
Mariangela Lisanti
Princeton University

The Search for Dark Matter 
in the 

Gamma-Ray Sky



Thermal Dark Matter
Dark matter is in equilibrium in the early Universe

As temperature cools, eventually

Relic abundance for dark matter is thus established
Dark matter stops annihilating and falls out of equilibrium  
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Weakly interacting particle with mass ~100 GeV to 1 TeV 
gives density observed today

WIMP Paradigm
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Decreasing h�Avi

Planck + WMAP:

⌦�h
2 = 0.1199± 0.0027
Planck Collaboration [1303.5076]

WIMPs provide a lamppost to guide searches for dark matter 
  

(Important to keep in mind that many other possibilities are theoretically viable)



WIMPs Today

Searching for high-energy gamma rays from dark matter annihilation is 
the most direct way to probe the thermal hypothesis 

Dark matter self-annihilations are rare today, but do occur

Increase chances of observing these rare events by looking in 
densest dark matter regions of the sky
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Indirect Detection

Monochromatic Photons

Direct annihilation to photons, 
a line in photon energy spectrum
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Annihilation to Standard Model 
states that shower into photons 
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Annihilation Flux
The photon flux for dark matter annihilation is given by

J-factorparticle physics
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The Sky in Gamma Rays
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Touring the Gamma-Ray Sky



Diffuse Gamma Rays

High-energy !-rays produced through propagation of cosmic rays in the Galaxy

Bremsstrahlung
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Figure 1. Predicted emission for the GDE components of model A. From left to right: ICS, ⇡0, and
bremsstrahlung. The fluxes are shown in the 40� ⇥ 40� sky-region, centered at the GC and masking
out |b| < 2�. The corresponding units are log10(GeV�1 cm�2 s�1 sr�1).

with vA being the Alfvén speed.
Convection is considered to be taking place perpendicularly away from the Galactic

disk, with the convection velocity being zero on the disk but having a gradient dv/dz. The
Galactic magnetic field responsible for synchrotron losses of CR electrons is assumed to have
a cylindrical symmetry with the parametrization

B(r, z) = B0 e
(r��r)/rc

e

�|z|/zc
, (3.3)

where B0 is the local magnetic field and rc and zc are the radial and longitudinal extension,
respectively (r� is 8.5 kpc).

Finally, the ISRF is built from the contribution of many stellar components and includes
the e↵ects of absorption and re-emission from dust grains (see ref. [107] for further details
and ref. [110] for a description on how it is constructed). Within the code the ISRF is divided
into three basic components, related to the direct emission from stars, dust grains and CMB.
The user is free to vary the normalization of each of these components.

In figure 1, we show the typical morphology of the three di↵erent di↵use emission
components at 1 GeV from a model, model A, which has parameters that are defined in
table 2. We will refer to model A as our reference model for further discussions, since as we
will see below it well describes the gamma-ray data and spectra in the inner Galaxy. The
left panel of figure 1 refers to the ICS emission, which is smooth and depends mainly on the
electron distribution and the properties of the B-field and the ISRF. On the other hand, ⇡0

(middle) and bremsstrahlung (right) morphologies trace directly the distribution of the gas
and depend mainly on the proton and electron CR densities, as well as on the properties of
CR di↵usion, re-acceleration and convection.

The observed emission as shown in figure 1 receives contributions from all distances along
the line-of-sight. However, whether the overall emission is dominated by locally produced
gamma rays (within a few kpc), or by gamma rays from the GC, is a strong function of the
Galactic latitude. This is illustrated in figure 2, where we show the fractional contributions
to the GDE components as function of the line-of-sight for a typical GDE model.12 We find

12To generate this figure, we used our own modified version of Galprop 54.1.984 where the line-of-sight
integration can be restricted. We adopted a simple GDE model defined by the galdef file 54 01.
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Touring the Gamma-Ray Sky

Galactic plane 
dominated by diffuse emission

Extragalactic Background

Fermi bubbles

Resolved point source
published catalogs



Milky Way

Simulations: Andrew Z. Colvin



GeV Photon Excess

Goodenough and Hooper [0910.2998] 
Hooper and Goodenough [1010.2752] 
Boyarsky, Malyshev, Ruchayskiy [1012.5839] 
Hooper and Linden [1110.0006] 
Abazajian and Kaplinghat [1207.6047] 
Gordon and Macias [1306.5725] 
Abazajian et al. [1402.4090] 
Daylan et al. [1402.6703] 
Calore, Cholis, and Weniger [1409.0042] 
Fermi Collaboration [1511.02938, 1704.03910]

Spherically symmetric gamma-
ray excess in the Inner Galaxy

Constitutes ~10% total flux

High statistical significance

Daylan, Finkbeiner, Hooper, Linden, Portillo, Rodd, and Slatyer [1402.6703]
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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,

Extends out 10˚ (~5000 lyr) 
from the center of Galaxy



Spatial morphology and energy spectrum may be consistent with  
dark matter expectation
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Figure 18. Left panel: Constraints on the h�vi-vs-m� plane for three di↵erent DM annihilation
channels, from a fit to the spectrum shown in figure 14 (cf. table 4). Colored points (squares) refer to
best-fit values from previous Inner Galaxy (Galactic center) analyses (see discussion in section 6.2).
Right panel: Constraints on the h�vi-vs-� plane, based on the fits with the ten GCE segments.
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Figure 19. Constraints on the h�vi-vs-m� plane at 95% CL, individually for the GCE template
segments shown in figure 15, for the channel �� ! b̄b. The cross indicates the best-fit value from a fit
to all regions simultaneously (m� ' 46.6 GeV, h�vi ' 1.60 ⇥ 10�26 cm3 s�1). Note that we assume a
NFW profile with an inner slope of � = 1.28. The individual p-values are shown in the figure legend;
the combined p-value is 0.11.

mass fixed at 49 GeV. This plot is based on the fluxes from the segmented GCE template,
see figure 16. As expected, the cross-section is strongly correlated with the profile slope. We

– 35 –

Calore, Cholis, & Weniger [1409.0042]
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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.

Daylan et al. [1402.6703]

GeV Photon Excess

GeV excess appears to be robust to changes in diffuse-emission modeling



Unresolved Sources

Rapidly-spinning neutron stars, called millisecond pulsars, are potential candidates

GeV excess could also be explained by a population of unresolved sources 
just below Fermi’s detection threshold

Abazajian [1011.4275]

12

FIG. 7: The spatial distribution of 2 GeV gamma rays from unresolved pulsars in one realization for each of our four models, with 2

� around
the GP masked. The panels show, from the top-left, our Fiducial Model, our Scatter Model, our Beamed Model, and the 20⇥-enhanced MSP
Model. These do not include any other Galactic emission and the brightest regions are most subject to variation in a single realization.

O’Leary et al. [1601.05797]

https://apatruno.files.wordpress.com/2013/09/binarystarcataclysm.jpg

(simulated)
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Evidence for unresolved sources in the Galactic Center that can 
account for the GeV excess 

Lee, Lisanti, Safdi, Slatyer, and Xue [1506.05124] 

Inner Galaxy Analysis
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FIG. 2: (Left) Best-fit source-count functions within 10� of the GC and |b| � 2�, with the 3FGL sources unmasked. The
median and 68% confidence intervals are shown for each of the following PS components: NFW (dashed, orange), thin-disk
(solid, blue), and isotropic (dotted, green). The number of observed 3FGL sources in each bin is indicated. The normalization
for the di↵use emission in the fit is consistent with that at high latitudes, as desired. (Right) Posteriors for the flux fraction
within 10� of the GC with |b| � 2� arising from the separate PS components, with 3FGL sources unmasked. The inset shows
the result of removing the NFW PS template from the fit. Dashed vertical lines indicate the 16th, 50th, and 84th percentiles.

FIG. 3: Same as Fig. 2, except with 3FGL sources masked.

sources. When the NFW PS template is omitted (inset),
the fraction of flux absorbed by the disk PS population is
essentially unchanged at 6.8+0.7

�0.9%, and the DM template

absorbs 7.7+0.7
�0.8% of the flux. The DM flux obtained in

absence of an NFW PS template is consistent with other
estimates in the literature [12, 14]. The model including
the NFW PS contribution is preferred over that without
by a Bayes factor ⇠106.4

When the 3FGL sources are masked, the NPTF proce-
dure yields a best-fit source-count function given by the
orange band in the left panel of Fig. 3. Below the break,
the source-count function agrees well with that found by
the unmasked fit. In this case, the contributions from the
isotropic and disk-correlated PS templates are negligible.

4 For reference, this corresponds to test statistic 2� lnL ⇡ 36.

The flux fraction attributed to the NFW PS component
is 5.3+1.0

�1.1%, while the NFW DM template absorbs no
significant flux.

In the masked analysis, the Bayes factor for a model
that contains an NFW PS component, relative to one
that does not, is ⇠102, substantially reduced relative to
the result for the unmasked case. Masking the 3FGL
sources removes most of the ROI within ⇠5� of the GC,
reducing photon statistics markedly, especially for any
signal peaked at the GC. Furthermore, in the masked
ROI, non-NFW PS templates can absorb a substantial
fraction of the excess. For example, if only disk and
isotropic PS templates are added, the flux fraction at-
tributed to the disk template is 2.5+0.70

�0.62%, while that

attributed to NFW DM is 2.2+1.6
�2.2% (the flux attributed

to isotropic PSs is negligible). When no PS templates
are included in the fit, the NFW DM template absorbs
4.1+1.1

�1.2% of the total flux. As we will discuss later, this

Lee et al. (2015)

Complimentary study using wavelet methods (Bartels 2016) found similar results; 
findings supported by recent Fermi analysis (Ajello 2017) 

4 THE FERMI-LAT COLLABORATION

3. ANALYSIS PIPELINE AND SOURCE LIST

We use the Fermipy Python package (version 00-11-00)5

in conjunction with standard LAT ScienceTools6 (ver-
sion 10-03-00) to find and characterize point sources for both
IEMs.

To break the analysis into manageable portions we subdi-
vide the 40

� ⇥ 40

� ROI into 64 smaller 8� ⇥ 8

� ROIs with
an overlap of 3

� between adjacent ROIs. Sources near the
edge of an ROI are thus well contained in an adjacent ROI.
Considering the entire 40

� ⇥ 40

� ROI would imply several
hundred free parameters, making the analysis with the LAT
ScienceTools prohibitive. In each ROI we bin the data
with a pixel size of 0.06� and 8 energy bins per decade. In
general we analyze each ROI separately; however, as dis-
cussed below, at certain points in the analysis we merge in-
formation from the analyses of the different ROIs.

The first step of the analysis is to find sources in each of
the 64 ROIs. For each ROI we construct an initial model con-
sisting of the IEM, the isotropic template and sources detected
with TS > 49 in the Fermi LAT Third Source Catalog (3FGL,
Acero et al. 2015). This provides a reasonably good initial
representation of the �-ray data in each ROI. The procedure
selects 116 3FGL sources that we include in the 40

� ⇥ 40

�

ROI. As we will show later in this section we recover the vast
majority of the least significant 3FGL sources (i.e., those with
TS values ranging from 25 to 49).

We then use Fermipy tools to refine the positions and the
SED parameters of 3FGL sources for the larger, Pass 8 data
set that we use here, as well as to find new sources in each
ROI. The details of this procedure are described in Appendix
A. Since the ROIs overlap slightly, as part of this procedure
we remove duplicate sources found in more than one ROI.

We detect 374 (385) sources with TS > 25 when using the
Off. (Alt.) IEM model. Combining the list of detected sources
with each IEM we detect 469 unique sources of which 290
are found with both models. The positions of these sources
are displayed in Figure 1, overlaid on a counts map for the
40

� ⇥ 40

� ROI. By comparison, the 3FGL catalog contains
202 sources in this region and 189 (182) of them are found
with our analysis with the Off. (Alt.) IEM. The 1FIG, which
covered only the inner 15�⇥15

�, contains 48 sources of which
we find 38 (41) when we employ in the analysis the Off. (Alt.)
IEM. We define associations with 3FGL and 1FIG sources
based on the relative positions and the 95% localization un-
certainty regions reported in those catalogs and found in our
analysis. Specifically, we require that the angular distances of
sources in the 3FGL or 1FIG from matching sources in our
analysis be smaller than the sum in quadrature of the 95%

containment angles in 3FGL or 1FIG and in our analysis. The
3FGL and 1FIG sources that are not present in our lists either
have TS near the detection threshold (i.e., 25 < TS < 36) or
are located within 0.�5 of the GC.

The GC region is the brightest in the �-ray sky and develop-
ing a model of the interstellar emission in this region is very
challenging (see, e.g., Calore et al. 2015b; Ajello et al. 2016;
Ackermann et al. 2017). Imperfections of our IEMs could
manifest themselves as dense concentrations of sources in re-
gions where the IEMs particularly under-predict the diffuse
intensity. To account for this, we employed a source cluster-
finding algorithm (described in Appendix B) to identify such

5 See http://fermipy.readthedocs.io/en/latest/.
6 See https://fermi.gsfc.nasa.gov/ssc/
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Figure 1. Counts map of the 40

� ⇥ 40

� ROI used in this analysis. The map
includes data for the range [0.3, 500] GeV. The map is in Hammer-Aitoff
projection, centered on the GC and in Galactic coordinates. The pixel size is
0.1�. The color scale shows the number of photons per pixel. Markers are
shown at the positions of sources found in our analysis with the Off. IEM.
White markers show sources associated with a 3FGL source and green mark-
ers show new sources with no 3FGL counterpart. Stars (squares) indicate
sources that are (not) PSR-like and purple markers indicate sources belong-
ing to a cluster, and the clusters are outlined with purple circles (see text
for details). Finally, blue stars show PSRs identified as or associated in the
3FGL.

regions. We find a total of four clusters of sources with four
or more sources within 0.�6 of at least one other source in the
cluster. These clusters are located around the GC, in regions
around the W28 and W30 supernova remnants and near 3FGL
J1814.1�1734c, which is an unassociated source in the 3FGL
catalog. (The ‘c’ designation means that it was flagged in that
catalog as possibly an artifact.) These clusters are shown in
Figure 1.

We removed from further consideration here all sources
identified as belonging to clusters.

4. SED OF PULSARS AND BLAZARS

In Fermi-LAT catalogs, blazars are the most numerous
source population. Blazars are classified as BL Lacertae (BL
Lacs) or Flat Spectrum Radio Quasars (FSRQs) depending
on the presence of strong emission optical lines. In the 3FGL
95% of BL Lac and 85% of FSRQ spectra are modeled with
a power-law (PL) function while blazars with a significant
spectral curvature (only about 10% of the entire population)
are modeled with a log-parabola (LP)7. On the other hand, a
power law with exponential cutoff (PLE) at a few GeV is the
preferred model for pulsars (Abdo et al. 2013). Of the 167
PSRs reported in the 3FGL (143 PSRs identified by pulsa-
tions and 24 sources spatially associated with radio pulsars)
115 have spectral fits parametrized with a PLE because they
have a significant spectral curvature. The functional defini-
tions of the PL, LP, and PLE spectra are given in Acero et al.
(2015).

As described above, spectral shape is a promising observ-
able to separate PSRs from blazars. We fit the spectrum of
each source in the ROI and derive the likelihood values for

7 See http://fermi.gsfc.nasa.gov/ssc/data/analysis/
scitools/source_models.html for a description of the spectral
models implemented in the LAT ScienceTools.

Ajello et al. (2017)
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dynamic friction

(3) disrupted;  
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GC

MSPs may have been dumped in Inner Galaxy by disrupted globular clusters 
Brandt and Kocsis [1507.05616]; see also Hooper and Linden [1606.09250] for summary of challenges

In the coming few years, targeted and large-area radio surveys will be able to detect 
individual millisecond pulsars if they exist in the Inner Galaxy 

Calore et al. [1512.06825]
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Fig. 1.— Locations of the eight new dwarf galaxy candidates reported here (red triangles) along

with nine previously reported dwarf galaxy candidates in the DES footprint (red circles; Bechtol

et al. 2015; Koposov et al. 2015a; Kim & Jerjen 2015b), five recently discovered dwarf galaxy

candidates located outside the DES footprint (green diamonds; Laevens et al. 2015a; Martin et al.

2015; Kim et al. 2015a; Laevens et al. 2015b), and twenty-seven Milky Way satellite galaxies known

prior to 2015 (blue squares; McConnachie 2012). Systems that have been confirmed as satellite

galaxies are individually labeled. The figure is shown in Galactic coordinates (Mollweide projection)

with the coordinate grid marking the equatorial coordinate system (solid lines for the equator and

zero meridian). The gray scale indicates the logarithmic density of stars with r < 22 from SDSS

and DES. The two-year coverage of DES is ⇠ 5000 deg2 and nearly fills the planned DES footprint

(outlined in red). For comparison, the Pan-STARRS 1 3⇡ survey covers the region of sky with

�2000 > �30� (Laevens et al. 2015b).

Dwarf Galaxies

Drlica-Wagner et al. [1508.03622]

These faint galaxies are dark matter dominated and thus 
excellent targets for annihilation searches

Known satellites before 2015
New Candidates



Six years of data from Fermi LAT used to search for gamma-ray emission from 
45 dwarf spheroidal candidates

Observations are becoming sensitive to thermal weak-scale dark matter 
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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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⌧+⌧� 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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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

Cross Correlation  
Studies

Regis et al. [1503.05922]

Breadth of searches currently targeting signals from extragalactic halos

Cluster Analysis

Search for � rays from Virgo 11

Table 3

Virgo subclusters and derived DM density profiles
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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]
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From a Group Catalog…

Recent catalogs identify groups of nearby galaxies and their associated halo properties 
Tully [1503.03134]; Lu et al. [1607.03982]; Kourkchi and Tully [1705.08068]

2MASS Redshift Survey is a nearly all-sky near-infrared survey that samples 
45,000 galaxies up to redshifts of z~0.03 

Bilicki et al.  [1311.5246]; Huchra et al. [1108.0669]
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Virgo 19.12 14.66 3.58 283.78 74.49 0.80 4.53 7.36 1.05

NGC5128 18.90 12.95 0.82 307.88 17.08 0.99 3.14 8.63 0.00

NGC0253 18.76 12.78 0.79 98.24 -87.89 1.01 2.90 7.85 0.57

Ma↵ei 1 18.69 12.69 0.78 136.23 -0.44 1.02 2.81 7.42 6.83

NGC 6822 18.59 10.71 0.11 25.34 -18.40 1.18 1.70 11.69 21.17

NGC3031 18.59 12.63 0.83 141.88 40.87 1.02 2.76 6.71 0.00

Centaurus 18.35 14.62 8.44 302.22 21.65 0.81 4.50 3.06 5.21

NGC1399 18.31 13.87 4.11 236.62 -53.88 0.89 3.87 3.50 38.77

IC0356 18.27 13.57 3.14 138.06 12.70 0.93 3.51 3.65 0.00

NGC4594 18.27 13.36 2.56 299.01 51.30 0.95 3.36 3.81 0.00

Norma 18.18 15.10 17.07 325.29 -7.21 0.75 5.17 2.20 1.56

IC 1613 18.17 10.66 0.17 129.74 -60.58 1.18 1.67 7.31 0.00

Perseus 18.14 15.08 17.62 150.58 -13.26 0.75 5.16 2.10 0.00

NGC4736 18.13 12.30 1.00 124.83 75.76 1.05 2.58 4.29 0.86

NGC3627 18.11 13.02 2.20 241.46 64.36 0.98 3.23 3.42 59.00

Fornax 18.02 13.56 4.17 236.72 -53.64 0.93 3.49 2.73 42.61

NGC5236 18.01 12.25 1.09 314.58 31.98 1.06 2.56 3.81 21.99

IC0342 18.01 11.87 0.73 138.52 10.69 1.09 2.33 4.22 2.73

Coma 17.99 15.23 24.45 57.20 87.89 0.73 5.21 1.71 56.13

NGC4565 17.98 13.18 2.98 229.92 86.07 0.97 3.28 2.84 2.29

Hydra 17.95 14.42 10.87 269.55 26.41 0.83 4.32 2.04 0.06

Dorado 17.95 13.45 4.02 265.56 -43.51 0.94 3.41 2.59 0.03

NGC3379 17.94 12.93 2.42 233.64 57.77 0.99 3.11 2.89 0.00

NGC5194 17.94 12.68 1.84 104.86 68.53 1.02 2.81 3.14 4.31

ESO097-013 17.93 11.60 0.60 311.33 -3.81 1.11 2.12 4.19 13.04

NGC4258 17.92 12.56 1.64 139.02 68.89 1.03 2.71 3.19 3.75

NGC1068 17.92 13.30 3.60 171.99 -51.86 0.96 3.33 2.59 6.87

NGC4261 17.91 13.95 7.16 281.87 67.45 0.88 4.03 2.15 12.57

NGC4826 17.88 12.16 1.16 315.69 84.42 1.07 2.53 3.34 3.96

TABLE S1. The top thirty halos included from the T15 [28] and T17 [29] catalogs, as ranked by inferred J-factor, which
includes the boost-factor. For each group, we show the common name of the cluster, if one exists, or the name of the central
galaxy, as well as the virial mass, redshift, Galactic coordinates, inferred concentration using [33], angular extension, boost-
factor using the fiducial model [39], and the maximum test statistic (TS

max

) over all m� between the model with and without
DM annihilating to bb̄. A complete listing of all the halos used in this study is provided as Supplementary Data. [SM: TODO:
Add uncertainties][ML: I swapped the ✓

vir

and b
sh

columns so that the table parallels that in the main Letter—please double
check that there are no typos][ML: Should we also color the names of the ones that are excluded]

Our work provides a new catalog of extragalactic dark matter targets

This catalog will be publicly available and will include J-factors, masses, concentrations,   
and boost factors for each target
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Galaxy Group Selection

Some clusters emit gamma-rays because of standard cosmic-ray processes

We exclude galaxies with residuals that are inconsistent with dark matter 

We performed extensive tests to ensure that an actual signal would  
not be excluded by these requirements

A galaxy group is excluded if it…

is located near the galactic plane 

overlaps with another halo

has a significant 3" gamma-ray excess

this excess is strongly excluded by dark 
matter limits set by other galaxy groups

and



Galaxy Group Selection

101 102 103 104

m� [GeV]

10�27

10�25

10�23

10�21

h�
vi

[c
m

3 s
�

1 ]

Thermal relic

Object 0 / Andromeda
log10 J = 19.79 GeV2 cm�5 sr

101 102 103 104

m� [GeV]

10�27

10�25

10�23

10�21

Thermal relic

Object 1 / Virgo
log10 J = 19.11 GeV2 cm�5 sr

101 102 103 104

m� [GeV]

10�27

10�25

10�23

10�21

h�
vi

[c
m

3 s
�

1 ]

Thermal relic

Object 2 / NGC5128
log10 J = 18.89 GeV2 cm�5 sr

101 102 103 104

m� [GeV]

10�27

10�25

10�23

10�21

Thermal relic

Object 3 / NGC0253
log10 J = 18.76 GeV2 cm�5 sr

101 102 103 104

m� [GeV]

10�27

10�25

10�23

10�21

h�
vi

[c
m

3 s
�

1 ]

Thermal relic

Object 4 / Ma↵ei 1
log10 J = 18.68 GeV2 cm�5 sr

101 102 103 104

m� [GeV]

10�27

10�25

10�23

10�21

Thermal relic

Object 5 / NGC 6822
log10 J = 18.59 GeV2 cm�5 sr

101 102 103 104

m� [GeV]

10�27

10�25

10�23

10�21

h�
vi

[c
m

3 s
�

1 ]

Thermal relic

Object 6 / NGC3031
log10 J = 18.58 GeV2 cm�5 sr

101 102 103 104

m� [GeV]

10�27

10�25

10�23

10�21

Thermal relic

Object 7 / Centaurus
log10 J = 18.34 GeV2 cm�5 sr

101 102 103 104

m� [GeV]

10�27

10�25

10�23

10�21

h�
vi

[c
m

3 s
�

1 ]

Thermal relic

Object 8 / NGC1399
log10 J = 18.31 GeV2 cm�5 sr

101 102 103 104

m� [GeV]

10�27

10�25

10�23

10�21

Thermal relic

Object 9 / IC0356
log10 J = 18.27 GeV2 cm�5 sr

Example: Top 6 Halos, Ranked by J-factor

Starting from 1000 galaxy groups, about 400 pass the selection criteria

Excluded

Excluded

Excluded Excluded



7

A Search for Dark Matter Annihilation in Galaxy Groups

Supplementary Material
Mariangela Lisanti, Siddharth Mishra-Sharma, Nicholas L. Rodd, and Benjamin R. Safdi

This Supplementary Material is organized as follows. First, we provide an extended description of the main analysis
results presented in this Letter, including limits for di↵erent annihilation channels and individual bounds on the top ten
galaxy groups studied. Secondly, we show how our results are a↵ected by variations in the analysis procedure, focusing
specifically on the halo selection criteria, the data set and foreground models, the halo density and concentration, the
substructure boost, and the galaxy group catalog.

EXTENDED RESULTS

Dependence on Halo Number. In the main Letter, the right panel of Fig. 1 demonstrates how the limit on the bb̄
annihilation cross section depends on the number of halos included in the stacking, for the case where m� = 100 GeV.
In Fig. S1, we show the corresponding plot for m� = 10 GeV (left) and 10 TeV (right). Note that the excess that
leads to a loss in sensitivity above 500 GeV in Fig. 1 appears at NH = 4 in the 10 TeV plot. This is discussed in
greater detail below.

Annihilation Channels. In general, DM may annihilate to a variety of Standard Model final states. Figure S2
interprets the results of our analysis in terms of limits on additional final states that also lead to continuum gamma-ray
emission. Final states that predominantly decay hadronically (W+W�, ZZ, qq̄, cc̄, bb̄, tt̄) give similar limits because
their energy spectra are mostly set by boosted pion decay. The leptonic channels (e+e�, µ+µ�) give weaker limits
because gamma-rays predominantly arise from final-state radiation or in the case of the muon radiative decays (we
neglect inverse Compton emission, which is likely important at high DM masses). The ⌧+⌧� limit is intermediate
because roughly 35% of the ⌧ decays are leptonic, while the remaining are hadronic. Of course, the DM could
annihilate into even more complicated final states than the two-body cases considered here and our results can be
extended to these cases [57, 58].

Injected Signal. [ML: Words go here.]

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 [28] and [29], 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.
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FIG. S1. The change in the limit as a function of the number of halos included in the stacking, for m� = 10 GeV (left) and
10 TeV (right). The 68 and 95% expectations from 200 random sky locations are indicated by the red bands.[ML: Update plot
labels for all figures in paper] [NR: I think all elephants should have the same number of decades on the y-axis. Otherwise I
think the scaling with halo number is hard to compare between them.] [BS: agree.]
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FIG. S2. 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 [39]. [ML: a bunch of these lines
are impossible to see, go to lower masses ] [BS: only leptonic go to lower masses, but yes worth extending those if we have the
limits]

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

max

), as a function of m�, for these same halos. We emphasize that only half of the
ten halos shown in Fig. S4 and S5 satisfy the selection criteria used in our study: [NR: We need to review and make
sure same ones are being cut!]

8
>>><

>>>:

|b| � 20� ,

Does not overlap any other halo to within 2� of its center ,

TS > 9 , and

(�v)
best

> 10 ⇥ (�v)⇤
lim

.

(S1)

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. The five halos that are excluded fail the following requirements:[ML: fill in]

• Andromeda: Large angular extent.

• NGC5128:

• Ma↵ei 1:

• NGC 6822:

• IC0356:

The exclusion of Andromeda due to its large angular extent is not due to a criteria contained in Eq. S1, so some more
justification is warranted. As can be seen in Table S1, for Andromeda the angular extent of the virial radius, ✓

vir

, is
significantly larger than any other halo and also larger than our 10� ROI. Nevertheless this is not necessarily the most
relevant comparison, as most of the DM emission in the case of annihilation is expected to be well within the virial
radius. Indeed one can calculate the 68% (95%) of the expected DM annihilation flux is contained with 1.2� (4.4�)
of the center. This can be contrasted with the equivalent numbers for our next most important halo, Virgo, where
the corresponding emission is extended over 0.5� (2.0�). Although these numbers are substantially smaller than ✓

vir

and contained within our ROI, they mean that Andromeda is noticeably extended on sizes beyond the Fermi point
spread function. This means that the point source approximation used to calculate our J-factors, and importantly
the assumption that the boost is a spatial independent multiplicative factor become invalidated. As such Andromeda
should not be treated in the same manner as our other halos and should instead be treated similarly to how it is in
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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. S9, the dotted line shows the limit that is obtained when
starting with 10,000 halos instead of 1000, but requiring the same selection conditions.[ML: How many halos actually
pass the selection and are stacked?] Despite the modest improvement in the limit, we choose to use 1000 halos
in our 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 number it is likely
an asymptotic method such as that suggested in [59], although we leave the details to future work.

The e↵ect of including Andromeda (M31) is shown as the thick 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 on our analysis method.

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.[ML: quote numbers on fractional reduction]
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 to [ML: quote number], but the limit is weaker. This is because. . . [ML: fill
in]. Due to concerns about increased contamination from di↵use emission and the challenge of modeling contributions
from unresolved point sources, we choose the more conservative latitude cut as our baseline.

The right panel of Fig. S9 illustrates the e↵ects of changing, or removing completely, the cross section and TS cuts
on the halos. Specifically, the dashed line shows the limit when we enhance the statistical significance requirement to
TS > 16. This requires that a halo must have a more-significant excess to be removed from the stacking procedure, as
compared to the baseline case. The dot-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

.
We see that changing either the TS or the cross section requirements weakens the limits. This is expected because
more halos with excesses are included in the stacking procedure. The dotted line shows what happens when no
requirement at all is placed on the TS and cross section; in this case, the limit is dramatically weakened by several
orders of magnitude. When deciding on the TS and cross section requirements that we used in Fig. 1, our goal was to
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FIG. S9. 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) and including Andromeda (thick-solid). The limit obtained when starting from an
initial 10,000 halos is shown as the dotted line. (Right) We show the e↵ect of relaxing the TS (dashed) and cross section
(dot-dashed) selection criteria, as well as removing all completely removing either cut (dotted). [NR: Fix legend on right plot.
Should we show TS=4? Might be nice as it likely varies much less]
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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 [3]).

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 point-spread function. Using this subset of data has the advantage of improved angular resolution, but the
disadvantage of reduced statistics (by a factor of ⇠ 4). The left panel of Fig. S10 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 in the absence of a signal.

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 inverse Compton emission is modeled using Galprop [60]. After
fitting the data with these three components, any ‘extended emission excesses’ are identified and added back into the
foreground model [61]. To study the dependence of our results on the choice of foreground model, we repeated the
analysis using the Pass 7 gal 2yearp7v6 v0.fits model (p7v6),3 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. S10 (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 [48, 55, 62].

This issue of background mismodeling is enhanced at lower energies as the point spread function becomes larger
and confusion between various emission components harder to avoid. As such although the Fermi -LAT can detect
photons down to ⇠ 20 MeV, it is not clear ahead of time what the optimal range for the present analysis should be.
As such we start out with a dataset divided into 40 logarithmically spaced energy bins fro 200 MeV to 2 TeV. As
discussed int he main text for our default analysis we exclude the four lowest bins, which are all below 502 MeV. Here
we explore the issues that arise if we add the removed bins back in. [NR: Show some plots]

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
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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 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 and the
Diemer and Kravtsov concentration model. The “⇢

NFW

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

3

https://fermi.gsfc.nasa.gov/ssc/data/access/lat/Model_

details/Pass7_galactic.html.[ML: not sure how to fix this]
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Ref. [69] 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. [67] to account for the e↵ect of tidal disruption. This
updated boost-factor model, which takes ↵ = 1.9, gives the constraint shown in Fig. S11 labeled “Moliné” (dotted).
This model is to be contrasted with the boost-factor model of [36], labeled “Gao” in Fig. S11 (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 [36] 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 [70], which solely relies on 2MRS
observations. The group-finding algorithm used by Ref. [70] resembles that of T15 and T17 in many ways, however
there are important di↵erences. In particular, Lu et al. use a di↵erent halo mass determination and include galaxies
over a larger redshift range than T15 and T17[ML: are these statements still true for the new Tully catalog?]. 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 [71] and the e↵ect of Virgo infall as in [72].

Table S2 lists the brightest halos from the Lu et al. catalog, ordered by the inferred J-factor. [ML: Describe overlap
with Tully halos, and important di↵erences in J factors, etc.]

Figure S12 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.

CONTENTS OF PUBLIC CATALOG

In this section we described the contents of the catalog we release in conjunction with this work. [NR: Add in once
finalised.]
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FIG. S11. (Left) Examples of substructure boost models commonly used in the literature, reproduced from [3]. Our fiducial
model, based on [39] 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 are the boost models of Moliné [67]
(red) and Gao [36] (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.
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FIG. S12. The same as Fig. 1 of the main Letter, except using the Lu et al. galaxy group catalog (dashed) instead of the T15
and T17 catalogs in the baseline analysis.


