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The details of what constitutes the majority of the mass that makes
up dark matter in the Universe remains one of the prime puzzles of
cosmology and particle physics today - eighty years after the first
observational indications. Today, it is widely accepted that dark
matter exists and that it is very likely composed of elementary par-
ticles – that are weakly interacting and massive (WIMPs for Weakly
Interacting Massive Particles). As important as dark matter is in our
understanding of cosmology, the detection of these particles has so
far been elusive. Their primary properties such as mass and inter-
action cross sections are still unknown. Indirect detection searches
for the products of WIMP annihilation or decay. This isq generally
done through observations of gamma-ray photons or cosmic rays.
Instruments such as the Fermi-LAT, H.E.S.S., MAGIC and VERI-
TAS, combined with the future Cherenkov Telescope Array (CTA)
will provide important complementarity to other search techniques.
Given the expected sensitivities of all search techniques, we are at a
stage where the WIMP scenario is facing stringent tests and it can
be expected that WIMPs will be either be detected or the scenario
will be so severely constrained that it will have to be re-thought. In
this sense we are on the “Threshold of Discovery”. In this article, I
will give a general overview over the current status and the future
expectations for indirect searches for dark matter (WIMP) particles.

Gamma rays | Dark Matter | Cosmology

There is a broad consensus that dark matter is made up of
elementary particles. The most promising candidates are

weakly interacting massive particles (WIMPs), particularly if
they also form the lightest supersymmetric particle. The gen-
eral assumption is that the thermal freeze-out in the early
Universe leaves a relic density of dark matter particles in the
current Universe (after the freeze-out the particles become too
diluted to annihilate in appreciable numbers and thermal en-
ergies were too low to produce them. The co-moving density
is therefore roughly constant since then). The annihilation
of these particles into standard-model particles controls the
abundance in the Universe, there is thus a tight connection
between the annihilation cross section and cosmologically rel-
evant quantities. For particles annihilating (in the simplest
case, i.e. annihilating through S waves [1]) the relic density
only depends on the annihilation cross section σann weighted
by the average velocity of the particle (see e.g.[2]):

Ωχh
2 = 0.11

3× 10−26cm3s−1

< σannv >

As the value for the relic dark matter density from CMB
observations is Ωχh

2 = 0.113 ± 0.004 [3], it follows that the
expected velocity-weighted annihilation cross-section is in the
range of 3 × 10−26cm3s−1. This represents a striking con-
nection that for typical gauge couplings to ordinary standard
model particles and a dark matter mass at the weak interac-
tion scale WIMPs have the right relic density (using standard
early Universe conditions) to match those of the cosmolog-
ically measured dark matter particles. In other words, the
value for < σAnnv > corresponds to a cross section of approx-
imately 1 pb, i.e. a typical weak interaction cross section.
This is the so-called WIMP miracle in which particles that
are motivated by a microphysical puzzle (or better a gauge
hierarchy problem) are excellent dark matter candidates. Ob-
viously, this connection could be merely a coincidence but if
true, then naturally, WIMP masses would be expected in the

range of 10 GeV and a few TeV which is why a lot of at-
tention has been devoted to exploring that mass range in the
dark matter parameter space.

Given the tight connection between the amount of WIMP
dark matter in the current Universe and the annihila-
tion cross-section it is natural to expect dark matter self-
annihilations. To be able to self-annihilate the dark matter
particle much either be a Majorana particle or a Dirac parti-
cle with no matter-antimatter asymmetry. In the annihilation
(or decay) of the dark matter particles all kinds of standard
model particles are created (quarks, bosons, leptons) and then
produce either gamma rays or cosmic rays. In particular re-
gions in the Universe with high dark matter densities (such
as the centers of galaxies, and clusters of galaxies) have en-
hanced probabilities that dark matter particles encounter each
other and annihilate. With an appropriate assumption about
the density distribution of dark matter (e.g. from numerical
simulations) one can predict the expected annihilation signal
when assuming a certain annihilation cross section or put lim-
its on the latter in the absence of a signal.

A more quantitative description of the expected flux of
particles from dark matter annihilation can be drawn from
the following relation:

dΦγ

dEγ
=

1
4π

< σannv >
2m2

WIMP

∑

f

dNf
γ

dEγ
Bf

︸ ︷︷ ︸

’Particle Physics’

×

∫

∆Ω

dΩ′

∫

los

ρ2r(l, θ′)dl(r, θ′)

︸ ︷︷ ︸

’Astrophysics’ orJ(E)

The left-hand side contains the (measureable) gamma ray
flux. The right-hand side contains two components (1) a parti-
cle physics term which is given by the velocity-averaged anni-
hilation cross-section (< σannv >), the mass of the dark mat-
ter particle (m) and the sum over the gamma-ray yields for a
certain annihilation channel into channel f (dNf

γ/dEγ) multi-
plied by the branching ratio into that channel (Bf ), and (2)
an astrophysics term J(E) (called the J-factor) given by the
line-of-sight integral of the square of the dark matter density
ρ. Given that both the particle physics and the astrophysics
term are unknown, one needs to make an assumption about
one in order to put constraints on the other when measuring
a gamma-ray flux (or an upper limit). This in turn already
points to one of the major challenges in the indirect detection
of dark matter: the astrophysical uncertainties, both in the
density profile of dark matter (which enters quadratically) and
in the suppression of the astrophysical foregrounds (which af-
fect the sensitivity or the minimal gamma-ray flux that can be
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detected). In order to derive meaningful dark matter limits,
the astrophysical foregrounds have to be understood and sub-
tracted. For excellent general recent reviews on selected topics
related to the indirect detection of dark matter, see [4, 5, 6, 7].

While most recent studies to detect the secondary prod-
ucts of dark matter annihilations have focussed on gamma
rays, annihilations into cosmic rays can also be used. Given
the large flux of cosmic rays accelerated directly in astrophys-
ical sources (primary cosmic rays) and produced in the in-
teraction of cosmic rays with interstellar material (secondary
cosmic rays) it is beneficial to use particles that are less-
frequently produced in these settings. The most commonly
used are antimatter particles, in particular anti-deuterons,
anti-protons and positrons, which are not so copiously pro-
duced in astrophysics accelerators. These can provide impor-
tant clues towards the dark matter puzzle as e.g. seen in the
rise in the positron fraction recently observed by PAMELA [8]
and confirmed by the Fermi-LAT and AMS [9, 10]. However,
I will mention them in this article only in passing and will
focus on gamma-ray observations.

Gamma rays can be produced by dark matter anni-
hilations in two major ways: (a) continuum signals from
annihilation into other particles which eventually produces
gamma rays either through pion production, or final state
bremsstrahlung and inverse Compton from leptonic channels
and (b) line signals from dark matter annihilating directly
to γX, where X usually is another neutral state, typically γ
ray or Z or a Higgs boson. Given that dark matter parti-
cles are essentially at rest (for cold dark matter), the pho-
tons will emerge back-to-back with an energy directly related
to the rest mass of the dark matter particle Eγ = mχ or
Eγ = mχ(1−mX/4M2

χ). While the line signal can provide a
“smoking gun” signal for dark matter annihilation, its flux is
typically loop suppressed by a factor of α2

e where αe is the fine
structure constant (the electrically neutral dark matter parti-
cle does not couple directly to photons but has to go through
a charged particle loop) . The signal is therefore expected to
be much smaller than the continuum flux. This continuum
signal has a smooth energy distribution with an exponential
cutoff at the mass of the dark matter particle Eγ = mχ. The
spectral shape is universal in the sense that it takes a similar
form for almost any channel and depends somewhat weakly on
mχ. The exact annihilation channel depends on the proper-
ties of the WIMP but is typically (for bino-like WIMPs) dom-
inated by annihilation into bb̄ pairs with pair production into
τ -leptons also contributing. For more massive WIMPs with
a wino or higgsino component annihilation will proceed into
massive gauge bosons. Annihilations that have a large branch-
ing fraction into e+e− pairs will enhance the gamma-ray signal
through inverse Compton scattering these on starlight or the
CMB (see e.g. [11, 12]).

Gamma rays have several unique properties which make
them ideally suited to study dark matter annihilations. Pri-
marily, they do not get deflected in intervening magnetic fields
and thus point back at the site at which they are created.
This allows one to search for gamma ray signatures not only
in our vicinity in the Galaxy but also in distant objects such
as satellite galaxies or even galaxy clusters. In the case of a
signal, this could make provide a unique method to study the
distribution of dark matter in our Galaxy or in the Universe.
The energy of gamma rays from dark matter annihilation is
limited by the rest mass of the annihilating particle. Gamma
rays therefore also provide a unique spectral signature. In
particular, given the aforementioned preferred WIMP masses
at the scale of a weakly interacting particle, gamma-rays in
the GeV and TeV range access the most relevant mass range

of dark matter particles. One final advantage of the usage of
gamma rays is that, in the local Universe gamma-rays do not
suffer from attenuation, and therefore they retain the source
spectral information intact at the Earth.

In the following section I will summarize current observa-
tional results with a focus on gamma-ray observations. Cur-
rently, the most productive observatory for dark-matter re-
lated publications is the Fermi-LAT with currently ∼200 such
refereed publications. The Fermi-LAT has recently provided
a major breakthrough in the indirect detection of dark mat-
ter by reaching for the first time below the aforementioned
thermal relic annihilation cross-section of 3 × 10−26cm3s−1

through observations of dwarfs spheroidals. The final section
will give an outlook for future prospects in indirect dark mat-
ter observations and will also discuss the complementarity of
the various search methods.

Observational results

Targets for dark matter searches.Because of the quadratic de-
pendence of the self-annihilation rate of dark matter and thus
the gamma-ray flux the detectability of any particular region
in the Universe strongly depends on the density distribution
along the line of sight of the dark matter particles (so-called
J-factor). Unfortunately, dark matter densities are not very
well constrained by numerical simulations, especially in the
innermost regions. In fact, simulations originally showed that
the collapse of cold dark matter gives rise to rather cuspy
dark matter haloes (something that would favor the indirect
detection of dark matter because of the ρ2DM dependency).
On the other hand, observations of galaxy rotation curves fa-
vor constant density cores (so-called ‘cusp-core problem”, see
e.g. [13, 14, 22, 23]). An additional complication stems from
substructure in the dark matter distribution that is currently
not resolved in cold dark matter N-body simulations, (i.e. be-
low ∼ 105M⊙). This unresolved substructure can have a very
large impact, in particular in objects such as galaxy clusters.
Since substructure will further enhance the annihilation sig-
nal this effect is typically quantified in terms of the so-called
boost factor B defined as the ratio of the true line-of-sight
integral to the one obtained when assuming a smooth com-
ponent without substructure. Finally, the situation is further
complicated by the fact that for many objects (such as e.g.
the Milky Way) baryonic matter dominates the inner parts of
the gravitational potential. Baryons are expected to have a
significant impact on the dark matter profile compared to the
numerical simulations which are generally dark matter-only.
The infall of baryons is expected to alter the inner dark matter
profiles. The profile could either be steepened through adia-
batic contraction [15, 16, 17], or it could be flattened through
the occurrence of repeated star bursts triggered by baryonic
infall which tends to render the gravitational potential shal-
lower since the star burst activity drives out the baryons from
the inner parts [18, 19, 20].

The choice of the assumed profile of the density distri-
bution constitutes therefore one of the prime uncertainty in
studying dark matter using gamma rays. As will be discussed
later, the uncertainty on the resulting expected flux limits
for individual dwarf spheroidals are between a factor of 3
for well-constrained objects like Sculptor up to a factor of
10 for objects such as Coma Berenices. For the Galactic cen-
ter, arguably the most promising target in terms of expected
gamma-ray flux from dark matter annihilations, these uncer-
tainties are considerably larger. See [21] for a discussion on the
dark matter profile in the inner Galaxy from a meta-analysis
of kinematic data of the Milky way. Estimates can differ by
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Fig. 1. Compilation of current limits from the Fermi-LAT on dark matter annihilation cross-section σ using gamma rays, along with projected future limits from the
Cherenkov Telescope array (CTA). The Fermi-LAT limits were taken from the Fermi-LAT paper on dwarf spheroidals [24] (solid black), on the isotropic diffuse [56] (dotted), on
the galactic center halo for an NFW profile [62] (dashed), and on the stacking of galaxy clusters [37] (long dashed). The yellow (95%) and green (68%) bands give the range of
expected limits when repeating the procedure multiple times in Monte-Carlo simulations on dwarf spheroidals without the inclusion of a signal. The light green (Einasto) and
light gray (NFW) band give the expected CTA sensitivity (500 hours) for the Galactic center halo under the assumption of two different dark matter profiles. For these CTA
estimates, the contribution by the US groups (doubling the number of mid-sized telescopes) was taking into account [96]. For the Einasto halo model the shape parameter
was fixed to 0.17. For both models the density was normalized to 0.4 GeV cm−3 at the solar radius. For the sensitivity curves, the signal was evaluated by integrating the
product of the gamma-ray acceptance and the differential DM flux over an annulus of 0.3 - 1.0 deg from the GC. The background in the signal region was calculated from the
product of the signal region solid angle and an energy-dependent model for the spatial density of protons and electrons that survive background rejection cuts. In addition, the
uncertainty on the background was modeled by assuming the existence of a control region with a solid angle five times that of the signal region.

up to a factor of 50 depending on the choice of the profile.
For clusters of galaxies the main uncertainties come from the
treatment of substructure below the resolution limit of cur-
rent numerical simulations. Also here, the uncertainties in
the J-factor can be several orders of magnitude, and the dark
matter profile itself can be severely modified in these objects
by the presence of substructures. In the following I will go
through indirect detection observations of the various targets,
highlighting current upper limits to WIMP annihilation/mass
cross-sections.

Dwarf Spheroidals. In contrast to the aforementioned uncer-
tainties in the inner parts of the density profile of objects
on Galaxy or galaxy cluster scales, dwarf spheroidal galaxies
can represent a very clean system to search for dark mat-
ter annihilation. Indeed, star formation is usually very much
suppressed in these objects, so astrophysical foregrounds that
produce gamma rays are less of an issue in these objects. From
the stellar kinematics the DM content can appropriately be
determined, and these objects have been found to be the ones
with the largest mass-to-light ratios in the Universe. Boost
factors through substructure below the resolution of numerical
simulations are expected to be irrelevant in these objects and
therefore do not add a large uncertainty. Uncertainties related
to the shape of the dark matter profile are generally integrated
over and therefore introduced by the choice of the profile are
at the 10-50% level. Currently, there are roughly 25 known
dwarf satellite galaxies to the Milky Way and both ground-
based instruments such as H.E.S.S., MAGIC and VERITAS
as well as the Fermi-LAT are actively observing these objects.
While none of the objects are detected with the current gen-
eration of gamma-ray instruments, important conclusions on
the properties of dark matter particles can be drawn from

these objects. In particular, a combined analysis of all known
dwarf satellites with the Fermi-LAT have pushed, for the first
time the annihilation cross section limits below the canonical
thermal relic production cross-section of 3× 10−26cm3s−1 for
a range of WIMP masses (around 10 GeV) for the annihila-
tion into bb̄, which often acts as a benchmark [24, 25, 26].
This statement holds also if uncertainties in the J-factors for
these objects are included. Given the all-sky capability of
the Fermi-LAT, a combined analysis of these objects will re-
main the cleanest target in the future where more dwarfs are
expected to be detected with future optical surveys such as
Pan-STARRS [27], DES [28] and LSST [29]. It has been esti-
mated that DES might discovery 19 to 37 new dwarf galaxies
during the duration of the Fermi-LAT mission [30]. At higher
energies ground-based Imaging Atmospheric Cherenkov tele-
scopes (IACTs) have observed dwarf spheroidals but have not
found a signal [31, 33, 32]. Their limits for high WIMP masses
are typically several orders of magnitudes away from the ther-
mal relic cross section and are therefore not (yet) competitive
with limits from the Fermi-LAT at lower energies.

Galaxy Clusters.Galaxy clusters are the largest massive ob-
jects in the Universe. Galaxy clusters are more distant than
dwarf spheroidal galaxies or any of the other targets that are
generally used for dark matter studies using gamma rays.
However, like dwarf spheroidals, they are likely to be dark
matter dominated. The range of proposed boost factors due
to unresolved dark matter substructure can be large. Depend-
ing on the assumption about the substructure Galaxy clusters
become competitive in their expected annihilation signal with
dwarf spheroidals only at the extreme (high) end of boost fac-
tors. The best candidate are massive nearby clusters such as
Virgo, Fornax or Coma [34, 35, 36]. One complication for
a possible detection is that galaxy clusters are also expected

Footline Author PNAS Issue Date Volume Issue Number 3



to contain a significant number of astrophysical sources of
gamma rays, such as Active Galactic Nuclei (AGN) or radio
galaxies. In addition, these objects are expected to harbor
a significant population of cosmic rays which should radiate
gamma rays through interaction with hadronic material and
subsequent pion-decay. As long as no signal is found, ignoring
this contribution represents a conservative assumption and is
therefore justified [37, 38, 39, 40, 35]. Early claims of a sig-
nal in the Fermi-LAT data from the Virgo cluster [41] turned
out to be due to a several unmodeled point-sources within
the cluster [42]. At higher energies ground-based instruments
have pushed for rather stringent gamma-ray flux limits on
galaxy clusters (e.g. the MAGIC telescopes for the Perseus
cluster [43], the VERITAS array for the Coma cluster [44],
and the H.E.S.S. array for the Fornax cluster [45]). However,
when making conservative assumptions about boost factors
in these objects, the limits on the benchmark bb̄ annihila-
tion channel are several orders of magnitude away from the
canonical thermal relic cross section.

Isotropic diffuse emission.The Fermi-LAT has provided a
measurement of a faint diffuse isotropic signal from all over the
sky. This so-called isotropic gamma-ray background (IGRB)
follows a featureless powerlaw from 200 MeV to 100 GeV [46]
with a photon index of 2.4. This signal is expected to con-
tain a contribution of mainly extragalactic unresolved (sub-
threshold) sources combined with potentially truly diffuse
emission. An analysis of the populations of the most nu-
merous sources detected by Fermi during the first years –
blazars – showed that unresolved such objects contribute at
most 30% of the IGRB emission [47, 48]. It is thus possi-
ble that the IGRB emission contains the signature of some of
the most powerful and interesting phenomena in astroparti-
cle physics. Intergalactic shocks produced by the assembly of
Large Scale Structures [49, 50, 51], gamma-ray emission from
galaxy clusters [52, 53], emission from starburst and normal
galaxies [54, 55], are among the most likely candidates for the
generation of diffuse GeV emission. In addition, and most
relevant for this review, a signal from dark matter annihi-
lation could be imprinted in the IGRB. While it would be
extremely difficult to detect a dark matter contribution in
the IGRB, upper bounds on dark matter annihilation can be
readily derived. The most conservative approach when cal-
culating upper limits on the dark matter annihilation cross
section is to assume that all of the IGRB is caused by dark
matter annihilation. When making rather conservative as-
sumptions about the contribution of source populations to the
IGRB dark matter annihilation cross section limits can be de-
rived [56, 57, 58, 59] that are competitive with other methods,
such as dwarf spheroidal galaxies. Obviously, these limits can
be significantly tightened when including additional source
populations - however, the degree to which the contribution
from such classes can be determined is questionable. How-
ever, even for the more conservative limits, when combined
with H.E.S.S. observational constraints from the Galactic cen-
ter halo, the IGRB fluxes rule out all interpretations of the
PAMELA positron excess based on dark matter annihilations
into two final lepton states [57] and most of the parameter
space for annihilation into four leptons through new interme-
diate states.

The statistical properties of the IGRB additionally en-
codes information about the origin of this emission. Unre-
solved sources are expected to induce a different level of small-
scale anisotropies compared to truly diffuse contributions. A
study of the angular power spectrum of the diffuse emission
at Galactic latitudes |b| > 30◦ between 1 and 50 GeV re-
vealed angular power above the photon noise level at multi-

poles l > 155 independent of energy [60]. The scale indepen-
dence of the signal suggests that the IGRB originates from
one or more unclustered populations of point sources. The
absence of a strong energy dependence suggests that a single
source class that provides a constant fractional contribution
to the intensity of the IGRB over the energy range considered
may provide the dominant contribution to the anisotropy. Re-
cently it has been suggested that a strong correlation between
cosmic shear (as measured by galaxy surveys like DES and
Euclid) and the anisotropies in the IGRB might add an addi-
tional handle on the contribution of dark matter annihilation
to the IGRB [61].

Because of their limited field of view and the irreducible
electron-shower background, ground based instruments so far
have not provided a competitive measurement of the IGRB.
However, the Fermi-LAT is expected to eventually measure
the signal up to several TeV.

Galactic Center.The Galactic center is expected to be the
brightest source of dark matter annihilation gamma rays by
at least two orders of magnitude. However, a multitude of as-
trophysical sources of gamma rays in that region complicate
the identification of any source region with dark matter anni-
hilations. For GeV gamma rays the situation is further com-
plicated by the presence of a highly structured and extremely
bright diffuse gamma-ray background arising from the interac-
tion of the pool of cosmic rays with dense molecular material
in the inner Galaxy. These astrophysical foregrounds are ex-
pected to be several orders of magnitude brighter in gamma
rays than the signal from dark matter annihilations. Because
of these, searches for dark matter annihilation are usually per-
formed in regions excluding the very center of the Galaxy. In
addition, because of the proximity the gamma-ray distribution
can be expected to be resolved and therefore the exact choice
of the expected radial profile of the dark matter distribution
has a rather large effect when deriving the limits (in choos-
ing the optimal extraction region). Data from the Fermi LAT
have been used to search for an annihilation signal from the
galactic dark matter halo [62] and also from the central part
of the Galaxy [63]. In both cases rather conservative limits
that assume only the Galactic diffuse emission and dark mat-
ter annihilation to contribute to the observed signals provide
limits that are comparable to those reached by the stacking
of dwarf spheroidals. Of course, these limits can be pushed
further down with increasing assumptions about the objects
producing the observed gamma-ray emission in the galactic
center [64]. However, increasing the complexity of the “fore-
ground modeling” will also make these limits less robust.

At TeV energies, the H.E.S.S. telescope system has de-
tected a point-source coinciding with the supermassive black
hole in the center of our Galaxy [65] and a diffuse emission
coinciding with molecular material in the Galactic ridge [66].
The galactic center source has a featureless powerlaw spec-
trum at TeV energies with an exponential cutoff at ∼ 10 TeV
which does not lend itself easily to a dark matter scenario
and is therefore generally thought to be either related to the
supermassive black hole Sgr A⋆ [67] or a pulsar wind nebula
in that region [68]. Because of the presence of these bright
sources the search for a dark matter signal has focussed on an
angular region of 0.3◦ − 1.0◦ around the galactic center. Us-
ing 112 hours of observation time, the H.E.S.S. collaboration
has set the most constraining limits on the annihilation cross
section for masses > 1 TeV, reaching ∼ 7 × 1025cm2s1 at 1
TeV for the bb̄ channel [69].

Even more interesting, there have been two hints of a
signal in the galactic center region. First, there were re-
ports of an extended signal coinciding with the center of
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our Galaxy [70, 71, 72, 73] above the galactic diffuse emis-
sion. There are various alternatives for the origin of this sig-
nal, amongst others the interaction of freshly-produced cos-
mic rays with interstellar material [70, 72, 74, 75], a pop-
ulation of mili-second pulsars [76, 77, 78], or the annihila-
tion of dark matter particles with masses between 7 and 40
MeV [70, 71, 72]. While the signal appears to be real and nat-
urally is of great interest, the lack of a smoking gun feature
that could help relate it to dark matter annihilation will make
it extremely difficult to convincingly and unambiguously claim
a dark matter detection unless backed by other measurements.

In that regard, the second claimed signal in the galactic
center region is even more exciting, the discovery of a line sig-
nal at ∼ 130 GeV in an extended region around the galactic
center. I will describe its general properties in the following
section.

Line Searches.The annihilation of dark matter into γX leads
to monochromatic gamma rays with Eγ = mχ(1−mX/4M2

χ).
Such a signal will provide a smoking-gun signal that is very dif-
ficult to mimic in astrophysical sources, in particular if found
in more than one location on the sky. This process is expected
to be strongly loop-suppressed by a factor O(α2

e). The discov-
ery of a hint of a signal at ∼ 130 GeV in the Fermi-LAT data
in a region-of-interest (ROI) optimized for particular dark
matter distributions towards the Galactic center [79, 80] have
raised the exciting possibility that if confirmed this could be
the long awaited first clear evidence of dark matter annihila-
tion into gamma rays. While very serious doubts about the
astrophysical origin of the signal have been raised recently
as will be discussed below, the statistical significance of the
original signal seems to be beyond the level of a statistical
fluctuation. Two obvious alternatives to a dark matter anni-
hilation signal exist: (1) an astrophysical origin (such as e.g.
inverse Compton scattering in the Klein-Nishina regime of
mono-energetic electrons produced in pulsar winds [81]) and
(2) one or more systematic (i.e. instrumental) effects. Given
that the signal was found to be significantly extended, the
pulsar hypothesis can safely be discarded and therefore the
only viable alternative explanation is an instrumental effect.

Although only marginally significant (claimed post-trial
significance of 3.2σ), the community has enthusiastically re-
sponded to this signal. The extension of the signal seems to
be compatible with conventional dark matter profiles such as
NFW or Einasto and slightly offset but generally in the direc-
tion of the Galactic center [82, 83]. There was a mild tension
with all-sky limits for dark matter annihilation lines released
around the same time by the Fermi-LAT team [85] but that
could be argued was due to the difference in extraction region
(all-sky versus optimized ROI for a particular dark matter
profile). Additional studies quickly suggested a second line at
114 GeV that – in the picture of dark matter annihilation –
was identified as the χχ← γZ0 line [82] (although only at the
1−2σ level). Line signals at 130 GeV at low significance were
also claimed to be detected from unidentified sources [86] and
from galaxy clusters [87].

Compared to these early indications, the picture has, how-
ever, become significantly murkier at closer inspection – in-
strumental effects do seem at least to play a role in this sig-
nal. Early doubts that the signal could be a contamination
of the background estimate arising from the spectral shape of
the Fermi bubbles (power law with sharp break) in that re-
gion [88] were likely ruled out based on the morphology of the
signal [89]. The spectrum of most of the unidentified sources
that showed the weak hint of two lines at similar energies to
the original galactic center signal were shown to be incompat-

ible with a dark matter annihilation origin [71, 90] but rather
in agreement with those from active galactic nuclei (AGN).
This finding therefore challenges the notion of the signal aris-
ing from DM annihilations and makes an instrumental effect
more likely. Also, the galactic center source began at least
partially to unravel – the growth of the signal over time af-
ter the first discovery did not follow the expected trend but
seemed rather compatible with a background fluctuation (see
e.g. [91]).

A similarly strong challenge to the dark matter interpre-
tation came from an updated analysis by the Fermi-LAT col-
laboration [92]. First, when taking the energy dispersion of
the detector into account in the fitting, the signal significance
decreases. Essentially, the signal is too narrow to be a gen-
uine signal. In fact, a search in optimized ROIs over the whole
energy range by the Fermi-LAT collaboration, taking into ac-
count the energy dispersion in the fitting, does not detect any
significant lines at any energy above the 2σ level when ac-
counting for all the trials factors [92]. Similarly important,
when analyzing the Earth limb data – arising from the inter-
action of cosmic rays with the atmosphere – as a reference
data set free of dark matter interactions shows a weak (∼ 3σ)
line signal at 130 GeV for a certain range of incidence angles
(< 60◦) in the detector [84]. Given that the expected Earth
limb signal is a featureless powerlaw in that range [93] such
a feature points towards an instrumental effect that prefer-
entially reconstructs events at those energies. However, this
(currently unknown) effect can only explain a minor fraction
(∼ 20%) of the galactic center signal. A second reference re-
gion (the galactic disk excluding the galactic center region)
does not show such a feature at 130 GeV or at any other
energy.

Given these complications, the current situation is such
that there are some serious doubts about the origin of the sig-
nal, however, instrumental effects can also not fully explain
the occurrence of the signal and therefore a dark matter origin
remains a valid possibility. Future Fermi-LAT data will clarify
the situation. A completely rewritten event reconstruction of
the Fermi-LAT data that remedies several problems found af-
ter launch will enhance the energy resolution and will become
available later this year (so-called Pass-8 ). If the signal re-
mains significant with these updates, the Fermi-LAT manage-
ment is considering an updated observing strategy that would
enhance the exposure to the Galactic center. If the signal is
not too extended (! 2◦ FWHM), the HESS-II array with its
new 27-m diameter dish will have the required sensitivity to
independently rule out or confirm the line at 130 GeV [94].

Future Searches and complementarity with other

methods
In the absence of a space-mission that would improve the over-
all sensitivity over the Fermi-LAT significantly in the near fu-
ture the community is looking toward the next generation
ground-based instrument as the next big step in the indi-
rect detection of dark matter through gamma rays1. The
Cherenkov Telescope Array (CTA) is expected to start opera-
tion later in this decade (current start of construction planned
for 2016) and will have sensitivity over the energy range from
a few tens of GeV to 100s of TeV. To achieve the optimal sensi-
tivity over that wide a range in energy, CTA will employ three
different telescope sizes: Large Size Telescope (LST, 23 m di-
ameter), Medium Size Telescope (MST, 10-12 m) and Small

1 it should be noted, that the planned Russian/Italian space-mission Gamma-400 [102] aims to
significantly improve the energy resolution which might be relevant for line searches
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Fig. 2. Left: Reproduced from [95]. Comparison of current (solid lines) and projected (dashed lines) limits on the DM annihilation cross section from different gamma-ray
searches as a function of WIMP mass. Limits for Fermi (magenta lines) and H.E.S.S. (solid black line) are calculated for a 100% branching ratio to bb (same as in Figure
1). Projected limits for CTA are shown for WIMP annihilation to bb and a 500 hour observation of Sculptor (red dashed line) and for WIMP annihilation to bb (black dashed
line), W+W− (green dashed line), and τ+τ− (cyan dashed line) and a 500 hour observation of the GC. For the sensitivity calculation of CTA the baseline array I [98]
supplemented by a contribution of 36 mid-sized dual-mirror telescopes by the US groups is assumed. The calculation of the annihilation flux for the GC region assumes an NFW
MW halo profile with a scale radius of 20 kpc and DM density at the solar radius of 0.4 GeV cm−3. Filled circles represent pMSSM models satisfying WMAP7 constraints
on the relic DM density and experimental constraints from ATLAS and CMS SUSY searches and XENON100 limits on the spin-independent WIMP-nucleon cross section
[100, 101]. Models indicated in red would be excluded by the CTA 95% C.L. upper limit from a 500 hour observation of the Galactic Center. Right: Reproduced from
[97]. Comparison of exclusion ranges for the three dark matter search strategies: direct detection (XENON1T and COUPP500 in green and red), indirect detection (CTA and
Fermi-LAT in red and blue) and collider searches (LHC up to 8 TeV in magenta). Each dot represents a currently allowed pMSSM model in the plane of spin-independent
cross-section versus mass of the lightest supersymmetric particle. Gray dots will not be detectable by any method.

Size Telescope (SST, 4-6 m). The design goal is a point-source
sensitivity of at least an order of magnitude better than cur-
rently operating instrument at the sweet-spot of 1 TeV and
a significantly improved angular resolution, improving with
energy from 0.1◦ at 100 GeV to better than 0.03◦ at energies
above 1 TeV. The US groups within the CTA consortium are
planning to augment the array in the crucial mid-size tele-
scope part. Current plans call for a doubling of the baseline
number of mid-sized telescopes, enhancing the sensitivity by
a factor of 2–3 [96].

Gamma rays are sensitive to almost any annihilation chan-
nel with a sensitivity that is closely related to the total annihi-
lation cross section of dark matter that underlies its total relic
abundance today. Already now, gamma-ray limits are prob-
ing below the thermal relic cross section for some of the pre-
ferred WIMP mass range. While direct detection experiments
mostly have to deal with uncertainties in the background esti-
mations, the indirect detection technique is largely dominated
by astrophysical uncertainties. For dwarf spheroidal galaxies,
these are largely mitigated by the lack of astrophysical back-
grounds and tight constrains on the halo profile from dynam-
ical measurements. For the galactic center these uncertainties
are the largest but the prospects for a detection are still the
highest. A positive (and credible) detection would entail ei-
ther a gamma-ray line, like in the case of the aforementioned
one at 130 GeV in the Fermi-LAT data or alternatively, from
the measurement of identical spectra that are compatible with
a dark matter origin from more than one source. None of the
proposed dark matter search methods (direct detection, indi-
rect detection or accelerator searches) will be able to unam-
biguously claim the detection of dark matter and thus all the
methods are crucial in a viable dark matter program for the
future. Each potential signal will potentially be created by a
new (previously unknown) background – even in the case of
accelerator searches. One big advantage of the indirect detec-

tion techniques is that if a signal is found in an accelerator
or in a direct detector, gamma-ray measurements will provide
the only way to connect the laboratory to the actual distri-
bution of dark matter on the sky and identify the nature of
the particle through the details of the annihilation process.
In fact detecting a signal from the galactic center would allow
to measure the dark matter density profile and feed back to
cosmological simulations.

In addition, there is a unique region of the WIMP pa-
rameter space that CTA can best address in the near future
– the high-mass (∼ 1 TeV) scenario. Figure 2 (reproduced
from [95] and [97]) shows the reach of CTA in currently-
allowed pMSSM models as a function of the WIMP mass.
The pMSSM (for phenomenological MSSM) is a 19-parameter
model [99] that represents the most general version of an
R-parity conserving MSSM subjected to experimental con-
straints. No assumptions are made about the physics of SUSY
breaking within the pMSSM models. Therefore the pMSSM
model set shows a much broader range of phenomenology than
found in highly-constrained model sets. The left-hand graph
shows the CTA sensitivity in the traditional representation in
the < σannv > WIMP mass plane (similar to Figure 1) for the
bb̄ annihilation channel overlaid with pMSSMmodels that sat-
urate the thermal relic density (i.e. these particle constitute
the bulk of the cosmological dark matter). The right-hand
graph shows the same sensitivity, this time in the plane that
is traditionally associated with direct-detection experiments,
the spin-independent scattering cross-section σSI for pMSSM
models without a constraint on the thermal relic density. As
can be seen, CTA has significant reach in this model param-
eter space and is in particular uniquely suited to sensitively
address WIMP masses around 1 TeV and above.

6 www.pnas.org/cgi/doi/10.1073/pnas.0709640104 Footline Author



Conclusion
This is a exciting time for the search for dark matter. As the
title of the NAS symposium suggests: we might be on the
threshold of a discovery because our experimental and obser-
vational capabilities have progressed to the point where all
three legs of the search for dark matter are sensitive to test-
ing the WIMP paradigm in a very serious way. The LHC
detectors are used to search for super-symmetric particles
and will dominate the accelerator-based search for the next
decade. The direct detection experiments are moving to ton-
scale detectors and have taken great strides in improving their
understanding of the backgrounds. And finally, indirect de-
tection experiments, in particular using gamma rays, such as
the Fermi-LAT, H.E.S.S., MAGIC, and VERITAS and the fu-
ture Cherenkov Telescope Array (CTA) are starting to probe

the thermal relic cross section in various astrophysical objects.
While uncertainties about the dark matter profiles and the as-
trophysical foregrounds will always have a serious impact on
the detectability of dark matter annihilation signals, the lim-
its have gotten robust against these problems most recently.
If lucky, we might even be able to measure the dark matter
density profiles in the very inner parts of our galaxy or in
dwarf satellites using gamma rays.

ACKNOWLEDGMENTS. I would like to thank Roger Blandford, Rocky Kolb, Maria
Spiropulu, Michael Turner, and the National Academy of Sciences for the opportunity
to present this summary at the NAS Sackler Symposium on Dark Matter in Irvine,
California. I am grateful for discussions on the subject with Elliott Bloom, Alex Drlica-
Wagner, Seth Digel, Michael Peskin, Miguel Sánchez-Conde, Justin Vandenbroucke,
Risa Wechsler, and Matthew Wood. I would like to thank Miguel Sánchez-Conde,
and Michael Peskin for their reading of the manuscript and their helpful comments.

1. Griest, K. & Seckel, D., (1991) Three exceptions in the calculation of relic abundances

Phys.Rev.D 43, 31913203.

2. Jungman, G., Kamionkowski, M., & Griest, K. (1996) Supersymmetric dark matter
PhR 267, 195J

3. Ade, P. A. R., et al. (Planck Collaboration) (2013), Planck 2013 results. XVI. Cosmo-
logical parameters, arXiv:1303.5076 [astro-ph.CO].

4. Cirelli M. et al., (2011) PPPC 4 DM ID: A Poor Particle Physicist Cookbook for Dark

Matter Indirect Detection,JCAP 1103 51

5. Profumo, S., & Ullio, P., (2010) Multi-Wavelength Searches for Particle Dark Matter,
arXiv:1001.4086

6. Lavalle, J., & Salati, P., (2013), Dark Matter Indirect Signatures, Comptes Rendus

Physique 13 740782

7. Bringmann, T., & Weniger, C. (2012), Gamma ray signals from dark matter: Concepts,
status and prospects, Physics of the Dark Universe, 1, 194-217

8. Adriani, O. et al. (PAMELA collaboration) (2009) An anomalous positron abundance

in cosmic rays with energies 1.5-100 GeV, Nature, 458, 7238, 607-609

9. Ackermann, M., et al. (Fermi-LAT collaboration) (2012) Measurement of Separate
Cosmic-Ray Electron and Positron Spectra with the Fermi Large Area Telescope, PRL,
108, 1, 011103

10. Aguilar, M. et al. (AMS-02 collaboration) (2013), First Result from the Alpha Mag-

netic Spectrometer on the International Space Station: Precision Measurement of the
Positron Fraction in Primary Cosmic Rays of 0.5-350 GeV, PRL, 110, 14, 141102

11. Baltz, E. A., & Wai, L., (2004) Diffuse inverse Compton and synchrotron emission

from dark matter annihilations in galactic satellites, Phys.Rev. D 70, 023512

12. Regis, M., & Ullio, P. , (2008) Multi-wavelength signals of dark matter annihilations
at the Galactic center, Phys.Rev. D 78, 043505

13. Flores, R. A., & Primack, J. R., (1994), Observational and theoretical constraints on

singular dark matter halos, ApJ, 427L, 1

14. Moore, B., (1994), Evidence against dissipation-less dark matter from observations of
galaxy haloes, Nature, 370, 6491, 629

15. Eggen, O. J., Lynden-Bell, D., & Sandage, A. R., (1962), Evidence from the motions
of old stars that the Galaxy collapsed., ApJ, 136, 748

16. Jesseit, R., Naab, T., & Burkert, A., (2002), The Validity of the Adiabatic Contraction

Approximation for Dark Matter Halos, ApJ, 571, 89

17. Prada, F., Klypin, A., Flix, J., Martinez, M., & Simonneau, E., (2004), Dark Mat-
ter Annihilation in the Milky Way Galaxy: Effects of Baryonic Compression PhRvL 93,

241301

18. Mashchenko, S., Couchman, H. M. P., & Wadsley, J., (2006), The removal of cusps
from galaxy centres by stellar feedback in the early Universe, Nature 442, 539

19. Mashchenko, S., Wadsley, J.,& Couchman, H. M. P., (2008), Stellar Feedback in

Dwarf Galaxy Formation, Science 319, 174

20. Governato et al., (2012), Cuspy no more: how outflows affect the central dark matter
and baryon distribution in Λ cold dark matter galaxies, MNRAS 422, 1231

21. Catena, R., & Ullio, P., (2010), A novel determination of the local dark matter density,
JCAP, 8, 4

22. , Navarro, J. F., Frenk, C. S., & White, S. D. M. (1996), The Structure of Cold Dark

Matter Halos, ApJ 462, 563

23. Moore, B., et al. (1999) Dark Matter Substructure within Galactic Halos, ApJ 524,
L19

24. Ackermann, M., et al. (Fermi-LAT Collaboration), (2011), Constraining Dark Matter

Models from a Combined Analysis of Milky Way Satellites with the Fermi Large Area
Telescope, PRL 107, 24, 241302

25. Geringer-Sameth, A., & Koushiappas, S., (2011), Exclusion of Canonical Weakly In-

teracting Massive Particles by Joint Analysis of Milky Way Dwarf Galaxies with Data
from the Fermi Gamma-Ray Space Telescope, PRL 107, 24, 241303

26. Mazziotta, M. N., Loparco, F., de Palma, F., & Giglietto, N. (2012), A model-
independent analysis of the Fermi Large Area Telescope gamma-ray data from the Milky

Way dwarf galaxies and halo to constrain dark matter scenarios, AP 37, 26

27. N. Kaiser, et al. (2002), Pan-STARRS: A Large Synoptic Survey Telescope Array,
Proc. SPIE Int. Soc. Opt. Eng. 4836, 154

28. T. Abbott et al. (Dark Energy Survey Collaboration) (2005), The Dark Energy Survey,

astro-ph/0510346

29. Ivezic, Z. et al. (LSST collaboration) (2008), LSST: from Science Drivers to Reference
Design and Anticipated Data Products, astro-ph/0805.2366

30. Tollerud, E. J., Bullock, J. S., Strigari, L. E., & Willman, B., (2008), Hundreds of

Milky Way Satellites? Luminosity Bias in the Satellite Luminosity Function, ApJ 688,
277

31. Aliu, E., et al. (VERITAS collaboration), (2012), VERITAS deep observations of the

dwarf spheroidal galaxy Segue 1, PRD, 85, 62001

32. Albert, J., et al. (MAGIC collaboration), (2008), Upper Limit for γ-Ray Emission
above 140 GeV from the Dwarf Spheroidal Galaxy Draco, ApJ 679, 428

33. Abramowski, A., et al. (H.E.S.S. collaboration), (2011), H.E.S.S. constraints on dark
matter annihilations towards the sculptor and carina dwarf galaxies, APh 34, 608

34. Pinzke, A., Pfrommer, C., & Bergström, L., (2011), Prospects of detecting gamma-

ray emission from galaxy clusters: Cosmic rays and dark matter annihilations, PRD, 84,
123509

35. Sanchez-Conde, M. A., et al., (2011), Dark matter searches with Cherenkov tele-

scopes: nearby dwarf galaxies or local galaxy clusters?, JCAP, 12, 11S

36. Gao, L., Frenk, C. S., Jenskins, A., Springel, V., & White, S. D. M., (2012), Where
will supersymmetric dark matter first be seen?, MNRAS, 419, 1721

37. Ackermann, M., et al. (Fermi-LAT collaboration), (2010), Constraints on dark matter

annihilation in clusters of galaxies with the Fermi large area telescope, JCAP, 5, 25A

38. Dugger, L., Jeltema, T., & Profumo, S., (2010), Constraints on decaying dark matter
from Fermi observations of nearby galaxies and clusters, JCAP 12, 15D

39. Huang, X., Vertongen, G., & Weniger, C., (2012), Probing dark matter decay and
annihilation with Fermi LAT observations of nearby galaxy clusters, JCAP 1, 42

40. Nezri, E. et al., (2012), gamma rays from annihilating dark matter in galaxy clusters:

stacking versus single source analysis, MNRAS 425, 477

41. Han, J., et al., (2012), Constraining extended gamma-ray emission from galaxy clus-
ters, MNRAS 427, 1651

42. Macias-Ramirez, O., Gordon, C., Brown, A. M., & Adams, J., (2012), Evaluating the

gamma-ray evidence for self-annihilating dark matter from the Virgo cluster, PhRvD 86,
76004

43. Aleksic, J. et al. (MAGIC collaboration) (2012), Constraining cosmic rays and mag-
netic fields in the Perseus galaxy cluster with TeV observations by the MAGIC telescopes,
A&A 541, A99, 12

44. Arlen, T., et al. (VERITAS collaboration) (2012), Constraints on Cosmic Rays, Mag-
netic Fields, and Dark Matter from Gamma-Ray Observations of the Coma Cluster of
Galaxies with VERITAS and FermiApJ 757, 123A

45. Abramowski, A., et al. (H.E.S.S. collaboration) (2012), Search for Dark Matter Anni-
hilation Signals from the Fornax Galaxy Cluster with H.E.S.S., ApJ 750, 123

46. Abdo, A. A., et al. (Fermi-LAT collaboration), (2010), Spectrum of the Isotropic Dif-

fuse Gamma-Ray Emission Derived from First-Year Fermi Large Area Telescope Data,
PRL 104, 10, 101101

47. Abdo, A. A., et al. (Fermi-LAT collaboration), (2010), The Fermi-LAT High-Latitude

Survey: Source Count Distributions and the Origin of the Extragalactic Diffuse Back-
ground, ApJ 720, 1, 435

48. Ajello, M. et al., (2011), The Luminosity Function of Fermi-detected Flat-Spectrum

Radio Quasars, ApJ, 751, 108A

49. , Loeb, A., & Waxman, E., (2000), Cosmic gamma-ray background from structure
formation in the intergalactic medium, Nature, 405, 156

50. Miniati, F., (2002), Intergalactic shock acceleration and the cosmic gamma-ray back-

ground, MNRAS, 337, 199

51. Gabici, S., & Blasi, P., (2003), The gamma-ray background from large scale structure
formation, APh 19, 679

52. Berrington, R. C., & Dermer, C. D., (2003), Nonthermal Particles and Radiation
Produced by Cluster Merger Shocks, ApJ 594, 709

53. Pfrommer, C., Ensslin, T. A., & Springel, V. (2008), Simulating cosmic rays in clus-

ters of galaxies - II. A unified scheme for radio haloes and relics with predictions of the
gamma-ray emission, MNRAS 385, 1211

Footline Author PNAS Issue Date Volume Issue Number 7



54. Pavlidou, V., & Fields, B. D., (2002), The guaranteed gamma-ray background, ApJ,
575, 5

55. Thompson, T. A., Quataert, E., & Waxman, E., (2007), The Starburst Contribution

to the Extragalactic gamma-Ray Background, ApJ, 654, 219
56. Abdo A. A., et al. (Fermi-LAT collaboration), (2010), Constraints on cosmological

dark matter annihilation from the Fermi-LAT isotropic diffuse gamma-ray measurement,
JCAP, 04, 14

57. Abazajian, K. N., Blanchet, S., Harding, J. P., (2012), Current and future constraints

on dark matter from prompt and inverse-Compton photon emission in the isotropic dif-
fuse gamma-ray background, PhRvD 85, 043509

58. Bringmann, T., Calore, F., Di Mauro, M., Donato, F., (2013), Constraining dark mat-
ter annihilation with the isotropic γ-ray background: updated limits and future potential,

astro-ph/1303.3284

59. Hooper, D. et al., (2012), The isotropic radio background and annihilating dark mat-
ter, PhRvD 86, 103003

60. Ackermann, M., et al. (Fermi-LAT collaboration), (2012) Anisotropies in the diffuse
gamma-ray background measured by the Fermi LAT, PhRvD, 85, 8, 083007

61. Camera, S., Fornasa, M., Fornengo, N., & Regis, (2013), A Novel Approach

in the Weakly Interacting Massive Particle Quest: Cross-correlation of Gamma-Ray
Anisotropies and Cosmic Shear, ApJ 771, 5

62. Ackermann, M., et al., (2012), Constraints on the Galactic Halo Dark Matter from
Fermi-LAT Diffuse Measurements, ApJ 761, 18

63. Gomez-Vargas, G. A., (2013), Constraints on WIMP Annihilation for Contracted Dark

Matter in the Inner Galaxy with the Fermi-LAT, submitted to JCAP, arxiv/1308.3515

64. Hooper, D., Kelso, C., & Queiroz, F. S., (2013), Stringent constraints on the dark
matter annihilation cross section from the region of the Galactic Center, APh 46, 55

65. Aharonian. F., et al., (H.E.S.S. collaboration), (2004), Very high energy gamma rays
from the direction of Sagittarius A⋆, A&A 425, 13

66. Aharonian. F., et al., (H.E.S.S. collaboration), (2006), Discovery of very-high-energy

gamma rays from the Galactic Centre ridge, Nature 439, 7077, 695

67. Acero, F.., et al., (H.E.S.S. collaboration), (2009), Localizing the VHE gamma-ray
source at the Galactic Centre, MNRAS 402, 1877

68. Hinton, J., & Aharonian, F. (2007), Inverse Compton Scenarios for the TeV Gamma-
Ray Emission of the Galactic Center, ApJ 657, 302

69. Abramowski, A., et al., (H.E.S.S. collaboration), (2011), Search for a Dark Matter

Annihilation Signal from the Galactic Center Halo with H.E.S.S., PhRvD 106, 161301
70. Hooper, D., & Goodenough, L., (2011), Dark matter annihilation in the Galactic

Center as seen by the Fermi Gamma Ray Space Telescope, PhLB, 697, 412

71. Hooper, D., & Linden, T., (2011), Origin of gamma rays from the Galactic Center,
PhRvD 84, 123005

72. Abazajian, K. N., & Kaplinghat, M., (2012), Detection of a gamma-ray source in the
Galactic Center consistent with extended emission from dark matter annihilation and

concentrated astrophysical emission, PhRvD 86, 83511

73. Gordon, C., & Macias, O., (2013), Dark Matter and Pulsar Model Constraints from
Galactic Center Fermi-LAT Gamma Ray Observations, astro-ph/1306.5725

74. Linden, T., Lovegrove, E., Profumo, S., (2012), The Morphology of Hadronic Emission

Models for the Gamma-Ray Source at the Galactic Center, ApJ 753, 41
75. Linden, T., & Profumo, S., (2012), Exploring the Nature of the Galactic Center

gamma-Ray Source with the Cherenkov Telescope Array, ApJ 760, 23

76. , Abazajian, K. N., (2011), The consistency of Fermi-LAT observations of the galactic
center with a millisecond pulsar population in the central stellar cluster, JCAP 3, 010A

77. Wharton, R. S., Chatterjee, S., Cordes, J. M., Deneva, J. S., & Lazio, T. J. W.,
(2012), Multiwavelength Constraints on Pulsar Populations in the Galactic Center, ApJ

753, 108

78. Hooper, D., Cholis, I., Linden, T., Siegal-Gaskins, J., & Slatyer, T., (2013), Pulsars
Cannot Account for the Inner Galaxy’s GeV Excess, astro-ph/1305.0830

79. Bringmann, T., Huang, X., Ibarra, A., Vogl, S., & Weniger, C., (2012), Fermi LAT
Search for Internal Bremsstrahlung Signatures from Dark Matter Annihilation, JCAP

1207, 054,
80. Weniger,C., (2012), A Tentative Gamma-Ray Line from Dark Matter Annihilation at

the FermiLargeArea Telescope, JCAP 1208, 007

81. Aharonian, F., Khangulyan, D., & Malyshev, D., (2012), Cold ultrarelativistic pulsar
winds as potential sources of galactic gamma-ray lines above 100 GeV, A&A 547, 114

82. Su, M., & Finkbeiner, D., (2012), Strong Evidence for Gamma-ray Line Emission from
the Inner Galaxy, astro-ph/1206.1616

83. Rao, K., & Whiteson, D., (2013), Where are the Fermi lines coming from?, JCAP, 3,

35
84. Finkbeiner, S., Su, M., & Weniger, C., (2013), Is the 130 GeV line real? A search for

systematics in the Fermi-LAT data, JCAP 01, 29
85. Ackermann, M., et al. (Fermi-LAT collaboration), (2012), Fermi LAT search for dark

matter in gamma-ray lines and the inclusive photon spectrum, PhRvD, 86, 22002
86. Su, M., & Finkbeiner, D. P., (2012), Double Gamma-ray Lines from Unassociated

Fermi-LAT Sources, astro-ph/1207.7060

87. Hektor, A., Raidal, M., & Tempel, E., (2012), Fermi-LAT gamma-ray signal from
Earth Limb, systematic detector effects and their implications for the 130 GeV gamma-

ray excess, astro-ph/1209.4548
88. Profumo, S., & Linden, T., (2012), Gamma-ray lines in the Fermi data: is it a bubble?,

JCAP, 07, 11

89. Tempel, E., Hektor, A., & Raidal, M., (2012), Fermi 130 GeV gamma-ray excess and
dark matter annihilation in sub-haloes and in the Galactic centre, JCAP, 9, 32

90. Mirabal, N., (2013), The dark knight falters, MNRAS, 429, 109
91. Weniger, C., (2013), Gamma-ray lines in the Fermi-LAT data?, astro-ph/1303.1798

92. Ackermann, M., et al. (Fermi-LAT collaboration), (2013), Search for Gamma-ray
Spectral Lines with the Fermi Large Area Telescope and Dark Matter Implications,
astro-ph/1305.5597

93. Abdo, A., et. al (Fermi-LAT collaboration), (2009), Fermi large area telescope ob-
servations of the cosmic-ray induced gamma-ray emission of the Earth’s atmosphere,

PhRvD, 80, 122004
94. , Bergström, L., Bertone, G., Conrad, J., Farnier, C., & Weniger, C., (2012), Investi-

gating gamma-ray lines from dark matter with future observatories, JCAP, 11, 25

95. Wood, M., et al., (2013), Prospects for Indirect Detection of Dark Matter with CTA,
astro-ph/1305.0302

96. Jogler, T., et al. (CTA consortium), (2012), Monte Carlo comparison of mid-size
telescope designs for the Cherenkov Telescope Array, AIPC, 1505, 765

97. Cahill-Rowley, M. et al., (2013), Complementarity and Searches for Dark Matter in
the pMSSM, astro-ph/1305.6921

98. Actic, M., et al. (CTA consortium), (2011), Design concepts for the Cherenkov Tele-

scope Array CTA: an advanced facility for ground-based high-energy gamma-ray astron-
omy, ExA, 32, 193

99. , Djouadi, A., et al., (1999), The Minimal Supersymmetric Standard Model: Group
Summary Report, hep-ph/9901246

100. , Conley, J. A., Gainer, J. S., Hewett, J. L., Le, M. P., & Rizzo, T. G., (2011),

Supersymmetry without prejudice at the LHC, EPJC, 71, 1697
101. Cahill-Rowley, M. W.; Hewett, J. L., Hoeche, S., Ismail A., & Rizzo, T. G., (2012),

The new look pMSSM with neutralino and gravitino LSPs, EPJC 72, 2156
102. Moiseev, A. A. et al., (2013), Dark Matter Search Perspectives with GAMMA-400,

arXiv1307.2345

8 www.pnas.org/cgi/doi/10.1073/pnas.0709640104 Footline Author


