arXiv:0901.2941v1 [hep-ph] 19 Jan 2009

Indirect Dark Matter Signals from EGRET and PAMELA compared

Wim de Boer

Physikhochhaus, IEKP, Universität Karlsruhe Postfach 6980, D-76128 Karlsruhe Germany e-mail: wim.de.boer@cern.ch

Abstract.

Dark Matter annihilation (DMA) may yield an excess of gamma rays and antimatter particles, like antiprotons and positrons, above the background from cosmic ray interactions. The excess of diffuse Galactic Gamma Rays from EGRET shows all the features expected from DMA. The new precise measurements of the antiproton and positron fractions from PAMELA are compared with the EGRET excess. It is shown that the charged particles are strongly dependent on the propagation model used. The usual propagation models with isotropic propagation models are incompatible with the recently observed convection in our Galaxy. Convection leads to an order of magnitude uncertainty in the yield of charged particles from DMA, since even a rather small convection will let drift the charged particles in the halo to outer space. It is shown that such anisotropic propagation models including convection prefer a contribution from DMA for the antiprotons, but the rise in the positron fraction, as observed by PAMELA, is incompatible with DMA, if compared with the EGRET excess. A rise in the positron/electron ratio is expected, if the observed rise in the proton/electron ratio is carefully fitted in a propagation model, although the rise is slightly larger than expected, so additional local sources may contribute as well within the limited accuracy of the data.

Keywords: Dark matter, diffuse galactic gamma rays, supersymmetry, cosmic rays, antiprotons, positrons PACS: 95.35+d, 95.85.Pw, 98.35.Űa, 11.30.Pb, 95.85.Ry

INTRODUCTION

Present cosmological data has shown that DM makes up 23% of the energy of the universe as compared to 4.4% for the known baryonic matter [1]. Candidates for DM are e.g. the lightest supersymmetric particles, which are stable and weakly interacting with normal matter, thus explaining why the DM forms large haloes around the cores of visible matter inside the galaxies. If DM is a thermal relic from the early universe, its low number density compared to the photon density can be explained, if they annihilated with each other into normal matter, just like the protons disappeared by annihilation with antiprotons. However, the annihilation rate of protons is so high compared with the expansion rate of the universe, that one has to invoke an excess of protons over antiprotons to explain the remaining protons, which implies CP-violation. DM particles are neutral and therefore likely their own antiparticles, so the annihilation cannot stop because of CP-violation. Therefore a remaining amount of a neutral thermal relic can only be explained if the expansion rate of the universe is comparable or smaller than the annihilation rate. This gives a direct relation between the amount of DM, the Hubble constant and the annihilation rate, which yields [2]: < σv >= 3 · 10^{−27}/Ω_{DM}h^2 = 3 · 10^{−26} cm^3/s. For typical velocities of 10^{−3}c of cold DM particles this yields an annihilation cross section of the order of 10^{−33} cm^2, practically independent of the mass of the DM particle. Note that this annihilation cross section is at least 10 orders of magnitude larger than the spin-independent elastic scattering cross section of DM particles on a proton or neutron, as is known from the limits from direct DM searches. Surprisingly, both the annihilation cross section and the scattering cross section are in the ballpark expected for the lightest supersymmetric particles, the neutralinos.

Neutralinos annihilate into mono-energetic quarks, which hadronize mainly into light charged and neutral pions. The neutral pions decay almost exclusively into gamma rays with a characteristic spectrum known from high energy e^+e^− annihilation experiments [3]. The observed EGRET excess of diffuse Galactic gamma rays shows exactly such a characteristic spectrum in all sky directions [4, 5, 6] and is perfectly consistent with a 50-100 GeV neutralino [7].

Recently published data from the PAMELA satellite experiment on the antiproton fluxes [8] and the positron fraction [9], defined as the ratio of fluxes of positrons and the sum of electrons and positrons, i.e. e^+/(e^+ + e^−), has drawn large interest in the community interested in dark matter annihilation (DMA) signals from our Galaxy, see e.g. Refs [10]. Usually the antiproton data is considered to be standard, i.e. in agreement with so-called isotropic propagation models, while the increase in the positron fraction disagrees with predictions from such models. Also the electron spectrum is claimed to show an anomaly in the range of 200-600 GeV [11, 12]. Having no excess in antiprotons but a large excess in positrons or electrons is not expected from neutralino annihilation, so alternatives, like local sources, e.g. pulsars, [13] or other DM candidates (see e.g. [14]) have been considered as well.

Anomalies implies one compares the data with some model about the cosmic ray fluxes and the propagation in our Galaxy. Here one usually assumes simple isotropic propagation, as implemented in the publicly available GALPROP program [15]. However, isotropic propagation models are basically ruled out with the observation of convective streams deduced from the X-ray spectra of the gas in the halo by the ROSAT satellite [16, 17]. Convection lets drift the cosmic rays (CRs) in the halo to outer space, which strongly reduces the positron and antiproton DMA signals in anisotropic propagation models [6].

In this paper we compare the EGRET excess of gamma rays with the PAMELA data using anisotropic propagation models and find that the interpretation of the EGRET excess as a signal of DMA is perfectly consistent with the PAMELA data: the DMA shows the expected contribution to the antiproton flux, while the DMA contribution to positrons is negligible.

THE EGRET EXCESS OF DIFFUSE GALACTIC GAMMA RAYS

An excess of diffuse gamma rays has been observed by the EGRET telescope on board of NASA’s CGRO (Compton Gamma Ray Observatory)[18]. Below 1 GeV the cosmic ray (CR) interactions describe the data well, but above 1 GeV the data are up to a factor

FIGURE 1. Left: Fit of the shapes of background and DMA signal to the EGRET data in the direction of the Galactic center. The light shaded (yellow) area indicates the background using the shapes known from accelerator experiments, while the dark shaded (red) area corresponds to the signal contribution from DMA for a 60 GeV WIMP mass, where the small intermediate (blue) shaded area corresponds to a variation of the WIMP mass between 50 and 70 GeV. Centre: Results of an N-body simulation of the tidal disruption of the Canis Major dwarf Galaxy, whose orbit was fitted to the observed stars (red data points). The simulation predicts a ringlike structure of dark matter with a radius of 13 kpc. From [20]. Right: The half-width-half-maximum (HWHM) of the gas layer of the Galactic disk as function of the distance from the Galactic center. Clearly, the fit including a ring of dark matter above 10 kpc describes the data much better. Adapted from data in [21].

two above the expected background. The excess shows all the features of DMA for a WIMP mass between 50 and 70 GeV, as shown in Fig. 1 [4]. In addition, the results are perfectly consistent with the expectations from Supersymmetry[7].

The analysis of the EGRET data was performed with a so-called data-driven calibration of the background, a procedure commonly used in accelerator experiments to reduce the sensitivity to model dependence of signal and background calculations. Such analysis techniques are rather unusual in the astrophysics community or among theorists, who typically use the standard procedure of taking a Galactic model to calculate the background and a certain DM halo model to calculate the signal and then compare signal plus background with data. Such analysis are highly sensitive to uncertainties in the background and DM halo models.

A data-driven approach is particularly suitable for the analysis of gamma rays, since the shape of the dominant background, which is the π^0 production in inelastic collisions of CR protons on the hydrogen gas of the disk, is well known from so-called fixed target accelerator experiments in which a proton beam is scattered on a hydrogen target [3]. Furthermore, the shape of the DMA signal is known from e + e− annihilation, so the gamma ray shapes of both, signal and background are known from accelerator experiments with high precision, since these reactions happen to be the best studied ones in high energy physics [3]. Since the signal has a significantly harder spectrum than the background one can perform a data-driven analysis by simply fitting the two shapes to the experimental data with a free normalization for each shape, thus obtaining the absolute contribution from signal and background for each sky direction in a rather model-independent way. Uncertainties in the interstellar background shape arise from solar modulation and in addition from the uncertainties from electron CRs generating gamma-rays by inverse Compton scattering and Bremsstrahlung. However, since the electron flux of CRs is two orders of magnitude below the proton flux, this effect can be included with sufficient accuracy.

A simultaneous fit of DMA signal and background shape has been made to 180 independent sky directions. The average χ^2 per degree of freedom summed over all ca. 1400 data points is around 1, indicating that the errors are correctly estimated. But above all such a good χ^2 implies that the main conditions for a signal of DMA are fulfilled, namely i) the shape of the excess corresponds to the fragmentation of mono-energetic quarks with the same energy in all sky directions and ii) it was found that the intensity distribution of the excess agrees with the mass distribution, as deduced from the rotation curve [4] iii) the background distribution agrees within errors with the expectation from GALPROP, the most up-to-date Galactic propagation model [15], as can be seen from Fig. 3 in Ref. [4].

The derived DM halo profile shows some unexpected substructure: outside the disk it corresponds to a cored halo profile, but inside the disk it reveals two additional doughnut-like structures at distances of about 4 and 13 kpc from the Galactic center. Structures are expected from the tidal disruption of dwarf galaxies captured in the gravitational field of our Galaxy. The "ghostly" ring of stars or Monocerus stream (with about 10^8 − 10^9 solar masses in visible matter) could be the tidal streams of the Canis Major dwarf galaxy (see e.g. [19, 20] and references therein). If so, the tidal streams predicted from N-body simulations are perfectly consistent with the ring at 13 kpc [20], as shown in the central panel of Fig. 1. The strong gravitational potential well in this stream was confirmed from the gas flaring, which is reduced at the position of the ring [21]. The half-width-half-maximum of the gas layer in the disk is shown on the righthand panel of Fig. 1. The reduced gas flaring corresponds to more than 10^{10} solar masses, in agreement with the EGRET ring. It should be noted that the peculiar shape of the gas flaring was only understood after the astronomers heard about the EGRET ring. The effect is so large that visible matter cannot explain this peculiar shape, simply because there is not much visible matter above 10 kpc. Also the peculiar change in the slope of the rotation curve at a Galactic radius around 10 kpc can only be explained by a ringlike structure [4]. A similar ring in the outer disk has been discovered in a nearby galaxy, indicating that such infalls may shape the disk and its warps [22].

So the DMA interpretation of the EGRET excess at 13 kpc is strongly supported by these independent astronomical observations. The ring at 4 kpc might also originate from the disruption of a smaller dwarf galaxy, but here the density of stars is too high to find evidence for tidal streams. However, direct evidence of a stronger gravitational potential well in this region comes from the ring of dust at this location. Since this ring is slightly tilted with respect to the plane its presence and orientation are can be explained by the presence of a ringlike structure of DM. It should be noted that such substructures are most easily discovered by a data-driven approach, which does not rely on propagation and DM halo models.

FIGURE 2. Data on antiprotons, B/C and^{10}Be/^9Be compared with propagation models including DMA.

ANTIPROTONS IN ANISOTROPIC PROPAGATION MODELS

High energy cosmic rays (CRs) travel close to the speed of light. Nevertheless, their averaged speed is much reduced by the interaction with the plasma created by the ensemble of CRs in the Galaxy. The resulting propagation is usually described as a diffusion process combined with a transport perpendicular to the disk by Galactic winds originating from Supernovae (SN) explosions. Details about basic propagation principles can be found in a recent review [23].

Isotropic propagation models cannot include convection speeds above ca. 10 km/s, since in these models secondary particles, like Boron, are produced by the fragmentation of heavier nuclei (mainly C, N, O) hitting the gas of the target. Therefore too high convection lets drift the CRs away from the disk, thus producing too few secondaries. However, the convection speeds from the ROSAT data are significantly higher than the limit allowed by isotropic propagation models. Independent support for rather high convection comes from the large large bulge/disk ratio of the positron 511 keV annihilation line [24]. In propagation models without convection these low energy positrons annihilate near their source, since diffusion, which is proportional to the energy to some power, is practically absent for MeV particles. However, convection is independent of energy and these particles can be convected away easily to the halo, where they find no electrons to annihilate. The transport to the halo is additionally facilitated by the turbulent SN explosions, which generate high pressure bubbles blowing material out of the Galactic disk into chimneys reaching far into the halo [25].

If convection speeds above 150 km/s are included, the lifetime of CRs and the production of secondaries can be tuned to fit the data by adjusting the diffusion coefficient in the disk (in R-direction) and the halo (in z-direction) independently, thus leading to anisotropic propagation. The diffusion in R has to be tuned such, that the transport from the source to us lasts at least 10^7 years, as required by the "cosmic clocks", like the 10Be/^9Be ratio. Given the different amount of matter and magnetic turbulence in the disk and the halo it is not unreasonable to have different diffusion speeds in R and z (cylindrical coordinates). For example, the molecular cloud complexes (MCCs) in the disk may be efficient traps of CRs, because of their high magnetic fields, which would trap CRs magnetically between MCCs, just as the magnetic field of the earth traps CRs in the van Allen belts. Such trapping would nicely explain why the low energy positrons from radioactive decays always annihilate with electrons from hydrogen atoms, not from molecules, as observed by INTEGRAL [26], since the positrons would simply be reflected by the MCCs. Note that trapping can increase locally the CR density significantly. The large average distance between MCs allows to trap particles easily up to TeV energies and cause efficient reacceleration [27]. Trapping also improves the isotropy of CRs, because the surrounding traps scatter the CRs in all directions, as discussed in detail by [28]. Such a trapping picture combined with convection can reproduce i) the secondary production, ii) the small radial gradient in the production of gamma rays (because the CRs near the source are driven away by the Galactic winds from the disk, thus reducing the strong gamma ray production towards the Galactic center [29]), iii) the large bulge/disk ratio for the positron 511 keV annihilation line [24], because the positrons in the disk are simply transported to the halo by convection, where there are no electrons bound on atoms to annihilate and iv) the evidence for Galactic winds from the ROSAT satellite [16, 17]. More details on such anisotropic convection driven models (aCDM) will be published elsewhere [30].

The antiproton flux from nuclear interactions tends to be on the low side compared with the data from PAMELA[8], CAPRICE [31] and BESS [32], as shown in Fig. 2, but this can be nicely remedied by the antiproton flux from DMA, which has a similar shape as the background for WIMP masses in the order of 100 GeV. The boost factor and the WIMP mass were taken from the EGRET analysis discussed above. Note that the relative production of antiprotons and gamma rays is known from the fragmentation of quarks, as measured in e^+e^− annihilation. Previous claims that the DMA interpretation is excluded by the too high antiproton fluxes from DMA [33] is not valid, if convection is included in the propagation model. It should be reminded that propagation models without the DMA contribution to antiprotons are challenged by the rather high antiproton flux [34]. A higher antiproton flux can be obtained, if one resorts to so-called optimized models, in which the global CR spectra are different from the local ones. Such optimized models have been devised to explain the EGRET excess without DMA [35].

Plots concerning the B/C and the^{10}Be/^9Be ratios are shown in Fig. 2 as well. Boron is a secondary particle produced mainly in the spallation of heavier primary particles, like C,N and O during collisions with the gas of the disk. Therefore, the ratio is sensitive to the gas distribution, the primary source distribution and the propagation.^{10}Be is a radioactive nucleus with a decay time of 1.6 · 10^6 years, so if the lifetime of a CR inside our Galaxy is longer than the decay time, one expects a significant reduction of^{10}Be as compared to the stable^9Be, at least at low energies, where the relativistic increase of the lifetime is small. As can be seen from Fig. 2 the secondary production and the transport time between source and our local solar system can be described in both - isotropic and anisotropic - propagation models.

POSITRON FRACTION

The positrons from DMA are produced mainly by the decays of positively charged pions produced after the hadronization of the quarks. The background comes from positive

FIGURE 3. The spectra of protons, electrons and positrons multiplied with a power of the energy, as indicated on the vertical axis. Data are taken from Ref. [36].

FIGURE 4. Left: the ratio of proton and electron fluxes as function of energy. Right: the positron fraction. The averaged HEAT and AMS-01 data are taken from Ref. [37]) and the new more precise PAMELA data are from Ref. [9]. The different solid curves correspond to different injection indices of electrons, which are not yet very well constrained, as shown in Fig. 3.

pions produced by inelastic collisions of CRs with the gas in the disk. Electrons are also produced by the decays of the negative pions produced in the same process, but this is only a small fraction compared to the electrons from SNRs. Unfortunately the spectra of protons, electrons and positrons are not yet well measured, as shown in Fig. 3. Especially the more precise magnetic spectrometer experiments tend to show a power law spectrum above a certain energy with a constant index, while the calorimetric experiments tend to show an excess above the extrapolation for this constant index. E.g. the HEAT and AMS- 01 experiments are consistent with an injection index in the propagation model close to -2.9, i.e. a power law E^{−2.9}. If one includes the calorimetric experiments at higher energies, a harder spectrum with an index well above -2.7 is preferred. This can be due to local sources dominating above a certain energy, but without charge measurements of the particles the calorimetric experiments are prone to background from low energetic heavy nuclei. It is interesting to note that both the proton and electron spectra of ATIC show an increase above the index from the spectrometer experiments and then fall sharply at the edge of the acceptance. The increase in both, protons and electrons, practically eliminates the DMA interpretation and strongly points to a local source, if it is not background from heavy nuclei increasing towards higher energies. The data have been taken from the Cosmic Ray Database by Strong, where the original references can be found [36].

In Fig. 4 the ratio of protons/electrons is plotted for the best fitted electron data above 5 GeV (dotted curve), which is compared with the different injection indices shown in the central panel of Fig. 3. Independent of the electron injection index the p/e ratio shows an increase towards higher energy, as can be expected from the higher energy losses of electrons towards higher energies. The positron spectrum is given by the proton spectrum modulo energy losses, so if the p/e ratio shows an increase, the positron spectrum may increase as well. This is indeed the case, as shown on the right hand panel for the three different injection indices. Clearly, the index of -2.9, as preferred from the magnetic spectrometer experiments, does not give a strong enough increase in the positron fraction, so a contribution from local sources is a likely possibility. Since our local environment with the low gas density (so-called local bubble) was presumably created by a 10 to 20 recent supernova explosions [25], nearby pulsars are expected.

The contribution from DMA is small, given the observed excess of Galactic gamma rays and taking the same boost factor also for the positrons, as shown by the lower curve in the right hand panel of Fig. 4. This is expected, since most of the positrons from DMA are produced in the halo, thus drifting away by convection, while the background is produced mainly in the disk. For antiprotons the background is strongly reduced by the large threshold of CR protons, which requires protons to be effectively above 10 GeV, while for the light pions there is hardly any threshold effect. Therefore the relative DMA contribution is expected to be larger for antiprotons than for positrons.

CONCLUSION

It is shown, that the interpretation of the EGRET excess as a signal of DMA is perfectly consistent with the new PAMELA data on positrons and antiprotons, if one uses a propagation model including the recently deduced convection from the X-ray spectra observed with the ROSAT satellite [17]. This leads to anisotropic propagation, in which the charged particles from the halo drift to outer space and the observed fluxes of charged particles are largely produced locally. The consequence for DMA is that the flux of charged particles from DMA is strongly reduced as compared to the fluxes in isotropic propagation models, which have been used to claim that the EGRET excess cannot originate from DMA, since this would overproduce antiprotons [33]. However, isotropic propagation models are ruled out by the observation of convection (ROSAT) [16, 17] as well as the observations from INTEGRAL concerning the large bulge/disk ratio for the positron 511 keV annihilation line [24, 6].

The antiproton flux tends to be on the low side in conventional propagation models, both isotropic and anisotropic, as long as one assumes the local observed shape of the proton spectra is valid for the whole Galaxy, which is a reasonable assumption given the fact that the diffusion of protons is fast compared with the energy losses. In such models DMA simultaneously increases the gamma rays at energies above 1 GeV and the antiprotons above 0.1 GeV, in excellent agreement with the data.

The increase in electrons/positrons at high energies by ATIC and positrons by PAMELA may be related, but the fact that ATIC also sees an increase in protons (see 3) makes a DMA interpretation unlikely, which agrees with the fact that positrons are hardly affected by DMA, as shown in Fig. 4. The difference between antiprotons and positrons stems from the fact that positrons have almost no threshold effect, while antiprotons can only be produced by protons above 7 GeV, since at least 3 additional protons have to appear in the final state to comply with baryon number conservation. Therefore, the interpretation of the rise in the positron fraction as signal of neutralino annihilation is incompatible with the EGRET excess of diffuse gamma rays in an anisotropic propagation model (see middle panel of Fig. 4), while the flux of antiprotons is most easily explained by including a contribution from DMA (in agreement with the EGRET excess). To fully understand the rise in the positron fraction would require much better data for spectra of electrons, protons and positrons separately instead of only knowing ratios.

I wish to thank my close collaborators Iris Gebauer, Markus Weber, Dmitri Kazakov and Valery Zhukov for helpful discussions. This work was supported by the BMBF (Bundesministerium für Bildung und Forschung) via the DLR (Deutsches Zentrum für Luft- und Raumfahrt).

REFERENCES

1. G. Hinshaw et al. [WMAP Collaboration], arXiv:0803.0732 [astro-ph]. 2. G. Steigman, Ann. Rev. Nucl. Part. Sci. 29 (1979) 313;

K. Griest and M. Kamionkowski, Phys. Rept. 333 (2000) 167.

3. C. Amsler et al., Physics Letters B667 (2008)1; http://pdg.lbl.gov/index.html 4. W. de Boer, C. Sander, V. Zhukov, A. V. Gladyshev and D. I. Kazakov, A&A 444 (2005) 51, arXiv:astro-ph/0508617.

5. W. de Boer, Proc. 16th International Conference on Supersymmetry and the Unification of Fundamental Interactions (SUSY08), Seoul, Korea, Eds. P. Ko and B.H. Lee, 2008, arXiv:0810.1472 [astro-ph].

6. I. Gebauer, to be publ. in Proc. of IDM08, Stockholm, 2008, arXiv:0811.2767 [astro-ph]. 7. W. de Boer, C. Sander, V. Zhukov, A. V. Gladyshev and D. I. Kazakov, Phys. Lett. B 636 (2006) 13, arXiv:hep-ph/0511154.

8. O. Adriani et al., arXiv:0810.4994 [astro-ph]. 9. O. Adriani et al., arXiv:0810.4995 [astro-ph].

10. L. Bergstrom, T. Bringmann and J. Edsjo, arXiv:0808.3725 [astro-ph]; V. Barger, W. Y. Keung, D. Marfatia and G. Shaughnessy, arXiv:0809.0162 [hep-ph]; J. H. Huh, J. E. Kim and B. Kyae, arXiv:0809.2601 [hep-ph]; I. Cholis, L. Goodenough, D. Hooper, M. Simet and N. Weiner, arXiv:0809.1683 [hep-ph]; M. Cirelli, M. Kadastik, M. Raidal and A. Strumia, arXiv:0809.2409 [hep-ph]; C. R. Chen and F. Takahashi, arXiv:0810.4110 [hep-ph]; M. Fairbairn and J. Zupan, arXiv:0810.4147 [hep-ph]; A. E. Nelson and C. Spitzer, arXiv:0810.5167 [hep-ph]; F. Donato, D. Maurin, P. Brun, T. Delahaye and P. Salati, arXiv:0810.5292 [astro-ph]; I. Cholis, D. P. Finkbeiner, L. Goodenough and N. Weiner, arXiv:0810.5344 [astro-ph]; Y. Nomura and J. Thaler, arXiv:0810.5397 [hep-ph]; R. Harnik and G. D. Kribs, arXiv:0810.5557 [hep-ph]; D. Feldman, Z. Liu and P. Nath, arXiv:0810.5762 [hep-ph]; K. Ishiwata, S. Matsumoto and T. Moroi, arXiv:0811.0250 [hep-ph]; P. J. Fox and E. Poppitz, arXiv:0811.0399 [hep-ph]; E. J. Chun and J. C. Park, arXiv:0812.0308 [hep-ph]; J. Kalinowski, S. F. King and J. P. Roberts, arXiv:0811.2204 [hep-ph]; S. Baek and P. Ko, arXiv:0811.1646 [hep-ph]; R. Allahverdi, B. Dutta, K. Richardson-

McDaniel and Y. Santoso, arXiv:0812.2196 [hep-ph]; I. Cholis, G. Dobler, D. P. Finkbeiner, L. Goodenough and N. Weiner, arXiv:0811.3641 [astro-ph]; J. Liu, P. f. Yin and S. h. Zhu, arXiv:0812.0964 [astro-ph]; D. Hooper, A. Stebbins and K. M. Zurek, arXiv:0812.3202 [hep-ph]; C. R. Chen, K. Hamaguchi, M. M. Nojiri, F. Takahashi and S. Torii, arXiv:0812.4200 [astro-ph]; X. J. Bi, P. H. Gu, T. Li and X. Zhang, arXiv:0901.0176 [hep-ph]; I. Gogoladze, R. Khalid, Q. Shafi and H. Yuksel, arXiv:0901.0923 [hep-ph].

11. J. Chang et al., Nature 456, 362 (2008). 12. S. Torii et al., arXiv:0809.0760 [astro-ph].

13. P. D. Serpico, arXiv:0810.4846 [hep-ph]; S. Profumo, arXiv:0812.4457 [astro-ph]; F. A. Aharonian, A. M. Atoyan and H. J. Völk, Astron. Astrophys. 294 (1995) L41; S. Coutu et al., Astropart. Phys. 11 (1999) 429; D. Hooper et al., arXiv:0810.1527.

14. S. Baek and P. Ko, arXiv:0811.1646 [hep-ph]; K. J. Bae, J. H. Huh, J. E. Kim, B. Kyae and R. D. Viollier, arXiv:0812.3511 [hep-ph]; C. R. Chen, M. M. Nojiri, F. Takahashi and T. T. Yanagida, arXiv:0811.3357 [astro-ph].

15. A.W. Strong, and I.V. Moskalenko, ApJ, 509 (1998) 212; arXiv:astro-ph/9807150 and http://galprop.stanford.edu/ A.W. Strong, I.V. Moskalenko and O. Reimer, ApJ, 537 (2000) 763 [Erratum-ibid. 541, 1109]; arXiv:astro-ph/9811296.

16. J.E. Everett, et al. Astrophys. J. 674 (2008) 258. 17. D. Breitschwerdt, Nature, 452, 7189 (2008) 826. 18. Hunter, S.D. et al. 1997, ApJ, 481, 205.

19. N. F. Martin, R. A. Ibata, M. Bellazzini, M. J. Irwin, G. F. Lewis and W. Dehnen, Mon. Not. Roy.

Astron. Soc. 348 (2004) 12 [arXiv:astro-ph/0311010];

M. Bellazzini, R. Ibata, N. Martin, G.F. Lewis, B. Conn and M.J. Irwin, Mon. Not. Roy. Astron. Soc. 366 (2006) 865, arXiv:astro-ph/0504494.

B.C. Conn, et al., Mon. Not. Roy. Astron. Soc. 376 (2007) 939, arXiv:astro-ph/0701664; arXiv:0808.2534 [astro-ph].

20. J. Penarrubia et al. [SDSS Collaboration], Astrophys. J. 626 (2005) 128, [arXiv:astro-ph/0410448]. 21. Kalberla, P.M.W., Dedes, L., Kerp, J. and Haud, U., A&A, 469 (2007) 511, arXiv:0704.3925 [astroph].

22. D. Martinez-Delgado, M. Pohlen, R. J. Gabany, S. R. Majewski, J. Penarrubia and C. Palma, arXiv:0801.4657 [astro-ph].

23. A. W. Strong, I. V. Moskalenko and V. S. Ptuskin, Ann. Rev. Nucl. Part. Sci. 57 (2007) 285 [arXiv:astro-ph/0701517].

24. N. Prantzos, N. A&A 449 (2005) 869, arXiv:astro-ph/0511190 and arXiv:0809.2491 [astro-ph] and references therein.

25. M. A. de Avillez and D. Breitschwerdt, Astrophysical J., 665(2007)L35, arXiv:0707.1740 [astroph];

D. Breitschwerdt, M. A. de Avillez and V. Baumgartner, arXiv:0812.0505 [astro-ph] and references therein.

26. P. Jean et al. Astron. Astrophys. 445(2005) 579, arXiv:astro-ph/0509298. 27. V. N. Zirakashvili, arXiv:astro-ph/0106077.

28. B.D.G. Chandran, Space Sci. Rev. 99 (2000) 271, arXiv:astro-ph/0010105. 29. D. Breitschwerdt, V.A. Dogiel, and H.J. Völk, A&A, 385 (2002) 216, arXiv:astro-ph/0201345. 30. I. Gebauer et al., to be published.

31. M. Boezio et al. [WiZard/CAPRICE Collaboration], Astrophys. J. 561, 787 (2001) [arXiv:astroph/0103513].

32. T. Maeno et al. [BESS Collaboration], Astropart. Phys. 16 (2001) 121 [arXiv:astro-ph/0010381]. 33. L. Bergstrom, J. Edsjo, M. Gustafsson and P. Salati, JCAP 0605 (2006) 006, [arXiv:astroph/0602632].

34. I. V. Moskalenko, A. W. Strong, S. G. Mashnik and J. F. Ormes, Astrophys. J. 586 (2003) 1050 [arXiv:astro-ph/0210480].

35. A.W. Strong, I.V. Moskalenko, and O. Reimer, ApJ, 613 (2004) 962; arXiv:astro-ph/0406254. 36. Cosmic ray database from A. Strong on http://www.mpe.mpg.de/ãws/propagate.html and references therein.

37. C. H. Chung, H. Gast, J. Olzem and S. Schael, arXiv:0710.2428 [astro-ph].