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The indirect detection of dark matter annihilation and decay using observations of photons, charged cosmic
rays, and neutrinos offers a promising means of identifying the particle nature of this elusive component of
the universe. The last decade has seen substantial advances in observational data sets, complemented by new
insights from numerical simulations, which together have enabled for the first time strong constraints on dark
matter particle models, and have revealed several intriguing hints of possible signals. This review provides an
introduction to indirect detection methods and an overview of recent results in the field.
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1. Introduction

More than 80 years ago Swiss astronomer Fritz Zwicky, working at the very same institution
where I now write this, observed the motions of galaxies in the Coma Cluster (Fig. 1) from a
telescope at the nearby Mount Wilson Observatory. Zwicky applied the virial theorem to this
system and determined that a large amount of invisible matter must be present to keep these
galaxies bound together: “dark matter” [1], and with that provided an important clue that what
we then knew of the content of the universe was just the tip of the iceberg.1

Since that time, an abundance of observations have confirmed the existence of dark matter on a
wide range of scales. Recent results from the Planck satellite indicate that dark matter accounts
for 83% of the cosmological matter density [6], and today there is broad consensus that dark
matter is a new elementary particle. However, the identity of the dark matter particle remains
one of the outstanding mysteries in modern particle physics, astrophysics, and cosmology.
This review covers indirect dark matter detection, a technique that uses astronomical obser-

vations of Standard Model (SM) particles to detect the products of the annihilation or decay
of dark matter in our Galaxy and throughout the cosmos. It is distinguished from direct de-
tection, which aims to detect the scattering of dark matter particles with nuclei in laboratory
experiments. By probing dark matter particle interactions with SM particles, indirect searches
are also distinguished from other astronomical observations that investigate only the gravita-
tional interactions of dark matter, such as rotation curve analysis and dark matter studies using
gravitational lensing. Indirect searches complement collider-based searches as well. Among dark
matter detection approaches, indirect searches offer the unique advantage of being able to iden-
tify particle dark matter in an astrophysical context, and may one day provide the critical link
between a particle detected on Earth at a collider or in a laboratory experiment and the dark
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Figure 1. The Coma Cluster of galaxies. False-color mosaic combining images from the Sloan Digital Sky Survey (optical,
shown in blue) with long- and short-wavelength infrared images (shown in red and green, respectively) from NASA’s Spitzer
Space Telescope. Image credit: NASA / JPL-Caltech / L. Jenkins (GSFC) [4, 5].

matter whose gravitational effects we have observed in the Universe since the 1920s. Moreover,
indirect searches may offer an independent means of mapping the dark matter distribution, yield-
ing insight into the gravitational interplay between dark matter and other components of the
universe as well as the particle interactions that can be revealed by understanding the detailed
structure of a dark matter halo. The potential of indirect detection can be further enhanced by
leveraging the full complementarity of indirect, direct, and collider approaches. Global analyses
of particle dark matter search results will undoubtedly play an essential role in identifying the
dark matter particle and constraining its couplings to SM particles [7–10].
Many candidate dark matter particles may annihilate and/or decay, and thereby produce indi-

rect signals. Arguably the most studied category of dark matter candidates is Weakly Interacting
Massive Particles (WIMPs), and WIMPs are the focus of most indirect searches. A wide range of
proposed extensions to the SM possess WIMP candidates, such as the lightest supersymmetric
particle in Supersymmetry in some scenarios, and the lightest Kaluza-Klein state in theories with
universal extra dimensions. WIMPs characteristically have weak-scale masses, although much
more massive candidates termed “wimpzillas” have been proposed; their decay may result in
ultra-high-energy cosmic rays (UHECRs), motivating indirect searches with those observations.
The right-handed or “sterile” neutrino is also a viable dark matter candidate in many scenarios,
and can yield indirect signals via its radiative decay to an active neutrino.
The signals in indirect searches are the SM products of dark matter annihilation and decay.

In practice, these are the stable SM particles that result from an annihilation or decay event;
most channels result immediately in unstable SM particles which quickly decay and hadronize
into stable states. Stable states include photons, neutrinos, electrons and positrons, protons
and antiprotons, and heavier nuclei and anti-nuclei. In addition, secondary radiation produced
by the subsequent interaction of charged particles originating from annihilation or decay with
the environment provides another observational signature. Searches for dark matter based on its
effects on the cosmic microwave background [11–13] and the optical depth of the Universe [14, 15]
due to energy injection from annihilation during recombination and during and after reionization,
can also be very sensitive probes. Those constraints are not discussed further here, and instead
I refer the reader to those works.
Currently there are intensive international efforts to detect these astroparticle messengers and

uncover a clear annihilation or decay signal. We are enjoying an era of abundant data, which
has enabled the exploration of new regions of model parameter space, and led to some intriguing
hints of possible detections. Data is providing important input to theory (e.g., claimed signals
in experiments spur theorists to build new models to explain the observations), while theoretical
work is driving new analyses (e.g., new channels for detection are being identified). This is an
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exciting and critical time for indirect searches. There is a palpable sense of excitement in the
community that a robust detection may be just around the corner.
This review aims to provide a concise introduction to indirect detection, including the calcu-

lation of indirect signals, targets and techniques for indirect dark matter searches, a summary of
the current state of the field, and anticipated future sensitivity. It is organized as follows: I first
give an overview of candidate dark matter particles that may produce signals in indirect searches
in §2, followed by a discussion of the dark matter distribution in §3. §4 presents the calculation
of annihilation and decay signals. The key capabilities of current and planned experiments that
can perform indirect searches are surveyed in §5. The following sections focus on specific search
targets, observable particles, and recent results in the context of selected dark matter candidates:
§6, §7, and §8 cover annihilation and decay signals from WIMPs in photons, cosmic rays, and
neutrinos, respectively; UHECRs from superheavy dark matter are briefly reviewed in §9; and
sterile neutrino decay signals are presented in §10. §11 summarizes the state of indirect dark
matter searches, including current results and future prospects.

2. Dark matter candidate particles for indirect searches

A vast array of candidates for the dark matter particle have been proposed in the context of
particle physics models, many of which are expected to produce indirect signals via annihilation
or decay, while others (e.g., asymmetric dark matter) generally must be detected by other means.
In this work I consider WIMPs, superheavy dark matter, and sterile neutrinos, since they are
expected to annihilate and/or decay to SM particles, and I focus on the detection of their
indirect signatures. For a more detailed discussion of the properties of these and other dark
matter candidates, including their particle physics frameworks, I refer the reader to several
other excellent reviews [16–19].

2.1. WIMPs

WIMPs are a broad category of dark matter candidates with a particular set of properties: they
couple to the SM via weak interactions, do not directly couple to the photon, and are thermally
produced in the early universe with their relic density set by their abundance when they freeze
out (i.e., when their interaction rate is sufficiently small that they fall out of equilibrium with
other particles). In the standard freeze-out scenario, the pair annihilation rate of a massive
thermal relic particle χ is directly linked to the relic abundance observed today as [16]

Ωχh
2 ∼

3× 10−27 cm3 s−1

〈σAv〉
, (1)

where Ωχ is the relic density of the χ particle in units of the critical density (ρc =
3H2/8πGN , where H is the Hubble parameter), h is defined via the Hubble constant H0 =
h 100 km s−1 Mpc−1, σA is the χ particle’s pair annihilation cross section, v is the relative ve-
locity of the χ particles, and 〈〉 denotes averaging over the thermal velocity distribution. In this
work χ will be used to refer to the dark matter particle. In the indirect detection literature, the
quantity 〈σAv〉 is often referred to as simply the annihilation cross section. Equation 1 refers to
the total annihilation cross section, however indirect searches generally consider the cross section
for annihilation to a specified final state.
Based on the measured abundance of dark matter, Eq. 1 implies that a particle that constitutes

all of the dark matter will have a total pair annihilation cross section of 〈σAv〉 ∼ 3×10−26 cm3 s−1

(see also the more precise calculation of [20]); this value is often used as a benchmark and is
referred to as the thermal relic cross section. This is an appropriate cross-section for a massive
particle interacting via the weak force, hence the application of the term WIMP to this type of
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thermal relic dark matter candidate. This value is a good choice for a benchmark, however it
is important to keep in mind that in some scenarios the annihilation cross section required to
produce the observed relic density can vary significantly from the canonical thermal relic value
(see, e.g., [18]).
The weak-scale masses of WIMPs (tens of GeV to several TeV) imply a similar energy scale

for the prompt observable products of annihilation and decay. Indirect searches for WIMPs are
therefore focused largely on gamma rays and high-energy cosmic rays and neutrinos, although
searches for secondary emission at lower energy can also be competitive, as discussed in §6.1.2.
The framework of Supersymmetry offers WIMP dark matter candidates, which are extensively

reviewed in [16]. Theories of universal extra dimensions also introduce WIMP dark matter candi-
dates, referred to as Kaluza-Klein particles. Here, however, I take a model-independent approach
and consider indirect signatures of generic WIMPs, specifying a model only by the WIMP mass
and its annihilation cross sections to different SM final states.

2.2. Superheavy dark matter

Superheavy dark matter (mχ & 1012 GeV) is an example of a non-thermal relic dark matter
candidate, and can be produced in a variety of scenarios, including during or after inflation or
through topological defects [21]. These particles have extremely low interaction rates, and are
assumed be stable on cosmological timescales, but may annihilate or decay to SM particles which
could be detected as UHECRs (e.g., [22–24]).

2.3. Sterile neutrinos

The right-handed (or “sterile”) neutrino νs was proposed by [25] as a dark matter candidate, and
it has been shown to be viable as cold, warm, or hot dark matter in different scenarios (see [26]
and references therein). In general, the neutrino flavor eigenstates (να, with α = e, µ, τ, s) are
a linear combination of mass eigenstates (νa, with a = 1, 2, ...), and the sterile neutrino has
a very small mixing with active neutrinos. A heavier mass state can radiatively decay to a
lighter mass state (ν2 → ν1 + γ, with m2 > m1), and since the sterile neutrino is predominantly
composed of ν2 (in this picture), this is often described as the sterile neutrino decaying to an
active neutrino. This produces a photon line at half of the sterile neutrino mass, which for most
viable dark matter candidates is in the keV to MeV energy range. Line emission provides a
means to indirectly detect sterile neutrino dark matter.

3. The dark matter distribution

The distribution of dark matter is a key input to predicting indirect dark matter signals, and
one of the largest uncertainties in those predictions. Dark matter clusters in halos, which may be
triaxial (e.g., [27, 28]) and typically host substructures. For simplicity, the smooth component of
dark matter halos is often modeled as a spherically-symmetric distribution; this is a very good
approximation in the central regions of halos.
The dark matter halo density profiles considered today are motivated largely by the results

of numerical simulations of structure formation; those simulations historically included dark
matter particles only, and did not model baryons. In the late 1990s simulations showed that
a 2-parameter model described the density profile of dark matter halos over a range of halo
masses [30, 31]. This density profile is referred to as the Navarro-Frenk-White (NFW) profile,

ρNFW(r) =
ρ0

(

r
rs

) [

1 +
(

r
rs

)]2 , (2)
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Figure 2. Selected Milky Way dark matter halo density profiles. Profile parameters are mean values obtained by [29]; see
text for details.

where r is the distance from the center of the halo and rs is a scale radius. For the Milky Way,
rs ∼ 20 kpc (e.g., [29]), and the dark matter density at the Sun’s position is ∼ 0.4 GeV/cm3 [32].
Some simulation results and observations suggest that the inner slopes of dark matter halos

differ from that of the NFW profile, and mechanisms that can modify the inner slope due to
interactions with baryons have been proposed. One such mechanism is adiabatic contraction,
which causes the profile to steepen due to the gravitational potential of the baryons pulling in
the dark matter [33–35]. Other mechanisms include feedback from supernovae and interactions
between an active galactic nucleus and the interstellar medium which eject gas; these can flatten
the inner profile by rapidly modifying the potential, leading to disruption of the dark matter
cusp [36–39]. The NFW profile can be generalized to allow for an arbitrary inner slope γ,

ρGNFW(r) =
ρ0

(

r
rs

)γ [

1 +
(

r
rs

)]3−γ (3)

where γ = 1 corresponds to the original NFW profile. The value of γ inferred from observations
and simulations ranges from ∼ 0 (a cored profile) to ∼ 1.5 (as in the Moore profile [40]); see [41]
and references therein.
It has been noted in more recent simulations that the dark matter density profile in the

innermost regions of the halo shows deviations from a simple power law, and that a better fit
is achieved with a slope that varies with radius [28, 42, 43], such as in the profile proposed by
Einasto [44],

ρEin(r) = ρ0 exp

{

−

(

2

a

)[(

r

rs

)a

− 1

]}

. (4)

This profile introduces an extra shape parameter α with respect to the standard NFW profile.
For the Milky Way, α ∼ 0.2 [29, 45]. The scale radius rs is similar to the NFW case for the
Milky Way [29].
Observations of dwarf spheroidal [46] and low-surface-brightness [47] galaxies have found that

some objects are better described by flatter density profiles, and are consistent with the dark
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Figure 3. Numerical simulation of the dark matter distribution of a galaxy like the Milky Way at the present time, from
the Aquarius Project. The dark matter halo hosts an abundance of subhalos. The luminous matter would be concentrated
in the inner ∼ 10% of the image. The Aquarius simulations of cold dark matter galactic halos were carried out by the Virgo
Consortium [51].

matter profile having a central core. The Burkert profile [48] is an example of a cored profile,

ρBurk(r) =
ρ0

(

1 + r
rs

)(

1 + r2

r2
s

) . (5)

The Burkert profile exhibits constant density for radii much smaller than the scale radius rs.
For the Milky Way rs ∼ 6 kpc for this profile [29].
The NFW, Einasto, and Burkert density profiles are illustrated in Fig. 2 using parameters

appropriate for the Milky Way (mean values reported in [29]). The distributions are very similar
at radii outside the solar circle, but can differ substantially in the inner regions of the halo,
leading to large variations in indirect signals.
Simulations and observations indicate that structure formed hierarchically in the universe,

with small halos of dark matter collapsing first, and subsequently merging to form larger objects,
although remnants of the original halos typically survive within the merged object. Consequently,
dark matter halos are populated with smaller, denser halos, called subhalos or substructure
(Fig. 3). N-body simulations in ΛCDM cosmologies resolve the high-mass end of the subhalo
mass function [49–52], while theoretical arguments suggest that the halo of the Milky Way should
be teeming with subhalos of ∼ 10−6 M⊙ or smaller [53, 54]. The status of numerical simulations
of structure formation including implications for indirect detection is reviewed in [55].
Substructure can have a profound impact on predicted annihilation signals due to the fact that

subhalos are denser than the host halo and the rate of annihilation scales as the density squared.
Since the decay signal is directly proportional to mass density, clustering in substructure has an
effect only if it modifies the total mass distribution with respect to that of the smooth component
alone; in general its effect on halo emission profiles from dark matter decay is negligible except
when dealing with individual massive objects within a host halo.

4. Annihilation and decay signals

4.1. J-factors

The prompt flux emitted from the annihilation or decay of dark matter particles can be factored
into a part that depends on the particle physics model of the dark matter and a part that is
determined by the dark matter distribution. The latter is referred to as the J-factor, defined as

Jann(ψ) =

∫

los
ρ2(ψ, l)dl (6)
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Table 1. Approximate J-factors for selected targets, integrated over a circular region with angular radius of 0.5◦, given as

log
10

(Jann) with Jann in GeV2 cm−5 sr. Values obtained from models in [29, 56, 57].

Target log10(Jann)

Galactic Center 21.5
Dwarf galaxies (best) 19
Galaxy clusters (best) 18

for annihilation, and

Jdec(ψ) =

∫

los
ρ(ψ, l)dl (7)

for decay, where ψ is a sky direction, l is a distance along the line-of-sight (los), and ρ is the
dark matter density. Note that the value of the J-factor is sometimes given as the integral of
J(ψ) over a specified angular region.
The differential intensity (particles per area, time, solid angle, and energy) observed from the

direction ψ is

dNann

dAdt dΩ dE
=

〈σv〉

2m2
χ

dNx

dE

1

4π
Jann(ψ) (8)

for annihilation, and

dNdec

dAdt dΩ dE
=

1

mχ τ

dNx

dE

1

4π
Jdec(ψ) (9)

for decay. Here τ is the lifetime of the dark matter particle and dNx/dE is the differential
spectrum of x particles emitted per annihilation or decay. The factor of 2 in the denominator of
Eq. 8 applies to dark matter which is its own antiparticle, and becomes a factor of 4 if the dark
matter is not its own antiparticle.
The most favorable targets for indirect searches are generally those that are relatively nearby,

have high dark matter densities, and low backgrounds. Table 1 summarizes J-factors for se-
lected targets. While the Galactic Center has the largest J-factor, strong backgrounds can be
a disadvantage for a dark matter search. Satellite galaxies tend to provide cleaner targets, and
combined analysis of multiple satellites can help compensate for the lower J-factor of each indi-
vidual satellite. Clusters of galaxies appear to be less optimistic targets, however the uncertainty
on the J-factor due to substructure is quite large and substructure could significantly enhance
the signal at large radii from the cluster center. Milky Way dark matter subhalos that do not
host a luminous component could be detected either as individual sources, or their collective
signal could contribute to measured diffuse emission. Other targets that have been considered
for indirect searches include nearby external galaxies such as M31 and the cumulative signal
from cosmological dark matter.

4.2. Particle spectra

The total spectrum of x particles emitted per annihilation/decay (dNx/dE) can be written as
the sum of the spectra produced for all possible final states f ,

dNx

dE
=

∑

f

Bf
dNx,f

dE
(10)
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Figure 4. Prompt spectra from annihilation of dark matter particles to selected final states for mχ = 500 GeV, for photons
(top left), sum of all neutrino flavors (top right), electrons (bottom left), and protons (bottom right). The differential energy
spectrum per annihilation is shown in terms of x = E/mχ. Spectra are valid for decay of a dark matter particle with mass
2mχ. Spectra were calculated using PPPC4DMID [59].

where Bf is the branching ratio to final state f and dNx,f/dE is the spectrum of x particles
produced for final state f . The branching ratios to different final states are model-dependent.
Indirect searches often taken a model-independent approach and instead frame results in terms
of sensitivity to annihilation or decay to a particular final state.
The final state can be any SM particle pair which is kinematically accessible. In theories that

introduce new particles other than the dark matter particle, the final state can be new particles
which then decay to SM particles. Note that additional final states are allowed for decay [58].
Many final states are not stable, and quickly decay and hadronize to stable particles: photons,
neutrinos, electrons and positrons, protons and antiprotons, and heavier nuclei. Prompt emission
refers to the stable SM products produced after hadronization and decay in vacuum.
The prompt emission spectra of photons, neutrinos, electrons/positrons, and pro-

tons/antiprotons associated with several final states are shown in Fig. 4, calculated using the
PPPC4DMID package1 [59], which includes electroweak corrections, important for multi-TeV
candidates. Other codes for calculating annihilation spectra have been developed, including the
comprehensive, publicly-available software package DarkSUSY [60]. Fitting functions for photon
spectra are provided in [61].
The photon spectra separate fairly cleanly into so-called “soft” channels – quark and gauge-

boson final states (here bb̄, tt̄, and W+W− are shown as representative cases) – which yield
photons largely though the decay of neutral pions produced in hadronization, and “hard” chan-
nels – e+e−, µ+µ−, and τ+τ− – which generate photons primarily through final state radiation,
which scales as ∼ E−1. The τ+τ− channel also decays hadronically to pions and produces pho-
tons through pion decays, which is the origin of the additional emission for this channel relative

1http://www.marcocirelli.net/PPPC4DMID.html

http://www.marcocirelli.net/PPPC4DMID.html
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to the muon and electron channels.
Not shown in the figure is photon line emission from γγ, Zγ, or hγ final states. At gamma-ray

energies, standard astrophysical processes are not known to produce monochromatic emission,
making a line detection a smoking gun, unambiguously identifying the origin of the signal as
dark matter [62–65]. Detection of multiple lines would pinpoint the dark matter mass (modulo a
factor of 2, pending the determination of the lines to be from annihilation or decay, and assuming
proper identification of the final states associated with the lines). However, since WIMPs do not
couple directly to the photon, annihilation or decay to lines is loop-suppressed, and in general
the continuum photon flux arising from hadronization and decay of the particles produced by
other final states easily overwhelms the line signal. As a result, line searches are particularly
challenging, and benefit greatly from large statistics and excellent energy resolution. A claimed
detection of a line in gamma rays is discussed in §6.1.4.
The neutrino spectra are shown as the sum of all flavors. Mixing changes the ratio of neutrino

flavors, however over long baselines they fully mix, and exhibit a flavor ratio close to 1:1:1 for
νe : νµ : ντ , and this is usually the case for indirect targets, with the exception of the Sun
and Earth. In neutrino-based indirect searches, W+W−, µ+µ−, and τ+τ− are considered hard
channels whereas bb̄ and tt̄ are soft channels. The e+e− channel produces very little neutrino
emission.
For the cases of charged cosmic rays, the most favorable channels for indirect searches for elec-

trons/positrons are leptonic final states, although hadronic final states can also yield appreciable
fluxes. For protons/antiprotons, quark and gauge boson final states produce significant fluxes
while leptonic final states yield negligible signals in almost all scenarios.
The spectra shown refer to the prompt emission from annihilation in vacuum. The observed

spectra can differ significantly from those shown due to interactions of the annihilation products
with the environment in which they are injected and during propagation to the observer. These
interactions tend to reprocess the annihilation energy carried by the particles, changing the
spectral shape and enhancing the low-energy part of the spectrum at the expense of the high-
energy part.
Some of the energy associated with charged particle final states is usually redirected into

photons, as occurs in inverse Compton scattering of ambient photon fields, bremsstrahlung off
of interstellar gas, synchrotron emission due to propagation in magnetic fields, and hadronic
cosmic-ray interactions with interstellar gas producing neutral pions which decay to photons.
For charged particles, propagation to the Earth results in a softer spectrum than was emitted. For
photons, the end result is a multi-wavelength spectrum spanning radio to gamma-ray energies
that depends on the detailed properties of the environment. The multi-wavelength nature of
indirect photon signals is an advantage in that it offers more opportunities for detecting dark
matter and could help constrain the properties of the environment, but at the cost of introducing
uncertainty in the predicted signals due to poorly understood aspects of the environment.
In addition to the injection of photons from cosmic-ray interactions, the photon spectrum can

also be modified when high-energy (& few tens of GeV) photons traveling cosmological distances
pair-produce off the extragalactic background light (EBL; the cosmological UV, optical, and IR
backgrounds), attenuating the high-energy end of the spectrum and initiating cascades which
generate lower-energy photons. A good knowledge of the EBL over a large redshift range is
necessary to calculate cosmological gamma-ray signals from dark matter.
Careful modeling of propagation effects is essential for accurately predicting and interpreting

dark matter signals. Multi-wavelength studies are discussed in §6.1.2 and §6.8.2.

5. Indirect search experiments

This section provides a brief survey of recent, current, and planned experiments with indirect
detection capabilities. Instruments, advantages, and challenges of indirect searches with each
astroparticle are collected in Table 2.
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Table 2. Astroparticles for indirect searches, experiments, advantages, and challenges. Experiment names in blue refer to planned

experiments. †Lower-energy photon signatures are considered in 6.1.2; due to the large number of lower-energy observatories, they

are not listed individually here.

Particle Experiments Advantages Challenges

Gamma-ray†

photons
Fermi LAT, GAMMA-400,
H.E.S.S.(-II), MAGIC,
VERITAS, HAWC, CTA

point back to sources,
spectral signatures

backgrounds, attenua-
tion

Neutrinos IceCube/DeepCore/PINGU,
ANTARES/KM3NET,
BAIKAL-GVD, Super-
Kamiokande/Hyper-
Kamiokande

point back to sources,
spectral signatures

backgrounds, low
statistics

Cosmic rays PAMELA, AMS-02, ATIC,
IACTs, Fermi LAT, Auger,
CTA, GAPS

spectral signatures,
low backgrounds for
antimatter searches

diffusion, do not point
back to sources

5.1. Gamma-ray telescopes

Gamma rays are an excellent astroparticle for indirect searches for WIMP dark matter. The
mass scale of WIMPs implies that a sizable fraction of the emission generated by annihilation
and decay ends up at gamma-ray energies. Furthermore, gamma rays travel to the observer
without deflection, allowing mapping of the sources of the signal, and the prompt emission
carries important spectral information that can be used to characterize the dark matter particle
in the case of a detection. Together, spatial and spectral signatures can be extremely useful for
understanding dark matter properties through indirect searches [58].
The Earth’s atmosphere is opaque to gamma rays, so to directly detect photons at these

energies it is necessary to observe from space. The Fermi Large Area Telescope (LAT) [66, 67] is
the primary instrument on the Fermi Gamma-ray Space Telescope, launched in June 2008. The
LAT is a pair-production detector which consists of an array of modules that form the tracker
and calorimeter, surrounded by an anti-coincidence detector for charged particle identification.
Sensitive to gamma rays from∼ 20 MeV to more than 300 GeV, the LAT detects and reconstructs
individual gamma-ray and charged-particle events, determining the arrival direction and energy
of each event. It features a large field-of-view (∼ 2.4 sr) and operates primarily in sky-scanning
mode, enabling studies of sources all over the sky, including large-scale diffuse emission. The
GAMMA-400 telescope, with a planned launch in 2019, will cover a similar energy range to the
LAT but with improved angular and energy resolution [68].
The flux of gamma rays decreases quickly with increasing energy, so instruments with much

larger effective areas than feasible with space-based telescopes like the LAT are necessary to
observe at higher energies. Ground-based imaging atmospheric Cherenkov telescopes (IACTs)
detect the Cherenkov light produced by particle showers induced by a gamma ray or cosmic
ray interacting in the Earth’s atmosphere. IACTs are sensitive from energies of a few tens of
GeV to more than 100 TeV, with effective areas up to ∼ 5 orders of magnitude greater than
that of the LAT, providing enhanced sensitivity at high energies. By virtue of the Cherenkov
technique, IACTs are also sensitive to cosmic-ray–induced showers. IACTs can identify and
reject hadronic cosmic-ray showers with high efficiency, although electron-induced showers are
indistinguishable from those originating from gamma rays, and represent a large, irreducible
(but virtually isotropic) background for these instruments. It is important to note that IACTs
have a much smaller field of view than the LAT, of order a few degrees (up to ∼ 10◦ for
upcoming instruments), forcing these observatories to choose targets carefully. The currently-
operating generation of IACTs includes H.E.S.S.(-II), MAGIC, and VERITAS; these telescopes
have placed the strongest bounds on signals from dark matter with mχ greater than a few
hundred GeV via null searches toward a variety of targets [69–72]. The planned Cherenkov
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Telescope Array (CTA) observatory [73], which is anticipated to begin observations within a few
years, will provide significantly improved sensitivity to indirect dark matter signals for WIMPs
with mχ & 100 GeV and is expected to be able to probe thermal relic cross sections for a range
of WIMP masses and channels [74–76].
The HAWC observatory, a water-Cherenkov detector at high altitude, has recently begun

observations. HAWC detects gamma rays above 100 GeV and will have sensitivity to high-mass
dark matter candidates [77].

5.2. Neutrino detectors

Neutrinos, like gamma rays, preserve spectral information and point back to the source, making
them a useful astroparticle for indirect searches. Detection of astrophysical neutrinos generally
involves instrumenting a large volume of water or ice and detecting the Cherenkov light produced
in the detector medium as the products of neutrino interactions pass through it. Large volumes
are needed to amass sufficient statistics for neutrino-based dark matter searches.
The IceCube neutrino observatory [78], completed in 2010, is a cubic kilometer of ice at

the South Pole instrumented with photomultiplier tubes to detect Cherenkov light. It has an
energy threshold of ∼ 100 GeV. A denser infill within IceCube called DeepCore [79] reduces
the energy threshold to about ∼ 10 GeV, and the planned upgrade PINGU will further reduce
the threshold to a few GeV [80]. ANTARES is a large water Cherenkov neutrino telescope in
the Mediterranean Sea with an energy threshold as low as ∼ 20 GeV [81]. A next-generation
telescope in the Mediterranean with a cubic kilometer or larger volume has been proposed,
called KM3NET [82]. Currently a gigaton-volume detector is under construction at Lake Baikal
(BAIKAL-GVD) [83], which will also offer sensitivity to dark matter signals.
Super-Kamiokande (Super-K) is a water Cherenkov neutrino detector located underground in

the Kamioka mine in Japan. It has been in operation since 1996 and has an energy threshold of
∼ 5 MeV [84]. A proposed next-generation detector, Hyper-K, would feature a volume larger by
a factor of ∼ 20 and would greatly improve sensitivity [85].

5.3. Cosmic-ray detectors

Searches for products of dark matter annihilation and decay in local charged cosmic-ray fluxes
can be highly sensitive, especially due to low backgrounds for antimatter produced by standard
astrophysical processes. A major challenge for these searches is that it is difficult to identify the
locations of the sources of cosmic rays due to diffusion in the Galaxy.
Several current and planned missions aim to measure the flux of antimatter cosmic rays from

space. PAMELA is a space-based instrument to detect charged cosmic rays [86]. Launched in
2006, it is mounted to the Russian satellite Resurs-DK1. The detector includes a magnetic
spectrometer which allows it to measure the charge and sign of detected particles, and is sensitive
to particle energies from less than 100 MeV to several hundred GeV. The Alpha Magnetic
Spectrometer (AMS-02) is a cosmic-ray detector installed on the International Space Station
that measures cosmic rays and gamma rays from a few hundred MeV to a TeV [87]. With
its permanent magnet, it can determine the charge and sign of particles passing through the
detector. GAPS is a planned experiment tailored to detect anti-deuterons [88], which can be a
sensitive probe of dark matter annihilation and decay.
Even without distinguishing the sign of the charge, cosmic-ray flux measurements can be used

as an indirect search tool. ATIC is a balloon-borne experiment to measure cosmic-ray compo-
sition from ∼ 100 GeV to ∼ 100 TeV [89]; it does not distinguish matter and antimatter. The
Fermi LAT and IACTs also have the capability of measuring cosmic rays, and have generated
interesting results for the electron+positron spectrum. Due to the lack of a magnet, these tele-
scopes generally cannot distinguish the sign of particles, however the LAT has cleverly made use
of the geomagnetic field to also measure the positron fraction [90].
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The Pierre Auger Observatory (Auger) is a ground-based UHECR detector. Spanning 3000
km2, it uses an array of water-Cherenkov surface detectors to detect particles produced in exten-
sive air showers initiated by cosmic-ray primaries, and several optical telescopes that overlook
the array to measure fluorescence created by the excitation of nitrogen in the atmosphere by
charged particles in the shower. Auger is sensitive to primary cosmic rays with energies of 1019 eV
and greater [91, 92], allowing it to search for signatures of superheavy dark matter annihilation
and decay.

6. Photons from WIMP annihilation and decay

6.1. The Galactic Center

The Galactic Center is one of the most favorable targets for photon-based searches for dark
matter due to its close proximity and large concentration of dark matter, making it the brightest
dark matter source in the sky. However, large backgrounds exist at all energies, and disentangling
a putative dark matter signal is extremely challenging. Searches in the Galactic Center have set
strong bounds on dark matter annihilation, and revealed multiple possible detections.

6.1.1. Constraints from gamma-ray searches

The prompt photon emission spectra (such as the examples shown in Fig. 4) are a good
description of the predicted emission from the Galactic Center at a few tens of GeV and higher,
due to the fact that secondary processes do not significantly modify the spectrum at these
energies (e.g., [93–95]). This corresponds to the high-energy range of the Fermi LAT and the full
range of energies accessible to IACTs. At lower energies, emission from the interaction of cosmic
rays must be considered.
The Galactic diffuse emission is the observed gamma-ray flux originating from cosmic-ray

interactions, including emission from inverse Compton scattering, bremsstrahlung, and hadronic
interactions with the interstellar medium. It represents the dominant background in this region
and its properties are somewhat uncertain due to the numerous complex processes which together
produce this emission. Detected sources, including the strong source at Sgr A⋆, also contribute
to the emission in this region. Finally, unresolved members of known source populations such
as pulsars may also provide an important contribution to the observed flux. Modeling emission
from unresolved sources is challenging since it relies heavily on extrapolations based on detected
members, which are often a small fraction of the total population.
Despite these challenges, tight bounds on dark matter annihilation in many scenarios have

been set using searches for emission from the Galactic Center in gamma rays (e.g., [96, 97]).
Using Fermi LAT data, current searches exclude the thermic relic annihilation cross section for
masses below a few tens of GeV for many annihilation channels for standard density profiles,
indicating that these searches are probing theoretically well-motivated dark matter models.
Many searches for gamma rays from dark matter in the Galactic Center set limits on dark

matter signals after attempting to model the Galactic diffuse emission (Ref. [98] is an exception),
leading to results that are somewhat less robust but perhaps more realistic, in the sense that
not modeling this known component that certainly contributes a large fraction of the emission
would result in overly weak limits. Future work to better constrain the astrophysical (non-exotic)
contributions to the emission have the potential to enhance the sensitivity of these searches [99].
Multi-wavelength and multi-messenger analysis may also help, along with new approaches to
optimize the data for dark matter searches, e.g., the improved angular resolution achieved in the
data set developed in [100] and used in the analysis of [101], and now available as an option in
the latest (Pass 8) Fermi LAT public data.
Dark matter constraints from the non-detection of a significant excess over the astrophysical

expectation have been placed by H.E.S.S. for the inner regions of the Galactic Center (including
the Sgr A⋆ source) [102] and for the halo region around the dynamical center, excluding the plane
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within |b| < 0.3◦ [69, 96] for masses greater than ∼ 300 GeV. MAGIC has observed the Galactic
Center [103], however that analysis focused on characterizing the central point source rather than
on searching for dark matter signatures. VERITAS has also imaged the Galactic Center region,
and an interpretation of that data in terms of dark matter is forthcoming [104]. Due to the fact
that VERITAS observes the Galactic Center at large zenith angle, it has enhanced sensitivity
to high-energy photons at the expense of raising the energy threshold. VERITAS anticipates
strong sensitivity to dark matter signals from the Galactic Center for high-mass WIMPs [105].
Current bounds from IACTs are unable to probe cross sections close to thermal, however

natural Sommerfeld enhancement from the exchange of W and Z bosons is relevant at large
WIMP masses and can lead to annihilation cross sections that are significantly larger than the
thermal relic expectation, so IACTs are in fact very close to testing interesting parameter space.
CTA is expected to achieve very strong sensitivity to dark matter signals from the Galac-

tic Center, covering a wider range of masses than previous IACTs and probing annihilation
cross sections more than an order of magnitude smaller than those probed by current-generation
instruments [74–76]. CTA observations of the Galactic Center will also improve on current sen-
sitivity to dark matter decay, and will be able to test the dark matter interpretation of reported
cosmic-ray excesses [76].

6.1.2. Multi-wavelength radiation

Due to the complex environment of the Inner Galaxy, dark matter annihilation and decay
are guaranteed to generate lower-energy emission from secondary processes [93]. Cosmic rays,
whether produced by dark matter or standard astrophysical sources, interact with ambient pho-
ton and magnetic fields and interstellar gas, resulting in secondary photon emission from radio
to gamma rays. The most important processes that generate secondary emission in the Inner
Galaxy are:

(1) pion decay: cosmic-ray protons interact with the interstellar gas, creating neutral pions
that decay to MeV to GeV gamma rays;

(2) bremsstrahlung: cosmic-ray electrons interact with the electromagnetic field of the inter-
stellar gas, producing MeV to GeV gamma rays;

(3) inverse Compton scattering: cosmic-ray electrons scatter starlight and the cosmic mi-
crowave background (CMB) up to X-ray and gamma-ray energies; and

(4) synchrotron radiation: the propagation of cosmic-ray electrons in the strong magnetic
field of the Galaxy generates emission from radio to X-rays.

The last three processes are competing energy-loss mechanisms for cosmic-ray electrons. The
dominant energy-loss process at any point in the Galaxy varies depending on the interstellar
radiation field (ISRF), the distribution of interstellar gas, and the Galactic magnetic field. A
consequence of this complex dependence of the dominant process on the environment is that
the spectrum of the multi-wavelength emission associated with a dark matter model can vary
significantly throughout the Galaxy [95, 106].
At the Galactic Center, the large magnetic field means that synchrotron is the primary energy-

loss process for energetic electrons, and as such it places the strongest constraints from secondary
emission at the Galactic Center. The magnetic field at the Galactic Center is uncertain, however
in scenarios with strong magnetic fields, especially those with cuspy or adiabatically-contracted
dark matter distributions, very strong bounds can be placed on WIMP annihilation signals by
constraining synchrotron emission using radio data [93, 107–111]. X-ray observations can also
constrain the synchrotron emission from dark matter at the Galactic Center [112].

6.1.3. The GeV excess

The presence of large backgrounds in the Inner Galaxy make disentangling a dark matter signal
and declaring a significant detection extremely challenging [99], but for one claimed detection it
has proved difficult to exclude the possibility of a dark matter origin.
Several years ago an excess of gamma rays at GeV energies (∼ 1–10 GeV) from the Inner
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Figure 5. Left: counts map of approximately 6 years of Fermi LAT gamma-ray data with energies from 1 to 35 GeV in the
region +/- 5◦ from the Galactic Center, smoothed to 0.2◦ for visualization. Much of the emission in this region is associated
with the Galactic plane and is due to cosmic-ray interactions. Individual sources are also visible. Right: model counts map
of the same region for a dark matter annihilation signal which could explain the observed excess at GeV energies.

Galaxy was identified in the Fermi LAT data and has been confirmed by numerous subsequent
studies [101, 113–121]. This excess has been shown to be consistent with expectations for dark
matter annihilation in both its angular distribution and its energy spectrum for mχ ∼ 10–
50 GeV, depending on the dominant final state, with an annihilation cross section within a
factor of a few of thermal. These detections were all obtained by modeling the Galactic diffuse
emission and detected point sources, and then searching for an excess above the model (see
Fig. 5). Given the large uncertainties in the expected astrophysical diffuse emission, there has
been debate over whether the excess represents a genuinely new component of Galactic gamma-
ray emission or is an artifact of deficiencies in the diffuse model (see, e.g., [122–124]). It has
been suggested that the excess could potentially be explained by inverse Compton scattering by
high-energy electrons injected in the past during a burst of activity at the Galactic Center such
as accretion and star formation [125]. A similar argument has been made that an injection of
cosmic-ray protons in the past could possibly lead to the observed excess [126].
The background models adopted in these analyses do not explicitly consider the contribu-

tion of unresolved members of known gamma-ray source populations, such as pulsars. These
sources are guaranteed to contribute to the total observed emission, however estimating their
contribution requires extrapolation based on relatively few detected sources [127]. In particular,
gamma-ray millisecond pulsars (MSPs) have been proposed as a possible explanation for the
GeV excess [128]. MSPs have gamma-ray spectra that are reasonably consistent with the spec-
trum of the excess, and due to the evolution of these objects it is expected that they might be
concentrated near the Galactic Center but also extend to high Galactic latitudes, consistent with
the angular distribution of the excess. There is not yet consensus on the size of the contribution
of MSPs or other sources to the diffuse emission in the Inner Galaxy [129–133]. While analyses
sensitive to sub-threshold sources suggest that such sources could provide an important contri-
bution to the emission [134, 135], curiously it does not appear that the sub-threshold sources
are associated with known radio pulsars [136].
Secondary emission plays an important role in the interpretation of excess emission in this

energy range due to the many processes that can contribute. Bounds on a dark matter origin
have been derived using multi-wavelength observations [137, 138] and cosmic-ray data [137, 139].
Any resolution to the GeV excess will require new models of gamma-ray emission in the Inner

Galaxy, and may lead to insights about the Galactic environment and the sources of cosmic rays
and gamma rays. Conclusive identification of the GeV excess as originating from dark matter
annihilation will likely require a consistent detection in another target, in addition to a consistent
multi-wavelength and multi-messenger picture from the Inner Galaxy. In the meantime, the GeV
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excess remains an intriguing possible signal of dark matter annihilation.

6.1.4. The 130 GeV line

In 2012 indications of hard spectral features were found in an analysis of the Fermi LAT data
from the Galactic Center [140]. The signal was subsequently claimed to be a tentative detection of
a line at ∼ 130 GeV [141] – a smoking gun dark matter signal. This cautious discovery sparked a
flurry of data analyses focused on further characterizing the signal (e.g., [142, 143]) and searching
for it in other targets (e.g, [144, 145]). It was quickly recognized that the amplitude of the line
signal was anomalously large given the lack of an associated continuum, which was challenging
to accommodate in plain vanilla dark matter models [146–148]. While the initial signal was
confirmed by multiple analyses, later improvements to the analysis such as using updated Fermi
LAT instrument response functions and incorporating the quality of the energy reconstruction
of each event into the likelihood analysis failed to confirm a significant detection [149], and
additional data has not increased the significance of the feature. If the line feature is real, future
gamma-ray telescopes, including H.E.S.S.-II, CTA, and the proposed GAMMA-400 telescope,
should have the capabilities to conclusively detect it [150].

6.2. The Milky Way halo

Moving away from the Galactic Center and looking out into the Milky Way halo has the ad-
vantage of substantially reducing backgrounds that concentrate near the Galactic Center and
Galactic Plane (e.g., [151, 152]). Selecting regions far from the Galactic Center also minimizes
uncertainties in the expected flux due to lack of knowledge of the inner dark matter density
profile, leading to more robust results. Constraints on dark matter annihilation and decay have
been placed based on Fermi LAT observations of diffuse emission at Galactic latitudes several
degrees away from the Galactic Center [153, 154].

6.2.1. The WMAP/Planck Haze

Dark matter annihilation or decay in the Inner Galaxy is expected to generate substantial
lower energy emission. Due to propagation of charged cosmic rays, the secondary emission can
extend far from the injection site of the cosmic rays, with synchrotron emission from dark matter
at microwave frequencies expected to reach tens of degrees from the Galactic Center.
In 2004, Ref. [155] identified an excess of diffuse microwave emission from the Inner Galaxy

in the WMAP data (the WMAP Haze). Synchrotron emission from electrons injected by dark
matter annihilation in the Milky Way was suggested by Ref. [156] as a possible origin of this
signal, and those authors showed that the signal could be fit with dark matter particle parameters
(mass, annihilation cross section, and density profile) consistent with expectations for WIMP
cold dark matter.
The dark matter interpretation of the WMAP Haze implied that a corresponding gamma-ray

signal should be observed due to the same population of electrons that produce the WMAP
Haze inverse Compton scattering starlight up to gamma-ray energies. Interestingly, a gamma-
ray haze was soon identified in the Fermi LAT data [157]. Further work, however, resolved the
Fermi gamma-ray haze into distinct structures, which came to be called the Fermi Bubbles [158].
The morphology of the Bubbles, in particular the observation of a hard edge, disfavors a dark
matter interpretation; several astrophysical scenarios have been proposed.
Recent analysis by the Planck collaboration has identified a microwave haze analogous to

that found in the WMAP data [159]. With the improved data set, morphological features in
the Planck Haze have been detected which strongly point to a common origin with the Fermi
Bubbles, in particular a sharp edge in the microwave Haze aligned with the edge observed in
the Fermi Bubbles. However, it is still possible that some fraction of the Haze does have a
dark matter origin, which could be the microwave counterpart of the GeV excess in the Inner
Galaxy [138].
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6.3. Subhalos

Substructure in the Milky Way halo plays an important role in indirect searches. Subhalos may
be detected as individual sources in gamma-ray searches, while the collective emission from
undetected subhalos contributes to diffuse emission at all frequencies.
The possibility of detecting individual subhalos in gamma rays was recognized very early [160].

As numerical simulations achieved higher resolution and better characterized the subhalo pop-
ulation of a Milky-Way–like galaxy, more refined calculations of the gamma-ray signatures of
substructure became possible [50, 161]. Several studies have evaluated the implications of the
abundance and properties of unidentified gamma-ray sources for dark matter models (e.g., [162–
171]), and constraints on dark matter properties have been placed based on the lack of suitable
subhalo candidates among the unidentified sources. The secondary emission at microwave fre-
quencies from annihilation in subhalos may also be detectable over the CMB [172]. Important
uncertainties in these searches are in the properties of the subhalo population, including the
subhalo mass function, density profiles, and radial distribution in the Galaxy.
The collective emission from unresolved subhalos contributes to the observed diffuse emission

in all directions, and can strongly enhance the dark matter annihilation signal. The emission
from substructure is a small fraction of the total dark matter emission in the direction of the
Galactic Center, but significantly brightens the dark matter signal in directions far away from
the Inner Galaxy. This enhancement to the dark matter signal, both in the Milky Way and in
other dark matter search targets, is often referred to as a “boost factor”, although the term is
ambiguous, since it is also used to refer to other ways in which the signal is increased, such as
through Sommerfeld enhancement.
The calculation of the emission from unresolved subhalos depends on the assumed charac-

teristics of substructure. The calculation is made more challenging by the need to extrapolate
subhalo properties to mass scales 10 or more orders of magnitude smaller than those resolved
in even the highest resolution numerical simulations. As a result, predictions for the emission
from substructure can vary wildly. In recent years new approaches have been implemented to
calculate the enhancement from substructure, and have somewhat tempered the trend towards
very large boosts [173, 174]. A study of CDM microhalos in numerical simulations also found
that it is unlikely that the luminosity enhancement due to substructure in indirect search targets
is larger than a factor of ∼ 10 [175]. These studies have helped to reduce uncertainties in the
signals from dark matter substructure.

6.4. Dark matter spikes around black holes

The accumulation of dark matter around intermediate mass black holes (IMBHs) or supermassive
black holes (SMBHs) may lead to detectable annihilation signals (e.g., [176–178]). The dark
matter distribution is expected to be extremely cuspy around these objects (forming a “spike”),
making them bright sources of gamma rays and other annihilation products. Spikes around black
holes may be detectable in individual objects or through their contribution to the intensity of
the gamma-ray background. Moreover, spikes around IMBHs may be detectable through their
contribution to the anisotropy of the gamma-ray background [179].

6.5. Milky Way satellite galaxies

Dwarf galaxies and other known Milky Way satellites are some of the most dark-matter–
dominated objects in the Universe. In addition, due to these objects hosting few stars and
little gas, astrophysical gamma-ray emission is expected to be negligible, making them very
clean targets for indirect searches in gamma rays.
Many Milky Way satellites (dwarf galaxies and low-surface-brightness galaxies) have been

evaluated as targets for gamma-ray searches (e.g., [180–183]), and several have been observed by
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MAGIC [70] and VERITAS [71, 72]. No excesses were observed by these IACTs, and limits on
dark matter fluxes were placed. The Fermi LAT sky survey observing mode allows many satellite
galaxies to be used as targets, enabling joint likelihood analyses of multiple sources to improve
sensitivity. Null searches with Fermi LAT data considering multiple targets have yielded some
of the strongest constraints on the dark matter annihilation cross section to date [184–187].
At a distance of only 50 kpc with a halo mass of ∼ 1010 M⊙ and as the largest known satellite

of the Milky Way, the Large Magellanic Cloud (LMC) is an obvious candidate for indirect
searches. Emission associated with dark matter annihilation in the LMC has been considered at
both gamma-ray [188–190] and radio frequencies [189, 191]. Recently a search for dark matter
annihilation in the LMC was performed with the Fermi LAT data, and no significant signal was
found [192]. A study following a similar approach but focused on the Small Magellanic Cloud
likewise yielded a null result and set bounds on the dark matter emission [193].

6.6. External galaxies

Nearby external galaxies can be excellent targets for indirect dark matter searches. Compared
to satellite galaxies, these are typically more massive, which can compensate in the J-factor for
their larger distance. External galaxies are often well-characterized using multi-wavelength data,
and, for some instruments such as IACTs, being able to contain the object within the field of
view can be an advantage over signals from the Milky Way that are very extended.
The Andromeda Galaxy (M31) is the closest Milky-Way–like galaxy, at ∼ 800 Mpc with a halo

mass of ∼ 1012 M⊙, comparable to the mass of the Milky Way. It has been considered in both
gamma rays [190, 194, 195] and radio [196]. M31 has a sizable astrophysical background due to
cosmic-ray interactions and unresolved source populations, but its location far from the Milky
Way’s Galactic Center and associated backgrounds is advantageous [190]. Radio observations
are found to be the most constraining under the assumption of a relatively strong magnetic
field [196]. A recent analysis of Fermi LAT observations of M31 [197] placed constraints on dark
matter annihilation comparable to those from Fermi LAT observations of dwarf galaxies.
Other nearby galaxies have also been considered for indirect detection, including M87 [180,

190, 198] and M33 [199].

6.7. Galaxy clusters

Nearby galaxy clusters such as Virgo, Fornax, and Coma are interesting targets for dark matter
searches. In optimistic scenarios for annihilation, clusters can be competitive, however recent
estimates of the dark matter flux based on new approaches to substructure modeling make a
less compelling case for these targets. Constraints on annihilation and decay have been derived
from null searches in Fermi LAT data [195, 200–203].

6.8. Cosmological fluxes

The annihilation or decay of dark matter particles throughout the universe produces large fluxes
of diffuse emission spanning a range of wavelengths with spectral and spatial signatures that can
help to distinguish this signal from other non-exotic astrophysical sources. Spectral signatures
arise both from secondary interactions and from redshifting [204], while the clumpy distribution
of dark matter in halos gives rise to anisotropies in diffuse emission.

6.8.1. Prompt radiation and the gamma-ray background

The prompt emission from cosmological WIMP annihilation and decay is observed as a con-
tribution to the isotropic gamma-ray background (IGRB), the statistically-isotropic observed
all-sky diffuse emission at gamma-ray energies. I refer the reader to [205] for a comprehensive
review of the current status of the measurement and interpretation of the IGRB. A presentation
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of the calculation of observed gamma-ray emission from cosmological dark matter annihilation
is given in [206] and can be adapted for decay scenarios. A power-spectrum based approach to
the calculation is presented in [207, 208]. The observed gamma-ray spectrum is distorted due
to EBL absorption and redshifting, resulting in line emission being observed as asymmetrically-
broadened peaks, and a shift of the peak of the continuum spectrum to lower energies.
Galactic dark matter, both in the smooth halo and in substructure, contributes to the observed

IGRB since its angular distribution on the sky is approximately isotropic on large angular scales,
and in practice the gradient in the emission towards the Galactic Center is difficult to disentangle
from the large astrophysical backgrounds in that direction. Any detections or constraints based
on measurements of the properties of the IGRB must therefore consider contributions from both
Galactic and extragalactic dark matter.
The Fermi LAT measurement of the IGRB spectrum allows strong constraints to be placed

on dark matter fluxes from annihilation and decay in certain scenarios [202, 209, 210]. While
conservative constraints can be obtained by allowing dark matter to account for the entirety of
the observed IGRB, more realistic scenarios can be considered by modeling the astrophysical
populations which are expected to contribute the bulk of the IGRB intensity [211, 212]. These
populations include starforming galaxies, blazars, and misaligned active galactic nuclei.
The anisotropy of the IGRB is a complementary observable that can be used to constrain the

properties of contributing source populations, including dark matter. The IGRB is expected to
exhibit anisotropies since it originates from unresolved sources. The dark matter contribution to
the anisotropy has been considered in several studies. In most scenarios the Galactic dark matter
emission from subhalos is characterized by a large fractional anisotropy which may allow it to be
detectable even over a large background intensity [213–219]. The anisotropy from extragalactic
dark matter is generally smaller than from Galactic dark matter [214, 218, 220, 221], however
variations in substructure models can affect this comparison.
In 2012 the Fermi LAT collaboration measured the anisotropy of the IGRB for the first

time [222], enabling new constraints to be placed on the contribution of dark matter [222–224]
and other source populations [222, 225–227] to the IGRB based on requiring that the predicted
anisotropy not exceed that measured in the data. As blazars are expected to contribute the
majority of the IGRB anisotropy, robust predictions for the amplitude of their anisotropy can
enhance sensitivity to dark matter signals by limiting the anisotropy available to be attributed
to dark matter. Another approach taking advantage of angular information in diffuse back-
grounds is to cross-correlate the emission with catalogs or other tracers of the dark matter
distribution [228–232]. The use of the 1-pt PDF to detect the contribution of dark matter to the
gamma-ray background via clustering has also been proposed [233–235].

6.8.2. Multi-wavelength radiation

Multi-wavelength observations can play an important role in indirect dark matter searches in
all-sky diffuse emission since secondary emission is relevant for both cosmological and Galactic
dark matter.
Inverse Compton scattering of CMB photons by electrons produced by dark matter anni-

hilation at all redshifts can lead to large contributions to the gamma-ray and X-ray diffuse
backgrounds. Leptophilic dark matter, which annihilates or decays primarily to charged lep-
tons, has garnered interest because it could explain the PAMELA positron fraction measure-
ment as well as other cosmic-ray data (see §7.1), however in many cases the models that can
explain the PAMELA data are incompatible with the measured gamma-ray and/or X-ray back-
grounds [14, 236, 237]. Large rates of annihilation to leptons in Galactic dark matter substructure
can also lead to tension with measured gamma-ray backgrounds [238].
The cross-correlation approach mentioned in the previous section has not only been used with

the IGRB, but has also been considered for secondary emission from dark matter annihilation
and decay at lower frequencies including X-ray and radio [230], and found to be a promising tool
for dark matter detection.
Interesting for multi-wavelength dark matter searches, an excess in the radio background has
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been measured by the ARCADE 2 experiment [239, 240]. The measured flux is roughly a factor
of 5 larger than expected from extrapolations of known source populations and currently there
are only upper limits on its anisotropy; a consistent model for this emission requires that the
sources are extremely numerous and faint [241, 242]. One possible explanation is synchrotron
emission from cosmological dark matter annihilation [243, 244].

7. Local cosmic-ray fluxes from WIMP annihilation and decay

Measurements of cosmic-ray fluxes at Earth are a unique probe of local dark matter annihilation
and decay. Cosmic-ray observations provide complementary information to that from photon
and neutrino searches, and can place strong constraints on branching ratios to specific channels.
Observations of apparent anomalies in local cosmic-ray fluxes that could be explained by dark
matter have led to much interest. Two such anomalies are discussed below – the rising positron
fraction and the cosmic-ray electron+positron excess – along with the sensitivity to dark matter
from anti-protons and heavier nuclei.

7.1. The rising positron fraction and the electron+positron excess

Several experiments have observed that the positron fraction (number of positrons / number
of electrons + positrons) rises from ∼ 10 GeV to at least ∼ 100 GeV. While earlier experi-
ments showed indications of this feature, it was seen clearly in the PAMELA data [245], and
subsequently confirmed by the Fermi LAT [90] and most recently by AMS-02 [246].
The rise in the positron fraction contradicts the conventional expectation for Galactic cosmic

rays from secondary production, which instead predicts a fall in the positron fraction above
∼ 10 GeV. The observed rise suggests that there must be a nearby source injecting positrons at
high energies. Dark matter annihilation or decay is one possibility, although pulsars have also
been proposed as the origin (e.g., [247]). Both dark matter and pulsars are expected to inject
electron-positron pairs, and are sufficiently close to the Earth to explain the observed high-energy
positrons. Analysis of the AMS-02 results suggests that in principle both explanations are viable
from the perspective of generating the observed fluxes [248].
After the PAMELA measurement was reported, another apparent cosmic-ray anomaly was

found by the ATIC collaboration. ATIC measured the total electron+positron spectrum, and
discovered an excess at energies of several hundred GeV over the conventional background
model [89]. Simultaneous explanations for this and the positron fraction were proposed, with dark
matter as one compelling possibility (e.g., [249]). A later measurement of the electron+positron
spectrum by the Fermi LAT did not confirm the large feature observed by ATIC, however it
found a small but noticeable excess at a few hundred GeV [250, 251]. H.E.S.S. also did not
confirm the ATIC peak in the measured electron+positron spectrum, but reported a steepening
in the spectrum above ∼ 1 TeV [252].
A dark matter interpretation of the positron fraction and ATIC/Fermi excess generically

requires large annihilation cross sections compared to the thermal relic value, and leptophilic
dark matter. This is necessary both to generate the required flux of electrons/positrons, and
to avoid constraints from overproducing anti-protons. Numerous multi-messenger constraints on
this scenario have been identified, including associated gamma-ray fluxes from inverse Compton
scattering that are in tension with observational bounds [154, 209, 238, 253–257] and distortions
of the CMB [11, 12], making it challenging to construct a dark matter model that explains all
of the cosmic-ray data while being compatible with other data sets.
Both the amplitude of the positron fraction and also its spectrum may provide a means of

distinguishing the origin of the emission and constraining dark matter interpretations [258–262].
A dark matter origin implies a cut-off at the dark matter particle mass (or half the mass in
the case of decay), while if multiple pulsars are the source of the additional positrons, several
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spectral features would be expected due to the varying cut-offs in the spectra of different pulsars.
Another handle for identifying the origin of the positron excess is an anisotropy in the arrival

directions of the positrons or electrons+positrons [263–266]. If a single nearby source gener-
ated the rise in the positron fraction, despite significant loss of directional information due
to diffusion, a small anisotropy should remain in the angular distribution of the positrons and
electrons+positrons. Even in the case of multiple sources such an anisotropy might appear, dom-
inated by the nearest, strongest source. In general, the smooth dark matter distribution should
generate only a very small anisotropy in the direction of the Galactic Center, while a pulsar-
induced anisotropy could be much stronger and in any direction; a nearby dark matter subhalo
large and close enough to produce the positron excess is excluded by the non-observation of
gamma rays from it [267]. Currently there are only upper limits on the anisotropy of the cosmic-
ray electron+positron flux from the Fermi LAT [268] and on the anisotropy of the positron
fraction from AMS-02 [246], and to date they are not sufficiently strong to exclude proposed
dark matter or pulsar scenarios.

7.2. Constraints from anti-protons and other nuclei

Final states that yield hadronic products contribute to the production of anti-proton cosmic
rays, thus the measurement of an excess of anti-protons could provide a unique and sensitive
signature of dark matter annihilation or decay. Current measurements of the anti-proton flux
yield strong bounds on dark matter models [255, 269–271], and have been used to test dark
matter interpretations of the Galactic Center gamma-ray excess [137, 139]. Other cosmic-ray
abundances also have implications for interpretations of cosmic-ray anomalies, e.g., the measured
boron-to-carbon ratio constrains scenarios in which the observed rise in the positron fraction is
due to acceleration in nearby supernova remnants [272].
Heavier anti-nuclei provide important sensitivity as well. Anti-deuterons have long been recog-

nized as a promising cosmic-ray channel due to the lack of astrophysical backgrounds [273–277];
AMS-02 and GAPS are expected to have interesting sensitivity to anti-deuterons from dark mat-
ter annihilation and decay. Anti-helium has also been identified as a complementary channel for
detection [278, 279]. The backgrounds are extremely small, however the flux of anti-helium from
dark matter is predicted unfortunately to be too low to be detectable with AMS-02 or GAPS.

8. Neutrinos from WIMP annihilation and decay

Neutrinos provide a complementary channel for detecting dark matter annihilation and decay.
Indirect searches with neutrinos can access many of the same targets as photon-based searches,
with the Galactic Center and the Milky Way halo two of the most favorable. Neutrino telescopes
can also search for neutrinos from annihilation of WIMP dark matter particles in the Sun and
Earth, as described below.

8.1. The Galactic Center and Milky Way Halo

IceCube [280] and Super-K [281] have published constraints on WIMP fluxes from null searches
for prompt neutrinos from dark matter annihilation in the Galactic Center, and IceCube has
also used two different approaches to search for prompt neutrinos from WIMPs in the Milky
Way halo [282, 283]. The IceCube analyses yielded limits on dark matter annihilation and decay
for several channels for mχ ∼ 100 GeV – 10 TeV. Constraints on hard channels are stronger than
those on soft channels by several orders of magnitude. The Super-K Galactic Center analysis
placed upper limits on the WIMP-induced neutrino flux for mχ = 20 GeV – 10 TeV.
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8.2. Neutrinos from the Sun and Earth

WIMPs gravitationally captured by scattering interactions with nucleons in the Sun and Earth
could then annihilate and produce a detectable neutrino flux [284–286]. Once captured, a WIMP
continues to scatter, losing energy and sinking to the core of the Sun or Earth; a large abundance
of WIMPs can accumulate through this mechanism. At the core the WIMPs annihilate, but only
neutrinos can escape. For standard parameters, the abundance of WIMPs captured via scattering
is large enough that capture and annihilation have reached equilibrium in the Sun (i.e., the rate
of capture is twice the rate of annihilation), but not in the Earth. In the equilibrium case,
the annihilation flux depends on the WIMP-nucleon scattering cross section, which determines
the capture rate, and is independent of the annihilation cross section, allowing this indirect
search technique to probe the same parameter space as laboratory direct-detection experiments.
Bounds on the scattering cross section as a function of WIMP mass have been placed via null
searches for an excess from the direction of the Sun by IceCube [287], ANTARES [288], and
Super-K [289]. The Sun offers particularly strong sensitivity to spin-dependent scattering, as
the Sun is primarily a hydrogen target. In addition, astrophysical uncertainties in the capture
rate of WIMPs by the Sun are small, making limits from neutrino searches robust. Super-K also
performed a search for an excess of neutrinos from the Earth [281]. These searches all focused
on prompt neutrinos produced in annihilation with ∼ GeV and greater energies.
Low-energy (∼ tens of MeV) neutrinos have been proposed as another channel for detecting

WIMP annihilation in the Sun [290, 291]. This approach notes that all SM final states with
hadronic decay modes produce pions, but, unlike in vacuum where the pions quickly decay, in the
dense Solar medium the pions lose energy by scattering off nucleons. Each scattering interaction
produces more pions, with a large fraction of the energy in hadronic products ultimately ending
up as pions. The positive pions decay at rest, producing 3 neutrinos with energies of ∼ 20–
55 MeV with known spectra. Refs. [290, 291] proposed to search for this signature in Super-K
data, and demonstrated that this channel is complementary to and competitive with high-energy
neutrino searches and direct detection experiments.
Dark matter capture rates in the Sun and Earth and associated neutrino spectra, including low-

energy neutrinos produced through subsequent interactions, are calculated in [292] and available
in numerical form1.

9. Indirect signals from superheavy dark matter decay

If dark matter is a superheavy particle, its decay or annihilation to SM particles could be detected
using UHECR detectors such as the Pierre Auger Observatory. The Greisen-Zatsepin-Kuzmin
(GZK) limit restricts the energy of cosmic rays propagating over cosmological distances to be
below ∼ 5 × 1019 eV due to interactions of ultra-high-energy (UHE) protons with the CMB
that cause energy loss via pion production through the delta resonance [293, 294]. It has been
proposed that decay of nearby superheavy dark matter particles could account for some or all
of the measured UHECR flux above the GZK bound [22, 23]. A distinguishing signature of this
scenario would be an anisotropy in the arrival directions of UHECRs, due to the anisotropic
distribution of dark matter in the Milky Way halo with respect to Earth. Other nearby targets,
such as the Virgo cluster, may also lead to an overdensity of UHECRs from a particular sky
direction [22].
Gamma rays may also be detected from superheavy dark matter annihilation or decay. The

gamma-ray flux is the sum of the prompt gamma-ray emission and secondary emission depending
on the ambient environment and the final state. For Galactic dark matter, secondary emission
can result from electrons and positrons emitting synchrotron at gamma-ray energies due to

1http://www.marcocirelli.net/PPPC4DMID.html

http://www.marcocirelli.net/PPPC4DMID.html
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propagation in the Galactic magnetic field [295]. For cosmological dark matter, prompt high-
energy gamma rays pair produce with the EBL, leading to high-energy electron-positron pairs.
The subsequent interactions of the electrons and positrons (inverse Compton scattering of the
EBL and synchrotron emission in the intergalactic magnetic field) result in a cascade of lower-
energy gamma rays. For superheavy dark matter models, these gamma rays may be detectable
as a component of the IGRB [296].
UHE neutrinos would also be produced as prompt emission products for many final states,

and do not suffer from GZK attenuation. Limits on VHE neutrino fluxes from the Auger Obser-
vatory and from neutrino telescopes including AMANDA, ANITA, and IceCube place bounds
on superheavy dark matter [296–299]. The recent observation of two PeV neutrinos by IceCube
has been considered as a possible line emission signature of superheavy dark matter decay [300].

10. Sterile neutrino decay signals

Indirect searches for line emission from sterile neutrino decay probe the parameter space of the
sterile neutrino mass and its mixing angle with active neutrinos, which sets the rate of decay.
Null searches in X-rays and gamma rays have excluded regions at large mixing angles and large
masses [301–305], while complementary but model-dependent constraints have been derived from
measurements of small-scale structure [306, 307] and cosmological lepton number, bounding the
parameter space at small masses and small mixing angles, respectively. Despite constraints from
all sides, a window of parameter space remains for sterile neutrino masses of ∼ 10−50 keV [308].

10.1. The 3.5 keV line

In recent years there have been claims of a detection of line emission at 3.5 keV in galaxy
clusters [309, 310] and in M31 [310]. There is no consensus on an astrophysical or instrumental
explanation for the claimed line, which has been interpreted as a possible signature of the decay
of 7 keV sterile neutrino dark matter. No corresponding signal has been detected from the Milky
Way [311] or from Draco [312], leading to some tension for a dark matter interpretation. Future
indirect searches using alternative targets may help to clarify the origin of the line feature and
robustly test a dark matter interpretation.

11. Summary

As discussed in the previous sections, indirect detection of dark matter has been tackled with a
variety of instruments and data sets. To give a sense of the current status of indirect searches, a
compilation of selected constraints in the parameter space of the WIMP mass and annihilation
cross section is shown in Fig. 6 for annihilation to bb̄. For this final state, searches using positrons
and neutrinos are not competitive and are not shown in the figure. All curves represent the 95%
confidence level upper limits on the annihilation cross section.
At the very highest masses, the strongest bounds are from a H.E.S.S. analysis of the Galactic

Center halo [96]. Limits from analyses with Fermi LAT data span the entire WIMP mass range
shown. Limits obtained without modeling non-exotic contributions and instead assuming the
entire measurement is available to attribute to a dark matter signal are referred to as “inclusive”;
inclusive limits are shown for the Galactic Center [98], the IGRB intensity spectrum [209], and
the IGRB anisotropy [224]. These should be taken as quite robust upper limits. The limits in
these studies strengthen significantly when background modeling is performed. As an example,
bounds obtained from an analysis of the Galactic Center in which modeling of the background
was performed are also shown [97]. This limit is model-dependent, but somewhat more “realistic”
since a large contribution to the total emission from non-exotic processes in the Galactic Center
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Figure 6. Constraints on WIMP dark matter models from selected indirect search analyses for annihilation to bb̄. The
parameter space above each curve is excluded at 95% confidence level. Gamma-ray constraints are shown from a H.E.S.S.
analysis of the Galactic Center halo [96], and several analyses of Fermi LAT data: the Galactic Center without background
modeling (“inclusive”) [98] and with background modeling [97], the IGRB spectrum without background modeling [209],
the IGRB anisotropy without background modeling [224], and a combined analysis of Milky Way satellite galaxies [187].
Also shown are constraints obtained in Bertone et al. 2009 [109] and Crocker et al. 2010 [110] using radio observations of
the Galactic Center, and constraints from the PAMELA anti-proton data from [270]. See text for details.

is guaranteed. The large improvement in sensitivity indicates that a better understanding of
backgrounds can play an important role in enhancing the prospects for indirect searches. For the
IGRB intensity spectrum, the curves shown are the “conservative” limits assuming the “BulSub”
substructure model as described in [209]. The IGRB anisotropy bounds are preliminary, and
derived from the published anisotropy measurement [222]. The limits from a recent analysis of
Fermi LAT observations of satellite galaxies are shown as well [187].
Constraints from Bertone et al. 2009 [109] and Crocker et al. 2010 [110] using radio observations

provide some of the strongest bounds on the annihilation cross section for this channel. However,
the precise limits depend sensitively on assumptions about the Galactic magnetic field profile,
especially at small radii, which is poorly constrained, and thus these limits cannot be considered
robust. The limits from PAMELA antiproton data from [270] are also dependent on the assumed
propagation model. An improved understanding of the Galactic environment could help make
observations of secondary emission and local cosmic-ray measurements more robust indirect
search tools.
Note that the results shown in Fig. 6 for gamma rays and radio emission from the Galactic

Center were obtained for a NFW profile, and the local antiproton flux results were obtained
for an Einasto profile. The analyses adopted slightly different choices for the halo parameters,
including different values for the local dark matter density. The expected shift in the limits if all
analyses considered the same density profile is no more than a factor of ∼ 4.
Current limits are already beginning to constrain the canonical thermal relic annihilation

cross section for WIMP dark matter, and the reach of upcoming experiments is expected to
dramatically increase; it is clear that the next several years will be a key time for indirect
searches. With possible detections of different candidates already claimed in gamma rays and
X-rays, and suggestive anomalies reported in cosmic rays and the radio background, sensitive
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indirect searches in multiple targets as well as multi-wavelength and multi-messenger searches
will be necessary to confirm or invalidate these claims. In the coming years there is the exciting
potential to not only robustly detect dark matter through its annihilation or decay signals, but
also to characterize its distribution, and pin down the fundamental properties of this mysterious
particle.

12. Acknowledgements

It is a pleasure to thank Kevork Abazajian, Lars Bergström, Gianfranco Bertone, Ilias Cho-
lis, Marco Cirelli, Jürg Diemand, Nicolao Fornengo, Dan Hooper, Shunsaku Horiuchi, Stefano
Profumo, Carsten Rott, and Gabrijela Zaharijas for helpful comments on this manuscript. I
acknowledge support from NASA through Einstein Postdoctoral Fellowship grant PF1-120089
awarded by the Chandra X-ray Center, which is operated by the Smithsonian Astrophysical
Observatory for NASA under contract NAS8-03060. I also thank the GRAPPA Institute at the
University of Amsterdam and the Institut d’Astrophysique de Paris for hospitality during the
final stages of this work.

References

[1] F. Zwicky, Die Rotverschiebung von extragalaktischen Nebeln, Helvetica Physica Acta 6 (1933) 110–127.
[2] J. Kapteyn, First Attempt at a Theory of the Arrangement and Motion of the Sidereal System, Astrophys.J. 55

(1922) 302–328.
[3] J. H. Oort, The force exerted by the stellar system in the direction perpendicular to the galactic plane and some

related problems, Bull. Astron. Inst. Netherlands 6 (Aug., 1932) 249.
[4] “http://www.spitzer.caltech.edu/images/1803-ssc2007-10a1-Dwarf-Galaxies-in-the-Coma-Cluster.”
[5] “Public domain https://commons.wikimedia.org/w/index.php?curid=2182745.”
[6] Planck Collaboration, P. A. R. Ade et al., Planck 2015 results. XIII. Cosmological parameters, arXiv:1502.0158.
[7] L. Bergstrom, T. Bringmann, and J. Edsjo, Complementarity of direct dark matter detection and indirect detection

through gamma-rays, Phys.Rev. D83 (2011) 045024, [arXiv:1011.4514].
[8] G. Bertone, D. Cerdeno, M. Fornasa, L. Pieri, R. Ruiz de Austri, et al., Complementarity of Indirect and

Accelerator Dark Matter Searches, Phys.Rev. D85 (2012) 055014, [arXiv:1111.2607].
[9] C. Arina, G. Bertone, and H. Silverwood, Complementarity of direct and indirect Dark Matter detection

experiments, Phys.Rev. D88 (2013), no. 1 013002, [arXiv:1304.5119].
[10] S. Arrenberg, H. Baer, V. Barger, L. Baudis, D. Bauer, et al., Working Group Report: Dark Matter

Complementarity, arXiv:1310.8621.
[11] S. Galli, F. Iocco, G. Bertone, and A. Melchiorri, CMB constraints on Dark Matter models with large annihilation

cross-section, Phys.Rev. D80 (2009) 023505, [arXiv:0905.0003].
[12] T. R. Slatyer, N. Padmanabhan, and D. P. Finkbeiner, CMB Constraints on WIMP Annihilation: Energy

Absorption During the Recombination Epoch, Phys.Rev. D80 (2009) 043526, [arXiv:0906.1197].
[13] S. Galli, F. Iocco, G. Bertone, and A. Melchiorri, Updated CMB constraints on Dark Matter annihilation

cross-sections, Phys.Rev. D84 (2011) 027302, [arXiv:1106.1528].
[14] G. Huetsi, A. Hektor, and M. Raidal, Constraints on leptonically annihilating Dark Matter from reionization and

extragalactic gamma background, Astron.Astrophys. 505 (2009) 999–1005, [arXiv:0906.4550].
[15] M. Cirelli, F. Iocco, and P. Panci, Constraints on Dark Matter annihilations from reionization and heating of the

intergalactic gas, JCAP 0910 (2009) 009, [arXiv:0907.0719].
[16] G. Jungman, M. Kamionkowski, and K. Griest, Supersymmetric dark matter, Phys.Rept. 267 (1996) 195–373,

[hep-ph/9506380].
[17] L. Bergstrom, Nonbaryonic dark matter: Observational evidence and detection methods, Rept.Prog.Phys. 63 (2000)

793, [hep-ph/0002126].
[18] G. Bertone, D. Hooper, and J. Silk, Particle dark matter: Evidence, candidates and constraints, Phys.Rept. 405

(2005) 279–390, [hep-ph/0404175].
[19] D. Hooper and S. Profumo, Dark matter and collider phenomenology of universal extra dimensions, Phys.Rept. 453

(2007) 29–115, [hep-ph/0701197].
[20] G. Steigman, B. Dasgupta, and J. F. Beacom, Precise Relic WIMP Abundance and its Impact on Searches for Dark

Matter Annihilation, Phys.Rev. D86 (2012) 023506, [arXiv:1204.3622].
[21] D. J. Chung, E. W. Kolb, and A. Riotto, Superheavy dark matter, Phys.Rev. D59 (1999) 023501, [hep-ph/9802238].
[22] V. Berezinsky, M. Kachelriess, and A. Vilenkin, Ultrahigh-energy cosmic rays without GZK cutoff, Phys.Rev.Lett.

79 (1997) 4302–4305, [astro-ph/9708217].
[23] P. Blasi, R. Dick, and E. W. Kolb, Ultrahigh-energy cosmic rays from annihilation of superheavy dark matter,

Astropart.Phys. 18 (2002) 57–66, [astro-ph/0105232].
[24] A. Ibarra and R. Toldra, Neutralino spectrum in top - down models of UHECR, JHEP 0206 (2002) 006,

[hep-ph/0202111].
[25] S. Dodelson and L. M. Widrow, Sterile-neutrinos as dark matter, Phys.Rev.Lett. 72 (1994) 17–20, [hep-ph/9303287].
[26] K. Abazajian, G. M. Fuller, and M. Patel, Sterile neutrino hot, warm, and cold dark matter, Phys.Rev. D64 (2001)

023501, [astro-ph/0101524].

http://xxx.lanl.gov/abs/1502.0158
http://xxx.lanl.gov/abs/1011.4514
http://xxx.lanl.gov/abs/1111.2607
http://xxx.lanl.gov/abs/1304.5119
http://xxx.lanl.gov/abs/1310.8621
http://xxx.lanl.gov/abs/0905.0003
http://xxx.lanl.gov/abs/0906.1197
http://xxx.lanl.gov/abs/1106.1528
http://xxx.lanl.gov/abs/0906.4550
http://xxx.lanl.gov/abs/0907.0719
http://xxx.lanl.gov/abs/hep-ph/9506380
http://xxx.lanl.gov/abs/hep-ph/0002126
http://xxx.lanl.gov/abs/hep-ph/0404175
http://xxx.lanl.gov/abs/hep-ph/0701197
http://xxx.lanl.gov/abs/1204.3622
http://xxx.lanl.gov/abs/hep-ph/9802238
http://xxx.lanl.gov/abs/astro-ph/9708217
http://xxx.lanl.gov/abs/astro-ph/0105232
http://xxx.lanl.gov/abs/hep-ph/0202111
http://xxx.lanl.gov/abs/hep-ph/9303287
http://xxx.lanl.gov/abs/astro-ph/0101524


April 4, 2016 0:19 Contemporary Physics Indirect˙Gaskins

REFERENCES 25

[27] P. Bett, V. Eke, C. S. Frenk, A. Jenkins, J. Helly, et al., The spin and shape of dark matter haloes in the Millennium
simulation of a lambda-CDM universe, Mon.Not.Roy.Astron.Soc. 376 (2007) 215–232, [astro-ph/0608607].

[28] J. F. Navarro, A. Ludlow, V. Springel, J. Wang, M. Vogelsberger, S. D. M. White, A. Jenkins, C. S. Frenk, and
A. Helmi, The Diversity and Similarity of Cold Dark Matter Halos, Mon. Not. Roy. Astron. Soc. 402 (2010) 21,
[arXiv:0810.1522].

[29] M. Fornasa and A. M. Green, A self-consistent phase-space distribution function for the anisotropic Dark Matter
halo of the Milky Way, Phys.Rev. D89 (2014) 063531, [arXiv:1311.5477].

[30] J. F. Navarro, C. S. Frenk, and S. D. White, The Structure of cold dark matter halos, Astrophys.J. 462 (1996)
563–575, [astro-ph/9508025].

[31] J. F. Navarro, C. S. Frenk, and S. D. White, A Universal density profile from hierarchical clustering, Astrophys.J.
490 (1997) 493–508, [astro-ph/9611107].

[32] M. Pato, F. Iocco, and G. Bertone, Dynamical constraints on the dark matter distribution in the Milky Way, JCAP
1512 (2015), no. 12 001, [arXiv:1504.0632].

[33] P. Gondolo and J. Silk, Dark matter annihilation at the galactic center, Phys.Rev.Lett. 83 (1999) 1719–1722,
[astro-ph/9906391].

[34] O. Y. Gnedin, A. V. Kravtsov, A. A. Klypin, and D. Nagai, Response of dark matter halos to condensation of
baryons: Cosmological simulations and improved adiabatic contraction model, Astrophys.J. 616 (2004) 16–26,
[astro-ph/0406247].

[35] O. Y. Gnedin, D. Ceverino, N. Y. Gnedin, A. A. Klypin, A. V. Kravtsov, et al., Halo Contraction Effect in
Hydrodynamic Simulations of Galaxy Formation, arXiv:1108.5736.

[36] S. Mashchenko, J. Wadsley, and H. Couchman, Stellar Feedback in Dwarf Galaxy Formation, Science 319 (2008)
174, [arXiv:0711.4803].

[37] A. Pontzen and F. Governato, How supernova feedback turns dark matter cusps into cores, Mon. Not. Roy. Astron.
Soc. 421 (2012) 3464, [arXiv:1106.0499].

[38] A. V. Maccio’, G. Stinson, C. B. Brook, J. Wadsley, H. Couchman, et al., Halo expansion in cosmological hydro
simulations: towards a baryonic solution of the cusp/core problem in massive spirals, Astrophys. J. Lett. 744 (2012)
L9, [arXiv:1111.5620].

[39] F. Governato, A. Zolotov, A. Pontzen, C. Christensen, S. Oh, et al., Cuspy No More: How Outflows Affect the
Central Dark Matter and Baryon Distribution in Lambda CDM Galaxies, Mon.Not.Roy.Astron.Soc. 422 (2012)
1231–1240, [arXiv:1202.0554].

[40] B. Moore, T. R. Quinn, F. Governato, J. Stadel, and G. Lake, Cold collapse and the core catastrophe,
Mon.Not.Roy.Astron.Soc. 310 (1999) 1147–1152, [astro-ph/9903164].

[41] J. J. Adams, J. D. Simon, M. H. Fabricius, R. C. van den Bosch, J. C. Barentine, et al., Dwarf Galaxy Dark Matter
Density Profiles Inferred from Stellar and Gas Kinematics, Astrophys.J. 789 (2014) 63, [arXiv:1405.4854].

[42] J. F. Navarro, E. Hayashi, C. Power, A. Jenkins, C. S. Frenk, et al., The Inner structure of Lambda-CDM halos 3:
Universality and asymptotic slopes, Mon.Not.Roy.Astron.Soc. 349 (2004) 1039, [astro-ph/0311231].

[43] L. Gao, J. F. Navarro, S. Cole, C. Frenk, S. D. White, et al., The redshift dependence of the structure of massive
LCDM halos, Mon. Not. Roy. Astron. Soc. 387 (2008) 536, [arXiv:0711.0746].

[44] J. Einasto, On the Construction of a Composite Model for the Galaxy and on the Determination of the System of
Galactic Parameters, Trudy Astrofizicheskogo Instituta Alma-Ata 5 (1965) 87–100.

[45] F. Iocco, M. Pato, G. Bertone, and P. Jetzer, Dark Matter distribution in the Milky Way: microlensing and
dynamical constraints, JCAP 1111 (2011) 029, [arXiv:1107.5810].

[46] M. G. Walker and J. Penarrubia, A Method for Measuring (Slopes of) the Mass Profiles of Dwarf Spheroidal
Galaxies, Astrophys.J. 742 (2011) 20, [arXiv:1108.2404].

[47] W. de Blok and A. Bosma, High-resolution rotation curves of low surface brightness galaxies, Astron.Astrophys.
385 (2002) 816, [astro-ph/0201276].

[48] A. Burkert, The Structure of Dark Matter Halos in Dwarf Galaxies, ApJ 447 (July, 1995) L25, [astro-ph/9504041].
[49] B. Moore, S. Ghigna, F. Governato, G. Lake, T. R. Quinn, et al., Dark matter substructure within galactic halos,

Astrophys.J. 524 (1999) L19–L22, [astro-ph/9907411].
[50] J. Diemand, M. Kuhlen, and P. Madau, Dark matter substructure and gamma-ray annihilation in the Milky Way

halo, Astrophys.J. 657 (2007) 262–270, [astro-ph/0611370].
[51] V. Springel, J. Wang, M. Vogelsberger, A. Ludlow, A. Jenkins, et al., The Aquarius Project: the subhalos of galactic

halos, Mon.Not.Roy.Astron.Soc. 391 (2008) 1685–1711, [arXiv:0809.0898].
[52] J. Stadel, D. Potter, B. Moore, J. Diemand, P. Madau, et al., Quantifying the heart of darkness with GHALO - a

multi-billion particle simulation of our galactic halo, Mon.Not.Roy.Astron.Soc. 398 (2009) L21–L25,
[arXiv:0808.2981].

[53] T. Bringmann and S. Hofmann, Thermal decoupling of WIMPs from first principles, JCAP 0407 (2007) 016,
[hep-ph/0612238].

[54] S. Profumo, K. Sigurdson, and M. Kamionkowski, What mass are the smallest protohalos?, Phys.Rev.Lett. 97
(2006) 031301, [astro-ph/0603373].

[55] M. Kuhlen, M. Vogelsberger, and R. Angulo, Numerical Simulations of the Dark Universe: State of the Art and the
Next Decade, Phys.Dark Univ. 1 (2012) 50–93, [arXiv:1209.5745].

[56] A. Geringer-Sameth, S. M. Koushiappas, and M. Walker, Dwarf galaxy annihilation and decay emission profiles for
dark matter experiments, Astrophys. J. 801 (2015), no. 2 74, [arXiv:1408.0002].

[57] M. A. Sanchez-Conde, M. Cannoni, F. Zandanel, M. E. Gomez, and F. Prada, Dark matter searches with Cherenkov
telescopes: nearby dwarf galaxies or local galaxy clusters?, JCAP 1112 (2011) 011, [arXiv:1104.3530].

[58] S. Palomares-Ruiz and J. M. Siegal-Gaskins, Annihilation vs. Decay: Constraining dark matter properties from a
gamma-ray detection, JCAP 1007 (2010) 023, [arXiv:1003.1142].

[59] M. Cirelli, G. Corcella, A. Hektor, G. Hutsi, M. Kadastik, et al., PPPC 4 DM ID: A Poor Particle Physicist
Cookbook for Dark Matter Indirect Detection, JCAP 1103 (2011) 051, [arXiv:1012.4515].

[60] P. Gondolo, J. Edsjo, P. Ullio, L. Bergstrom, M. Schelke, et al., DarkSUSY: Computing supersymmetric dark matter
properties numerically, JCAP 0407 (2004) 008, [astro-ph/0406204].

[61] J. Cembranos, A. de la Cruz-Dombriz, A. Dobado, R. Lineros, and A. Maroto, Photon spectra from WIMP
annihilation, Phys.Rev. D83 (2011) 083507, [arXiv:1009.4936].

[62] L. Bergstrom, Radiative Processes in Dark Matter Photino Annihilation, Phys.Lett. B225 (1989) 372.

http://xxx.lanl.gov/abs/astro-ph/0608607
http://xxx.lanl.gov/abs/0810.1522
http://xxx.lanl.gov/abs/1311.5477
http://xxx.lanl.gov/abs/astro-ph/9508025
http://xxx.lanl.gov/abs/astro-ph/9611107
http://xxx.lanl.gov/abs/1504.0632
http://xxx.lanl.gov/abs/astro-ph/9906391
http://xxx.lanl.gov/abs/astro-ph/0406247
http://xxx.lanl.gov/abs/1108.5736
http://xxx.lanl.gov/abs/0711.4803
http://xxx.lanl.gov/abs/1106.0499
http://xxx.lanl.gov/abs/1111.5620
http://xxx.lanl.gov/abs/1202.0554
http://xxx.lanl.gov/abs/astro-ph/9903164
http://xxx.lanl.gov/abs/1405.4854
http://xxx.lanl.gov/abs/astro-ph/0311231
http://xxx.lanl.gov/abs/0711.0746
http://xxx.lanl.gov/abs/1107.5810
http://xxx.lanl.gov/abs/1108.2404
http://xxx.lanl.gov/abs/astro-ph/0201276
http://xxx.lanl.gov/abs/astro-ph/9504041
http://xxx.lanl.gov/abs/astro-ph/9907411
http://xxx.lanl.gov/abs/astro-ph/0611370
http://xxx.lanl.gov/abs/0809.0898
http://xxx.lanl.gov/abs/0808.2981
http://xxx.lanl.gov/abs/hep-ph/0612238
http://xxx.lanl.gov/abs/astro-ph/0603373
http://xxx.lanl.gov/abs/1209.5745
http://xxx.lanl.gov/abs/1408.0002
http://xxx.lanl.gov/abs/1104.3530
http://xxx.lanl.gov/abs/1003.1142
http://xxx.lanl.gov/abs/1012.4515
http://xxx.lanl.gov/abs/astro-ph/0406204
http://xxx.lanl.gov/abs/1009.4936


April 4, 2016 0:19 Contemporary Physics Indirect˙Gaskins

26 REFERENCES

[63] L. Bergstrom and J. Kaplan, Gamma-ray lines from TeV dark matter, Astropart.Phys. 2 (1994) 261–268,
[hep-ph/9403239].

[64] L. Bergstrom and P. Ullio, Full one loop calculation of neutralino annihilation into two photons, Nucl.Phys. B504
(1997) 27–44, [hep-ph/9706232].

[65] P. Ullio and L. Bergstrom, Neutralino annihilation into a photon and a Z boson, Phys.Rev. D57 (1998) 1962–1971,
[hep-ph/9707333].

[66] LAT Collaboration Collaboration, W. Atwood et al., The Large Area Telescope on the Fermi Gamma-ray Space
Telescope Mission, Astrophys.J. 697 (2009) 1071–1102, [arXiv:0902.1089].

[67] Fermi-LAT Collaboration Collaboration, M. Ackermann et al., The Fermi Large Area Telescope On Orbit:
Event Classification, Instrument Response Functions, and Calibration, Astrophys.J.Suppl. 203 (2012) 4,
[arXiv:1206.1896].

[68] A. Moiseev, A. Galper, O. Adriani, R. Aptekar, I. Arkhangelskaja, et al., Dark Matter Search Perspectives with
GAMMA-400, arXiv:1307.2345.

[69] K. N. Abazajian and J. P. Harding, Constraints on WIMP and Sommerfeld-Enhanced Dark Matter Annihilation
from HESS Observations of the Galactic Center, JCAP 1201 (2012) 041, [arXiv:1110.6151].

[70] J. Aleksić, S. Ansoldi, L. Antonelli, P. Antoranz, A. Babic, et al., Optimized dark matter searches in deep
observations of Segue 1 with MAGIC, JCAP 1402 (2014) 008, [arXiv:1312.1535].

[71] VERITAS Collaboration Collaboration, V. Acciari et al., VERITAS Search for VHE Gamma-ray Emission from
Dwarf Spheroidal Galaxies, Astrophys.J. 720 (2010) 1174–1180, [arXiv:1006.5955].

[72] VERITAS Collaboration Collaboration, E. Aliu et al., VERITAS Deep Observations of the Dwarf Spheroidal
Galaxy Segue 1, Phys.Rev. D85 (2012) 062001, [arXiv:1202.2144].

[73] B. Acharya, M. Actis, T. Aghajani, G. Agnetta, J. Aguilar, et al., Introducing the CTA concept, Astropart.Phys. 43
(2013) 3–18.

[74] CTA collaboration Collaboration, M. Doro et al., Dark Matter and Fundamental Physics with the Cherenkov
Telescope Array, Astropart.Phys. 43 (2013) 189–214, [arXiv:1208.5356].

[75] M. Wood, J. Buckley, S. Digel, S. Funk, D. Nieto, et al., Prospects for Indirect Detection of Dark Matter with CTA,
arXiv:1305.0302.

[76] M. Pierre, J. M. Siegal-Gaskins, and P. Scott, Sensitivity of CTA to dark matter signals from the Galactic Center,
JCAP 1406 (2014) 024, [arXiv:1401.7330].

[77] HAWC Collaboration, A. U. Abeysekara et al., Sensitivity of HAWC to high-mass dark matter annihilations,
Phys. Rev. D90 (2014), no. 12 122002, [arXiv:1405.1730].

[78] IceCube Collaboration Collaboration, A. Achterberg et al., First Year Performance of The IceCube Neutrino
Telescope, Astropart.Phys. 26 (2006) 155–173, [astro-ph/0604450].

[79] IceCube Collaboration Collaboration, R. Abbasi et al., The Design and Performance of IceCube DeepCore,
Astropart.Phys. 35 (2012) 615–624, [arXiv:1109.6096].

[80] C. Rott, Review of Indirect WIMP Search Experiments, Nucl.Phys.Proc.Suppl. 235-236 (2013) 413–420,
[arXiv:1210.4161].

[81] ANTARES Collaboration Collaboration, M. Ageron et al., ANTARES: the first undersea neutrino telescope,
Nucl.Instrum.Meth. A656 (2011) 11–38, [arXiv:1104.1607].

[82] U. F. Katz, KM3NeT: Towards a km**3 Mediterranean Neutrino Telescope, Nucl.Instrum.Meth. A567 (2006)
457–461, [astro-ph/0606068].

[83] A. Avrorin, V. Aynutdinov, I. Belolaptikov, D. Y. Bogorodsky, V. Brudanin, et al., Current status of the
BAIKAL-GVD project, Nucl.Instrum.Meth. A725 (2013) 23–26.

[84] Super-Kamiokande Collaboration Collaboration, Y. Fukuda et al., The Super-Kamiokande detector,
Nucl.Instrum.Meth. A501 (2003) 418–462.

[85] K. Abe, T. Abe, H. Aihara, Y. Fukuda, Y. Hayato, et al., Letter of Intent: The Hyper-Kamiokande Experiment —
Detector Design and Physics Potential —, arXiv:1109.3262.

[86] P. Picozza, A. Galper, G. Castellini, O. Adriani, F. Altamura, et al., PAMELA: A Payload for Antimatter Matter
Exploration and Light-nuclei Astrophysics, Astropart.Phys. 27 (2007) 296–315, [astro-ph/0608697].

[87] AMS-02 Collaboration Collaboration, F. Barao, AMS: Alpha Magnetic Spectrometer on the International Space
Station, Nucl.Instrum.Meth. A535 (2004) 134–138.

[88] H. Fuke, J. Koglin, T. Yoshida, T. Aramaki, W. Craig, et al., Current status and future plans for the general
antiparticle spectrometer (GAPS), Adv.Space Res. 41 (2008) 2056–2060.

[89] J. Chang, J. Adams, H. Ahn, G. Bashindzhagyan, M. Christl, et al., An excess of cosmic ray electrons at energies of
300-800 GeV, Nature 456 (2008) 362–365.

[90] Fermi LAT Collaboration Collaboration, M. Ackermann et al., Measurement of separate cosmic-ray electron and
positron spectra with the Fermi Large Area Telescope, Phys.Rev.Lett. 108 (2012) 011103, [arXiv:1109.0521].

[91] Pierre Auger Collaboration Collaboration, I. Allekotte et al., The Surface Detector System of the Pierre Auger
Observatory, Nucl.Instrum.Meth. A586 (2008) 409–420, [arXiv:0712.2832].

[92] Pierre Auger Collaboration Collaboration, J. Abraham et al., Properties and performance of the prototype
instrument for the Pierre Auger Observatory, Nucl.Instrum.Meth. A523 (2004) 50–95.

[93] M. Regis and P. Ullio, Multi-wavelength signals of dark matter annihilations at the Galactic center, Phys.Rev. D78
(2008) 043505, [arXiv:0802.0234].

[94] N. Bernal and S. Palomares-Ruiz, Constraining Dark Matter Properties with Gamma-Rays from the Galactic
Center with Fermi-LAT, Nucl.Phys. B857 (2012) 380–410, [arXiv:1006.0477].

[95] M. Cirelli, P. D. Serpico, and G. Zaharijas, Bremsstrahlung gamma rays from light Dark Matter, JCAP 1311 (2013)
035, [arXiv:1307.7152].

[96] H.E.S.S.Collaboration Collaboration, A. Abramowski et al., Search for a Dark Matter annihilation signal from
the Galactic Center halo with H.E.S.S, Phys.Rev.Lett. 106 (2011) 161301, [arXiv:1103.3266].

[97] D. Hooper, C. Kelso, and F. S. Queiroz, Stringent and Robust Constraints on the Dark Matter Annihilation Cross
Section From the Region of the Galactic Center, Astropart.Phys. 46 (2013) 55–70, [arXiv:1209.3015].
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