-components for ⇡0-decay, Bremsstrahlung,
and IC emission are provided separately, so we can vary
their normalizations independently in the fitting proce-
dure. We discuss in detail the results of these analyses in
the Supplemental Material, summarizing a few key points
here. Model B provides limits very similar to those ob-
tained in the fiducial case, while Models A and C exhibit
significant excesses above Monte Carlo expectation. This
di↵erence can be attributed to the fact that Model B in-
cludes an additional population of electron-only sources
near the Galactic Center that contributes to the IC emis-
sion. Omission of this population in Models A and C
causes the DM template to absorb more flux, thus weak-

bb
robustly excluded

interpretation ⌧+⌧� interpretation
under tension for the first time
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templates that model the Northern and Southern lobes.
The shape of the lobes is inferred directly from Fermi

data [45], and the intensity of the emission is taken to
be flat. We let the normalization of the Northern and
Southern lobes float independently in the fit. The ROI
also overlaps with Loop I, a large radio lobe in the North-
ern hemisphere [53, 54]. While features corresponding to
the radio observations have been observed in the Fermi

data [45, 55–57], significant uncertainties remain in the
modeling of the spatial and intensity profile of Loop I in
gamma rays. As a result, we conservatively do not in-
clude a template that traces Loop I in our fiducial study.
We have performed variants of the fiducial study to asses
the impact of this choice. We find that the inclusion of an
additional isotropic template in the Northern hemisphere
as a proxy for Loop I emission strengthens the limit by
a factor of . 1.2.

The isotropic template is intended to primarily cap-
ture extragalactic gamma-ray emission from unresolved
sources such as blazars and star-forming galaxies, as well
as more exotic contributions from extragalactic DM an-
nihilation. The inclusion of the point-source template
accounts for emission from resolved (Galactic and extra-
galactic) sources. The normalizations of all the sources
are floated together in the template after fixing their indi-
vidual fluxes to the values predicted by the 3FGL catalog.
We note that all 3FGL sources are conservatively masked
to 95% containment in PSF for the corresponding energy
bins. Therefore, the primary purpose of the point-source
template is to account for any potential mis-modeling in
the tails of the emission.

To summarize, there are twelve free parameters asso-
ciated with the astrophysical components—eight for the
Galactic di↵use slices, two for the Fermi bubbles, and one
each for the isotropic and point-source templates. As we
are ultimately interested in the intensity of the DM sig-
nal, we treat these as nuisance parameters and remove
them using the profile likelihood method [58]. Specifi-
cally, we build a likelihood profile for the intensity asso-
ciated with DM annihilation in the smooth Galactic halo,
fixing the normalization of this template at various values
while profiling over the astrophysical components. The
resulting likelihood only depends on the DM intensity in
each energy bin, which is related to the annihilation cross
section, h�vi, and mass, m�, through the expression for
the di↵erential gamma-ray flux:

d�

dE�
= J ⇥ h�vi

8⇡m2

�

X

j

Brj
dNj

dE�
, (4)

where E� is the gamma-ray energy and Brj is the branch-
ing fraction to the jth annihilation channel. The energy
spectrum for each channel is described by the function
dNj/dE� , which is modeled using PPPC4DMID [59]. Note
that we do not account for DM substructure in the Milky
Way halo in this study, which would increase the strength
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FIG. 1. The solid black line shows the 95% confidence limit
on dark matter of mass, m�, annihilating with cross sec-
tion, h�vi, in the smooth Galactic halo, within |b| > 20� and
r < 50�. The green(yellow) band denotes the 68(95)% con-
tainment for the expected sensitivity, as derived from Monte
Carlo simulations. For the Galactic halo, we assume a gener-
alized NFW profile with inner slope of � = 1 and local density
⇢(r�) = 0.4 GeV cm�3. We also show the corresponding lim-
its obtained from dwarf galaxies [5] and galaxy groups [7]
(grey dashed and dot-dashed lines, respectively). The ex-
pected annihilation cross section for a generic weakly inter-
acting massive particle is indicated by the solid grey line [63].

of the annihilation signal. Given the theoretical uncer-
tainties associated with modeling the spatial distribution
and properties of DM subhalos, such a search deserves its
own dedicated study.

The test statistic (TS) profile for h�vi is defined as

TS ⌘ 2
h
log L(d|M, h�vi, m�) � log L(d|M, dh�vi, m�)

i
,

(5)

where dh�vi is the cross section that maximizes the likeli-
hood for a specified DM model, M, of given annihilation
channel and mass. The TS is nonpositive by definition
and can be used to set a threshold for limits on the cross
section. In particular, the 95% upper limit on the anni-
hilation cross section is given by the value of h�vi asso-
ciated with TS = �2.71. We implement template fitting
with the package NPTFit [60] and use the L-BFGS-B [61]
minimization algorithm implemented through SciPy [62].

We have performed numerous tests to ensure that the
statistical procedure outlined above can recover a poten-
tial signal in the data. Such tests are crucial in veri-
fying the robustness of these methods, especially given
the potentially large degeneracies between the signal and
foreground components, which are both di↵use in na-
ture. Additionally, the freedom given to the foreground
emission by separately fitting its normalization in the

We construct a map of extragalactic 
DM in the local universe 
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⌧+⌧� channels were also derived, and can be found in Appendix B.
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Figure 7. Upper limits (95% CL) on the DM annihilation cross section in our conservative
procedure. From top to bottom and left to right, the limits are for the bb̄, W+W�, ⌧+⌧� and
µ+µ� channels. The red solid line shows limits obtained in our fiducial HM scenario described
in section 2.1, and assumes the reference contribution from the Galactic subhalo population;
see section 2.4 (‘HM, SS-REF’ case). The broad red band labeled as ‘PS (min!max), SS-
REF’ shows the theoretical uncertainty in the extragalactic signal as given by the PS approach
of section 2.2. The blue dashed line (‘HM, SS-MIN’) , with its corresponding uncertainty
band (‘PS (min!max), SS-MIN’), refers instead to the limits obtained when the Milky
Way substructure signal strength is taken to its lowest value as calculated in ref. [35]. For
comparison, we also include other limits derived from observations with Fermi LAT [9, 11]
and imaging air Cherenkov telescopes [99, 100].

From theoretical considerations, various DM particle candidate masses span a
huge range. For thermally produced WIMPs, however, the Lee-Weinberg limit restricts
the mass to be above few GeV [101] and unitarity considerations bound it to be below
⇠ 100 TeV [102]. Interestingly, we are able to constrain signals for WIMP masses
up to ⇠ 30 TeV because the IGRB measurement now extends up to 820 GeV. For
DM particle masses above ⇠ 30 TeV, we start to probe the low-energy tail of the
DM spectra and thus we lose constraining power rapidly. Furthermore, extragalactic
WIMP signals are heavily suppressed at the highest energies as the optical depth is
very large for such gamma rays.

It is interesting to compare the conservative limits of figure 7 to the cross-section
sensitivities in figure 8, at least for the case of our fiducial HM scenario and the reference
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Table 3

Virgo subclusters and derived DM density profiles

Sub-cluster M
200

r
200

✓
200

ca J
NFW

J
DM�I

a J
DM�II

b

(⇥10

14

M�) (Mpc) (�) (⇥10

17) (⇥10

18) (⇥10

20)

M87 (Virgo-I) 5.60 1.70 6.3 4.21 2.56 6.50 3.33
M49 (Virgo-II) 0.72c 0.88 3.8 5.58 1.85 5.36 0.75

Note. — Shown are the characteristic quantities used to derive the resulting J-
factors for the Virgo cluster modeled as a merging system between the sub-clusters
associated with M87 and M49. Columns from left to right are name, mass, virial
radius, angular radius ✓

200

, concentration parameter c, as well as J-factors for NFW
and the DM models used in this analysis for each of the sub-clusters. All J-factors are
given in units of GeV2cm�5 and have been computed over a solid angle subtending
the virial radius of each sub-cluster.
a Sánchez-Conde & Prada (2014)
b Gao et al. (2012)
c Chen et al. (2007)

Figure 9. Obtained 95% CL upper limit on h�vi for various annihilation channels assuming our fiducial substructure models (top: DM-I, bottom: DM-II). Both
e± and µ± channels include the contribution from IC scattering with the CMB as detailed in Section 7.2 which starts to dominate the predicted emission above
50GeV for e± and 100GeV for µ±. The dashed line corresponds to the annihilation cross section for a thermal WIMP.

which causes a degeneracy between the fit parameters for the
diffuse components and Virgo. As a consequence we find that
soft photons (E . 10GeV), which would otherwise be at-
tributed to the background IEM are now included in the num-
ber of predicted photon counts from Virgo for a light WIMP
model.76 Note that this effect appears to be even more pro-
nounced as the spatial template for the Virgo cluster is even
more extended than the disk used in our previous study (re-
fer to Section 4 for a detailed discussion). Finally, we also
remark that this issue is by construction less apparent for the
standard IEM, since here all components are fixed to their rel-
ative best-fit contributions obtained from a likelihood fit to the
entire �-ray-sky.

8. COSMIC-RAY-INDUCED GAMMA RAYS

An alternative production mechanism of � rays originat-
ing from the Virgo region may be due to CR interactions. �
rays are mainly produced in IC interactions of relativistic elec-
trons or via hadronic pp-collisions producing pions and � rays
through ⇡0 ! 2� (Brunetti et al. 2012). The dominant pro-
duction mechanism of �-ray from CRs in the ICM is still de-
bated: either cosmic-rays are accelerated directly in structure

76 For illustration purposes, the reader is reminded that the typical �-ray
spectrum (energy flux) of, e.g., a 20 GeV WIMP annihilating into bb peaks
at ⇠ 2GeV and results mainly in soft photons in the MeV-GeV range,
which can explain the large spread towards the lowest WIMP masses shown
in Fig 10.

formation shocks (including the effect of AGNs and super-
novae) through diffusive shock acceleration or an aged popu-
lation of cosmic-ray are reaccelerated in the turbulent plasma
generated by e.g. merging clusters (see, e.g. Brunetti & Jones
2014, for a review).

Since there is no giant radio halo associated with the Virgo
cluster and the central part of the cluster has properties sim-
ilar to a cool-core cluster (Urban et al. 2011), we expect the
� rays from a population of reaccelerated cosmic-rays (see,
e.g. ZuHone et al. 2013) to be too faint to be detectable by
the Fermi-LAT throughout its lifetime. However, there is a
strong dependence on the uncertain turbulent profile. Indeed,
Pinzke et al. (2015) showed that for a flatter turbulent profile
than what was previously assumed, the �-ray emission could
be in reach with Ferm-LAT in the coming years. To keep the
CR analysis simple, we neglect these aforementioned models
as well as other leptonic models (Kushnir & Waxman 2009).
Instead, we focus on constraining the � rays produced in a
pure hadronic scenario in that region. Specifically, we adopt a
simple but realistic model for the predicted universality of the
CR-spectra built up from diffusive shock acceleration in large-
scale structure formation shocks (Pfrommer 2008; Pinzke &
Pfrommer 2010). Based on these considerations, in this sec-
tion we derive constraints on the CR-induced �-ray flux and
related CR quantities from Virgo.

8.1. Modeling and Results

Ackermann et al. [1510.00004]

Individual clusters

Breadth of searches targeting DM from extragalactic halos

Generally not sensitive to thermal cross sections
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Figure 1. Contribution to the di↵use gamma-ray intensity from di↵erent redshift ranges, dI/dz
(left) and dI/d log z (right), for the energy band of 5–10 GeV. For dark matter, mdm = 100 GeV,
h�vi = 3⇥10�26 cm3 s�1, and bb̄ annihilation channel are assumed. The upper and lower solid curves
correspond to the boost models [24, 26], respectively.

calculation is based on the fact that the dark matter particles are confined in halos and their
subhalos, as numerical simulations show [32, 33], and hence the density squared is boosted due
to enhanced clumpiness. We adopt the Navarro-Frenk-White (NFW) density profile [34] for
the host halos, and with the fit, the volume integral of the density squared can be carried out
analytically (see, e.g., Ref. [17]). For the halo mass function, we adopt the ellipsoidal collapse
model by Ref. [35] down to a minimum mass of 10�6M�. The subhalo boost factor b

sh

(M)
yields the largest uncertainties in this computation. In order to bracket the uncertainty, we
adopt two models: one model that extrapolates the power-law dependence of the boost on
subhalo masses to the smallest halo mass by Ref. [24], and the other relying on physically
motivated models that well reproduce concentration parameters of the field halos but applied
to the subhalos [26].

Figure 1 shows contributions to the mean intensity from di↵erent redshift ranges,
dI

dm

/dz / W
dm

(z)[1 + h�2(z)i], for energy band of 5–10 GeV, and the two boost mod-
els [24, 26]. In this figure and also in the followings (unless stating otherwise), we assume
the canonical dark matter parameters: m

dm

= 100 GeV, h�vi = 3 ⇥ 10�26 cm3 s�1, and
annihilation channel purely into bb̄. The dark matter contribution mainly comes from the
low-redshift regime, in particular for z . 1. In Fig. 2, we show the spectrum of the mean
intensity after integrating over all redshifts. The shape of the energy spectrum of the dark
matter component is characteristic featuring bump at fraction of dark matter mass, although
the amplitude is smaller than the astrophysical components or the Fermi-LAT data [36], for
the dark matter parameters adopted here.

2.2 Astrophysical sources

The gamma-ray intensity due to an astrophysical source population X is proportional to the
line-of-sight integral of its number density nX as

IX(n̂) =

Z
d�WX(z)

nX(�n̂, z)

hnX(z)i =

Z
d�WX(z)[1 + �X(�n̂, z)], (2.6)
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FIG. 5.— Redshift distributions, dN/d ln z, of the different types of objects
considered for our cross-correlation analysis. SDSS DR6 QSOs (black, con-
tinuous line), 2MASS galaxies (red, short-dashed), NVSS galaxies (magenta,
long-dashed), SDSS DR8 LRGs (green, short, dot-dashed) and SDSS DR8
Main Galaxy Sample (blue, long, dot-dashed)

for visualization, but not during the analysis, the maps have
been smoothedwith a 1◦ Gaussian filter to remove small-scale
Poisson noise. The model seems to slightly over-subtract the
γ-ray emission around (l,b)∼ (175◦,−35◦), corresponding to
the gas- and dust-rich (and thus difficult to model) Taurus
Molecular region. Note, however, that when performing the
cross-correlation, this region is masked by the further mask
specific to the catalog, except in the NVSS case (see below),
so that no bias in the results is expected from this feature.

4. MAPS OF DISCRETE SOURCES
In this section we describe the different catalogs of extra-

galactic objects that we cross-correlate with the ℓ10-maps of
the diffuse IGRB obtained after the cleaning procedure de-
scribed in Section 3.
In this work we have considered five different catalogs: i)

the SDSS DR6 quasar catalog released by Richards et al.
(2009) that should trace the FSRQ population, ii) the IR-
selected 2 Micron All-Sky Survey (2MASS) extended source
catalog (Jarrett et al. 2000) to trace SFGs, iii) the NRAOVLA
Sky Survey (NVSS) catalog of radio galaxies (Condon et al.
1998) that we regard as alternative tracers to the FS-
RQs, iv) the DR8 SDSS catalog of Luminous Red Galax-
ies (Abdalla et al. 2008), which should trace an intrinsically
fainter, more local AGN population like the BL Lacs, and v)
the DR8 SDSS main galaxy sample (Aihara et al. 2011) as a
potential additional tracer of SFGs.
The redshift distributions, dN/d lnz, of the various sources

are shown in Fig. 5, and described in more detail in the next
subsections. The various distributions peak at quite differ-
ent redshifts, with 2MASS representing the most local pop-
ulation and SDSS DR6 QSOs the most distant one. These
characteristics in principle enable breaking down the cross-
correlation analysis in different redshift ranges, effectively al-
lowing a tomographic investigation of the IGRB origin. A
detailed description of these catalogs, except the SDSS-DR8
main galaxy sample, can be found in Xia et al. (2011). Below
we briefly summarise the main features of each sample.

4.1. SDSS DR6 QSO

The SDSS DR6 quasar catalog (Richards et al. (2009),
hereafter DR6-QSO) contains about Nq ≈ 106 quasars with
photometric redshifts between 0.065 and 6.075, covering al-
most all of the north Galactic hemisphere plus three narrow
stripes in the south, for a total area of 8417 deg2 (correspond-
ing to ∼ 20% of the whole sky). The DR6-QSO dataset ex-
tends previous similar SDSS datasets (Richards et al. 2004;
Myers et al. 2006). The main improvements are due to the
fact that this catalog contains QSOs at higher redshift and also
contains putative QSOs flagged as objects with ultraviolet ex-
cess (UVX objects). We refer the reader to Richards et al.
(2009) for a detailed description of the object selection per-
formed with the non-parametric Bayesian classification ker-
nel density estimator (NBC-KDE) algorithm.
In this work we used objects listed in the electronically pub-

lished table with a “good object” flag in the range [0,6]. The
higher the value, the more probable for the object to be a real
QSO (Richards et al. 2009). We only consider the quasar can-
didates selected via the UV-excess-only criteria “uvxts=1”,
i.e., objects clearly showing a UV excess which represents
a characteristic QSO spectral signature. After this selection
we are left with Nq ≈ 6× 105 quasar candidates.
In order to determine the actual sky coverage of the DR6

survey and generate the corresponding geometry mask we
Monte Carlo sample the observed areas with a sufficiently
large number of objects using the DR6 database to ensure
roughly uniform sampling on the SDSS CasJobs9 website.
Following Xia et al. (2009) we combine the pixelized mask
geometry with a foreground mask obtained by removing all
pixels with the g-band Galactic extinction Ag ≡ 3.793×E(B−
V )> 0.18 to minimize the impact of Galactic reddening.
The redshift distribution function dN/dz of the DR6-QSO

sample in Fig. 5 is well approximated by the analytic function:
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where three free parameters values arem = 2.00, β = 2.20, and
z0 = 1.62 (Xia et al. 2009). In addition, to calculate theoreti-
cal predictions (Eq. 12) we follow Giannantonio et al. (2008);
Xia et al. (2009) and assume a constant, linear bias model
bS = 2.3.

4.2. 2MASS
The 2MASS extended source catalog is an almost-all-sky

survey that contains ∼ 770000 galaxies with mean redshift
⟨z⟩ ≈ 0.072. In this work we have selected objects with
apparent isophotal magnitude 12.0 < K′

20 < 14.0, where the
prime symbol indicates that magnitudes are corrected for
Galactic extinction using K′

20 = K20 −Ak, with Ak = 0.367×
E(B−V). We select objects with a uniform detection thresh-
old (use−src = 1), remove known artefacts (cc−flag ̸= a and
cc−flag ̸= z), and exclude regions with severe reddening, Ak >
0.05, Schlegel et al. (1998). This procedure leaves approxi-
mately 67% of the sky unmasked. The redshift distribution of
the selected objects can be approximated with the same func-
tional form used for DR6 QSOs with parameters m = 1.90,
β = 1.75, and z0 = 0.07 (Giannantonio et al. 2008). The value
of the linear bias of 2MASS galaxies has been set equal to
bS = 1.4 (Rassat et al. 2007).
The possible incompleteness of the 2MASS catalog at

9 http://skyserver.sdss3.org/CasJobs/
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FIG. 2. Left: 1� and 2� allowed regions for the DM annihilation rate versus its mass, for di↵erent �-ray production channels
and assuming a low substructure scheme. Crosses indicate the best fitting models. In the high scenario, regions remain similar
but shifted downward by a factor of ⇠ 12, see stars indicating the best fitting models. Right: The same as in the left-hand
panel but for decaying DM, showing the DM particle lifetime as a function of its mass.
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FIG. 3. Left: 95% C.L. upper limits on the DM annihilation rate as a function of its mass. Both high and low clustering
schemes are shown for WIMPs annihilating into bb̄ (with the impact of di↵erent energy bins reported for the latter case). Other
final states of annihilation (µ+µ�, ⌧+⌧�, W+W�) are shown in the low scenario only, for clarity. Right: 95% C.L. lower
limits on the DM lifetime as a function of its mass, for di↵erent final states of decay.

ent choices provide little di↵erences and the results are
robust to both the DM clustering model and the anni-
hilation/decay channel. We consider again the simplest
case (where most conservative bounds can be derived), in
which the astrophysical contribution is set to zero in all
observables and only DM is contributing as �-ray source.

The bound corresponding to the IGRB energy spec-
trum has been derived using the IGRB estimated by the
Fermi-LAT Collaboration [27] and adding up in quadra-
ture statistical and systematic errors given in their Table
3. For the autocorrelation bound, we considered the an-

gular spectrum estimated in four energy bins in Ref. [29]
as provided in their Table II (DATA:CLANED) and av-
eraged in the multipole range 155  `  504. For both
probes, the model prediction has been computed using
the same DM modeling as in our analysis. Our bounds
are compatible with the ones presented in Refs. [30–35]
(under the same set of assumptions). Cluster bounds are
instead taken directly from the literature. In particu-
lar, for annihilating DM, we consider the analysis of 34
clusters using expected sensitivity for the 5 years Fermi-
LAT data in Ref. [36] which uses the same low model

Regis et al. [1503.05922]
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Building a map of extragalactic DM: halo mass

Infer halo mass from total group luminosity
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FIG. 3. (Left) From DarkSky, we obtain the host halo mass as a function of absolute luminosity. The green line represents the
best-fit M(L) relation when the central galaxy luminosity (L

cen

) is used to infer the host halo mass, while the red line uses
the total luminosity L

tot

(central + satellite). The shaded region denotes the 68% containment region in each case. (Right)
Halo masses and uncertainties, inferred using the M(L

cen

) relation (green) and the M(L
tot

) relation (red). The inclusion of
the satellite luminosity allows one to better recover the halo mass.

DarkSky catalog provides the associations for all galax-
ies, central and satellite, so we include all satellites that
are associated to the group when calculating the total
absolute luminosity. This is similar to what is done in
published group catalogs [34–36], where they account for
the loss in luminosity of satellite galaxies that are farther
away.

From Fig. 3, we see that the spread in the associated
halo mass increases above ⇠ 1010 L�, up to the brightest
galaxy at ⇠ 1011 L�, when the central galaxy luminos-
ity is used. In contrast, the spread is significantly smaller
when the total luminosity is used, making it a better pre-
dictor for the halo mass. As demonstrated in the right
panel of Fig. 3, including the satellite luminosities allows
one to better reconstruct the halo mass. Therefore, we
use the median M(L) relation thus obtained as our fidu-
cial case to infer the central mass estimate, and we use
the spread in the M(L) relation to infer the uncertainty
on the mass. Note that the M(L) relation shown in Fig. 3
is constructed by binning the DarkSky data in luminosity
and calculating the 16, 50, and 84 percentiles in M

vir

; dif-
ferent results would be obtained by binning in M

vir

and
then constructing the percentiles from the luminosity dis-
tributions. This procedure is similar to that adopted by
galaxy group catalogs to infer the halo mass [34–36]. Us-
ing this M(L) relation, we can infer the halo mass and
uncertainty for each galaxy-group host halo in DarkSky.

DM halos of the same mass can have very di↵erent
characteristics, usually reflecting their distinct formation
history and environment. One such characteristic is the
halo’s virial concentration c

vir

= r

vir

/rs. The scale radius
is the relevant quantity to compare to as it indicates an
isothermal slope for the density profile, which is required
for a flat rotation curve. The virial radius corresponds
to the spherical volume within which the mean density

is �c times the critical density of the Universe at that
redshift. We use �c(z) = 18⇡

2 + 82x � 39x

2 with x =
⌦m(1 + z)3/[⌦m(1 + z)3 + ⌦

⇤

] � 1 in accordance with
Ref. [52]. The cosmology associated with the DarkSky
simulation is used throughout, with ⌦

⇤

= 0.705, ⌦m =
0.295 and h = 0.688.

In general, the concentration correlates strongly with
halo mass due to the dependence of halo formation time
on mass—on average, lower mass halos tend to be more
concentrated because they collapsed earlier, when the
Universe was denser. For the same reason, the concen-
tration is sensitive to the cosmology, which determines
how early halos start to assemble. The concentration
of field halos has been extensively studied and several
concentration-mass relations have been proposed in the
literature, usually based on N -body simulations or phys-
ically motivated analytic approaches [53–57, 59–61]. In
the left panel of Fig. 4, we show the median value of
the concentration-mass relation derived directly from the
DarkSky simulation, as well as the middle 68 and 95%
spread. For comparison, we also show several concentra-
tion models that are commonly used in the literature. We
model the uncertainty in the concentration, for a given
virial mass, as a log-normal distribution around its me-
dian value.

To summarize, it is possible to infer the halo mass from
the luminosity of the galaxy group and to then obtain
the concentration. The final remaining property that is
needed to solve for the J-factor in Eq. 4 is the boost
factor, which depends on the distribution and minimum
cuto↵ of the subhalos’ mass. The boost factor encap-
sulates the complicated dependence of the subhalo mass
distribution on both the particle physics assumptions of
the DM model as well as the dynamics of the host halo
formation. A variety of di↵erent boost models typically
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FIG. 3. (Left) From DarkSky, we obtain the host halo mass as a function of absolute luminosity. The green line represents the
best-fit M(L) relation when the central galaxy luminosity (L
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) is used to infer the host halo mass, while the red line uses
the total luminosity L

tot

(central + satellite). The shaded region denotes the 68% containment region in each case. (Right)
Halo masses and uncertainties, inferred using the M(L

cen

) relation (green) and the M(L
tot

) relation (red). The inclusion of
the satellite luminosity allows one to better recover the halo mass.

DarkSky catalog provides the associations for all galax-
ies, central and satellite, so we include all satellites that
are associated to the group when calculating the total
absolute luminosity. This is similar to what is done in
published group catalogs [34–36], where they account for
the loss in luminosity of satellite galaxies that are farther
away.

From Fig. 3, we see that the spread in the associated
halo mass increases above ⇠ 1010 L�, up to the brightest
galaxy at ⇠ 1011 L�, when the central galaxy luminos-
ity is used. In contrast, the spread is significantly smaller
when the total luminosity is used, making it a better pre-
dictor for the halo mass. As demonstrated in the right
panel of Fig. 3, including the satellite luminosities allows
one to better reconstruct the halo mass. Therefore, we
use the median M(L) relation thus obtained as our fidu-
cial case to infer the central mass estimate, and we use
the spread in the M(L) relation to infer the uncertainty
on the mass. Note that the M(L) relation shown in Fig. 3
is constructed by binning the DarkSky data in luminosity
and calculating the 16, 50, and 84 percentiles in M

vir

; dif-
ferent results would be obtained by binning in M

vir

and
then constructing the percentiles from the luminosity dis-
tributions. This procedure is similar to that adopted by
galaxy group catalogs to infer the halo mass [34–36]. Us-
ing this M(L) relation, we can infer the halo mass and
uncertainty for each galaxy-group host halo in DarkSky.

DM halos of the same mass can have very di↵erent
characteristics, usually reflecting their distinct formation
history and environment. One such characteristic is the
halo’s virial concentration c

vir

= r

vir

/rs. The scale radius
is the relevant quantity to compare to as it indicates an
isothermal slope for the density profile, which is required
for a flat rotation curve. The virial radius corresponds
to the spherical volume within which the mean density

is �c times the critical density of the Universe at that
redshift. We use �c(z) = 18⇡

2 + 82x � 39x

2 with x =
⌦m(1 + z)3/[⌦m(1 + z)3 + ⌦

⇤

] � 1 in accordance with
Ref. [52]. The cosmology associated with the DarkSky
simulation is used throughout, with ⌦

⇤

= 0.705, ⌦m =
0.295 and h = 0.688.

In general, the concentration correlates strongly with
halo mass due to the dependence of halo formation time
on mass—on average, lower mass halos tend to be more
concentrated because they collapsed earlier, when the
Universe was denser. For the same reason, the concen-
tration is sensitive to the cosmology, which determines
how early halos start to assemble. The concentration
of field halos has been extensively studied and several
concentration-mass relations have been proposed in the
literature, usually based on N -body simulations or phys-
ically motivated analytic approaches [53–57, 59–61]. In
the left panel of Fig. 4, we show the median value of
the concentration-mass relation derived directly from the
DarkSky simulation, as well as the middle 68 and 95%
spread. For comparison, we also show several concentra-
tion models that are commonly used in the literature. We
model the uncertainty in the concentration, for a given
virial mass, as a log-normal distribution around its me-
dian value.

To summarize, it is possible to infer the halo mass from
the luminosity of the galaxy group and to then obtain
the concentration. The final remaining property that is
needed to solve for the J-factor in Eq. 4 is the boost
factor, which depends on the distribution and minimum
cuto↵ of the subhalos’ mass. The boost factor encap-
sulates the complicated dependence of the subhalo mass
distribution on both the particle physics assumptions of
the DM model as well as the dynamics of the host halo
formation. A variety of di↵erent boost models typically
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FIG. 4. (Left) The median concentration-mass relation in DarkSky (dashed black) along with the middle 68 and 95% spread
(blue regions) compared with models found in the literature. For comparison, we also show the models of Correa et al.
(yellow) [53], Diemer and Kravtsov (green) [54], and Prada et al. (red) [55]. All concentration models are evaluated for the
DarkSky cosmology. (Right) Boost models found in the literature as a function of host halo mass. As a conservative choice, we
select the Bartels and Ando model [50] shown in thick solid green. In blue, red and gray, we compare this to the boost models
of Sánchez-Conde et al. [56], Moliné et al. [57], and Gao et al. [58], respectively. The line type (dashed, dotted, dot-dashed,
and solid) denotes the assumption being made on the slope of the subhalo mass function, ↵, and the mass cuto↵, M
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used in the literature are illustrated in the right panel of
Fig. 4. As our fiducial case, we adopt the boost model of
Ref. [50] (labeled as ‘Bartels Boost Model’), which self-
consistently accounts for the concentration-mass relation
of subhalos (compared to field halos) as well as the ef-
fects of tidal stripping. Specifically, in the subhalo mass
function dn/dM

sh

/ M

�↵
sh

, we use a minimum subhalo
mass cuto↵ of M

min

= 10�6 M� and slope ↵ that varies
self-consistently with host halo mass while accounting for
evolution e↵ects (see Ref. [50] for details).

We have now built up a framework that allows us to
determine the expected DM annihilation flux map asso-
ciated with a catalog of galaxy groups. Next, we show
how to use this information to search for signals of DM
from hundreds of galaxy groups.

III. STATISTICAL METHODS

In this work, we introduce and study a statistical pro-
cedure to search for gamma-ray signals from DM by
stacking galaxy groups. All analyses discussed here are
run on mock data, which is based on the expected astro-
physical contributions to the real Fermi data set. When
building this mock data set, we include contributions
from (1) the di↵use emission, for which we use the Fermi

Collaboration’s p7v6 model; (2) isotropic emission; (3)
emission from the Fermi Bubbles [62]; and (4) emission
from point sources in the Fermi 3FGL catalog [63]. The
overall flux normalization for each component must be
known a priori to create the mock data. To obtain this,

we fit spatial maps of (1)–(4) above to the actual Fermi

data. We use 413 weeks of UltracleanVeto (all PSF quar-
tile) Pass 8 data collected between August 4, 2008 and
July 7, 2016. We break the data into 40 equally log-
spaced energy bins between 200 MeV and 2 TeV, ap-
plying the recommended data cuts: zenith angle < 90�,
DATA QUAL > 0, and LAT CONFIG = 1. To minimize the
Galactic contamination in this initial fit, we mask the re-
gion |b| < 30� as well as the 68% containment radius for
the 300 brightest and most variable sources in the 3FGL
catalog. We emphasize that these masks are only used
when creating the mock data and not in the stacked anal-
ysis. The fitting procedure described here provides the
expected astrophysical background contribution from the
real data. Monte Carlo (MC) is then generated by sum-
ming up these contributions and taking a Poisson draw
from the resulting map. In the following discussion, we
will show how results vary over di↵erent MC realizations
of the mock data as a demonstration of Poisson fluctua-
tions in the photon distribution.

We now describe in detail the statistical procedure we
employ to implement the stacking analysis on the mock
data. We perform a template-fitting profile likelihood
analysis in a 10� region-of-interest (ROI) around each
group. Template studies amount to describing the sky
by a series of spatial maps (called templates). The nor-
malization of each template is proportional to its rela-
tive gamma-ray flux. We use five templates in our study.
The first four are associated with the known astrophys-
ical sources (1)–(4) described above. Within 10� of the
halo center, we independently float the normalization of
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Building a map of extragalactic DM: concentration
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FIG. 4. (Left) The median concentration-mass relation in DarkSky (dashed black) along with the middle 68 and 95% spread
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(yellow) [53], Diemer and Kravtsov (green) [54], and Prada et al. (red) [55]. All concentration models are evaluated for the
DarkSky cosmology. (Right) Boost models found in the literature as a function of host halo mass. As a conservative choice, we
select the Bartels and Ando model [50] shown in thick solid green. In blue, red and gray, we compare this to the boost models
of Sánchez-Conde et al. [56], Moliné et al. [57], and Gao et al. [58], respectively. The line type (dashed, dotted, dot-dashed,
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used in the literature are illustrated in the right panel of
Fig. 4. As our fiducial case, we adopt the boost model of
Ref. [50] (labeled as ‘Bartels Boost Model’), which self-
consistently accounts for the concentration-mass relation
of subhalos (compared to field halos) as well as the ef-
fects of tidal stripping. Specifically, in the subhalo mass
function dn/dM
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, we use a minimum subhalo
mass cuto↵ of M
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= 10�6 M� and slope ↵ that varies
self-consistently with host halo mass while accounting for
evolution e↵ects (see Ref. [50] for details).

We have now built up a framework that allows us to
determine the expected DM annihilation flux map asso-
ciated with a catalog of galaxy groups. Next, we show
how to use this information to search for signals of DM
from hundreds of galaxy groups.

III. STATISTICAL METHODS

In this work, we introduce and study a statistical pro-
cedure to search for gamma-ray signals from DM by
stacking galaxy groups. All analyses discussed here are
run on mock data, which is based on the expected astro-
physical contributions to the real Fermi data set. When
building this mock data set, we include contributions
from (1) the di↵use emission, for which we use the Fermi

Collaboration’s p7v6 model; (2) isotropic emission; (3)
emission from the Fermi Bubbles [62]; and (4) emission
from point sources in the Fermi 3FGL catalog [63]. The
overall flux normalization for each component must be
known a priori to create the mock data. To obtain this,

we fit spatial maps of (1)–(4) above to the actual Fermi

data. We use 413 weeks of UltracleanVeto (all PSF quar-
tile) Pass 8 data collected between August 4, 2008 and
July 7, 2016. We break the data into 40 equally log-
spaced energy bins between 200 MeV and 2 TeV, ap-
plying the recommended data cuts: zenith angle < 90�,
DATA QUAL > 0, and LAT CONFIG = 1. To minimize the
Galactic contamination in this initial fit, we mask the re-
gion |b| < 30� as well as the 68% containment radius for
the 300 brightest and most variable sources in the 3FGL
catalog. We emphasize that these masks are only used
when creating the mock data and not in the stacked anal-
ysis. The fitting procedure described here provides the
expected astrophysical background contribution from the
real data. Monte Carlo (MC) is then generated by sum-
ming up these contributions and taking a Poisson draw
from the resulting map. In the following discussion, we
will show how results vary over di↵erent MC realizations
of the mock data as a demonstration of Poisson fluctua-
tions in the photon distribution.

We now describe in detail the statistical procedure we
employ to implement the stacking analysis on the mock
data. We perform a template-fitting profile likelihood
analysis in a 10� region-of-interest (ROI) around each
group. Template studies amount to describing the sky
by a series of spatial maps (called templates). The nor-
malization of each template is proportional to its rela-
tive gamma-ray flux. We use five templates in our study.
The first four are associated with the known astrophys-
ical sources (1)–(4) described above. Within 10� of the
halo center, we independently float the normalization of
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Data analysis: stacking procedure
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nine random observer locations within the DarkSky simulation box. The orange line shows the limit obtained by requiring that
DM emission not overproduce the observed isotropic gamma-ray intensity and highlights how the sensitivity improves when
one resolves the DM structure. The thermal relic cross section for a generic weakly interacting massive particle [69] is indicated
by the thin dotted line. (Right) The e↵ect of reducing the uncertainty on virial mass, M

vir

, and concentration, c

vir

, in the
stacking analysis. The case where no uncertainty on the J-factor is assumed (green) is compared with the baseline analysis
(black). We also show the impact of individually reducing the uncertainty on the concentration (solid purple) or mass (dashed
purple) by 50% for each halo. The inset shows the ratio of the improved cross section limit to the baseline case.

halos tend to have lower J-factors, since there the h�vi
requirement is more readily satisfied.

We expect that this selection criteria will be very im-
portant on real data, however, where real excesses can
abound. In addition, as we will describe in the next sub-
section, injected signals are not excluded when the analy-
sis pipeline is run on mock data. In an ideal scenario, we
would attempt to understand the origin of these excesses
by correlating their emission to known astrophysics ei-
ther individually or statistically. In the present analysis,
however, we take the conservative approach of removing
halos that are robustly inconsistent with a DM signal
and leave a deeper understanding of the underlying as-
trophysics to future work.

We apply the procedure outlined in Secs. II and III to
the mock data to infer the 95% confidence limit on the
DM annihilation cross section. The resulting sensitivity
is shown by the blue dashed line in the left panel of Fig. 5,
which uses the boost-factor from Ref. [50]. For compar-
ison, we also show the limit assuming no boost-factor
(red dashed line); note that the boost-factor model that
we use provides a modest O(1) improvement to the limit.
Because the limit can potentially vary over di↵erent MC
realizations of the mock data, we repeat the procedure
for 100 MCs (associated with di↵erent Poisson realiza-
tions of the map); the blue band indicates the middle
68% spread in the limit associated with this statistical
variation.

To see how the limit depends on the observer’s loca-
tion within the DarkSky simulation box, we repeat the
procedure described above over nine di↵erent locations.6

At each location, we perform 20 MCs and obtain the me-
dian DM limit. The green band in the left panel of Fig. 5
denotes the middle 68% spread on the median bounds
for each of the di↵erent sky locations. In general, we find
that the results obtained by an observer at the center of
the DarkSky box are fairly representative, compared to
random locations. Note, however, that this bound does
not necessarily reflect the sensitivity reach one would ex-
pect to get with actual Fermi data. The reason for this
is that the locations probed in DarkSky do not resemble
that of the Local Group in detail. We will come back to
this point below, when we compare the J-factors of the
DarkSky halos to those from galaxy catalogs that map
the local Universe.

The orange line in the left panel of Fig. 5 shows
the limit obtained by requiring that the DM emission
from the groups not overproduce the measured isotropic

6 The nine locations we used are at the following coordinates
(x, y, z) Mpc/h in DarkSky: (200, 200, 200), (100, 100, 100),
(100, 100, 300), (100, 300, 100), (300, 100, 100), (300, 300, 100),
(100, 300, 300), (300, 100, 300), (300, 300, 300). The first listed
location is our default position, and any time we use more than
one location they are selected in order from this list.

Statistical procedure validate using 
DarkSky simulation

Basic ingredients of analysis  
procedure:
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Individual region of interest (ROI) analyses
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FIG. S4. The 95% confidence limit on the DM annihilation cross section to the bb̄ final state for each of the top ten halos
listed in Tab. S1 that pass the selection cuts. For each halo, we show the 68% and 95% containment regions (green and yellow,
respectively), which are obtained by placing the halo at 200 random sky locations. The inferred J-factors, assuming the fiducial
boost-factor model [20], are provided for each object.

Stacking groups together = better sensitivity
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Halo selection
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FIG. S7. NGC6822 has one of the largest J-factors of the objects in the catalog, but it fails the selection requirements because
of its proximity to the Galactic plane. We show the analog of Fig. S5 (left) and Fig. S4 (right). We see that this object has a
broad TS

max

excess over many masses and a weaker limit than expected from random sky locations.

FIG. S8. Mollweide projection of all the J-factors inferred using the T15 and T17 catalogs, smoothed at 2� with a Gaussian
kernel. If we could see beyond conventional astrophysics to an extragalactic DM signal, this is how it would appear on the sky.
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Effect of stacking

Stacking halos 
provides an ~order 

of magnitude 
improvement!

4

100 101 102

NH (halo number)]

10�26

10�25

10�24

h�
vi

[c
m

3
s�

1 ]

Cumulative Galaxy Groups

bb̄, m� = 100 GeV

FIG. 1. (Left) The solid black line shows the 95% confidence limit on the DM annihilation cross section, h�vi, as a function
of the DM mass, m�, for the bb̄ final state, assuming the fiducial boost-factor [20]. The containment regions are computed by
performing the data analysis multiple times for random sky locations of the halos. For comparison, the dashed black line shows
the limit assuming no boost-factor. The Fermi dwarf limit is also shown, as well as the 2� regions where DM may contribute
to the Galactic Center Excess (see text for details). The thermal relic cross section for a generic weakly interacting massive
particle [44] is indicated by the thin dotted line. (Right) The change in the limit for m� = 100 GeV as a function of the
number of halos that are included in the analysis, which are ranked in order of largest J-factor. The result is compared to the
expectation from random sky locations; the 68 and 95% expectations from 200 random sky locations are indicated by the red
bands.

Galaxy groups are expected to emit gamma-rays from
standard cosmic-ray processes. Using group catalogs to
study gamma-ray emission from cosmic rays in these ob-
jects is an interesting study in its own right (see, e.g.,
Ref. [24, 26, 47, 48]), which we leave to future work. For
the purpose of the present analysis, however, we would
like a way to remove groups with large residuals, likely
arising from standard astrophysical processes in the clus-
ters, to maintain maximum sensitivity to DM annihila-
tion. This requires care, however, as we must guarantee
that the procedure for removing halos does not remove a
real signal, if one were present.

We adopt the following algorithm to remove halos with
large residuals that are inconsistent with DM annihila-
tion in the other groups in the sample. A group is ex-
cluded if it meets two conditions. First, to ensure it is
a statistically significant excess, we require twice the dif-
ference between the maximum log likelihood and the log
likelihood with h�vi = 0 to be greater than 9 at any DM
mass. This selects sources with large residuals at a given
DM mass. Second, the residuals must be strongly in-
consistent with limits set by other galaxy groups. Specif-
ically, the halo must satisfy h�vi

best

> 10⇥h�vi⇤
lim

, where
h�vi

best

is the halo’s best-fit cross section at any mass
and h�vi⇤

lim

is the strongest limit out of all halos at the
specified m�. These conditions are designed to exclude
galaxy groups where the gamma-ray emission is incon-
sistent with a DM origin. This prescription has been
extensively tested on mock data and, crucially, does not
exclude injected signals [3].

Results. The left panel of Fig. 1 illustrates the main
results of the stacked analysis. The solid black line repre-
sents the limit obtained for DM annihilating to a bb̄ final
state using the fiducial boost-factor model [20], while the
dashed line shows the limit without the boost-factor en-
hancement. To estimate the expected limit under the null
hypothesis, we repeat the analysis by randomizing the
locations of the halos on the sky 200 times, though still
requiring they pass the selection cuts described above.
The colored bands indicate the 68 and 95% containment
regions for the expected limit. The limit is consistent
with the expectation under the null hypothesis.

The right panel of Fig. 1 illustrates how the limits
evolve for the bb̄ final state with m� = 100 GeV as an
increasing number of halos are stacked. We also show
the expected 68% and 95% containment regions, which
are obtained from the random sky locations. As can be
seen, no single halo dominates the bounds. For example,
removing Virgo, the brightest halo in the catalog, from
the stacking has no significant e↵ect on the limit. Indeed,
the inclusion of all 495 halos buys one an additional order
of magnitude in the sensitivity reach.

The limit derived in this work is complementary to
the published dSph bound [1, 2], shown as the solid gray
line in the left panel of Fig. 1. It also probes the pa-
rameter space that may explain the Galactic Center ex-
cess (GCE); the best-fit models are marked by the or-
ange cross [49], blue [50], red [51], and orange [52] 2�
regions. The GCE is a spherically symmetric excess of
⇠GeV gamma-rays observed to arise from the center of



S. Mishra-Sharma | 30th Recontres de Blois �37

Other annihilation channels
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FIG. S2. (Left) Maximum test statistic, TS
max

, for the stacked analysis comparing the model with and without DM annihilating
to bb̄. The green (yellow) bands show the 68% (95%) containment over multiple random sky locations. (Right) The 95%
confidence limits on the DM annihilation cross section, as a function of the DM mass, for the Standard Model final states
indicated in the legend. These limits assume the fiducial boost-factor taken from Ref. [20]. Note that we neglect Inverse
Compton emission and electromagnetic cascades, which can be relevant for the leptonic decay channels at high energies.

leptonic final states are conservative, as they neglect Inverse Compton (IC) emission and electromagnetic cascades,
which are likely important at high DM masses—see e.g., Ref. [65, 66]. A more careful treatment of these final states
requires modeling the magnetic field strength and energy loss mechanisms within the galaxy groups.

Injected Signal. An important consistency requirement is to ensure that the limit-setting procedure does not exclude
a putative DM signal. The likelihood procedure employed here was extensively vetted in our companion paper [3],
where we demonstrated that the limit never excludes an injected signal. In Fig. S3, we demonstrate a data-driven
version of this test. In detail, we inject a DM signal on top of the actual data set used in the main analysis, focusing
on the case of DM annihilation to bb̄ for a variety of cross sections and masses. We then apply the analysis pipeline
to these maps. The top panel of Fig. S3 shows the recovered cross sections, as a function of the injected values. The
green line corresponds to the 95% cross section limit, while the blue line shows the best-fit cross section. Note that
statistical uncertainties arising from DM annihilation photon counts are not significant here, as the dominant source
of counts arises from the data itself. The columns correspond to 10, 100, and 104 GeV DM annihilating to bb̄ (left,
center, right, respectively). The bottom row shows the maximum test statistic in favor of the model with DM as a
function of the injected cross section. The best-fit cross sections are only meaningful when the maximum test statistic
is & 1, implying evidence for DM annihilation. We see that across all masses, the cross section limit (green line) is
always weaker than the injected value. Additionally, the recovered cross section (blue line) closely approaches that of
the injected signal as the significance of the DM excess increases.

Results for Individual Halos. Here, we explore the properties of the individual galaxy groups that are included in
the stacked analysis. These galaxy groups are taken from the catalogs in Ref. [30] and [31], which we refer to as T15
and T17, respectively. Table S1 lists the top thirty galaxy groups, ordered by the relative brightness of their inferred
J-factor. If a group in the table is not labeled with a checkmark, then it is not included in the stacking because one
of the following conditions is met:

8
><

>:

|b|  20� ,

overlaps another halo to within 2� of its center ,

TS
max

> 9 and (�v)
best

> 10 ⇥ (�v)⇤
lim

.

(S2)

Note that the overlap criteria is applied sequentially in order of increasing J-factor. These selection criteria have been
extensively studied on mock data in our companion paper [3] and have been verified to not exclude a potential DM
signal, even on data as discussed above. Of the five halos with the largest J-factors that are excluded, Andromeda is
removed because of its large angular extent, and the rest fail the latitude cut.

The exclusion of Andromeda is not a result of the criteria in Eq. S2, so some more justification is warranted. As can
be seen in Table S1, the angular extent of Andromeda’s scale radius, ✓s, is significantly larger than that of any other



S. Mishra-Sharma | 30th Recontres de Blois �38

Systematic variations: group catalogs
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FIG. S14. The same as Fig. 1 of the main Letter, except using the Lu et al. galaxy group catalog [81] (dashed) instead of the
T15 and T17 catalogs in the baseline analysis.

number-density of such subhalos is also reduced [20].

When taken together, the details of the halo formation process shape the subhalo mass function dn/dM
sh

/ M�↵
sh

,
where ↵ 2 [1.9, 2.0]. The mass function does not follow a power-law to arbitrarily low masses, however, because the
underlying particle physics model for the DM can place a minimum cuto↵ on the subhalo mass, M

min

. For example,
DM models with longer free-streaming lengths wash out smaller-scale structures, resulting in higher cuto↵s.

The left panel of Fig. S13 shows a variety of boost models commonly used in DM studies. The fiducial boost
model used here [20] is shown as the thick green solid line and variations on M

min

and ↵ are also plotted. The right
panel of Fig. S13 shows that the expected limit when M

min

= 104 M� instead of M
min

= 10�6 M� (dot-dashed) is
weaker across all masses. While a minimum subhalo mass of 104 M� is likely inconsistent with bounds on the kinetic
decoupling temperature of thermal DM, this example illustrates the importance played by M

min

in the sensitivity
reach. Additionally, Fig. S13 demonstrates the case where ↵ = 2.0 (dashed line). Increasing the inner slope of the
subhalo mass function leads to a correspondingly stronger limit, however observations tend to favor a slope closer to
↵ = 1.9 (which is what the most massive halos correspond to in our fiducial case).

Ref. [80] derived a boost-factor model that accounts for the flattening of the concentration-mass relation at low
masses, but does not include the e↵ect of tidal stripping. They assume a minimum sub-halo mass of 10�6 M� and a
halo-mass function dN/dM ⇠ M�2. This was updated by Ref. [78] to account for the e↵ect of tidal disruption. This
updated boost-factor model, which takes ↵ = 1.9, gives the constraint shown in Fig. S13 labeled “Moliné” (dotted).
This model is to be contrasted with the boost-factor model of Ref. [37], labeled “Gao” in Fig. S13 (grey-dashed), which
uses a phenomenological power-law extrapolation of the concentration-mass relation to low sub-halo masses. Because
the annihilation rate increases with increasing concentration parameter, the model in Ref. [37] predicts substantially
larger boosts than other scenarios that take into account a more realistic flattening of the concentration-mass relation
at low subhalo masses.

Galaxy Group Catalog. We now explore the dependence of the results on the group catalog that is used to
select the halos. In this way, we can better understand how the DM bounds are a↵ected by uncertainties on galaxy
clustering algorithms and the inference of the virial mass of the halos. The baseline limits are based on the T15
and T17 catalogs, but here we repeat the analysis using the Lu et al. catalog [81], which solely relies on 2MRS
observations. The group-finding algorithm used by Ref. [81] is di↵erent to that of T15 and T17 in many ways,
relying on a friends-of-friends algorithm as opposed to one based on matching group properties at di↵erent scales to
N -body simulations. Lu et al. also use a di↵erent halo mass determination. For these reasons, it provides a good
counterpoint to T15 and T17 for estimating systematic uncertainties associated with the identification of galaxy
groups. While T17 includes measured distances for nearby groups, the Lu catalog corrects for the e↵ect of peculiar
velocities following the prescription in Ref. [82] and the e↵ect of Virgo infall as in Ref. [83]. Figure S14 is a repeat
of Fig. 1 in the main Letter, except using the Lu et al. catalog. Despite important di↵erences between the group
catalogs used, the Lu et al. results are very similar to the baseline case.

Similar limit!

• Use Lu et al. group catalog [1607.03982]  

• Independent group-finding algorithm 

• Galaxies from 2MASS Redshift Survey
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FIG. S12. The same as the baseline analysis shown in the left panel of Fig. 1 of the main Letter, except varying several
assumptions made in the analysis. (Left) We show the e↵ect of using the top PSF quartile of the UltracleanVeto data set (dot-
dashed) and the p7v6 di↵use model (dashed). (Right) We show the e↵ect of using the cored Burkert profile [69] (dot-dashed)
and the Diemer and Kravtsov concentration model [70] (dotted). The “⇢

NFW

-boosted profile” (dashed) shows what happens
when the annihilation flux from the subhalo boost is assumed to follow the NFW profile (as opposed to a squared-NFW profile).

by the cross section and TS
max

criteria in the baseline analysis are allowed into the stacking and collectively weaken
the limit.

Another choice that we made for the baseline analysis was to use the p8r2 foreground model for gamma-ray emission
from cosmic-ray processes in the Milky Way. In this model, the bremsstrahlung and boosted pion emission are traced
with gas column-density maps and the IC emission is modeled using Galprop [71]. After fitting the data with these
three components, any ‘extended emission excesses’ are identified and added back into the foreground model [72].
To study the dependence of the results on the choice of foreground model, we repeat the analysis using the Pass 7
gal 2yearp7v6 v0.fits (p7v6) model, which includes large-scale structures like Loop 1 and the Fermi bubbles—in
addition to the bremsstrahlung, pion, and IC emission—but does not account for any data-driven excesses as is done
in p8r2. The results of the stacked analysis using the p7v6 model are shown in the left panel of Fig. S12 (dashed line).
The limit is somewhat weaker to that obtained using p8r2, though it is broadly similar to the latter. This is to be
expected for stacked analyses, where the dependence on mismodeling of the foreground emission is reduced because
the fits are done on small, independent regions of the sky, so that o↵sets in the point-to-point normalizations of the
di↵use model can have less impact. For more discussion of this point, see Ref. [51, 58, 73, 74].

Halo Density Profile and Concentration. Our baseline analysis makes two assumptions about the profiles of
gamma-ray emission from the extragalactic halos. The first assumption is that the DM profile of the smooth halo is
described by an NFW profile:

⇢
NFW

(r) =
⇢s

r/rs (1 + r/rs)2
, (S3)

where ⇢s is the normalization and rs the scale radius [34]. The NFW profile successfully describes the shape of
cluster-size DM halos in N -body simulations with and without baryons (see, e.g., Ref. [75, 76]). However, some
evidence exists pointing to cored density profiles on smaller scales (e.g., dwarf galaxies), and the density profiles in
these systems may be better described by the phenomenological Burkert profile [69]:

⇢
Burkert

(r) =
⇢B

(1 + r/rB)(1 + (r/rB)2)
, (S4)

where ⇢B and rB are the Burkert corollaries to the NFW ⇢s and rs, but have numerically di↵erent values. While it
appears unlikely that the Burkert profile is a good description of the DM profiles of the cluster-scale halos considered
here, using this profile provides a useful systematic variation because it predicts less annihilation flux than the NFW
profile does. The right panel of Fig. S12 shows the e↵ect of using the Burkert profile to describe the halos in the T15
and T17 catalogs (dot-dashed line); the limit is slightly weaker, as expected.
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VARIATIONS ON THE ANALYSIS

We have performed a variety of systematic tests to understand the robustness of the results presented in the main
body of the Letter. Several of these uncertainties are discussed in detail in our companion paper [3]; here, we focus
specifically on how they a↵ect the results of the data analysis.

Halo Selection Criteria. Here, we demonstrate how variations on the halo selection conditions listed above a↵ect
the baseline results of Fig. 1. In the left panel of Fig. S10, the red line shows the limit that is obtained when starting
with 10,000 halos instead of 1000, but requiring the same selection conditions. Despite the modest improvement in the
limit, we choose to use 1000 halos in the baseline study because systematically testing the robustness of the analysis
procedure, as done in Ref. [3], becomes computationally prohibitive otherwise. In order to calibrate the analysis for
higher halo numbers, it would be useful to use semi-analytic methods to project the sensitivity, such as those discussed
in Ref. [67, 68], although we leave the details to future work.

Virgo is the object with the highest J-factor in the stacked sample. As made clear in the dedicated study of this
object by the Fermi Collaboration [24], there are challenges associated with modeling the di↵use emission in Virgo’s
vicinity. However, we emphasize that the baseline limit is not highly sensitive to any one halo, including the brightest
in the sample. For example, the dotted line in the left panel of Fig. S10 shows the impact on the limit after removing
Virgo from the stacking. Critically, we see that the limit is almost unchanged, highlighting that the stacked result is
not solely driven by the object with the largest J-factor.

The e↵ect of including Andromeda (M31) is shown as the gray solid line. We exclude Andromeda from the baseline
analysis because of its large angular size, as discussed in detail above. Our analysis relies on the assumption that the
DM halos are approximately point-like on the sky, which fails for Andromeda, and we therefore deem it to fall outside
the scope of the systematic studies performed here.

The dashed line shows the e↵ect of tightening the condition on overlapping halos from 2� to 5�. Predictably, the
limit is slightly weakened due to the smaller pool of available targets. We also show the e↵ect of decreasing the
latitude cut to b � 15� (dot-dashed line). In this case, the number of halos included in the stacked analysis increases,
but the limit is weaker—considerably so below m� ⇠ 103 GeV. The weakened limits are likely due to enhanced
di↵use emission along the plane as well as contributions from unresolved point sources, both of which are di�cult to
accurately model. In cases with such mismodeling, the addition of a DM template can generically improve the quality
of the fit, which leads to excesses at low energies, in particular. The baseline latitude cut ameliorates precisely these
concerns.

The right panel of Fig. S10 illustrates the e↵ects of changing, or removing completely, the cross section and TS
max
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FIG. S10. The same as the baseline analysis shown in the left panel of Fig. 1 of the main Letter, except varying several
assumptions made in the analysis. (Left) We show the e↵ect of relaxing the overlapping halo criterion to 5� (dashed), reducing
the latitude cut to |b| � 15� (dot-dashed), excluding Virgo (dotted), and including Andromeda (gray). The limit obtained when
starting from an initial 10,000 halos is shown as the red line. (Right) We show the e↵ect of strengthening the cross section
(dashed) or weakening the TS

max

(dot-dashed) selection criteria, as well as completely removing the TS
max

and cross section
cuts (dotted).
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Systematic variations: profile/conc/boost

Effect of DM profile/concentration Effect of boost model 21
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FIG. S13. (Left) Examples of substructure boost models commonly used in the literature, reproduced from [3]. Our fiducial
model, based on Ref. [20] using M

min

= 10�6 M� and self-consistently computing ↵, is shown as the thick green solid line.
Variations on M

min

and ↵ are shown with the dotted and dashed lines, respectively. Also plotted are the boost models of
Moliné [78] (red) and Gao [37] (grey). (Right) The same as the baseline analysis shown in the left panel of Fig. 1 of the main
Letter, except varying the boost model.

The second assumption we made is that the shape of the gamma-ray emission from DM annihilation follows the
projected integral of the DM-distribution squared. This is likely incorrect because the contribution from the boost-
factor, which can be substantial, should have the spatial morphology of the distribution of DM subhalos. Neglecting
tidal e↵ects, we expect the subhalos to follow the DM distribution (instead of the squared distribution). Including
tidal e↵ects is complicated, as subhalos closer to the halo center are more likely to be tidally stripped, which both
increases their concentration and decreases their number density. We do not attempt to model the change in the spatial
morphology of the subhalo distribution from tidal stripping and instead consider the limit where the annihilation flux
from the subhalo boost follows the NFW distribution. This gives a much wider angular profile for the annihilation
flux for large clusters, compared to the case where the boost is simply a multiplicative factor. The dashed line in
the right panel of Fig. S12 shows the e↵ect on the limit of modeling the gamma-ray emission in this way (labeled
“⇢

NFW

-boosted profile”). The extended spatial profile leads to a minimal change in the limit over most of the mass
range, which is to be expected given that most of the galaxy groups can be well-approximated as point sources.

A halo’s virial concentration is an indicator of its overall density and is defined as c
vir

⌘ r
vir

/rs, where r
vir

is the
virial radius and rs the NFW scale radius of the halo. A variety of models exist in the literature that map from halo
mass to concentration. Our fiducial case is the Correa et al. model from Ref. [19]. Here we show how the limit (dotted
line) changes when we use the model of Diemer and Kravtsov [70], updated with the Planck 2015 cosmology [35]. The
change to the limit is minimal, which is perhaps a reflection of the fact that the change in the mean concentrations
between the concentration-mass models is small compared to the statistical spread predicted in these models, which is
incorporated into the J-factor uncertainties. We have also verified that increasing the dispersion on the concentration
for the Correa et al. model to 0.24 [77], which is above the 0.14–0.19 range used in the baseline study, worsens the
limit by a O(1) factor.

Substructure Boost. Hierarchical structure formation implies that larger structures can host smaller substructures,
the presence of which can significantly enhance signatures of DM annihilation in host halos. Although several models
exist in the literature to characterize this e↵ect, the precise enhancement sensitively depends on the methods used
as well as the astrophysical and particle physics properties that are assumed. Phenomenological extrapolation of
subhalo properties (e.g., the concentration-mass relation) over many orders of magnitude down to very small masses
O(10�6) M� lead to large enhancements of O(102) and O(103) for galaxy- and cluster-sized halos, respectively [37].
Recent numerical simulations and analytic studies [19, 38, 39] suggest that the concentration-mass relation flattens
at smaller masses, yielding boosts that are much more modest, about an order-of-magnitude below phenomenological
extrapolations [79, 80]. In addition, the concentration-mass relation for field halos cannot simply be applied to
subhalos, because the latter undergo tidal stripping as they fall into and orbit their host. Such e↵ects tend to
make the subhalos more concentrated—and therefore more luminous—than their field-halo counterparts, though the
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FIG. S12. The same as the baseline analysis shown in the left panel of Fig. 1 of the main Letter, except varying several
assumptions made in the analysis. (Left) We show the e↵ect of using the top PSF quartile of the UltracleanVeto data set (dot-
dashed) and the p7v6 di↵use model (dashed). (Right) We show the e↵ect of using the cored Burkert profile [69] (dot-dashed)
and the Diemer and Kravtsov concentration model [70] (dotted). The “⇢

NFW

-boosted profile” (dashed) shows what happens
when the annihilation flux from the subhalo boost is assumed to follow the NFW profile (as opposed to a squared-NFW profile).

by the cross section and TS
max

criteria in the baseline analysis are allowed into the stacking and collectively weaken
the limit.

Another choice that we made for the baseline analysis was to use the p8r2 foreground model for gamma-ray emission
from cosmic-ray processes in the Milky Way. In this model, the bremsstrahlung and boosted pion emission are traced
with gas column-density maps and the IC emission is modeled using Galprop [71]. After fitting the data with these
three components, any ‘extended emission excesses’ are identified and added back into the foreground model [72].
To study the dependence of the results on the choice of foreground model, we repeat the analysis using the Pass 7
gal 2yearp7v6 v0.fits (p7v6) model, which includes large-scale structures like Loop 1 and the Fermi bubbles—in
addition to the bremsstrahlung, pion, and IC emission—but does not account for any data-driven excesses as is done
in p8r2. The results of the stacked analysis using the p7v6 model are shown in the left panel of Fig. S12 (dashed line).
The limit is somewhat weaker to that obtained using p8r2, though it is broadly similar to the latter. This is to be
expected for stacked analyses, where the dependence on mismodeling of the foreground emission is reduced because
the fits are done on small, independent regions of the sky, so that o↵sets in the point-to-point normalizations of the
di↵use model can have less impact. For more discussion of this point, see Ref. [51, 58, 73, 74].

Halo Density Profile and Concentration. Our baseline analysis makes two assumptions about the profiles of
gamma-ray emission from the extragalactic halos. The first assumption is that the DM profile of the smooth halo is
described by an NFW profile:

⇢
NFW

(r) =
⇢s

r/rs (1 + r/rs)2
, (S3)

where ⇢s is the normalization and rs the scale radius [34]. The NFW profile successfully describes the shape of
cluster-size DM halos in N -body simulations with and without baryons (see, e.g., Ref. [75, 76]). However, some
evidence exists pointing to cored density profiles on smaller scales (e.g., dwarf galaxies), and the density profiles in
these systems may be better described by the phenomenological Burkert profile [69]:

⇢
Burkert

(r) =
⇢B

(1 + r/rB)(1 + (r/rB)2)
, (S4)

where ⇢B and rB are the Burkert corollaries to the NFW ⇢s and rs, but have numerically di↵erent values. While it
appears unlikely that the Burkert profile is a good description of the DM profiles of the cluster-scale halos considered
here, using this profile provides a useful systematic variation because it predicts less annihilation flux than the NFW
profile does. The right panel of Fig. S12 shows the e↵ect of using the Burkert profile to describe the halos in the T15
and T17 catalogs (dot-dashed line); the limit is slightly weaker, as expected.
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J-factor scaling
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No cuts with MC
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FIG. S11. The results of the baseline analysis with the default cuts, as shown in the left of Fig. 1, compared to the corresponding
result when no cuts are placed on the TS

max

or cross section of the halos in the catalog. The significant o↵set between the limit
obtained with no cuts (dotted line) and the corresponding expectation from random sky locations (red/blue band) demonstrates
that many of the objects that are removed by the TS

max

and cross section cuts are legitimately associated with astrophysical
emission. See text for details.

cuts on the halos. Specifically, the dashed black line shows what happens when we require that a halo’s excess be even
more inconsistent with the limits set by other galaxy groups; specifically, requiring that (�v)

best

> 20⇥ (�v)⇤
lim

. The
dot-dashed line shows the limit when we decrease the statistical significance requirement to TS

max

> 4. Note that
the two changes have opposite e↵ects on the limits. This is expected because more halos with excesses are included
in the stacking procedure with the more stringent cross section requirement, which weakens the limit, whereas fewer
are included if we reduce the TS

max

cut, strengthening the limit.
The dotted line in the right panel of Fig. S10 shows what happens when no requirement at all is placed on the

TS
max

and cross section; in this case, the limit is dramatically weakened by several orders of magnitude. We show the
same result in Fig. S11 (dotted line), but with a comparison to the null hypothesis corresponding to no TS

max

and
cross section cuts, which is shown as the 68% (95%) red (blue) bands.4 In the baseline case, the limit is consistent with
the random sky locations—i.e., the solid black line falls within the green/yellow bands. However, with no TS

max

and
cross section cuts, this is no longer true—i.e., the dotted black line falls outside the red/blue bands. Clear excesses
are observed above the background expectation in this case, but they are inconsistent with a DM interpretation as
they are strongly excluded by other halos in the stack. When deciding on the TS

max

and cross section requirements
that we used for the baseline analysis in Fig. 1, our goal was to maximize the sensitivity reach while simultaneously
ensuring that an actual DM signal would not be excluded. We verified the selection criteria thoroughly by performing
injected signal tests on the data (discussed above) as well as on mock data (discussed in Ref. [3]). Ideally, galaxy
groups would be excluded from the stacking based on the specific properties of the astrophysical excesses that they
exhibit, as opposed to the TS

max

and cross section requirements used here. For example, one can imagine excluding
groups that are known to host AGN or galaxies with high amounts of star-formation activity. We plan to study such
possibilities in future work.

Data Set and Foreground Models. In the results presented thus far, we have used all quartiles of the Ultra-
cleanVeto event class of the Fermi data. Alternatively, we can restrict ourselves to the top quartile of events, as
ranked by PSF. Using this subset of data has the advantage of improved angular resolution, but the disadvantage of
a ⇠75% reduction in statistics. The left panel of Fig. S12 shows the limit (dot-dashed line) obtained by repeating
the analysis with the top quartile of UltracleanVeto data; the bounds are weaker than in the all-quartile case, as
would be expected. However, the amount by which the limit weakens is not completely consistent with the decrease
in statistics. Rather, it appears that when we lower the photon statistics, more halos that were previously excluded

4 We thank A. Drlica-Wagner for suggesting this test.
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Injected signal on data
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FIG. S3. (Top) Recovered cross section at maxiumum test statistic, TS
max

, (blue line) and limit (green line) obtained for
various signals injected on top of the data. (Bottom) The maximum test statistic obtained at various injected cross section
values.

halo. To justify ✓s as a proxy for angular extent of the emission, we calculate the 68% (95%) containment angle of
the expected DM annihilation flux, without accounting for the PSF, and find 1.2� (4.4�). This can be contrasted with
the equivalent numbers for the next most important halo, Virgo, where the corresponding 68% (95%) containment
angles are 0.5� (2.0�). Because Andromeda is noticeably more extended beyond the Fermi PSF, one must carefully
model the spatial distribution of both the smooth DM component and the substructure. Such a dedicated analysis
of Andromeda was recently performed by the Fermi collaboration [41]. Out of an abundance of caution, we remove
Andromeda from the main joint analysis, but we do show how the limits change when Andromeda is included further
below.

Figure S4 shows the individual limits on the bb̄ annihilation cross section for the top ten halos that pass the selection
cuts and Fig. S5 shows the maximum test statistic (TS

max

), as a function of m�, for these same halos. The green
and yellow bands in Fig. S4 and S5 represent the 68% and 95% containment regions obtained by randomly changing
the sky location of each individual halo 200 times (subject to the selection criteria listed above). As is evident, the
individual limits for the halos are consistent with expectation under the null hypothesis—i.e., the black line falls
within the green/yellow bands for each of these halos. Some of these groups have been analyzed in previous cluster
studies. For example, the Fermi Collaboration provided DM bounds for Virgo [24]; our limit is roughly consistent
with theirs, and possibly a bit stronger, though an exact comparison is di�cult to make due to di↵erences in the data
set and DM model assumptions.3

Figure S6 provides the 95% upper limits on the gamma-ray flux associated with the DM template for each of the
top ten halos. The upper limits are provided for 26 energy bins and compared to the expectations under the null
hypothesis. The upper limits are generally consistent with the expectations under the null hypothesis, though small
systematic discrepancies do exist for a few halos, such as NGC3031, at high energies. This could be due to subtle
di↵erences in the sky locations and angular extents between the objects of interest and the set of representative halos
used to create the null hypothesis expectations.

To demonstrate the case of a galaxy group with an excess, we show the TS
max

distribution and the limit for
NGC6822 in Fig. S7. This object fails the selection criteria because it is too close to the Galactic plane. However, it

3 Note that the J-factor in Ref. [24] is a factor of 4⇡ too large.
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Injected signal on MC
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FIG. 9. The results of injecting a DM signal with cross section h�vi
inj

into the mock data and studying the recovered cross
section, h�vi

rec

. Each column shows the result for a di↵erent DM mass (m� = 10, 100, 104 GeV), while each row shows a
di↵erent observer location within the DarkSky simulation box. The green line shows the 95% confidence limit, with the green
band denoting the 68% containment region over twenty di↵erent Monte Carlo (MC) realizations of the mock data. Critically,
the limit never rules out an injected signal. The blue line shows the median value of h�vi

TS

max

, the cross section associated with
the maximum test statistic (TS

max

), over twenty MCs of the data. The blue band spans the median cross sections associated
with TS

max

± 1. The maximum test statistic for each mass (with the band denoting the 68% spread over MC realizations) is
shown as an inset for each mass. See Appendix B for a more detailed discussion of these signal injection tests.

improve when the virial mass and concentration of the
halos are known precisely. For this ideal scenario, we
find that that the limits improve by roughly 50% over
those obtained by marginalizing over uncertainties. This
suggests that a concrete way to improve the bounds on
DM annihilation is to reduce the uncertainties on M

vir

and c

vir

for the brightest halos in the catalog.

The substructure boost-factor remains one of the most
di�cult systematics to handle. In this work, we use re-
cent boost-factor models that account for tidal stripping
of subhalos. This boost-factor changes the limit by an
O(1) factor, which is more conservative than other mod-
els sometimes used in extragalactic DM studies. While
the boost-factor enhancement is fairly modest, it is still
the dominant systematic uncertainty over the halo mass
and concentration.

The analysis outlined in this paper can be repeated on
Fermi data using published galaxy group catalogs. In
particular, the Tully et al. catalogs [34, 35] and the Lu
et al. catalog [36] provide a map of the galaxy groups
in the local Universe within z . 0.03. Both catalogs
are based primarily on 2MRS, but use di↵erent cluster-
ing algorithms and halo mass determinations. Taken to-
gether, they provide a way to estimate the systematic
uncertainties associated with the galaxy to halo mapping
procedure. Previous cluster studies on Fermi data [27–

30, 33] used the extended HIghest X-ray FLUx Galaxy
Cluster Sample (HIFLUGCS) [71, 72], which includes
106 of the brightest clusters observed in X-ray with the
ROSAT all-sky survey. These clusters cover redshifts
from 0.0037 . z . 0.2; the distribution of their J-
factors, masses, and redshifts are shown in Fig. 7 and 8.
In general, the 2MRS catalogs provide a larger number of
groups that should be brighter in DM annihilation flux,
so we expect a corresponding improvement in the sensi-
tivity to annihilation signatures.

The recent advancement of galaxy catalogs based on
2MRS and other nearby group catalogs allows us for the
first time to map out the most important extragalactic
DM targets in the nearby Universe. This, in turn, en-
ables us to perform a search that focuses on regions of
sky where we expect the DM signals to be the bright-
est outside the Local Group. We present the complete
results of such an analysis, as applied to data, in our
companion paper [38].
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DM profile likelihood
• Bin the data in energy (i) and spatial pixels (p): 
• Describe with model parameters:
• Construct the Poisson likelihood in each energy bin i

• Eliminate the nuisance parameters by profile likelihood

• Likelihood of a model depends on the injected galactic and extragalactic flux

log pi(di| i) = max

�i

log pi(di|✓i)

✓ = { DM,�nuisance}

pi(di|✓i) =
Y

p

µp
i (✓i)

np
i e�µp

i (✓i)

np
i !

• From this define a TS, from 
which limits can be set

• Implement analysis using 
NPTFit [1612.03173]

{l, b, E} ) np
i

log p (d|M, {h�vi,mDM}) =
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Profile likelihoods
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DM profile likelihood
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A Search for DM Annihilation in the Smooth Milky Way Halo

Supplemental Material
Laura J. Chang, Mariangela Lisanti, and Siddharth Mishra-Sharma

This Supplemental Material is organized as follows. We begin by motivating our choice of region of interest using
projections with Asimov datasets. We then present signal injection tests on Monte Carlo and data, and describe
the impact of foreground modeling uncertainty in detail. We conclude by showing extensions of the fiducial analysis
presented in the Letter, including the limits for (i) annihilation into additional final states, (ii) di↵erent DM density
profiles, and (iii) variations of the astrophysical templates. We also provide the relevant likelihood profiles.

THE REGION OF INTEREST

The fiducial analysis presented in this Letter uses a region of interest (ROI) defined by the annulus |b| > 20�

and r < 50�. To demonstrate how the signal sensitivity depends on the definition of the ROI, we analyze Asimov
datasets [68], which can be used to determine the median asymptotic behavior of the test statistic under the assumption
that the foregrounds are perfectly modeled, while varying over di↵erent choices of the ROI. The Asimov dataset in
this case corresponds to the sum of astrophysical templates best-fit to the data in each ROI. Note that the p6v11
template was not divided into independent radial slices in the Asimov study.

As a concrete example, we consider the case of a 30 GeV DM particle annihilating to bb̄, although results for
other DM masses are largely unchanged. We vary over latitude (|b| > b

cut

) and radial (r < r
cut

) cuts spanning
b
cut

= {15�, 16�, . . . , 30�} and r
cut

= {40�, 45�, . . . , 150�}. Fig. S1 demonstrates how the projected cross section limit,
h�vi

lim

, compares to that for the fiducial ROI, h�vifid
lim

, as a function of b
cut

and r
cut

. We consider the generalized
NFW profile as in Eq. 3 with scale radius rs = 17 kpc, local density ⇢(r�) = 0.4 GeV cm�3, and inner slope � = 1 and
1.2 (first and second panel from left, respectively). In general, we see that the projected sensitivity strengthens for
smaller b

cut

and larger r
cut

, as expected. This dependence weakens for steeper profiles because the dark matter (DM)
density is concentrated towards the Galactic Center. We note that the Asimov projections assume perfect knowledge
of the astrophysical components, and as such disregard potential degeneracies between a DM signal and astrophysical
templates, which are likely to be important in an analysis on data.

For comparison, we also consider several other DM density profiles, each normalized to ⇢(r�) = 0.4 GeV cm�3. The
middle panel of Fig. S1 shows the results for the Einasto profile [69]:

⇢
Einasto

(r) = ⇢
0

exp


� 2

↵

✓✓
r

rE

◆↵

� 1

◆�
, (S1)

15 20 25 30

bcut [deg]

40

50

60

70

80

90

100

110

120

130

140

150

r c
u
t
[d

eg
] 0.

8

1.
0

1.
2

1.4

1.61.8

� = 1

15 20 25 30

bcut [deg]

0.
8 1.

0

1.
2

1.4

1.61.8

� = 1.2

15 20 25 30

bcut [deg]

0.
8

1.
0

1.
2

1.
4

1.61.8

Einasto

15 20 25 30

bcut [deg]

0.
6

1.
0

1.
4

1.
8

2.
2

2.
6

rB = 0.5kpc

15 20 25 30

bcut [deg]

m� = 30GeV

0.
8

1.0

1.2
1.6

rB = 10kpc

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4

2.6

h�
vi

lim
/h�

vi
fi
d

lim

FIG. S1. Sensitivity projections for a 30 GeV dark matter particle annihilating to bb̄ for di↵erent regions of interest, which are
defined by latitude (|b| > b

cut

) and radial (r < r
cut

) cuts. The projected limit, h�vi
lim

, is compared to the limit for the fiducial
region, h�vifid

lim

, which corresponds to |b| > 20� and r < 50�. The contours indicate the ratio of these two cross sections. The
projections are provided for di↵erent dark matter density profiles: (left to right) generalized NFW with inner-slope � = 1, 1.2,
Einasto, and Burkert with a rB = 0.5 and 10 kpc core.

Asimov tests with Galactic halo templates
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FIG. S2. (Left) Reproduction of Fig. 1 of the Letter, included here for convenience. (Right) The corresponding limits when the
p6v11 template is not divided into eight radial slices whose normalizations float independently in the fitting procedure. For
each panel, the inset depicts the regions (not colored purple) over which the p6v11 template is allowed to float.

with ↵ = 0.17 and rE = 15.14 kpc [70]. The final two panels in Fig. S1 show the results for a cored Burkert profile [71]:

⇢
Burkert

(r) =
⇢
0

(1 + r/rB)[1 + (r/rB)2]
, (S2)

where rB is the analog of the NFW scale radius and sets the size of the core. For illustration, we consider rB = 0.5
and 10 kpc, which roughly spans the range of allowed possibilities—see e.g. [72, 73]. While the Einasto contours look
very similar to those for NFW with � = 1.2, the Burkert results are quite di↵erent. For the smaller core, there is
only very mild dependence on r

cut

and the projected signal strength decreases with larger b
cut

. In contrast, the signal
is strengthened with decreased latitude and increased radial cuts for the case where rB = 10 kpc because the DM
distribution is less concentrated towards the Galactic Center.

While the Asimov projections suggest that one should minimize b
cut

and maximize r
cut

for optimal sensitivity to
DM, a full-sky analysis is not viable in actuality due to the large uncertainties associated with modeling the Galactic
foregrounds. As a result, we conservatively choose b

cut

= 20� to avoid the Galactic plane, where the foregrounds
are particularly bright and there is increased contamination from unresolved point sources. In addition, we choose
r
cut

= 50� because fitting over larger sky regions leads to over-subtraction and/or spurious excesses in the data
analysis. While the definition of the fiducial ROI is intended to mitigate the large systematic uncertainties associated
with the foregrounds, we also give the p6v11 template additional freedom by fitting its normalization separately in
eight radial slices of equal area. Fig. S2 compares the results of the fit with and without these additional degrees
of freedom to the foreground model. The left panel shows the results of the fiducial study presented in the Letter,
while the right panel shows the limit that is obtained when the p6v11 template is not divided into eighths. For the
latter, the Northern and Southern lobes of the Fermi bubbles are floated together,4 while every other aspect of the
analysis is kept the same as in the fiducial study. The projected sensitivities obtained from Monte Carlo simulations
are essentially equivalent between the two cases. When the p6v11 template is divided into eights, the data limit is
in agreement with the Monte Carlo expectation. This is in stark contrast with the behavior when one takes a single
normalization for the template. In this case, the foregrounds are over-subtracted in the data, leading to artificially
strong data limits. We therefore conclude that the additional freedom given to the p6v11 template stabilizes the
analysis in the designated ROI.

4

Doing the same for the fiducial study does not change the limit.

Galactic DM: Importance of radial slicing
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FIG. S4. The same as Fig. S3, except for signal injected on data. The left(right) panel corresponds to a 10(30) GeV DM mass.
In this case, for each injected signal point, we create 10 realizations of simulated sky maps.

& 50 GeV, we have restricted the photon energies to be below ⇠50 GeV.

Signal injection on data. We also perform a data-driven version of the signal injection tests, adding a Galactic
DM signal for bb̄ annihilation on top of the actual data and passing this through the analysis pipeline. We repeat
this procedure for 10 sky map realizations. This is a particularly important check at lower energies, where e↵ects of
point spread function (PSF) and foreground mis-modeling can lead to artificially strong limits for lower DM masses.
Figure S4 summarizes the results of the signal injection tests on data for DM masses of 10 and 30 GeV (left and right
panel, respectively). In each case, we see that the analysis would not exclude an injected DM signal. We restrict
ourselves to energies E� & 0.8 GeV to mitigate the e↵ects of a significantly degraded PSF at even lower energies. We
caution that while this procedure demonstrates that a signal would not be excluded under the null assumption on the
data, it is still possible that mis-modeling e↵ects can impact the final result for the lowest masses (⇠10 GeV). This
can be seen in the left panel of Fig. S4 from the fact that the median recovered cross section associated with TS

max

(blue line) falls and becomes consistent with zero slightly above the null limit. However, this small discrepancy
occurs in the range where TS

max

. 1. This is not an issue for higher masses; for example, for a DM mass of 30 GeV,
the median recovered cross section associated with TS

max

is consistent with zero only for cross sections below the
null limit, as shown in the right panel of Fig. S4.

GALACTIC FOREGROUND MODELING

Uncertainties due to modeling of the Galactic di↵use emission are inherent in searches for large-scale gamma-ray
structures. We have made an e↵ort to minimize the e↵ects of these uncertainties by giving more degrees of freedom
to the p6v11 template. However, inherent assumptions that go into the construction of the template can still have a
potentially large e↵ect on the final result. Here, we present results for three additional foreground models that are
designed to span several well-motivated possibilities. Our approach is to understand how each set of assumptions
regarding the cosmic-ray modeling impacts the DM sensitivity for the ROI considered in this work.

We repeat the analysis using Models A, B, and C, which were developed by the Fermi -LAT Collaboration specifically
for their study of the isotropic gamma-ray background at higher latitudes [8]. These models make distinct but well-
motivated choices for the cosmic-ray source distribution, di↵usion coe�cients, and re-acceleration strengths that span
a wide range of possibilities. Separate templates for ⇡0 decay, Bremsstrahlung, and inverse-Compton (IC) emission
are provided, so their normalizations can be varied independently in the fitting procedure. In these analyses, we use a
single combination of the Bremsstrahlung and ⇡0-decay templates as obtained from a fit to data using eight separate
equal-area slices. Both these components trace the di↵use gas and dust structures in the Galaxy, so giving them
separate degrees of freedom is expected to have a negligible e↵ect on the results.

We highlight the fact that the IC and ⇡0+Bremsstrahlung templates are allowed to vary separately in the Model

Injected signal on data
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SIGNAL INJECTION AND RECOVERY

A vital consistency check involves ensuring that the limit-setting procedure would not exclude a DM signal if one
were present in the data. We perform a variety of tests to confirm that we can set a robust limit while recovering the
properties of a DM signal. We perform these checks on both Monte Carlo simulations as well as on the data itself.

Signal injection on Monte Carlo. We create Monte Carlo simulations of the gamma-ray sky by summing the
astrophysical templates best-fit on data, adding the signal from a DM particle annihilating to bb̄ in the smooth
Galactic halo, and Poisson fluctuating the final map. We create 50 Monte Carlo realizations of the sky map and pass
each through the analysis pipeline. This procedure is repeated for di↵erent DM masses and cross sections to study
the resulting limit and the test statistic associated with the extracted signal.

Figure S3 summarizes the results of the signal injection tests for m� = 100 and 1000 GeV in the left and right
panel, respectively. In each panel, the gold bands indicate the recovered limit, h�vinull

limit

, when no signal is injected

into the simulated sky map. The green band shows the middle 68% containment of the cross section, h�viinj
limit

, that is
recovered when TS = �2.71 in the presence of an injected signal with cross section h�vi

inj

. If the statistical procedure
is robust, the green band should lie above the diagonal line (saying that the limit set would be consistent with an
injected signal) and should asymptotically approach the gold band for small signal cross sections, as is indeed the
case for both masses included here.

The blue line shows the recovered cross section that is associated with the maximum test statistic, TS
max

:

TS
max

⌘ 2
h
log L(d|M, dh�vi, m�) � log L(d|M, h�vi = 0, m�)

i
, (S3)

where dh�vi is the cross section that maximizes the likelihood. In the regime where TS
max

< 1, this is shown as a

dashed line. The blue band corresponds to the range of cross sections above and below dh�vi associated with TS
max

�1,
spanning the extremal values of the middle 68% containment in each case. We expect that the recovered cross section
should be consistent with statistical noise once the limit is reached, as is clearly demonstrated. The inset in each
panel of Fig. S3 demonstrates how TS

max

depends on the injected cross section.
To summarize, we find that signal injection tests on Monte Carlo are well-behaved for DM masses ranging from

10–1000 GeV. The tests fail when the upper cuto↵ on the photon energy is & 100 GeV most likely due to limited
photon statistics. For this reason, as well as the fact that the p6v11 template should be used with caution at energies
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FIG. S3. Signal injection tests on Monte Carlo simulations for a 100 (left) and 1000 (right) GeV DM particle annihilating to bb̄.
In each panel, the gold line corresponds to the limit h�vinull

limit

obtained when no signal is injected into the simulated data. The
green line corresponds to the median cross section limit, h�viinj

limit

, that is recovered for a given injected cross section h�vi
inj

,
when TS = �2.71. The green band shows the corresponding 68% containment. The blue line corresponds to the median

recovered cross section dh�vi that is associated with the maximum test statistic TS
max

(plotted in the inset), and is shown
as dashed in the regime where TS

max

< 1. The blue band spans extremal values of the 68% containment of cross sections
associated with TS

max

� 1. For each injected signal point, we create 50 realizations of simulated sky maps.

Injected signal on MC
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FIG. S8. (Left) The 95% confidence limit on dark matter of mass, m�, annihilating with cross section, h�vi, in the smooth
Galactic halo. The limits are obtained following the fiducial analysis procedure described in the Letter, but varying over the
annihilation channel. (Right) The 95% confidence limits on dark matter annihilation into bb̄ (fiducial), qq̄, cc̄, gg, and hh,
varying over the inner slope, �, of the generalized NFW density profile. The bands correspond to � values spanning 1.2–1.3.
Note that the bands for qq̄, cc̄, and gg fall essentially on top of each other. The best-fit parameters for the qq̄, cc̄, and gg
channels, as obtained in [75], are indicated by the pink, teal, and purple 1�/2� filled contours, respectively. The best-fit hh
value (and associated 1� range) is indicated by the blue diamond [75].

FIG. S9. The 95% confidence limits associated with variations to the fiducial analysis, as labeled in the legend and described
in the text.

results in a factor of . 1.5 weakening of the fiducial limit (solid purple line in Fig. S9), likely due to the
corresponding reduction in the e↵ective size of the ROI.

• The fiducial analysis takes full advantage of the spatial profiles of the expected DM emission and astrophysical
components because we sum up the pixel-wise likelihoods. To quantify the gain from using spatial templates,
we instead perform the fit using only the total expected number of counts from the DM signal and backgrounds
within our ROI, and profile over the astrophysical nuisance parameters. The resulting limit (dotted gold line in
Fig. S9) is several orders of magnitude weaker than the fiducial bound.

• Figure S10 demonstrates the likelihood profiles for the fiducial analysis. In general, there is very good agree-
ment between the observed profile (black line) and the Monte Carlo expectation (blue band), in each energy bin.

Galactic DM: other annihilation channels
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FIG. S8. (Left) The 95% confidence limit on dark matter of mass, m�, annihilating with cross section, h�vi, in the smooth
Galactic halo. The limits are obtained following the fiducial analysis procedure described in the Letter, but varying over the
annihilation channel. (Right) The 95% confidence limits on dark matter annihilation into bb̄ (fiducial), qq̄, cc̄, gg, and hh,
varying over the inner slope, �, of the generalized NFW density profile. The bands correspond to � values spanning 1.2–1.3.
Note that the bands for qq̄, cc̄, and gg fall essentially on top of each other. The best-fit parameters for the qq̄, cc̄, and gg
channels, as obtained in [75], are indicated by the pink, teal, and purple 1�/2� filled contours, respectively. The best-fit hh
value (and associated 1� range) is indicated by the blue diamond [75].
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FIG. S9. The 95% confidence limits associated with variations to the fiducial analysis, as labeled in the legend and described
in the text.

results in a factor of . 1.5 weakening of the fiducial limit (solid purple line in Fig. S9), likely due to the
corresponding reduction in the e↵ective size of the ROI.

• The fiducial analysis takes full advantage of the spatial profiles of the expected DM emission and astrophysical
components because we sum up the pixel-wise likelihoods. To quantify the gain from using spatial templates,
we instead perform the fit using only the total expected number of counts from the DM signal and backgrounds
within our ROI, and profile over the astrophysical nuisance parameters. The resulting limit (dotted gold line in
Fig. S9) is several orders of magnitude weaker than the fiducial bound.

• Figure S10 demonstrates the likelihood profiles for the fiducial analysis. In general, there is very good agree-
ment between the observed profile (black line) and the Monte Carlo expectation (blue band), in each energy bin.

Galactic DM: systematic variations


