arXiv:1304.1840v1 [astro-ph.HE] 6 Apr 2013

Dark Matter and Pulsar Origins of the Rising Cosmic Ray Positron Fraction in Light of New Data From AMS

Ilias Cholis^{1, ∗} and Dan Hooper^{1, 2, †} 1Fermi National Accelerator Laboratory, Center for Particle Astrophysics, Batavia, Illinois, 60510, USA 2University of Chicago, Department of Astronomy and Astrophysics, Chicago, Illinois, 60637, USA (Dated: April 9, 2013)

The rise of the cosmic ray positron fraction with energy, as first observed with high confidence by PAMELA, implies that a large flux of high energy positrons has been recently (or is being currently) injected into the local volume of the Milky Way. With the new and much more precise measurement of the positron fraction recently provided by AMS, we revisit the question of the origin of these high energy positrons. We find that while some dark matter models (annihilating directly to electrons or muons) no longer appear to be capable of accommodating these data, other models in which ∼1-3 TeV dark matter particles annihilate to unstable intermediate states could still be responsible for the observed signal. Nearby pulsars also remain capable of explaining the observed positron fraction. Future measurements of the positron fraction by AMS (using a larger data set), combined with their anticipated measurements of various cosmic ray secondary-to-primary ratios, may enable us to further discriminate between these remaining scenarios.

PACS numbers: 95.85.Ry, 95.35.+d, 97.60.Gb; FERMILAB-PUB-13-090-A

I. INTRODUCTION

Recently, the AMS collaboration published its measurement of the cosmic ray positron fraction over the range of 0.5 to 350 GeV [1]. Their findings confirm with unprecedented precision earlier measurements from the PAMELA [2] and Fermi [3] collaborations, which had each reported a clear rise in the positron fraction at energies above ∼10 GeV [4] (hints of such a rise were also present in data from HEAT [5] and AMS-01 [6]). At the time, PAMELA’s observation generated a great deal of interest and speculation as to the origin of the high energy positrons. Leading proposals put forth to explain this observation included dark matter (DM) particles annihilating or decaying in the Galactic Halo [7–21], and nearby pulsars injecting high energy positrons into the interstellar medium [22–26].

Despite providing valuable information, the measurements provided by PAMELA and Fermi were not sufficient to discriminate between DM and pulsar origins of the rising positron fraction. The much higher precision measurement of the positron fraction by AMS, however, brings new and important information to bear on this question. In this article, we make use of this new data and revisit both annihilating DM and pulsars as potential sources of the observed high energy cosmic ray positrons. We find that DM particles which annihilate directly to e^+e^− or μ^+μ^− can no longer accommodate the observed positron fraction. However, DM particles with a mass of ∼1-3 TeV annihilating to intermediate states which then decay to muons or charged pions could potentially provide a good fit. Pulsars also continue to represent a

∗Electronic address: cholis@fnal.gov †Electronic address: dhooper@fnal.gov

potentially viable explanation for the observed positrons.

The remainder of this article is structured as follows. In Sec. II, we discuss whether annihilating DM can account for AMS ’s measurement of the positron fraction, considering a variety of DM models and models of cosmic ray propagation. In Sec. III, we discuss whether pulsars can account for the observed data. In comparing these scenarios, we find that the existing data from AMS cannot yet definitively discriminate between the DM and pulsars origins of the observed positrons, although the range of models capable of accommodating the data is now significantly more constrained. With future data from AMS, providing not only measurements of the positron fraction but also of various cosmic ray secondary-to-primary ratios, we expect to be able to further narrow the range of models potentially responsible for the rising positron fraction. In Sec. IV, we summarize our results and briefly discuss our current understanding of the possible origins of the observed cosmic ray positron fraction.

II. ANNIHILATING DARK MATTER

If annihilating DM particles are to account for the observed rise in the cosmic ray positron fraction, they must be quite heavy, certainly no less than 350 GeV. Furthermore, models which can also accommodate the smoothly varying and consistently hard spectrum of cosmic ray electrons and positrons as measured by Fermi [27, 28] and HESS [29, 30] typically feature DM particles with masses on the order of ≃ 1 TeV or higher [13, 31–33].

In many well motivated models, DM particles annihilate with a cross section on the order of ⟨σv⟩ ∼ 10^{−26} cm^3/s. If the dark matter’s annihilation cross section (as evaluated in the early universe) is much larger than this value, the DM particles would have been overly depleted in the early universe, resulting in a thermal relic abundance that is much smaller than the measured cosmological density. In contrast, in order for annihilating DM to account for the observed positron fraction, the DM particles must annihilate to leptonic final states with a cross section of ⟨σv⟩ ∼ 10^{−24} − 10^{−23} cm^3/s [31, 34, 35]. Various proposals to accommodate this very high annihilation rate have been put forth, including annihilation cross sections which are enhanced at the low velocities found in the Galactic Halo (such as by Sommerfeld enhancements) [13, 18, 36–39], DM particles which are produced largely through non-thermal processes [40], or DM whose annihilation rate is highly boosted as a result of larger than expected inhomogeneities in their spatial distribution.

Further restricting any DM scenarios that might potentially account for the observed positrons is PAMELA’s measurement of the cosmic ray antiproton-to-proton ratio [41], which is consistent with astrophysical expectations. This observation strongly constrains the rate at which DM particles can annihilate to gauge bosons or quarks [11, 42, 43]. Furthermore, an annihilation rate to quarks, gauge bosons, or taus that is comparable to the leptonic rate required to produce the observed positron fraction would also lead to an unacceptably high flux of prompt γ-rays from the Galactic Center [44–46] and from the Inner Galaxy [47, 48] (constraints have also been derived from observations of dwarf spheroidal galaxies [49– 52] and the isotropic diffuse γ-ray background [53–55]). As a result of these antiproton and γ-ray constraints, we are forced to consider DM candidates which annihilate dominantly to electrons and muons, χχ −→ e^+e^−, χχ −→ μ^+μ^−, or to intermediate particles that later decay to combinations of e^+e^−, μ^+μ^−, and π^+π^−. In considering this latter case, known as eXciting Dark Matter (XDM) [56] (see also Ref. [13]), we make use of the analytic spectra described in Ref. [57].

High energy cosmic ray electrons and positrons undergo rapid energy losses as they diffuse through the interstellar medium. Above a few GeV, these energy losses are dominated by a combination of synchrotron and inverse Compton scattering. To model the propagation of electrons, positrons, and other cosmic rays, we use the GALPROP package v54 (see Refs. [58, 59], and references therein), which includes up-to-date information pertaining to the local interstellar radiation field and the distribution of gas in the Galaxy. The former is relevant for the calculation of e^± energy losses via inverse Compton scattering, while the latter is relevant for the calculation of secondary cosmic ray species, produced in inelastic collisions of cosmic ray primaries with the interstellar gas. For synchrotron energy losses, we adopt a value of 5 μG for the local magnetic field. By fitting both stable and unstable secondary-to-primary ratios in the cosmic ray spectrum, we can constrain the distributions of the interstellar gas and cosmic ray sources, as well as the timescale that cosmic rays reside within the Galaxy [60, 61]. Codes such as GALPROP and DRAGON [62] assume a simple diffusion zone with free escape boundary conditions (cosmic rays diffuse within the diffusion zone, but escape upon reaching any boundary of the zone). We take this zone to be a cylinder, extending a distance L above and below the Galactic Plane, and radially 20 kpc from the Galactic Center. In this study, we vary the half-width of the diffusion zone over a range of values between L = 1-8 kpc, in accordance with existing uncertainties [61]. With further information from AMS (especially the measurement of the^{10}Be/^9Be ratio), this and other parameters of our propagation model will likely become significantly more constrained [63].

In Figs. 1 and 2, for the choice of L = 4 kpc, we show the cosmic ray positron fraction (Φ_e+ /(Φ_e+ + Φ_e− )) and the total lepton spectrum (E^3dN_e± /dE_e± ) predicted in a number of annihilating DM models. For each annihilation channel, we consider two values for the DM mass. The lower mass in each case is set to approximately the minimum value allowed by the new data from AMS (in particular, by the lack of any strong spectral cut-off). The upper mass in each case was chosen with the cosmic ray electron spectrum (as measured by Fermi and HESS ) in mind. As was found in previous fits to the PAMELA data, we find that annihilation cross sections in the range of ∼ 4 × 10^{−25} − 4 × 10^{−23} cm^3/s are required to accommodate the observed positron fraction. While changing the diffusion zone thickness or the radiation/magnetic field model can reduce this requirement to some extent, very large annihilation cross sections are a generic requirement of any annihilating dark matter model capable of generating the observed positron fraction.

By considering different values of the diffusion zone thickness, L, we can slightly alter the predicted shape of the positron fraction, potentially enabling some DM models to better accommodate the measurements of AMS. In Fig. 3, we show for a representative DM model how changing this parameter impacts the shape of the positron fraction. Note that if we increase L (to 8 kpc, for example), we can soften the slope of the rising positron fraction, which in some cases allows for a better fit to the data. In Figs. 4 and 5, we show predictions for various DM scenarios using choices of L = 2 and 8 kpc, respectively. As expected, the fits are worsened in the 2 kpc case, but are in some cases improved for L = 8 kpc.

In none of the cases we have shown so far have we been able to find good agreement with the cosmic ray electron+positron spectrum as measured by Fermi. To accommodate this measurement, we have to consider a cosmic ray electron spectrum which is not a simple powerlaw, but instead breaks to a harder spectral index at high energies. This is not surprising, as at energies above ∼100 GeV energy losses limit the number of sources that contribute to the electron cosmic ray spectrum; the cosmic ray electron spectrum at energies above a few hundred GeV is, therefore, likely to be dominated by only a small number of nearby sources. As a result, stochastic variations in the distribution of supernova remnants

FIG. 1: The predicted cosmic ray positron fraction (left) and electron+positron spectrum (right) in dark matter models annihilating to e^+e^− (top) and to μ^+μ^− (bottom). The error bars shown represent the positron fraction as measured by AMS (black, left) and PAMELA (red, left), and the electron+positron spectrum as measured by Fermi and AMS-01 (black, right). In each case, we have adopted a propagation model that provides a good fit to the various secondary-to-primary ratios as described in the text, and with a diffusion zone half-width of L = 4 kpc. The expected backgrounds are shown as black dotted lines. For each annihilation channel, we show results for two masses. For annihilations to e^+e^− and a mass of 350 GeV (900 GeV), we have used a thermally averaged annihilation cross section of ⟨σv⟩ = 4.4 × 10^{−25} cm^3/s (2.5 × 10^{−24} cm^3/s). For annihilations to μ^+μ^− and a mass of 600 GeV (1.5 TeV), we have used a thermally averaged annihilation cross section of 1.7 × 10^{−24} cm^3/s (9.3 × 10^{−24} cm^3/s).

are expected to lead to local departures from the average cosmic ray spectrum found throughout the Milky Way (which may very well be a simple power-law) [26, 64]. When the Fermi electron+positron spectrum is taken in combination with the positron fraction as measured by AMS, it is clear that more very high energy cosmic ray electrons are required than would be predicted using a simple power-law extrapolated from the low-energy spectrum.

In Fig. 6, we show results using a broken power-law for the spectrum of electrons injected from cosmic ray sources, for the three DM models most capable of accommodating the observed positron fraction. Between 4 and 100 GeV, we take the injected electron spectrum to be dN_e/dE_e ∝ E^{−2.65}_e which provides a good fit to the observed low energy spectrum. Above 100 GeV, we harden this slope from -2.65 to -2.3.^1 With this spectral break, these three DM models now each appear to be capable of self-consistently accounting for both the measured positron fraction and the overall leptonic cosmic ray spectrum.

1 Note that instead of a hardening of the injected electron spectrum above ∼100 GeV, we could have instead considered a mild overdensity of local sources. As electrons from local sources experience less energy loss than those from more distant sources, the contribution from local sources will exhibit a harder spectrum, which could dominate the observed electron spectrum at high energies even if the shape of the electron spectrum injected from these sources is the same as that from the average source.

FIG. 2: As in Fig. 1, but for dark matter which annihilates into a pair of intermediate states, ϕ, which proceed to decay to e^+e^− (first row), to μ^+μ^− (second row), to π^+π^− (third row), and to a 1:1:2 ratio of e^+e^−, μ^+μ^−, and π^+π^− (fourth row). For annihilations to 2e^+2e^− and a mass of 400 GeV (1.2 TeV), we have used a thermally averaged annihilation cross section of ⟨σv⟩ = 7.3 × 10^{−25} cm^3/s (6.2 × 10^{−24} cm^3/s). For annihilations to 2μ^+2μ^− and a mass of 800 GeV (2.5 TeV), we have used a thermally averaged annihilation cross section of 3.4 × 10^{−24} cm^3/s (2.6 × 10^{−23} cm^3/s). For annihilations to 2π^+2π^− and a mass of 1.0 TeV (3.0 TeV), we have used a thermally averaged annihilation cross section of 5.7 × 10^{−24} cm^3/s (4.1 × 10^{−23} cm^3/s). And for annihilations to a 1:1:2 ratio of e^+e^−, μ^+μ^−, and π^+π^− final states with a mass of 500 GeV (1.6 TeV), we have used a thermally averaged annihilation cross section of 1.5 × 10^{−24} cm^3/s (1.3 × 10^{−23} cm^3/s).

FIG. 3: The impact of the diffusion zone half-width, L, on the positron fraction in a representative DM model. In each case, we have chosen the diffusion coefficient to fit the non-leptonic background cosmic ray measurements. The dotted, dashed, dot-dashed, and solid lines correspond to L =1, 2, 4 and 8 kpc, respectively. The model used in this figure consists of a 1 TeV dark matter particle that annihilates to a pair of intermediate states which each decay to π^+π^−, with a cross section given by 16, 9.8, 5.7 and 3.5×10^{−23} cm^3/s, for L =1, 2, 4 and 8 kpc, respectively.

III. PULSARS

Pulsars are rapidly spinning neutron stars which steadily convert their rotational kinetic energy into radio emission, γ-rays, and cosmic rays, likely including energetic electron-positron pairs. When initially formed, typical pulsars exhibit rotational periods on the order of tens or hundreds of milliseconds, and magnetic field strengths of ∼10^{11}-10^{13} G. As a result of magnetic-dipole braking, the period of the pulsar’s rotation slows down at a rate given by Ṗ = 3.3 × 10^{−15} (B/10^{12} G)^2 (P/0.3 s)^{−1}, corresponding to an energy loss rate of Ė = 4π^2IṖ /P^3 = 4.8× 10^{33}erg/s (B/10^{12} G)^2 (P/0.3 s)^{−4} (I/10^{45}g cm^2). Young pulsars spin-down quite rapidly, typically losing a majority of their rotational kinetic energy in on the order of only ∼10^5 years. In both polar gap and outer gap models, a significant fraction of this energy can go into the production and acceleration of electron-positron pairs [65– 67].

The spectral shape of the electrons and positrons injected from pulsars is often parametrized as [68]: dN_e dE_e ∝ E^{−α}_e exp(−E_e/E_c). (1)

Although there is considerable uncertainty associated with these spectral parameters, α = 1.5 − 2.0 and E_c = 80−1000 GeV cover the range typically found throughout the literature. We begin by calculating the contribution from the sum of all pulsars distributed throughout the Milky Way. To do this, we adopt the spatial distribution of the pulsar birth rate as described in Ref. [69], normalized to an overall rate of 1 pulsar per century throughout the Galaxy, each with an average total energy of 10^{49} erg.

Following the procedure followed in the previous section, in Figs. 7 and 8 we show results for this distribution of pulsars. In Fig. 7, we adopt a simple power-law of index -2.65 for the injected spectrum from (non-pulsar) cosmic ray sources, while in Fig. 8 we break this spectrum to -2.3 above 100 GeV. In each figure, we show results for two different choices of the pulsar spectral index, α, and the diffusion zone half-width, L. In each case, we fix E_c = 600 GeV and normalize the positron and electron contribution from pulsars by assuming that 16% of the pulsars’ total energy goes into high energy pairs. From these results (especially those shown in Fig. 8), we conclude that for very reasonable choices of parameters, pulsars can provide a viable explanation for the observed cosmic ray positron fraction.

In addition to the integrated contribution from all pulsars throughout the Milky Way, there are two young and nearby pulsars which could each individually contribute significantly to the cosmic ray positron spectrum. The Geminga pulsar is 370,000 years old, 157 parsecs from the solar system, and pulsates with a period of 230 ms. The pulsar B0656+14 (possibly associated with the Monogem supernova remnant) is considerably younger (110,000 years), although somewhat more distant (290 parsecs), and more slowly rotating (P = 390 ms). These parameters, combined with their measurements of Ṗ , imply that Geminga and B0656+14 have each lost approximately 3 × 10^{49} erg and 1 × 10^{49} erg of rotational energy since their births, respectively. If 4-5% of this energy went into the production and acceleration of energetic e^+e^− pairs, then these pulsars could be responsible for the observed rise in the cosmic ray positron fraction [22, 23]. If we combine these two sources with the somewhat smaller contribution expected from the sum of all more distant pulsars [22], we estimate that if 3- 4% of the total energy from pulsars goes into energetic pairs, this would be sufficient to account for the observed

FIG. 4: The same as in Figs. 1 and 2, but for a diffusion zone half-width of L = 2 kpc. For annihilations to 2e^+2e^− and a mass of 400 GeV (1200 GeV), we have used a thermally averaged annihilation cross section of ⟨σv⟩ = 1.2 × 10^{−25} cm^3/s (1.2 × 10^{−24} cm^3/s). For annihilations to 2μ^+2μ^− and a mass of 800 GeV (2.5 TeV), we have used a thermally averaged annihilation cross section of 5.6 × 10^{−24} cm^3/s (5.1 × 10^{−23} cm^3/s). For annihilations to 2π^+2π^− and a mass of 1.0 TeV (3.0 TeV), we have used a thermally averaged annihilation cross section of 9.8 × 10^{−24} cm^3/s (7.8 × 10^{−24} cm^3/s). For annihilations to a 1:1:2 ratio of e^+e^−, μ^+μ^−, and π^+π^− final states with a mass of 500 GeV (1.6 TeV), we have used a thermally averaged annihilation cross section of 2.7 × 10^{−24} cm^3/s (2.3 × 10^{−23} cm^3/s).

FIG. 5: The same as in Figs. 1, 2 and 4, but for a diffusion zone half-width of L = 8 kpc. For annihilations to 2μ^+2μ^− and a mass of 1.0 TeV (2.5 TeV), we have used a thermally averaged annihilation cross section of 2.9 × 10^{−24} cm^3/s (1.5 × 10^{−23} cm^3/s). For annihilations to 2π^+2π^− and a mass of 1.0 TeV (3.0 TeV), we have used a thermally averaged annihilation cross section of 3.5 × 10^{−24} cm^3/s (2.3 × 10^{−23} cm^3/s). For annihilations to a 1:1:2 ratio of e^+e^−, μ^+μ^−, and π^+π^− final states with a mass of 700 GeV (1.6 TeV), we have used a thermally averaged annihilation cross section of 1.6 × 10^{−24} cm^3/s (6.5 × 10^{−24} cm^3/s).

positrons.

IV. SUMMARY AND DISCUSSION

In this paper, we have revisited both annihilating dark matter and pulsars as possible sources of the rising cosmic ray positron fraction. Using the newly published, high precision data from AMS, we have considered a wide range of dark matter models and cosmic ray propagation models. We find that models in which the dark matter annihilates directly to leptons (e^+e^− or μ^+μ^−) are no longer capable of producing the observed rise in the positron fraction. Models in which the dark matter an-

FIG. 6: The same as in Figs. 1, 2, 4 and 5 but for a diffusion zone half-width of L = 8 kpc, and for broken power-law spectrum of electrons injected from cosmic ray sources (dN_e− /dE_e− ∝ E^{−2.65}_e below 100 GeV and dN_e− /dE_e− ∝ E^{−2.3}_e above 100 GeV). The cross sections are the same as given in the caption of Fig. 5. With this cosmic ray background, the dark matter models shown can simultaneously accommodate the measurements of the cosmic ray positron fraction and the overall leptonic spectrum.

FIG. 7: The predicted cosmic ray positron fraction (left) and electron+positron spectrum (right) from the sum of all pulsars throughout the Milky Way, for an injected spectrum of dN_e± /dE_e± ∝ E^{−1.55}_{e±} exp(−E_e± /600 GeV) and a diffusion zone halfwidth of L = 4 kpc (top), and for an injected spectrum of dN_e± /dE_e± ∝ E^{−1.65}_{e±} exp(−E_e± /600 GeV) and a diffusion zone half-width of L = 8 kpc (bottom). For normalization, we have assumed that 16% of the pulsars’ total energy goes into high energy electron-positron pairs. The error bars shown represent the positron fraction as measured by AMS (black, left) and PAMELA (red, left), and the electron+positron spectrum as measured by Fermi and AMS-01 (black, right). In each case, we have adopted a propagation model that provides a good fit to the various secondary-to-primary ratios as described in the text. The expected backgrounds are shown as black dotted lines.

FIG. 8: The same as in Fig. 7, but for a broken power-law spectrum of electrons injected from cosmic ray sources (dN_e− /dE_e− ∝ E^{−2.65} e below 100 GeV and dN_e− /dE_e− ∝ E^{−2.3}_e above 100 GeV), and for slightly different pulsar spectral indices (α =1.6 and 1.5 in the upper and lower frames, respectively). With this cosmic ray background, the pulsar models shown can simultaneously accommodate the measurements of the cosmic ray positron fraction and the overall leptonic spectrum.

nihilates into light intermediate states which then decay into combinations of muons and charged pions, however, can accommodate the new data (see Fig. 6). In those dark matter models still capable of generating the observed positron excess, the dark matter’s mass and annihilation cross section fall in the range of ∼1.5-3 TeV and ⟨σv⟩ ∼ (6 − 23) × 10^{−24} cm^3/s.

We have also considered pulsars as a possible source of the observed positrons. In particular, we find that for reasonable choices of spectral parameters and spatial distributions, the sum of all pulsars in the Milky Way could account for the observed positrons (see Fig. 8) if, on average, 10-20% of their total energy goes into the production and acceleration of electron-positron pairs (assuming a birth rate of one per century throughout the Galaxy, each with an average total energy of 10^{49}). It may also be the case that a small number of nearby and young pulsars (most notably Geminga and B0656+14) could dominate the local cosmic ray positron flux at energies above several tens of GeV. Taking into account these two exceptional sources, we estimate that if 3-4% of the total energy from pulsars goes into energetic pairs, these objects could be responsible for the observed positron fraction.

Currently, we cannot yet discriminate between dark matter and pulsars as the source of the observed positron excess. We are hopeful, however, that future data from AMS may change this situation. In addition to continuing to improve the precision of their measurement of the positron fraction and extending this measurement to higher energies, AMS will also measure with unprecedented precision a number of secondary-to-primary ratios of cosmic ray nuclei species, which can be used to constrain many aspects of the underlying cosmic rays propagation model. Of particular importance is the^{10}Be/^9Be ratio, for which existing measurements are limited to energies below 2 GeV (kinetic energy per nucleon), and with large errors (for a compilation of such measurements, see Tables I and II of Ref. [61]). In contrast, AMS is expected to measure this ratio with much greater precision, and up to energies of ∼10 GeV. This information will enable us to break the longstanding degeneracy between the diffusion coefficient and the boundary conditions of the diffusion zone [63]. If these measurements ultimately favor propagation models with a somewhat narrow diffusion zone (L <∼ 4 kpc), it would be very difficult to explain the observed positron fraction with any of the dark matter models we have considered in this paper, while pulsar models could still provide a viable source for the positrons. Thus, in at least some plausible scenarios, future data from AMS could allow us to rule out competing hypotheses and thereby finally reach a conclusion as to the origin of the surprisingly large flux of energetic cosmic ray positrons.

Acknowledgments

While completing this project, a paper addressing similar issues appeared [70]. This work has been supported by the US Department of Energy.

[1] M. Aguilar et al. (AMS Collaboration), Phys. Rev. Lett. 110, 141102 (2013), URL

http://link.aps.org/doi/10.1103/PhysRevLett.110.141102.

[2] P. Picozza et al., Astropart. Phys. 27, 296 (2007), astroph/0608697.

[3] N. Gehrels and P. Michelson, Astropart. Phys. 11, 277 (1999).

[4] O. Adriani et al. (PAMELA), Nature 458, 607 (2009), 0810.4995.

[5] S. W. Barwick et al. (HEAT), Astrophys. J. 482, L191 (1997), astro-ph/9703192.

[6] M. Aguilar et al. (AMS-01), Phys. Lett. B646, 145 (2007), astro-ph/0703154.

[7] L. Bergstrom, T. Bringmann, and J. Edsjo, Phys. Rev.

D78, 103520 (2008), 0808.3725.

[8] M. Cirelli and A. Strumia, PoS IDM2008, 089 (2008), 0808.3867.

[9] I. Cholis, L. Goodenough, D. Hooper, M. Simet, and N. Weiner, Phys. Rev. D80, 123511 (2009), 0809.1683.

[10] V. Barger, W. Y. Keung, D. Marfatia, and G. Shaughnessy (2008), 0809.0162.

[11] M. Cirelli, M. Kadastik, M. Raidal, and A. Strumia, Nucl.Phys. B813, 1 (2009), 0809.2409.

[12] A. E. Nelson and C. Spitzer, JHEP 1010, 066 (2010), 0810.5167.

[13] N. Arkani-Hamed, D. P. Finkbeiner, T. R. Slatyer, and N. Weiner, Phys.Rev. D79, 015014 (2009), 0810.0713.

[14] I. Cholis, D. P. Finkbeiner, L. Goodenough, and N. Weiner, JCAP 0912, 007 (2009), 0810.5344.

[15] Y. Nomura and J. Thaler, Phys.Rev. D79, 075008 (2009), 0810.5397.

[16] P.-f. Yin, Q. Yuan, J. Liu, J. Zhang, X.-j. Bi, et al., Phys.Rev. D79, 023512 (2009), 0811.0176.

[17] R. Harnik and G. D. Kribs, Phys.Rev. D79, 095007 (2009), 0810.5557.

[18] P. J. Fox and E. Poppitz, Phys.Rev. D79, 083528 (2009), 0811.0399.

[19] M. Pospelov and A. Ritz, Phys.Lett. B671, 391 (2009), 0810.1502.

[20] J. D. March-Russell and S. M. West, Phys.Lett. B676, 133 (2009), 0812.0559.

[21] S. Chang and L. Goodenough, Phys.Rev. D84, 023524 (2011), 1105.3976.

[22] D. Hooper, P. Blasi, and P. D. Serpico (2008), 0810.1527. [23] H. Yuksel, M. D. Kistler, and T. Stanev (2008), 0810.2784.

[24] S. Profumo, Central Eur.J.Phys. 10, 1 (2011), 0812.4457. [25] D. Malyshev, I. Cholis, and J. Gelfand, Phys. Rev. D80, 063005 (2009), 0903.1310.

[26] D. Grasso et al. (Fermi LAT Collaboration), Astropart.Phys. 32, 140 (2009), 0905.0636.

[27] M. Ackermann et al. (Fermi LAT Collaboration),

Phys.Rev. D82, 092004 (2010), 1008.3999.

[28] A. A. Abdo et al. (Fermi LAT Collaboration), Phys. Rev.

Lett. 102, 181101 (2009), 0905.0025.

[29] F. Aharonian et al. (HESS Collaboration), Phys. Rev.

Lett. 101, 261104 (2008), 0811.3894.

[30] F. Aharonian et al. (HESS Collaboration), Astron. Astrophys. 508, 561 (2009), 0905.0105.

[31] I. Cholis, G. Dobler, D. P. Finkbeiner, L. Goodenough, and N. Weiner, Phys. Rev. D80, 123518 (2009), 0811.3641.

[32] C.-R. Chen, F. Takahashi, and T. T. Yanagida (2008), 0811.3357.

[33] E. Nardi, F. Sannino, and A. Strumia, JCAP 0901, 043 (2009), 0811.4153.

[34] L. Bergstrom, J. Edsjo, and G. Zaharijas, Phys.Rev.Lett.

103, 031103 (2009), 0905.0333.

[35] D. P. Finkbeiner, L. Goodenough, T. R. Slatyer, M. Vogelsberger, and N. Weiner, JCAP 1105, 002 (2011), 1011.3082.

[36] K. M. Zurek, Phys.Rev. D79, 115002 (2009), 0811.4429. [37] C.-R. Chen and F. Takahashi (2008), 0810.4110. [38] M. Lattanzi and J. I. Silk, Phys.Rev. D79, 083523 (2009), 0812.0360.

[39] J. Hisano, S. Matsumoto, M. M. Nojiri, and O. Saito, Phys. Rev. D71, 063528 (2005), hep-ph/0412403.

[40] T. Moroi and L. Randall, Nucl. Phys. B570, 455 (2000), hep-ph/9906527.

[41] O. Adriani et al. (PAMELA Collaboration), ArXiv eprints (2010), 1007.0821.

[42] F. Donato, D. Maurin, P. Brun, T. Delahaye, and P. Salati, Phys. Rev. Lett. 102, 071301 (2009), 0810.5292.

[43] C. Evoli, I. Cholis, D. Grasso, L. Maccione, and P. Ullio (2011), 1108.0664.

[44] M. Cirelli, P. Panci, and P. D. Serpico, Nucl.Phys. B840, 284 (2010), 0912.0663.

[45] A. Abramowski et al. (H.E.S.S.Collaboration), Phys.Rev.Lett. 106, 161301 (2011), 1103.3266.

[46] K. N. Abazajian and J. Harding, JCAP 1201, 041 (2012), 1110.6151.

[47] T. F.-. M. Ackermann et al. (LAT collaboration), Astrophys.J. 761, 91 (2012), 1205.6474.

[48] M. Tavakoli, I. Cholis, C. Evoli, and P. Ullio (2013), Diffuse Galactic Gamma Rays at intermediate and high latitudes. II. Constraints on the DM properties.

[49] N. W. Evans, F. Ferrer, and S. Sarkar, Phys. Rev. D 69, 123501 (2004), arXiv:astro-ph/0311145.

[50] M. Ackermann et al. (Fermi-LAT collaboration), Phys.Rev.Lett. 107, 241302 (2011), 1108.3546.

[51] A. Geringer-Sameth and S. M. Koushiappas, Phys.Rev.Lett. 107, 241303 (2011), 1108.2914.

[52] I. Cholis and P. Salucci, Phys.Rev. D86, 023528 (2012),

1203.2954.

[53] A. Abdo et al. (Fermi-LAT Collaboration), JCAP 1004, 014 (2010), 1002.4415.

[54] G. Hutsi, A. Hektor, and M. Raidal (2010), 1004.2036. [55] F. Calore, V. De Romeri, and F. Donato, Phys.Rev. D85, 023004 (2012), 10 pages, 6 figures Version updated, as sent to PRD, 1105.4230.

[56] D. P. Finkbeiner and N. Weiner, Phys. Rev. D76, 083519 (2007), astro-ph/0702587.

[57] I. Cholis, L. Goodenough, and N. Weiner, Phys. Rev.

D79, 123505 (2009), 0802.2922.

[58] A. W. Strong, I. V. Moskalenko, and V. S. Ptuskin, GAL- PROP C++ v.50: Explanatory Supplement (2006).

[59] http://galprop.stanford.edu/.

[60] A. W. Strong, I. V. Moskalenko, and V. S. Ptuskin, Ann.

Rev. Nucl. Part. Sci. 57, 285 (2007), astro-ph/0701517. [61] M. Simet and D. Hooper, JCAP 0908, 003 (2009), 0904.2398.

[62] http://www.desy.de/ maccione/DRAGON/. [63] M. Pato, D. Hooper, and M. Simet, JCAP 1006, 022 (2010), 1002.3341.

[64] D. Hooper and K. M. Zurek, Phys.Lett. B691, 18 (2010), 0909.4163.

[65] M. Ruderman and P. Sutherland, Astrophys.J. 196, 51 (1975).

[66] J. Arons, Astrophys. J. 266, 215 (1983). [67] K. Cheng, C. Ho, and M. A. Ruderman, Astrophys.J.

300, 500 (1986).

[68] L. Zhang and K. S. Cheng, Astron. Astrophys. 368, 1063 (2001).

[69] C.-A. Faucher-Giguere and V. M. Kaspi, Astrophys.J.

643, 332 (2006), astro-ph/0512585.

[70] Q. Yuan, X.-J. Bi, G.-M. Chen, Y.-Q. Guo, S.-J. Lin, et al. (2013), 1304.1482.