arXiv:1207.2412v1 [astro-ph.HE] 10 Jul 2012

Study of the Gamma-ray Spectrum from the Galactic Center in view of Multi-TeV Dark Matter Candidates

Alexander V. Belikov Institut d’Astrophysique de Paris, UMR 7095 CNRS, Université Pierre et Marie Curie, 98 bis Boulevard Arago, Paris 75014, France

Gabrijela Zaharijas Abdus Salam International Centre for Theoretical Physics, Strada Costiera 11, 34151, Trieste, Italy and Institut d’Astrophysique de Paris, UMR 7095 CNRS, Université Pierre et Marie Curie, 98 bis Boulevard Arago, Paris 75014, France

Joseph Silk Institut d’Astrophysique de Paris, UMR 7095 CNRS, Université Pierre et Marie Curie, 98 bis Boulevard Arago, Paris 75014, France Beecroft Institute of Particle Astrophysics and Cosmology, 1 Keble Road, University of Oxford, Oxford OX1 3RH UK and Department of Physics and Astronomy, 3701 San Martin Drive, The Johns Hopkins University, Baltimore MD 21218, USA (Dated: July 11, 2012)

Motivated by the complex gamma-ray spectrum of the Galactic Center source now measured over five decades in energy, we revisit the issue of the role of dark matter annihilations in this interesting region. We reassess whether the emission measured by the HESS collaboration could be a signature of dark matter annihilation, and we use the Fermi LAT spectrum to model the emission from SgrA*, using power-law spectral fits. We find that good fits are achieved by a power law with an index ∼ 2.5 − 2.6, in combination with a spectrum similar to the one observed from pulsar population and with a spectrum from a >∼ 10 TeV DM annihilating to a mixture of bb̄ and harder τ^+τ^− channels and with boost factors of the order of a hundred. Alternatively, we also consider the combination of a log-parabola fit with the DM contribution. Finally, as both the spectrum of gamma rays from the Galactic Center and the spectrum of cosmic ray electrons exhibit a cutoff at TeV energies, we study the dark matter fits to both data-sets. Constraining the spectral shape of the purported dark matter signal provides a robust way of comparing data. We find a marginal overlap only between the 99.999% C.L. regions in parameter space.

PACS numbers: 95.35.+d 95.85.Pw, 98.70.Rz

I. INTRODUCTION

In the last few years, a number of new generation cosmic-ray detectors have provided high quality measurements of gamma rays (Fermi LAT [1], VERITAS [2], HESS [3], MAGIC [4]), charged cosmic rays (PAMELA [5], CREAM [6], Fermi LAT, HESS) and neutrinos (ICE CUBE [7], Antares [8]) at GeV and/or TeV energies. The newly acquired data are currently revolutionizing our understanding of the origins and propagation of Galactic cosmic rays and they are equally important for indirect searches for dark matter (DM). The theory of cold dark matter is supported by numerous pieces of evidence (e.g. an impressive agreement between predictions of N-body simulations and the observed large-scale structure of the Universe, Big-Bang Nucleosynthesis, gravitational lensing). Weakly Interacting Massive Particles (WIMPs) are dark matter candidates with the required cosmological properties and are naturally present in many beyondthe-Standard-Model theories, as a new particle of mass close to the Electro Weak (EW) breaking scale. An additional appeal of this paradigm is the so-called WIMP miracle: a TeV particle weakly coupled to the Standard

Model (SM) particles that decouples thermally in the Early Universe, naturally has an abundance comparable to the DM abundance measured today. If it were to decay or annihilate to Standard Model particles, such as photons and electrons/positrons, the bulk of the emitted energy is expected to fall just below the DM mass, and to show features in this energy range.

The trajectory of gamma rays, unlike that of charged cosmic rays, is unaffected by the Galaxy, allowing the analysis of individual sources. In order to maximize the luminosity of gamma rays produced in DM annihilations, a standard search strategy is to look at nearby sources with high DM density. An example of such ’good target’ is the center of our Galaxy. It is one of the closest targets and it is expected to contain a high dark matter density, due to a possible cusp in the density profile predicted by N-body simulations [9–11]. However, the dynamical center of our Galaxy hosts a supermassive black hole (compact radio source SgrA*) [12], whose spectrum is measured over a range of wavelengths, spanning radio and sub-mm [13], near-infrared [14, 15], X rays [16, 17], and γ rays [18–24], and which presents a complex background for DM searches [25].

The Very High Energy (VHE) gamma-ray source at the Galactic Center (GC), HESS J1745-290, was detected by the HESS collaboration in 2003 and observed since [21, 22], in the range 200 GeV through 55 TeV (an early detection in VHE gamma rays was done by the WHIP- PLE [19] and CANGAROO-II [20] telescopes). The GC is also observed by MAGIC [23] and VERITAS [24] with spectra compatible to the one measured by HESS. The large zenith angles for these experiments however, result in significantly smaller exposures. The gamma ray emission from the GC was subsequently interpreted both in terms of standard astrophysical emission originating in the vicinity of the supermassive black hole [26–30] as in terms of a signal from self-annihilating dark matter [31– 34].

The Fermi satellite, launched in 2008, measured the emission from the GC in the lower energy range 100 MeV-100 GeV. In the first year Fermi LAT catalog 1FGL [35], the source closest to the GC, was classified as 1FGL J1745.6-2900c. While the most recent data from this complicated region have not yet been analyzed by the collaboration (however see Fermi LAT proceedings and talks [36–38]), a dedicated analysis has been done by several authors [39–42]. In these works it was found that the Fermi and HESS sources are spatially coincident (in agreement with the preliminary findings of the Fermi LAT team), though the issue of the extension of the GeV source is still unsettled.

At energies above 10 GeV, the Fermi LAT has a good angular resolution comparable to that of HESS at TeV energies. This motivates the joint analysis of the two data-sets which, taken together, show the possible presence of one or more spectral breaks. In [43], it was shown that the spectra is well modeled by two plateaux with a steeply falling region in between, and astrophysical mechanisms which rely on modeling collisions of energetic protons, accelerated by the supermassive black hole, with the surrounding gas have been proposed in order to match this spectral feature (for an earlier model which accommodates a break between the GeV and TeV photons originating in the vicinity of the SgrA* see [26]).

Motivated by the complex gamma ray spectrum of the Galactic Centre source we revisit the issue of a multi- TeV dark matter fit to this region. We show that a single power law over the GeV and TeV range, with two bump-like features, provides a comparably good fit. We assume the feature at high-energy as a signature of DM annihilation. We then notice that the lower energy bump is curiously located around ∼ 3 GeV, an average energy at which a harder emission from the pulsar population has a high energy cut-off [44, 45]. In addition, we also show that a log-parabola in the low energy range (typical for spectra of some AGNs [46]) provides the same conclusions.

In other words, we go back to the question of whether the emission measured by the HESS collaboration could explained by DM annihilation, but we use the Fermi LAT spectrum to model the standard astrophysical emission from the SgrA*^1.

It has been known from early works [31–33] that high energy HESS data, if interpreted as DM signatures, could be due to >∼ 10 TeV DM, which is somewhat heavier than the standard expectation for a WIMP, and that the flatness of the HESS spectrum over two decades in energy is hard to fit with the usual WIMP spectrum. The second issue is somewhat alleviated in this work by the addition of a power law constrained by the Fermi LAT data.

In this work, we focus on spectral features of the central source and leave morphological studies aside (for recent work addressing this issue see [48, 49]), which is expected to be a good approximation for strongly cusped DM profiles [50, 51]. While there are indications that the GC source at GeV energies can be spatially extended [40–42], this issue is still unsettled due to the complexity of this active region and we do not address it here^2.

On the side of spectral signatures of heavy ( >∼ 100 GeV) dark matter candidates, it has been recently noted that addition of the emission of W or Z bosons from final and internal states, neglected in standard computations, could substantially alter the spectrum [53–58], both at low energies and in the energy range close to the DM mass, which is critical for the spectral fits in the GC region. As the magnitude and shape of the spectral corrections in the hard energy region are model dependent we do not consider them here. We however comment on the implications of such corrections on our fits in section III B.

Recently there have been strong indications of a line signature in the Fermi LAT data at around 130 GeV, with a likely origin within <∼ 4^∘ within the GC [59–61]. The morphology of this emission was studied in [62] finding a best fit position ∼ 1.5^∘ off the Galactic Center, with a ∼ 5σ significance of the signal compared to the null-hypothesis. As the nature of this signature is still not clear at the moment, we do not address it here. We simply notice that if the signal proves to be of a noninstrumental origin a DM interpretation would be well motivated (but see [63, 64] for a difficulty to reach needed branching ratios to line channels in the usual WIMP models and [65] for alternative astrophysical explanation of such signal).

In addition to the gamma-ray data analysis, we make a connection with another astrophysical measurement which recently has shown a surprising feature: the lo-

1 For work along similar lines, which instead uses the HESS data to model the standard astrophysical signal in the GeV range see [25, 47].

2 Note that at TeV energies a more extended region, ∼ 2 deg (200 pc) around the GC, known as the Galactic Centre Ridge [52] also has a puzzling spectrum, harder than the surrounding medium. This emission correlates spatially with a complex of giant molecular clouds in the central 200 pc of the Milky Way and one possible explanation, based on energetics of the emission, is that it could have come from a single supernova explosion injecting hard cosmic rays, around 10^4 years ago.

cal population of electrons/positrons as measured by PAMELA, Fermi LAT and HESS experiments (see the recent review in [66] for both dark matter annihilation and astrophysical interpretations). While it has been shown already that dark matter is viable but not necessary to explain these data sets, we return here to the DM interpretation in an attempt to do a more careful calculation for heavy candidates. We consider the full relativistic calculation of energy losses as implemented in the GALPROP code [67, 68], critical for such high energies, and, as opposed to the gamma-ray case, we account for electroweak bremsstrahlung contributions to the electron and positron spectra, which can affect positron fits performed at low energies. Naïvely, as the high energy cut-off in the HESS gamma-ray data is higher than that measured by the HESS electron data, these data imply a different mass of the potential DM candidate. We nevertheless explore this possibility by deriving the best-fit DM regions, marginalizing over DM and astrophysical modeling.

The article is organized as follows: in the section II we briefly summarize observations on the GC source focusing on gamma-ray spectra; in section III A we review DM density profiles in the central parts of our halo and annihilation spectra of heavy DM candidates in III B. In section IV we describe the fits we perform to the Galactic center gamma-ray data, while in section V we focus on the electron and positron measurement. We compare our findings with the current constraints in the literature on multi-TeV DM models in VI and summarize in section VII.

II. ASTROPHYSICS AT THE GALACTIC CENTER

Below we briefly summarize current observations on the GC, and some of the proposed emission models in the gamma-ray range.

Emission from Sgr A* in the radio to sub-mm presents a very hard luminosity spectrum L_ν ∼ ν^α with an index α = 0.8 with a cut-off at about ν ∼ 103 GHz [13]. The angular size of the source depends on the frequency of observation: at 1 GHz, it is of the order of 1.5 arcsec while it reduces to 0.2 milliarcsec at 86 GHz. Variability (though without a clear pattern) is observed at these frequencies.

The quiescent flux in the near-infrared has been detected with the VLT [69], in the energy range 0.3–1 eV, as a point source with a position coincident with the supermassive black hole within an accuracy of 10-20 marcses. Chandra X-ray observatory [70], covering the energy range 0.1–10 keV with an angular resolution of 0.5 arcsec, observed the GC as an extended source with a size of 1.5 arcsec. The near-infrared and X-ray emissions from Sgr A* are characterized by a large variability (on different timescales in the two cases). In addition to the central source, continuum X-ray and radio observations indicates the central 10 pc region of the Galaxy (comparable to the resolution of gamma-ray detectors) as a complex environment characterized by several distinct structures [12, 71].

In VHE gamma rays, the latest analysis of the 93 hours of live time observation of the central source by the HESS collaboration [22] revealed that the spectra of HESS J1745-290 cannot be fitted with a single power law, but that instead a power law spectrum with an exponential cut-off characterized by a photon index of 2.10 ± 0.04 (stat) ± 0.10 (syst) and a cut-off energy at 15.7 ± 3.4 (stat) ± 2.5 (syst) TeV, provides a good fit. A dedicated analysis in [72] was able to localize the position of the TeV point source within 7.3 arcsec ± 8.7 arcsec (stat) ± 8.5 arcsec (syst) from Sgr A*, consistent as well with a pulsar wind nebula 8.7 arcsec from the GC [73]^3. Unlike in the radio and X-Ray observations of the GC, no variability has been observed in the high energy regime [22], potentially indicating that the γ-ray emission mechanism differs from the low energy regime.

The authors of [43] analyzed 25 months of the Fermi LAT data using the P6V3 instrument response function, modeling the diffuse emission and point sources in the 10^∘ × 10^∘ region and in the 100 MeV–300 GeV energy range. The spectral curve for the central source 1FGL J1745.6-2900 was derived to be a power law with a slope Γ = 2.212 ± 0.005 and a flux normalization F = (1.39 ± 0.02) × 10^{−8} cm^{−2} s^{−1} MeV^{−1} at 100 MeV. The authors noted that a better fit is obtained when the spectrum is described by two distinct power laws. In this case, the fitted slope is equal to Γ = 2.196±0.001 in 300 MeV-5 GeV energy range, and Γ= 2.681±0.003 in 5-100 GeV energy range^4. It was also shown in this work that Fermi LAT source 1FGL J1745.6-2900 lies within the error box of HESS source J1745-290.

Various models predict VHE emission from the central source, produced either close to the black hole itself [26, 30] or within an ∼ 10 pc zone around Sgr A* due to the interaction of run-away protons with the ambient medium [27–29].

A theoretical model proposed in [43] which can explain the shape of the combined Fermi LAT and the HESS spectrum considers the hadronic interactions of relativistic protons which, having diffused away from a central source, presumably the central black hole, fill the inner few parsecs of our Galaxy. The size of the region combined with the energy dependence of the diffusion then result in a specific spectral shape. Authors show that the spectra can be well fit after several fitting parameters

3 An angular resolution of approximately 0.1 deg corresponds the distance of 15 pc, when Solar position at 8.5 kpc is assumed.

4 It has also been noted in [43] that the error of the lowest data point might be underestimated. Fermi LAT has a very broad PSF at lower energies, starting from 4^∘ at 100 MeV and rapidly improving to 0.1^∘ at >∼ 10 GeV. Thus, taking into account the possible source confusion in the region, one should treat the first point in the spectrum (100 - 300 MeV) with caution.

are adjusted (free parameters in this model characterize geometry, diffusion and injection rate history). This model has the additional appeal of reconciling variability of SgrA* at lower energies [74] with no variability in gamma rays (as the gamma ray emission originates from a larger region surrounding the black hole and is emitted during the diffusion of the relativistic protons through the interstellar medium). However, due to our poor understanding of the spectrum of protons accelerated by the central black hole, or of past activity of SgrA*, it is not simple to independently test the best-fit parameters in this model.

In this work we remain agnostic about the astrophysical mechanism responsible for the emission of SgrA* and we sample different fitting functions to the Fermi LAT data in order to explore the uncertainty it brings into the DM interpretation of the HESS measurement.

III. DM SIGNAL: DISTRIBUTION AND SPECTRA

A. Signal

The flux of gamma rays from annihilating dark matter in the direction ψ can be written in the following way:

Φ_χ(E, ψ) = dN dE_γ (E) ⟨σv⟩ 8πM^2_χ ∫ los ρ^2(r)dl , (1)

where M_χ is the mass of the WIMP, ⟨σv⟩ is the standard thermal cross-section (assumed to 3 × 10^{−26} unless otherwise stated), ρ(r) is the dark matter density as a function of distance r = √ l^2 + D^2 − 2lD cos ψ away from the center. The generalized NFW density profile is given by ρ(r) =^{ρ0}

(r/a)^γ (1+r/a)^{3−γ} , where a is a length scale, ρ0 is

the density scale and γ sets the inner slope. The total flux for a source observed in a solid angle ΔΩ is

ϕ_χ(E) = ∫ ΔΩ dΩ Φ_χ(E, ψ) = dN dE_γ (E) ⟨σv⟩ 8πM^2_χ ∫ Δ Ω ∫ los ρ^2(r)dl dΩ = Φ_χ(E) J(ΔΩ) . (2)

The particle physics and energy dependence is contained in the function Φ_χ(E), while the astrophysics is contained in the factor J. We assume the spectrum dN/dE_γ to be given by a sum over annihilation channels dN dE_γ = ∑ i dN dE_i . (3)

We assume that ΔΩ = 10^{−5} sr (corresponding to the definition of a point source given the 0.1^∘ resolution of HESS). As we perform only spectral fits, the details of the profile shape are not critical. In what follows we assume the standard NFW dark matter density profile [9] with the following normalization parameters: the Milky Way mass M_{MW} = 1.6×10^{12}M_⊙ [75], the dark matter density ρ_⊙(R_⊙ = 8.5 kpc) = 0.3 GeV cm^{−3} and inner slope γ = 1.0.

In the following we will express part of our results in terms of a ’boost factor’ B_F . We define it as an enhancement of the DM induced gamma-ray signal over the one predicted based on the J factors calculated for the NFW profile and assuming the value of the velocity averaged cross section of ⟨σv⟩_{th} = 3 × 10^{−26} cm^3 s^{−1}. This value of the cross section leads to the correct relic abundance of DM in the simplest thermal decoupling scenarios and depends only logarithmically on the DM mass. We note here that large boost factors could originate both from an enhancement in the cross section or from an enhanced DM density. Non-perturbative electro-weak resonant effects could naturally become relevant for heavy DM candidates and can enhance annihilation cross sections, however only for model-dependent narrow ranges of the DM mass, [76]. We will mention some other possibilities in the following section.

The contraction of the dark matter density profile around the black hole residing in the center of the Galaxy could result in a so-called dark matter ‘spike’, a region of enhanced density. It could form due to the adiabatic growth of the black hole, due to scattering of dark matter with the dense stellar environment around the black hole or due to baryonic infall [77–79] (however events such as binary black hole mergers or off-center supermassive black hole formation could results in the opposite effect.) In the simple adiabatic contraction model the slope of the spike is derived in terms of the inner slope γ as γ_{sp} = 2 + 1/(4 − γ) and has an effect at distances below few parsecs from the black hole. Any of the abovementioned mechanisms could provide an enhancement of the dark matter annihilation signal by a factor of 100 to 1,000 in the innermost region of the Galaxy (for comparison of J-factors in such scenarios we refer the reader to [80].)

B. Spectrum

The spectrum of multi-TeV DM particles has to be treated with care as in collisions with center-of mass energies significantly higher than the weak scale the radiation of electroweak gauge bosons from the products of the DM annihilation/decay becomes possible. The so-called electroweak radiative corrections, neglected until recently [53–58], are expected to have a sizable impact on the energy spectra and branching ratios of SM particles originated from the annihilation/decay of DM particles with mass larger than the electroweak scale.

Under the assumption that tree-level cross sections for processes leading to two final states are dominant over those corresponding to processes with three final states including a gauge boson it is then generically possible to compute such corrections in a model independent way

[54]. These calculations have been implemented in the PPPC4DMID code [81]^5 which we use to to derive the spectra of gammas and electrons from DM annihilations.

A specific consequence of radiative corrections, relevant to our case, is that the total energy is distributed over a large number and variety of low energy particles amplifying the spectrum at lower energies (E ≪ m_χ). We therefore do not expect them to impact our fits of gamma rays and electrons which are measured at high energies, close to the best-fit particle mass. However, positrons are measured at lower energies, where EW corrections affect the spectrum by up to an order of magnitude [53–58].

Nevertheless, it should be mentioned that in some specific cases radiative corrections can lead to large, modeldependent effects on the spectrum at high energies, with hard contributions near the DM mass. This can happen for the emission of photons radiated from virtual charged particles and are particular important for Majorana DM or ‘wino-like’ scenarios [82–84]. These effects lead to the appearance of a sharp line-like signature, which could significantly increase the sensitivity of the DM searches [85, 86]. However, the inclusion of these channels does not significantly improve the quality of our gamma-ray fits (as also found in [32]). Recent works [56, 58, 87] generalized the three-body final states calculations to also include the emission of EW bosons. These however affect the gamma-ray spectrum in the lower x = E_γ /m_{DM} <∼ 0.3 region and are typically rather flat in energy [56] in this range. As the exact spectra and amplitude of these effects are model-dependent we do not consider them here.

In [87] it was shown that for the ‘wino-like’ DM candidates which are expected to mostly produce W W states via inclusion of photon emissions from the initial states actually can make comparable annihilations to threebody final states including fermions ffV (depending on the choice of couplings and exchange particle mass). This is interesting in the view of our analysis here as, as we will see, the gamma ray spectrum is best fit with a combination of W W and harder ττ channels. This issue merits a dedicated investigation which is beyond the scope of this work.

In our analysis, the sum runs over μ^+μ^−, τ^+τ^−, bb̄ and tt̄ annihilation channels. As the DM annihilations to the bb̄ channel result in a gamma-ray spectrum which is very similar to the spectrum of tt̄ and W^+W^− we will use it to mimic all non-leptonic annihilation channels.

5 This calculation assumes that final states are massless, which is in general a good approximation given the high center-of-mass energies that we deal with here.

IV. FITTING GAMMA RAYS FROM THE GALACTIC CENTER

In this work we use the spectral analysis of Fermi LAT data from [39] and HESS data from [22]. We study them in terms of an astrophysical component and a dark matter particle annihilation spectrum, to a combination of representative channels (μ^+μ^−, τ^+τ^−, bb̄). Specifically, under the assumption that a power-law spectrum provides a reasonable fit to point sources (see, e.g., the analysis of the 1FGL catalog, [46]), our model for the joint HE and VHE spectra of the central source (1FGL J1745.6- 2900) consists of the combination of a power-law and two additional contributions.

As a possible alternative, we consider as well a ‘logparabola’ spectrum (shown to better reproduce the spectrum of AGNs in the 2FGL) which adds two parameters while decreasing smoothly at high energy. This will be given by N/dE = K(E/E_0)^{−α−βlog(E/E0 )} , (4) with parameters K, α (spectral slope at E_0) and the curvature β, while E_0 is an arbitrary reference energy.

In analyzing the data, we consider three different sets of data. The first (A) consists of the Fermi LAT data excluding the last data point, assumed to be an outlier, and the HESS data, excluding the last four data points. These omissions are justified by their large error-bars and the potential difficulty in distinguishing the signal from the diffuse emission from the larger ROI in the more uncertain high energy region. In the second data set (B), we consider just the HESS data, still excluding the last four data points. The third case (C) is given instead by the full HESS and Fermi LAT data sets.

The choice of these different combinations is motivated by our specific interest in multi-TeV cutoff apparent in the HESS data. Since the best-fit model would, to a large extent be determined by the Fermi LAT data which present much smaller errors, a comparison of the results from sets A and B is particularly relevant. In what follows we will be mostly considering set A, unless otherwise specified.

As mentioned above, we fit different functional forms to mimic possible astrophysical contributions in the GeV energy range and we add a DM spectrum to model the VHE range. In each case, we minimize the χ^2 over the mass of the dark matter candidate as well as the normalization of the DM flux, and the parameters of the additional function(s). We also marginalize over the branching ratios to μ^+μ^−, τ^+τ^− and b b̄ (with this last spectrum mimicking all non-leptonic annihilation channels).

We start by fitting a power-law of the form Ae^{−Γ} alone (case G.1) and a combination of a power law with the spectrum produced by annihilating dark matter Ae^{−Γ} + ϕ_χ(E) (case G.2) to the data set A, see Fig. 1, top left panel. These two cases clearly cannot accurately reproduce the data sets, and we quote values of χ^2 in case datasets Γ A ×10^{−8} GeV range fit DM mass [TeV] (Br_τ +_τ − ; Br_b¯_b) B^{(2)}_{NF W} χ^2 /d.o.f.

G.1 Fermi+HESS 2.48 6.45 - - - - 5.48 G.2 Fermi+HESS 2.51 6.63 - 12.7 (1.0;0.0) 390 3.34 G.3 Fermi+HESS - 0.25 (E/4.2)^{−2.54−0.07log (E/4.2)} 15.5 (0.45;0.55) 1645 1.4 G.4 Fermi+HESS 2.48 4.8 E^{−1.5}e^{−E/3.4} 12.2 (0.8;0.2) 507 1.0 G.5 Fermi+HESS 2.55 4.4 mχ = 28, BF = 62 18.2 (0.48;0.52) 1400 0.9 G.6 HESS 2.51 3.21 - 18.2 (0.53;0.47) 1075 0.81 G.7 Fermi+HESS(full) 2.59 3.54 E^{−1.44}e^{−E/3.8} 14.9 (0.47;0.53) 1322 1.42 G.8 Fermi+HESS(full) 2.51 3.98 28 18.2 (0.42;0.58) 1685 1.09

TABLE I: Best-fit parameters and χ^2 for different models of the galactic center gamma-ray spectra.

Table I just for reference. In the following we try to improve the low energy fit in order to gauge the impact on the DM fits in the high energy range.

In the first place, we model the emission in the GeV region with an addition of a power law with an exponential cut-off to mimic the potential contribution of an unresolved pulsar population in this region. This will be given by

E_{puls} = E^{−γ} e^{−E/Ecut} . (5)

In this case we find that the best-fit parameters are E_{cut} = 3.8 GeV, γ = 1.6, intriguingly similar to the mean values found in the Fermi LAT pulsar catalog [44]. We do not attempt to make strong statements about the origin of this feature, as it might be challenging to localize a significant pulsar population in a tiny region of about 30 pc^6 (pulsar kicks of 100 km/s allow them to move 10 pc over 0.1 Myr time, assuming they are not gravitationally bound), but we note that that such a spectrum provides a good fit in this case. An HST-based measurement performed in [88] suggests a high star formation rate in this region rich with young (few Myrs) stellar clusters which would naturally produce a numerous pulsar population. In addition older clusters could spiral into the central parsec region drawn by dynamical friction [89] (see also [45] for an interpretation of the extended source SgrA* by millisecond pulsars). We denote the model that includes this exponential cutoff to the power-law and the annihilation spectrum of heavy dark matter fit to data set A as case G.4 in Table I (see Fig. 1, bottom left panel). In addition, and following the Fermi LAT catalog 2FGL, we model the GeV emission by the log-parabola fit, case G.3. We find the best-fit values to be α = 2.5, β = 0.074 and E_0 = 4.2 GeV. This case is shown in the top right panel of Fig. 1 .

Lastly, we model the low energy spectrum with a power law and an additional DM spectrum, which we again marginalize over all the DM masses and channels, case G.5 (Fig. 1, bottom left panel). In this way, we allow the

6 corresponding to the PSF of Fermi LAT at 3 GeV which is >∼ 0.2 deg

most freedom to the fit, and this check is meant to test whether there is a significant impact on the heavy DM derived regions, by allowing for a large freedom in the fits to the low energy data. The χ^2 values for these choices are comparable as well as are the inferred properties of the heavy DM.

In case G.8 we consider the full Fermi and HESS datasets C (Fig. 1, bottom right panel) and check that the fit parameters are not too different from the ones derived in the analysis of dataset A.

As an additional check we consider as well an analysis limited to the HESS data (data set B), defined by a power law and a heavy dark matter annihilation spectrum (case G.6 in Table I). As mentioned before, a power law with an exponential cutoff instead of the superposition of a power law and a heavy dark matter contribution provides a comparably good fit to the HESS data with χ^2/d.o.f. = 0.78.

In the top panels of Fig. 2 we plot the regions in the parameter space m_χ-B_F , as defined in Section III A, for the case G.4, marginalized over all DM annihilation channels. These results are very similar to the results of case G.5. If we fit only the HESS data, the region gets somewhat enlarged towards smaller boost factor values. In the lower panels we plot instead the allowed regions of parameter space considering the DM mass versus the branching ratio to τ^+τ^−, that is m_χ-Br_τ +_τ − . We assume the remaining annihilation products to proceed through softer b b̄-like channels. In both figures, light-blue and blue regions correspond respectively to 95% and 99.999% C.L. regions.

V. LOCAL POPULATION OF ELECTRONS AND POSITRONS AND DM SPECTRAL FITS

The standard established mechanism for producing cosmic ray (CR) positrons is by means of secondary production in the interactions of CR nuclei with interstellar gas. Their measurement was therefore recognized as a way to test models of the production and propagation of cosmic rays in the Galaxy, as well as models of new physics, in particular the annihilations or decays of dark matter [90].

Cases G.1 and G.2 (data set A) Case G.3 (data set A)

Cases G.4 and G.5 (data set A) Cases G.7 and G.8 (data set C)

FIG. 1: Fits to the gamma-ray spectrum of the source 1FGL J1745.6-2900 using Fermi LAT and HESS data. Top, left panel: single power law, case G.1 (dashed, blue curve) and a power law in combination with a heavy dark matter annihilation spectrum, case G.2 (solid, black curve). Top, right panel: log-parabola spectrum, modeling an average pulsar, and a heavy dark matter annihilation spectrum, case G.3 (solid curve). Bottom, left panel: a power-law and two dark annihilation spectra, case G.5 (solid, black curve) and a power law with an exponential cutoff, modeling the pulsar contribution, case G.4 (dashed, blue curve). Bottom, right panel: same the bottom left panel but for data set C, cases G.7 (dashed, blue curve) and G.8 (solid, black curve). In all panels , the dark matter annihilation spectra, the power laws and the exponential cutoff function are plotted separately as dotted lines. See Table I for details.

FIG. 2: Top panels: allowed regions of parameter space mχ-BF (mass of dark matter particle - boost factor) that fit Fermi and HESS galactic center gamma-ray data, case G.4 (top left panel) and that fit HESS data alone, case G.6 (top right panel) (the values of χ^2 for given values of mχ and BF are found by minimizing over a combination of τ^+τ^− and bb̄ dark annihilation channels). Bottom panels: Allowed regions of parameter space mχ-Br_τ +_τ − (mass of dark matter particle - branching ratio to τ^+τ^−) that fit Fermi galactic center gamma-ray data and HESS galactic center gamma-ray data, case G.4 (bottom left panel) and the HESS data alone, case G.6 (bottom right panel). In all cases, light-blue and blue correspond respectively to 95% and 99.999% C.L. regions.

This approach proved to be fruitful as the PAMELA satellite reported a surprising rise of the positron fraction e^+/(e^+ + e^−) above the expected declining astrophysical background from ∼ 10 GeV up to at least 100 GeV [91] (these data confirmed the results from the earlier

HEAT balloon experiment [92] and AMS test-flight [93]). Secondary production mechanism results in a positron fraction that decreases with energy, once diffusion effects are taken into account [94]. The rising positron fraction, also recently confirmed by Fermi LAT measurement, [95], therefore points to an existence of a source of primary positrons.

At the same time, PAMELA measured anti-proton fraction, p̄/(p + p̄), consistent with expectations based on astrophysical secondaries, up to the maximal probed energy of about 200 GeV [96], in agreement with earlier data.

Consistently with the positron rise, the measurement of the total electron (e^+ + e^−) spectrum by Fermi LAT [97] showed a hard E^{−2} power law, opening the possibility that an additional hard spectral component contributes on top of a softer astrophysical spectrum. This measurement was later confirmed by PAMELA [98] and updated by Fermi LAT [95]. The HESS telescope also reports the measurement of the e^+ + e^− energy spectrum above energies of 600 GeV, showing a power law spectrum in agreement with the one from Fermi LAT and measuring a cut-off at around 3 TeV, [99]. This spectrum was subsequently confirmed by the measurement by the MAGIC telescope [100].

There are several candidates for astrophysical sources which may supply this extra-yield of cosmic positrons: i) pulsars could provide sizable contributions to the positron flux from pair conversions of γ rays in their magnetic fields (for recent work see [101–104]), ii) spallation processes of cosmic rays inside SNRs with the gas, during the acceleration stage [105–107] or iii) a more refined treatment of a spatial distribution of sources and gas [108]. In analogy, dark matter annihilation (or decay) can also provide a needed source of positrons, provided that its annihilation cross section is enhanced with respect to the value expected for WIMPs and that dark matter is either heavy, or has suppressed decay to hadronic states, otherwise the antiproton measurements would be exceeded [109, 110].

In the comprehensive work of [111], the authors modeled electron/positron contribution of pulsars and local supernovae, and showed that, while one cannot predict the local electron and positron fluxes (as the overall spectrum is mostly set by a hierarchy in the local sources), it is still possible to explain current measurements by means of reasonable parameterizations of the source and propagation, without requiring exotic contributions.

In early calculations of the dark matter electron/positron contribution to the locally measured spectra, energy losses were calculated assuming the Thompson regime [110, 112–119]. However, it has been noted that the Thomson approximation is no longer valid for energies at Earth above a few tens of GeV, for which a full relativistic description is consequently necessary, [120]. Here we employ a full relativistic Klein-Nishina calculation as implemented in the GALPROP code (see also [121]). We also use an injection spectrum of dark matter annihilation products which takes into account electroweak bremstrahlung [81], important for dark matter and specially for positron fraction at lower energies.

In what follows, we set aside the question of the normalization of DM signals in the GC and local regions and ask the question whether there is a spectral overlap between the gamma-ray feature and the feature in the electron and positron data at TeV energies.

The data on the total flux of electrons and positrons are available in the range 1 GeV through 4.5 TeV, with PAMELA covering the lower part from 1 through 625 GeV [98], Fermi LAT in the range 20 GeV-1 TeV [97] and HESS [99] in the range 370 GeV - 4.5 TeV. To account for systematic uncertainties to the statistical errors provided in the HESS dataset, we have added a systematic uncertainty from the HESS band bin by bin.

We will use the term ‘electrons’ to imply the total electron plus positron flux which we describe by the sum of a power-law astrophysical component (modulated by the solar potential when required) plus a dark matter contribution. We note that a simple power-law is not expected to necessarily be the best fit for the astrophysical electron spectrum in the high energy range, where the stochastic nature of nearby sources needs to be taken into account but we resort to this parametrization for simplicity. In addition, to circumvent this problem while exploring the position of the energy (or DM mass) cut-off, we focus only on the HESS data.

We have found the best fits for the combination of the PAMELA, Fermi LAT and complete HESS datasets modeling the attenuation of the flux at energies below 10 GeV due to solar modulation by rescaling the spectrum [122, 123]. A first approach consists in keeping the solar modulation potential ϕ as a free parameter (case E.1), while a second approach assumes a fixed value ϕ = 600 MV (case E.2). To minimize the effect of solar modulation, we have also considered a power law and dark matter fit for the Fermi LAT and the complete HESS datasets alone, thereby restricting ourselves to the range above 20 GeV (case E.3) but including a fit to the positrons data from Fermi LAT. Finally, case E.4 corresponds to fitting just the HESS datasets with dark matter. In Table II we list the parameters values corresponding to the best fits for all mentioned cases. The results for the cases mentioned above are shown in Fig. 3.

Fig. 4 shows the regions of parameters space m_χ- Br_τ +_τ − (dark matter mass - branching ratio to τ^+τ^−) that fit PAMELA, Fermi LAT and HESS electrons and positrons data with varying solar potential ϕ, case E.1 (left panel) and e^+ +e^− data with, in addition, the Fermi LAT e^+ data, case E.3 (right panel). Light-orange and red correspond respectively to the 95% and 99.999% C.L. regions.

In Fig. 5, we plot the allowed regions in the same parameter space m_χ-Br_τ +_τ − from the HESS GC gammarays analysis, case G.6, and HESS e^+ +e^− data, case E.4.

Finally, Fig. 6 shows the regions in the parameters space m_χ-boost factor for the e^+ +e^− data corresponding to case E.3. The boost factors required by the DM fits in this case are an order of magnitude higher than the ones implied by the GC gamma-ray data. This poses case datasets mass[TeV] (Br_τ +_τ − ; Br_b¯_b; Br_μ+_μ− ) 10^{−3} × BNF W Γ A ϕ [MV] χ^2 /d.o.f. E.1 PAMELA+Fermi+HESS 3 (0.9997;0;0) 12.8 3.72 1943 986 0.3 E.2 PAMELA+Fermi+HESS 3 (0;0;0.9996) 1.38 3.33 595 600 1.3 E.3 Fermi +HESS (+Fermi e^+) 3 (0.9997;0;0) 8.7 3.32 400 - 0.05 E.4 HESS 9 (0.035;0.965;0) 94.9 - - - 0.4

TABLE II: Fit to the electron and positron spectra

FIG. 3: Left panel: best fits for case E.1 (solid curve) and E.2 (dashed curve). Right panel: best fits for case E.3 (solid curve) and E.4 (dashed curve). In both panels, individual components of the fits (power law and the dark matter spectrum) are shown by the dotted lines. The best-fit values for the parameters are given in Table II.

an additional difficulty in relating these two phenomena and at the same time points to the fact that a potential signal in the GC regions would not be in a conflict with the local measurement of electrons/positrons.

In order to alleviate the problem of high boost factors, an explanation of the electron flux in terms of dark matter annihilating in a nearby clump has been proposed in [124, 125]. The normalization of the flux then depends on the size and the density profile of the clump as well as on the distance to the clump. The farther away we place the clump, the bigger and/or denser we have to make it to achieve the same required boost factor. The effect on the spectral shape, however, is not degenerate. In fact, the high-energy cutoff in the electron spectrum is inversely proportional to the distance to the source of electrons [99, 126]. In such a way a spectrum of electrons which initially extended to higher energies would appear to us as being cut off to lower energies and it is conceivable that an explanation of electron flux in terms dark matter annihilating in a nearby clump could be more spectrally consistent with the explanation of gamma-ray data from the galactic center.

However, large clumps needed are very unlikely at the required distance to the Solar neighborhood [127] and it was shown in [114] that the average contribution of the clumps is expected to be negligible compared to that of the smooth dark matter component. Despite these considerable difficulties, a study of electrons due to clumpy DM in the light of models we consider here could be of potential interest.

VI. CONSTRAINTS ON ANNIHILATION CROSS-SECTION FOR HEAVY DM CANDIDATES

In this section, we briefly compare our results with current constraints, focusing on heavy ( >∼ 1 TeV) DM candidates (for a recent review on indirects constraints on DM annihilation cross section see [66].) We should underline that the analysis in this work relies mainly on spectral features, whose normalization constrain the product of cross section and dark matter density. The significant uncertainty on the density in this particular region results in turn in a large uncertainty on our predictions for the annihilation cross section (⟨σv⟩) so that comparisons with the limits on ⟨σv⟩ listed below should therefore be

FIG. 4: Allowed regions of parameters space mχ-Br_τ +_τ − (DM mass - branching ratio to τ^+τ^−) from the analysis of PAMELA, Fermi LAT and HESS e^+ + e^− data, case E.1 (left panel) and Fermi LAT and HESS e^+ + e^− data with, in addition, the Fermi LAT e^+ data, case E.3 (right panel). Orange and red correspond respectively to the 95% and 99.999% C.L. regions.

FIG. 5: Allowed regions of parameter space mχ-Br_τ +_τ − (DM mass - branching ratio to τ^+τ^−) from the fit of the HESS GC gamma-ray data, case G.6 and the HESS e^+ + e^− data, case E.4. Light-blue and blue correspond to the 95% and 99.999% C.L. regions from the gamma-ray data and orange and red correspond instead to the 95% and 99.999% C.L. regions from the electron data.

taken only approximately.

• HESS GC halo analysis [128] (see also [129]). HESS observations of the Galactic Center present the strongest constraints on WIMP dark matter annihilation into Standard Model particles for >∼ 1 TeV, given a dark matter Milky Way density described by a non-adiabatically-contracted NFW or Einasto profile. DM signal search in [128] is performed with a projected galactocentric distance of 45 pc – 150 pc (corresponding to an angular distance of 0.3^∘ – 1.0^∘), excluding the Galactic plane. Note, however, that for an isothermal halo profile, the signal would be completely subtracted in this analysis (as backgrounds are modeled according to the signal in the sorrounding region) and therefore if the DM signal is flat at distances >∼ 45 pc, this limit does not apply. Limits are derived under the assumption that DM particles annihilate into quark-antiquark pairs, and constraints DM annihilation cross sections of the order 2×10^{−24} cm^3s^{−2}, or boost factors of 140 in our notation (when we renormalize to the same local density of DM) at 10 TeV.

• GC ridge [130]. A band of diffuse emission along the GC ridge, was used to derive upper limits on a DM induced signal [131–133]. The limits are somewhat worse than in the analysis mentioned above, and are of the order of 10^{−23} cm^3s^{−2}, or boost factors of 700 in our notation at 10 TeV, for the annihilation channel to τ^+τ^−.

• PAMELA antiproton data [96] were used to set limits on DM annihilations to hadronic final states [109, 110]. Recently [134, 135] considered the case in which the dark matter is constituted by Majorana particles and studied the annihilation process into two fermions and one gauge boson which, under some circumstances, can have a non-negligible or even a larger cross section than the lowest order annihilation process into two fermions as we discussed in section III B. They performed a general analysis of this scenario, calculating the annihilation cross section of the three body final state processes, χχ → ff̄V when the dark matter particle is a SU(2)_L singlet or doublet, where f is a lepton or a quark, and V is a photon, a weak gauge boson or a gluon. This framework is relevant in the context of this analysis as heavier DM is expected to produce an additional gauge boson more readily.They set a limit on the value of the boost factor at ∼ 10^3 at 5 TeV, for the case of singlet DM coupled to quarks (limits in the case of a coupling to leptons are weaker).

• Neutrino observations (ICE CUBE [136] and SuperKamiokande [133, 137]). Such observations have the advantage that higher energy neutrinos coming from heavier DM annihilations also have a higher cross section for detection and thus the loss in rate is partially compensated by the increase in sensitivity. Neutrino constraints become therefore somewhat competitive with γ-ray bounds at large DM masses, reaching cross sections of ∼ 10^{−22} cm^3s^{−2} at 10 TeV.

• Multi-wavelength analysis. A systematic study of the multi–wavelength signal induced by WIMP annihilations at the GC was performed in [51] (see also [138] for X-ray constraints, and [139, 140], for synchrotron constraints). The authors shown that the luminosity of the WIMP source and experimental sensitivity at different frequencies is at a comparable level, depending rather weakly on WIMP mass and annihilation channels. For 10 TeV DM mass and τ^+τ^− annihilation channels the most stringent constraints come from the near-infrared VLT data in the Ks band (2.16 μm) based on the observation within the central 10-20 milliarcsec ( <∼ 0.01 pc). For the assumed adiabatically contracted DM profile (enhanced by about a factor of 100 with respect to the NFW profile in that region) limits are at the level of ⟨σv⟩ <∼ 10^{−26} cm^{−3}s^{−1}, roughly consistent with the ones derived in this work. These limits however depend on the details of the DM density profile as well as on the energy loss and propagation parameters of electrons produced in DM annihilations in the close vicinity of the black hole.

• Unitarity arguments. In [141] it was shown that unitarity arguments imply interesting constraints

FIG. 6: The regions of parameter space mχ-BF (mass of dark matter particle - boost factor) that fit Fermi and HESS electron data, case E.3 (the values of χ^2 for given values of mχ and BF are found by minimizing over a combination of τ^+τ^− and bb̄ dark annihilation channels). Faded orange and red correspond to 95% and 99.999% C.L. regions.

on strongly annihilating dark matter constraining annihilation cross sections to be weaker than ∼ 10^{−21} cm^3s^{−2} at 10 TeV.

VII. SUMMARY

In this work, we fit the gamma ray spectrum of the central Galactic source over five decades in energy from the joint Fermi LAT and HESS data by making several choices to model the astrophysical emission and adding a heavy DM contribution. In particular we model the joint spectra with a combination of a power law, a spectrum of unresolved pulsars and a DM contribution. Good fits are achieved with a power law with a slope index of ∼ 2.5 − 2.6, an exponential cut-off with index similar to those of the observed pulsar population and >∼ 10 TeV DM decaying to a mixture of b b̄ and harder τ^+ τ^− channels. We show that, alternatively, the GC gamma-ray spectrum can be well fit with a log-parabola and heavy DM spectrum alone. The best fit in this case is realized by a somewhat heavier DM annihilating with higher branching ratios to channels resulting in softer f b b̄-like spectra. We also performed a fit to the HESS data alone, and conclude that the DM parameter space is less constrained in this case, allowing for a wider mass range and combinations of hard and soft channels.

The best fit DM models generally require boost factors of the order of 100-300 (for a DM mass of 10 TeV), when compared to the values expected based on the NFW profile and a thermal annihilation cross-section. These values are consistent or in a mild tension with the constraints derived analyzing the HESS data in the region 45-100 pc away from the GC [128]. However, the DM profiles in the vicinity of the super massive black hole could be slightly enhanced with respect to their shape at distances larger than 50 pc away, where GC halo constraints were derived, thereby loosening such constraints.

In addition, by leaving a large freedom in our parameters, we explore whether there might be an overlap in the DM parameter space obtained when considering the Galactic center gamma ray and local electron/positron data. We studied the DM mass-branching ratio to τ allowed parameter space, m_χ-Br_τ +_τ − , for the gamma ray and electrons and positrons data, based on spectral features and find that the 99.999% C.L. regions overlap only marginally.

Acknowledgments

We thank Kathrin Egberts and Daniela Borla Tridon for providing or referring to the data. We kindly thank Torsten Bringmann, Illias Cholis, Marco Cirelli, Emanuel Moulin, Emiliano Sefusatti, Pasquale Serpico and Andrea de Simone for numerous discussions. AB was supported by a grant of 47th Rencontres de Moriond meeting. GZ is grateful to the Institut d’Astrophysique de Paris for hospitality during completion of this project.

[1] http://fermi.gsfc.nasa.gov/ssc/. [2] http://veritas.sao.arizona.edu/. [3] http://www.mpi hd.mpg.de/hfm/HESS/. [4] http://magic.mppmu.mpg.de/. [5] http://pamela.roma2.infn.it/index.php. [6] http://cosmicray.umd.edu/cream/. [7] http://icecube.wisc.edu/. [8] http://antares.in2p3.fr/.

[9] Julio F. Navarro, Carlos S. Frenk, and Simon D.M.

White. The Structure of cold dark matter halos. Astrophys.J., 462:563–575, 1996.

[10] Alister W. Graham, David Merritt, Ben Moore, Juerg Diemand, and Balsa Terzic. Empirical models for Dark Matter Halos. I. Nonparametric Construction of Density Profiles and Comparison with Parametric Models. Astron.J., 132:2685–2700, 2006.

[11] Julio F. Navarro, Aaron Ludlow, Volker Springel, Jie Wang, Mark Vogelsberger, et al. The Diversity and Similarity of Cold Dark Matter Halos. 2008.

[12] Fulvio Melia and Heino Falcke. The supermassive black hole at the galactic center. Ann.Rev.Astron.Astrophys., 39:309–352, 2001.

[13] Ramesh Narayan, Rohan Mahadevan, Jonathan E.

Grindlay, Robert G. Popham, and Charles Gammie. Advection-dominated accretion model of sagittarius a*: evidence for a black hole at the galactic center. Astrophys.J., 492:554–568, 1998.

[14] R. Genzel, R. Schodel, Thomas Ott, A. Eckart, T. Alexander, et al. Near-infrared flares from accreting gas around the supermassive black hole at the galactic centre. Nature, 425:934–937, 2003.

[15] Yann Clenet, D. Rouan, E. Gendron, F. Lacombe, A.- M. Lagrange, et al. The Infrared L’-band view of the Galactic Center with NAOS-CONICA at VLT. Astron.Astrophys., 417:L15–L20, 2004.

[16] Frederick K. Baganoff, Y. Maeda, M. Morris, M.W.

Bautz, W.N. Brandt, et al. Chandra x-ray spectroscopic imaging of Sgr A* and the central parsec of the Galaxy. Astrophys.J., 591:891–915, 2003.

[17] Ya-Di Xu, Ramesh Narayan, Eliot Quataert, Feng Yuan, and Frederick K. Baganoff. Thermal x-ray iron line emission from the galactic center black hole sagittarius a*. Astrophys.J., 640:319–326, 2006.

[18] H.A. Mayer-Hasselwander, D.L. Bertsch, B.L. Dingus, A. Eckart, J.A. Esposito, et al. High-energy gamma-ray emission from the galactic center. Astron.Astrophys., 335:161–172, 1998.

[19] K. Kosack et al. TeV gamma-ray observations of the galactic center. Astrophys.J., 608:L97–L100, 2004.

[20] Ken’ichi Tsuchiya et al. Detection of sub-TeV gamma-rays from the Galactic Center direction by CANGAROO-II. Astrophys.J., 606:L115–L118, 2004.

[21] F. Aharonian et al. Very high-energy gamma rays from the direction of Sagittarius A*. Astron.Astrophys., 425:L13–L17, 2004.

[22] F. Aharonian. Spectrum and variability of the Galactic Center VHE gamma-ray source HESS J1745-290. Astron.Astrophys., 503:817, 2009.

[23] J. Albert et al. Observation of gamma-rays from the galactic center with the magic telescope. Astrophys.J., 638:L101–L104, 2006.

[24] M. Beilicke and for the VERITAS Collaboration. The Galactic Center Region Imaged by VERITAS. 2011.

[25] Gabrijela Zaharijas and Dan Hooper. Challenges in Detecting Gamma-Rays From Dark Matter Annihilations in the Galactic Center. Phys.Rev., D73:103501, 2006.

[26] Felix Aharonian and Andrii Neronov. High energy gamma rays from the massive black hole in the Galactic center. Astrophys.J., 619:306–313, 2005.

[27] Felix Aharonian and Andrii Neronov. TeV gamma rays from the Galactic Center. Direct and indirect linkes to the massive black hole in Sgr A*. Space Sci.Rev., 2005.

[28] Si-Ming Liu, Fulvio Melia, Vahe Petrosian, and Marco Fatuzzo. Stochastic acceleration in the galactic center hess source. Astrophys.J., 647:1099–1105, 2006.

[29] Yan-Ping Wang, Ye Lu, and Li Chen. Injected spectrum for TeV gamma-ray emission from the galactic center. Res.Astron.Astrophys., 9:761–769, 2009.

[30] Armen Atoyan and Carles D. Dermer. TeV emission from the Galactic Center black-hole plerion. Astrophys.J., 617:L123–L126, 2004.

[31] Dan Hooper, Ignacio de la Calle Perez, Joseph Silk,

Francesc Ferrer, and Subir Sarkar. Have atmospheric Cerenkov telescopes observed dark matter? JCAP, 0409:002, 2004.

[32] Stefano Profumo. TeV gamma-rays and the largest masses and annihilation cross sections of neutralino dark matter. Phys.Rev., D72:103521, 2005.

[33] F. Aharonian et al. H.E.S.S. observations of the Galactic Center region and their possible dark matter interpretation. Phys.Rev.Lett., 97:221102, 2006.

[34] J.A.R. Cembranos, V. Gammaldi, and A.L. Maroto.

Dark matter origin of the gamma ray emission from the galactic center observed by HESS. 2012.

[35] A.A. Abdo et al. Fermi Large Area Telescope First Source Catalog. Astrophys.J.Suppl., 188:405–436, 2010.

[36] Vincenzo Vitale and Aldo Morselli. Indirect Search for Dark Matter from the center of the Milky Way with the Fermi-Large Area Telescope. 0912.3828, 2009.

[37] Johann Cohen-Tanugi. Talk at the Fermi Symposium: The Fermi-LAT Source at the Galactic Center. http://fermi.gsfc.nasa.gov/science/mtgs/symposia/2009/session4.html, 2009.

[38] Christine Meurer. Talk at TeVPA: Fermi’s view of the Galactic center. http://wwwconf.slac.stanford.edu/tevpa09/Talks.asp, 2009.

[39] M. Chernyakova, D. Malyshev, F.A. Aharonian, R.M.

Crocker, and D.I. Jones. Galactic center at very highenergies. Astrophys.J., 726:60, 2011.

[40] Alexey Boyarsky, Denys Malyshev, and Oleg Ruchayskiy. A comment on the emission from the Galactic Center as seen by the Fermi telescope. Phys.Lett., B705:165–169, 2011.

[41] Dan Hooper and Lisa Goodenough. Dark Matter Annihilation in The Galactic Center As Seen by the Fermi Gamma Ray Space Telescope. Phys.Lett., B697:412– 428, 2011.

[42] Dan Hooper and Tim Linden. On The Origin Of The Gamma Rays From The Galactic Center. Phys.Rev., D84:123005, 2011. 13 pages, 11 figures.

[43] M. Chernyakova, D. Malyshev, F.A. Aharonian, R.M.

Crocker, and D.I. Jones. The high-energy, Arcminutescale galactic center gamma-ray source. Astrophys.J., 726:60, 2011.

[44] A.A. Abdo et al. The First Fermi Large Area Telescope Catalog of Gamma-ray Pulsars. Astrophys.J.Suppl., 187:460–494, 2010.

[45] Kevork N. Abazajian. The Consistency of Fermi-LAT Observations of the Galactic Center with a Millisecond Pulsar Population in the Central Stellar Cluster. JCAP, 1103:010, 2011.

[46] The Fermi-LAT Collaboration. Fermi Large Area Telescope Second Source Catalog. Astrophys.J.Suppl., 199:31, 2012.

[47] Tesla E. Jeltema and Stefano Profumo. Fitting the Gamma-Ray Spectrum from Dark Matter with DM- FIT: GLAST and the Galactic Center Region. JCAP, 0811:003, 2008.

[48] Tim Linden, Elizabeth Lovegrove, and Stefano Profumo. The Morphology of Hadronic Emission Models for the Gamma-Ray Source at the Galactic Center. Astrophys.J., 753:41, 2012.

[49] Tim Linden and Stefano Profumo. Exploring the Nature of the Galactic Center Gamma-Ray Source with the Cherenkov Telescope Array. 2012.

[50] Pasquale D. Serpico and Gabrijela Zaharijas. Optimal angular window for observing Dark Matter annihilation from the Galactic Center region: the case of γ^− ray lines. Astropart.Phys., 29:380–385, 2008.

[51] Marco Regis and Piero Ullio. Multi-wavelength signals of dark matter annihilations at the Galactic center. Phys.Rev., D78:043505, 2008.

[52] F. Aharonian et al. Discovery of very-high-energy gamma-rays from the galactic centre ridge. Nature, 439:695–698, 2006.

[53] M. Kachelriess, P.D. Serpico, and M. Aa. Solberg. On the role of electroweak bremsstrahlung for indirect dark matter signatures. Phys.Rev., D80:123533, 2009.

[54] Paolo Ciafaloni, Denis Comelli, Antonio Riotto, Filippo Sala, Alessandro Strumia, et al. Weak Corrections are Relevant for Dark Matter Indirect Detection. JCAP, 1103:019, 2011.

[55] Nicole F. Bell, James B. Dent, Thomas D. Jacques, and Thomas J. Weiler. Dark Matter Annihilation Signatures from Electroweak Bremsstrahlung. Phys.Rev., D84:103517, 2011.

[56] Paolo Ciafaloni, Marco Cirelli, Denis Comelli, Andrea De Simone, Antonio Riotto, et al. On the Importance of Electroweak Corrections for Majorana Dark Matter Indirect Detection. JCAP, 1106:018, 2011.

[57] Nicole F. Bell, James B. Dent, Ahmad J. Galea, Thomas D. Jacques, Lawrence M. Krauss, et al. W/Z Bremsstrahlung as the Dominant Annihilation Channel for Dark Matter, Revisited. Phys.Lett., B706:6–12, 2011.

[58] Paolo Ciafaloni, Marco Cirelli, Denis Comelli, Andrea De Simone, Antonio Riotto, et al. Initial State Radiation in Majorana Dark Matter Annihilations. JCAP, 1110:034, 2011.

[59] Christoph Weniger. A Tentative Gamma-Ray Line from Dark Matter Annihilation at the Fermi Large Area Telescope. 2012.

[60] Alexey Boyarsky, Denys Malyshev, and Oleg 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. 2012.

[61] Elmo Tempel, Andi Hektor, and Martti Raidal. Fermi 130 GeV gamma-ray excess and dark matter annihilation in sub-haloes and in the Galactic centre. 2012.

[62] Meng Su and Douglas P. Finkbeiner. Strong Evidence for Gamma-ray Line Emission from the Inner Galaxy. 2012.

[63] Wilfried Buchmuller and Mathias Garny. Decaying vs Annihilating Dark Matter in Light of a Tentative Gamma-Ray Line. 2012.

[64] Timothy Cohen, Mariangela Lisanti, Tracy R. Slatyer, and Jay G. Wacker. Illuminating the 130 GeV Gamma Line with Continuum Photons. 2012.

[65] F. Aharonian, D. Khangulyan, and D. Malyshev. Cold ultrarelativistic pulsar winds as potential sources of galactic gamma-ray lines above 100 GeV. 2012.

[66] Marco Cirelli. Indirect Searches for Dark Matter: a status review. 2012.

[67] Troy A. Porter, Igor V. Moskalenko, Andrew W. Strong, Elena Orlando, and Laurent Bouchet. Inverse Compton Origin of the Hard X-Ray and Soft Gamma-Ray Emission from the Galactic Ridge. Astrophys.J., 682:400– 407, 2008.

[68] Andrey E. Vladimirov, Seth W. Digel, Gudlaugur Johannesson, Peter F. Michelson, Igor V. Moskalenko, et al. GALPROP WebRun: an internet-based service for calculating galactic cosmic ray propagation and associated photon emissions. Comput.Phys.Commun., 182:1156–1161, 2011.

[69] http://www.eso.org/public/teles instr/vlt.html. [70] http://chandra.harvard.edu/.

[71] Roland M. Crocker, David Jones, Fulvio Melia, Jurgen Ott, and Raymond J. Protheroe. A lower limit of 50 microgauss for the magnetic field near the Galactic Centre. Nature, 468:65, 2010.

[72] H.E.S.S. Collaboration Acero, F. et al. Localizing the VHE γ-ray source at the Galactic Centre. MNRAS, 402:1877–1882, March 2010.

[73] Q. Daniel Wang, F.J. Lu, and E.V. Gotthelf.

G359.95-0.04: pulsar candidate near sgr a*. Mon.Not.Roy.Astron.Soc., 367:937–944, 2006.

[74] R. Terrier, G. Ponti, G. Belanger, A. Decourchelle, V. Tatischeff, et al. Fading hard X-ray emission from the Galactic Centre molecular cloud Sgr B2. Astrophys.J., 719:143–150, 2010.

[75] Oleg Y. Gnedin, Warren R. Brown, Margaret J. Geller, and Scott J. Kenyon. The Mass Profile of the Galaxy to 80 kpc. Astrophys.J., 720:L108, 2010.

[76] Junji Hisano, Shigeki. Matsumoto, Mihoko M. Nojiri, and Osamu Saito. Non-perturbative effect on dark matter annihilation and gamma ray signature from galactic center. Phys.Rev., D71:063528, 2005.

[77] Paolo Gondolo and Joseph Silk. Dark matter annihilation at the galactic center. Phys.Rev.Lett., 83:1719– 1722, 1999.

[78] Oleg Y. Gnedin and Joel R. Primack. Dark Matter Profile in the Galactic Center. Phys.Rev.Lett., 93:061302, 2004.

[79] Francisco Prada, Anatoly Klypin, Jose Flix Molina, M. Martinez, and E. Simonneau. Dark Matter Annihilation in the Milky Way Galaxy: Effects of Baryonic Compression. Phys.Rev.Lett., 93:241301, 2004.

[80] Gianfranco Bertone and David Merritt. Timedependent models for dark matter at the Galactic Center. Phys.Rev., D72:103502, 2005.

[81] Marco Cirelli, Gennaro Corcella, Andi Hektor, Gert Hutsi, Mario Kadastik, et al. PPPC 4 DM ID: A Poor Particle Physicist Cookbook for Dark Matter Indirect Detection. JCAP, 1103:051, 2011.

[82] Lars Bergstrom. RADIATIVE PROCESSES IN DARK MATTER PHOTINO ANNIHILATION. Phys.Lett., B225:372, 1989.

[83] Ricardo Flores, Keith A. Olive, and Serge Rudaz.

RADIATIVE PROCESSES IN LSP ANNIHILATION. Phys.Lett., B232:377–382, 1989.

[84] Lars Bergstrom, Torsten Bringmann, and Joakim Edsjo.

New Positron Spectral Features from Supersymmetric Dark Matter - a Way to Explain the PAMELA Data? Phys.Rev., D78:103520, 2008.

[85] Torsten Bringmann, Francesca Calore, Gilles Vertongen, and Christoph Weniger. On the Relevance of Sharp Gamma-Ray Features for Indirect Dark Matter Searches. Phys.Rev., D84:103525, 2011.

[86] Torsten Bringmann, Xiaoyuan Huang, Alejandro Ibarra, Stefan Vogl, and Christoph Weniger. Fermi LAT Search for Internal Bremsstrahlung Signatures from Dark Matter Annihilation. 2012.

[87] Paolo Ciafaloni, Denis Comelli, Andrea De Simone,

Antonio Riotto, and Alfredo Urbano. Electroweak bremsstrahlung for wino-like Dark Matter annihilations. JCAP, 1206:016, 2012.

[88] Donald F. Figer, R. Michael Rich, Sungsoo S. Kim, Mark Morris, and Eugene Serabyn. An extended star formation history for the Galactic Center from Hubble Space Telescope / NICMOS observations. Astrophys.J., 601:319–339, 2004.

[89] O. Gerhard. The Galactic Center HE I Stars: Remains of a Dissolved Young Cluster? ApJ, 546:L39–L42, January 2001.

[90] Joseph Silk and Mark Srednicki. Cosmic Ray anti- Protons as a Probe of a Photino Dominated Universe. Phys.Rev.Lett., 53:624, 1984.

[91] O. Adriani et al. An anomalous positron abundance in cosmic rays with energies 1.5-100 GeV. Nature, 458:607– 609, 2009.

[92] S.W. Barwick et al. Measurements of the cosmic ray positron fraction from 1-GeV to 50-GeV. Astrophys.J., 482:L191–L194, 1997.

[93] M. Aguilar et al. Cosmic-ray positron fraction measurement from 1 to 30-GeV with AMS-01. Phys.Lett., B646:145–154, 2007.

[94] Pasquale D. Serpico. Astrophysical models for the origin of the positron ’excess’. 2011.

[95] M. Ackermann et al. Measurement of separate cosmicray electron and positron spectra with the Fermi Large Area Telescope. Phys.Rev.Lett., 108:011103, 2012. 5 figures, 1 table, revtex 4.1.

[96] O. Adriani et al. PAMELA results on the cosmic-ray antiproton flux from 60 MeV to 180 GeV in kinetic energy. Phys.Rev.Lett., 105:121101, 2010.

[97] A. A. Abdo et al. Measurement of the Cosmic Ray e+ plus e- spectrum from 20 GeV to 1 TeV with the Fermi Large Area Telescope. Phys.Rev.Lett., 102:181101, 2009. 6 pages, 3 figures - submitted to Physical Review Letters on March 19, published online on May 4 - contact authors: L. Latronico, A. Moiseev.

[98] O. Adriani et al. The cosmic-ray electron flux measured by the PAMELA experiment between 1 and 625 GeV. Phys.Rev.Lett., 106:201101, 2011.

[99] Kathrin Egberts. The spectrum of cosmic-ray electrons measured with H.E.S.S. Nucl.Instrum.Meth., A630:36– 39, 2011.

[100] D. Borla Tridon, P. Colin, L. Cossio, M. Doro, and V. Scalzotto. Measurement of the cosmic electron plus positron spectrum with the MAGIC telescopes. 2011.

[101] Dan Hooper, Pasquale Blasi, and Pasquale Dario Serpico. Pulsars as the Sources of High Energy Cosmic Ray Positrons. JCAP, 0901:025, 2009.

[102] Hasan Yuksel, Matthew D. Kistler, and Todor Stanev.

TeV Gamma Rays from Geminga and the Origin of the GeV Positron Excess. Phys.Rev.Lett., 103:051101, 2009.

[103] Stefano Profumo. Dissecting cosmic-ray electronpositron data with Occam’s Razor: the role of known Pulsars. Central Eur.J.Phys., 10:1–31, 2011.

[104] Dmitry Malyshev, Ilias Cholis, and Joseph Gelfand.

Pulsars versus Dark Matter Interpretation of ATIC/PAMELA. Phys.Rev., D80:063005, 2009.

[105] Pasquale Blasi and Pasquale D. Serpico. Highenergy antiprotons from old supernova remnants. Phys.Rev.Lett., 103:081103, 2009.

[106] Philipp Mertsch and Subir Sarkar. Testing astrophysical models for the PAMELA positron excess with cosmic ray nuclei. Phys.Rev.Lett., 103:081104, 2009.

[107] Markus Ahlers, Philipp Mertsch, and Subir Sarkar. On cosmic ray acceleration in supernova remnants and the FERMI/PAMELA data. Phys.Rev., D80:123017, 2009.

[108] Nir J. Shaviv, Ehud Nakar, and Tsvi Piran. Natural explanation for the anomalous positron to electron ratio with supernova remnants as the sole cosmic ray source. Phys.Rev.Lett., 103:111302, 2009.

[109] F. Donato, D. Maurin, P. Brun, T. Delahaye, and P. Salati. Constraints on WIMP Dark Matter from the High Energy PAMELA p̄/p data. Phys.Rev.Lett., 102:071301, 2009.

[110] Marco Cirelli, Mario Kadastik, Martti Raidal, and Alessandro Strumia. Model-independent implications of the e+-, anti-proton cosmic ray spectra on properties of Dark Matter. Nucl.Phys., B813:1–21, 2009.

[111] T. Delahaye, J. Lavalle, R. Lineros, F. Donato, and N. Fornengo. Galactic electrons and positrons at the Earth:new estimate of the primary and secondary fluxes. Astron.Astrophys., 524:A51, 2010.

[112] Edward A. Baltz and Joakim Edsjo. Positron propagation and fluxes from neutralino annihilation in the halo. Phys.Rev., D59:023511, 1998.

[113] Dan Hooper and Graham D. Kribs. Kaluza-Klein dark matter and the positron excess. Phys.Rev., D70:115004, 2004.

[114] J. Lavalle, Q. Yuan, D. Maurin, and X.J. Bi. Full Calculation of Clumpiness Boost factors for Antimatter Cosmic Rays in the light of Lambda-CDM N-body simulation results. Abandoning hope in clumpiness enhancement? Astron.Astrophys., 479:427–452, 2008.

[115] Masaki Asano, Shigeki Matsumoto, Nobuchika Okada, and Yasuhiro Okada. Cosmic positron signature from dark matter in the littlest Higgs model with T-parity. Phys.Rev., D75:063506, 2007.

[116] Lars Bergstrom, Joakim Edsjo, and Gabrijela Zaharijas. Dark matter interpretation of recent electron and positron data. Phys.Rev.Lett., 103:031103, 2009.

[117] T. Delahaye, R. Lineros, F. Donato, N. Fornengo, and P. Salati. Positrons from dark matter annihilation in the galactic halo: Theoretical uncertainties. Phys.Rev., D77:063527, 2008.

[118] Lidia Pieri, Julien Lavalle, Gianfranco Bertone, and Enzo Branchini. Implications of High-Resolution Simulations on Indirect Dark Matter Searches. Phys.Rev., D83:023518, 2011.

[119] R. Catena, N. Fornengo, M. Pato, L. Pieri, and A. Masiero. Thermal Relics in Modified Cosmologies: Bounds on Evolution Histories of the Early Universe and Cosmological Boosts for PAMELA. Phys.Rev., D81:123522, 2010.

[120] Lukasz Stawarz, Vahe Petrosian, and Roger D. Blandford. On the Energy Spectra of GeV/TeV Cosmic Ray Leptons. Astrophys.J., 710:236–247, 2010.

[121] Douglas P. Finkbeiner, Lisa Goodenough, Tracy R.

Slatyer, Mark Vogelsberger, and Neal Weiner. Consistent Scenarios for Cosmic-Ray Excesses from Sommerfeld-Enhanced Dark Matter Annihilation. JCAP, 1105:002, 2011.

[122] L.J. Gleeson and W.I. Axford. Solar Modulation of Galactic Cosmic Rays. Astrophys.J., 154:1011, 1968.

[123] Philipp Mertsch. Cosmic ray backgrounds for dark matter indirect detection. 2010.

[124] Dan Hooper, Albert Stebbins, and Kathryn M. Zurek.

Excesses in cosmic ray positron and electron spectra from a nearby clump of neutralino dark matter. Phys.Rev., D79:103513, 2009.

[125] Marco Regis and Piero Ullio. The contribution to the antimatter flux from individual dark matter substructures. 2009.

[126] T. Kobayashi, Y. Komori, K. Yoshida, and J. Nishimura. The most likely sources of high energy cosmic-ray electrons in supernova remnants. Astrophys.J., 601:340–351, 2004.

[127] Volker Springel, Jie Wang, Mark Vogelsberger, Aaron Ludlow, Adrian Jenkins, et al. The Aquarius Project: the subhalos of galactic halos. Mon.Not.Roy.Astron.Soc., 391:1685–1711, 2008.

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

[129] Kevork N. Abazajian and J. Patrick Harding. Constraints on WIMP and Sommerfeld-Enhanced Dark Matter Annihilation from HESS Observations of the Galactic Center. JCAP, 1201:041, 2012.

[130] F. Aharonian et al. Discovery of very-high-energy gamma-rays from the galactic centre ridge. Nature, 439:695–698, 2006.

[131] R.M. Crocker, N.F. Bell, C. Balazs, and D.I. Jones. Radio and gamma-ray constraints on dark matter annihilation in the Galactic center. Phys.Rev., D81:063516, 2010.

[132] Gianfranco Bertone, Marco Cirelli, Alessandro Strumia, and Marco Taoso. Gamma-ray and radio tests of the e+e- excess from DM annihilations. JCAP, 0903:009, 2009.

[133] Patrick Meade, Michele Papucci, Alessandro Strumia, and Tomer Volansky. Dark Matter Interpretations of the e+- Excesses after FERMI. Nucl.Phys., B831:178– 203, 2010.

[134] Mathias Garny, Alejandro Ibarra, and Stefan Vogl. Antiproton constraints on dark matter annihilations from internal electroweak bremsstrahlung. JCAP, 1107:028, 2011.

[135] Mathias Garny, Alejandro Ibarra, and Stefan Vogl.

Dark matter annihilations into two light fermions and one gauge boson: General analysis and antiproton constraints. JCAP, 1204:033, 2012.

[136] R. Abbasi et al. Search for Dark Matter from the Galactic Halo with the IceCube Neutrino Observatory. Phys.Rev., D84:022004, 2011.

[137] S. Desai et al. Study of TeV neutrinos with upward showering muons in Super-Kamiokande. Astropart.Phys., 29:42–54, 2008.

[138] Lars Bergstrom, Malcolm Fairbairn, and Lidia Pieri. Xray Radiation from the Annihilation of Dark Matter at the Galactic Center. Phys.Rev., D74:123515, 2006.

[139] Paolo Gondolo. Either neutralino dark matter or cuspy dark halos. Phys.Lett., B494:181–186, 2000.

[140] G. Bertone, G. Sigl, and J. Silk. Astrophysical limits on massive dark matter. Mon.Not.Roy.Astron.Soc., 326:799–804, 2001.

[141] Kim Griest and Marc Kamionkowski. Unitarity Limits on the Mass and Radius of Dark Matter Particles. Phys.Rev.Lett., 64:615, 1990.