arXiv:1208.5481v2 [hep-ph] 13 Dec 2012

Gamma Ray Signals from Dark Matter:

Concepts, Status and Prospects

Torsten Bringmann^a, Christoph Weniger^b

aII. Institute for Theoretical Physics, University of Hamburg, Luruper Chaussee 149, DE-22761 Hamburg, Germany bMax-Planck-Institut für Physik, Föhringer Ring 6, 80805 Munich, Germany

Abstract

Weakly interacting massive particles (WIMPs) remain a prime candidate for the cosmological dark matter (DM), even in the absence of current collider signals that would unambiguously point to new physics below the TeV scale. The self-annihilation of these particles in astronomical targets may leave observable imprints in cosmic rays of various kinds. In this review, we focus on gamma rays which we argue to play a pronounced role among the various possible messengers. We discuss the most promising spectral and spatial signatures to look for, give an update on the current state of gamma-ray searches for DM and an outlook concerning future prospects. We also assess in some detail the implications of a potential signal identification for particle DM models as well as for our understanding of structure formation. Special emphasis is put on the possible evidence for a 130 GeV line-like signal that we recently identified in the data of the Fermi gamma-ray space telescope.

1. Introduction

Evidence for a sizable non-baryonic and cold dark matter (DM) component in the universe derives from an impressive range of unrelated cosmological observations [1], covering distance scales from tens of kpc to several Gpc and leaving very little room for alternative explanations. On cosmological scales, DM contributes a fraction of Ω_χ = 0.229 ± 0.015 to the total energy density of the universe [2]. Weakly Interacting Massive Particles (WIMPs) provide a theoretically particularly appealing class of candidates for the so far obscure nature of DM [3–5], with the lightest supersymmetric neutralino often taken as a useful template for such a WIMP. It is often argued that the thermal production of WIMPs in the early universe generically leads to a relic density that coincides with

Email addresses: torsten.bringmann@desy.de (Torsten Bringmann), weniger@mpp.mpg.de (Christoph Weniger)

Preprint submitted to Physics of the Dark Universe December 17, 2012

the observed order of magnitude of Ω_χ, though this rests on the assumption of a standard cosmological expansion history and there exist well-motivated particle physics scenarios that predict alternative production mechanisms for WIMP DM [6]. While the LHC nonobservation of new particles below the TeV scale (apart, possibly, from the Higgs boson) has already prompted doubts whether the WIMP DM scenario is still our best bet [7], it must be stressed that electroweak low-energy observables (g − 2 in particular) do favor new physics contributions not too far above 100 GeV [8]. While this tension starts to considerably disfavor very constrained models of, e.g., supersymmetry [9], it may simply be an indication that the new physics sector which the WIMP belongs to appears at a much smaller mass scale than any new colored sector.

Attempts to identify WIMP DM can be classified into collider searches for missing transverse energy, direct searches for the recoil of WIMPs off the nuclei of terrestrial detectors and indirect methods that aim at spotting the products of WIMP self-annihilation. Among possible messengers for such indirect searches, gamma rays play a pronounced role as they propagate essentially unperturbed through the galaxy and therefore directly point to their sources, leading to distinctive spatial signatures; an even more important aspect, as we will see, is the appearance of pronounced spectral signatures. This prime role of gamma rays provides our motivation for an updated and dedicated review on these messengers, which we hope will prove useful and complementary to existing general reviews on indirect DM searches [10–12]. Indeed, the recent indication for a DM signature in gamma-ray observations of the Galactic center (GC) [13, 14] makes such a review extremely timely, and we therefore dedicate a considerable part of it to discuss in great detail both the status of the potential signal and its implications.

Gamma rays can either be observed directly from space or, via the showers of secondary particles they trigger in the atmosphere, indirectly with ground-based experiments. The former option necessarily implies rather small effective areas and an upper bound on the photon energy that can reliably be resolved, but allows for a large field of view and the observation of gamma rays at comparably small energies. Particularly promising instruments for the latter option are imaging Air Cherenkov Telescopes (IACTs) that detect the Cherenkov light emitted by the shower particles and use efficient image reconstruction algorithms to determine the characteristics of the primary photon. These instruments have a limited field of view and a lower energy threshold set by the need of discriminating photons from the background of primary muons and hadronic cosmic rays; their extremely large effective area and rather small field of view make them ideal for pointed observations. In Table 1, we pick typical examples for space- and ground-based experiments that are currently operating or planned for the future and compare some basic telescope characteristics that are particularly relevant for DM searches. Experiments that fall into the same broad categories but are not listed explicitly in the Table include for example AGILE [15] and VERITAS [16], as well as the future CALET [17] and DAMPE [18, 19]. We stress that the numbers in Tab. 1 are intended to provide a convenient order-of-magnitude comparison of instrumental characteristics; they should

Time of E-range A_{eff} Sens. ΔE/E F.O.V. Δθ operation [GeV] [m^2] [10^8m^2s]^{-1} [%] [sr] [^∘]

Fermi-LAT 2008–2018^∗ 0.2–300 0.8 200 11 2.4 0.2 AMS-02/Ecal 2011–2021^∗ 10–1000 0.2 1000 3 0.4 1.0 AMS-02/Trk 2011–2021^∗ 1–300 0.06 1000 15 1.5 0.02 GAMMA-400 2018^∗ –. . . 0.1–3000 0.4 100 1 1.2 0.02 (0.006)

MAGIC 2009–. . . ≳ 50 2·10^4(7·10^4) 10(0.2) 20(16) 0.003 0.17(0.08) HESS-II 2012–. . . ≳ 30 4·10^3(10^5) 4(0.1) 15(15) 0.003 0.13(0.07) CTA 2018^∗ –. . . ≳ 20 5·10^4(10^6) 1(0.02) 20(10) > 0.006 0.1(0.06) ∗ planned

Table 1: Rough comparison of basic telescope characteristics relevant for indirect DM searches with gamma rays, for a selection of typical space- and ground-based experiments that are currently operating, shortly upcoming or planned for the future. The quoted sensitivity is for point sources at the 5σ level, after 1yr (50 hrs) of space- (ground-) based observations and assuming typical backgrounds. Where applicable, numbers refer to photon energies at or above E ≃ 100 GeV (1 TeV). The angular resolution Δθ denotes the 68% containment radius. More details in Refs. [20] (Fermi-LAT), [21–23] (AMS-02), [24–26] (GAMMA-400), [27] (MAGIC), [28] (HESS-II) and [29] (CTA).

not be used as the basis of detailed sensitivity estimates (see, however, the stated references).

The expected DM-induced gamma-ray flux from a direction ψ, averaged over the opening angle Δψ of the detector, is given by

dΦ_γ dE_γ

(E_γ, ψ) = 1 8π ∫ Δψ dΩ Δψ ∫ l.o.s

dℓ(ψ)ρ^2_χ(r) ×

⟨σv⟩_{ann} m^2_χ ∑ f B_f dN^f_γ dE_γ

, (1)

where the integration is performed along the line of sight (l.o.s.), ⟨σv⟩_{ann} is the average velocity-weighted annihilation cross section, m_χ the mass of the DM particle (for which we assume χ = χ̄), ρ_χ the DM density, B_f the branching ratio into channel f and N^f_γ the number of photons per annihilation. An often quoted reference value for ⟨σv⟩_{ann} is the so-called ‘thermal cross section’ of ⟨σv⟩ ∼ 3 · 10^{−26}cm^3s^{−1}, which is the annihilation rate expected for thermally produced WIMPs in the most simple case (i.e. s-wave annihilation without resonances or co-annihilations [30]). The right part (in parentheses) of Eq. (1) contains all the particle physics input and, for the typically very small DM velocities, is usually sufficiently independent of v(r) that it can be pulled outside the integrals (note, however, that this is not true for strongly velocity-dependent cross-sections like in the case of Sommerfeld enhancement [31–34], resonances or p-wave annihilation). It contains the full spectral information that we will discuss in some detail in Section 2. The remaining part, sometimes referred to as the astrophysical factor (or ’J-value’, with J ≡ ∫ dΩ ∫ dℓ ρ^2_χ), contains in that case the full information about the spatial distribution of the signal and will be discussed in Section 3.

We continue by reviewing in Section 4 gamma-ray limits on DM annihilation as well as the current status of claimed DM signals. The potentially enormous implications of 3 a signal identification for our understanding of both the underlying particle model and structure formation are then outlined in Section 5, with a focus on the intriguing 130 GeV feature in the direction of the GC. We discuss future prospects for the detection of DM with gamma rays in Section 6 and conclude in Section 7. For most of this review, we will assume that DM consists of WIMPs; many aspects, however, can be applied – or generalized in a straight-forward way – to other cases as well, most notably decaying DM [35, 36] (for which one simply has to replace^1_2 ⟨σv⟩ρ^2_χ → m_χΓρ_χ in Eq. (1), where Γ is the decay rate). Where applicable, we will comment on this on the way.

2. Spectral signatures

At tree level, DM particles annihilate into pairs of quarks, leptons, Higgs and weak gauge bosons. The hadronization and further decay of these primary annihilation products leads to the appearance of secondary photons, mainly through π^0 → γγ, and the resulting gamma-ray spectrum dN^f_γ /dE_γ can be obtained from event generators like Pythia [37]. Codes like DarkSUSY [38, 39] provide user-friendly numerical interpolations of these spectra, based on a large number of Pythia runs, but there also exist several analytic parameterizations in the literature [10, 40, 41]. Secondary photons show a featureless spectrum with a rather soft cutoff at the kinematical limit E_γ = m_χ and are universal in the sense that dN^f_γ /dx (with x ≡ E_γ/m_χ) takes a very similar form for almost all channels f and only very weakly depends on m_χ. A convincing claim of DM detection based exclusively on this signal, which would show up as a broad bump-like excess over the often rather poorly understood astrophysical background, appears generically rather challenging.

For this reason, it is often much better warranted to focus on the pronounced spectral features that are additionally expected in many DM models – not only because they greatly help to discriminate signals from backgrounds, and hence effectively increase the sensitivity of gamma-ray telescopes to DM signals [42], but also because a detection may reveal a lot about the underlying model for the particle nature of the DM. Before discussing the various types of spectral features in more detail, let us briefly mention further contributions to the total photon yield that do not give rise to such nice spectral features but may still visibly change the spectrum (in particular at E_γ ≪ m_χ). In models with large branching fractions into e^+e^− pairs, e.g., inverse Compton scattering of those e^± on starlight and the cosmic microwave background leads to additional gamma rays [43–45]. Another source of additional low-energy photons are electroweak [46–49] and strong [50] radiative corrections, with an additional gauge boson in the final state; these contributions can actually be quite sizable for DM masses much larger than the gauge boson mass, in particular if the tree-level annihilation into a pair of SM particles is suppressed.

Figure 1: Various gamma-ray spectra expected from DM annihilation, all normalized to N(x > 0.1) = 1. Spectra from secondary particles (gray band) are hardly distinguishable. Pronounced peaks near the kinematical endpoint can have different origins, but detectors with very good energy resolutions ΔE/E may be needed to discriminate amongst them in the (typical) situation of limited statistics. See text for more details about these spectra.

2.1. Lines

The direct annihilation of DM pairs into γX – where X = γ, Z, H or some new neutral state – leads to monochromatic gamma rays with E_γ = m_χ [ 1 − m^2_X/4m^2_χ ] , providing a striking signature which is essentially impossible to mimic by astrophysical contributions [51]. Unfortunately, these processes are loop-suppressed with O(α^2_{em}) and thus usually subdominant, i.e. not actually visible against the continuous (both astrophysical and DM induced) background when taking into account realistic detector resolutions; however, examples of particularly strong line signals exist [32, 33, 52–56]. A spacebased detector with resolution ΔE/E = 0.1 (0.01) could, e.g., start to discriminate between γγ and γZ lines for DM masses of roughly m_χ ≲ 150 GeV (m_χ ≲ 400 GeV) if at least one of the lines has a statistical significance of ≳ 5σ [57]. This would, in principle, open the fascinating possibility of doing ‘DM spectroscopy’ (see also Section 5).

2.2. Internal bremsstrahlung (IB)

Whenever DM annihilates into charged particles, additional final state photons appear at O(α_{em}) that generically dominate the spectrum at high energies. One may distinguish between final state radiation (FSR) and virtual internal bremsstrahlung (VIB) in a gauge-invariant way [58], where the latter can very loosely be associated to photons radiated from charged virtual particles. FSR is dominated by collinear photons, thus most pronounced for light final state particles, m_f ≪ m_χ, and produces a modelindependent spectrum with a sharp cut-off at E_γ = m_χ [59, 60]; a typical example for a 5 spectrum dominated by these contributions is Kaluza-Klein DM [61]. VIB, on the other hand, dominates if the tree-level annihilation rate is suppressed (like e.g. the annihilation of Majorana particles into light fermions [62, 63]) and/or the final state consists of bosons and the t-channel particle is almost degenerate with m_χ [64]. It generates pronounced bump-like features at E_γ ≲ m_χ which closely resemble a slightly distorted line for energy resolutions ΔE/E ≳ 0.1. The exact form of VIB spectra, however, is rather model-dependent [58] – which in principle would allow an efficient discrimination between DM models for large enough statistics (see e.g. [65]).

2.3. Cascade decays

Another possibility to produce pronounced spectral features is DM annihilating into intermediate neutral states, χχ → ϕϕ, which then decay directly (ϕ → γγ [66]) or via FSR (e.g. ϕ → ℓ^+ℓ^−γ [67]) into photons. While the latter situation results in a spectrum that resembles the standard FSR case (with a slightly less sharp cut-off and a potentially considerably reduced rate in the degenerate case, m_ϕ ∼ m_ℓ), the former process induces a box-shaped spectrum with a width of ΔE = √ m^2_χ − m^2_ϕ; for small mass differences, it is thus indistinguishable from a line.

In Fig. 1, we compare the various different spectra discussed above; in order not to overload this figure, however, we do not include the FSR-dominated spectrum from lepton final states (see e.g. Ref. [61]). Secondary photon spectra from all possible quark or weak gauge boson final states are all contained in the rather thin gray band (we adopted m_χ = 100 GeV, though the result is quite insensitive to this value). For the VIB spectrum, we assumed Majorana DM annihilation into light fermions via a scalar t-channel particle (‘sfermion’) almost degenerate in mass with χ, like encountered in supersymmetry [58], and for the box we chose m_ϕ = 0.95m_χ.

3. Spatial Signatures

The peculiar morphology of annihilation signals, tracing directly the DM density, offers another convenient handle for discriminating signals from backgrounds. The most relevant targets are the GC, dwarf spheroidal galaxies and galaxy clusters with respective half light radii of roughly θ_{1/2} ≲ 10^∘, θ_{1/2} ∼ 0.1^∘ and θ_{1/2} ≳ 0.1^∘. Further important targets are DM clumps or the angular power spectrum of the isotropic gamma-ray background (IGRB), all of which we will discuss in this section.

3.1. Halo Profiles and the Galactic Center

The arguably brightest source of gamma rays from DM annihilation is the center of our Galaxy. Within a few degrees (say 2^∘ × 2^∘) around the GC, WIMPs would induce a gamma-ray flux of about O(10^{−8}) ph cm^{−2} s^{−1} at the Earth (at > 1 GeV, assuming a thermal annihilation rate into b̄b, m_χ = 100 GeV and standard halo profiles), very well in reach of current instruments. However, the line-of-sight to the GC traverses the galactic disc, which harbours numerous high-energetic processes (π^0 production in cosmic-ray interactions, Bremsstrahlung and inverse Compton emission, bright point sources); the corresponding gamma-ray fluxes of O(10^{−7}–10^{−6}) ph cm^{−2} s^{−1} thus outshine DM signals often by orders of magnitude. Furthermore, the uncertainties in the signal and background morphologies make the identification of a DM signal from the inner Galaxy a challenging task.

A useful general parametrization of DM halos, which encompasses a large number of commonly used profiles, reads

ρ^{αβγ}_χ (r) = ρ_⊙ [ r r_⊙

]_{−γ} [ 1 + (r_⊙/r_s)^α 1 + (r/r_s)^α

]^{β−γ}_α , (2)

where r is the distance from the halo center, r_⊙ ≃ 8.5 kpc the position of the Sun and ρ_⊙ ≃ 0.4 GeV cm^{−3} the local DM density [68–71] (see Ref. [72] for a discussion of systematic uncertainties of this quantity and Ref. [73] for a recent study that includes the effect of a slightly oblate DM halo and the possible presence of a dark disc, leading to a normalization which is a factor of ∼2-3 larger). The parameters α, β and γ determine the halo shape, and r_s the concentration. The commonly used Navarro-Frenk-White (NFW) profile [74], for example, is obtained for (α, β, γ) = (1, 3, 1) (with r_s ≃ 20 kpc in case of the Milky Way); the cored isothermal profile follows when setting (α, β, γ) = (2, 2, 0) and r_s ≃ 3.5 kpc (note, however, that matching observational constraints in principle results in a rather large range of allowed values for r_s [75, 76]). Typically, kinematic observations of line-of-sight velocities do not sufficiently constrain the DM profile, so one has to rely on (extrapolated) results from numerical N-body simulations of dissipationless structure formation in a ΛCDM cosmology [77, 78]; see also Ref. [79, 80] for a review. Most recent results tend to favor a spherical Einasto profile [81],

ρ^{Einasto} χ (r) = ρ_⊙ exp ( − 2 α_E r^{αE} − r^{αE}_⊙ r^{αE}_s ) , (3) 7 over the somewhat steeper NFW profile. Both r_s and the halo shape parameter α_E depend on the total halo mass; in case of the Milky Way, numerical simulations yield α_E ≃ 0.17 and r_s ≃ 20 kpc [77]. Note that for r ≲ 0.01r_s, there are actually numerical indications for profiles with logarithmic slopes of about γ ∼ 1.2, i.e. steeper than both NFW and Einasto [77, 82, 83].

In the Milky Way, baryonic matter dominates the gravitational potential for roughly r ≲ r_⊙, which can have a great impact on the DM distribution with respect to the expectations from DM-only simulations mentioned above. In particular, the cooling and infall of baryons could – by a mechanism known as adiabatic contraction – lead to a steepening of the inner DM profile [84–86].

However, such a scenario becomes much less likely if, as sometimes found in simulations [87], feedback from star formation and supernovae dominates over cooling and infall processes. In fact, the presence of baryons could have the opposite effect of producing cores rather than cusps, see e.g. the discussion in Ref. [80, 88, 89], even for a system with the size of the Milky Way [90] (though such a core might also form only in the very center of a contracted profile [91]). The adiabatic growth of the central supermassive black hole (SMBH) could also generate a central spike of DM within the inner ∼ 10 pc [92] if the SMBH seed starts out close to the GC [93] (SMBH mergers, on the other hand, would rather destroy initial cusps in the profile [94]). Microlensing and stellar rotation curve observations can only exclude the most extreme scenarios, yielding upper limits of about γ ≲ 1.5 for the logarithmic slope of the DM profile near the GC [95]. The resulting difference in the expected DM annihilation flux from the inner ∼ 0.1^∘ around the GC, when comparing the most extreme cases of a cored profile and a profile as steep as this upper limit, amounts to around five orders of magnitude [40]. In any case, the annihilation signal from the GC would most likely appear as an extended source with a peculiar angular profile [96, 97]. Due to the large astrophysical foreground in the very center (e.g. the bright HESS source J1745-290 [98]), the optimal region of interest (ROI) for signal searches extends out to a few degrees and could also lie slightly away from the GC [13, 42, 99].

A topic that has received only little attention is the possibility that the point of highest DM density could be displaced from the GC. The latter lies at the dynamical center of our Galaxy, coinciding with the position of Sgr A^∗. Baryons are directly affected by star formation and supernovae, and they shock during galaxy mergers whereas DM does not. It is not unlikely that at least during some periods in the merger and formation history of our Galaxy significant displacements existed [92], like e.g. observed for the SMBH in M87 [100]. If such a displacement remained until today, it could provide a spectacular window into the formation history of our Galaxy, but would also introduce another unknown into the search for a DM signal. Actually, state-of-the-art simulations of late-time spiral galaxies with a significant bar, like the Milky Way, show first hints for such a displacement [91, 101].

3.2. Substructure Enhancement

For annihilating DM, the gamma-ray emissivity is proportional to the DM density squared. Unresolved substructures in the DM distribution, predicted to exist by all cold DM N-body simulations, can hence potentially have a huge impact on the signal strength [102] – simply because the astrophysical factor in Eq. (1) effectively averages over ρ^2_χ and one always has ⟨ρ^2_χ⟩ > ⟨ρ_χ⟩^2 for inhomogeneous distributions. This effect is typically quantified in terms of the so-called boost factor B, which can be defined as the ratio of the actual line-of-sight integral to the one obtained assuming a smooth (e.g. Einasto) component only.

Roughly, every decade in subhalo masses down to the cutoff scale contributes the same to the total gamma-ray flux [103] (with small subhalos possibly being slightly more important [79]), though the details depend crucially on the adopted subhalo mass distribution and concentration, as well as survival probabilities of the smallest clumps (all of which have to be extrapolated over many orders of magnitude from the results of N-body simulations). The lower cutoff in the subhalo mass distribution is set by the kinetic decoupling of WIMPs in the early Universe [104] and strongly depends on the DM particle properties [105, 106]; while in principle it could be as large as the scale of dwarf galaxies [107], it falls into the range of roughly 10^{−11}–10^{−3} M_⊙ for standard MSSM neutralinos [106] .

Not too much is known about the precise distribution of substructures, but what one can learn from N-body simulations is that due to merger and tidal stripping in the Milky Way halo (see e.g. [78, 108] and references therein), fewer substructures are expected in the inner galaxy than in the outer parts (though the surviving subhalos close to the halo center have larger concentrations). This implies that the expected boost factor for GC observations is of order unity [77, 108–110], while it may be as large as O(1000) for galaxy clusters due to the enormous contained hierarchy of masses [111–114]. Note also that the expected angular dependence of the signal can change in the presence of large boost factors: in the limit where unresolved substructures completely dominate the total signal, the flux essentially scales with (the line-of-sight integral over) ρ_χ rather than ρ^2_χ; for the Milky Way, this implies that the halo flux emissivity could be changed for r ≳ 1 kpc [108, 109, 115].

3.3. Point-like Sources

Many complications associated with the GC are avoided when looking at point-like targets outside the galactic disk. The corresponding signals are typically considerably fainter, which is however compensated by the greatly simplified and much smaller astrophysical background.

The probably most promising source class are nearby dwarf spheroidal galaxies. These faint satellites of the Milky Way exhibit the largest known mass-to-light ratios, up to ∼ 1000 M_⊙/L_⊙, and do not show signs for gas or recent star formation. As such, they are not expected to be gamma-ray emitters [116–118]. A canonical set of less than 9 ten dwarf spheroidals were subject of numerous recent studies [119–122]. Since dwarf spheroidals are DM dominated, stellar kinematics can be efficiently used to constrain the DM content [123–125]. Despite the remaining uncertainties in the shape of the DM profile, it turns out that the integrated signal fluxes are surprisingly robust: the uncertainty is at the level of only 10%–50% [126] under the assumption of an NFW-like profile in the central part, which is at least naively well motivated (following the idea that such highly DM dominated systems might follow the expectations from CDM only simulations rather closely) and also consistent with observations [127] (but see [128]). However, baryonic processes may still change an initial NFW profile; allowing the inner slope of the density profile to vary between 0 ≤ γ ≤ 1, e.g., introduces uncertainties corresponding to a factor of a few in the resulting flux, while very steep profiles with γ ≥ 1.5 would increase the flux by an order of magnitude [124, 125]. Significant substructure boosts seem unlikely [124, 125] though it is has been speculated that they might enhance the signal by up to two orders of magnitude in the most optimistic case [129]. This situation is in sharp contrast to the large uncertainties related to the signal flux from the GC that we discussed above and makes dwarf spheroidal galaxies excellent targets to derive robust constraints on the DM annihilation cross-section. Furthermore, it allows a simultaneous analysis of multiple dwarf galaxies, which further increases the sensitivity for DM signals.

Galaxy clusters are the most massive DM dominated virialized objects in the Universe and provide excellent targets to search for an annihilation signal [111, 130]. Harboring an enormous hierarchy of substructures, they are the astronomical targets that are expected to maximize the boost factor [114]. In optimistic scenarios [114], they could therefore outshine a signal from local dwarf spheroidals by a factor of a few [126, 131], which makes them very attractive as targets for the potential detection of a DM signal [111–114]. The rather large involved astrophysical uncertainties connected to both the subhalo distribution and cosmic-ray induced gamma rays, on the other hand, imply that robust limits derived from cluster observations are usually not competitive. Similar to dwarfs, the sensitivity to cluster signals can be enhanced by a combined analysis [131– 134].

Given that they come with no intrinsic astrophysical backgrounds, clumps (subhalos) of DM in the galactic halo that are not massive enough to trigger star formation are further important targets for indirect DM searches [108, 135, 136]. If discovered as unidentified sources with no counterparts at other wavelengths by surveying instruments like the Fermi-LAT [137, 138], detailed follow-up observations with IACTs could become vital to prove their DM nature by means of additional angular and spectral information.

3.4. Extragalactic Diffuse Signal and Anisotropies

Gamma rays from DM annihilation at cosmological distances, integrated over all redshifts and (sub)halo distributions, appear largely isotropic and add up to the astro- 10 physical IGRB together with contributions from galactic DM annihilation [139–144]. The astrophysical IGRB is presently not very well understood, but believed to stem from unresolved sources like blazars, star-forming galaxies and milli-second pulsars. A WIMP with thermal annihilation cross-section and O(100 GeV) masses could contribute between ∼ 1% and ∼ 100% to the IGRB, depending on the minimum mass, concentration and abundance of subhalos [145] (though the intrinsic uncertainties related to the substructure distribution may well be even larger [146]). In case of annihilation into γγ, the signal would be a gamma-ray line broadened by the redshift and provide a peculiar spectral signature to look for in the IGRB [139], which can be efficiently constrained by observations [145].

An interesting approach towards signal identification is also to exploit its angular power spectrum [146–162], which receives contributions from subhalos within our own Galaxy as well as from extragalactic (sub)halos. Let us mention here in particular that anisotropy measurements might turn out to be a feasible way to probe the minimal subhalo mass [157–160], which would open a completely complementary window into the particle nature of the DM [106].

4. Current status

4.1. Limits

The total number of photons above the detector threshold, typically dominated by secondary photons, is a very convenient and simple measure to constrain possible exotic contributions to observed gamma-ray fluxes. Limits on the DM annihilation rate are therefore usually presented in the ⟨σv⟩ vs. m_χ plane, with the assumption of WIMPs dominantly annihilating into b̄b being an often adopted standard that is useful for comparison. Such constraints have been derived from the observation of galaxy clusters [131, 132, 163–166], external galaxies [40, 167–170], globular clusters [171, 172], Milky Way satellite dwarf galaxies [122, 126, 173–182], the GC [183–189] and halo [190, 191], or the IGRB [144, 145, 192, 193].

The currently best limits of this kind, for WIMP masses 5 GeV ≲ m_χ ≲ 1 TeV, derive from observations of nearby dwarf galaxies by the Fermi satellite [126]^1; for m_χ ≲ 25 GeV, these limits are actually stronger than the ‘thermal’ rate of ⟨σv⟩_b¯_b ∼ 3 · 10^{−26}cm^3s^{−1}. At m_χ ≃ 700 GeV, they weaken to ⟨σv⟩_b¯_b ≲ 4 · 10^{−25}cm^3s^{−1} and for even higher WIMP masses, the currently strongest limits are presented by the HESS collaboration from observations of the GC region [187]: at m_χ ∼ 1 TeV (10 TeV), those are about a factor of 10 (30) weaker than the thermal value (see also Ref. [176, 194]

1 Depending on the assumed profile and small-scale cutoff (as well as subhalo properties), the recently presented constraints from galaxy clusters [166] are nominally even tighter. There are also claims that limits from GC [185, 189] or globular cluster [172] observations are actually stronger (though seemingly much less robust) than the dwarf limits. 11 for independent studies of these limits). When comparing limits from different targets, however, one should always keep in mind that the underlying astrophysical uncertainties that enter as the line-of-sight integral in Eq. (1) may be quite different; in particular, as stressed in Section 3, predictions for integrated signal fluxes are much more robust for dwarf galaxies than for the GC.

There have also been various searches for line signals: in M31 with HEGRA [195], at the GC with EGRET [196], and with Fermi-LAT GC [197–199] as well as dwarf data [200] and in galaxy clusters [201]. The currently strongest limits presented by the LAT collaboration follow from Fermi observations of the GC region [199] and extend from ⟨σv⟩_{γγ} ≲ 3·10^{−29}cm^3s^{−1} at m_χ = 10 GeV to ⟨σv⟩_{γγ} ≲ 4·10^{−27}cm^3s^{−1} at m_χ = 200 GeV (slightly stronger limits can be found in independent analyses [14, 198] for masses from 1 to 300 GeV). Preliminary results from HESS exclude lines above 500 GeV down to cross-sections of ⟨σv⟩_{γγ} ∼ 2 × 10^{−27} cm^3 s^{−1} [202]. So far, none of those limits gets close to the expectation for vanilla WIMP models; realistic models featuring particularly strong line signals, however, start to get constrained.

The small-scale (ℓ ≳ 150) gamma-ray anisotropies observed by Fermi-LAT, indicating the presence of some unresolved source population, can only partially (if at all) be explained by DM annihilation [193]; on the other hand, this can already be used to constrain the distribution of DM subhalos [162]. While some unidentified gammaray sources in principle qualify as candidates for annihilating DM clumps [203, 204], the presence of any unconventional sources in current gamma-ray data seems very unlikely after taking into account surveys at other wavelengths [137, 138]. Finally, let us mention that the assumed non-observation of gamma-ray point sources from DM annihilation limits the allowed abundance of ultracompact mini halos [205–207], which can be used to put extremely stringent constraints on the power of primordial density perturbations [208].

4.2. Signals

Historically, there have been a couple of claims of potential DM signals in gamma rays. For the GC, e.g., they correspond to DM masses in the ∼MeV [209–211], ∼10 GeV [185, 212, 213], ∼100 GeV [214], ∼TeV [61, 215–217] (sometimes with possible counterparts at radio frequencies [218–220]) or even multi-TeV range [221–223]. Possible DM signals in gamma rays have also been claimed in the diffuse gamma-ray flux [224, 225] or from galaxy clusters [226]. While it can be argued that there still remains a bit of controversy in some of these cases, evidence is certainly not compelling; instead, in the past, more refined analyses and new data often tended to either disfavor the DM hypotheses previously put forward or make it less compelling in view of viable alternative, astrophysical explanations [98, 166, 227–233] (for a discussion of recent DM signal claims not only in gamma rays, see also Ref. [234]). One reason for this is that the claimed signals typically rely on the presence of some broad excess in the differential gamma-ray flux that was mostly attributed to secondary photons which, as 12 stressed before, makes the identification of a DM signal intrinsically error-prone.^2 In this context, it is also worth recalling that neither very small (m_χ ≪ 100 GeV) nor very large (m_χ ≫ 1 TeV) DM masses are easily accommodated in realistic WIMP frameworks that successfully address shortcomings of the standard model of particle physics. Furthermore, one should appreciate the fact that both CMB [237–239] and cosmic ray antiproton data [240] provide very stringent constraints on the possibility of O(10) GeV WIMP DM – even though such a possibility might be interesting from the point of view of direct DM searches [241–244].

The recently discovered hint for a monochromatic gamma-ray signal at around 130 GeV in the Fermi data of the GC region [13, 14], on the other hand, would correspond to a rather natural DM mass of O(100) GeV and, even more importantly, for the first time provide evidence for a gamma-ray feature which is widely regarded as a smoking gun signature for DM [51]. Performing a spectral shape analysis in target regions close to the GC (selected in a data-driven approach by using photons at much lower energies), the signal was found to correspond to a DM mass of m_χ = 149 ± 4^{+8}_{−15} GeV for an assumed VIB signal [13] and m_χ = 129.8 ± 2.4^{+7}_{−13} GeV for a γγ line [14], in each case with a local (global) significance of almost 5 σ (more than 3 σ). The deduced annihilation rate depends on the DM profile; for an Einasto profile, e.g., it is ⟨σv⟩_ℓ+_ℓ−_γ = (5.2 ± 1.3^{+0.8}_{−1.2}) × 10^{−27} cm^3 s^{−1} and ⟨σv⟩_{γγ} = (1.27 ± 0.32^{+0.18}_{−0.28}) × 10^{−27} cm^3 s^{−1}, respectively (see Section 5.2 and Tab. 2 for a discussion of γZ and γH final states). This excess was confirmed independently [245] by adopting a different statistical technique based on kernel smoothing; this analysis also demonstrated that the intrinsic signal width cannot be much larger than the energy resolution of Fermi LAT (∼10% at 130 GeV) – leaving only a VIB signal, a gamma-ray line or a narrow box as possible explanation in terms of DM annihilation. Later, Su & Finkbeiner [246] adopted a refined spatial template analysis to demonstrate that the existence of a gamma-ray line emitting region of radius ∼3^∘ (see also Ref. [245]) close to the GC is preferred over the no line hypothesis with a global significance of more than 5σ (under the assumption of an Einasto profile).

It is worth emphasizing that the above described signal is the only significant linelike feature in the sky that we currently find distinguishable in the data from around 20 GeV to at least 300 GeV (we checked this explicitly by performing line searches along the galactic disc, as well as a subsampling analysis of anti-GC data – see also Refs. [13, 14, 246]; conflicting claims [245, 247] may likely be explained as statistical fluctuations at the expected level). However, it is quite interesting to note that there might be weak evidence for line signals, with much smaller significance but at the same energy, in the direction of galaxy clusters [248]. Further weak evidence for such lines has also been found in some of the unassociated gamma-ray point sources observed by

2 The only exception is the 511 keV line from e^+e^− annihilation seen by Integral [235]. Its observed non-spherical distribution [229], however, makes a DM interpretation highly unlikely – which in any case would be restricted to a very narrow mass range, m_e ≲ m_χ ≲ 3 MeV, in order not to overproduce continuum photons from final state radiation [59, 236]. 13

Fermi [249] (but see Ref. [137, 138]). These indications are currently intensely debated [250–252] – if eventually confirmed with better statistics than currently available, they would significantly strengthen a DM interpretation. Let us also mention that there is no correlation between the Fermi bubbles [217, 253] and the line signal at the GC [234, 245, 246]; the significant overlap [254] of the bubbles with the target regions adopted in Refs. [13, 14] is thus purely accidental and related to the peculiar angular distribution of signal and background photons (see also Ref. [255]).

As already stressed, the intrinsic signal width is small: assuming a Gaussian instead of a monochromatic signal, we find an upper limit of 18% at 95%CL (though a pair of lines might provide a marginally better fit, see Section 5.2). A toy example for an extremely sharp gamma-ray feature with astrophysical origin would e.g. be ICS emission from a hypothetical nearly monochromatic e^± population at the GC (see e.g. Ref. [256]). Such a population might arise from pile up of electrons during synchrotron cooling, but the resulting ICS gamma-ray spectrum is still disfavoured w.r.t. a monochromatic line by about 3σ. In Fig. 2, we demonstrate furthermore explicitly that a broken powerlaw, as suggested in Ref. [254], does not provide a reasonable fit to the data unless one allows for an absurdly large spectral break Δγ ≡ γ_2 − γ_1 ≫ 10; the best fit is obtained in the line-like limit Δγ → ∞. As also indicated in the figure, the required spectral indices both above (γ_2) and below (γ_1) the break would in that case be well outside the range of values observed in standard astrophysical sources (the power-law background in our fit, on the other hand, has a spectral index consistent with the expected value of ≃ 2.6 [257], mostly determined by cosmic-ray proton collisions with the interstellar medium).^3 Note that a smooth change of γ would make the fit quality even worse, so similar conclusions hold for the more commonly encountered case of a power-law with a super-exponential cutoff, i.e. dN/dE ∝ E^{−γ} exp[−(E/E_{cut})^a]: for ’typical’ values of γ and a (roughly 1 ≲ γ, a ≲ 2 [258, 259]), but free E_{cut}, we find that such a spectrum is always disfavored w.r.t. a monochromatic line by at least 3σ.

Let us now briefly turn to what currently appears as the greatest challenge to a DM interpretation of the observed signal (of course, this necessarily reflects our own bias; for extended discussions see e.g. Refs. [13, 14, 246, 261]; a quite thorough discussion of possible instrumental effects can be found in Ref. [262]). The first caveat is that the signal center seems to be displaced, by about 1.5^∘ or 200 pc, from the dynamical center of the galaxy [246] (see Ref. [245] for an early indication); even if such a displacement might in principle be possible, following our discussion in Section 3.1, this certainly came as a surprise. While the most likely center of the emission is clearly displaced by an amount as stated above, on the other hand, the photon distribution still seems to be statistically consistent with a single source – with an NFW or Einasto profile – centered exactly at the GC [263] (see also Ref. [264] for a corresponding earlier claim). An even

3To generate the plot, we redid the analysis from Ref. [14] in Reg4 (SOURCE events), replacing the monochromatic line by a broken power-law that changes its spectral index from γ_1 to γ_2 at 130 GeV. 14

Figure 2: This plot shows the confidence contours obtained when fitting the 130 GeV signature with a broken power-law with spectral break from γ_1 to γ_2 at 130 GeV (plus the usual background power-law with free normalization and slope). Best fits are obtained for Δγ = γ_2 − γ_1 ≫ 10, when the signal approaches a line-like shape; the gray area indicates parameters that are realistically accessible for astrophysical sources (see e.g. [260]). In light of these results, it is not surprising that also the fit by a hard power-law with superexponential cutoff – as e.g. realized for pulsar emission – plus a power-law background is disfavored w.r.t. a monochromatic line by at least 3σ.

stronger threat to the DM hypothesis might thus be the indication, so far at a weaker level of significance, for a line in part of the gamma rays from cosmic-ray induced air showers in Earth’s atmosphere (commonly referred to as Earth limb or Earth albedo) [246, 262]. However, the problematic limb photons only appear at a very specific range, 30^∘ ≲ θ ≲ 45^∘, of incidence angles (unlike the signal from the GC which shows up at all θ). Furthermore, the majority of events with these incidence angles come actually not from the limb but are of astrophysical origin and this larger sample does not show any evidence for a 130 GeV feature [261, 262]. This confusing situation might well be an indication that the limb excess is merely a statistical fluctuation that soon will disappear with more limb data.

So far no compelling alternative instrumental [262, 265] or astrophysical mechanism has been proposed that could actually produce such a line at 130 GeV (see Ref. [266] for an interesting proof-of-principle with fine-tuned pulsar winds – which however cannot explain the extended morphology of the signal). We stress that all analyses of the line signal so far rely on the publicly available Fermi data and information only, and that line searches operate by construction at the statistical and systematical limitations of the instrument. There has not yet been an official statement from the Fermi collaboration concerning the signal, in particular with respect to whether the energy reconstruction

Figure 3: Comparison of different flux profiles as function of the opening angle θ of an hourglass-shaped ROI that is centered on the GC (see text for detailed definition). In green we show the ±1σ uncertainty band of the line flux measured inside this region by Fermi LAT after 3.6 years: while compatible with a standard Einasto profile at θ ≳ 1^∘ (as well as an NFW profile; see text), it is incompatible with both a cored and a sufficiently contracted profile, as well as with a signal from DM decay. The green bars indicate which values of θ we actually use in the fits; the profiles are arbitrarily normalized such that they reproduce the correct flux for θ = 20^∘. Note that we do not make any assumption about a possible displacement of the signal and that the ROI is centered on the GC.

of Pass 7 events is reliable at energies above 100 GeV in light of the recent findings.^4 Eventually, such an independent confirmation of the 130 GeV excess will of course be indispensable.

5. What could we learn from a signal?

Gamma rays may carry important and nontrivial information about the nature of the DM particles. Let us now demonstrate in more detail what kind of information could actually be extracted in case of a signal identification, in particular in case of a sharp spectral signature. For definiteness, we will take the tentative line signal as an example and assume in this Section that it can indeed be explained by DM.

5.1. Dark Matter distribution

A gamma-ray line would allow to study the distribution of DM in the GC with unprecedented accuracy, which could serve as important feedback for state-of-the-art numerical simulations of gravitational clustering. To illustrate this, we show in Fig. 3 the

4 Note that the latest official compilation of Fermi line limits [199] was finalized before the first [13] indication for the line signal was announced; it relies on 24 rather than 43 months of data and takes a significantly larger ROI. The tentative signal claim is thus not in tension with those limits [14]. 16

±1σ range of the line flux as function of the opening angle θ of a ROI centered on the GC (green band).^5 Obviously, for large galactocentric distances, the flux drops because the GC signal is washed out. Remarkably, the flux profile is perfectly consistent with the predictions from a standard Einasto profile (red solid line). The same is true for an NFW profile (not shown), which would in this context only significantly differ closer to the GC, at angles θ ≲ 1^∘. The dash-dotted black line shows for comparison the prediction for a DM annihilation signal from a sufficiently contracted profile (chosen to be essentially equivalent, for the angular resolution of Fermi-LAT, to a point source at the GC); at angles θ ≲ 5^∘ the measured flux starts to deviate from the predictions, indicating that the 130 GeV signal is not a point source but extended up to these angles. On the other hand, the signal is too concentrated to be compatible with a cored profile (dotted black line, here for a core radius of 3.5 kpc). Note that a contribution from Milky Way subhalos could further boost the signal at angles θ ≳ 20^∘ by a factor of a few [108], which however is not observed and thus might be used to place constraints on subhalo models. DM decay (blue dashed line) would also lead to a flux that is too weak at the GC to be compatible with the observations (unless extreme assumptions on the profile are made [267], which however are likely to be in conflict with microlensing and dynamical constraints [95]).

As already mentioned, there is some evidence for a ∼ 1.5^∘ offset of the signal with respect to the GC [246] (though a centered signal might also be consistent with the data [263]). While this observation was certainly unexpected, it might possibly be explained by the interplay between baryons forming a bar and DM [101]. The same bar would however also likely destroy a DM cusp in the center [268]; tidal disruption by the central supermassive black hole may be a further issue to worry about. More data, as well as more detailed simulations along the lines of [91] are thus needed to settle in how far the morphology of the 130 GeV feature is compatible with theoretical expectations. In fact, such an improved understanding could eventually allow to infer important details about the formation history of our Galaxy.

Once the GC signal is established, an exciting future application would be a precise all-sky survey to look for the same 130 GeV feature, aiming at a (partial) map of the Galactic and cosmological DM distribution. For sufficiently large substructure boosts, the 130 GeV feature could for example appear as a bump in the IGRB or in the gamma-ray spectrum of galaxy clusters. So far, no corresponding lines were found in the IGRB [145], which would already put the more optimistic models for substructure evolution from Ref. [161] under some tension if the small-scale cutoff in the subhalo distribution is roughly 10^{−6} M_⊙ or less (while the reference model used for the Fermi- LAT analysis [145] leads to constraints almost two orders of magnitude weaker than the GC signal strength). On the other hand, there is a possible weak indication from

5 We use here an ROI with hourglass-like shape, defined by ψ<min(3^∘, θ) plus ψ<θ and |b/ℓ|>0.7 (ψ is the angular distance from the GC). Otherwise, we use the same procedure as in Ref. [14] to obtain the line flux, i.e. a power-law + line fit to SOURCE class events. 17 galaxy clusters [248]. If confirmed, it would necessarily imply a rather small value for the small-scale cutoff in the subhalo distribution in order to produce the required large boost factors of O(10^3); this, in turn, could be used to obtain highly complementary bounds on the underlying WIMP model. There is presently no sign for a 130 GeV line in dwarf galaxies and the resulting limits on (σv)_{γγ} are about one order of magnitude weaker than what is needed to explain the GC signal [200]; however, these limits are significantly affected by uncertainties in the DM distribution in the dwarfs and in the most favorable case a signal might appear already after a few times larger exposure than currently collected by Fermi-LAT. With more data, it may also be possible to identify a few individual DM subhalos (see e.g. the heavily disputed weak indications for a 130 GeV signal from unidentified sources of the 2FGL [249–252]). The galactic distribution and total number of those subhalos would in principle provide invaluable information on the DM distribution and allow to further discriminate between subhalo models that are currently discussed. Note, however, that presently no precise estimate exists of how many subhalos are actually expected to be visible, in the light of results from N-body simulations, if the spectrum is dominated by a line; for a secondary spectrum (assuming b̄b annihilation and m_χ ≃100 GeV), on the other hand, it was predicted that Fermi should have seen up to a few subhalos [109, 136] and the non-observation places a limit on the annihilation cross section comparable to the one obtained from the IGRB [269]. More detailed future studies in this direction would thus certainly be both very interesting and worthwile.

5.2. Dark Matter models

At the time of this writing, the literature has already seen a considerable amount of model-building efforts to explain the line signal in terms of annihilating DM. This ranges from phenomenological and in some sense model-independent approaches [186, 270], or analyses in the context of effective field theories [271–273], to concrete model building. Proposed solutions that mostly fall into the latter category include an additional U(1) symmetry [274], DM as the lightest state of a new scalar multiplet [275, 276], righthanded sneutrino [277] or neutrino [278] DM, axion-mediated DM annihilation [279, 280], two-component DM [281], magnetic inelastic DM [282, 283], dipole-interacting DM [284, 285], as well as scalar DM in extensions of the Higgs triplet [286] or Zee-Babu model [287]. Even neutralinos have been proposed as a possible cause of the signal, albeit in non-minimal versions of supersymmetry like no-scale F –S U(5) [288–290] or the NMSSM [272, 279, 291] – each time, however, arguing for additional indications in favor of the respective model in collider data. The possibility of decaying DM being responsible for the signal has also been entertained [267, 292, 293] – though the expected angular dependence of the signal in this case is hardly consistent with observations, see the previous subsection.

One generic problem for any realistic model-building is that the annihilation cross section required to fit the data is considerably larger than typically expected for ther- 18

Figure 4: SUSY scan comparing the expected number of quasi-monochromatic photons (120 GeV ≤ E_γ ≤ 140 GeV) to the number of secondary photons. Green (red, blue) points correspond to models where thermal production leads to a relic density in (smaller than, larger than) the observed range. Filled symbols indicate models where VIB contributes at least 3 times more photons than γγ and γZ. Exclusion limits [188] and signal fit (at 1σ and 2σ) both assume an Einasto profile. Dashed lines show the effect of enhancing the annihilation flux by the same amount in both exclusion (|b|, |l| < 5^∘) and signal ROI; only models below the dashed line may thus in principle explain the line at 130 GeV.

mally produced DM, at least if the relic density is set by the tree-level annihilation rate. On the particle physics side, possible ways to enhance the annihilation rate in that case include the Sommerfeld enhancement [31–34] in the presence of new light bosonic messenger particles that mediate an attractive force between the initial state DM particles or, at the cost of some fine- tuning, the presence of a resonance (i.e. s-channel annihilation via a new neutral particle with m ≃ 2m_χ, the same spin and CP properties as the initial state); yet another mechanism might be cascade annihilation [294]. On the astrophysical side, larger annihilation fluxes arise by adopting a larger local DM density for the profile normalization or a profile that is steeper in the innermost part than our reference Einasto profile, Eq. (3); see, however, Fig. 3 for the relatively tight constraints on the latter option. Note that even if one relaxes the theoretically appealing assumption of thermal DM production, one needs to worry about large annihilation rates at tree-level because they would produce secondary photons potentially in stark conflict with continuum gammaray data [186, 188, 201, 267, 295]; also antiproton [267, 296] and radio [296, 297] data are quite efficient in constraining such large annihilation rates. This fact can be used to rule out e.g. Wino or Higgsino DM as an explanation for the line (see also below). Antiprotons could be constraining for future experiments not only because of the tree-level annihilation rate, but also due to the associated DM annihilation into gg final states if the γγ signal is dominated by colored particles in the loop [298].

In order to illustrate the above point, we consider in Fig. 4 the result of a large scan (for details, see Ref. [299]) over the parameter space of the cMSSM and a phenomenological MSSM-7, keeping only neutralino DM models where IB, γγ and γZ photons for E_γ ∈ [120, 140] GeV dominate the secondary contribution by a factor of at least 5; for reference, we also show the case of pure Wino (‘W̃’) and Higgsino (‘H̃’) DM. Filled symbols correspond to models where IB photons outnumber line photons by at least a factor of 3. Assuming an Einasto profile as in Eq. (3), we also show the required signal strength to account for the line observation (shaded area) as well as limits [188] on the continuum flux from the GC region (solid lines). Note that both limits and signal region are roughly proportional to (∫ dΩds ρ^2_χ

)_{−1} , albeit integrated over slightly different regions near the GC; assuming this factor to be the same for both regions, dashed lines indicate how limits and signal region would change if adopting a profile that is different from Eq. (3). From this figure, we can draw at least three important conclusions: i) As already anticipated, the large annihilation rate required to explain the signal cannot easily be achieved for thermally produced neutralino DM. ii) Even when enhancing the annihilation rate such as to sufficiently increase the production of γγ or γZ final states (e.g. by a higher central DM density), it is very difficult to do so without violating the bounds from continuum gamma rays. In fact, the observed correlation between loop- and treelevel rates is generally expected from the optical theorem and should thus not only apply to neutralino DM [296]. iii) VIB, on the other hand, does not follow this pattern and can thus be argued to be a more natural explanation for such a strong line-like signal – still in need, however, of O(10) enhancement factors for standard^6 neutralino DM. We note that such an enhancement may actually not be unrealistic given the significantly larger values of the local DM density ρ_⊙ that are found when assuming a non-spherical DM profile or the presence of a dark disc [73]; furthermore, the most recent simulations of Milky Way like galaxies suggest that baryons should increase the DM density in the central parts by a factor of almost 3, in a way compatible with the angular distribution of the signal as shown in Fig. 3 [101]. While most DM model-building so far has focussed on an explanation of the 130 GeV feature in terms of monochromatic gamma-ray lines, also VIB-dominated signals have been considered explicitly in this context [13, 278, 302].

The possibly only way to avoid the above considerations may be to strongly restrict

6 Let us stress that all supersymmetric models of Fig. 4 assume unification of gauge couplings at the GUT scale, which prohibits a large Wino fraction of the lightest neutralino. Scanning a simple phenomenological MSSM-9 [300], where this assumption is relaxed, we found the top right branch of non-thermally produced models (open red symbols in Fig. 4) to extend all the way to the pure Wino case – albeit always above the (extended) dashed line. However, we could not find any models with larger IB rates than shown in Fig. 4 (possibly due to the restricted nature of the scan and MSSM version employed). Secondary photons from electroweak and strong corrections, see Section 2, were not included and would move the VIB dominated models in Fig. 4 somewhat upwards. While a dedicated future analysis is certainly warranted, let us stress that we still expect the continuum gamma-ray limits to be easily satisfied for VIB dominated, thermally produced neutralinos (antiproton constraints from these channels [301] are likely less stringent [13]). 20

Figure 5: Significance contour (thick black lines in 1σ steps) and upper limits (yellow line; 95%CL) for a second line. Assuming that the 130 GeV feature is due to γγ (green solid), γZ (blue dashed) or γH (red dotted), the vertical lines show the corresponding positions of the other two lines. A very weak hint for a γZ line at 114 GeV can be identified.

any coupling of DM to charged standard model particles lighter than m_χ [296]: loop signals could then easily dominate over VIB signals without being in conflict with constraints arising from tree-level annihilations. In such a case, one would rather generically expect not only one but at least two lines [271] and the observed ratio of photon counts (or limits on those) can provide crucial information about the underlying particle model [271, 303]. In Fig. 5 we therefore provide significance contours and upper limits for a second line besides the observed 130 GeV feature; for convenience, we summarize these results in Tab. 2 in terms of limits on the annihilation cross section (σv)_{γX} under the assumption that the signal corresponds to DM annihilation into γY (for X, Y = γ, Z, h). Interestingly, as observed earlier [246, 271], one can see a weak indication (with a significance of around 1.4 σ) for a second line at 114 GeV – which coincides surprisingly well with the energy expected for a γZ line if the 130 GeV feature can be attributed to DM annihilation into γγ; for this case, we also state the best fit value for the ratio of cross sections.

6. Future prospects

6.1. Next decade

The next ten years will bring a plethora of new results in indirect DM searches. It is right now that experiments start to probe vanilla WIMP DM models and thus will either identify a signal or exclude many of the most common scenarios. Ongoing experiments like Fermi-LAT, HESS-II, VERITAS and MAGIC will continue to take data, may identify new targets for DM searches, profit from a better understanding of astrophysical 21 γX m_χ [GeV] ⟨σv⟩_{γX} [10^{−27}cm^3s^{−1}]^{⟨σv⟩γγ}_{⟨σv⟩γX}^{⟨σv⟩γZ}_{⟨σv⟩γX}^{⟨σv⟩γH}_{⟨σv⟩γX}

γγ 129.8 ± 2.4^{+7}_{−14} 1.27 ± 0.32^{+0.18}_{−0.28} 1 0.66^{+0.71}_{−0.48} < 0.83 γZ 144.2 ± 2.2^{+6}_{−12} 3.14 ± 0.79^{+0.40}_{−0.60} < 0.28 1 < 1.08 γH 155.1 ± 2.1^{+6}_{−11} 3.63 ± 0.91^{+0.45}_{−0.63} < 0.17 < 0.79 1

Table 2: Upper limits at 95%CL (or best-fit value with ±1σ error) on the branching ratios into the secondary line, assuming that the primary line at E_γ = 130 GeV is due to annihilation into γX with X = γ, Z or H. Note that ⟨σv⟩_{γZ} /⟨σv⟩_{γγ} < 2.01 at 95%CL.

backgrounds and prepare the stage for planned instruments like CTA or GAMMA-400 with considerably improved characteristics for DM searches. Indirect detection with gamma rays will also profit from an interplay with upcoming results from neutrino searches with IceCube, anti-matter searches with AMS-02, results from the LHC as well as from next-generation direct WIMP detectors. Furthermore, continuously improving results from N-body simulations that realistically take into account the various components of baryonic matter will sharpen our understanding of the signal morphology.

Assuming a ten year lifetime of Fermi-LAT, the limits on the annihilation crosssection that were derived from observations of nearby dwarf galaxies with 2 years of data [126] would improve on purely statistical grounds by a factor of √ 5 to 5, depending on the annihilation channel and the DM mass (which determines whether the limits are derived in the signal-dominated high-energy regime or in the low-energy regime dominated by the diffuse gamma-ray background). Optical surveys like Pan-STARRS [304], the Dark Energy Survey [305] or the Stromlo Missing Satellite Survey [306] could increase the number of known dwarf spheroidals by a factor of 3, which could additionally increase the constraining power by a factor of √ 3 to 3 in the most optimistic case [307– 309]. Further significant improvements are expected from the upcoming Pass 8 version of the LAT event reconstruction, which will lead to an enhanced effective area for high energy gamma rays, better hadron rejection and an improved energy resolution [310]. It is hence conceivable that Fermi-LAT dwarf limits will improve by a factor up to ten, which could allow to constrain WIMPs with thermal annihilation rate into b̄b up to DM masses of ∼ 600 GeV. Similar improvements might be expected for limits from galaxy clusters [132, 163]. DM searches in the GC [188, 189, 295] and the halo [190], on the other hand, will mostly profit from a refined understanding of astrophysical backgrounds; results from different groups are expected soon (already now e.g. Ref. [189] finds limits that severely constrain thermal cross-sections into b̄b for ≲ 100 GeV DM masses, though with significant dependence on the details of the halo and background model). The best limits on annihilation into gamma-ray lines [14] or VIB features [13] are right now based on almost four years of data; more data and improved event reconstruction will strengthen them by at least a factor of √ 3. By now, HESS observations of the GC provide the strongest limits on DM annihila- 22 tion with m_χ ≳ 700 GeV [187], down to annihilation cross-sections of 4 × 10^{−25} cm^3 s^{−1} in case of b̄b final states. The newly mounted 28m-diameter telescope HESS-II has an about 3 times lower energy threshold than HESS-I, as well as additional timing information which will improve the rejection of cosmic rays [28]. Both improvements will help to extend the current constraints to lower masses and values of the annihilation cross-section. If Fermi-LAT identifies a DM signal candidate at high enough energies, HESS could quickly confirm it thanks to its large effective area, and provide additional information about the variability and spatial extent of the source. Further results are anticipated from VERITAS, MAGIC and AMS-02 as well. Since VERITAS and MAGIC see the GC at most at angles ∼ 33^∘ above horizon (while HESS at angles up to 84^∘), however, they are mainly interesting for observations of dwarf galaxies and less for DM searches at the GC. Substantial improvement in the TeV regime should eventually come with CTA. Following Ref. [311], observations of the GC are expected to exclude crosssections down to the thermal one at TeV DM masses, which would be an improvement of up to an order of magnitude with respect to the current HESS constraints (note, however, that Ref. [311] adopts a factor of ∼ 10 substructure boost of the GC signal w.r.t. what is expected from standard smooth Einasto or NFW profiles). Further improvements with respect to HESS or VERITAS are also expected for dwarf galaxy observations, although they would still hardly be competitive with results from space-based instruments.

Future space-based instruments like GAMMA-400 or CALET/DAMPE will – thanks to an extended imaging calorimeter and a large lever arm to the converter foils – have a much better energy and angular resolution than Fermi LAT. However, they will come with a somewhat smaller effective area. For that reason, DM limits from e.g. dwarf spheroidal observations would likely only be somewhat strengthened in the background limited regime at low energies. On the other hand, these instruments would be excellent machines for detailed follow up studies of DM signal candidates that might be identified in the Fermi-LAT data, in particular in case of pronounced spectral features.

In Fig. 6 we provide a convenient summary plot of limits on the DM annihilation cross section into b̄b (in red and blue for space- and ground-based instruments, respectively) as well as in γγ (in green). The limits are collected as a representative selection of different instruments, and we concentrate on observations of dwarf spheroidal galaxies, the GC and the Galactic halo, since they provide right now the most stringent constraints. All limits are shown as function of the time of their publication, and were derived for common assumptions on the DM profile (NFW profiles in most cases; in case of e.g. GC and Galactic halo limits the adopted J-values are mutually consistent within a factor of ∼ 2 [except for CTA, see above]); the different symbols correspond to limits for DM masses of 10, 100 and 1000 GeV. To the right of the dashed black line, limits expected for the next decade are shown, as well as limits that might be achievable in the more distant future (to be discussed in Sec. 6.2). In the past eight years, most limits have improved by an order of magnitude; a similar improvement is expected during the upcoming ten years. Even without excessive boost factors, these limits start to reach deep

Figure 6: Time evolution of limits. References: EGRET Draco [312]; Fermi Dwarfs [126]; Fermi Halo (CPS) [143]; Fermi Halo (col.) [191]; Whipple Draco [170]; Veritas Willman I [178]; Veritas Segue I [313]; CTA Segue I and GC [311]; HESS GC [187]; EGRET γγ [196]; Fermi γγ 1yr [197]; Fermi γγ 2yr (VW) [198]; Fermi γγ 2yr (col.) [199]; GAMMA-400 [57]. For the dark red, dark green, blue and orange far future ‘fundamental’ limits, we took only into account systematic limitations (basically assuming that all relevant systematics can be understood at the 1% level); the corresponding observational times can be extremely large in case of space-based telescopes, but are realistic for IACTs. For comparison, the light green and light red symbols show the limits obtained for hypothetical sky exposures about 100 times larger than 10 years Fermi LAT observations in survey mode.

into the parameter space of WIMP DM models. In particular observations of the GC with Cherenkov telescopes at high energies as well as observations of dwarf spheroidal galaxies with space-based instruments at lower energies have a great potential for deriving constraints or discovering a signal.

Finally, the prospects for a further study of the 130 GeV feature in the Fermi-LAT data, if it persists, are extremely good. HESS-II has just seen its first light and given the good performance foreseen for the instrument in hybrid mode, it should allow a quick confirmation of the signal reported in [13, 14], if systematic uncertainties are sufficiently under control [57]; for CTA, a mere 50 hrs of data might be enough to confirm the signal [314]. In the case of the future space-based telescopes GAMMA-400 and DAMPE, the improved energy resolution provides an enormous potential not only for the detection of the 130 GeV feature, but also for the efficient discrimination of a VIB feature from one or several lines [19, 57]. However, even with GAMMA-400 and its planned excellent energy resolution, the discrimination between a monochromatic line and VIB would require up to a few years of GC observations, whereas the discrimination between one and two lines (in case of γγ + γZ final states) could be achievable much faster [57].

A substantial substructure boost will generally be necessary even in the near future to measure the 130 GeV signal elsewhere in the sky, like in dwarf galaxies [200, 314], the EGBG [145], galaxy clusters or Milky Way subhalos. On the other hand, the recent 24 claims for an identical signal in galaxy clusters [248] or unidentified sources of the 2FGL [249] are likely to soon be confirmed or refuted in light of the upcoming data and improved telescope performances mentioned above.

6.2. Fundamental reach

Let us finally estimate what may be called the systematic or fundamental reach of gamma-ray searches for DM signals with current technology. As an instructive exercise, and somewhat complementary to other works (see e.g. Ref. [299]), we will here initially assume infinite observational time or effective area, and concentrate on the remaining systematic limitations. These limitations come from i) a modeling of astrophysical backgrounds, and ii) the instrument itself (see also Ref. [315] for an instructive comparison of sensitivities of space- and ground-based telescopes).

Numerical codes like GALPROP [316] do an excellent job in modeling the galactic diffuse gamma-ray emission. However, uncertainties related to e.g. the simplified propagation set-up, the interstellar radiation field or models for the gas distribution inhibit a priori predictions, and even after performing fits to the data up to ∼30% residuals at large and small scales remain [191, 257]. At high latitudes, away from the galactic disk, background variations at ∼1^∘ scales are much less dramatic. Here, we will adopt a (very) optimistic 1% systematic background uncertainty for dwarf galaxy and GC observations.

Relevant instrumental systematics are the spatial and spectral variations in the effective area, incomplete rejection of cosmic rays, and uncertainties in the energy and directional reconstruction (in case of the LAT, e.g., spectral uncertainties in the effective area range from 2% to 10%, depending on signature of interest [317]). We will adopt here an optimistic reference value of 1% as uncertainty for the effective area, which still leaves room for future improvements in the instrumental design. In case of IACTs, we furthermore adopt the aggressive scenario that all hadronic showers are rejected, and only the cosmic-ray electron flux remains as an irreducible background (at energies below a few hundred GeV, this approximation is actually already realized with current technology). Such improvement could finally come from an improved imaging of the air shower, and from using a large sensitive array to veto cosmic-ray induced showers by the debris that they typically induce at relatively large angles from the shower axis. Although we don’t include this possibility in our estimates, one has to keep in mind that even a rejection of the electron induced background could be finally possible by detecting the Cherenkov light of electrons before their first interaction [318].

We will in the following consider three conceptionally different targets, which are of particular interest for current DM searches: a continuum signal from dwarf spheroidal galaxies, a gamma-ray line signal from the GC, and a continuum signal from the GC.

Dwarf Spheroidals. While a combined analysis of several dwarfs could further improve the results, if backgrounds and instrumental systematics are under control, we will here focus on a single prototypic dwarf spheroidal galaxy. We adopt a reference J-value of J ≡ ∫ dΩ ∫ losdℓ ρ^2_χ = 10^{19} GeV^2 cm^{−5} inside an integration cone with radius 25 θ = 0.15^∘, which is of the expected order for e.g. Draco or Segue I [126, 177]. For other values our limits would roughly scale like ∝ J^{−1} for constant θ, but the potential cuspiness of the DM profile could be used to further strengthen the limits by choosing a smaller integration cone (albeit only for angular resolutions well below 0.1^∘, see e.g. Fig. 1 in Ref. [119]). In case of space-based instruments, we estimate the level of the diffuse background by the IGRB determined by Fermi [231]. For ground-based instruments, we add on top of that the e^±-flux measured by Fermi-LAT [319].

At the right end of Fig. 6, with dark blue and red markers, we show the limits that result from the requirement that the signal flux from our reference dwarf is below a factor of 2 √ 2% of the background within the integration region θ at all energies (corresponding to a 2σ error from 1% instrumental and background systematics). As apparent from this plot, especially space-based instruments still allow a substantial improvement of the limits. To really reach these systematic limitations, however, one would need in case of space-based dwarf galaxy observations an unrealistic observational time of 10^3 (4 × 10^4, 9 × 10^5) years for DM masses of m_χ = 10 GeV (100 GeV, 1000 GeV), which can only be overcome with a larger effective area than the assumed A_{eff} = 1 m^2. For comparison, we therefore also show by the light red symbols the limits that could be obtained with a hypothetical exposure about 100 times larger than 10 years of Fermi LAT observations in survey mode (∼ 5 × 10^{13} cm^2 s). Ground based telescopes – which reach much higher event numbers than space based instruments – may reach the quoted ‘fundamental’ limit already within realistic observational times (e.g. about 100h for m_χ = 1 TeV and A_{eff} = 1 km^2). Any improvement beyond these limits would require an efficient rejection of cosmic-ray electrons, which is however extremely challenging (see above).

Gamma-ray lines from the Galactic Center. To estimate the fundamental or systematic limit for gamma-ray line searches in case of space-based instruments, we assume the same ROI, J-value and background fluxes as in Ref. [57]. The ROI has a size of ∼ 20^∘ and includes the GC; it is optimized for a large signal-to-noise ratio. The J-value derives from an Einasto profile. We adopt an energy resolution of 1% (as expected for e.g. GAMMA-400). Requiring that the peak of the line signal after convolution with the instrumental response (assumed to be Gaussian for simplicity) does not overshoot the background flux by more than 2 √ 2% yields the limits shown by the green markers at the right end of Fig. 6. These fundamental limits are 10–100 times stronger than what is currently obtained with Fermi-LAT (see also Ref. [42] for prospects of observing line or IB features with current and future IACTs). Again, the light green symbols show the limits that would be obtained after a GC exposure 100 times larger than with Fermi LAT after 10 years.

Continuum signal from Galactic Center. Lastly, we estimate the systematics limits for constraints on annihilation into b̄b final states that can be obtained from GC observations with space-based instruments. We adopt here the same ROI, J-value and background fluxes as above. The results are shown in Fig. 6 by the orange markers. At low DM masses around 10 GeV, they are only a factor of a few stronger than what is already now obtained with Fermi LAT. More than an order of magnitude could still be gained at TeV masses, which would allow to probe DM signals down to the thermal cross-section (recall, however, that the uncertainties of the J-value are very large, as discussed above). However, to really reach these limits on statistical grounds, one would again need a GC exposure 100 times larger than what is obtained with Fermi LAT after 10 years.

7. Conclusions

In this review, we have argued that one may consider gamma rays as the golden channel of indirect searches for DM in view of the extraordinarily rich spectral and angular information they can carry. This does not only help to discriminate signals from backgrounds but could eventually reveal valuable details about the properties of the DM particles. We have discussed the most important signatures in quite some detail and provided an update on current limits, demonstrating that indirect searches start to probe realistic cross sections and thus become competitive probes of physics beyond the standard model.

While too early for a final judgement at the time of this writing, the line feature at 130 GeV that is seen in the Fermi data might turn out to be the most promising DM signal claimed so far. In fact, the intrinsic width of this feature must be smaller than roughly 20% (18% at 95%CL) – which leaves lines, VIB or box signals (Fig. 1) as possible channels for an explanation in terms of DM. On the other hand, it is extremely challenging to find any explanation related to astrophysics for such a spectral feature; for example, even a very hard contribution to the gamma-ray flux, with a sharp break at 130 GeV, cannot describe the data in a satisfactory way (Fig. 2). The signal morphology is perfectly consistent with annihilating DM and an Einasto profile for the DM density, at least for distances larger than the possible displacement from the GC by 1-2 degrees, but essentially rules out both cored and more contracted profiles (Fig. 3); decaying DM is also in strong tension with the data. The data show a weak hint for a second peak at 114 GeV (Fig. 5 and Tab. 2) which is exactly the combination of energies expected for the annihilation of 130 GeV DM particles into γγ and γZ final states. However, large annihilation rates into these channels rather generically imply large annihilation rates rate also at tree-level, in potential conflict with continuum gamma-ray limits; VIB, on the other hand, does not suffer from this drawback (Fig. 4).

If confirmed by the Fermi collaboration or other experiments, and in the absence of satisfactory instrumental or astrophysical explanations, this signal would lead to the exciting conclusion that the first particle beyond the standard model has been found in space rather than at a collider. We have discussed at length how astrophysical observations would already now help to determine detailed properties of this new particle. The situation will further improve in the relatively near future given that prospects to study the 130 GeV feature in more detail are extremely good. However, we believe that even if the DM origin of the signal is eventually not confirmed, our analysis serves to make a compelling case for the importance of focussing on clear spectral features in future searches for DM.

During the last ten years or so, most limits on DM annihilation have improved by about one order of magnitude and this trend is expected to continue for the next decade (Fig. 6). We have further estimated the systematics-limited (or ‘fundamental’) reach of gamma-ray experiments with present technology, demonstrating that there is still quite some room for improvement even beyond those limits expected for the next decade, especially for space-based instruments (but also for ground-based telescopes if the cosmicray electron background can at least partially be rejected). Eventually, it may thus in principle be possible to probe cross sections down to at least one order of magnitude below the thermal value for TeV-scale particles; for many models, this would correspond to interactions too feeble to show up in any other kind of experiment, including direct or collider searches. While even those limits may not be sufficient to completely close the window for WIMP DM, model-building would certainly need to become increasingly sophisticated to avoid them.

Let us finally stress that in order to fully identify the properties of the DM particles, it will of course be indispensable to correlate a suspected DM signal in gamma rays with results from indirect searches at other wavelengths and with other messengers. The same holds for direct searches and new data from colliders, both of which are guaranteed to deliver substantial new input in the near future – be it in terms of greatly improved limits or actual first hints for a signal. Chances are thus high that the next decade will either bring us a great deal closer to the long-sought nature of DM or, in the most pessimistic scenario in terms of detectional prospects, force us to seriously question the very idea of DM being composed of WIMPs.

Acknowledgments

We warmly thank Lars Bergström, Wilfried Buchmüller, Marco Cirelli, Jan Conrad, Michele Doro, Christian Farnier, Dmitry Gorbunov, Michael Gustafsson, Werner Hofmann, Dieter Horns, Michael Kuhlen, Julien Lavalle, Manfred Lindner, Pat Scott, Thomas Schwetz, Pasquale Serpico, Joe Silk, Peter Tinyakov, Nicola Tomassetti, Nikolay Topchiev and Gabrijela Zaharijas for valuable discussions and feedback on the manuscript. T.B. gratefully acknowledges support from the German Research Foundation (DFG) through the Emmy Noether grant BR 3954/1-1. T.B. also would like to thank the Institut d’Astrophysique de Paris, and especially Joe Silk, for hospitality during the initial stages of this work. C.W. acknowledges partial support from the European 1231 Union FP7 ITN INVISIBLES (Marie Curie Actions, PITN-GA-2011-289442).

References

[1] M. Roos, Astrophysical and cosmological probes of dark matter, arXiv:1208.3662. [2] WMAP, E. Komatsu et. al., Seven-Year Wilkinson Microwave Anisotropy Probe (WMAP) Observations: Cosmological Interpretation, Astrophys. J. Suppl. 192 (2011) 18, [arXiv:1001.4538].

[3] G. Jungman, M. Kamionkowski, and K. Griest, Supersymmetric dark matter, Phys. Rept. 267 (1996) 195–373, [hep-ph/9506380].

[4] L. Bergström, Non-baryonic dark matter: Observational evidence and detection methods, Rept.

Prog. Phys. 63 (2000) 793, [hep-ph/0002126].

[5] G. Bertone, D. Hooper, and J. Silk, Particle dark matter: Evidence, candidates and constraints, Phys. Rept. 405 (2005) 279–390, [hep-ph/0404175].

[6] J. L. Feng, Dark Matter Candidates from Particle Physics and Methods of Detection, Ann.Rev.Astron.Astrophys. 48 (2010) 495–545, [arXiv:1003.0904].

[7] G. Bertone, The moment of truth for WIMP Dark Matter, Nature 468 (2010) 389–393, [arXiv:1011.3532].

[8] A. Czarnecki and W. J. Marciano, The Muon anomalous magnetic moment: A Harbinger for ’new physics’, Phys.Rev. D64 (2001) 013014, [hep-ph/0102122].

[9] P. Bechtle, T. Bringmann, K. Desch, H. Dreiner, M. Hamer, et. al., Constrained Supersymmetry after two years of LHC data: a global view with Fittino, JHEP 1206 (2012) 098, [arXiv:1204.4199].

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

[11] S. Profumo and P. Ullio, Multi-Wavelength Searches for Particle Dark Matter, arXiv:1001.4086. [12] J. Lavalle and P. Salati, Dark Matter Indirect Signatures, Comptes Rendus Physique 13 (2012) 740–782, [arXiv:1205.1004].

[13] T. Bringmann, X. Huang, A. Ibarra, S. Vogl, and C. Weniger, Fermi LAT Search for Internal Bremsstrahlung Signatures from Dark Matter Annihilation, JCAP 1207 (2012) 054, [arXiv:1203.1312].

[14] C. Weniger, A Tentative Gamma-Ray Line from Dark Matter Annihilation at the Fermi Large Area Telescope, JCAP 1208 (2012) 007, [arXiv:1204.2797].

[15] M. Tavani, G. Barbiellini, A. Argan, F. Boffelli, A. Bulgarelli, et. al., The AGILE Mission, Astron.Astrophys. 502 (2009) 995–1013, [arXiv:0807.4254].

[16] VERITAS Collaboration, J. Holder et. al., The first VERITAS telescope, Astropart.Phys. 25 (2006) 391–401, [astro-ph/0604119].

[17] http://calet.phys.lsu.edu/.

[18] J. Chang. Proceedings of the 7th International Workshope “Dark Side of the Universe (DSU 2011)”. [19] Y. Li and Q. Yuan, Testing the 130 GeV gamma-ray line with high energy resolution detectors, Phys.Lett. B715 (2012) 35–37, [arXiv:1206.2241].

[20] http://www.slac.stanford.edu/exp/glast/groups/canda/lat_Performance.htm. [21] A. Jacholkowska, G. Lamanna, E. Nuss, J. Bol‘, C. Adloff, et. al., Indirect dark matter search with diffuse gamma rays from the Galactic Center with the Alpha Magnetic Spectrometer, Phys.Rev. D74 (2006) 023518, [astro-ph/0508349].

[22] R. Battiston, M. Biasini, E. Fiandrini, J. Petrakis, and M. Salamon, The Gamma-ray detection capabilities of the alpha magnetic spectrometer, Astropart.Phys. 13 (2000) 51–74, [astro-ph/9909432].

[23] https://ams02.org/.

[24] A. Galper, O. Adriani, R. Aptekar, I. Arkhangelskaja, A. Arkhangelskiy, et. al., Status of the GAMMA-400 Project, arXiv:1201.2490.

[25] N. Topchiev, private communication.

[26] A. Galper, O. Adriani, R. Aptekar, I. Arkhangelskaja, A. Arkhangelskiy, et. al., Design and 29

Performance of the GAMMA-400 Gamma-Ray Telescope for the Dark Matter Searches,

arXiv:1210.1457.

[27] MAGIC Collaboration, J. Aleksic et. al., Performance of the MAGIC stereo system obtained with Crab Nebula data, Astropart.Phys. 35 (2012) 435–448, [arXiv:1108.1477].

[28] J. Lefaucheur, Y. Becherini, S. Pita, and M. Punch. Proceeding of Gamma2012, to appear. [29] CTA consortium, K. Bernlohr, A. Barnacka, Y. Becherini, O. B. Bigas, E. Carmona, et. al., Monte Carlo design studies for the Cherenkov Telescope Array, Astropart. Phys. (submitted) (2012) [arXiv:1210.3503].

[30] K. Griest and D. Seckel, Three exceptions in the calculation of relic abundances, Phys. Rev. D43 (1991) 3191–3203.

[31] A. Sommerfeld Ann. Phys. 403 (1931) 257.

[32] J. Hisano, S. Matsumoto, and M. M. Nojiri, Explosive dark matter annihilation, Phys.Rev.Lett. 92 (2004) 031303, [hep-ph/0307216].

[33] J. Hisano, S. Matsumoto, M. M. Nojiri, and O. Saito, Non-perturbative effect on dark matter annihilation and gamma ray signature from galactic center, Phys.Rev. D71 (2005) 063528, [hep-ph/0412403].

[34] N. Arkani-Hamed, D. P. Finkbeiner, T. R. Slatyer, and N. Weiner, A Theory of Dark Matter, Phys.Rev. D79 (2009) 015014, [arXiv:0810.0713].

[35] W. Buchmuller, L. Covi, K. Hamaguchi, A. Ibarra, and T. Yanagida, Gravitino Dark Matter in R-Parity Breaking Vacua, JHEP 0703 (2007) 037, [hep-ph/0702184].

[36] M. Cirelli, E. Moulin, P. Panci, P. D. Serpico, and A. Viana, Gamma ray constraints on Decaying Dark Matter, Phys.Rev. D86 (2012) 083506, [arXiv:1205.5283].

[37] T. Sjöstrand, S. Mrenna, and P. Z. Skands, PYTHIA 6.4 Physics and Manual, JHEP 0605 (2006) 026, [hep-ph/0603175].

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

[39] P. Gondolo, J. Edsjö, L. Bergström, P. Ullio, M. Schelke, E. Baltz, T. Bringmann, and G. Duda, DarkSUSY: Computing supersymmetric dark matter properties numerically, www.darksusy.org.

[40] N. Fornengo, L. Pieri, and S. Scopel, Neutralino annihilation into gamma-rays in the Milky Way and in external galaxies, Phys.Rev. D70 (2004) 103529, [hep-ph/0407342].

[41] 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].

[42] T. Bringmann, F. Calore, G. Vertongen, and C. Weniger, On the Relevance of Sharp Gamma-Ray Features for Indirect Dark Matter Searches, Phys. Rev. D84 (2011) 103525, [arXiv:1106.1874].

[43] E. A. Baltz and L. Wai, Diffuse inverse Compton and synchrotron emission from dark matter annihilations in galactic satellites, Phys.Rev. D70 (2004) 023512, [astro-ph/0403528].

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

[45] J. Zhang, X.-J. Bi, J. Liu, S.-M. Liu, P.-F. Yin, et. al., Discriminating different scenarios to account for the cosmic e + /- excess by synchrotron and inverse Compton radiation, Phys.Rev. D80 (2009) 023007, [arXiv:0812.0522].

[46] M. Kachelriess and P. Serpico, Model-independent dark matter annihilation bound from the diffuse γ ray flux, Phys.Rev. D76 (2007) 063516, [arXiv:0707.0209].

[47] N. F. Bell, J. B. Dent, T. D. Jacques, and T. J. Weiler, Electroweak Bremsstrahlung in Dark Matter Annihilation, Phys.Rev. D78 (2008) 083540, [arXiv:0805.3423].

[48] M. Kachelriess, P. Serpico, and M. A. Solberg, On the role of electroweak bremsstrahlung for indirect dark matter signatures, Phys.Rev. D80 (2009) 123533, [arXiv:0911.0001].

[49] P. Ciafaloni, D. Comelli, A. Riotto, F. Sala, A. Strumia, et. al., Weak Corrections are Relevant for Dark Matter Indirect Detection, JCAP 1103 (2011) 019, [arXiv:1009.0224].

[50] M. Asano, T. Bringmann, and C. Weniger, Indirect dark matter searches as a probe of degenerate 30

particle spectra, Phys. Lett. B709 (2012) 128–132, [arXiv:1112.5158].

[51] L. Bergström, P. Ullio, and J. H. Buckley, Observability of gamma-rays from dark matter neutralino annihilations in the Milky Way halo, Astropart.Phys. 9 (1998) 137–162, [astro-ph/9712318].

[52] M. Gustafsson, E. Lundstrom, L. Bergström, and J. Edsjö, Significant Gamma Lines from Inert Higgs Dark Matter, Phys.Rev.Lett. 99 (2007) 041301, [astro-ph/0703512].

[53] E. Dudas, Y. Mambrini, S. Pokorski, and A. Romagnoni, (In)visible Z-prime and dark matter, JHEP 0908 (2009) 014, [arXiv:0904.1745].

[54] Y. Mambrini, A Clear Dark Matter gamma ray line generated by the Green-Schwarz mechanism, JCAP 0912 (2009) 005, [arXiv:0907.2918].

[55] C. Jackson, G. Servant, G. Shaughnessy, T. M. Tait, and M. Taoso, Higgs in Space!, JCAP 1004 (2010) 004, [arXiv:0912.0004].

[56] C. Arina, T. Hambye, A. Ibarra, and C. Weniger, Intense Gamma-Ray Lines from Hidden Vector Dark Matter Decay, JCAP 1003 (2010) 024, [arXiv:0912.4496].

[57] L. Bergstrom, G. Bertone, J. Conrad, C. Farnier, and C. Weniger, Investigating Gamma-Ray Lines from Dark Matter with Future Observatories, JCAP 1211 (2012) 025, [arXiv:1207.6773].

[58] T. Bringmann, L. Bergström, and J. Edsjö, New Gamma-Ray Contributions to Supersymmetric Dark Matter Annihilation, JHEP 01 (2008) 049, [arXiv:0710.3169].

[59] J. F. Beacom, N. F. Bell, and G. Bertone, Gamma-ray constraint on Galactic positron production by MeV dark matter, Phys. Rev. Lett. 94 (2005) 171301, [astro-ph/0409403].

[60] A. Birkedal, K. T. Matchev, M. Perelstein, and A. Spray, Robust gamma ray signature of WIMP dark matter, hep-ph/0507194.

[61] L. Bergström, T. Bringmann, M. Eriksson, and M. Gustafsson, Gamma rays from Kaluza-Klein dark matter, Phys. Rev. Lett. 94 (2005) 131301, [astro-ph/0410359].

[62] L. Bergström, Radiative processes in dark matter photino annihilation, Phys. Lett. B225 (1989) 372.

[63] R. Flores, K. A. Olive, and S. Rudaz, Radiative processes in LSP annihilation, Phys. Lett. B232 (1989) 377–382.

[64] L. Bergström, T. Bringmann, M. Eriksson, and M. Gustafsson, Gamma rays from heavy neutralino dark matter, Phys. Rev. Lett. 95 (2005) 241301, [hep-ph/0507229].

[65] M. Perelstein and B. Shakya, Dark Matter Identification with Gamma Rays from Dwarf Galaxies, JCAP 1010 (2010) 016, [arXiv:1007.0018].

[66] A. Ibarra, S. Lopez Gehler, and M. Pato, Dark matter constraints from box-shaped gamma-ray features, JCAP 1207 (2012) 043, [arXiv:1205.0007].

[67] L. Bergström, G. Bertone, T. Bringmann, J. Edsjö, and M. Taoso, Gamma-ray and Radio Constraints of High Positron Rate Dark Matter Models Annihilating into New Light Particles, Phys.Rev. D79 (2009) 081303, [arXiv:0812.3895].

[68] R. Catena and P. Ullio, A novel determination of the local dark matter density, JCAP 1008 (2010) 004, [arXiv:0907.0018].

[69] P. Salucci, F. Nesti, G. Gentile, and C. Martins, The dark matter density at the Sun’s location, Astron.Astrophys. 523 (2010) A83, [arXiv:1003.3101].

[70] P. J. McMillan, Mass models of the Milky Way, MNRAS 414 (2011) 2446–2457, [arXiv:1102.4340].

[71] J. Bovy and S. Tremaine, On the local dark matter density, Astrophys.J. 756 (2012) 89, [arXiv:1205.4033].

[72] M. Pato, O. Agertz, G. Bertone, B. Moore, and R. Teyssier, Systematic uncertainties in the determination of the local dark matter density, Phys.Rev. D82 (2010) 023531, [arXiv:1006.1322].

[73] S. Garbari, C. Liu, J. I. Read, and G. Lake, A new determination of the local dark matter density from the kinematics of K dwarfs, Mon.Not.Roy.Astron.Soc. 425 (2012) 1445, [arXiv:1206.0015].

[74] J. F. Navarro, C. S. Frenk, and S. D. M. White, The Structure of Cold Dark Matter Halos, Astrophys. J. 462 (1996) 563–575, [astro-ph/9508025]. 31

[75] A. Klypin, H. Zhao, and R. S. Somerville, Lambda CDM-based models for the Milky Way and M31 I: Dynamical models, Astrophys.J. 573 (2002) 597–613, [astro-ph/0110390].

[76] L. M. Widrow and J. Dubinski, Equilibrium disk-bulge-halo models for the Milky Way and Andromeda galaxies, Astrophys.J. 631 (2005) 838–855, [astro-ph/0506177].

[77] J. Diemand, M. Kuhlen, P. Madau, M. Zemp, B. Moore, et. al., Clumps and streams in the local dark matter distribution, Nature 454 (2008) 735–738, [arXiv:0805.1244].

[78] V. Springel et. al., The Aquarius Project: the subhalos of galactic halos, Mon. Not. Roy. Astron.

Soc. 391 (2008) 1685–1711, [arXiv:0809.0898].

[79] J. Diemand and B. Moore, The structure and evolution of cold dark matter halos, Adv.Sci.Lett. 4 (2011) 297–310, [arXiv:0906.4340].

[80] M. Kuhlen, M. Vogelsberger, and R. Angulo, Numerical Simulations of the Dark Universe: State of the Art and the Next Decade, arXiv:1209.5745.

[81] J. Einasto Trudy Inst. Astroz. Alma-Ata 51 (1965) 87.

[82] J. Diemand, M. Zemp, B. Moore, J. Stadel, and M. Carollo, Cusps in CDM halos: The Density profile of a billion particle halo, Mon.Not.Roy.Astron.Soc. 364 (2005) 665, [astro-ph/0504215].

[83] 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, arXiv:0808.2981.

[84] G. R. Blumenthal, S. M. Faber, R. Flores, and J. R. Primack, Contraction of Dark Matter Galactic Halos Due to Baryonic Infall, Astrophys. J. 301 (1986) 27.

[85] 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].

[86] M. Gustafsson, M. Fairbairn, and J. Sommer-Larsen, Baryonic Pinching of Galactic Dark Matter Haloes, Phys. Rev. D74 (2006) 123522, [astro-ph/0608634].

[87] F. Governato, C. Brook, L. Mayer, A. Brooks, G. Rhee, et. al., At the heart of the matter: the origin of bulgeless dwarf galaxies and Dark Matter cores, Nature 463 (2010) 203–206, [arXiv:0911.2237].

[88] J. R. Primack, Cosmology: small scale issues revisited, New J.Phys. 11 (2009) 105029, [arXiv:0909.2247].

[89] W. de Blok, The Core-Cusp Problem, Adv.Astron. 2010 (2010) 789293, [arXiv:0910.3538]. [90] 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].

[91] J. Guedes, S. Callegari, P. Madau, and L. Mayer, Forming Realistic Late-Type Spirals in a LCDM Universe: The Eris Simulation, Astrophys.J. 742 (2011) 76, [arXiv:1103.6030].

[92] P. Ullio, H. Zhao, and M. Kamionkowski, A Dark matter spike at the galactic center?, Phys.Rev.

D64 (2001) 043504, [astro-ph/0101481].

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

[94] D. Merritt, M. Milosavljevic, L. Verde, and R. Jimenez, Dark matter spikes and annihilation radiation from the galactic center, Phys.Rev.Lett. 88 (2002) 191301, [astro-ph/0201376].

[95] 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]. [96] G. Zaharijas and D. Hooper, Challenges in Detecting Gamma-Rays From Dark Matter Annihilations in the Galactic Center, Phys.Rev. D73 (2006) 103501, [astro-ph/0603540].

[97] S. Dodelson, D. Hooper, and P. D. Serpico, Extracting the Gamma Ray Signal from Dark Matter Annihilation in the Galactic Center Region, Phys.Rev. D77 (2008) 063512, [arXiv:0711.4621].

[98] H.E.S.S. Collaboration, F. Aharonian et. al., H.E.S.S. observations of the Galactic Center region and their possible dark matter interpretation, Phys.Rev.Lett. 97 (2006) 221102, [astro-ph/0610509].

[99] P. D. Serpico and G. Zaharijas, Optimal angular window for observing Dark Matter annihilation 32

from the Galactic Center region: the case of γ-ray lines, Astropart. Phys. 29 (2008) 380–385, [arXiv:0802.3245].

[100] D. Batcheldor, A. Robinson, D. Axon, E. Perlman, and D. Merritt, A Displaced Supermassive Black Hole in M87, Astrophys.J. 717 (2010) L6–10, [arXiv:1005.2173].

[101] M. Kuhlen, J. Guedes, A. Pillepich, P. Madau, and L. Mayer, An Off-center Density Peak in the Milky Way’s Dark Matter Halo?, arXiv:1208.4844.

[102] J. Silk and A. Stebbins, Clumpy cold dark matter, Astrophys.J. 411 (1993) 439–449. [103] 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].

[104] A. M. Green, S. Hofmann, and D. J. Schwarz, The first WIMPy halos, JCAP 0508 (2005) 003, [astro-ph/0503387].

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

[106] T. Bringmann, Particle Models and the Small-Scale Structure of Dark Matter, New J. Phys. 11 (2009) 105027, [arXiv:0903.0189].

[107] L. G. d. Aarssen, T. Bringmann, and C. Pfrommer, Dark matter with long-range interactions as a solution to all small-scale problems of ΛCDM cosmology?, Phys.Rev.Lett. 109 (2012) 231301, [arXiv:1205.5809].

[108] L. Pieri, J. Lavalle, G. Bertone, and E. Branchini, Implications of High-Resolution Simulations on Indirect Dark Matter Searches, Phys. Rev. D83 (2011) 023518, [arXiv:0908.0195].

[109] M. Kuhlen, J. Diemand, and P. Madau, The Dark Matter Annihilation Signal from Galactic Substructure: Predictions for GLAST, Astrophys.J. 686 (2008) 262, [arXiv:0805.4416].

[110] M. Kamionkowski, S. M. Koushiappas, and M. Kuhlen, Galactic Substructure and Dark Matter Annihilation in the Milky Way Halo, Phys.Rev. D81 (2010) 043532, [arXiv:1001.3144].

[111] T. E. Jeltema, J. Kehayias, and S. Profumo, Gamma Rays from Clusters and Groups of Galaxies:

Cosmic Rays versus Dark Matter, Phys. Rev. D80 (2009) 023005, [arXiv:0812.0597]. [112] 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].

[113] L. Gao, C. Frenk, A. Jenkins, V. Springel, and S. White, Where will supersymmetric dark matter first be seen?, Mon.Not.Roy.Astron.Soc. 419 (2012) 1721, [arXiv:1107.1916].

[114] A. Pinzke, C. Pfrommer, and L. Bergström, Prospects of detecting gamma-ray emission from galaxy clusters: cosmic rays and dark matter annihilations, Phys.Rev. D84 (2011) 123509, [arXiv:1105.3240].

[115] L. Bergstrom, J. Edsjo, P. Gondolo, and P. Ullio, Clumpy neutralino dark matter, Phys.Rev. D59 (1999) 043506, [astro-ph/9806072].

[116] E. Baltz, C. Briot, P. Salati, R. Taillet, and J. Silk, Detection of neutralino annihilation photons from external galaxies, Phys.Rev. D61 (2000) 023514, [astro-ph/9909112].

[117] C. Tyler, Particle dark matter constraints from the Draco Dwarf galaxy, Phys.Rev. D66 (2002) 023509, [astro-ph/0203242].

[118] N. Evans, F. Ferrer, and S. Sarkar, A ’Baedecker’ for the dark matter annihilation signal, Phys.Rev.

D69 (2004) 123501, [astro-ph/0311145].

[119] T. Bringmann, M. Doro, and M. Fornasa, Dark Matter signals from Draco and Willman 1:

Prospects for MAGIC II and CTA, JCAP 0901 (2009) 016, [arXiv:0809.2269]. [120] L. Pieri, A. Pizzella, E. Corsini, E. D. Bonta’, and F. Bertola, Could the Fermi-LAT detect gamma-rays from dark matter annihilation in the dwarf galaxies of the Local Group?, Astron.Astrophys. 496 (2009) 351, [arXiv:0812.1494].

[121] G. D. Martinez, J. S. Bullock, M. Kaplinghat, L. E. Strigari, and R. Trotta, Indirect Dark Matter Detection from Dwarf Satellites: Joint Expectations from Astrophysics and Supersymmetry, JCAP 0906 (2009) 014, [arXiv:0902.4715].

[122] P. Scott et. al., Direct Constraints on Minimal Supersymmetry from Fermi-LAT Observations of the 33

Dwarf Galaxy Segue 1, JCAP 1001 (2010) 031, [arXiv:0909.3300].

[123] L. E. Strigari, S. M. Koushiappas, J. S. Bullock, M. Kaplinghat, J. D. Simon, et. al., The Most Dark Matter Dominated Galaxies: Predicted Gamma-ray Signals from the Faintest Milky Way Dwarfs,

arXiv:0709.1510.

[124] A. Charbonnier, C. Combet, M. Daniel, S. Funk, J. Hinton, et. al., Dark matter profiles and annihilation in dwarf spheroidal galaxies: prospectives for present and future gamma-ray observatories - I. The classical dSphs, Mon.Not.Roy.Astron.Soc. 418 (2011) 1526–1556, [arXiv:1104.0412].

[125] M. Walker, C. Combet, J. Hinton, D. Maurin, and M. Wilkinson, Dark matter in the classical dwarf spheroidal galaxies: a robust constraint on the astrophysical factor for gamma-ray flux calculations, Astrophys.J. 733 (2011) L46, [arXiv:1104.0411].

[126] Fermi-LAT Collaboration, M. Ackermann et. al., Constraining Dark Matter Models from a Combined Analysis of Milky Way Satellites with the Fermi Large Area Telescope, Phys. Rev. Lett. 107 (2011) 241302, [arXiv:1108.3546].

[127] L. E. Strigari, C. S. Frenk, and S. D. White, Kinematics of Milky Way Satellites in a Lambda Cold Dark Matter Universe, Mon.Not.Roy.Astron.Soc. 408 (2010) 2364–2372, [arXiv:1003.4268].

[128] G. Gilmore, M. I. Wilkinson, R. F. Wyse, J. T. Kleyna, A. Koch, et. al., The Observed properties of Dark Matter on small spatial scales, Astrophys.J. 663 (2007) 948–959, [astro-ph/0703308].

[129] L. E. Strigari, S. M. Koushiappas, J. S. Bullock, and M. Kaplinghat, Precise constraints on the dark matter content of Milky Way dwarf galaxies for gamma-ray experiments, Phys.Rev. D75 (2007) 083526, [astro-ph/0611925].

[130] S. Colafrancesco, S. Profumo, and P. Ullio, Multi-frequency analysis of neutralino dark matter annihilations in the Coma cluster, Astron. Astrophys. 455 (2006) 21, [astro-ph/0507575].

[131] X. Huang, G. Vertongen, and C. Weniger, Probing Dark Matter Decay and Annihilation with Fermi LAT Observations of Nearby Galaxy Clusters, JCAP 1201 (2012) 042, [arXiv:1110.1529].

[132] Fermi-LAT Collaboration, S. Zimmer, J. Conrad, and A. Pinzke, A Combined Analysis of Clusters of Galaxies - Gamma Ray Emission from Cosmic Rays and Dark Matter, arXiv:1110.6863.

[133] E. Nezri, R. White, C. Combet, D. Maurin, E. Pointecouteau, et. al., gamma-rays from annihilating dark matter in galaxy clusters: stacking vs single source analysis, Mon.Not.Roy.Astron.Soc. 425 (2012) 477, [arXiv:1203.1165].

[134] C. Combet, D. Maurin, E. Nezri, E. Pointecouteau, J. Hinton, et. al., Decaying dark matter: a stacking analysis of galaxy clusters to improve on current limits, Phys.Rev. D85 (2012) 063517, [arXiv:1203.1164].

[135] G. Lake, Detectability of gamma-rays from clumps of dark matter, Nature 346 (1990) 39–40. [136] L. Pieri, G. Bertone, and E. Branchini, Dark Matter Annihilation in Substructures Revised, Mon.

Not. Roy. Astron. Soc. 384 (2008) 1627, [arXiv:0706.2101].

[137] H. Zechlin, M. Fernandes, D. Elsaesser, and D. Horns, Dark matter subhaloes as gamma-ray sources and candidates in the first Fermi-LAT catalogue, Astron.Astrophys. 538 (2012) A93, [arXiv:1111.3514].

[138] H.-S. Zechlin and D. Horns, Unidentified sources in the Fermi-LAT second source catalog: the case for DM subhalos, JCAP 1211 (2012) 050, [arXiv:1210.3852].

[139] L. Bergström, J. Edsjö, and P. Ullio, Spectral gamma-ray signatures of cosmological dark matter annihilations, Phys. Rev. Lett. 87 (2001) 251301, [astro-ph/0105048].

[140] P. Ullio, L. Bergström, J. Edsjö, and C. G. Lacey, Cosmological dark matter annihilations into gamma-rays: A closer look, Phys. Rev. D66 (2002) 123502, [astro-ph/0207125].

[141] J. E. Taylor and J. Silk, The Clumpiness of cold dark matter: Implications for the annihilation signal, Mon.Not.Roy.Astron.Soc. 339 (2003) 505, [astro-ph/0207299].

[142] S. Blanchet and J. Lavalle, Diffuse gamma-ray constraints on dark matter revisited. I: the impact of subhalos, JCAP 1211 (2012) 021, [arXiv:1207.2476].

[143] M. Cirelli, P. Panci, and P. D. Serpico, Diffuse gamma ray constraints on annihilating or decaying Dark Matter after Fermi, Nucl.Phys. B840 (2010) 284–303, [arXiv:0912.0663]. 34

[144] K. N. Abazajian, S. Blanchet, and J. P. Harding, Current and Future Constraints on Dark Matter from Prompt and Inverse-Compton Photon Emission in the Isotropic Diffuse Gamma-ray Background, Phys.Rev. D85 (2012) 043509, [arXiv:1011.5090].

[145] Fermi LAT Collaboration, A. A. Abdo et. al., Constraints on Cosmological Dark Matter Annihilation from the Fermi-LAT Isotropic Diffuse Gamma-Ray Measurement, JCAP 1004 (2010) 014, [arXiv:1002.4415].

[146] P. D. Serpico, E. Sefusatti, M. Gustafsson, and G. Zaharijas, Extragalactic gamma-ray signal from Dark Matter annihilation: a power spectrum based computation, Mon.Not.Roy.Astron.Soc. 421 (2012) L87–L91, [arXiv:1109.0095].

[147] S. Ando, Can dark matter annihilation dominate the extragalactic gamma-ray background?, Phys.

Rev. Lett. 94 (2005) 171303, [astro-ph/0503006].

[148] S. Ando, E. Komatsu, T. Narumoto, and T. Totani, Angular power spectrum of gamma-ray sources for GLAST: blazars and clusters of galaxies, Mon. Not. Roy. Astron. Soc. 376 (2007) 1635–1647, [astro-ph/0610155].

[149] A. Cuoco et. al., The Signature of Large Scale Structures on the Very High Energy Gamma-Ray Sky, JCAP 0704 (2007) 013, [astro-ph/0612559].

[150] M. Taoso, S. Ando, G. Bertone, and S. Profumo, Angular correlations in the cosmic gamma-ray background from dark matter annihilation around intermediate-mass black holes, Phys.Rev. D79 (2009) 043521, [arXiv:0811.4493].

[151] J. M. Siegal-Gaskins, Revealing dark matter substructure with anisotropies in the diffuse gamma-ray background, JCAP 0810 (2008) 040, [arXiv:0807.1328].

[152] J. M. Siegal-Gaskins and V. Pavlidou, Robust identification of isotropic diffuse gamma rays from Galactic dark matter, Phys. Rev. Lett. 102 (2009) 241301, [arXiv:0901.3776].

[153] S. Ando, Gamma-ray background anisotropy from galactic dark matter substructure, Phys. Rev.

D80 (2009) 023520, [arXiv:0903.4685].

[154] A. Ibarra, D. Tran, and C. Weniger, Detecting Gamma-Ray Anisotropies from Decaying Dark Matter: Prospects for Fermi LAT, Phys. Rev. D81 (2010) 023529, [arXiv:0909.3514].

[155] A. Cuoco, A. Sellerholm, J. Conrad, and S. Hannestad, Anisotropies in the Diffuse Gamma-Ray Background from Dark Matter with Fermi LAT: a closer look, arXiv:1005.0843.

[156] J. Zavala, M. Vogelsberger, T. R. Slatyer, A. Loeb, and V. Springel, The cosmic X-ray and gamma-ray background from dark matter annihilation, Phys.Rev. D83 (2011) 123513, [arXiv:1103.0776].

[157] S. Ando and E. Komatsu, Anisotropy of the cosmic gamma-ray background from dark matter annihilation, Phys. Rev. D73 (2006) 023521, [astro-ph/0512217].

[158] S. Ando, E. Komatsu, T. Narumoto, and T. Totani, Dark matter annihilation or unresolved astrophysical sources? Anisotropy probe of the origin of cosmic gamma-ray background, Phys.Rev. D75 (2007) 063519, [astro-ph/0612467].

[159] M. Fornasa, L. Pieri, G. Bertone, and E. Branchini, Anisotropy probe of galactic and extra-galactic Dark Matter annihilations, Phys. Rev. D80 (2009) 023518, [arXiv:0901.2921].

[160] S. K. Lee, S. Ando, and M. Kamionkowski, The Gamma-Ray-Flux Probability Distribution Function from Galactic Halo Substructure, JCAP 0907 (2009) 007, [arXiv:0810.1284].

[161] J. Zavala, V. Springel, and M. Boylan-Kolchin, Extragalactic gamma-ray background radiation from dark matter annihilation, Mon.Not.Roy.Astron.Soc. 405 (2010) 593, [arXiv:0908.2428].

[162] M. Fornasa, J. Zavala, M. A. Sanchez-Conde, J. M. Siegal-Gaskins, T. Delahaye, et. al., Characterization of Dark-Matter-induced anisotropies in the diffuse gamma-ray background,

arXiv:1207.0502.

[163] Fermi LAT Collaboration, M. Ackermann et. al., Constraints on Dark Matter Annihilation in Clusters of Galaxies with the Fermi Large Area Telescope, JCAP 1005 (2010) 025, [arXiv:1002.2239].

[164] L. Dugger, T. E. Jeltema, and S. Profumo, Constraints on Decaying Dark Matter from Fermi Observations of Nearby Galaxies and Clusters, JCAP 1012 (2010) 015, [arXiv:1009.5988]. 35

[165] S. Ando and D. Nagai, Fermi-LAT constraints on dark matter annihilation cross section from observations of the Fornax cluster, JCAP 1207 (2012) 017, [arXiv:1201.0753].

[166] J. Han, C. S. Frenk, V. R. Eke, L. Gao, S. D. White, et. al., Constraining Extended Gamma-ray Emission from Galaxy Clusters, arXiv:1207.6749.

[167] VERITAS Collaboration, V. Vassiliev et. al., Search for TeV annihilation radiation from supersymmetric dark matter in nearby galaxies, astro-ph/0305584.

[168] HEGRA Collaboration, N. Gotting et. al., HEGRA contributions to the 28th International Cosmic Ray Conference, astro-ph/0307334.

[169] J. Lavalle, H. Manseri, A. Jacholkowska, E. Brion, R. Britto, et. al., Indirect search for dark matter in m31 with the celeste experiment, Astron.Astrophys. 450 (2006) 1–8, [astro-ph/0601298].

[170] M. Wood, G. Blaylock, S. Bradbury, J. Buckley, K. Byrum, et. al., A Search for Dark Matter Annihilation with the Whipple 10m Telescope, arXiv:0801.1708.

[171] HESS Collaboration, A. Abramowski et. al., H.E.S.S. observations of the globular clusters NGC 6388 and M 15 and search for a Dark Matter signal, Astrophys.J. 735 (2011) 12, [arXiv:1104.2548].

[172] L. Feng, Q. Yuan, P.-F. Yin, X.-J. Bi, and M. Li, Search for dark matter signals with Fermi-LAT observation of globular clusters NGC 6388 and M 15, JCAP 1204 (2012) 030, [arXiv:1112.2438].

[173] Fermi LAT Collaboration, A. A. Abdo et. al., Observations of Milky Way Dwarf Spheroidal galaxies with the Fermi-LAT detector and constraints on Dark Matter models, Astrophys. J. 712 (2010) 147–158, [arXiv:1001.4531].

[174] MAGIC Collaboration, J. Aleksic et. al., Searches for Dark Matter annihilation signatures in the Segue 1 satellite galaxy with the MAGIC-I telescope, JCAP 1106 (2011) 035, [arXiv:1103.0477].

[175] M. N. Mazziotta, F. Loparco, F. de Palma, and N. Giglietto, A model-independent analysis of the Fermi Large Area Telescope gamma-ray data from the Milky Way dwarf galaxies and halo to constrain dark matter scenarios, arXiv:1203.6731.

[176] A. Geringer-Sameth and S. M. Koushiappas, Exclusion of canonical WIMPs by the joint analysis of Milky Way dwarfs with Fermi, Phys. Rev. Lett. 107 (2011) 241303, [arXiv:1108.2914].

[177] I. Cholis and P. Salucci, Extracting limits on Dark Matter annihilation from gamma-ray observations towards dwarf spheroidal galaxies, Phys.Rev. D86 (2012) 023528, [arXiv:1203.2954].

[178] VERITAS 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].

[179] R. Essig, N. Sehgal, and L. E. Strigari, Bounds on Cross-sections and Lifetimes for Dark Matter Annihilation and Decay into Charged Leptons from Gamma-ray Observations of Dwarf Galaxies, Phys.Rev. D80 (2009) 023506, [arXiv:0902.4750].

[180] R. Essig, N. Sehgal, L. E. Strigari, M. Geha, and J. D. Simon, Indirect Dark Matter Detection Limits from the Ultra-Faint Milky Way Satellite Segue 1, Phys.Rev. D82 (2010) 123503, [arXiv:1007.4199].

[181] VERITAS Collaboration, R. G. Wagner, Indirect Dark Matter Searches with VERITAS,

arXiv:0910.4563.

[182] VERITAS Collaboration, J. Grube, VERITAS Limits on Dark Matter Annihilation from Dwarf Galaxies, arXiv:1210.4961.

[183] Fermi-LAT collaboration, A. Morselli, B. Canadas, and V. Vitale, The Indirect Search for Dark Matter from the centre of the Galaxy with the Fermi LAT, Nuovo Cim. C034N3 (2011) 311–316, [arXiv:1012.2292].

[184] R. Crocker, N. Bell, C. Balazs, and D. Jones, Radio and gamma-ray constraints on dark matter annihilation in the Galactic center, Phys.Rev. D81 (2010) 063516, [arXiv:1002.0229].

[185] D. Hooper and T. Linden, On The Origin Of The Gamma Rays From The Galactic Center, Phys.Rev. D84 (2011) 123005, [arXiv:1110.0006].

[186] M. R. Buckley and D. Hooper, Implications of a 130 GeV Gamma-Ray Line for Dark Matter, 36

Phys.Rev. D86 (2012) 043524, [arXiv:1205.6811].

[187] H.E.S.S.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].

[188] I. Cholis, M. Tavakoli, and P. Ullio, Searching for the continuum spectrum photons correlated to the 130 GeV gamma-ray line, Phys.Rev. D86 (2012) 083525, [arXiv:1207.1468].

[189] 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, arXiv:1209.3015.

[190] Fermi-LAT collaboration, G. Zaharijas, A. Cuoco, Z. Yang, and J. Conrad, Constraints on the Galactic Halo Dark Matter from Fermi-LAT Diffuse Measurements, PoS IDM2010 (2011) 111, [arXiv:1012.0588].

[191] LAT collaboration, T. F.-. M. Ackermann et. al., Constraints on the Galactic Halo Dark Matter from Fermi-LAT Diffuse Measurements, Astrophys.J. 761 (2012) 91, [arXiv:1205.6474].

[192] F. Calore, V. De Romeri, and F. Donato, Conservative upper limits on WIMP annihilation cross section from Fermi-LAT γ-rays, Phys.Rev. D85 (2012) 023004, [arXiv:1105.4230].

[193] Fermi LAT Collaboration, M. Ackermann et. al., Anisotropies in the diffuse gamma-ray background measured by the Fermi LAT, Phys.Rev. D85 (2012) 083007, [arXiv:1202.2856].

[194] 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].

[195] HEGRA Collaboration, F. Aharonian et. al., Search for TeV gamma-ray emission from the Andromeda galaxy, Astron.Astrophys. 400 (2003) 153–159, [astro-ph/0302347].

[196] A. R. Pullen, R.-R. Chary, and M. Kamionkowski, Search with EGRET for a Gamma Ray Line from the Galactic Center, Phys.Rev. D76 (2007) 063006, [astro-ph/0610295].

[197] A. Abdo, M. Ackermann, M. Ajello, W. Atwood, L. Baldini, et. al., Fermi LAT Search for Photon Lines from 30 to 200 GeV and Dark Matter Implications, Phys.Rev.Lett. 104 (2010) 091302, [arXiv:1001.4836].

[198] G. Vertongen and C. Weniger, Hunting Dark Matter Gamma-Ray Lines with the Fermi LAT, JCAP 1105 (2011) 027, [arXiv:1101.2610].

[199] LAT Collaboration, M. Ackermann et. al., Fermi LAT Search for Dark Matter in Gamma-ray Lines and the Inclusive Photon Spectrum, Phys.Rev. D86 (2012) 022002, [arXiv:1205.2739].

[200] A. Geringer-Sameth and S. M. Koushiappas, Dark matter line search using a joint analysis of dwarf galaxies with the Fermi Gamma-ray Space Telescope, Phys.Rev. D86 (2012) 021302, [arXiv:1206.0796].

[201] X.-Y. Huang, Q. Yuan, P.-F. Yin, X.-J. Bi, and X.-L. Chen, Constraints on the dark matter annihilation scenario of Fermi 130 GeV γ-ray line emission by continuous gamma-rays, Milky Way halo, galaxy clusters and dwarf galaxies observations, JCAP 1211 (2012) 048, [arXiv:1208.0267].

[202] C. van Eldik, Search for photon line-like signatures from Dark Matter annihilations with HESS, .

Talk at Gamma 2012, Heidelberg.

[203] A. V. Belikov, D. Hooper, and M. R. Buckley, Searching For Dark Matter Subhalos In the Fermi-LAT Second Source Catalog, Phys.Rev. D86 (2012) 043504, [arXiv:1111.2613].

[204] N. Mirabal, V. Frias-Martinez, T. Hassan, and E. Frias-Martinez, Fermi’s Sibyl: Mining the gamma-ray sky for dark matter subhaloes, Mon.Not.Roy.Astron.Soc. 424 (2012) L64, [arXiv:1205.4825].

[205] M. Ricotti and A. Gould, A New Probe of Dark Matter and High-Energy Universe Using Microlensing, Astrophys.J. 707 (2009) 979–987, [arXiv:0908.0735].

[206] P. Scott, S. Sivertsson, and S. Sivertsson, Gamma-Rays from Ultracompact Primordial Dark Matter Minihalos, Phys.Rev.Lett. 103 (2009) 211301, [arXiv:0908.4082].

[207] B. C. Lacki and J. F. Beacom, Primordial Black Holes as Dark Matter: Almost All or Almost Nothing, Astrophys.J. 720 (2010) L67–L71, [arXiv:1003.3466].

[208] T. Bringmann, P. Scott, and Y. Akrami, Improved constraints on the primordial power spectrum at 37

small scales from ultracompact minihalos, Phys.Rev. D85 (2012) 125027, [arXiv:1110.2484]. [209] C. Boehm, D. Hooper, J. Silk, M. Casse, and J. Paul, MeV dark matter: Has it been detected?, Phys.Rev.Lett. 92 (2004) 101301, [astro-ph/0309686].

[210] D. Hooper and L.-T. Wang, Possible evidence for axino dark matter in the galactic bulge, Phys.Rev.

D70 (2004) 063506, [hep-ph/0402220].

[211] C. Picciotto and M. Pospelov, Unstable relics as a source of galactic positrons, Phys.Lett. B605 (2005) 15–25, [hep-ph/0402178].

[212] D. Hooper and L. Goodenough, Dark Matter Annihilation in The Galactic Center As Seen by the Fermi Gamma Ray Space Telescope, Phys.Lett. B697 (2011) 412–428, [arXiv:1010.2752].

[213] K. N. Abazajian and M. Kaplinghat, Detection of a Gamma-Ray Source in the Galactic Center Consistent with Extended Emission from Dark Matter Annihilation and Concentrated Astrophysical Emission, Phys.Rev. D86 (2012) 083511, [arXiv:1207.6047].

[214] A. Cesarini, F. Fucito, A. Lionetto, A. Morselli, and P. Ullio, The Galactic center as a dark matter gamma-ray source, Astropart.Phys. 21 (2004) 267–285, [astro-ph/0305075].

[215] D. Horns, TeV gamma-radiation from dark matter annihilation in the Galactic center, Phys.Lett.

B607 (2005) 225–232, [astro-ph/0408192].

[216] T. Lin, D. P. Finkbeiner, and G. Dobler, The Electron Injection Spectrum Determined by Anomalous Excesses in Cosmic Ray, Gamma Ray, and Microwave Signals, Phys.Rev. D82 (2010) 023518, [arXiv:1004.0989].

[217] G. Dobler, I. Cholis, and N. Weiner, The Fermi Gamma-Ray Haze from Dark Matter Annihilations and Anisotropic Diffusion, Astrophys. J. 741 (2011) 25, [arXiv:1102.5095].

[218] D. P. Finkbeiner, Microwave ism emission observed by wmap, Astrophys.J. 614 (2004) 186–193, [astro-ph/0311547].

[219] D. P. Finkbeiner, WMAP microwave emission interpreted as dark matter annihilation in the inner galaxy, astro-ph/0409027.

[220] G. Dobler and D. P. Finkbeiner, Extended Anomalous Foreground Emission in the WMAP 3-Year Data, Astrophys.J. 680 (2008) 1222–1234, [arXiv:0712.1038].

[221] S. Profumo, TeV gamma-rays and the largest masses and annihilation cross sections of neutralino dark matter, Phys.Rev. D72 (2005) 103521, [astro-ph/0508628].

[222] A. V. Belikov, G. Zaharijas, and J. Silk, Study of the Gamma-ray Spectrum from the Galactic Center in view of Multi-TeV Dark Matter Candidates, Phys.Rev. D86 (2012) 083516, [arXiv:1207.2412].

[223] J. Cembranos, V. Gammaldi, and A. Maroto, Possible dark matter origin of the gamma ray emission from the galactic center observed by HESS, Phys.Rev. D86 (2012) 103506, [arXiv:1204.0655].

[224] W. de Boer, C. Sander, V. Zhukov, A. Gladyshev, and D. Kazakov, Egret excess of diffuse galactic gamma rays as tracer of dark matter, Astron.Astrophys. 444 (2005) 51, [astro-ph/0508617].

[225] G. Hutsi, A. Hektor, and M. Raidal, Implications of the Fermi-LAT diffuse gamma-ray measurements on annihilating or decaying Dark Matter, JCAP 1007 (2010) 008, [arXiv:1004.2036].

[226] J. Han, C. S. Frenk, V. R. Eke, L. Gao, and S. D. White, Evidence for extended gamma-ray emission from galaxy clusters, arXiv:1201.1003.

[227] L. Bergström, J. Edsjö, M. Gustafsson, and P. Salati, Is the dark matter interpretation of the egret gamma excess compatible with antiproton measurements?, JCAP 0605 (2006) 006, [astro-ph/0602632].

[228] F. Stecker, S. Hunter, and D. Kniffen, The Likely Cause of the EGRET GeV Anomaly and its Implications, Astropart.Phys. 29 (2008) 25–29, [arXiv:0705.4311].

[229] G. Weidenspointner, G. Skinner, P. Jean, J. Knodlseder, P. von Ballmoos, et. al., An asymmetric distribution of positrons in the Galactic disk revealed by gamma-rays, Nature 451 (2008) 159–162.

[230] A. Boyarsky, D. Malyshev, and O. Ruchayskiy, A comment on the emission from the Galactic Center as seen by the Fermi telescope, Phys.Lett. B705 (2011) 165–169, [arXiv:1012.5839].

[231] Fermi-LAT collaboration, A. Abdo et. al., The Spectrum of the Isotropic Diffuse Gamma-Ray Emission Derived From First-Year Fermi Large Area Telescope Data, Phys.Rev.Lett. 104 (2010) 38

101101, [arXiv:1002.3603].

[232] K. N. Abazajian, The Consistency of Fermi-LAT Observations of the Galactic Center with a Millisecond Pulsar Population in the Central Stellar Cluster, JCAP 1103 (2011) 010, [arXiv:1011.4275].

[233] O. Macias-Ramirez, C. Gordon, A. M. Brown, and J. Adams, Evaluating the Gamma-Ray Evidence for Self-Annihilating Dark Matter from the Virgo Cluster, Phys.Rev. D86 (2012) 076004, [arXiv:1207.6257].

[234] L. Bergström, Dark Matter Evidence, Particle Physics Candidates and Detection Methods, Annalen Phys. 524 (2012) 479–496, [arXiv:1205.4882].

[235] J. Knodlseder, P. Jean, V. Lonjou, G. Weidenspointner, N. Guessoum, et. al., The All-sky distribution of 511 keV electron-positron annihilation emission, Astron.Astrophys. 441 (2005) 513–532, [astro-ph/0506026].

[236] J. F. Beacom and H. Yuksel, Stringent constraint on galactic positron production, Phys.Rev.Lett. 97 (2006) 071102, [astro-ph/0512411].

[237] 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].

[238] G. Hutsi, J. Chluba, A. Hektor, and M. Raidal, WMAP7 and future CMB constraints on annihilating dark matter: implications on GeV-scale WIMPs, Astron.Astrophys. 535 (2011) A26, [arXiv:1103.2766].

[239] 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].

[240] C. Evoli, I. Cholis, D. Grasso, L. Maccione, and P. Ullio, Antiprotons from dark matter annihilation in the Galaxy: astrophysical uncertainties, Phys.Rev. D85 (2012) 123511, [arXiv:1108.0664].

[241] DAMA Collaboration, R. Bernabei et. al., First results from DAMA/LIBRA and the combined results with DAMA/NaI, Eur.Phys.J. C56 (2008) 333–355, [arXiv:0804.2741].

[242] CoGeNT collaboration, C. Aalseth et. al., Results from a Search for Light-Mass Dark Matter with a P-type Point Contact Germanium Detector, Phys.Rev.Lett. 106 (2011) 131301, [arXiv:1002.4703].

[243] C. Aalseth, P. Barbeau, J. Colaresi, J. Collar, J. Diaz Leon, et. al., Search for an Annual Modulation in a P-type Point Contact Germanium Dark Matter Detector, Phys.Rev.Lett. 107 (2011) 141301, [arXiv:1106.0650].

[244] G. Angloher, M. Bauer, I. Bavykina, A. Bento, C. Bucci, et. al., Results from 730 kg days of the CRESST-II Dark Matter Search, Eur.Phys.J. C72 (2012) 1971, [arXiv:1109.0702].

[245] E. Tempel, A. Hektor, and M. Raidal, Fermi 130 GeV gamma-ray excess and dark matter annihilation in sub-haloes and in the Galactic centre, JCAP 1209 (2012) 032, [arXiv:1205.1045].

[246] M. Su and D. P. Finkbeiner, Strong Evidence for Gamma-ray Lines from the Inner Galaxy,

arXiv:1206.1616.

[247] A. Boyarsky, D. Malyshev, and O. Ruchayskiy, Spectral and spatial variations of the diffuse gamma-ray background in the vicinity of the Galactic plane and possible nature of the feature at 130 GeV, arXiv:1205.4700.

[248] A. Hektor, M. Raidal, and E. Tempel, An evidence for indirect detection of dark matter from galaxy clusters in Fermi-LAT data, arXiv:1207.4466.

[249] M. Su and D. P. Finkbeiner, Double Gamma-ray Lines from Unassociated Fermi-LAT Sources,

arXiv:1207.7060.

[250] D. Hooper and T. Linden, Are Lines From Unassociated Gamma-Ray Sources Evidence For Dark Matter Annihilation?, Phys.Rev. D86 (2012) 083532, [arXiv:1208.0828].

[251] N. Mirabal, The Dark Knight Falters, arXiv:1208.1693.

[252] A. Hektor, M. Raidal, and E. Tempel, Double gamma-ray lines from unassociated Fermi-LAT sources revisited, arXiv:1208.1996.

[253] M. Su, T. R. Slatyer, and D. P. Finkbeiner, Giant Gamma-ray Bubbles from Fermi-LAT: AGN 39

Activity or Bipolar Galactic Wind?, Astrophys. J. 724 (2010) 1044–1082, [arXiv:1005.5480]. [254] S. Profumo and T. Linden, Gamma-ray Lines in the Fermi Data: is it a Bubble?, JCAP 1207 (2012) 011, [arXiv:1204.6047].

[255] E. Nezri, J. Lavalle, and R. Teyssier, Indirect dark matter searches: towards a consistent top-bottom approach for studying the gamma-ray signals and associated backgrounds, Phys.Rev. D86 (2012) 063524, [arXiv:1204.4121].

[256] C. Weniger, Tentative observation of a gamma-ray line at the Fermi LAT, arXiv:1210.3013. [257] Fermi-LAT Collaboration, Fermi-LAT Observations of the Diffuse Gamma-Ray Emission:

Implications for Cosmic Rays and the Interstellar Medium, Astrophys.J. 750 (2012) 3, [arXiv:1202.4039].

[258] Fermi LAT collaboration, A. Abdo et. al., The First Fermi Large Area Telescope Catalog of Gamma-ray Pulsars, Astrophys.J.Suppl. 187 (2010) 460–494, [arXiv:0910.1608].

[259] H. I. Nel and O. C. de Jager, Gamma-Ray Pulsars: Polar CAP or Outer Gap Emission?, Astrophysics and Space Science 230 (Aug., 1995) 299–306.

[260] Fermi-LAT Collaboration, Spectral Properties of Bright Fermi-detected Blazars in the Gamma-ray Band, Astrophys.J. 710 (2010) 1271–1285, [arXiv:1001.4097].

[261] A. Hektor, M. Raidal, and E. Tempel, Fermi-LAT gamma-ray signal from Earth Limb, systematic detector effects and their implications for the 130 GeV gamma-ray excess, arXiv:1209.4548.

[262] D. P. Finkbeiner, M. Su, and C. Weniger, Is the 130 GeV Line Real? A Search for Systematics in the Fermi-LAT Data, arXiv:1209.4562.

[263] K. Rao and D. Whiteson, Where are the Fermi Lines Coming From?, arXiv:1210.4934. [264] R.-Z. Yang, Q. Yuan, L. Feng, Y.-Z. Fan, and J. Chang, Statistical interpretation of the spatial distribution of current 130 GeV gamma-ray line signal within the dark matter annihilation scenario, Phys.Lett. B715 (2012) 285–288, [arXiv:1207.1621].

[265] D. Whiteson, Disentangling Instrumental Features of the 130 GeV Fermi Line, JCAP 1211 (2012) 008, [arXiv:1208.3677].

[266] F. Aharonian, D. Khangulyan, and D. Malyshev, Cold ultrarelativistic pulsar winds as potential sources of galactic gamma-ray lines above 100 GeV, arXiv:1207.0458.

[267] W. Buchmuller and M. Garny, Decaying vs Annihilating Dark Matter in Light of a Tentative Gamma-Ray Line, JCAP 1208 (2012) 035, [arXiv:1206.7056].

[268] M. D. Weinberg and N. Katz, Bar-driven dark halo evolution: a resolution of the cusp-core controversy, Astrophys.J. 580 (2002) 627–633, [astro-ph/0110632].

[269] Fermi LAT Collaboration, M. Ackermann et. al., Search for Dark Matter Satellites using the FERMI-LAT, Astrophys.J. 747 (2012) 121, [arXiv:1201.2691].

[270] S. Tulin, H.-B. Yu, and K. M. Zurek, Three Exceptions for Thermal Dark Matter with Enhanced Annihilation to Gamma Gamma, arXiv:1208.0009.

[271] A. Rajaraman, T. M. Tait, and D. Whiteson, Two Lines or Not Two Lines? That is the Question of Gamma Ray Spectra, JCAP 1209 (2012) 003, [arXiv:1205.4723].

[272] Z. Kang, T. Li, J. Li, and Y. Liu, Brightening the (130 GeV) Gamma-Ray Line, arXiv:1206.2863. [273] M. T. Frandsen, U. Haisch, F. Kahlhoefer, P. Mertsch, and K. Schmidt-Hoberg, Loop-induced dark matter direct detection signals from gamma-ray lines, JCAP 1210 (2012) 033, [arXiv:1207.3971].

[274] E. Dudas, Y. Mambrini, S. Pokorski, and A. Romagnoni, Extra U(1) as natural source of a monochromatic gamma ray line, JHEP 1210 (2012) 123, [arXiv:1205.1520].

[275] J. M. Cline, 130 GeV dark matter and the Fermi gamma-ray line, Phys.Rev. D86 (2012) 015016, [arXiv:1205.2688].

[276] J. Fan and M. Reece, A Simple Recipe for the 111 and 128 GeV Lines, arXiv:1209.1097. [277] K.-Y. Choi and O. Seto, A Dirac right-handed sneutrino dark matter and its signature in the gamma-ray lines, Phys.Rev. D86 (2012) 043515, [arXiv:1205.3276].

[278] L. Bergström, The 130 GeV Fingerprint of Right-Handed Neutrino Dark Matter, Phys.Rev. D86 (2012) 103514, [arXiv:1208.6082]. 40

[279] H. M. Lee, M. Park, and W.-I. Park, Fermi Gamma Ray Line at 130 GeV from Axion-Mediated Dark Matter, Phys.Rev. D86 (2012) 103502, [arXiv:1205.4675].

[280] H. M. Lee, M. Park, and W.-I. Park, Axion-mediated dark matter and Higgs diphoton signal,

arXiv:1209.1955.

[281] B. S. Acharya, G. Kane, P. Kumar, R. Lu, and B. Zheng, Mixed Wino-Axion Dark Matter in String/M Theory and the 130 GeV Gamma-line ’Signal’, arXiv:1205.5789.

[282] N. Weiner and I. Yavin, How Dark Are Majorana WIMPs? Signals from MiDM and Rayleigh Dark Matter, Phys.Rev. D86 (2012) 075021, [arXiv:1206.2910].

[283] N. Weiner and I. Yavin, UV Completions of Magnetic Inelastic Dark Matter and RayDM for the Fermi Line(s), arXiv:1209.1093.

[284] J. H. Heo and C. Kim, Cosmic ray signatures of Dipole-Interacting Fermionic Dark Matter,

arXiv:1207.1341.

[285] J. M. Cline, A. R. Frey, and G. D. Moore, Composite magnetic dark matter and the 130 GeV line,

arXiv:1208.2685.

[286] L. Wang and X.-F. Han, 130 GeV gamma-ray line and enhancement of h → γγ in the Higgs triplet model plus a scalar dark matter, arXiv:1209.0376.

[287] S. Baek, P. Ko, and E. Senaha, Can Zee-Babu model implemented with scalar dark matter explain both Fermi/LAT 130 GeV γ-ray excess and neutrino physics ?, arXiv:1209.1685.

[288] T. Li, J. A. Maxin, D. V. Nanopoulos, and J. W. Walker, Chanel No5 (fb-1): The Sweet Fragrance of SUSY, arXiv:1205.3052.

[289] T. Li, J. A. Maxin, D. V. Nanopoulos, and J. W. Walker, A 125.5 GeV Higgs Boson in F-SU(5):

Imminently Observable Proton Decay, A 130 GeV Gamma-ray Line, and SUSY Multijets & Light Stops at the LHC8, arXiv:1208.1999.

[290] T. Li, J. A. Maxin, D. V. Nanopoulos, and J. W. Walker, Primordial Synthesis: F-SU(5) SUSY Multijets, 145-150 GeV LSP, Proton & Rare Decays, 125 GeV Higgs Boson, and WMAP7,

arXiv:1210.3011.

[291] D. Das, U. Ellwanger, and P. Mitropoulos, A 130 GeV photon line from dark matter annihilation in the NMSSM, JCAP 1208 (2012) 003, [arXiv:1206.2639].

[292] B. Kyae and J.-C. Park, 130 GeV Gamma-Ray Line from Dark Matter Decay, arXiv:1205.4151. [293] J.-C. Park and S. C. Park, Radiatively decaying scalar dark matter through U(1) mixings and the Fermi 130 GeV gamma-ray line, arXiv:1207.4981.

[294] Y. Bai and J. Shelton, Gamma Lines without a Continuum: Thermal Models for the Fermi-LAT 130 GeV Gamma Line, arXiv:1208.4100.

[295] T. Cohen, M. Lisanti, T. R. Slatyer, and J. G. Wacker, Illuminating the 130 GeV Gamma Line with Continuum Photons, JHEP 1210 (2012) 134, [arXiv:1207.0800].

[296] M. Asano, T. Bringmann, G. Sigl, and M. Vollmann, The 130 GeV gamma-ray line and generic dark matter model building constraints from continuum gamma rays, radio and antiproton data,

arXiv:1211.6739.

[297] R. Laha, K. C. Y. Ng, B. Dasgupta, and S. Horiuchi, Galactic Center Radio Constraints on Gamma-Ray Lines from Dark Matter Annihilation, arXiv:1208.5488.

[298] X. Chu, T. Hambye, T. Scarna, and M. H. Tytgat, What if Dark Matter Gamma-Ray Lines come with Gluon Lines?, Phys.Rev. D86 (2012) 083521, [arXiv:1206.2279].

[299] L. Bergström, T. Bringmann, and J. Edsjö, Complementarity of direct dark matter detection and indirect detection through gamma-rays, Phys.Rev. D83 (2011) 045024, [arXiv:1011.4514].

[300] L. Bergström, T. Bringmann, and J. Edsjö, New Positron Spectral Features from Supersymmetric Dark Matter - a Way to Explain the PAMELA Data?, Phys.Rev. D78 (2008) 103520, [arXiv:0808.3725].

[301] M. Garny, A. Ibarra, and S. Vogl, Dark matter annihilations into two light fermions and one gauge boson: General analysis and antiproton constraints, JCAP 1204 (2012) 033, [arXiv:1112.5155].

[302] B. Shakya, A 130 GeV Gamma Ray Signal from Supersymmetry, arXiv:1209.2427. [303] I. Oda, Remarks on Two Gamma Ray Lines from the Inner Galaxy, arXiv:1207.1537. 41

[304] N. Kaiser, H. Aussel, H. Boesgaard, K. Chambers, J. N. Heasley, et. al., Pan-STARRS: A Large Synoptic Survey Telescope Array, Proc.SPIE Int.Soc.Opt.Eng. 4836 (2002) 154–164.

[305] Dark Energy Survey Collaboration, T. Abbott et. al., The dark energy survey, astro-ph/0510346. [306] http://www.mso.anu.edu.au/~jerjen/SMS_Survey.html.

[307] E. J. Tollerud, J. S. Bullock, L. E. Strigari, and B. Willman, Hundreds of Milky Way Satellites?

Luminosity Bias in the Satellite Luminosity Function, Astrophys.J. 688 (2008) 277–289, [arXiv:0806.4381].

[308] R. Cotta, A. Drlica-Wagner, S. Murgia, E. Bloom, J. Hewett, et. al., Constraints on the pMSSM from LAT Observations of Dwarf Spheroidal Galaxies, JCAP 1204 (2012) 016, [arXiv:1111.2604].

[309] H. Jerjen, Dwarf Cosmology with the Stromlo Missing Satellites Survey, Advances in Astronomy 2010 (2010).

[310] W. Atwood, Pass 8: A Comprehensive Revision Of The Fermi Lat Event-level Analysis, ASS Meeting 219 (2012) 145.

[311] CTA collaboration, M. Doro et. al., Dark Matter and Fundamental Physics with the Cherenkov Telescope Array, accepted for publication in Astrop. Phys. (2012) [arXiv:1208.5356].

[312] L. Bergström and D. Hooper, Dark matter and gamma-rays from Draco: MAGIC, GLAST and CACTUS, Phys.Rev. D73 (2006) 063510, [hep-ph/0512317].

[313] VERITAS Collaboration, M. Vivier, Indirect searches for dark matter annihilations toward dwarf spheroidal galaxies with VERITAS, arXiv:1110.6615.

[314] J. Aleksic, J. Rico, and M. Martinez, Optimized analysis method for indirect dark matter searches with Imaging Air Cherenkov Telescopes, JCAP 1210 (2012) 032, [arXiv:1209.5589].

[315] S. Funk and J. Hinton, Comparison of Fermi-LAT and CTA in the region between 10-100 GeV,

arXiv:1205.0832.

[316] A. W. Strong and I. V. Moskalenko, Propagation of cosmic-ray nucleons in the Galaxy, Astrophys.

J. 509 (1998) 212–228, [astro-ph/9807150].

[317] http://fermi.gsfc.nasa.gov/ssc/data/analysis/LAT_caveats.html. [318] CTA Consortium, M. Actis et. al., Design concepts for the Cherenkov Telescope Array CTA: An advanced facility for ground-based high-energy gamma-ray astronomy, Exper.Astron. 32 (2011) 193–316, [arXiv:1008.3703].

[319] Fermi LAT Collaboration, M. Ackermann et. al., Fermi LAT observations of cosmic-ray electrons from 7 GeV to 1 TeV, Phys. Rev. D82 (2010) 092004, [arXiv:1008.3999].