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Figure 3. Projected dark matter density in our six different high-resolution halos at z = 0, at the ‘2’ resolution level. In each panel,
all particles within a cubic box of side length 2.5 × r50 centred on the halo are shown, and the circles mark the radius r50. The image
brightness is proportional to the logarithm of the squared dark matter density, and the colour hue encodes the local particle velocity
dispersion, with the same colour map as in Figure 2.

to make them feasible on today’s supercomputers. We have
carried out our most expensive calculation, the Aq-A-1 run,
on the Altix 4700 supercomputer of the Leibniz Computing
Center (LRZ) in Garching/Germany, using 1024 CPUs and
about 3 TB of main memory. The calculation took more than
3.5 million CPU hours to carry out about 101400 timesteps
that involved 6.72×1013 force calculations in total. We have
stored 128 simulation dumps for this calculation, amounting
to a data volume of about 45 TB. The other simulations of
the Aquarius Project were in part calculated on the LRZ
system, and in part on other supercomputers across Eu-
rope. These were the COSMA computer at Durham Univer-
sity/UK, the Bluegene/L system STELLA of the LOFAR
consortium in Groningen/Netherlands, and a Bluegene/P
system of the Max-Planck Computing Center in Garching.
For all these simulations we also stored at least 128 outputs,
but for Aq-A-2 and Aq-A-4 we kept 1024 dumps, and for
Aq-A-3 half this number. This provides exquisite time reso-
lution for studies of the detailed formation history of halos
and the evolution of their substructure. In the present study,
however, we focus on an analysis of the objects at z = 0.

2.4 A first view of the simulations

In Figures 2 and 3, we show images† of the dark matter
distribution in our 6 high resolution halos at redshift z = 0.
The brightness of each pixel is proportional to the logarithm
of the squared dark matter density projected along the line-
of-sight,

S(x, y) =

!

ρ2(r) dz, (1)

while the colour hue encodes the mean dark matter velocity
dispersion, weighted as

σ(x, y) =
1

S(x, y)

!

σloc(r) ρ2(r) dz. (2)

Here the local dark matter density ρ(r) and the local veloc-
ity dispersion σloc(r) of the particles are estimated with an
SPH kernel interpolation scheme based on 64 neighbours.
We use a two-dimensional colour-table (see Fig. 2) in which
the information about the local dark matter ‘temperature’ is

† Further images and videos of the formation process of the halos
are available at http://www.mpa-garching.mpg.de/aquarius
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Dark matter/Cosmology 

✦ Postulate a particle, solve for it’s 
abundance

✦ Dark matter not contained within 
Standard Model of particle physics 

As these cosmological calculations of the matter abundance in the universe improved and be-
came more precise, an interesting tension came to the forefront between these calculations and the
developing standard model of particle physics. In particular it was not clear that the standard
model of particle physics contained a particle with the necessary properties to be significant on
cosmological scales. The most natural particle to consider for the non-baryonic dark matter was
the neutrino. A neutrino with mass of a few electron volts (eV) was appealing because if it was in
equilibrium in the early universe, the present mass density of neutrinos would be near the critical
density [31]. However, under more detailed scrutiny neutrinos at this mass scale turn out to be dis-
favored as a candidate for the dark matter. On the one hand, phase space limits strongly constrain
neutrino dark matter with mass less than a few hundred eV [32]. Further, numerical simulations
of the large scale structure distribution in the universe revealed that neutrinos with mass below
tens of electron volts were too “hot” to explain the observed galaxy distribution; because they were
relativistic when they decoupled they produced significantly fewer low mass galaxies in comparison
to the observations [33].

Though neutrinos with mass of a few hundred eV or less became disfavored as the dominant
component of non-baryonic dark matter, this analysis within a cosmological context motivated a
general theoretical framework for determining the abundance of a stable particle species that was
in thermal equilibrium in the early universe. Neutrinos with mass greater than about 1 GeV that
fall out of equilibrium while non-relativistic were found to be cosmologically-significant [34], and
that generically heavy leptons with similar interactions could be the dominant component of mass
in galaxies and clusters of galaxies [35]. These results pointed to a preferred scale, the weak scale,
to describe the interactions of a cosmologically-significant component of non-baryonic dark matter.
For a standard thermal history in the early universe, the abundance of a particle is related to its
thermally-averaged annihilation cross section times relative velocity as

h�annvi ⇡
3⇥ 10�27 cm3s�1

⌦DMh2
(1)

[36, 37, 38, 39, 40]. Recent cosmological measurements find that the fraction of non-baryonic dark
matter relative to the critical density is ⌦DMh2 ' 0.11 [41]. For this value of ⌦DMh2, for particles
in the approximate GeV mass range, this scale for the annihilation cross section is characteristic
of weak interactions. A particle with interactions at this scale is broadly referred to as a weakly-
interacting massive particle (WIMP).

Because of their weak scale interaction strength, WIMPs are detectable via non-gravitational
methods. In addition to the prediction of the annihilation strength of WIMPs, Equation 1 leads to
a basic prediction for the WIMP scattering cross section on ordinary matter (i.e. quarks). Com-
bining this scattering cross section with the estimation for the local number density of WIMPs, the
interaction rate is large enough for them to have been detected over two decades ago in the first
generation of low temperature germanium experiments that were primarily designed to search for
signatures of neutrinoless double beta decay. While it was certainly possible that these experiments
would detect WIMPs and render the non-gravitational detection of particle dark matter relatively
straightforward, the first two experiments to systematically search for WIMPs reported null re-
sults [42, 43]. The reported constraints ruled out the simplest model for WIMP interactions with
ordinary matter, and in the process first showed that if WIMPs comprise the dominant component
of dark matter in galaxies, physics must be invoked to suppress the scattering cross section relative
to that derived from the most basic cosmological arguments in Equation 1.
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✦ A particle’s annihilation cross 
section and abundance are related:

 “Thermal relic scale”

✦ Annihilation cross section characteristic of a weakly-interacting particle

✦ Weakly-interacting particles (WIMPs) a leading candidate for dark matter 

h�annvi ' 3⇥ 10�26 cm3 s�1 (1)
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Dark 
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Macro-physics and microphysics of dark matter 

• Measurements of smooth dark matter distributions from astronomical 
observations

• Clumping and substructure predicted from N-body simulations
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today in regions of high DM density 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 Tele-
scope (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

�
s

(�⌦) =
1
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Z
E
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dE
�

dE
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| {z }
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Z
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Z
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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
from expected background in some previous studies of

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.

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%–30% 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 to the larger time range
used for the present analysis (four versus six years), the
increase in gamma-ray acceptance of the P8R2 SOURCE
event class relative to P7REP CLEAN, and the migra-
tion of individual events across the class selection bound-
aries caused by slight changes in the reconstructed energy
and direction. Due to the relatively small overlap of the
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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%–30% 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 to the larger time range
used for the present analysis (four versus six years), the
increase in gamma-ray acceptance of the P8R2 SOURCE
event class relative to P7REP CLEAN, and the migra-
tion of individual events across the class selection bound-
aries caused by slight changes in the reconstructed energy
and direction. Due to the relatively small overlap of the

• LCDM N-body simulations predict NFW-like profile
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respective event samples, the two analyses are almost
statistically independent.

J-FACTORS FOR DWARF SPHEROIDAL
GALAXIES

The DM content of dSphs can be determined through
dynamical modeling of their stellar density and velocity
dispersion profiles [23–25]. Recent studies have shown
that an accurate estimate of the dynamical mass of
a dSph can be derived from measurements of the av-
erage stellar velocity dispersion and half-light radius
alone [26, 27]. The total mass within the half-light radius
and the integrated J-factor have been found to be fairly
insensitive to the assumed DM density profile [13, 25, 28].
We assume that the DM distribution in dSphs follows a
Navarro-Frenk-White (NFW) profile [29],

⇢DM(r) =
⇢0r3

s

r(r
s

+ r)2
, (2)

where r
s

and ⇢0 are the NFW scale radius and charac-
teristic density, respectively. We take J-factors and other
physical properties for the Milky Way dSphs from Ack-
ermann et al. [13] (and references therein).

DATA ANALYSIS

We perform a binned Poisson maximum-likelihood
analysis in 24 bins of energy,2 logarithmically spaced
from 500 MeV to 500GeV, and an 0.1� angular pixeliza-
tion. We model the performance of the LAT instrument
using the P8R2 SOURCE V6 IRFs. Our di↵use back-
ground model includes a structured Galactic component
and a spatially isotropic component that represents both
extragalactic emission and residual particle contamina-
tion.3 Because the energy resolution of the LAT was not
accounted for when fitting the Galactic di↵use model, dif-
ferences in response (energy resolution and e↵ective area)
between IRF sets lead to di↵erent measured intensities
for this component. Thus, a small energy-dependent scal-
ing has been applied to the Pass 7 Reprocessed Galactic
di↵use model. The gamma-ray characteristics of nearby
point-like sources are taken from the 3FGL catalog [21].

We perform a bin-by-bin likelihood analysis of the
gamma-ray emission coincident with each dSph follow-
ing the procedure of Ackermann et al. [13]. We first
perform a broad-band fit over the entire energy range
to fix the normalizations of the di↵use sources and the

2 Constraints are insensitive to finer binning.
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http://fermi.gsfc.nasa.gov/ssc/data/access/lat/

BackgroundModels.html

normalizations of point-like background sources within
5� of the dSph center. Fixing the normalizations of the
background sources in the broad-band fit avoids numer-
ical instability in the fit resulting from the fine binning
in energy and the degeneracy of the di↵use background
components at high Galactic latitudes. We then scan
the likelihood as a function of the flux normalization of
the putative DM signal independently in each energy bin
(this procedure is similar to that used to evaluate the
spectral energy distribution of a source). By analyzing
each energy bin separately, we avoid selecting a single
spectral shape to span the entire energy range at the ex-
pense of introducing additional degrees of freedom into
the fit.

While the bin-by-bin likelihood function is essentially
independent of spectral assumptions, it does depend on
the spatial model of the DM distribution in the dSphs.
We model the dSphs with spatially extended NFW DM
density profiles projected along the line of sight. The
angular extent of the emission profile for each dSph is
set by the scale radius of its DM halo, which contains
approximately 90% of the total annihilation flux. We
use the set of DM halo scale radii from Ackermann et al.

[13], which span a range of subtended angles between 0.1�

and 0.4�.
We test a wide range of DM annihilation hypotheses

by using predicted gamma-ray spectra to tie the signal
normalization across the energy bins. Spectra for DM
annihilation are generated with the DMFIT package based
on Pythia 8.165 [13, 30, 31]. We reconstruct a broad-
band likelihood function by multiplying the bin-by-bin
likelihood functions evaluated at the predicted fluxes for
a given DM model.

We combine the broad-band likelihood functions across
15 of the observed dSphs4 and include statistical uncer-
tainties on the J-factors of each dSph by adding an ad-
ditional J-factor likelihood term to the binned Poisson
likelihood for the LAT data. The J-factor likelihood for
target i is given by

L
J

(J
i

| Jobs,i, �i

) =
1

ln(10)Jobs,i

p
2⇡�

i

⇥ e�(log
10

(Ji)�log
10

(J
obs,i))

2

/2�2

i ,

(3)

where J
i

is the true value of the J-factor and Jobs,i is
the measured J-factor with error �

i

. This parameteriza-
tion of the J-factor likelihood is obtained by fitting a log-
normal function with peak value Jobs,i to the posterior
distribution for each J-factor as derived by Martinez [8],
providing a reasonable way to quantify the uncertainties
on the J-factors. This approach is a slight modification

4 Selected to have kinematically determined J-factors and avoid
ROI overlap. The set is identical to that in Ackermann et al.
[13].

• Significant debate as to how NFW profile describes observations 



Indirect dark matter detection: micro-physics

✦ 100 GeV mass WIMPs gives photons in the gamma-ray band, 10 MeV-10 GeV

✦ Tens to hundreds of photons produced per WIMP annihilation
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Space and ground-based gamma-ray astronomy
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Fermi gamma-ray space telescope
The Fermi Sky



Alex Drlica-Wagner   |   Fermi DM Overview

Dwarf Galaxies:
•Known location and 
dark matter content
•Low statistics

Pieri et al. (2011)

Milky Way halo:
•Large statistics 
•Diffuse background

Dark Matter in the Milky Way Halo

Low-Mass Satellites:
•Start with known 
gamma-ray emission
•Unknown origin

Galaxy clusters:
•Possibly large statistics
•Astrophysical signal 
expected

Electrons and Positrons!

Galactic Center:
•Large statistics 
•Lots of astrophysics

Spectral lines:
•“Clean” from 
astrophysics 
•Low statistics

Extragalactic background:
•Large statistics
•Lots of astrophysics

Fermi-LAT all-sky search strategies



Galactic center (GC)

• Significant uncertainty in dark matter 
mass profile in Galactic center (bulge, 
nuclear star cluster dominate dynamics)

• Several Fermi-LAT point sources within 
1 sq. deg. of Galactic center 

• At higher energies: H.E.S.S. and 
MAGIC source coincident with Sgr A* 
(HESS 1745-290)

• H.E.S.S. diffuse emission correlated 
with Giant Molecular Clouds

NASA/JPL-Caltech/S. Stolovy



H.E.S.S. Gamma ray data from the Galactic Center

• No statistically-significant excess in gamma-rays 
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is excluded from the analysis to avoid the detection of
γ-rays from astrophysical sources (e.g. the Galactic cen-
ter source HESSJ1745-290, [18]) without relation to dark
matter annihilation. The exclusion region is shifted by
the respective pointing position offset in right ascension
into the two background regions to equalize the accep-
tance in the signal and background regions (see Fig. 2).
To rule out the detection of γ-rays from astrophysical
sources, the considered data with the chosen exclusion re-
gions are analyzed with the ring background [13] method
and a correlation radius of 0.1 deg prior to the ON/OFF
analysis. The resulting skymaps of the three observed
regions show no indication for a significant excess. It is
concluded from the analysis with the ring background
method that the chosen exclusion regions are sufficient
to exclude astrophysical sources of gamma rays for the
ON/OFF analysis.
The mean exposure ratio, α = 0.5, for the ON/OFF data
analysis is the ratio of the livetimes for the observation of
the signal and background regions [13]. However, imbal-
ances in the acceptance for background events between
the signal region and the two background regions lead to
a systematic error, σα, on the exposure ratio. A conser-
vative estimate for the relative systematic error on the
exposure ratio, σα/α = 2%, is derived. This estimate
results from a comparison of the number of events which
pass γ-ray event selection criteria in the two background
regions.

RESULTS

A total of NON = 24268 signal and NOFF = 49028
background events are measured that pass standard
Hillas criteria [9] for the selection of γ-ray events. The
total γ-ray signal s has a statistical significance of −0.5σ.
The statistical significance is calculated with the log-
likelihood ratio test statistic as described in [10] with
the likelihood function (see also [16])

L = P(NON, α̂b+ s)P(NOFF, b)G(α̂,α,σα) . (1)

Here, P and G represent the Poisson and Gaussian distri-
butions. The parameters b (mean number of background
events) and α̂ (exposure ratio with mean α) are treated
as nuisance parameters. For comparison, the significance
of the γ-ray event excess as calculated with Eq. (17)
in [11] without consideration of the systematic error on
the exposure ratio is −1.3σ. Since no significant γ-ray
signal is measured, an upper limit on the integrated γ-
ray signal for energies ranging from the instrumental en-
ergy threshold to a maximum energy Ê is derived. For
the calculation of the upper limit, the likelihood function
that is given by eq. 1 is analyzed with the method de-
scribed in [10]. The upper limit on the energy integrated
signal translates (see e.g. [3]) into an upper limit on
the velocity averaged dark matter self annihilation cross
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FIG. 4. Upper limits on the velocity averaged dark matter self
annihilation cross section as a function of the dark matter par-
ticle mass. The upper limits for the cored Einasto and NFW
density profiles hold for a core radius of 500 pc and the anni-
hilation of dark matter particles into light quarks ([2]). The
filled area around the upper limit curve for the cored Einasto
dark matter profile shows the ±1σ variations around the up-
per limit that is expected for this dark matter density profile
when no annihilation signal is detected. The derived upper
limit is stronger than the expected upper limit due to the
negative significance of the measured excess. For comparison,
the velocity averaged annihilation cross section of a thermal
relic dark matter particle is shown. Additionally shown are
the upper limits that are derived in [7] for cusped Einasto
and NFW profiles as well as the upper limit that is derived
in [8] for a cored dark matter density distribution around the
Sculptor dwarf galaxy.

section, ⟨σv⟩(M), for a dark matter particle with mass
M = Ê. The variation of the instrumental response with
the zenith and azimuth angles of the array pointing and
within the field of view is accounted for in the analysis.
The consideration of the 2% relative systematic error on
the exposure ratio increases the upper limit on ⟨σv⟩ by
a factor of ∼ 3. Upper limits on ⟨σv⟩ are presented in
Fig. 4 for Einasto and NFW dark matter density profiles
with a 500 pc radius core of constant dark matter den-
sity around the Galactic center. The parameters for the
NFW and Einasto density profiles are taken from [12].
The derived upper limits on ⟨σv⟩ hold for the γ-ray en-
ergy spectrum that is expected from the self annihilation
of dark matter particles into light quarks (see [2], the
same spectrum is assumed in [7]). For an Einasto dark
matter profile that is cored in the inner 500 pc around the
Galactic center, values of ⟨σv⟩ ∼ 3 ·10−24 cm3/s or larger
are excluded for dark matter particle masses in between
∼ 1 to ∼ 4 TeV at 95% CL. The upper limits on ⟨σv⟩ that
are derived for an Einasto dark matter density distribu-
tion with a core radius of 500 pc are the most constrain-
ing exclusions that are derived for TeV mass dark matter
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FIG. 2. The signal region close to the Galactic center and
the two background regions with a symmetric right ascension
offset of ±35 min to the signal region. A right ascension -
declination coordinate grid is overlaid. The exclusion of the
Galactic plane (|b| < 0.3◦) in the signal region and the regions
with a ±35 min offset in right ascension to |b| < 0.3◦ in the
background regions are visible.

vation length allows for a transition time between the
observations. The ON/OFF observation pattern allows
the equalization of the azimuth and zenith angles that
are covered by array pointings in each of the obser-
vations. Differences in the acceptance for background
events which result from differences in the zenith angle
array pointing range can thus be neglected. The time dif-
ference of 35 min between the observations is a compro-
mise between the demand for small atmospheric changes
(i.e. small time differences) and a large offset in right
ascension (i.e. large time differences). Two background
regions are observed, to better control residual imbal-
ances in the acceptance for background events between
the observations.
Figure 3 shows the J-factor for a given line of sight as
a function of the angular distance, θ, between the direc-
tions of the line of sight and the Galactic center. The
J-factor is proportional to the expected number of dark
matter annihilation events in the respective direction.
The θ angle ranges that are covered by the signal and
background regions in the OFF1/ON/OFF2 observations
are indicated in Fig. 3. It is concluded from this figure
that the expected number of dark matter annihilation
events is larger in the signal than in the background re-
gions when the radius of the core of constant dark mat-
ter density around the Galactic center is 500 pc or less.
This is a clear advantage of the ON/OFF method when
compared to the background subtraction technique that
is applied in [7] which relies on the simultaneous obser-
vation of the Galactic center region and a background

Angular Distance (deg)
-110 1 10

 k
pc

)
6

/c
m

2
J 

(G
eV

10

210

310

410

Signal Region

Background Region

Cored Einasto

Cored NFW

Cusped Einasto

Cusped NFW

FIG. 3. Line of sight integral over the squared dark mat-
ter density as a function of the angular distance between the
direction of the line of sight and the direction of the Galac-
tic center. A 500 pc core radius is assumed for the cored
dark matter density profiles. Overlaid is the range of angu-
lar distances to the Galactic center covered by the signal and
background regions of the OFF1/ON/OFF2 datasets.

region in the same finite H.E.S.S. field of view with ∼ 2◦

radius.
The application of standard quality criteria for H.E.S.S.
data [9] and the additional requirement for compati-
ble instrumental and atmospheric conditions within an
OFF1/ON/OFF2 observation result in a total of six
OFF1/ON/OFF2 datasets. All datasets were taken
within one week in 2010 with the H.E.S.S. I array of
four identical IACTs. The total dead-time corrected ob-
servation time for each of the three observed regions is
3.05 h. The mean zenith angle of the array pointing for
the datasets is 12◦.

DATA ANALYSIS

The image cleaning (see [9]) low and high pixel inten-
sity thresholds for the data are chosen to be 7 pe (photo
electrons) and 10 pe. Using the observed distribution
of pixel intensities in cosmic ray events, it was checked
that these image cleaning cut criteria eliminate effects
due to differences in sky brightness between the observed
regions. Standard Hillas criteria [9] for the selection of γ-
ray events are applied to the data. The thresholds used
for image cleaning lead to an energy threshold of 290
GeV. Only events with reconstructed directions within
the central 2◦ angular distance around the pointing posi-
tion of each observation are considered to account for
the truncation of γ-ray images near the edges of the
H.E.S.S. field of view. The Galactic plane (|b| < 0.3◦)

• DM cross section limits assume a core in density profile of constant density

H.E.S.S. Collaboration 1502.03244
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Figure 17. Spectrum of the GCE emission, together with statistical and systematical errors, for
model F (cf. figure 14). We show fits to the GCE with various spectral models. We emphasize that
the shown systematic errors are correlated, and that the spectral models actually do provide a good
fit to the data in most cases. We show the best-fit model parameters, along with indicators for the
fit quality, in table 4 (cf. figures 18 and 20). See text for details on the fitting procedure.

parametric fits to the data.
In the previous section, we found that theoretical and empirical model uncertainties

a↵ect the GCE spectrum at a similar level (see figure 14). However, theoretical model
uncertainties in the way we discussed them here are di�cult to interpret in a purely statistical
sense, since the TS values that we find for fits with our 60 GDE models di↵er typically by
> O(100) values (see appendix A), and even our best-fit model for the GDE gives formally
a poor fit to the data. This is a generic problem of modeling the GDE [58], as we discussed
at the end of section 4.1. On the other hand, the empirical model uncertainties are simple
to interpret statistically and give by construction a realistic account for typical systematics
of state-of-the-art GDE modeling.

We will hence adopt the following strategy : We will use the GCE spectrum and associ-
ated statistical errors from model F only, which gives formally the best-fit to the Fermi -LAT
data in our ROI. In fits to the GCE spectrum we then only consider the empirical model
systematics, and neglect the theoretical ones. Given the small scatter for the GCE spec-
trum that we find for di↵erent GDE models, this is well justified. We checked explicitly that
using di↵erent GDE model as starting point in the spectral fits would not alter our results
significantly (see appendix C.2). Hence, we consider our approach as statistically sound and
su�ciently robust to derive meaningful results.

We will introduce general aspects of fits with correlated errors in subsection 5.1, and
then test the most common interpretations of the GCE emission in terms of a number of DM
and astrophysical toy models in subsection 5.2 and 5.3.
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Gamma ray data from the Inner Galaxy

• Non-DM interpretations include 
pulsars, leptonic outbursts from 
GC

• DM interpretation: 50 GeV WIMP 
annihilation to b quarks 

Hooper & Goodenough 0910.2998; Abazajian 
& Kaplinghat 1207.6047; Gordon & Macias 

1306.5725; Dylan et al. 1402.6703; Calore et 
al 1409.0042, T. Linden talk

• Spherically-symmetric emission from the 
Galactic center not explained by standard 
cosmic ray propagation models
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✦ Determine the total mass of 
dark matter from velocities of 
stars in each satellite

✦ Combine measured gamma-
ray flux upper bound with 
total dark matter mass in each 
satellite to get upper bound on 
annihilation cross section
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FIG. 3. Comparison of constraints on the DM annihilation cross section for the bb̄ (left) and τ+τ−

(right) channels from this work with previously published constraints from LAT analysis of the

Milky Way halo (3σ limit) [33], 112 hours of observations of the Galactic Center with H.E.S.S.

[34], and 157.9 hours of observations of Segue 1 with MAGIC [35]. Closed contours and the marker

with error bars show the best-fit cross section and mass from four interpretations of the Galactic

center excess [16–19].

such as the Dark Energy Survey [37] and the Large Synoptic Survey Telescope [38].333
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Implications for Galactic center searches 

• Some interpretations of Galactic center gamma-ray emission are constrained 

• Uncertainty in Galactic center dark matter distribution prevents more 
definitive statement

Fermi-LAT collaboration PRL, 1503.02641



'(6�<HDU���6XUYH\

)RXQG���QHZ�GZDUI�FDQGLGDWHV�

ILJXUH�LQ�'(6�GLVFRYHU\�SDSHU

New dwarf spheroidal discoveries 

Bechtol et al. DES Collaboration 1503.02584, Koposov et al. 1503.02079



6

17.0

17.5

18.0

18.5

19.0

19.5

20.0

lo
g 1

0
(J

)
(G

eV
2

cm
�

5
)

Ultra-faint dSph

Classical dSph

50 100 150 200 250 300 350

Distance (kpc)

�1.0

�0.5

0.0

0.5

1.0

R
es

id
u
al
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Table 1 in Ackermann et al. [17]. The red curve is our best-fit
with an assumed inverse square distance relation (see text).
The red band shows the ±0.4 dex uncertainty that we adopt.

J-factors as a representative set of known dSphs.8 Fig-
ure 3 shows the relation between the heliocentric dis-
tances and J-factors of ultra-faint and classical dSphs.
As expected from their similar interior DM masses, the
J-factors of the known dSphs scale approximately as the
inverse square of the distance. The best-fit normaliza-
tion is log

10

(J, d = 100 kpc) = 18.3 ± 0.1.9 We note that
the limited scatter in Figure 3 is primarily due to the
known dSphs residing in similar DM halos [17]. Under
the assumption that the new DES dSph candidates be-
long to the same population, we estimated their J-factors
based on the distances derived from the DES photome-
try. Table I gives the estimated J-factors integrated over
a solid-angle of �⌦ ⇠ 2.4 ⇥ 10�4 sr using our simple,
empirical relation.

Several caveats should be noted. None of the DES can-
didates have been confirmed to be gravitationally bound.
It is possible that some have stellar populations charac-
teristic of galaxies but lack substantial DM content, as is
the case for Segue 2 [42], or have complicated kinematics
that are di�cult to interpret [43]. Kinematic measure-
ments of the member stars are needed to unambiguously
resolve these questions.

Using the J-factor estimates presented in Table I, we
followed the likelihood procedure detailed in Ackermann
et al. [19] to obtain limits on DM annihilation from these

8 Specifically, Boötes I, Canes Venatici I, Canes Venatici II, Coma
Berenices, Hercules, Leo IV, Segue 1, Ursa Major I, Ursa Ma-
jor II, and Willman 1 (see Table 1 in Ackermann et al. [17]).

9 We performed the same analysis using the J-factors derived
by Geringer-Sameth et al. [41] and obtain a similar best-fit value,
log10(J, d = 100 kpc) = 18.1 ± 0.1.

eight candidates shown in Figure 4.

We assumed a symmetric logarithmic uncertainty on
the J-factor of ±0.4 dex for each DES candidate. This
value is representative of the uncertainties from ultra-
faint dSphs [17, 41] and is somewhat larger than the un-
certainties derived in Martinez [44]. The corresponding
uncertainty band is illustrated in Figure 3. We apply the
same methodology as Ackermann et al. [19] to account for
the J-factor uncertainty by modeling it as a log normal
distribution with J

obs,i equal to the values in Table I, and
�i =0.4 dex (see Equation 3 of Ackermann et al. [19]).

We derived individual and combined limits on the DM
annihilation cross section for DM annihilation via the
bb̄ and ⌧+⌧� channels, under the assumption that each
DES candidate is a dSph and has the J-factor listed in Ta-
ble I. We stress that these limits may change substantially
as spectroscopic data become available to more robustly
constrain the DM content of the DES candidates. Given
the current uncertainty regarding the nature of the dSph
candidates, we do not combine limits with those from
previously known dSphs (i.e., Ackermann et al. [19]).

DISCUSSION AND CONCLUSIONS

The discovery of eight dSph candidates in the first year
of DES observations sets an optimistic tone for future
dSph detections from DES and other optical surveys.
DES J0335.6�5403, at a distance of ⇠ 32 kpc, is a partic-
ularly interesting candidate in this context, and should be
considered a high-priority target for spectroscopic follow
up. The location of any newly discovered dSph, including
the candidates investigated in this work, will have already
been regularly observed since the beginning of the Fermi

mission. No significant gamma-ray excess was found co-
incident with any of the eight new DES dSph candidates
considered here. If the dSph candidates have J-factors
similar to our estimates, they constrain the annihilation
cross section to lie below the thermal relic cross section
for DM particles with masses <⇠ 20 GeV annihilating via
the bb̄ or ⌧+⌧� channels.

The population of nearby DM-dominated dSphs repre-
sents an independent set of targets to test possible signals
of DM annihilation in other regions such as the Galactic
center [45–48]. Though the expected DM signals of indi-
vidual dSphs are smaller than that of the Galactic cen-
ter, a joint-likelihood analysis of many dSphs can probe
the DM annihilation cross section at a similar level of
sensitivity. The incorporation of new dSphs in indirect
searches for DM with the LAT will further enhance the
sensitivity of this method.

Fermi/DES analysis of satellite candidates

Drlica-Wagner et al. DES/Fermi-LAT collaborations 1503.02632
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TABLE I. DES dSph Candidates and Estimated J-factors

Name (`, b)a Distanceb log10(Est.J)c

deg kpc log10(
GeV2

cm5

)

DES J0222.7�5217 (275.0,�59.6) 95 18.3
DES J0255.4�5406 (271.4,�54.7) 87 18.4
DES J0335.6�5403 (266.3,�49.7) 32 19.3
DES J0344.3�4331 (249.8,�51.6) 330 17.3
DES J0443.8�5017 (257.3,�40.6) 126 18.1
DES J2108.8�5109 (347.2,�42.1) 69 18.3
DES J2251.2�5836 (328.0,�52.4) 58 18.8
DES J2339.9�5424 (323.7,�59.7) 95 18.4

a Galactic longitude and latitude.
b We note that typical uncertainties on the distances of dSphs

are 10–15%.
c J-factors are calculated over a solid angle of �⌦ ⇠ 2.4 ⇥ 10�4 sr

(angular radius 0.�5). See text for more details.

LAT ANALYSIS

To search for gamma-ray emission from these new dSph
candidates, we used six years of LAT data (2008 Au-
gust 4 to 2014 August 5) passing the P8R2 SOURCE event
class selections from 500MeV to 500 GeV. Compared
to the previous iteration of the LAT event-level analysis,
Pass 8 [35] provides significant improvements in all areas
of LAT analysis; specifically the di↵erential point-source
sensitivity improves by 20–40% in P8R2 SOURCE V6 rela-
tive to P7REP SOURCE V15. To remove gamma rays pro-
duced by cosmic-ray interactions in the Earth’s limb,
we rejected events with zenith angles greater than 100�.
Additionally, events from time intervals around bright
gamma-ray bursts and solar flares were removed us-
ing the same method as in the 4-year catalog analysis
(3FGL) [36]. To analyze the dSph candidates in Table I,
we used 10� ⇥ 10� ROIs centered on each object. Data
reduction was performed using ScienceTools version 09-
34-03.3 Figure 1 shows smoothed counts maps around
each candidate for energies > 1 GeV.

We applied the search procedure presented in Acker-
mann et al. [19] to the new DES dSph candidates. Specif-
ically, we performed a binned maximum-likelihood analy-
sis in 24 logarithmically-spaced energy bins and 0.�1 spa-
tial pixels. Data are additionally partitioned in one of
four PSF event types, which are combined in a joint-
likelihood function when performing the fit to each ROI
[19].

We used a di↵use emission model based on the Pass

7 Reprocessed model for Galactic di↵use emission,4 but

3
http://fermi.gsfc.nasa.gov/ssc/data/analysis/software/

4
http://fermi.gsfc.nasa.gov/ssc/data/access/lat/

BackgroundModels.html

FIG. 1. LAT counts maps in 10� ⇥10� ROI centered at each
DES dSph candidate (white ‘⇥’ symbols), for E > 1 GeV,
smoothed with a 0.�25 Gaussian kernel. All 3FGL sources in
the ROI are indicated with white ‘+’ symbols, and those with
a test statistic > 100 are explicitly labeled.

with a small (< 10%) energy-dependent correction to ac-
count for di↵erences in the LAT response.5 Point-like
sources within each ROI from the recent 3FGL cata-
log [36] were also included in the fit. The spectral pa-
rameters of these sources were fixed at their 3FGL cata-
log values, while their normalizations were refit over the
broadband energy range. The normalizations of 3FGL
sources more than 5� away from the center are fixed at

5 The energy dependence of the e↵ective area and energy resolu-
tion is somewhat di↵erent in Pass 7 Reprocessed and Pass 8.
Because the Galactic di↵use emission model was fit to Pass 7

Reprocessed data without accounting for the energy dispersion,
we have rescaled the model for this analysis.
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FIG. 1: Energy spectrum of events detected within 0.5� of
Ret2 (red points), with Poisson error bars. The number of
events detected in each energy bin is shown. Two background
estimates are shown: 1) the sum (solid black) of the Fermi
Collaboration’s models for isotropic (dashed) and galactic dif-
fuse (dot dash) emission at the location of Ret2, and 2) the
average intensity (gray triangles) within 3306 ROIs that lie
within 10� of Ret2 and overlap neither known sources nor the
ROI centered on Ret2.

decade between 0.2 GeV and 300 GeV). The fig-
ure also shows two estimates of background. First,
the solid black line represents a two-component back-
ground model that is derived by the Fermi col-
laboration (http://fermi.gsfc.nasa.gov/ssc/data/
access/lat/BackgroundModels.html). It is the sum
of the isotropic spectrum iso source v05.txt (dashed
black line) and the di↵use interstellar emission model
gll iem v05 rev1.fit (dot dashed). The latter is aver-
aged over the 1� region surrounding Ret2 (we confirmed
that the curve does not change for any choice of radius
within 5�). Second, gray triangles indicate an empirical
estimate of background, showing the average intensity
within 3306 ROIs that fall within 10� of Ret2 and do not
overlap with any source masks, the central ROI, or the
boundary of the 10� region (see Fig. 3, right panel). The
two estimates of background show good agreement. Be-

tween 2 GeV and 10 GeV, the spectrum from Ret2 clearly

rises above the expected background.

To derive a detection significance we employ the follow-
ing method (see [41] for details). Each event in the ROI is
assigned a weight w(E, ✓) based on its energy E and an-
gular separation ✓ from the ROI center. The test statistic
T =

P
w(Ei, ✓i) is the sum of the weights of all events in

the ROI, with larger values of T providing evidence of a
signal. In this approach, the most powerful weight func-
tion for testing the background-only hypothesis is given
by w(E, ✓) = log[1+s(E, ✓)/b(E, ✓)], where s(E, ✓) is the
expected number (in a small dE, d✓ range) of events due

to dark matter annihilation for the alternative hypothe-
sis (signal) and b(E, ✓) is the expected number from all
other sources (background).

The expected signal depends on the dark matter parti-
cle properties (mass M , annihilation cross section h�vi),
the dark matter content of the dwarf galaxy (parame-
terized here by the single quantity J [e.g. 47]), and the
detector response (exposure ✏ and PSF):

s(E, ✓)

dEd✓
=

h�viJ
8⇡M2

dNf (E)

dE
⇥✏(E)PSF(✓|E)2⇡ sin(✓). (1)

For annihilation into a final state f , dNf/dE is the num-
ber of �-rays produced (per interval dE) per annihilation.
We adopt the annihilation spectra of Cirelli et al. [48],
which include electroweak corrections [49]. Note that the
unknown J value is exactly degenerate with h�vi.

We quantify the signal’s significance by calculating its
p-value: the probability that background could generate
events with a total weight greater than the one observed
for the ROI centered on Ret2. We also quote “� values”,
CDF�1(1 � p), using the standard normal CDF.

First we compute significance by modeling the back-
ground in the central ROI as an isotropic Poisson process.
This procedure is justified by Ret2’s location in a quiet
region that is far from known sources and strong gradi-
ents (see Fig. 3, right panel). Specifically, we assume that
1) the number of background events within 0.5� of Ret2 is
a Poisson variable, 2) background events are distributed
isotropically, and 3) their energies are independent draws
from a given spectrum. Under these assumptions the test
statistic is a compound Poisson variate whose PDF we
can calculate for any weight function and any adopted
background spectrum [41]. There is no assumption that
the PDF follows an asymptotic form such as �2.

We consider four possible energy spectra for the back-
ground b(E, ✓). The first two are sums of the Fermi Col-
laboration’s isotropic and galactic-di↵use models, where
the latter is averaged within either 1� or 2� of Ret2. We
refer to these spectra as ‘Di↵use 1’ (this is the same back-
ground model shown in Fig. 1) and ‘Di↵use 2’. The third
is an empirically-derived spectrum (‘Empirical 1’) using
events between 1� and 5� from Ret2 (excluding masked
sources). Below 10 GeV, this spectrum is a kernel den-
sity estimate, with each event replaced by a Gaussian
with width 20% of its energy. Above 10 GeV we fit a
power law with exponential cuto↵. Finally, we bin the
same events (30 bins between 0.2 GeV and 1 TeV) in
order to construct a fourth possible background spec-
trum (‘Empirical 2’), where the intensity between bin
centers is found by linear interpolation in log(intensity).
Figure 2 shows significance of the detected �-ray signal
from Ret2 for various annihilation channels and for each
background model. In every case, the significance peaks
above 4�, with little dependence on choice of background
spectrum.
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We present a search for �-ray emission from the direction of the newly discovered dwarf galaxy
Reticulum 2. Using Fermi-LAT data, we detect a signal that exceeds expected backgrounds between
⇠ 2 � 10 GeV and is consistent with annihilation of dark matter for particle masses less than a few
⇥ 102 GeV. Modeling the background as a Poisson process based on Fermi-LAT di↵use models, and
taking into account trials factors, we detect emission with p-value less than 9.8⇥10�5 (> 3.7�). An
alternative, model-independent treatment of background reduces the significance, raising the p-value
to 9.7 ⇥ 10�3 (2.3�). Even in this case, however, Reticulum 2 has the most significant �-ray signal
of any known dwarf galaxy. If Reticulum 2 has a dark matter halo that is similar to those inferred
for other nearby dwarfs, the signal is consistent with the s-wave relic abundance cross section for
annihilation.

PACS numbers: 95.35.+d, 98.80.-k, 95.55.Ka, 98.56.Wm

Dark matter’s non-gravitational interactions have pro-
found implications for particle physics beyond the Stan-
dard Model, motivating searches for high-energy photons
produced via annihilation. The search for �-rays in dwarf
galaxies [e.g. 1–20] provides an alternative to searches in
regions that enjoy superior statistics but su↵er from com-
plicated backgrounds (e.g. the Galactic center [21–31]).
The observed stellar kinematics of dwarf galaxies imply
gravitational potentials dominated by dark matter [32–
35]. Many of these objects are nearby, are located at high
galactic latitudes far from complicated emission regions,
and possess no known astrophysical �-ray sources. Pre-
vious studies of dwarf galaxies have found no significant
�-ray emission, setting strong limits on the cross section
for dark matter annihilation [7, 11–14, 17, 36–41].

Using photometric data from the Dark Energy Sur-
vey (DES) [42], Koposov et al. [43] and the Dark Energy
Survey (DES) have recently announced the discovery of
several low-luminosity Milky-Way satellites in the South-
ern sky. Koposov et al. [43] report 9 new objects. One of
these, Reticulum 2 (Ret2), at a distance of 30 kpc, is the
nearest dwarf galaxy after Segue 1 (Seg1, 23 kpc) and
Sagittarius (24 kpc). Ret2 is ⇠ 3 times more luminous
than Seg1, suggesting that its dark matter halo may be
more massive than Seg1’s and making Ret2 an attractive
place to search for a dark matter annihilation signal.

Reticulum 2 occupies a near-ideal location for �-ray
analysis: 49.7� below the Galactic plane and far from
known �-ray emitting sources (the closest source in the
3rd Fermi Catalog [44] is 2.9� away). At energies above 1
GeV the �-ray point spread function is significantly less

than 1�, making source contamination unlikely. Of the
nearby dwarfs, only Seg1 is further from known sources.
The interstellar emission model provided by the Fermi
Collaboration shows that emission from di↵use processes
is relatively uniform within 10� of Ret2.

We use Fermi-LAT data [45] collected between Au-
gust 8, 2008 and February 6, 2015. Using the publicly
available Fermi Science Tools (http://fermi.gsfc.
nasa.gov/ssc/) (version v9r33p0), we extract Pass 7

Reprocessed SOURCE class events within 10� of Ret2
using gtselect with zmax=100�, and find good time
intervals with gtmktime with filter DATA QUAL==1 &&

LAT CONFIG==1 and roicut=no. The PSF and exposure
in the direction of Ret2 are found by running gtselect

with a radius of 0.5�, gtmktime with roicut=yes,
gtltcube with default options, and gtpsf (with 17
log-spaced energies between 133.3 MeV and 1.333 TeV,
thetamax=10�, and ntheta=500).

The search for annihilation is based on event weighting
as discussed in [41]. The search su↵ers minimal loss in
sensitivity when including only events within 0.5� of a
dwarf galaxy and with energies above 1 GeV (see Figs.
3–5 of [41]). We adhere to these criteria in this analysis
and define a region of interest (ROI) as a region of radius
0.5� containing events between 1-300 GeV. Gamma-ray
sources from the 3rd Fermi Catalog are assigned masks
of at least 0.8� (the approximate PSF at 1 GeV).

Figure 1 shows the energy spectrum derived from
an ROI centered on Ret2 (red points). Error bars
indicate standard Poisson confidence intervals [e.g.
46] on the mean counts in each bin (5 bins per
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FIG. 2. Bin-by-bin integrated energy-flux upper limits at 95% confidence level for the eight DES dSph candidates modeled as
point-like sources.

the catalog values.
In contrast to Ackermann et al. [19], we modeled the

dSph candidates as point-like sources rather than spa-
tially extended Navarro, Frenk and White (NFW) DM
density profiles [37]. This choice was motivated by the
current uncertainty in the spatial extension of the DM
halos of these new objects. Previous studies have shown
that the LAT flux limits are fairly insensitive to mod-
eling dSph targets as point-like vs. spatially extended
sources [17]. We fit for excess gamma-ray emission asso-
ciated with each target in each energy bin separately to
derive a set of flux constraints that are independent of the
choice of spectral model. The Poisson likelihoods from
each bin were combined to form global spectral likeli-
hoods for di↵erent DM annihilation channels and masses.

No significant gamma-ray emission was observed from
any of the DES dSph candidates. We show the bin-by-bin
integrated energy-flux 95% confidence level upper limits
for each dSph candidate in Figure 2.

By assuming a specific DM di↵erential gamma-ray
yield (dN�/dE� for a given m

DM

and annihilation chan-
nel), we calculated the test statistic (TS) for signal de-
tection by comparing the likelihood values both with and
without the added dSph candidate template (see Equa-
tion 6 in Ackermann et al. [19]). The most significant
excess for any of the DM masses, annihilation channels,
and targets we consider here was TS = 6.7, correspond-
ing to a local signficance6 of 1.5� (p = 0.06) and a global
significance of 0.26� (p = 0.40). This coincides with

6 To convert from TS to a p-value, we use the TS distribution

DES J0335.6�5403 when considering a DM particle with
m

DM

= 25GeV annihilating into ⌧+⌧�.7

ESTIMATING J-FACTORS FOR THE DES DSPH
CANDIDATES

The DM content of the DES dSph candidates can-
not be determined without spectroscopic observations of
their member stars. However, it is possible to derive up-
per limits on the DM annihilation cross section under the
assumption that these candidates possess DM distribu-
tions similar to the known dSphs. Our estimates for the
astrophysical J-factors of these candidates are motivated
by two established relationships. First, the known dSphs
have a common mass scale in their interiors, roughly 107

M
�

within their central 300 pc [38]. Additionally, the
half-light radius of a dSph and the mass within the half-
light radius have a simple scaling relation [39, 40].

In the analysis that follows, we used the ten ultra-
faint SDSS satellites with spectroscopically determined

measured from performing our search for gamma-ray emission
in 800 random blank sky fields [17, 19]. The reported p-value
includes a trials factor from testing multiple dark matter masses
and channels at each location. We report the significance as the
inverse survival function of a normal distribution for the stated
p-value (one-sided significance).

7 We note that the radio continuum source PMN J0335�5046 is
located ⇠ 0.�1 from the center of DES J0335.6�5403. It is not a
cataloged blazar, but has radio and infrared spectral character-
istics consistent with blazars detected by the LAT.
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Reticulum II is a dark matter-dominated satellite galaxy
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Figure 1. (a) DES color-magnitude diagram of Reticulum II. Stars within 14.650 of the center of Ret II are plotted as small black dots,
and stars selected for spectroscopy with M2FS, GIRAFFE, and GMOS (as described in §2.1) are plotted as filled gray circles. Points
surrounded by black outlines represent the stars for which we obtained successful velocity measurements, and those we identify as Ret II
members are filled in with red. The four PARSEC isochrones used to determine membership probabilities are displayed as black lines. (b)
Spatial distribution of the observed stars. Symbols are as in panel (a). The half-light radius of Ret II from Bechtol et al. (2015) is outlined
as a black ellipse. (c) Radial velocity distribution of observed stars, combining all three spectroscopic data sets. The clear narrow peak of
stars at v ⇠ 60 km s�1 highlighted in red is the signature of Ret II. The hatched histogram indicates stars that are not members of Ret II;
note that there are two bins containing non-member stars near v = 70 km s�1 that are over-plotted on top of the red histogram..

twilight sky spectra. We fit these twilight spectra with
a high resolution solar template spectrum. The scatter
in velocity from fiber to fiber was  0.20 km s�1, so
we conclude that the internal velocity errors over short
timescales on an individual frame (incorporating, e.g.,
any fiber-to-fiber systematics) are negligible. However,
over multiple science exposures spanning several hours,
this is not necessarily the case (see above).
In order to verify the reliability of our velocity zero

point, we also measured the velocity of the radial ve-
locity standard star CD�43�2527 by fitting it with the
HD 122563 template, exactly as we did for the science
spectra. For the two exposures on CD�43�2527 , we find
vhel = 19.6 ± 0.1 km s�1 and vhel = 19.9 ± 0.1 km s�1,
compared to the cataloged velocity of vhel = 19.7 ±

0.9 km s�1 (Udry et al. 1999).

3.2. Metallicity Measurements

We calculated metallicities for 16 Ret II RGB stars
with the CaT calibration of Carrera et al. (2013). As
recommended by Hendricks et al. (2014), we measured
the equivalent widths (EWs) of the CaT lines in the same
way as Carrera et al., fitting each of the three lines with a
Gaussian plus Lorentzian profile. Also following Carrera
et al. (2013), we adopt the line and continuum regions
defined by Cenarro et al. (2001), except for the 8498 Å
line. Cenarro et al. employed a continuum bandpass of
8474 � 8484 Å for this line, but the blue limit of the
GIRAFFE spectra is 8482 Å, so we instead use a region
on the red side of the line from 8513 � 8522 Å. This
wavelength range may be modestly a↵ected by two weak
Fe I lines at 8514 Å and 8515 Å, but at the metallicity
of typical ultra-faint dwarf stars any depression of the
continuum should be negligible over a 9 Å band.
CaT metallicity measurements usually use the horizon-

tal branch (HB) magnitude to correct for the dependence
of the CaT EWs on stellar luminosity. The horizontal
branch magnitude of Ret II, however, is not well deter-
mined because the galaxy contains so few HB stars. We
therefore rely on the calibration of CaT EW as a function

of absolute V magnitude from Carrera et al. (2013). We
convert the DES g and r magnitudes to the SDSS photo-
metric system, and then use the relations for metal-poor
stars from Jordi et al. (2006) to transform to V . We
determine absolute magnitudes assuming a distance of
32± 3 kpc (Bechtol et al. 2015) and a V -band extinction
of AV = 0.05 mag (Schlafly & Finkbeiner 2011).

3.3. Spectroscopic Membership Determination

3.3.1. M2FS

Out of the 185 M2FS fibers placed on stars, we suc-
cessfully measured velocities for 52, including a large ma-
jority of the observed targets brighter than g = 20.6.
The remaining stars had S/N ratios too low for spec-
tral features to be confidently detected in the data. The
velocity measurements and other properties of the stars
are listed in Table 1. The velocity distribution we mea-
sure from the M2FS spectra exhibits a strong peak at
a velocity of ⇠ 60 km s�1 (see Fig. 1), as is character-
istic of a gravitationally bound system. Approximately
half of the stars for which we measure velocities are con-
tained in this peak, with the remainder spread across a
wide range from heliocentric velocities from ⇠ 0 km s�1

to ⇠ 330 km s�1.
For a large majority of the observed stars, the member-

ship status is unambiguous; stars with vhel > 90 km s�1

and vhel < 40 km s�1 are clearly not related to the peak
associated with Ret II, while those very near the mean
velocity of the system and close to the central position
spatially are almost certainly members. However, to en-
sure that the member sample is defined optimally we
carefully examine all stars within 20 km s�1 of the mean
velocity of Ret II, considering their velocities, positions in
the color-magnitude diagram, spatial locations, member-
ship probabilities from Bechtol et al. (2015), and spectral
features. Below we discuss the individual stars whose
membership is not immediately obvious.
Three stars in our sample have velocities of

vhel⇠ 50 km s�1, just to the left of the Ret II peak in
Fig. 1c, and about 15 km s�1 away from the systemic

• Dark matter mass most likely too low to allow for a dark matter 
interpretation of the Reticulum II gamma ray observations 

Simon et al. DES collaboration 1504.02889

Walker et al. 1504.03060

• Some parameter space available for DM interpretation of Ret II 
gamma-rays



Summary: Gamma-ray limits from dSphs

Also searches for subhalos with no associated stars that emit gamma-rays (Fermi-LAT 
collaboration 1201.2691, Bertoni et al. 1504.02087)

FIG. 4 Comparison of constraints on the velocity averaged annihilation cross section (bb̄ channel)

versus WIMP mass derived from the LAT combined analysis of 15 dwarf galaxies (assuming an

NFW profile), 160-hour observations of Segue 1 by MAGIC (Aleksić et al., 2014), 48-hour obser-

vations of Segue 1 by VERITAS (assuming an Einasto profile) (Aliu et al., 2012), and 112-hour

observations of the Galactic center by HESS, assuming an Einasto profile (Abramowski et al.,

2011). In the interest of a direct comparison, we also show the LAT constraints derived for

Segue 1 alone assuming an Einasto dark matter profile consistent with that used by VERITAS

(Aliu et al., 2012). For this rescaling, the J-factor of Segue 1 is calculated over the LAT solid

angle of �⌦ ⇠ 2.4⇥10�4 sr and yields a rescaled value of 1.7⇥1019GeV2 cm�5 sr (uncertainties on

the J-factor are neglected for comparison with VERITAS). The Pass 8 limits (in magenta) and

related expected-sensitivity bands are from Ackermann et al. (2015). Finally, the green dashed

curve is from the 5-dwarf combined analysis of HESS data by Abramowski et al. (2014b).

F. Galaxy clusters and isotropic emission

1. Galaxy clusters

As discussed in Section II.E, galaxy clusters are anticipated to be gamma ray sources.

Using EGRET data, no detection was reported in Reimer et al. (2003) for 58 clusters selected

from an X-ray-bright sample, resulting in an average 95% C.L. flux upper limit of ⇠ 6⇥10�9

cm�2 s�1 above 100 MeV. Null detections were also reported above 400 GeV in the direction

of the Perseus and Abell 2029 clusters with the Whipple telescope, using ⇠14 and ⇠6 hours

40

J. Conrad, J. Cohen-Tanugi, L. Strigari  
1503.06348 JTEP



7

2 °
C

ou
nt

s 
/ 1

.0
0 

1

10

210

310

410

R3

R16

R41

R90

R180

°-60

°-30

°  0

° 30

° 60

° 60°120 °240°300

FIG. 4. Counts map for the Celestial dataset binned in 1� ⇥ 1� spatial bins in the R180 ROI, and plotted in Galactic
coordinates using the Hammer-Aito↵ projection. The energy range is 1–750 GeV. Also shown are the outlines of the other
ROIs (R3, R16, R41, and R90) used in this search. The GP region with longitude greater than 6� from the GC and latitude
smaller than 5� is removed from all signal ROIs.

where a
3

= 1� a
2

� a
1

(with ai > 0 required) and �
1

> �
2

> �
3

. We fit the triple Gaussian model at energies from
100 MeV < E < 1 TeV in logarithmic steps of 0.25. Then we can define D

e↵

for any energy by interpolating the
parameters of the Gaussian. This method di↵ers slightly from that in Ref [19] by using EDISP type as the second
variable (in addition to E) in the “2D” D

e↵

model instead of P
E

. By modeling the energy dispersion separately for
each EDISP type, we are able to give higher weight to events with a better energy reconstruction. Using the EDISP
types adds extra information in the fit and improves the statistical power over a “1D” model by ⇠10–15% depending
on energy.

V. FITTING

A. Fitting Procedure

To fit for spectral lines, we use a maximum likelihood procedure in sliding energy windows in each of the five ROIs
described in Sec. III. We fit at a fixed E� at the center of the energy window. We increment E� in steps of 0.5
�E(E�), where �E(E�) is the energy resolution (68% containment) of the LAT at E� . We perform our fits in the
energy domain and define both a background spectrum model (C

bkg

) and a signal spectrum model (C
sig

). We do
not incorporate spatial information in our fits since it would make the resulting flux limits dependent on the DM
distribution profile assumed. Rather, we perform a generic search for monoenergetic signals in each ROI. Since we
fit in narrow energy windows, we approximate the gamma-ray background from di↵use and point sources as a simple
power law. The resulting expected distribution of counts is:

C
bkg

(E0|�
bkg

, n
bkg

) = ↵

✓
E0

E
0

◆��bkg

E(E0), (5)

where �
bkg

is the power-law index, E
0

is a reference energy set to 100 MeV, and E(E0) is the energy-dependent
exposure averaged over each ROI, which is needed since the fit is performed in count space. The normalization factor

↵ is defined such that the total number of background events in the fit window is n
bkg

=
R
↵
⇣

E0

E0

⌘��bkg

E(E0)dE0.

We did not explicitly convolve our background model with the energy dispersion (i.e. for C
bkg

we assume E0= E).
For fits below 200 MeV, this approximation is not valid and significantly degrades the goodness of the fits. Therefore,
we limit our search range to E� > 200 MeV.

Our signal spectrum is C
sig

(E0|E�) = n0
sig

D
e↵

(E0|E�). We account for systematic uncertainties that may induce a
false line-like signal or mask a true line-like signal in our fitting by using the procedure described in Ref. [22]. This
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C. Feature in the Earth Limb

The �-ray spectrum of the Earth Limb (see Tab. I) is expected to be featureless; however, in the Pass 7REP data
a 2� feature was found at the same energy as the feature in R3 [19, 36]. This was a strong indication that the
feature seen in R3 could have been, in part, a systematic e↵ect. We carried out additional studies with Pass 8 event
reconstruction and the full dataset to further understand this feature in the Limb. Figure 13 shows a fit to a �-ray line
at 133 GeV using the full 5.8 year Pass 7REP and Pass 8. We find a slight detection of a line-like feature in both
Pass 7REP and Pass 8 with a similar fractional size. With Pass 8 the significance increases slightly due mainly to
the increase in the number of events from the greater acceptance of Pass 8.

We note that no feature at 133 GeV is present in the GP control region (Sec. III). To try to understand the nature
of the slight excess in the Earth Limb with no detection in the GP, events in the GP were reweighted in ✓ and in
azimuthal angle, �, to the distribution in the Limb. This would indicate a dependence of the feature on the particular
distribution of arrival directions of the � rays in instrument coordinates. The reweighting also yielded no detection of
a line-like feature at 133 GeV in the GP. Additionally the Limb selection criteria was modified (in both ✓r and ✓z) to
see if the feature was enhanced or decreased in any particular part of phase space. The only significant change came
when splitting the Limb data by the signed value of the rocking angle, ✓r. The feature appears more significantly

 Weniger 1204.2797 identified a line-like feature ~ 130 GeV in global Fermi-LAT data at ~ 
2-5sigma (also Su & Finkbeiner 1206.1616)

Systematic or DM annihilation signal? 

Fermi-LAT analysis of 5.8 yrs of 
data find no significant detection 
of line-like feature:1506.00013

DM

DM



Galaxy clusters 

FIG. 5 Constraints on the velocity averaged annihilation cross-section versus WIMP mass from

analyses in the directions of galaxy clusters, for an NFW profile and bb̄ channel. The red and blue

curves show the 95% C.L. upper limits obtained with Fornax and Coma clusters, respectively, and

with Fermi -LAT (thick, Ackermann et al. (2010b)) and IACTs (dashed, Abramowski et al., 2014a;

Arlen et al., 2012) instruments. The cyan dashed curve shows the 95% C.L. upper limits obtained

with a combined analysis of 5 clusters (Zimmer, Conrad, and Pinzke, 2011). The cyan thick line

shows the upper limits derived in Ajello et al. (2015) using the recent LAT EGB observations

(Ackermann et al., 2015a). The grey band shows the corresponding uncertainties rising from

modeling the expected dark matter signal.

approximately 100 MeV - 800 GeV (Ackermann et al., 2015b). The IGRB certainly includes

unresolved contributions from standard astrophysical sources, notably AGN. This emission

may also contain the so-called “cosmological” dark matter signal coming from the summa-

tion of the dark-matter annihilation contributions of all dark matter halos across the history

of the universe. Approaches to find this signal are based on the spectrum of isotropic

component (see Ullio et al., 2002) or on a spatial signature exploiting the fact that dark

matter-induced anisotropies in the emission should follow the square of the mass density,

whereas conventional astrophysical sources should follow the dark matter density linearly,

which would reveal itself in di↵erences in the angular power spectrum (see e.g. Cuoco et al.,

2008). Following the first measurement of the EGB4 spectrum with Fermi LAT data (Abdo

4 Extra-Galactic Background : the sum of the IGRB and resolved LAT extra-galactic sources.
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J. Conrad, J. Cohen-Tanugi, LS  
1503.06348 JTEP

• Masses of galaxy clusters 
determined from temperature profile 
of x-ray spectra, and electron gas 
density profile from the X-ray 
luminosity 

• Assumption of hydrostatic 
equilibrium gives the mass within 
a fixed physics radius, M(r) 

• Nearby clusters Fornax, 
Coma, and Virgo are some 
of the most interesting 
sources (Pinzke et al 1105.3240; 
Ando & Nagai 1201.0753)

• Significant contribution to the flux 
expected from substructure in the 
clusters (e.g. Gao et al. 1107.1916)



Extragalactic gamma-ray background
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Fig. 9.— Comparison of the measured IGRB and total EGB intensities (foreground model A) to the

first measurement of the IGRB in Abdo et al. (2010b) based on 10 months of LAT data. The error

bars on the LAT measurements include the statistical uncertainty and systematic uncertainties

from the e↵ective area parametrization, as well as the CR background subtraction. Statistical and

systematic uncertainties have been added in quadrature. The shaded bands indicate the systematic

uncertainty arising from uncertainties in the Galactic foreground. The total EGB intensity is the

sum of the IGRB and the intensity of the resolved LAT sources at high Galactic latitudes, |b| > 20�.

Fermi-LAT collaboration PRD 1410.3696

•Extragalactic gamma-ray background = isotropic gamma-ray background + resolved 
sources

•Sources include Blazars, star-forming galaxies, radio galaxies 

Fermi-LAT collaboration JCAP 1501.05464
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Figure 8. DM annihilation cross section sensitivity reach (95% CL). Green solid line shows
sensitivity 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 in the panels). The broad green band labeled as ‘PS (min!max), SS-REF’ shows
the theoretical uncertainty in the extragalactic signal as given by the PS approach of sec-
tion 2.2. The orange dashed line (‘HM, SS-MIN’), with its corresponding uncertainty band
(‘PS (min!max), SS-MIN’), refers instead to the cross-section sensitivity obtained when the
Milky Way substructure signal strength is taken to its lowest value as calculated in ref. [33].
For comparison, we also include other limits derived from observations with Fermi LAT [9, 10]
and imaging air Cherenkov telescopes [91, 92].

W+W�). As a result, as the WIMP mass increases in figures 7 and 8, the cross-section
limit uncertainties get narrower (for a given Galactic substructure signal strength). For
the same reason, the uncertainty band for the minimal Galactic substructure scenario
(’SS-MIN’ case in figures 7 and 8) is typically wider than the one for the reference
Galactic substructure case (‘SS-REF’), especially at the largest WIMP masses consid-
ered. This is less pronounced for the muon channel, because in that case the high-mass
limits are still set by the inverse Compton peak of the emission which contributes at
low energies.

Another feature worth mentioning is that, in the case of DM annihilation into
µ+µ�, figures 7 and 8 show a dip in cross-section limits for DM particle masses around
1 TeV. This dip is present because the part of the gamma-ray spectrum induced by
FSR peaks at energies where the IGRB intensity has dropped exponentially above
a few hundred GeV (see figure 5). For larger WIMP masses, the FSR peak is well

– 24 –



Anti-matter searches (e+/-, p+/-)

•AMS-02 confirmed and extended 
previous indications of rising 
positron fraction

• Recent AMS-02 results for anti-
protons

•Diffuse flux falls steeply as a 
function of energy. Indicative of 
source term at high energies

• Source candidates are pulsars 
(DiMauro et al 1402.0321), SN 
remnants (Mertsch & Sarkar 
1402.0855), or DM annihilation (e.g. 
Cirelli et al 0809.2409)

Talk by Derome



Constraints on DM annihilation from CMB

Planck Collaboration: Cosmological parameters
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Fig. 40. 2-dimensional marginal distributions in the pann–ns
plane for Planck TT+lowP (red), EE+lowP (yellow), TE+lowP
(green), and Planck TT,TE,EE+lowP (blue) data combinations.
We also show the constraints obtained using WMAP9 data (light
blue).

We then add pann as an additional parameter to those of the base
⇤CDM cosmology. Table 6 shows the constraints for various
data combinations.

Table 6. Constraints on pann in units of cm3 s�1 GeV�1.

Data combinations pann (95 % upper limits)

TT+lowP . . . . . . . . . . . . . . . . . < 5.7 ⇥ 10�27

EE+lowP . . . . . . . . . . . . . . . . . < 1.4 ⇥ 10�27

TE+lowP . . . . . . . . . . . . . . . . . < 5.9 ⇥ 10�28

TT+lowP+lensing . . . . . . . . . . . < 4.4 ⇥ 10�27

TT,TE,EE+lowP . . . . . . . . . . . . < 4.1 ⇥ 10�28

TT,TE,EE+lowP+lensing . . . . . . < 3.4 ⇥ 10�28

TT,TE,EE+lowP+ext . . . . . . . . . < 3.5 ⇥ 10�28

The constraints on pann from the Planck TT+lowP spec-
tra are about 3 times weaker than the 95 % limit of pann <
2.1 ⇥ 10�27 cm3 s�1 GeV�1 derived from WMAP9, which in-
cludes WMAP polarization data at low multipoles. However, the
Planck T E or EE spectra improve the constraints on pann by
about an order of magnitude compared to those from Planck TT
alone. This is because the main e↵ect of dark matter annihila-
tion is to increase the width of last scattering, leading to a sup-
pression of the amplitude of the peaks both in temperature and
polarization. As a result, the e↵ects of DM annihilation on the
power spectra at high multipole are degenerate with other param-
eters of base ⇤CDM, such as ns and As (Chen & Kamionkowski
2004; Padmanabhan & Finkbeiner 2005). At large angular scales
(` . 200), however, dark matter annihilation can produce an
enhancement in polarization caused by the increased ionization
fraction in the freeze-out tail following recombination. As a re-
sult, large-angle polarization information is crucial in breaking
the degeneracies between parameters, as illustrated in Fig. 40.
The strongest constraints on pann therefore come from the full
Planck temperature and polarization likelihood and there is little
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Fig. 41. Constraints on the self-annihilation cross-section at re-
combination, h�3iz⇤ , times the e�ciency parameter, fe↵ (Eq. 81).
The blue area shows the parameter space excluded by the Planck
TT,TE,EE+lowP data at 95 % CL. The yellow line indicates the
constraint using WMAP9 data. The dashed green line delineates
the region ultimately accessible by a cosmic variance limited ex-
periment with angular resolution comparable to that of Planck.
The horizontal red band includes the values of the thermal-relic
cross-section multiplied by the appropriate fe↵ for di↵erent DM
annihilation channels. The dark grey circles show the best-fit
DM models for the PAMELA/AMS-02/Fermi cosmic-ray ex-
cesses, as calculated in Cholis & Hooper (2013) (caption of their
figure 6). The light grey stars show the best-fit DM models for
the Fermi Galactic centre gamma-ray excess, as calculated by
Calore et al. (2014) (their tables I, II, and III), with the light
grey area indicating the astrophysical uncertainties on the best-
fit cross-sections.

improvement if other astrophysical data, or Planck lensing, are
added.30

We verified the robustness of the Planck TT,TE,EE+lowP
constraint by also allowing other extensions of ⇤CDM (Ne↵ ,
dns/d ln k, or YP) to vary together with pann. We found that the
constraint is weakened by up to 20 %. Furthermore, we have ver-
ified that we obtain consistent results when relaxing the priors
on the amplitudes of the Galactic dust templates or if we use the
CamSpec likelihood instead of the baseline Plik likelihood.

Figure 41 shows the constraints from WMAP9, Planck
TT,TE,EE+lowP, and a forecast for a cosmic variance limited
experiment with similar angular resolution to Planck31. The hor-
izontal red band includes the values of the thermal-relic cross-
section multiplied by the appropriate fe↵ for di↵erent DM anni-
hilation channels. For example, the upper red line corresponds to
fe↵ = 0.67, which is appropriate for a DM particle of mass m� =
10 GeV annihilating into e+e�, while the lower red line corre-
sponds to fe↵ = 0.13, for a DM particle annihilating into 2⇡+⇡�
through an intermediate mediator (see e.g., Arkani-Hamed et al.
2009). The Planck data exclude at 95 % confidence level a ther-

30It is interesting to note that the constraint derived from Planck
TT,TE,EE+lowP is consistent with the forecast given in Galli et al.
(2009), pann < 3 ⇥ 10�28 cm3 s�1 GeV�1.

31We assumed that the cosmic variance limited experiment would
measure the angular power spectra up to a maximum multipole of
`max = 2500, observing a sky fraction fsky = 0.65.
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Planck collaboration 1502.01589

• DM annihilation injects energy into 
CMB at z ~ 1000. 

• Annihilation products lose energy 
due to interactions with plasma

• Results are relatively insensitive to 
annihilation channels. Everything 
except directly annihilation to just 
neutrinos strongly constrained 

• Also information from polarization

• Widens the surface of last 
scattering and alters CMB peaks



Indirect searches with neutrinos

• Ice cube observations of the Galactic center 
probe direct WIMP annihilation to neutrinos 

12

Fig. 7 Sensitivity (dashed) and observed upper limit (solid,
w/o systematics) at 90% C.L. for WIMPs annihilating to neu-
trinos assuming a NFW (top) and Burkert (bottom) DM halo
profile. The statistical uncertainty on the sensitivity is shown
at the 1� (green band) and 2� (yellow band) level. The dip
below 100GeV is caused by the under-fluctuation in the LE
sample.

ration. Further, it is the first IceCube DM search prob-
ing h�

A

vi for WIMP masses below 100GeV by utilizing
the DeepCore infill-array of IceCube.

We have presented methods for a selection of down-
going muon neutrinos in IceCube, making the southern
hemisphere accessible to low-energy neutrino searches
in the energy range 10GeV – 10TeV. These methods
have been applied to create two event selections, that
are optimized for neutrino signals from the direction
of the Galactic Center. Based on these event selections
a likelihood analysis looking for a neutrino flux from
annihilating dark matter in the Galactic Center was
performed, testing a number of dark matter annihila-
tion channels at di↵erent masses. The results are com-
patible with the background-only hypothesis, thus up-
per limits on h�

A

vi were set (c.f. Fig. 9). The limits
from the low-energy selection are almost 2� lower than
their sensitivity due to an under-fluctuation in the num-
ber of background events. The limits presented here for
direct annihilation to ⌫⌫-pairs are model-independent
and conservative upper bounds for dark matter annihi-

Table 3 Final upper limits (including detector systematics)
on the self-annihilation cross-section, h�Avi, for di↵erent an-
nihilation channels and WIMP masses, m�, for the NFW
(top) and Burkert (bottom) DM halo profiles.

m� [GeV] h�Avi
⇥
10�22cm3s�1

⇤
assuming NFW profile

bb̄ W+W� ⌧+⌧� µ+µ� ⌫⌫̄

30 120.0 — 0.91 0.78 0.064
65 9.7 — 0.21 0.17 0.04

100 4.6 0.35 0.17 0.14 0.16
200 2.8 1.1 0.57 0.49 0.13
300 2.7 1.0 0.52 0.46 0.14
400 2.8 1.1 0.52 0.46 0.16
500 2.9 1.1 0.54 0.48 0.19

1000 7.8 1.5 0.69 0.63 0.32
2000 8.2 2.3 1.1 1.0 0.6
3000 8.9 3.1 1.5 1.5 1.0
4000 9.7 3.9 2.0 2.0 1.4
5000 11.0 4.8 2.5 2.5 1.8

10000 14.0 8.4 4.9 5.4 4.2

m� [GeV] h�Avi
⇥
10�22cm3s�1

⇤
assuming Burkert profile

bb̄ W+W� ⌧+⌧� µ+µ� ⌫⌫̄

30 4400.0 — 5.6 4.9 0.41
65 61.0 — 1.3 1.1 0.26

100 30.0 3.3 1.1 0.91 1.2
200 18.0 8.9 4.3 3.8 1.1
300 17.0 8.6 4.2 3.8 1.3
400 18.0 9.2 4.4 3.9 1.4
500 19.0 10.0 4.7 4.2 1.7

1000 60.0 13.0 6.3 5.8 3.0
2000 67.0 21.0 10.0 9.7 5.8
3000 75.0 28.0 14.0 14.0 9.8
4000 84.0 36.0 18.0 18.0 12.0
5000 92.0 44.0 23.0 23.0 17.0

10000 130.0 76.0 45.0 50.0 41.0

lation to Standard Model final states [47]; even small
branching ratios to other - more visible - species at the
h�

A

vi-level presented here would yield a detectable flux
in gamma-ray experiments, or otherwise stronger con-
straints. Thus, these limits complement gamma-ray de-
tection channels.

Future improvements to this analysis can be ex-
pected from improvements in the background rejection
in the energy region corresponding to the highest probed
WIMP masses, and the inclusion of an energy term in
the likelihood function.

Long-term improvements should also be expected
from possible IceCube extensions. The low-energy up-
grade PINGU [48] would increase the sensitivity to low-
mass WIMPs, and extend the probed mass range below
30GeV. PINGU is a possible future in-fill array with
a denser instrumentation than DeepCore. The high-
mass (TeV-PeV) sensitivity would benefit from a future
high-energy extension, IceCube-Gen2 [49]. The aim for
IceCube-Gen2 is an expanded instrumented volume of
the order of 10 km3 with a larger inter-string spacing,
compared to IceCube.
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Summary/interpretations

• Fermi-LAT gamma-ray searches have reached the thermal relic scale

• Strongly constraining thermal relic WIMP dark matter with velocity 
independent annihilation cross sections

• Planck constraints also reaching thermal relic scale. Strongly constrain 
AMS-02, Pamela DM interpretations 

• Future progress:  
!

• More Fermi-LAT, Cherenkov telescope data 
• Discovery of more dSphs of the Milky Way 
• Neutrino constraints 


