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Fermi Large Area Telescope
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• Gamma-ray space 
telescope launched in 
June 2008

• Covers 20 MeV to > 
300 GeV energy band

• 2.4 sr Field-of-View 
(20% of the sky)

• Surveys the entire sky 
every ~3 hr
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Fermi-LAT DM Search Targets
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Satellites
Low background and good 
source id, but low statistics, 
astrophysical background

Milky Way Halo
Large statistics but diffuse 
background

Galactic Center
Good Statistics but source 
confusion/diffuse background

Extragalactic
Large statistics, but astrophysics, 
galactic diffuse background 
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Spectral Lines
No astrophysical uncertainties, good 
source id, but low sensitivity 
because of expected small BR

Dark Matter simulation: 
Pieri+ 2011PhRvD..83b3518P

Galaxy Clusters
Low background, but low statistics



Fermi-LAT: 7 Year Sky, 
Front-converting events > 1 GeV

Gamma-ray Sky
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Fermi-LAT: 7 Year Sky, 
Front-converting events > 1 GeV
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radius of 25 dwarf spheroidal satellite galaxies Fig. 1. The
CLEAN event class was chosen to minimize particle back-
grounds while preserving effective area. At high Galactic
latitudes in the energy range from 1 to 500 GeV, the particle
background contamination in the CLEAN class is ∼30%
of the extragalactic diffuse γ-ray background [28], while
between 500 MeV and 1 GeV the particle background
is comparable to systematic uncertainties in the diffuse
Galactic γ-ray emission. Studies of the extragalactic γ-ray
background at energies greater than 500 GeV suggest that at
these energies the fractional residual particle background is
greater than at lower energies [30]. To reduce γ-ray con-
tamination from the bright limb of the Earth,we reject events
with zenith angles larger than 100° and events collected
during time periods when the magnitude of rocking angle
of the LAT was greater than 52°.
We create 14° × 14° regions-of-interest (ROIs) by bin-

ning the LAT data surrounding each of the 25 dwarf
galaxies into 0.1° pixels and into 24 logarithmically-spaced
bins of energy from 500 MeV to 500 GeV. We model the
diffuse background with a structured Galactic γ-ray emis-
sion model (gll_iem_v05.fit) and an isotropic contribution
from extragalactic γ rays and charged particle contamina-
tion (iso_clean_v05.txt).1 We build a model of pointlike
γ-ray background sources within 15° of each dwarf galaxy
beginning with the second LAT source catalog (2FGL)
[27]. We then follow a procedure similar to that of the
2FGL to find additional candidate pointlike background
sources by creating a residual test statistic map with
pointlike [27]. No new sources are found within 1° of
any dwarf galaxy and the additional candidate sources have
a negligible impact on our dwarf galaxy search. We use the

P7REP_CLEAN_V15 instrument response functions
(IRFs) corresponding to the LAT data set selected above.
When performing the Bayesian analysis in Sec. VII, we
utilize the same LAT data set but follow different data
preparation and background modeling procedures, which
are described in that section.

III. MAXIMUM LIKELIHOOD ANALYSIS

Limited γ-ray statistics and the strong dependence of the
LAT performance on event energy and incident direction
motivate the use of a maximum likelihood-based analysis
to optimize the sensitivity to faint γ-ray sources. We define
the standard LAT binned Poisson likelihood,

Lðμ; θjDÞ ¼
Y

k

λnkk e−λk

nk!
; (1)

as a function of the photon data, D, a set of signal
parameters, μ, and a set of nuisance parameters, θ. The
number of observed counts in each energy and spatial bin,
indexed by k, depends on the data, nk ¼ nkðDÞ, while the
model-predicted counts depend on the input parameters,
λk ¼ λkðμ; θÞ. This likelihood function encapsulates infor-
mation about the observed counts, instrument performance,
exposure, and background fluxes. However, this likelihood
function is formed “globally” (i.e., by tying source spectra
across all energy bins simultaneously) and is thus neces-
sarily dependent on the spectral model assumed for the
source of interest. To mitigate this spectral dependence, it is
common to independently fit a spectral model in each
energy bin, j (i.e., to create a spectral energy distribution
for a source) [31]. This expands the global parameters μ
and θ into sets of independent parameters fμjg and fθjg.
Likewise, the likelihood function in Eq. (1) can be
reformulated as a “bin-by-bin” likelihood function,

FIG. 1 (color online). Known dwarf spheroidal satellite galaxies of the Milky Way overlaid on a Hammer-Aitoff projection of a 4-year
LAT counts map (E > 1 GeV). The 15 dwarf galaxies included in the combined analysis are shown as filled circles, while additional
dwarf galaxies are shown as open circles.

1http://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels
.html.

M. ACKERMANN et al. PHYSICAL REVIEW D 89, 042001 (2014)
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Dwarf Spheroidal Galaxies (dSphs)
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Dwarf spheroidal galaxies (dSphs) are highly DM-dominated systems orbiting 
the MW at typical distances of 25-100 kpc
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Included/Excluded in 
Composite LAT Analysis



Example Count Maps for a dSph Galaxy
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NFW scale radius
PSF containment (68%,98%)

Albert+ 2017ApJ...834..110A
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Dwarf Search with Six Years of LAT Data
Ackermann+ PRL 115 231301 (2015)

• A sample of 15 known 
dSphs were analyzed for 
evidence of DM 
annihilation signals using 
6 years of Pass 8 LAT 
data

• No detection in the 
combined sample or from 
any individual dSph

• Observed limits are in 
good agreement with 
expectation bands from 
randomized control 
regions
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Pass 7 Limit

Pass 8 Limit

Expectation bands from 
analysis of randomly-selected, 
high-latitude control regions

Ackermann et al. 2015, arXiv:1503.02641
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Ackermann et al. 2015, arXiv:1503.02641

Models with thermal relic cross 
section excluded for masses up 
to 100 GeVBegins to constrain WIMP interpretations 

of the Galactic Center Excess



Finding New Satellites
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Alex Drlica-Wagner   |   Fermilab

SDSS DR10 + DES Y2
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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).

Blue   - Previously discovered satellites 
Green - Discovered in 2015 with  
             PanSTARRS/SDSS

Red outline - DES footprint 
Red circles - DES Y1 satellites 
Red triangles - DES Y2 satellites

DES Collaboration, ApJ 813, 109 (2015)



Finding New Satellites
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Gamma-ray Follow-up of New Candidates
Albert+ 2017 ApJ 834, 110
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Figure 2. Binned �-ray counts maps (E > 1 GeV) for 10� ⇥ 10� ROIs centered on 15 targets that were not analyzed by Drlica-Wagner
et al. (2015a) or Ackermann et al. (2015b). The dSph candidates are indicated with white “⇥” symbols, while 3FGL sources in the ROI
are indicated with white “+” symbols. The counts maps are binned in 0.�1 ⇥ 0.�1 spatial pixels and smoothed with a 0.�25 Gaussian kernel.

Figure 3. Bin-by-bin integrated energy-flux upper limits at 95% confidence level assuming a point-like model for the 15 targets in
Figure 2. The median expected sensitivity is shown by the dashed black line while the 68% and 95% containment regions are indicated by
the green and yellow bands, respectively. The expected sensitivity and containment regions are derived from 300 Monte Carlo simulations
of the �-ray background in the regions surrounding each respective target.



Gamma-ray Follow-up of New Candidates
Albert+ 2017 ApJ 834, 110
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Figure 4. Local detection significance, expressed as a log-likelihood test statistic (TS), from the broad-band analysis of each target in
Table 1 assuming DM annihilation through the bb̄ (left) or ⌧+⌧� (right) channels. The bands represent the local one-sided 84% (green)
and 97.5% (yellow) containment regions derived from 300 random sets of 45 blank-sky locations. Curves corresponding to targets with
peak significance larger than the local 95% expectation from blank-sky regions are explicitly colored and labeled, while other targets are
shown in gray.

Table 2
Targets with the Largest Excesses above Background

(1) (2) (3) (4) (5) (6) (7)
Name Channel Mass (GeV) TS p

local

p
target

p
sample

Indus II ⌧+⌧� 15.8 7.4 0.01 (2.3�) 0.04 (1.7�) 0.84 (-1.0�)
Reticulum II ⌧+⌧� 15.8 7.0 0.01 (2.3�) 0.05 (1.7�) 0.88 (-1.2�)
Tucana III ⌧+⌧� 10.0 6.1 0.02 (2.1�) 0.06 (1.5�) 0.94 (-1.6�)
Tucana IV ⌧+⌧� 25.0 5.1 0.02 (2.1�) 0.09 (1.3�) 0.98 (-2.1�)

Note. — (1) Target name (2) best-fit DM annihilation channel (3) best-fit DM particle

mass (4) highest TS value (5) local p-value calibrated from random blank regions (6) target

p-value applying a trials factor from testing multiple DM annihilation spectra (7) sample

p-value applying an additional trials factor from analyzing 45 targets. The Gaussian

significance associated with each p-value is given in parentheses. More details can be

found in Section 3.

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

In addition to predicting the value of the J-factor we
approximate the uncertainty achievable with future ra-
dial velocity measurements. The uncertainty on the
J-factor derived from spectroscopic observations depends
on several factors, most importantly the number of stars
for which radial velocities have been measured. For ultra-
faint dSphs that are similar to the dSph candidates, spec-
tra have been measured for 20–100 stars. Additional
sources of uncertainty include the DM density profile
and dynamical factors such as the velocity anisotropy
of member stars. We consider characteristic J-factor un-
certainties, log10 �J = {0.4, 0.6, 0.8} dex, for the newly
discovered ultra-faint satellites lacking spectroscopically
determined J-factors. Note that these uncertainties re-
fer to characteristic measurement uncertainties on the
J-factor for a typical dSph, and do not reflect any in-
trinsic scatter that may exist in a larger population of
satellites.

We reiterate that this analysis assumes that the newly
discovered systems are DM-dominated, similar to the
known population of ultra-faint dSphs. Some of the more
compact systems might actually be faint outer-halo star
clusters. Some of the larger systems also may be subject
to tidal stripping, in which case the distance-based esti-
mation described above may not apply. On-going spec-
troscopic analyses seek to robustly determine the DM
content of new systems and identify those that have com-
plicated kinematics.

5. DARK MATTER CONSTRAINTS

We use the spectroscopically determined J-factors
(when possible) and predicted J-factors (otherwise) for
each confirmed and candidate dSph to interpret the �-
ray flux upper limits within a DM framework. Figure 6
summarizes the observed flux and h�vi upper limits de-
rived for individual confirmed and candidate dSphs, as-
suming a DM particle with a mass of 100 GeV annihilat-
ing through the bb̄-channel.6 We find that the observed
upper limits are consistent with expectations from blank-
sky regions. We also show the median expected upper

6 Results for both channels as well as bin-by-bin likelihood func-
tions for each target are available in machine-readable format at:
http://www-glast.stanford.edu/pub_data/1203/.
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Figure 4. Local detection significance, expressed as a log-likelihood test statistic (TS), from the broad-band analysis of each target in
Table 1 assuming DM annihilation through the bb̄ (left) or ⌧+⌧� (right) channels. The bands represent the local one-sided 84% (green)
and 97.5% (yellow) containment regions derived from 300 random sets of 45 blank-sky locations. Curves corresponding to targets with
peak significance larger than the local 95% expectation from blank-sky regions are explicitly colored and labeled, while other targets are
shown in gray.

Table 2
Targets with the Largest Excesses above Background

(1) (2) (3) (4) (5) (6) (7)
Name Channel Mass (GeV) TS p

local

p
target

p
sample

Indus II ⌧+⌧� 15.8 7.4 0.01 (2.3�) 0.04 (1.7�) 0.84 (-1.0�)
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Note. — (1) Target name (2) best-fit DM annihilation channel (3) best-fit DM particle

mass (4) highest TS value (5) local p-value calibrated from random blank regions (6) target

p-value applying a trials factor from testing multiple DM annihilation spectra (7) sample

p-value applying an additional trials factor from analyzing 45 targets. The Gaussian

significance associated with each p-value is given in parentheses. More details can be

found in Section 3.

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

In addition to predicting the value of the J-factor we
approximate the uncertainty achievable with future ra-
dial velocity measurements. The uncertainty on the
J-factor derived from spectroscopic observations depends
on several factors, most importantly the number of stars
for which radial velocities have been measured. For ultra-
faint dSphs that are similar to the dSph candidates, spec-
tra have been measured for 20–100 stars. Additional
sources of uncertainty include the DM density profile
and dynamical factors such as the velocity anisotropy
of member stars. We consider characteristic J-factor un-
certainties, log10 �J = {0.4, 0.6, 0.8} dex, for the newly
discovered ultra-faint satellites lacking spectroscopically
determined J-factors. Note that these uncertainties re-
fer to characteristic measurement uncertainties on the
J-factor for a typical dSph, and do not reflect any in-
trinsic scatter that may exist in a larger population of
satellites.

We reiterate that this analysis assumes that the newly
discovered systems are DM-dominated, similar to the
known population of ultra-faint dSphs. Some of the more
compact systems might actually be faint outer-halo star
clusters. Some of the larger systems also may be subject
to tidal stripping, in which case the distance-based esti-
mation described above may not apply. On-going spec-
troscopic analyses seek to robustly determine the DM
content of new systems and identify those that have com-
plicated kinematics.
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We use the spectroscopically determined J-factors
(when possible) and predicted J-factors (otherwise) for
each confirmed and candidate dSph to interpret the �-
ray flux upper limits within a DM framework. Figure 6
summarizes the observed flux and h�vi upper limits de-
rived for individual confirmed and candidate dSphs, as-
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Projected LAT Sensitivity
Charles+ 2016, Phys Rep 636, 1, (arxiv:1605.02016)

• Projections for more dSphs and deeper exposure show an increase 
in LAT sensitivity of 2-3 with respect to current searches

• For high-mass DM models (M > 300 GeV) the LAT continues to 
gain sensitivity linearly in time
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Projected LAT Sensitivity
Charles+ 2016, Phys Rep 636, 1, (arxiv:1605.02016)

• Dwarfs are expected to yield the strongest and most robust DM 
constraints among future LAT DM searches

• Powerful cross-check against signals detected in other targets (e.g. 
the GCE)
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Dark Matter Sensitivity, circa 2025
Charles+ 2016, Phys Rep 636, 1, (arxiv:1605.0201)
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Comparison of LAT Projected Limits with Direct-Detection and Collider Limits for b-quark Channel 

Conversion of  direct detection and collider 
limits following EFT methodology of Bauer+ 2015PDU.....7...16B



Conclusions

• LAT dSph searches currently offer some of the strongest and most 
robust indirect DM constraints
– Canonical thermal relic is excluded for M < 100 GeV
– Current limits are in tension w/ DM interpretations of other 

gamma-ray and cosmic-ray anomalies (Galactic Center Excess, 
rising positron fraction)

• Prospects for discovering additional dSphs are excellent
– DES has doubled the number of dSph candidates in the last 2 

years
– LSST will survey of a larger region of the sky to much greater 

depth and is expected to detect as many as 100 new systems

• Indirect Detection will continue to play a complementary role in the 
hunt for DM with direct and collider searches
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Importance of Indirect-Detection Searches
Charles+ 2016, arxiv:1605.02016
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Comparison of LAT Current Limits with Direct-Detection and Collider Limits for b-quark Channel 

Conversion of  direct detection and collider 
limits following EFT methodology of Bauer+ 2015PDU.....7...16B


