arXiv:1206.2595v2 [hep-ph] 2 Oct 2012

Prepared for submission to JCAP

Constraining very heavy dark matter using diffuse backgrounds of neutrinos and cascaded gamma rays

Kohta Murase^{1,2} and John F. Beacom^{1,2,3}

1CCAPP, Ohio State University, 191 W. Woodruff Ave., Columbus, Ohio 43210, USA 2Department of Physics, OSU, 191 W. Woodruff Ave., Columbus, Ohio 43210, USA 3Department of Astronomy, OSU, 140 W. 18th Ave., Columbus, Ohio 43210, USA

E-mail: murase.2@osu.edu, beacom.7@osu.edu

Abstract. We consider multi-messenger constraints on very heavy dark matter (VHDM) from recent Fermi gamma-ray and IceCube neutrino observations of isotropic background radiation. Fermi data on the diffuse gamma-ray background (DGB) shows a possible unexplained feature at very high energies (VHE), which we have called the “VHE Excess” relative to expectations for an attenuated power law extrapolated from lower energies. We show that VHDM could explain this excess, and that neutrino observations will be an important tool for testing this scenario. More conservatively, we derive new constraints on the properties of VHDM for masses of 10^3–10^{10} GeV. These generic bounds follow from cosmic energy budget constraints for gamma rays and neutrinos that we developed elsewhere, based on detailed calculations of cosmic electromagnetic cascades and also neutrino detection rates. We show that combining both gamma-ray and neutrino data is essential for making the constraints on VHDM properties both strong and robust. In the lower mass range, our constraints on VHDM annihilation and decay are comparable to other results; however, our constraints continue to much higher masses, where they become relatively stronger.

Contents

1 Introduction 1

2 Overview of cosmic energy budget considerations 4

3 Calculations of neutrino and gamma-ray spectra from VHDM 6 3.1 Calculation of cosmic backgrounds 7 3.2 Choices of final states 8

4 VHDM signatures in the diffuse gamma-ray and neutrino backgrounds 9 4.1 Possible dark matter scenarios 10 4.2 Importance of neutrino observations 13

5 General gamma-ray and neutrino constraints on VHDM 14 5.1 Annihilation 15 5.2 Decay 17

6 Summary and discussion 21

A Intergalactic cascades 22

B Galactic contribution 24

1 Introduction

A new era in high-energy multi-messenger astronomy is dawning. Gamma-ray and neutrino observations will help probe the origins of cosmic rays, the nature of high-energy sources, the mechanisms that power astrophysical objects, and more. In particular, these observations may help finally reveal the particle properties of dark matter. Very heavy dark matter (VHDM), with m_{dm}c^2 > TeV, could produce negligible rates in nuclear scattering experiments, due to its low number density, and might be out of reach of collider production experiments, due to its high mass. However, there are new opportunities to search for the products of its annihilation or decay, due to the increasing sensitivity of gamma-ray and neutrino experiments. Here the high mass of VHDM may compensate its low number density, because so much energy (2m_{dm}c^2 or m_{dm}c^2, respectively) is released per annihilation or decay.

In the GeV range, the LAT instrument onboard the Fermi satellite has found various extragalactic gamma-ray sources, including active galactic nuclei (AGN), star-burst galaxies and gamma-ray bursts (GRBs) [e.g., 1–4]. The diffuse gamma-ray background (DGB) [5], presumed to be cosmic, was measured by LAT in the GeV range [6, 7] and was found to be lower than that obtained by EGRET [8]. The origin of the DGB is unsettled; in any case, the measured spectrum leads to strong bounds on the gamma-ray emissivity from general sources in the universe [9–11], as well as in specific scenarios, e.g., fast redshift-evolution models of ultra-high-energy (UHE) cosmic rays [12].

In the very-high-energy (VHE; > 0.1 TeV) range, thanks to the big successes of imaging atmospheric Cherenkov telescopes (IACTs) such as HESS, MAGIC and VERITAS, not only

– 1 –

Galactic but also extragalactic gamma-ray sources have been discovered [see a recent review, e.g., 13, and references therein]. The next generation IACT, Cherenkov Telescope Array (CTA), is also being planned [14]; its sensitivity is expected to be improved by a factor of ∼ 10 compared to existing IACTs. However, the discovery power of gamma-ray experiments at the highest energies will always be limited by the opacity of the universe caused by pair production processes on the extragalactic background light (EBL) and the cosmic microwave background (CMB).

Neutrinos, however, are not attenuated in the cosmos, so are especially important to reveal distant, high-energy processes directly. The IceCube detector at the South Pole was completed [e.g., 15–19] and the comparable KM3Net detector is being planned in the Mediterranean Sea [20]. Interesting constraints on UHE neutrino fluxes have been placed with, e.g., the balloon-based ANITA experiment [21]. Although non-terrestrial high-energy neutrinos have not been detected so far, the sensitivity of present experiments is nearing well-motivated theoretical expectations [22, 23].

Various searches for dark matter have been made to find out indirect signals from its annihilation [e.g., 24–30] and decay [e.g., 31–37], including possible signatures in the DGB and the neutrino background. Despite the fact that dark matter has been known since the 1930s [38] by its gravitational effects, its particle properties remain unknown. Numerous candidates have been suggested as a solution to this dark matter problem. Among various possibilities, weakly interacting massive particles (WIMPs) are especially popular [39]. They are motivated by the problem of electroweak symmetry breaking, and neutral WIMPs like the neutralino have been studied in great detail. Neutralinos are spin-1/2 Majorana fermions, predicted in the supersymmetric extension of the standard theory with R-parity conservation. They can naturally be the stable lightest supersymmetric particle, and may have annihilation cross sections such that their thermal relic abundance matches the observed dark matter density. This implies that WIMP-matter interactions may be strong enough that WIMPs will be produced at particle accelerators and detected directly in nuclear scattering experiments. Self-annihilations of WIMPs in the present-day universe may lead to detectable gamma-ray and neutrino signals; their non-observation has led to a variety of limits on properties of annihilating WIMPs [40–47].

Furthermore, there is no fundamental objection to considering unstable dark matter, as long as the lifetime is longer than the age of the universe. This possibility has been studied and constrained in various aspects from many years ago [e.g., 31, 32], including more general cases where neutral relics are subdominant [48–51]. Later, some specific particle physics models of decaying dark matter have recently been proposed [e.g., 34–37]. One of the long-lived dark matter candidates in the supersymmetric theory is the gravitino in Rparity-breaking vacua, where long lifetimes are allowed by the supersymmetric breaking scale and small R-parity violation [34, 35]. Not only the gravitino but also the sneutrino can be viable decaying dark matter candidates as super-WIMPs [56] that may not be seen by collider production and nuclear scattering experiments. It is also possible to consider hidden sector gauge bosons, gauginos, and fermions as decaying dark matter [36]. Composites of stronglyinteracting particles have also been proposed [37]. Decaying dark matter scenarios have been constrained from the pre-Fermi era [48–53], and they have been recently discussed especially in the literature of the anomaly in the positron spectrum [47, 54, 55].

For ordinary thermal relics, the required annihilation cross section is < σv >_{dm} ≈ (2 − 5) × 10^{−26} cm^3 s^{−1} [see 57, and references therein]. However, dark matter may be nonthermally produced in the early universe, and the cross section can be larger in principle.

– 2 –

Nonthermal production is commonly considered in the models of decaying dark matter. While many models, including supersymmetric models, consider dark matter masses of ≲ 100 TeV, super heavy dark matter, e.g., wimpzillas, has also been suggested in various contexts [58–62] including earlier works motivated by the string theory [63]. There are various production mechanisms, and the wimpzilla mass, ∼ 10^9 − 10^{19} GeV, may be related to the inflaton mass [60, 61]. Long lifetimes can be realized by considering breaking discrete gauge symmetries and some other non-perturbative effects [62, 64]. Although the motivation to explain UHE cosmic rays seems to have almost disappeared [58, 62], super heavy dark matter is still viable as a dark matter candidate.

In this work, we focus on generic candidates for present-day decaying VHDM with masses between 10^3 and 10^{10} GeV. Since dark matter has not yet been discovered in the “expected” lower mass range, we are motivated to search at higher energies, which are now being explored with much greater sensitivities. There are also several independent works focusing on decaying VHDM [65]. Another new point of our paper is to discuss the origin of the possible “VHE Excess” in the DGB [10], which has been identified in the Fermi era. Dark matter with masses of ∼ 1 − 10 GeV was discussed many years ago to explain the DGB in the MeV range [31]. Thanks to Fermi, the VHE DGB is now seen well above the energy ranges of COMPTEL and EGRET, and we find that this new feature could be explained by dark matter, and that IceCube searches for neutrinos are already constraining some of the cases in this scenario.

Many previous studies on gamma rays focused on the mass range below 10 TeV, where the gamma-ray cascade caused by pair production on the cosmic photon backgrounds is not relevant. At higher masses, however, one has to take gamma-ray cascades into account properly. Our detailed calculations allow us to derive the new cascade gamma-ray bound on the annihilation cross section and decay lifetime of VHDM. Importantly, the Fermi DGB is lower than the EGRET one, so past constraints on VHDM [e.g., 48, 49, 51] can be improved by about a factor ∼ 10. In addition, though neutrino constraints were considered in early days [e.g., 48–50], IceCube has indeed allow us to achieve limits that are stronger by orders of magnitude than those from the first generation experiments in the COMPTEL/EGRET era, e.g., from the Monopole Astrophysics and Cosmic Ray Observatory (MACRO) and the Irvine-Michigan-Brookhaven (IMB) detector. Updated calculations of both the messengers are of importance and enable us to demonstrate that neutrino observations can be more stringent than gamma-ray observations at sufficiently high masses.

The organization of this paper is as follows. In Section 2, we revisit constraints on the cosmic energy budget of gamma rays and neutrinos, based on results of Fermi and IceCube, providing an overview of how we restrict the properties of VHDM. In Section 3, we show numerical results of the spectra arising from annihilating or decay VHDM. In Section 4, we consider the most optimistic cases, where VHDM is assumed to contribute to the VHE DGB, and demonstrate the importance of neutrino observations. In Section 5, we develop and synthesize our combined gamma-ray and neutrino constraints on annihilation and decay of VHDM. In Section 6, we present our conclusions. Two appendices present further details of the calculation of intergalactic electromagnetic cascades and how the Galactic foreground signals from dark matter are taken into account in our calculations of cosmic signals from VHDM. In this paper, according to WMAP seven-year results [66], we adopt H_0 ≡ 100h = 70.2 km s^{−1} Mpc^{−1}, Ω_{dm} = 0.229, Ω_m = 0.275 and Ω_Λ = 0.725.

– 3 –

2 Overview of cosmic energy budget considerations

Indirect dark matter signatures from annihilation or decay can be searched for using diffuse background radiation. The isotropic DGB has been measured, but its origin is not understood, so a dark matter contribution can be recognized only if it is significant relative to the full DGB, and not merely to its uncertainty. If the DGB mainly consists of relatively rare point sources such as blazars, the DGB can be reduced by further progress in resolving point sources; the improvement is expected to be modest [43]. The neutrino background has not been detected so far, though atmospheric neutrinos have been measured up to several hundred TeV. At higher energies, where the atmospheric neutrino flux is negligible, the bounds on dark matter properties are already powerful and will improve quickly.

It is useful to convert constraints from diffuse background fluxes into those on cosmic energy budgets. Gamma rays and neutrinos may be produced by astrophysical sources or dark matter. In the case of dark matter annihilation and decay, these stable standard model particles will be among the dominant endpoints of all decay chains from heavier particles. Both neutrinos and (lower-energy) gamma rays travel long distances, so that they are sensitive to processes occurring throughout the cosmos. One cannot see as far with higher-energy gamma rays, because they induce electromagnetic cascades, as will electrons and positrons; all of these are included in our calculations.

Following Murase et al. [10], we briefly discuss the required or allowed energy budgets in gamma rays and neutrinos. We denote the bolometric energy budget and differential energy budget by Q(z) and EQ_E (z), respectively. For discrete sources, Q(z) is the product of the luminosity L(z) per source and the source density n_s(z), and EQ_E (z) is the same before integration over energies; for continuum sources, these generalize. We consider two typical cases. For a quasi-differential limit, we consider a near-mono-energetic injection spectrum. For an integrated limit, we consider a E^{−2} spectrum (i.e., EQ_E ∝ const.) spanning several decades. Constraints are reported in terms of the local (z = 0) energy budgets, with the assumed redshift evolution noted.

Sufficiently high-energy gamma rays from distant sources cannot avoid pair creation with the EBL and CMB, and will be cascaded down to GeV-TeV energies through pair creation and inverse Compton scattering processes. Whatever the origin of the DGB is, if the cascade is sufficiently developed, it has a near-universal form [10, 67], G_{Eγ} ∝ { (E_γ /E^{br}_γ )^{−1/2} (E_γ ≤ E^{br}_γ ) (E_γ /E^{br}_γ )^{1−β} (E^{br}_γ < E_γ ≤ E^{cut}_γ ).

(2.1)

where the normalization of G_{Eγ} is ∫ dE_γ G_{Eγ} = 1. Here, E^{cut}_γ is the energy where the suppression due to pair creation occurs, β is typically ∼ 2, and E^{br}_γ ≈ (4/3)(E^{′cut}_γ /m_ec^2)^2ε_{CMB} ≃ 0.034 GeV (E^{cut}_γ /0.1 TeV)^2((1 + z)/2)^2, where ε_{CMB} is the typical CMB energy.

The DGB observed by LAT can be fitted by a power law [6],

E^2_γ Φ_γ = 0.855 × 10^{−7} GeV cm^{−2} s^{−1} sr^{−1} (E_γ /100 GeV)^{−0.41}, (2.2)

which can be crudely connected to the theoretical background gamma-ray flux as

E^2_γ Φ_γ ≈ ct_H 4π (E_γḠ_{Eγ} Q_γ )ξ_z, (2.3)

where Q_γ ≡ ∫ dE_γ Q_{Eγ} is the local gamma-ray energy budget and ξ_z is the pre-factor coming from its evolution [69]. For dark matter annihilation or decay, one has ξ_z ∼ 1 as a typical

– 4 –

Figure 1. Upper bounds on the local (z = 0) gamma-ray energy budget of the universe. The upper solid curves represent quasi-differential limits obtained with E^′Q_E′ = Q_γ , i.e., the same energy input at any E^′, for near-mono-energetic gamma-ray injection. The lower dot-dashed curves represent integrated limits for E^′Q_E′ = const., i.e., an E^{−2} differential spectrum, where E^′_{min} = 10^{2.75} GeV and E^′_{max} = 10^{11.25} GeV are assumed. Thick curves are obtained for star formation evolution [68], whereas thin curves are for no redshift evolution. Adapted from Ref. [10].

Figure 2. Upper bounds on the local (z = 0) neutrino energy budget of the universe. The upper dashed curves represent quasi-differential limits estimated from the IceCube-40 analysis (333.5 days) [18]. The lower dot-dashed curves represent integrated limits obtained for E_ν Q_{Eν} = const. (and a narrower energy range than that used in Figure 1). The thick curves are obtained for star formation evolution [68], whereas the thin curves are for no redshift evolution. The dotted curves show limits from the atmospheric neutrino background. WB represents the Waxman-Bahcall bound [69] obtained with E_{cr}Q_{Ecr} = 0.6 × 10^{44} erg Mpc^{−3} yr^{−1}, and MB represents the effective nucleus-survival bound of Murase & Beacom [70]. Adapted from Ref. [10].

value, because the most important contributions come from z ∼ 0 as long as the dark matter lifetime is longer than the Hubble time t_H^1. For astrophysical sources, important contributions often come from sources at z ∼ 1 − 2, where the typical redshift of z̄ ∼ 1 leads to E^{cut}_γ |_{z̄∼1} ∼ 0.1 TeV, so that one has ξ_z ∼ a few. Since cascade gamma rays have a characteristic spectrum and we typically have E_γḠ_{Eγ} ∼ 0.1, details of primary spectra are not very relevant because they are washed out. The DGB therefore probes the bolometric electromagnetic energy budget in the VHE/UHE range. From Eq. (2.3), the DGB obtained by LAT implies Q_γ = L_γ n_s ≲ 2 × 10^{45} erg Mpc^{−3} yr^{−1}ξ^{−1}_z , (2.4)

when the injection energy is high enough to induce cascades. Our derived DGB constraint is shown in Figure 1.

Unlike gamma rays, neutrinos reach the Earth through intergalactic space without attenuation. Because of this, neutrino detectors are directly sensitive to the differential energy budget and spectrum in the VHE/UHE range, EQ_E . Any non-terrestrial neutrino background has not been detected yet, but the IceCube-40 integrated limit obtained for the E^{−2}

1In the no redshift evolution case that is expected for decaying dark matter, we obtain ξz ≃ 0.59. For annihilating dark matter, we get ξz ≃ 0.86 with the fitting function used in Yuksel et al. [46].

– 5 – spectrum has now reached an impressive sensitivity [18],

E^2_ν Φ_ν ≲ a few × 10^{−8} GeV cm^{−2} s^{−1} sr^{−1}; (2.5)

the typical differential sensitivity is weaker by a factor of a few. The theoretical extragalactic neutrino background is related to the energy budget as [69]

E^2_ν Φ_ν ≈ ct_H 4π (E_ν Q_{Eν} )ξ_z. (2.6)

Here E_ν Q_{Eν} is the differential neutrino energy budget, which is constrained as

E_ν Q_{Eν} ≲ 4.3 × 10^{43} erg Mpc^{−3} yr^{−1} ( E^2_ν Φ_ν 3 × 10^{−8} GeV cm^{−2} s^{−1} sr^{−1} ) ξ^{−1}_z . (2.7)

The neutrino constraint is shown in Figure 2. Note that the neutrino flux limits can be below the gamma-ray measurements, so neutrinos are more sensitive in some cases, especially at high energies. At low energies, the neutrino sensitivity is worse due to the atmospheric neutrino background.

It is often useful to compare the experimental neutrinos limits to theoretical bounds used in the literature of cosmic rays. In Figure 2, we also show the nucleon-survival (Waxman- Bahcall) bound derived for cosmic-ray sources [69] and the nucleus-survival (Murase-Beacom) bound for sources of cosmic-ray nuclei [70]. The cosmogenic neutrino flux, which gives a guaranteed astrophysical neutrino background, practically obeys the nucleon-survival bound (for primary protons) and the nucleus-survival bound (for primary nuclei) [71].

Our general constraints on the energy budgets can be adapted for dark matter. For decaying dark matter, the local energy budget, Q_{dm}, is

Q^{dec}_{dm} = ρ_{dm} m_{dm} m_{dm}c^2 τ_{dm} = ρ_{dm}c^2 τ_{dm}

, (2.8)

because each decay injects an energy m_{dm}c^2. For annihilating dark matter, one has

Q^{ann}_{dm} = ( ρ_{dm} m_{dm}

)_2

< σv >_{dm}g_0 2 2m_{dm}c^2 =

< σv >_{dm}ρ^2_{dm}c^2g_0 m_{dm}

, (2.9)

because each annihilation injects an energy of 2m_{dm}c^2. Unlike for decay, here the clustering of dark matter is important, and g_0 is the flux-multiplier at z = 0, which depends on the dark matter profile and substructures (see Section 3.2).

3 Calculations of neutrino and gamma-ray spectra from VHDM

The origin of the DGB is a mystery, and a number of models have been suggested so far [see recent reviews 1, 5, and references therein]. Whatever the origin is, in the standard theory (unless axion conversion or Lorentz-invariance violation is invoked), extragalactic gamma rays must be attenuated at sufficiently high energies due to the pair creation with EBL photons. Therefore, one should expect suppression at ≳ 100 GeV energies, so that, even if the originally-emitted DGB extends to higher energies, it will be severely attenuated. Although careful data analyses and precise measurements of the VHE DGB are required, preliminary

– 6 –

Fermi data^2 suggest the possible existence of a distinct component at ≳ 100 GeV [10], because the measurements are well above expectations for an attenuated power law extrapolated from lower energies. We have called the discrepancy the “VHE Excess” and shown that it can have a significant contribution from cascade components [10].

The suppression due to the EBL could be compensated by an additional emission component if the primary spectrum of injected gamma rays is hard enough. Not including cascade effects, the photon index in the VHE range would need to be α ≲ 2. However, for such a hard spectrum, the effects of cascades moving power from higher to lower energies cannot be neglected once there is enough luminosity at sufficiently high energies. This may be realized by some population of blazars with a very hard spectrum. Another possibility is that the cascades are initiated by VHE cosmic rays instead of gamma rays. It is also possible that the “VHE Excess” is not due to cascades, for example if the excess gamma rays are due to unaccounted-for foreground emission within the Milky Way, where gamma-ray attenuation can be ignored.

VHDM annihilation or decay can lead to gamma-ray spectra that could explain the data [c.f. 73]. Extragalactic components would be cascaded, and could lead to similar final spectra as astrophysical sources, because cascade effects obscure the primary spectra. Further, there could also be a Galactic component, which would not be attenuated or cascaded, and this can play an important role (see Section 4.1).

Neutrinos can reach the Earth without attenuation. Although the neutrino background has not been measured yet, neutrinos from dark matter annihilation or decay, as well as astrophysical neutrinos, may contribute to the background. The resulting neutrino spectra are expected to be similar to those of the emission spectra that may extend to quite high energies, which can in principle reveal types of allowed channels. As we stress below, taking into account both the gamma-ray and neutrino spectra is essential to probing VHDM models.

3.1 Calculation of cosmic backgrounds Now we describe how cosmic neutrino and gamma-ray backgrounds from VHDM are calculated. Without attenuation or cascades, injected energies are higher than observed energies by E^′ = (1 + z)E. Here we focus on the extragalactic contribution, and below we note the importance of the foreground component from the Milky Way. For decaying dark matter, the received intensity (differential flux per energy, area, time, and solid angle) is Φ = c 4πH_0 ∫ dz 1 √ Ω_Λ + (1 + z)^3Ω_m ρ_{dm} m_{dm}τ_{dm} dS dE^′ , (3.1)

where dS/dE^′ is the primary spectrum. For annihilating dark matter, one has Φ = c 4πH_0 ∫ dz g(z)(1 + z)^3 √ Ω_Λ + (1 + z)^3Ω_m

< σv >_{dm}ρ^2_{dm} 2m^2_{dm} dS dE^′ . (3.2)

For the decay case, the clustering of dark matter is irrelevant for the extragalactic contribution, whereas it is very important for the annihilation case. The extragalactic clustering is represented by the flux-multiplier g(z), which is [74] g(z) = ∫ dM dn_{halo} dM g(c(M, z)) M ρ_{dm}

Δ_c Ω_{dm}

. (3.3)

2See the presentation by M. Ackermann on behalf of the Fermi collaboration: http://agenda.albanova.se/conferenceDisplay.py?confId=2600.

– 7 –

Here dn_{halo}/dM is the halo mass function, c(M, z) is the concentration parameter and Δ_c is the overdensity relative to the critical density ρ_c. With the Navarro-Frenk-White (NFW) profile [75], for the mass function obtained by Jenkins et al. [76], g_0 = g(z = 0) ≃ 10^4 is obtained. For the Press-Schechter mass function, g_0 ≃ (4 − 5) × 10^4 [46]. However, this factor may be largely enhanced by substructures. For example, one of the most recent Nbody simulations, Millenium II [77], leads to g_0 ∼ 10^6 − 10^7 when the luminosity function is extrapolated down to a damping scale mass limit of 10^{−6}h^{−1}M_⊙. This enhancement factor due to substructures can take a broad range of values [see also 28, 42, 78]. We simply take g_0 = 10^6 and we use the fitting function given by Yuksel et al. [46] for redshift evolution. Other cases of substructure models can be easily compared because they scale the fluxes by a constant factor.

For the neutrino background, we numerically calculate it through Eqs. (3.1) and (3.2) for dS/dE^′ obtained using PYTHIA [72]. For the extragalactic contribution to the DGB, we must calculate intergalactic cascades, and we perform detailed calculations by solving the Boltzmann equations taking into account pair creation, inverse Compton emission, synchrotron emission, and adiabatic loss (see Appendix A). Such detailed calculations are timeconsuming but are important, especially in the high mass range, where VHE/UHE gamma rays are cascaded down as a result of many steps in the cascade process. Then the extragalactic gamma-ray background flux is evaluated from Φ = c 4πH_0 ∫ dz (1 + z) √ Ω_Λ + (1 + z)^3Ω_m dṅ dE (z), (3.4)

where the near-universal secondary spectrum observed at the Earth is used rather than the primary spectrum in the cosmic rest frame.

Finally, the resulting background fluxes can be compared to the measured DGB or the sensitivity curves of neutrino detectors. In the next section, we show that the expected theoretical gamma-ray background can indeed be compatible to the VHE DGB measured by Fermi. In such scenarios, the corresponding neutrino background fluxes in some cases are high enough to detect with IceCube within a few years.

3.2 Choices of final states

The final states following dark matter annihilation or decay are unknown and model-dependent. We try to develop general limits by considering some typical final states. For the dark matter masses considered here, all standard model particles are kinematically available, and one generally expects that all possibilities will occur to some degree, though there may be some dominant channels. As representative channels, we consider examples of gauge bosons, heavy quarks, and heavy leptons: (bb̄, W^+W^−, μ^+μ^−), each with 100% branching fractions. (It is trivial to scale our results for any other assumed branching fractions.)

Once we show the results for these cases, we can discuss their similarities and differences, and say how to draw reasonably model-independent conclusions. Of course, eventual moredetailed studies could further these conclusions. The dependence of the spectra on mass exists but is not very strong, in the sense that constraints are sensitive to the typical energy flux at the typical energy. In the neutrino case, the differences are visible but are moderate; in the gamma-ray case, the differences among the assumed final states can be much weaker due to cascades. Thus, the choices made for the final states, while not easily justified in advance, are shown to be quite adequate. For ease of comparison, we apply the same particle-antiparticle final states used for annihilation also to decay, as expected for scalar dark matter, even

– 8 –

Figure 3. Final state spectra of gamma rays/electrons/positrons (summed) for DM → μ^+μ^−, DM → W^+W^−, and DM → bb̄ with √ s = 100 TeV.

Figure 4. Final state spectra of neutrinos (summed over flavors) for DM → μ^+μ^−, DM → W^+W^−, and DM → bb̄ with √ s = 100 TeV.

though these may not always be possible in other cases. However, the results for a single one of those particles, or a similar particle in that class, would be very similar.

Some possible final states could seem quite different from the ones we assumed. Either γγ or e^+e^− would yield no neutrino constraints, though they would have similar cascade bounds as each other. Seemingly, νν̄ would only lead to neutrino constraints but not gammaray constraints; however, electroweak bremsstrahlung leads to non-negligible electromagnetic branching ratios, and so gamma-ray constraints can be applied [40]. (Note that those gammaray limits based on EGRET would be improved by ∼ 10 by using Fermi data.)

To evaluate particle yields resulting from annihilation and decay, we run PYTHIA [72]. At ≳ PeV energy-scales, the yields at lower energies are scaled to provide a simple approximation to what might happen at higher energies. While this is not perfectly correct due to the scaling violation or new physics beyond the standard model, our results show that this is sufficient for our purposes.

Examples of final state spectra are shown in Figures 3 and 4. They are consistent with spectra shown in previous works [e.g., 17], and satisfaction of energy conservation is checked. Because only a fraction of the energy goes to baryons, the amount of electromagnetic and neutrino energy per annihilation or decay almost matches m_{dm}c^2 in the decay case or 2m_{dm}c^2 in the annihilation case. For the W^+W^− channel, one sees a peak due to weak boson decay into a neutrino and lepton. In addition, we consider the pure leptonic μ^+μ^− channel. Such channels may be realized in some models such as a Sommerfeld-enhanced model including light force-scale carriers [25]. In Figure 3, we show the sum of contributions from gamma rays and electron-positron pairs, as appropriate for setting simple cascade bounds (see Section 5.2); in calculating secondary gamma-ray spectra below, we treat the primary gamma-ray and electron-positron spectra separately.

4 VHDM signatures in the diffuse gamma-ray and neutrino backgrounds

In this section, we show the results of gamma-ray and neutrino spectra calculated through the formulas provided in Section 3. In particular, we compare the theoretical background flux

– 9 – to the measured DGB, and give some possible interpretations, first considering annihilation and then decay.

Throughout the paper, the low-energy part of the DGB is assumed to be due to astrophysical sources such as AGN and star-burst/star-forming galaxies. For simplicity, we assume that it continues to higher energies and is attenuated (its cascade effects are negligible, because the spectrum is steep [e.g., 79]), and we adopt the following parameterization,

E^2_γ Φ_γ = 0.855a × 10^{−7} GeV cm^{−2} s^{−1} sr^{−1} (E_γ /100 GeV)^{2−α}e^{−τ effγγ (Eγ ,α)}, (4.1)

where τ^{eff}_γ (E_γ , α) is the effective intergalactic optical depth that is calculated via τ_{γγ} (E_γ , z). The real situation can be complicated by having several astrophysical contributions, especially from blazars and star-burst galaxies [see reviews 1, 5, 79]. Complete results would depend on many details, luminosity functions, spectral energy distributions, and so on. To avoid such complexities and uncertainties, the above form is assumed to be the sum of all astrophysical source types. This is enough to demonstrate the potential importance of VHDM in the VHE DGB. Detailed modeling and precise fitting procedures are beyond the scope of this work.

The discussions provided in this section should be regarded as the most optimistic case, in which the gamma-ray spectra from VHDM are a significant component of the observed DGB. The constraints obtained in the next section are much more general and conservative, in that the allowed parameter space is defined by dark matter signals being less significant.

4.1 Possible dark matter scenarios

We first consider annihilation of VHDM. As an example, Figure 5 shows that the annihilation of ∼ 5 TeV dark matter could seemingly explain the “VHE Excess” in the DGB. In this case, though the attenuation is moderately important, the cascade effect is not much relevant because secondary gamma rays appear at ≲ 10 GeV. The attenuation by the EBL is compensated by the fact that the initial spectrum is quite hard (c.f. Figure 3). Note that the implied cross section and the boost factor have to be quite large. Even for g_0 = 10^7, the corresponding cross section is < σv >_{dm} = 9.5 × 10^{−25} cm^3 s^{−1}.

As another example, Figure 6 shows a case where the intergalactic cascade is essential. Information on the primary spectrum is smeared out, and the results do not depend on the dark matter mass as long as dark matter is heavy enough. Note that, in Figures 5 and 6, the dark matter contributions are basically subdominant and relevant only at ≳ 20 GeV. Therefore, the required cross sections are slightly below current constraints on the basis of the Fermi data on the DGB [42, 43].

In both the cases, quite large values of the boost factor and/or the annihilation cross section are required in order that VHDM annihilation makes a significant contribution to the DGB. The annihilation cross section could be larger than canonical values in some models, e.g., the Sommerfeld-enhanced model [25], when dark matter is nonthermally produced. Large boost factors also seem necessary, which can be realized by significant substructure contributions. The substructure can enhance both the Galactic and extragalactic contributions, and the extragalactic contribution can be more important in some optimistic substructure models [see 42, and references therein]. For demonstrative purposes, we consider only the extragalactic contribution, which also gives more conservative constraints compared to the case where both the contributions are included. However, since the large cross section and/or large boost factor are required, they may conflict with other constraints [44, 80, 81].

Because of the above caveats, in this paper, we mainly focus on decaying VHDM. For decaying dark matter, the flux is insensitive to substructures, and both the Galactic and

– 10 –

Figure 5. The isotropic DGB (sum; solid curve) from dark matter (dashed curve) and an EBL-attenuated power-law extragalactic component (dotted curve). The assumed dark matter energy budget is Q_{dm} = 3.0×10^{45} erg Mpc^{−3} yr^{−1} for the W^+W^− channel. For annihilating dark matter, the corresponding dark matter mass is m_{dm}c^2 = 5 TeV. For the EBL-attenuated powerlaw component, a = 0.9 and α = 2.56 are assumed with star formation evolution.

Figure 6. The same as Figure 5, but Q_{dm} = 3.8 × 10^{45} erg Mpc^{−3} yr^{−1} is used for the bb̄ channel. For annihilating dark matter, the corresponding dark matter mass is m_{dm}c^2 = 5 EeV, but resulting secondary spectra do not depend on the mass or on detailed primary spectra due to the intergalactic cascade. For the EBL-attenuated power-law component, a = 0.8 and α = 2.56 are assumed.

extragalactic contributions should be relevant. In Appendix B, we describe how the Galactic contributions are calculated. Introducing the J factor, i.e., the intensity of the Galactic contribution that is proportional to the line of sight integration of the dark matter density, we can define J_Ω as the quantity averaged over the sky region [46], which is used for the estimate of the Galactic contribution.

In Figure 7, we show an example of a DGB produced by decaying VHDM with m_{dm}c^2 ≃ 3 TeV for the DM → W^+W^− channel. It suggests that the sum of the two components can explain the VHE DGB if the dark matter mass is in the appropriate range and the extragalactic astrophysical component is expressed by a simple power law^3. Though the Galactic component is naively expected to be comparable to the extragalactic one, it is actually dominant here. As indicated in Figure 7, the extragalactic component is suppressed by interactions with the EBL at ≳ 100 GeV energies. On the other hand, secondary gamma rays by primary electrons/positrons and absorbed ≲ TeV gamma rays are radiated in the GeV range, where the astrophysical power-law component is supposed to be dominant.

We show the cases with DM → μ^+μ^− in Figures 8 and 9, where the Galactic component is dominant in the relevant energy range. In Figure 8, the hard spectral component in the ∼ 100 GeV range is dominated by secondary inverse Compton emission rather than primary gamma-ray emission from decaying dark matter. In Figure 9, the Galactic synchrotron component is dominant since UHE pairs mainly cool via synchrotron emission rather than inverse Compton emission. The latter situation is possible only when VHDM is super heavy. In both the cases, the extragalactic component also has a similar spectrum, though it has a tail due to the intergalactic cascade.

Alternatively, as in Figure 10, one may consider cases where the extragalactic contri-

3It is also consistent with present constraints from anti-proton measurements [82].

– 11 –

Figure 7. The DGB (sum; solid curve) from decaying dark matter (dashed curves) and an EBL-attenuated power-law extragalactic component (dotted curve). We use m_{dm}c^2 ≃ 3 TeV and τ_{dm} = 1.2 × 10^{27} s for DM → W^+W^−. Both the extragalactic (thick curve) and galactic components (thin curve) are shown. For the powerlaw, a = 0.9 and α = 2.50 are assumed with star formation evolution.

Figure 8. The same as Figure 7, but for m_{dm}c^2 ≃ 30 TeV and τ_{dm} = 2.0 × 10^{27} s, and DM → μ^+μ^−. For the power-law component, a = 0.9 and α = 2.48 are assumed.

Figure 9. The same as Figure 7, but for m_{dm}c^2 = 10 EeV and τ_{dm} = 1.8×10^{27} s, and DM → μ^+μ^−. For the power-law component, a = 0.9 and α = 2.48 are assumed.

Figure 10. The same as Figure 7, but for m_{dm}c^2 = 10 EeV, τ_{dm} = 4.7 × 10^{26} s and DM → bb̄. For the power-law component, a = 0.8 and α = 2.56 are assumed.

bution is more relevant. When the Galactic component is present, this is possible only when dark matter is so heavy that the Galactic component exceeds the DGB measured by Fermi. In this case, as in Figure 6, the gamma-ray emission at ∼ 100 GeV energies is dominated by the VHDM-induced intergalactic cascade. Since the cascade spectrum is not much sensitive to the primary spectrum, this intergalactic cascade scenario is allowed only in exotic cases where dark matter mass is higher than ∼ 10 PeV. Well-motivated particle models typically lie below ∼ 100 TeV, but super heavy dark matter is still viable and the intergalactic cascade spectrum is similar even for masses ≳ 10^9 GeV.

– 12 –

Figure 11. The isotropic DGBs (dashed curves) and neutrino backgrounds (dot-dashed curves) of decaying dark matter. The dark matter parameters are the same as those in Figure 7. Both the extragalactic (thick curves) and galactic components (thin curves) are shown. The atmospheric neutrino background is also shown (dotted curve). This case is allowed.

Figure 12. The same as Figure 11, but the dark matter parameters come from Figure 8. This case is allowed now, but is testable by the full IceCube.

Figure 13. The same as Figure 11, but the dark matter parameters come from Figure 9. This case is ruled out by neutrino observations.

Figure 14. The same as Figure 11, but the dark matter parameters come from Figure 10. This case is ruled out by neutrino observations.

4.2 Importance of neutrino observations

In the previous subsection, we discussed possible cases where VHDM contributes significantly to the VHE DGB. It would be interesting to consider how we can test those scenarios. As discussed in Section 2, for channels involving quarks and massive bosons, pions and other mesons are produced as a result of hadronization, and these lead to neutrinos. For heavy leptonic channels, neutrinos are produced via decay of muons and taus. Those neutrinos should not violate neutrino constraints as discussed in Section 3.

In Figures 11-14, we show neutrino spectra in addition to the gamma-ray spectra (note the larger energy range). In the Galactic scenario demonstrated in Figures 11 and 12, the required dark matter mass is in the range of ∼ 3 − 30 TeV. Then the corresponding neutrino

– 13 – background is below the atmospheric neutrino flux, and the neutrino limits do not apply. In the case of DM → W^+W^−, neutrinos would not be seen by IceCube (see Section 5.2). The case of DM → μ^+μ^− may be more interesting. While it is still consistent with recent limits [17], the signal can be seen by the full IceCube. The non-detection can rule out this possibility within three years, as indicated in Section 5.2.

As suggested in Figures 13 and 14, neutrino observations are more powerful when the dark matter mass is heavier than ∼ 10 PeV. Such cases include the VHDM-induced cascade scenario demonstrated in Figures 14, where the intergalactic cascade component is dominant. Unless we consider channels without neutrinos (e.g., DM → e^+e^−), however, some of these exotic scenarios already violate the neutrino constraints. Indeed, the constraints provided in Section 5.1 suggests that, for such heavy dark matter masses, the neutrino constraints are more stringent than the cascade gamma-ray constraints.

5 General gamma-ray and neutrino constraints on VHDM

In this section, we show our general constraints on dark matter properties. These results are more conservative; the cases presented in the previous section are on the boundary of those being excluded.

Cascade gamma-ray constraints are placed by requiring the calculated cascade gammaray spectrum not exceed the measured DGB data at any individual energy bin by more than given significance [42]. When dark matter mass lies in ≲ TeV energy-scales, we find that the obtained constraints are consistent with the previous work [e.g., 43]. We extend the constraints to higher masses, by taking account of cosmic cascades.

The gamma-ray constraints will be improved if more point sources contributing to the DGB are resolved, but the expected improvements are moderate [43]. On the other hand, neutrino constraints can be improved with time. Hereafter we focus on “forecasted” neutrino constraints to demonstrate the power of neutrino observations, assuming non-detections of neutrinos with full IceCube three-year observations. They are not really limits yet, and the neutrino background may be seen in the near future [22, 23].

How the neutrino constraints are placed depends on energy. We estimate the muon event rate by

N_μ(≥ E_ν ) = ΩT ∫ dE^′_ν A_{eff} (E^′_ν )Φ_ν (E^′_ν ), (5.1)

where ΩT is the exposure and A_{eff} (E_ν ) is the neutrino effective area. For the dark matter signals, the neutrino mixing is taken into account assuming θ_{12} = 0.59 and θ_{23} = π/4 [83]. For the background events, we assume the conventional atmospheric muon neutrino background to calculate N_{bkg} [22], with the assumption that any non-terrestrial neutrino background is not observed. The full IceCube effective area is assumed to be three times as that of IceCube-40 [15], and constraints are set by the criterion, N_{sig}/ √ N_{sig} + N_{bkg} < δ, where δ is the Gaussian significance.

At low energies (at least in the ≲ 300 TeV range), the atmospheric neutrino flux is dominant, and the constraints will improve as the square root of time. At higher energies, the atmospheric neutrino flux becomes negligible, and the constraints will improve linearly with time unless some other background is detected.

At further high energies, the Earth becomes optically thick for neutrinos, detecting down-going and horizontal neutrinos is important. The above criterion would be rather con-

– 14 –

Figure 15. Neutrino (thick curves) and cascade gamma-ray (thin curves) constraints on the annihilation cross section of VHDM. Non-detections in IceCube three-year observations and Fermi DGB measurements are used, respectively. Only the extragalactic contribution is taken into account, and constraints would be weaker for more pessimistic substructure models. The shaded region is defined by the more stringent bound between the neutrino and gamma-ray bounds, where for each we choose the most conservative limit among the selected limits for the three channels.

servative. In order to have better constraints at sufficiently high masses, we adopt the quasidifferential sensitivity obtained by the analysis performed at extremely high energies [18].

5.1 Annihilation

Our results for annihilating VHDM are shown in Figure 15. As in the previous section, we have assumed the large boost due to substructures, which could allow the extragalactic contribution to dominate over the Galactic contribution [see 43, and references therein]. Then, the gamma-ray constraints below ≲ 10 TeV are consistent with previous works [e.g., 43]. But, due to detailed calculations of intergalactic cascades, our results extend to much higher masses. Without this assumption, other constraints can give stronger results, though they are not focus of this work. For example, constraints from dwarf galaxies give ≲ 10^{−24} − 10^{−23} cm^3 s^{−1} around 1 TeV, depending on channels [80]. The constraint is weaker as ∝ m_{dm} as long as the energy flux limit is similar. Other limits including IACT constraints also give interesting limits [see a review 47, and references therein], and the recent HESS measurement in particular provided ≲ 3 × 10^{−25} cm^3 s^{−1} at TeV for the quark-antiquark channel. Note that the isotropic DGB is difficult for IACTs to measure. For the neutrino constraints, previous limits were obtained for cases where the substructure contribution is moderate and the Galactic contribution is dominant. In such cases, the optimized searches for the Galactic halo give better constraints, and IceCube-22 results gave ≲ 10^{−22} cm^3 s^{−1} for the μ^+μ^− channel and ≲ 10^{−20} cm^3 s^{−1} for the bb̄ channel [17]. Although our limits shown in Figure 15 are apparently better, they are more model-dependent.

For the annihilation of point-like particles, whether dark matter is produced thermally

– 15 – or nonthermally, the unitarity bound [see,e.g., 84] can be applied. When the annihilation cross section is s-wave dominated, one has [45] < σv >_{dm} ≤ 4πℏ^2 m^2_{dm}v

≃ 1.5 × 10^{−19} cm^3 s^{−1} ( m_{dm}c^2 TeV )_{−2}( v 300 km s^{−1} )_{−1} , (5.2)

which may restrict the annihilating cross section of super heavy dark matter. We also show this unitarity bound in Figure 15. The unitarity bound can be avoided if the dark matter is not point-like. Note that dark matter with high cross sections in the present-day universe may have been produced nonthermally in earlier times.

Beacom et al. [45] argued that neutrino limits give the most conservative bounds on the total annihilation cross section, because the neutrino limits are typically weaker than those with gamma rays. In the typically-considered mass range, that principle holds in this example. Interestingly, when a larger range of masses is considered, that can change. The present results show that the neutrino limits are stronger than the gamma-ray limits at very high masses. The reason is that the neutrino experiments are directly sensitive to VHE neutrinos, while sufficiently high-energy gamma rays are cascaded down to lower energies, where there are more gamma rays from other causes. Therefore, for sufficiently high dark matter masses, the logic about the most conservative way to set a limit on the total cross section would change, and the cascade gamma-ray bound could be used to put constraints on the total cross section.

The shaded region is depicted as follows. In comparing these gamma and neutrino limits, we take the stronger of the two. Then, we conservatively take the worst limit among various channels. Note that the differences between the gamma-ray limits for the different channels are typically small, whereas this matters more in the neutrino limits. We are conservative about the channels that are uncertain, whereas we may use the stronger limit because both the messengers are reliable.

For annihilating VHDM, we see that analytical estimates basically agree with the numerical calculations. Using Q_γ ∼ f_{em}Q_{dm} (where f_{em} is the bolometric fraction in the electromagnetic component), one has (for gamma rays)

< σv >_{dm} ≲ 2.9 × 10^{−20} cm^3 s^{−1} ( m_{dm}c^2 10 PeV )

× ( 0.113 Ω_{dm}h^2

)_2( 1.05 × 10^5 GeV cm^{−3} ρ_cc^2h^{−2}

)_2 ( 10^6 g_0 ) ( f^{−1}_{em} 3 ) ξ^{−1}_z . (5.3)

Also, using E_ν Q_{Eν} ∼ Q_{dm}/R_ν (where E^2_ν (dS_ν /dE_ν ) ≡ √ s/R_ν ), one has (for neutrinos)

< σv >_{dm} ≲ 2.1 × 10^{−22} cm^3 s^{−1} ( E^2_ν Φ^{lim}_ν 3 × 10^{−9} GeV cm^{−2} s^{−1} sr^{−1} ) ( m_{dm}c^2 10 PeV )

× ( 0.113 Ω_{dm}h^2

)_2( 1.05 × 10^5 GeV cm^{−3} ρ_cc^2h^{−2}

)_2 (

10^6 g_0 ) (R_ν /10)ξ^{−1}_z . (5.4)

Note that, as seen in Figure 15, the constraints become weaker as dark matter is heavier.

Generally speaking, the ratio of the Galactic contribution to the extragalactic contribution is expressed as [46]

Φ_G Φ_{EG} ≈ BJ_ΩR_{sc}ρ^2_{sc} ct_H ρ^2_{dm}g_0ξ_z ∼ 0.1 BJ_Ω (g_0/10^6)ξ_z

, (5.5)

– 16 – where B is the boost factor for the Galactic contribution. Note that, for gamma rays, the denominator can be affected by propagation effects. While the boost toward the Galactic center is order of unity, the overall Galactic boost factor can take a wide range of values [see, e.g., 28], so that the above ratio highly depends on substructure models. In the previous section, we discuss possibilities that VHDM contributes to the DGB, where significant boosts due to substructures are assumed for annihilating dark matter. To avoid complexities due to Galactic substructures, for obtaining the constraints, we do not include the Galactic contribution in the present study, which means Figure 15 gives conservative constraints for a given g_0. In the absence of substructures, the extragalactic contribution is typically subdominant [46], and the constraints from regions around the Galactic center should be more stringent [24].

5.2 Decay

In Figure 16, we show our numerical results for present-day decaying VHDM. The gammaray constraints give τ_{dm} ≳ 10^{26} − 10^{27} s. For the DM → μ^+μ^− channel, our gamma-ray constraint is consistent with the previous result that is obtained only at < 10 TeV [e.g., 43, 54]. Our result is applicable even at higher masses, thanks to detailed calculations of intergalactic cascades. One sees that the cascade gamma-ray bound is largely massindependent at sufficiently high masses. This is because the energy injection rate of decaying dark matter does not depend on m_{dm} (because the number density scales as ∝ 1/m_{dm}), and the cascade spectrum is near-universal so the DGB constrains the bolometric electromagnetic energy budget without depending on details of final state spectra. Also, the cascade bound is reasonably channel-independent. While this is obvious when the energy fraction into electromagnetic components of decay products is similar, it may not be true e.g., for the νν̄ channel even if all decay products are standard model particles. However, even in such cases, the cascade gamma-ray bound can be effectively applied when it can be regarded as a more conservative constraint compared to the neutrino constraint.

The gamma-ray constraints are more stringent than neutrino ones at lower masses, whereas the neutrino constraints become stronger for masses of ≳ 10 − 100 TeV (as above for Ref. [45] and annihilation, this reverses the logic for Ref. [53] and decay). In other words, neutrino observations give conservative limits at ≲ 15 TeV for DM → μ^+μ^−, ≲ 25 TeV for DM → W^+W^−, ≲ 100 TeV for DM → bb̄, respectively. Compared to the gamma-ray constraints, the neutrino constraints are sensitive to the choice of decay channels. This is because the differential spectrum is relevant for neutrino observations, and harder neutrino emission is more favored to avoid the atmospheric neutrino background and to be detected with a larger effective area. Our results are basically consistent with previous limits that are obtained at < 100 TeV where the atmospheric neutrino background is measured [53, 55], but we also cover the higher mass range. And our constraints are expected to be slightly better than those of Ref. [53] because the ratio of the signal to the background increases with time. Also, the forecasted limits are expected to be much better than the previous IceCube-22 results unless the diffuse neutrino background is discovered [17]. Note that, of course, the lifetime for the cases shown in Figures 5-14 is consistent with the limits shown in Figure 16.

For decaying dark matter at higher masses, the cascade gamma-ray bound becomes more conservative than the neutrino limits. As discussed in the previous section, the cascade leads to a near-universal spectrum, so the DGB constraints are sensitive to the bolometric energy budget rather than the differential energy budget, and details of the primary spectra do not matter for the constraints. Therefore, as in annihilating dark matter, the cascade

– 17 –

Figure 16. Neutrino (thick curves) and cascade gamma-ray (thin curves) constraints on the lifetime of decaying VHDM (90 % CL). Non-detections in IceCube three-year observations and Fermi DGB measurements are used, respectively. Both of the Galactic and extragalactic contributions are included. The shaded region is defined by the more stringent bound between the neutrino and gammaray bounds, where for each we choose the most conservative limit among the selected limits for the three channels.

gamma-ray bound could be used to put constraints on the total decay rate at sufficiently high masses.

Our numerical results roughly agree with analytical expectations for the cosmic limits. Using Q_γ ∼ f_{em}Q_{dm} (where f_{em} is the bolometric fraction in the electromagnetic component), we have (for gamma rays)

τ^{−1}_{dm} ≲ 3.4 × 10^{−27} s^{−1} ( 0.113 Ω_{dm}h^2 ) ( 1.05 × 10^5 GeV cm^{−3} ρ_cc^2h^{−2} ) ( f^{−1}_{em} 3 ) ξ^{−1}_z , (5.6)

where the constraints are expected to be largely mass-independent for present-day decaying VHDM [e.g., 49]. Also, using E_ν Q_{Eν} ∼ Q_{dm}/R_ν (where E^2_ν (dS_ν /dE_ν ) ≡ √ s/R_ν ), one has (for neutrinos)

τ^{−1}_{dm} ≲ 2.4 × 10^{−29} s^{−1} ( E^2_ν Φ^{lim}_ν 3 × 10^{−9} GeV cm^{−2} s^{−1} sr^{−1} )

× ( 0.113 Ω_{dm}h^2 ) ( 1.05 × 10^5 GeV cm^{−3} ρ_cc^2h^{−2} ) (R_ν /10)ξ^{−1}_z . (5.7)

The cascade gamma-ray bound is simply understood through Eq. (5.6). For demonstration, based on the result in Figure 1, we also apply the energy budget constraint in the no redshift evolution case, Q_γ ≈ 2.6 × 10^{45} erg Mpc^{−3} yr^{−1}, to decaying VHDM. Results are shown in Figure 17. One sees that the simple cascade gamma-ray constraints are comparable to the detailed constraints shown in Figure 16 especially in the ∼ 100 PeV-1 EeV range.

– 18 –

Figure 17. The simple cascade gamma-ray bound on the lifetime of decaying VHDM. The limits are set by the energy budget constraints shown in Figure 1. The lack of information in this figure is exactly the point: the results are insensitive to dark matter mass and decay channels we consider here. Note that only the extragalactic contribution is taken into account. They are consistent with the detailed constraints shown in Figure 16.

In Figure 16, both of the extragalactic and Galactic contributions are taken into account. The ratio of the Galactic component to the extragalactic component is

Φ_G Φ_{EG} ≈ J_ΩR_{sc}ρ_{sc} ct_H ρ_{dm}ξ_z ∼ 0.5 J_Ω ξ_z . (5.8)

For conventional dark matter density profiles such as the NFW profile and Einastro profile [85], each contribution is typically comparable, though the situation would be affected if the dark matter is more centerally-clustered by e.g., dark matter contraction due to baryon dissipation [86]. In fact, in Figure 16, the Galactic component comparably contributes to the neutrino constraints. On the other hand, for the gamma-ray constraints at sufficiently high masses, only the extragalactic component matters since most of the gamma rays do not lie in the LAT range. However, when the mass is in the TeV range, the Galactic component in the VHE DGB is more important since the extragalactic component is affected by the EBL attenuation. The Galactic contribution is also enhanced when dark matter is super heavy (see Figure 16) when UHE electrons/positrons can emit GeV gamma rays via the synchrotron radiation. Getting the Galactic part would be relevant for evaluating the dark matter parameters. Indeed, the case with the Galactic contribution suggests the lower mass, compared to the case without it.

In Figures 11-14, we showed neutrino spectra as well as gamma-ray spectra that are compatible to the VHE DGB measured by Fermi. As remarked in Section 4.3, the forecasted three-year neutrino constraint will be consistent with the case of DM → W^+W^− shown in Figure 11. However, the case of DM → μ^+μ^− shown in Figure 12 may contradict the neutrino constraint, that is, this case will be tested in a few years. The cases shown in Figures 13 and 14 are exotic, and they are already excluded by the neutrino observations.

– 19 –

Figure 18. The same as Figure 11, but the final state spectra are obtained from DGLAP equations. All the used parameters are the same as those in Figure 14, which indicate that the resulting constraints will be similar to those for the bb̄ channel. For the dark matter component, m_{dm}c^2 = 10 EeV, τ_{dm} = 4.7 × 10^{26} s and DM → bb̄ are adopted. For the power-law component, a = 0.8 and α = 2.56 are assumed. This case is ruled out by neutrino observations.

Figure 19. Influences of the final state spectra obtained from DGLAP equations on neutrino (upper thick curves) and cascade gamma-ray (lower thin curves) constraints. Decaying VHDM is considered at m_{dm}c^2 ≥ 10 PeV for DM → qq̄. Note that the mass range is different from Figure 16 since we here focus on even higher masses.

So far, we have considered final state spectra that are obtained by PYTHIA with extrapolation to higher energies. For channels with accompanying fragmentation and hadronization, the final state spectra at higher energies become softer at small values of E/ √ s (i.e., in the low-x regime) because of the scaling violation. In addition, including supersymmetry (SUSY) leads to much softer spectra [87–89]. In order to demonstrate that our essential results at √ s ≳ 10 PeV are not much changed by such details of the spectra, we show an example for final state spectra obtained by Ref. [90] (that agrees with Ref. [89] within uncertainties), where Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) equations with supersymmetry (SUSY) are solved [c.f. 87, 91, 92]. The results are shown in Figure 18, where the spectral shape was calculated for an extreme energy scale m_{dm}c^2 = 10^{14} GeV are used (so the realistic spectra would be slightly harder). The primary spectra in Figure 18 are indeed softer than those in Figure 14, but one sees that all the used parameters are the same as those in Figure 14. We also compare multi-messenger constraints on the lifetime of decaying VHDM between the above two cases. As shown in Figure 19, the constraints are similar within about a factor of two. The reason is that the constraints are not very sensitive to the detailed spectra at small values of E/ √ s. For the neutrino constraints, in the UHE range, the limits are mostly sensitive to the energy flux around the peak, which does not vary much among various models. The firmness is enhanced for the gamma-ray constraints. The cascade gamma-ray bound is connected to the bolometric electromagnetic energy budget, since the initial spectral information is erased and the near-universal spectrum is achieved for sufficiently high masses. Therefore, only the energy fraction into electromagnetic components of decay products does matter and details of the final state spectrum are irrelevant. The energy fraction into electromagnetic components is quite similar among the models [92], so our results shown in Figures 15 and 16 give reasonably accurate results within larger astrophysical

– 20 – uncertainties.

Note that, though we focus on present-day decaying dark matter with τ_{dm} > t_H , there are cosmological bounds, which are more robust but much weaker. By evaluating how the expansion rate is changed, one can obtain bounds on the lifetime, ≳ 10^{18} s, using CMB data [93]. Though the only assumption is that dark matter particles decay into relativistic particles, it is difficult to improve by further observations, since the decay affects CMB only at large scales and errors are limited by cosmic variance. Nevertheless, the analyses combined with type Ia supernovae data improve the limit by about an order of magnitude [93]. Also, because of our interests, the mass abundance of relics is fixed to be all of the dark matter. Allowing for possibilities that τ_{dm} ≲ t_H and/or decaying particles are subdominant, one can obtain more general constraints on relic neutrals from the Big-Bang nucleosynthesis as well as the diffuse backgrounds [e.g., 48, 50, 51, 94].

6 Summary and discussion

In this paper, we investigate diffuse neutrino and gamma-ray backgrounds coming from VHDM with m_{dm}c^2 ≳ TeV, on the basis of observations by Fermi and IceCube. Our results are summarized as follows.

(1) We pointed out the possibility that VHDM could contribute to the VHE DGB. This result is based on the recent indication of the “VHE Excess” that is identified in the Fermi era from the fact that the simple extrapolation of the astrophysical power-law component falls well below the measured DGB due to the severe EBL attenuation. We mainly considered decaying VHDM as the possible scenario, since quite large values of the cross section and the boost factor are required for annihilating VHDM.

Although the precise determination of the VHE DGB is obviously required and other interpretations are also possible, significant impacts on understanding dark matter and the DGB are expected if the VHE Excess is confirmed. Such the optimistic scenario is also interesting because they are testable for some parameters. In the Galactic scenario, dark matter masses of m_{dm}c^2 ∼ 3 − 30 TeV are necessary to explain the VHE DGB. Although the neutrino background is below the atmospheric background, the case of leptonic channels is testable by IceCube within a few years. On the other hand, in the VHDM-induced cascade scenario, extremely heavy masses (≳ 10 PeV) are required. Since large neutrino fluxes are predicted, such exotic cases are already excluded by neutrino observations. Those results demonstrate the importance of neutrino detectors such as IceCube and KM3Net for testing the properties of dark matter. Of course, deeper observations by Fermi and future detectors such as GAMMA-400 [95] should also provide us with crucial information.

Although we considered the isotropic backgrounds for conservative studies, future more detailed analyses using the angular information can give tighter constraints. The dipole anisotropy can be expected in the Galactic scenario, so searches for anisotropy in the VHE range would also be useful.

In addition, we also expect that not only neutrinos but also TeV gamma-ray observations via Cherenkov telescopes such as HAWC and CTA will be helpful. If high-energy gamma rays are produced above TeV energies due to annihilation or decay of VHDM, there may be a bump around 1 TeV or higher energies in the gamma-ray spectrum of galaxies. Predicted fluxes depend on dark matter parameters, but future searches for TeV gamma rays from nearby galaxies such as LMC and M31 will be relevant.

– 21 –

(2) We revisited the cosmic energy budget argument in light of Fermi and IceCube observations, and applied it to VHDM. In the high mass range, gamma-ray cascades must be taken into account for the extragalactic contribution. We performed detailed calculations of both neutrinos and gamma rays, which enables us to demonstrate the power of neutrino observations compared to gamma-ray observations.

We derived a new cascade gamma-ray bound both analytically and numerically. In the sufficiently high-mass range, this cascade gamma-ray bound gives conservative constraints, so that it can be used reasonably independently of channels and it is also useful to restrict the total decay rate and the total annihilation cross section of VHDM in the high mass range. Importantly, since the Fermi DGB is lower than the EGRET one, the constraints are improved by about a factor ∼ 10. In particular, for decaying VHDM, we obtained τ_{dm} ≳ 10^{26} − 10^{27} s, which is more stringent than the neutrino limits at ≲ 10 − 100 TeV. On the other hand, at higher mass scales, the neutrino limits are stronger, while the DGB gives more conservative constraints. The cascade gamma-ray bound is largely mass-independent at sufficiently high masses. For annihilating VHDM, the gamma-ray limits are typically stronger in the relevant mass range where the unitarity bound is preserved. But neutrino observations give more conservative but still interesting constraints compared to the unitarity bound.

We focused on gamma-ray and neutrino constraints in light of Fermi and IceCube/KM3Net, but cosmic-ray experiments including observations of UHE gamma rays and the arrival distribution in UHE cosmic rays are also useful in the wimpzillas regime. The importance of such UHE particle observations was studied in early days, and top down models for UHE cosmic rays have been constrained.

Acknowledgments

K. M. is supported by JSPS and CCAPP. The research of J. F. B. is supported by NSF Grant PHY-1101216. We thank Shunsaku Horiuchi, Boaz Katz, Alexander Kusenko, Ranjan Laha, and especially Carsten Rott for helpful discussions.

A Intergalactic cascades

Taking into account the pair creation, inverse Compton, synchrotron radiation and adiabatic loss, we numerically calculate the cascade emission by solving the Boltzmann equations that are often referred as kinetic equations [87, 96, 97],

∂N_γ ∂x = −N_γ R_{γγ} +

∂N^{IC}_γ ∂x + ∂N^{syn}_γ ∂x − ∂ ∂E [P_{ad}N_e] + Q^{inj}_γ , (A.1) ∂N_e ∂x = ∂N^{γγ}_e ∂x − N_eR_{IC} +

∂N^{IC}_e ∂x − ∂ ∂E [(P_{syn} + P_{ad})N_e] + Q^{inj}_e , (A.2)

– 22 –

Figure 20. Interaction length (solid curve) of high-energy photons for the pair creation process, the energy loss length of electron-positron pairs for the inverse Compton process (dashed curve), and the synchrotron cooling length for 10^{1.5} nG that can be expected in structured regions of the universe (dotted curve). Thick/thin curves represent cases without/with the CRB.

Figure 21. The average of the line of sight integration, J_Ω, inside a cone with half angle ψ around the Galactic center, as a function of the pointing angle with respect to the Galactic center direction for the NFW profile. The solid curve is for decaying dark matter, whereas the dashed curve is for annihilating dark matter.

where

R_{γγ} = ∫ dε dn dε ∫ dΩ 4π c̃σ_{γγ} (ε, Ω), R_{IC} = ∫ dε dn dε ∫ dΩ 4π c̃σ_{IC}(ε, Ω),

∂N^{IC}_γ ∂x = ∫ dE^′N_e(E^′) ∫ dε dn dε ∫ dΩ 4π c̃ dσ_{IC} dE_γ (ε, Ω, E^′), ∂N^{γγ}_e ∂x = ∫ dE^′N_γ (E^′) ∫ dε dn dε ∫ dΩ 4π c̃ dσ_{γγ} dE_e (ε, Ω, E^′), ∂N^{IC}_e ∂x = ∫ dE^′N_e(E^′) ∫ dε dn dε ∫ dΩ 4π c̃ dσ_{IC} dE_e (ε, Ω, E^′). (A.3)

Here c̃ = (1 − μ)c, P_{syn} is the synchrotron energy loss rate, P_{ad} is the adiabatic energy loss rate, N_γ and N_e are photon and electron/positron number densities per energy decade, and Q^{inj}_γ and Q^{inj}_e are photon and electron/positron injection rate.

For the intergalactic cascade, x corresponds to travel distance (divided by c), whereas time is used as x for the source cascade. This paper focuses on the former case, so we consider the CMB and EBL as a target photon spectrum, dn/dε. As an EBL model, we use the low-IR model of Ref. [98], which gives relatively conservative estimates. For variations in EBL models, we refer to Ref. [99]. The highly uncertain cosmic radio background is not taken into account in this work, but it is relevant for direct detections of UHE gamma rays themselves [97, 100]. Relevant length-scales are depicted in Figure 20.

– 23 –

B Galactic contribution

In this section, we describe how to calculate the Galactic contribution of dark matter. As for spectra of primary particles, the Galactic contribution is given by

I^{dec}_E (ψ) = 1 4π ∫ dl ρ_{dm}(r) m_{dm}τ_{dm} dS dE = 1 4πm_{dm}τ_{dm} dS dE ∫_{lmax} 0 dl ρ_{dm}(r) = R_{sc}ρ_{sc} 4πm_{dm}τ_{dm} dS dE J^{dec}(ψ) (B.1)

for decaying dark matter, and

I^{ann}_E (ψ) = 1 4π ∫ dl < σv >_{dm} 2 ( ρ_{dm}(r) m_{dm}

)_2 dS dE = < σv >_{dm} 8πm^2_{dm} dS dE ∫_{lmax} 0 dl ρ^2_{dm}(r) = < σv >_{dm}R_{sc}ρ^2_{sc} 8πm^2_{dm} dS dE J^{ann}(ψ) (B.2)

for annihilating dark matter.

We have introduced the J factor. For decaying dark matter, one has

J^{dec}(ψ) = 1 R_{sc}ρ_{sc}

∫_{lmax} 0 dl ρ_{dm}(r). (B.3)

For annihilating dark matter, one has

J^{ann}(ψ) = 1 R_{sc}ρ^2_{sc}

∫_{lmax} 0 dl ρ^2_{dm}(r) (B.4)

Here r = √ R^2_{sc} − 2lR_{sc} cos ψ + l^2, l_{max} = R_{sc} cos ψ + √ R^2_{mw} − R^2_{sc} sin^2 ψ, and R_{mw} = 20 kpc is the size of our Galaxy. We take R_{sc} = 8.5 kpc and ρ_{sc}c^2 = 0.3 GeV cm^{−3} with the NFW profile. Note that J (ψ) never vanishes, and the minimal isotropic component is written as J (180^∘). By evaluating Eqs. (B.3) and (B.4), we obtain ≃ 1 for the decay and ≃ 0.4 for the annihilation [46], respectively. It is often useful to see the average of J in a cone with half-angle ψ around the Galactic center, which is defined as

J_Ω = 2π Ω ∫_1

cos ψ

d(cos ψ^′) J (ψ^′) (B.5)

where Ω = 2π(1 − cos ψ) is the solid angle of a field of view, and J_Ω is shown in Figure 21.

For the Galactic component, the mean free path of gamma rays is ≳ 10 kpc, so that the primary gamma-ray-induced cascade would not be much critical. On the other hand, electrons and positirons are largely confined and should lose their energies as radiation, so that resulting secondary emissions have to be considered. Instead of performing time-dependent calculations, in this work, we obtain the stead-state distribution. In the continuous energyloss approximation, the kinetic equation becomes ∂N_e ∂t = − ∂ ∂E [(P_{IC} + P_{syn})N_e] + Q^{inj}_e , (B.6)

where P_{IC} is the inverse Compton energy loss rate. Hence, the steady state distribution is easily obtained by N_e = 1 P_{IC} + P_{syn} ∫ E dE^′ Q^{inj}_e (B.7)

– 24 –

For a given electron/positron distribution, the gamma-ray spectrum coming from synchrotron and inverse-Compton emission is evaluated simultaneously from Eq. (A.3). We adopt 1 μG as the Galactic magnetic field.

– 25 –

References

[1] C. D. Dermer, arXiv:1202.2814 [astro-ph.HE].

[2] A. A. Abdo et al. [The Fermi-LAT Collaboration], Astrophys. J. Suppl. 183 (2009) 46 [arXiv:0902.1340 [astro-ph.HE]].

[3] A. A. Abdo et al. [The Fermi-LAT Collaboration], Astrophys. J. 715 (2010) 429 [arXiv:1002.0150 [astro-ph.HE]].

[4] A. A. Abdo et al. [The Fermi-LAT Collaboration], arXiv:1108.1420 [astro-ph.HE].

[5] C. D. Dermer, AIP Conf. Proc. 921 (2007) 122 [arXiv:0704.2888 [astro-ph]].

T. M. Kneiske, arXiv:0707.2915 [astro-ph].

[6] A. A. Abdo et al. [The Fermi-LAT Collaboration], Phys. Rev. Lett. 104 (2010) 101101 [arXiv:1002.3603 [astro-ph.HE]].

[7] A. A. Abdo et al. [The Fermi-LAT Collaboration], Astrophys. J. 720 (2010) 435 [arXiv:1003.0895 [astro-ph.CO]].

[8] P. Sreekumar et al. [EGRET Collaboration], Astrophys. J. 494 (1998) 523 [astro-ph/9709257].

A. W. Strong, I. V. Moskalenko and O. Reimer, Astrophys. J. 613 (2004) 956 [astro-ph/0405441].

[9] P. S. Coppi and F. A. Aharonian, Astrophys. J. 487 (1997) L9 [astro-ph/9610176].

K. Murase, K. Asano and S. Nagataki, Astrophys. J. 671 (2007) 1886 [astro-ph/0703759].

[10] K. Murase, J. F. Beacom and H. Takami, JCAP 1208 (2012) 030 [arXiv:1205.5755 [astro-ph.HE]].

[11] Y. Inoue and K. Ioka, Phys. Rev. D 86 (2012) 023003 [arXiv:1206.2923 [astro-ph.HE]].

[12] M. Ahlers, L. A. Anchordoqui, M. C. Gonzalez-Garcia, F. Halzen and S. Sarkar, Astropart.

Phys. 34 (2010) 106 [arXiv:1005.2620 [astro-ph.HE]].

V. Berezinsky, A. Gazizov, M. Kachelriess and S. Ostapchenko, Phys. Lett. B 695 (2011) 13 [arXiv:1003.1496 [astro-ph.HE]].

G. Decerprit and D. Allard, Astron. Astrophys. 535 (2011) A66 [arXiv:1107.3722 [astro-ph.HE]].

X. -Y. Wang, R. -Y. Liu and F. Aharnonian, Astrophys. J. 736 (2011) 112 [arXiv:1103.3574 [astro-ph.HE]].

G. B. Gelmini, O. Kalashev and D. V. Semikoz, arXiv:1107.1672 [astro-ph.CO].

[13] J. A. Hinton and W. Hofmann, Ann. Rev. Astron. Astrophys. 47 (2009) 523 [arXiv:1006.5210 [astro-ph.HE]].

[14] M. Actis et al. [CTA Consortium] Exper. Astron. 32 (2011) 193 [arXiv:1008.3703 [astro-ph.IM]].

[15] J. Ahrens et al. [IceCube Collaboration], Astropart. Phys. 20 (2004) 507 [astro-ph/0305196].

T. Montaruli, Nucl. Phys. Proc. Suppl. 190 (2009) 101 [arXiv:0901.2661 [astro-ph]]. A. Karle and f. t. I. Collaboration, arXiv:1003.5715 [astro-ph.HE].

[16] R. Abbasi et al. [IceCube Collaboration], Phys. Rev. D 83 (2011) 012001 [arXiv:1010.3980 [astro-ph.HE]].

[17] R. Abbasi et al. [IceCube Collaboration], Phys. Rev. D 84 (2011) 022004 [arXiv:1101.3349 [astro-ph.HE]].

[18] R. Abbasi et al. [IceCube Collaboration], Phys. Rev. D 83 (2011) 092003 [Erratum-ibid. D 84 (2011) 079902] [arXiv:1103.4250 [astro-ph.CO]].

[19] R. Abbasi et al. [IceCube Collaboration], Phys. Rev. D 84 (2011) 082001 [arXiv:1104.5187 [astro-ph.HE]].

– 26 –

[20] U. F. Katz, Nucl. Instrum. Meth. A 567 (2006) 457 [astro-ph/0606068].

[21] P. W. Gorham et al. [The ANITA Collaboration], Phys. Rev. D 82 (2010) 022004 [arXiv:1003.2961 [astro-ph.HE]].

[22] J. K. Becker, Phys. Rept. 458 (2008) 173 [arXiv:0710.1557 [astro-ph]].

E. Waxman, arXiv:1101.1155 [astro-ph.HE].

[23] K. Murase, Nucl. Phys. Proc. Suppl. 217 (2011) 291.

[24] L. Bergstrom, J. Edsjo and P. Ullio, Phys. Rev. Lett. 87, 251301 (2001)

[arXiv:astro-ph/0105048].

P. Ullio, L. Bergstrom, J. Edsjo and C. G. Lacey, Phys. Rev. D 66, 123502 (2002) [arXiv:astro-ph/0207125].

L. Pieri and E. Branchini, Phys. Rev. D 69, 043512 (2004) [arXiv:astro-ph/0307209]. L. Bergstrom, T. Bringmann, M. Eriksson and M. Gustafsson, Phys. Rev. Lett. 94 (2005) 131301 [astro-ph/0410359].

D. Elsaesser and K. Mannheim, Phys. Rev. Lett. 94 (2005) 171302 [astro-ph/0405235]. S. Ando, Phys. Rev. Lett. 94 (2005) 171303 [astro-ph/0503006].

L. Bergstrom, T. Bringmann, M. Eriksson and M. Gustafsson, Phys. Rev. Lett. 95 (2005) 241301 [hep-ph/0507229].

S. Profumo and T. E. Jeltema, JCAP 0907, 020 (2009) [arXiv:0906.0001 [astro-ph.CO]]. A. V. Belikov and D. Hooper, Phys. Rev. D 81, 043505 (2010) [arXiv:0906.2251 [astro-ph.CO]].

[25] N. Arkani-Hamed, D. P. Finkbeiner, T. R. Slatyer and N. Weiner, Phys. Rev. D 79 (2009) 015014 [arXiv:0810.0713 [hep-ph]].

[26] C. Calcaneo-Roldan and B. Moore, Phys. Rev. D 62, 123005 (2000) [arXiv:astro-ph/0010056].

F. Stoehr, S. D. M. White, V. Springel, G. Tormen and N. Yoshida, Mon. Not. Roy. Astron. Soc. 345, 1313 (2003) [arXiv:astro-ph/0307026]. V. Springel et al., Nature 456, 73 (2008).

L. Pieri, J. Lavalle, G. Bertone and E. Branchini, arXiv:0908.0195 [astro-ph.HE].

[27] A. Tasitsiomi and A. V. Olinto, Phys. Rev. D 66, 083006 (2002) [arXiv:astro-ph/0206040].

S. M. Koushiappas, A. R. Zentner and T. P. Walker, Phys. Rev. D 69, 043501 (2004) [arXiv:astro-ph/0309464].

L. Pieri, E. Branchini and S. Hofmann, Phys. Rev. Lett. 95, 211301 (2005) [arXiv:astro-ph/0505356].

S. M. Koushiappas, Phys. Rev. Lett. 97, 191301 (2006) [arXiv:astro-ph/0606208]. L. Pieri, G. Bertone and E. Branchini, Mon. Not. Roy. Astron. Soc. 384, 1627 (2008) [arXiv:0706.2101 [astro-ph]].

J. Diemand, M. Kuhlen and P. Madau, Astrophys. J. 657, 262 (2007) [arXiv:astro-ph/0611370]. M. Kuhlen, J. Diemand and P. Madau, Astrophys. J. 686, 262 (2008) [arXiv:0805.4416 [astro-ph]].

M. D. Kistler and J. M. Siegal-Gaskins, Phys. Rev. D 81 (2010) 103521 [arXiv:0909.0519 [astro-ph.HE]].

H. S. Zechlin, M. V. Fernandes, D. Elsaesser and D. Horns, arXiv:1111.3514 [astro-ph.HE].

[28] J. Zavala, V. Springel and M. Boylan-Kolchin, Mon. Not. Roy. Astron. Soc. 405 (2010) 593 [arXiv:0908.2428 [astro-ph.CO]].

[29] A. A. Abdo et al., Phys. Rev. Lett. 104, 091302 (2010) [arXiv:1001.4836 [astro-ph.HE]].

M. Garny, A. Ibarra, D. Tran and C. Weniger, JCAP 1101 (2011) 032 [arXiv:1011.3786 [hep-ph]].

K. N. Abazajian, P. Agrawal, Z. Chacko and C. Kilic, Phys. Rev. D 85 (2012) 123543 [arXiv:1111.2835 [hep-ph]].

C. Weniger, JCAP 1208 (2012) 007 [arXiv:1204.2797 [hep-ph]].

[30] J. Edsjo and P. Gondolo, Phys. Lett. B 357, 595 (1995) [arXiv:hep-ph/9504283].

– 27 –

M. Cirelli, N. Fornengo, T. Montaruli, I. Sokalski, A. Strumia and F. Vissani, Nucl. Phys. B 727, 99 (2005) [Erratum-ibid. B 790, 338 (2008)] [arXiv:hep-ph/0506298]. O. Mena, S. Palomares-Ruiz and S. Pascoli, Phys. Lett. B 664, 92 (2008) [arXiv:0706.3909 [hep-ph]].

[31] K. A. Olive and J. Silk, Phys. Rev. Lett. 55 (1985) 2362.

F. W. Stecker, Phys. Rev. Lett. 56 (1986) 2551. R. A. Daly, Astrophys. J. 324 (1988) L47.

[32] R. Barbieri and V. Berezinsky, Phys. Lett. B 205, 559 (1988).

M. Kamionkowski, arXiv:astro-ph/9404079.

[33] G. Bertone, W. Buchmuller, L. Covi and A. Ibarra, JCAP 0711, 003 (2007) [arXiv:0709.2299 [astro-ph]].

K. Ishiwata, S. Matsumoto and T. Moroi, JHEP 0905 (2009) 110 [arXiv:0903.0242 [hep-ph]]. S. Matsumoto, K. Ishiwata and T. Moroi, Phys. Lett. B 679 (2009) 1 [arXiv:0905.4593 [astro-ph.CO]].

L. Zhang, J. Redondo and G. Sigl, JCAP 0909 (2009) 012 [arXiv:0905.4952 [astro-ph.GA]]. A. Ibarra, D. Tran and C. Weniger, JCAP 1001 (2010) 009 [arXiv:0906.1571 [hep-ph]]. K. Ishiwata, S. Matsumoto and T. Moroi, JHEP 1012 (2010) 006 [arXiv:1008.3636 [hep-ph]].

[34] F. Takayama and M. Yamaguchi, Phys. Lett. B 485 (2000) 388 [hep-ph/0005214].

A. Ibarra and D. Tran, Phys. Rev. Lett. 100 (2008) 061301 [arXiv:0709.4593 [astro-ph]]. M. Pospelov and M. Trott, JHEP 0904 (2009) 044 [arXiv:0812.0432 [hep-ph]]. M. Grefe, arXiv:1111.6041 [hep-ph].

[35] L. Covi, M. Grefe, A. Ibarra and D. Tran, JCAP 0901 (2009) 029 [arXiv:0809.5030 [hep-ph]].

[36] A. Ibarra, A. Ringwald and C. Weniger, JCAP 0901 (2009) 003 [arXiv:0809.3196 [hep-ph]].

K. Hamaguchi, S. Shirai and T. T. Yanagida, Phys. Lett. B 673 (2009) 247 [arXiv:0812.2374 [hep-ph]].

A. Arvanitaki, S. Dimopoulos, S. Dubovsky, P. W. Graham, R. Harnik and S. Rajendran, Phys. Rev. D 79 (2009) 105022 [arXiv:0812.2075 [hep-ph]].

A. Arvanitaki, S. Dimopoulos, S. Dubovsky, P. W. Graham, R. Harnik and S. Rajendran, Phys. Rev. D 80 (2009) 055011 [arXiv:0904.2789 [hep-ph]].

C. R. Chen, F. Takahashi and T. T. Yanagida, Phys. Lett. B 673, 255 (2009) [arXiv:0811.0477 [hep-ph]].

C. R. Chen, M. M. Nojiri, F. Takahashi and T. T. Yanagida, Prog. Theor. Phys. 122, 553 (2009) [arXiv:0811.3357 [astro-ph]].

[37] E. Nardi, F. Sannino and A. Strumia, JCAP 0901, 043 (2009) [arXiv:0811.4153 [hep-ph]].

K. Hamaguchi, E. Nakamura, S. Shirai and T. T. Yanagida, Phys. Lett. B 674, 299 (2009) [arXiv:0811.0737 [hep-ph]].

[38] F. Zwicky, Helv. Phys. Acta 6 (1933) 110.

[39] G. Jungman, M. Kamionkowski and K. Griest, Phys. Rept. 267, 195 (1996) [arXiv:hep-ph/9506380].

L. Bergstrom, Rept. Prog. Phys. 63, 793 (2000) [arXiv:hep-ph/0002126]. G. Bertone, D. Hooper and J. Silk, Phys. Rept. 405, 279 (2005) [arXiv:hep-ph/0404175].

[40] M. Kachelriess and P. D. Serpico, Phys. Rev. D 76, 063516 (2007) [arXiv:0707.0209 [hep-ph]].

M. Regis and P. Ullio, Phys. Rev. D 78, 043505 (2008) [arXiv:0802.0234 [hep-ph]]. G. D. Mack, T. D. Jacques, J. F. Beacom, N. F. Bell and H. Yuksel, Phys. Rev. D 78, 063542 (2008) [arXiv:0803.0157 [astro-ph]].

N. F. Bell, J. B. Dent, T. D. Jacques and T. J. Weiler, Phys. Rev. D 78, 083540 (2008) [arXiv:0805.3423 [hep-ph]].

J. B. Dent, R. J. Scherrer and T. J. Weiler, Phys. Rev. D 78, 063509 (2008) [arXiv:0806.0370 [astro-ph]].

– 28 –

E. Borriello, A. Cuoco and G. Miele, Phys. Rev. D 79, 023518 (2009) [arXiv:0809.2990 [astro-ph]].

G. Bertone, M. Cirelli, A. Strumia and M. Taoso, JCAP 0903, 009 (2009) [arXiv:0811.3744 [astro-ph]].

M. Cirelli and P. Panci, Nucl. Phys. B 821, 399 (2009) [arXiv:0904.3830 [astro-ph.CO]]. N. F. Bell and T. D. Jacques, Phys. Rev. D 79 (2009) 043507 [arXiv:0811.0821 [astro-ph]]. M. Kachelriess, P. D. Serpico and M. A. Solberg, Phys. Rev. D 80, 123533 (2009) [arXiv:0911.0001 [hep-ph]].

[41] R. M. Crocker, N. F. Bell, C. Balazs and D. I. Jones, Phys. Rev. D 81, 063516 (2010) [arXiv:1002.0229 [hep-ph]].

G. Hutsi, A. Hektor and M. Raidal, JCAP 1007 (2010) 008 [arXiv:1004.2036 [astro-ph.HE]]. N. F. Bell, J. B. Dent, T. D. Jacques and T. J. Weiler, Phys. Rev. D 83 (2011) 013001 [arXiv:1009.2584 [hep-ph]].

G. Zaharijas et al. [for the Fermi-LAT Collaboration], PoS IDM 2010 (2011) 111 [arXiv:1012.0588 [astro-ph.HE]].

N. F. Bell, J. B. Dent, T. D. Jacques and T. J. Weiler, Phys. Rev. D 84 (2011) 103517 [arXiv:1101.3357 [hep-ph]].

N. F. Bell, J. B. Dent, A. J. Galea, T. D. Jacques, L. M. Krauss and T. J. Weiler, Phys. Lett. B 706 (2011) 6 [arXiv:1104.3823 [hep-ph]].

F. Calore, V. De Romeri and F. Donato, Phys. Rev. D 85 (2012) 023004 [arXiv:1105.4230 [astro-ph.CO]].

K. N. Abazajian and J. P. Harding, JCAP 1201 (2012) 041 [arXiv:1110.6151 [hep-ph]].

[42] A. A. Abdo et al. [Fermi-LAT Collaboration], JCAP 1004 (2010) 014 [arXiv:1002.4415 [astro-ph.CO]].

M. Ackermann et al. [LAT Collaboration], arXiv:1205.6474 [astro-ph.CO].

[43] K. N. Abazajian, P. Agrawal, Z. Chacko and C. Kilic, JCAP 1011, 041 (2010) [arXiv:1002.3820 [astro-ph.HE]].

K. N. Abazajian, S. Blanchet and J. P. Harding, Phys. Rev. D 85 (2012) 043509 [arXiv:1011.5090 [hep-ph]].

[44] A. Abramowski et al. [H.E.S.S. Collaboration], Phys. Rev. Lett. 106 (2011) 161301 [arXiv:1103.3266 [astro-ph.HE]].

[45] J. F. Beacom, N. F. Bell and G. D. Mack, Phys. Rev. Lett. 99, 231301 (2007) [arXiv:astro-ph/0608090].

[46] H. Yuksel, S. Horiuchi, J. F. Beacom and S. Ando, Phys. Rev. D 76, 123506 (2007) [arXiv:0707.0196 [astro-ph]].

[47] T. A. Porter, R. P. Johnson and P. W. Graham, Ann. Rev. Astron. Astrophys. 49 (2011) 155 [arXiv:1104.2836 [astro-ph.HE]].

[48] J. R. Ellis, G. B. Gelmini, J. L. Lopez, D. V. Nanopoulos and S. Sarkar, Nucl. Phys. B 373 (1992) 399.

[49] P. Gondolo, Phys. Lett. B 295 (1992) 104 [hep-ph/9207261].

[50] P. Gondolo, G. Gelmini and S. Sarkar, Nucl. Phys. B 392 (1993) 111 [hep-ph/9209236].

[51] G. D. Kribs and I. Z. Rothstein, Phys. Rev. D 55, 4435 (1997) [Erratum-ibid. D 56, 1822 (1997)] [arXiv:hep-ph/9610468].

[52] H. B. Kim and J. E. Kim, Phys. Lett. B 527, 18 (2002) [arXiv:hep-ph/0108101].

L. Zhang, X. Chen, M. Kamionkowski, Z. G. Si and Z. Zheng, Phys. Rev. D 76, 061301(R) (2007) [arXiv:0704.2444 [astro-ph]].

H. Yuksel and M. D. Kistler, Phys. Rev. D 78, 023502 (2008) [arXiv:0711.2906 [astro-ph]]. S. Palomares-Ruiz and J. M. Siegal-Gaskins, JCAP 1007 (2010) 023 [arXiv:1003.1142

– 29 –

[astro-ph.CO]].

[53] S. Palomares-Ruiz, Phys. Lett. B 665, 50 (2008) [arXiv:0712.1937 [astro-ph]].

[54] M. Pohl and D. Eichler, Astrophys. J. Lett. 712, L53 (2010) [arXiv:0912.1203 [astro-ph.HE]].

M. Cirelli, P. Panci and P. D. Serpico, arXiv:0912.0663 [astro-ph.CO]. C. R. Chen, S. K. Mandal and F. Takahashi, JCAP 1001, 023 (2010) [arXiv:0910.2639 [hep-ph]].

L. Zhang, C. Weniger, L. Maccione, J. Redondo and G. Sigl, JCAP 1006, 027 (2010) [arXiv:0912.4504 [astro-ph.HE]].

A. Ibarra, D. Tran and C. Weniger, Phys. Rev. D 81 (2010) 023529 [arXiv:0909.3514 [hep-ph]].

[55] L. Covi, M. Grefe, A. Ibarra and D. Tran, JCAP 1004 (2010) 017 [arXiv:0912.3521 [hep-ph]].

M. R. Buckley, K. Freese, D. Hooper, D. Spolyar and H. Murayama, Phys. Rev. D 81 (2010) 016006 [arXiv:0907.2385 [astro-ph.HE]].

N. F. Bell, A. J. Galea and K. Petraki, Phys. Rev. D 82 (2010) 023514 [arXiv:1004.1008 [astro-ph.HE]].

[56] J. L. Feng, A. Rajaraman, B. T. Smith, S. Su and F. Takayama, hep-ph/0410178.

[57] G. Steigman, B. Dasgupta and J. F. Beacom, Phys. Rev. D 86 (2012) 023506 [arXiv:1204.3622 [hep-ph]].

[58] E. W. Kolb, D. J. H. Chung and A. Riotto, In *Heidelberg 1998, Dark matter in astrophysics and particle physics 1998* 592-614 [hep-ph/9810361].

V. A. Kuzmin and I. I. Tkachev, Phys. Rept. 320 (1999) 199 [hep-ph/9903542]. M. Kachelriess, arXiv:0810.3017 [astro-ph].

[59] M. Y. Khlopov and V. M. Chechetkin, KIAM Preprint N-41 (1985) 45.

M. Y. Khlopov and V. M. Chechetkin, Fiz. Elem. Chast. Atom. Yadra 18 (1987) 627.

[60] D. J. H. Chung, E. W. Kolb and A. Riotto, Phys. Rev. Lett. 81 (1998) 4048 [hep-ph/9805473].

D. J. H. Chung, E. W. Kolb and A. Riotto, Phys. Rev. D 59 (1999) 023501 [hep-ph/9802238]. V. Kuzmin and I. Tkachev, JETP Lett. 68 (1998) 271 [hep-ph/9802304]. D. H. Lyth and D. Roberts, Phys. Rev. D 57 (1998) 7120 [hep-ph/9609441].

[61] L. Kofman, A. D. Linde and A. A. Starobinsky, Phys. Rev. Lett. 73 (1994) 3195 [hep-th/9405187].

V. Kuzmin and I. Tkachev, Phys. Rev. D 59 (1999) 123006 [hep-ph/9809547]. G. N. Felder, L. Kofman and A. D. Linde, Phys. Rev. D 59 (1999) 123523 [hep-ph/9812289]. D. J. H. Chung, E. W. Kolb and A. Riotto, Phys. Rev. D 60 (1999) 063504 [hep-ph/9809453]. D. J. H. Chung, P. Crotty, E. W. Kolb and A. Riotto, Phys. Rev. D 64 (2001) 043503 [hep-ph/0104100].

[62] V. Berezinsky, M. Kachelriess and A. Vilenkin, Phys. Rev. Lett. 79 (1997) 4302 [astro-ph/9708217].

V. A. Kuzmin and V. A. Rubakov, Phys. Atom. Nucl. 61 (1998) 1028 [Yad. Fiz. 61 (1998) 1122] [astro-ph/9709187].

[63] J. R. Ellis, J. L. Lopez and D. V. Nanopoulos, Phys. Lett. B 247 (1990) 257.

K. Benakli, J. R. Ellis and D. V. Nanopoulos, Phys. Rev. D 59 (1999) 047301 [hep-ph/9803333].

S. Chang, C. Coriano and A. E. Faraggi, Nucl. Phys. B 477 (1996) 65 [hep-ph/9605325].

[64] K. Hamaguchi, Y. Nomura and T. Yanagida, Phys. Rev. D 58 (1998) 103503 [hep-ph/9805346].

K. Hamaguchi, K. I. Izawa, Y. Nomura and T. Yanagida, Phys. Rev. D 60 (1999) 125009 [hep-ph/9903207].

[65] M. Cirelli, E. Moulin, P. Panci, P. D. Serpico and A. Viana, arXiv:1205.5283 [astro-ph.CO].

A. Esmaili, A. Ibarra and O. L. G. Peres, arXiv:1205.5281 [hep-ph]. M. Garny, A. Ibarra and D. Tran, arXiv:1205.6783 [hep-ph].

– 30 –

[66] E. Komatsu et al. [WMAP Collaboration], Astrophys. J. Suppl. 192 (2011) 18 [arXiv:1001.4538 [astro-ph.CO]].

[67] V. S. Berezinsky and A. Y. Smirnov, Astrophys. Space Sci. 32 (1975) 461.

P. S. Coppi and F. A. Aharonian, Astrophys. J. 487 (1997) L9 [astro-ph/9610176].

[68] A. M. Hopkins and J. F. Beacom, Astrophys. J. 651 (2006) 142 [astro-ph/0601463].

[69] E. Waxman and J. N. Bahcall, Phys. Rev. D 59 (1999) 023002 [hep-ph/9807282].

[70] K. Murase and J. F. Beacom, Phys. Rev. D 81 (2010) 123001 [arXiv:1003.4959 [astro-ph.HE]].

[71] L. A. Anchordoqui, H. Goldberg, D. Hooper, S. Sarkar and A. M. Taylor, Phys. Rev. D 76 (2007) 123008 [arXiv:0709.0734 [astro-ph]].

H. Takami, K. Murase, S. Nagataki and K. Sato, Astropart. Phys. 31 (2009) 201 [arXiv:0704.0979 [astro-ph]].

K. Kotera, D. Allard and A. V. Olinto, JCAP 1010 (2010) 013 [arXiv:1009.1382 [astro-ph.HE]].

[72] T. Sjostrand, S. Mrenna and P. Skands, JHEP 0605, 026 (2006) [arXiv:hep-ph/0603175].

[73] F. Aharonian et al. [H.E.S.S. Collaboration], Phys. Rev. Lett. 97 (2006) 221102 [Erratum-ibid.

97 (2006) 249901] [astro-ph/0610509].

[74] J. E. Taylor and J. Silk, Mon. Not. Roy. Astron. Soc. 339 (2003) 505 [astro-ph/0207299].

[75] J. F. Navarro, C. S. Frenk and S. D. M. White, Mon. Not. Roy. Astron. Soc. 275, 720 (1995) [arXiv:astro-ph/9408069].

J. F. Navarro, C. S. Frenk and S. D. M. White, Astrophys. J. 490, 493 (1997) [arXiv:astro-ph/9611107].

[76] A. Jenkins, C. S. Frenk, S. D. M. White, J. M. Colberg, S. Cole, A. E. Evrard, H. M. P. Couchman and N. Yoshida, Mon. Not. Roy. Astron. Soc. 321 (2001) 372 [astro-ph/0005260].

[77] M. Boylan-Kolchin, V. Springel, S. D. M. White, A. Jenkins and G. Lemson, Mon. Not. Roy.

Astron. Soc. 398 (2009) 1150 [arXiv:0903.3041 [astro-ph.CO]].

[78] V. Springel, J. Wang, M. Vogelsberger, A. Ludlow, A. Jenkins, A. Helmi, J. F. Navarro and C. S. Frenk et al., Mon. Not. Roy. Astron. Soc. 391 (2008) 1685 [arXiv:0809.0898 [astro-ph]].

[79] Y. Inoue, J. Phys. Conf. Ser. 355 (2012) 012037 [arXiv:1108.1438 [astro-ph.HE]].

[80] M. Ackermann et al. [Fermi-LAT Collaboration], Phys. Rev. Lett. 107 (2011) 241302 [arXiv:1108.3546 [astro-ph.HE]].

A. Geringer-Sameth and S. M. Koushiappas, Phys. Rev. Lett. 107 (2011) 241303 [arXiv:1108.2914 [astro-ph.CO]].

[81] K. Murase and J. F. Beacom, arXiv:1209.0225 [astro-ph.HE].

B. Dasgupta and R. Laha, arXiv:1206.1322 [hep-ph].

[82] I. Cholis, JCAP 1109 (2011) 007 [arXiv:1007.1160 [astro-ph.HE]].

[83] A. Strumia and F. Vissani, hep-ph/0606054.

K. Murase, Phys. Rev. D 76 (2007) 123001 [arXiv:0707.1140 [astro-ph]].

[84] K. Griest and M. Kamionkowski, Phys. Rev. Lett. 64, 615 (1990).

L. Hui, Phys. Rev. Lett. 86, 3467 (2001) [arXiv:astro-ph/0102349].

[85] J. Einasto, Trudy Inst. Astroz. Alma-Ata, 5, 87 (1965).

[86] G. R. Blumenthal, S. M. Faber, R. Flores and J. R. Primack, Astrophys. J. 301 (1986) 27.

O. Y. Gnedin, A. V. Kravtsov, A. A. Klypin and D. Nagai, Astrophys. J. 616 (2004) 16 [astro-ph/0406247].

O. Y. Gnedin, D. Ceverino, N. Y. Gnedin, A. A. Klypin, A. V. Kravtsov, R. Levine, D. Nagai and G. Yepes, arXiv:1108.5736 [astro-ph.CO].

– 31 –

[87] P. Bhattacharjee and G. Sigl, Phys. Rept. 327 (2000) 109 [astro-ph/9811011]. [88] V. Berezinsky and M. Kachelriess, Phys. Lett. B 434 (1998) 61 [hep-ph/9803500].

V. Berezinsky and M. Kachelriess, Phys. Rev. D 63 (2001) 034007 [hep-ph/0009053]. [89] S. Sarkar and R. Toldra, Nucl. Phys. B 621 (2002) 495 [hep-ph/0108098]. [90] R. Aloisio, V. Berezinsky and M. Kachelriess, Phys. Rev. D 69 (2004) 094023 [hep-ph/0307279]. [91] M. Birkel and S. Sarkar, Astropart. Phys. 9 (1998) 297 [hep-ph/9804285]. [92] C. Barbot and M. Drees, Astropart. Phys. 20 (2003) 5 [hep-ph/0211406]. [93] K. Ichiki, M. Oguri and K. Takahashi, Phys. Rev. Lett. 93 (2004) 071302 [astro-ph/0403164].

Y. Gong and X. Chen, Phys. Rev. D 77 (2008) 103511 [arXiv:0802.2296 [astro-ph]]. [94] J. R. Ellis, D. V. Nanopoulos and S. Sarkar, Nucl. Phys. B 259 (1985) 175. [95] A. M. Galper, O. Adriani, R. L. Aptekar, I. V. Arkhangelskaja, A. I. Arkhangelskiy, M. Boezio, V. Bonvicini and K. A. Boyarchuk et al., arXiv:1201.2490 [astro-ph.IM].

[96] S. Lee, Phys. Rev. D 58 (1998) 043004 [astro-ph/9604098]. [97] K. Murase, Astrophys. J. 745 (2012) L16 [arXiv:1111.0936 [astro-ph.HE]]. [98] T. M. Kneiske, T. Bretz, K. Mannheim and D. H. Hartmann, Astron. Astrophys. 413 (2004) 807 [astro-ph/0309141].

[99] J. D. Finke, S. Razzaque and C. D. Dermer, Astrophys. J. 712 (2010) 238 [arXiv:0905.1115 [astro-ph.HE]].

[100] K. Murase, Phys. Rev. Lett. 103 (2009) 081102 [arXiv:0904.2087 [astro-ph.HE]].

– 32 –