arXiv:1306.3417v1 [astro-ph.HE] 14 Jun 2013

On the Hadronuclear Origin of PeV Neutrinos Observed with IceCube

Kohta Murase,^1 Markus Ahlers,^2 and Brian C. Lacki^3 1Hubble Fellow – Institute for Advanced Study, Princeton, NJ 08540, USA 2Wisconsin IceCube Particle Astrophysics Center (WIPAC) and Department of Physics, University of Wisconsin, Madison, WI 53706, USA 3Jansky Fellow of the National Radio Astronomy Observatory – Institute for Advanced Study, Princeton, NJ 08540, USA (Dated: 13 June, 2013)

We consider implications of recent IceCube observations for hadronuclear (pp) scenarios of extragalactic neutrino sources such as starforming galaxies, intergalactic shocks and active galaxies. We stress the importance of the connection between the extragalactic neutrino and γ-ray backgrounds. These scenarios require hard spectra with Γ ≲ 2.2 and imply that sources should contribute ≳ 30% to the diffuse γ-ray background in the 100 GeV range. We show that these sources may be luminous enough to generate the observed neutrino background, and we investigate whether they can provide a neutrino cutoff around PeV energies suggested by the observations.

PACS numbers: 95.85.Ry, 98.70.Sa, 98.70.Vc

The origin of cosmic rays (CRs) has been a big mystery in astroparticle physics. High-energy neutrinos are considered to be the “smoking-gun” signal of CR acceleration [1] and their detection with the IceCube observatory has long been anticipated [2]. Among extragalactic neutrino sources, jets and cores of active galactic nuclei (AGN) [3, 4] and γ-ray burst (GRB) jets [5–7] have been widely studied, where the photomeson production (pγ) is typically the main neutrino generation process. On the other hand, starburst galaxies (SBGs) [8] and large scale structures with intergalactic shocks (IGSs) and AGN [9, 10] may significantly contribute to the extragalactic neutrino background (ENB) mainly via the hadronuclear production (pp). Early supernovae (SNe) can also be neutrino emitters [11, 12].

In 2012 the IceCube Collaboration announced the detection of two PeV shower events observed during the combined IC-79/IC-86 data period [13]. A recent followup analysis [14] of the same data uncovered a spectrum of 26 additional events at lower energies. The observations are consistent with an equal-flavor ENB flux of E^2_ν Φ_{νi} ∼ 10^{−8} GeV cm^{−2} s^{−1} sr^{−1} around PeV [13, 14], in agreement with the conventional Waxman-Bahcall bound [15]. A potential break/cutoff at E_ν ∼ 1 − 2 PeV is indicated [14, 16], because of the Glashow resonance at 6.3 PeV and increasing effective area at higher energies.

In this work, we consider implications for hadronuclear scenarios, where neutrinos are mainly produced via pp collisions. In contrast to pγ reactions, the approximate Feynman scaling of pp reactions predict that spectra of secondary neutrinos and γ rays follow the initial CR spectrum. Hence, normalization of the neutrino spectrum at PeV energies has immediate consequences on secondary spectra at lower energies. We emphasize the importance of the connection between the ENB and diffuse extragalactic γ-ray background (EGB), and the sources should give significant contributions to the diffuse EGB [17] in these scenarios. This demonstrates the power of multimessenger approaches to probe the CR origin. Then, we study if a neutrino cutoff around PeV energies is caused by the escape or maximum energy of CRs. Throughout this work, we use A_x = A/10^x and cosmological parameters with h = 0.71, Ω_m = 0.3 and Ω_Λ = 0.7.

The Extragalactic Background Connection.— We generally consider extragalactic pp sources, which more specifically include starforming galaxies (SFGs) and large scale structures. For the pp reaction at sufficiently high energies, the typical neutrino energy is

E_ν ∼ 0.04E_p ≃ 2 PeV ε_{p,17}[2/(1 + z̄)], (1)

where ε_p = 10^{17} eV ε_{p,17} is the proton energy in the cosmic rest frame and z̄ is the typical source redshift. Neutrinos around a potential ∼ 1 − 2 PeV break come from protons with energies close to the iron/second knee [9]. Note that the neutrino energy is less for nuclei with the same energy, since the energy per nucleon is lower.

Given the differential CR energy budget at z = 0, E_pQ_{Ep} , the ENB flux per flavor is estimated to be [15, 18]

E^2_{νi} Φ_{νi} ≈ 1 6 min[1, f_{pp}] ct_H 4π (E_pQ_{Ep} )ξ_z (2)

where t_H ≃ 13.2 Gyr and ξ_z is the source evolution factor. The pp efficiency is

f_{pp} ≈ nκ_pσ^{inel}_{pp} ct_{int}, (3)

where κ_p ≈ 0.5, σ^{inel}_{pp} ∼ 8 × 10^{−26} cm^2 at ∼ 100 PeV [19], n is the typical target nucleon density, t_{int} ≈ min[t_{inj}, t_{esc}] is the duration that CRs interact with the target gas, t_{inj} is the CR injection time and t_{esc} is the CR escape time.

In pγ scenarios, neutrino spectra typically have a strong energy dependence (rising at ≫ GeV energies) due to the threshold and dominance of resonant channels. In contrast, pp scenarios predict power-law secondary spectra stretching from GeV energies. As shown below, their neutrino spectra can be a broken power law with spectral indices Γ and Γ_2 if the break ε^b_ν ∼ 0.04ε^b_p is formed by escape of CRs or superposition of power laws

FIG. 1: Examples of ENB spectra (per flavor) in pp scenarios. The broken power law (Γ = 2, Γ2 = 2.5 and ε^b_ν = 2 PeV; solid) and the power law with an exponential cutoff (Γ = 2 and ε^{cut}_ν = 2 PeV; dashed) are considered. The star-formation history (thick) [20] and no redshift evolution (thin) are used. The atmospheric muon neutrino background [21] is also shown.

with different maximum energies. Or we may expect an exponential cutoff at the similar energy. In Fig. 1, we show examples of spectra compatible with IceCube data (E^2_ν Φ_{νi} = 10^{−8} GeV cm^{−2} s^{−1} sr^{−1} at 0.3 PeV).

Importantly, the sources considered above should also contribute to the diffuse EGB [22]. As in Eq. (2), the EGB flux is related to the CR energy budget as

E^2_γ Φ_γ ≈ 1 3 min[1, f_{pp}] ct_H 4π (E_pQ_{Ep} )ξ_z . (4)

Moreover, the EGB flux below ∼ 100 GeV constrains the contribution of injected γ rays in the pp scenario. It is related to the ENB flux model-independently as

E^2_γ Φ_γ ≈ 2(E^2_ν Φ_{νi} )|_{Eν =0.5Eγ} . (5)

Given E^2_ν Φ_{νi} , combing Eq. (5) and the upper limit from the Fermi EGB measurement, E^2_γ Φ^{up}_γ , leads to Γ ≤ 2 + ln[E^2_γ Φ^{up}_γ |_{100 GeV}/(2E^2_ν Φ_{νi} |_{Eν} )][ln(2E_ν /100 GeV)]^{−1} or

Γ ≲ 2.185 [ 1 + 0.265 log_{10} ( (E^2_γ Φ^{up}_γ )|_{100 GeV} 10^{−7} GeV cm^{−2} s^{−1} sr^{−1} )] . (6) The IceCube results imply that the PeV ENB is fairly large with respect to the 100 GeV EGB, thus the spectra of pp sources must be hard. Numerical results, considering intergalactic electromagnetic cascades [18, 25], are shown in Figs. 2 and 3. They are consistent with Eq. (6). Interestingly, with star-formation history [20], the PeV ENB and diffuse 100 GeV EGB can be simultaneously explained for Γ ∼ 2.2 (implying the CR index s ∼ 2.3), which could imply a common origin.

However, fiducial predictions of γ rays from SFGs or IGSs typically account for ≲ 40% of the diffuse EGB (with Γ = 2.2) [9, 26–28], so such a possibility may be optimistic. More conservatively, in viable hadronuclear

FIG. 2: The connection between the ENB (solid) and diffuse EGB (dashed), where cases for Γ = 2.0 (thick) and Γ = 2.18 (thin) are shown. The star-formation history [20] is assumed. The diffuse EGB data are obtained by Fermi/LAT [17].

FIG. 3: The same as Fig. 2, but for Γ = 2.0 (thick) and Γ = 2.1 (thin) with no redshift evolution.

scenarios, IceCube and Fermi data imply that neutrino and γ-ray spectra should be harder than Γ ∼ 2.2, and results for Γ = 2.0 suggest that these sources must have a ≳ 30% contribution. It is widely believed that blazars contribute to the diffuse EGB especially in the 100 GeV range [17, 29]. If unresolved blazers account for ≳ 50%, the room for SFGs and IGSs are less, implying Γ ≲ 2.1. This is even the case for a lower diffuse EGB [30].

In any viable pp scenario, intrinsic spectra of individual sources will be hard as well. Detected γ-ray sources like SBGs may be tested with deeper observations at ≳ 0.1 TeV by future detectors such as Cherenkov Telescope Array (CTA) [31]. Though galaxy clusters (GCs) have not been firmly detected in γ rays, if they are seen by CTA, we will get crucial clues to testing the model.

Specific Scenarios.— Viable scenarios require sufficient CR energy budget and pp efficiency that depend on sources. Using E_pQ_{Ep} = Q_{cr}/R_p (where Q_{cr} ≡ ∫ dE_p Q_{Ep} is the total budget), Eq. (2) becomes

E^2_{νi} Φ_{νi} ≃ 1.3 × 10^{−8} GeV cm^{−2} s^{−1} sr^{−1} min[1, f_{pp}]

× (Q_{cr}/10^{45} erg Mpc^{−3} yr^{−1})(R_p/25)(ξ_z/3), where we have R_p ∼ 18 − 27 for s = 2 and R_p ∼ 200 (at ε_p = 100 PeV) for s = 2.2 [9]. We hereafter consider proposed sources that can meet these requirements.

Starforming galaxies.– SFGs contain a lot of young, massive stars that lead to SN explosions. SN remnants are believed to be CR accelerators. Using the starformation rate density ϱ_{SFR}, the CR budget is [32]

Q_{cr} ∼ 8.5 × 10^{45} erg Mpc^{−3} yr^{−1} ϵ_{cr,−1}ϱ_{SFR,−2}, (7)

where ϱ_{SFR} ∼ 0.01 M_⊙ Mpc^{−3} yr^{−1} is expected for mainsequence galaxies (MSGs) and the contribution from SBGs is ∼ 10 % of that [33].

Many SN explosions are expected to happen in superbubbles in the disk of SFGs. The maximum energy is achieved around the Sedov radius of R_{Sed} ≃ 2.1 pc E^{1/3}_{ej,51}V^{−2/3}_{ej,9} n^{−1/3}, where E_{ej} is the kinetic energy and V_{ej} is the ejecta velocity. In the diffusive shock acceleration theory [34], the proton maximum energy is

ε^{max}_p ≈ 3 20 V_s c eBR_{dec} ≃ 3.1 PeV B_{−3.5}E^{1/3}_{ej,51}V^{1/3}_{ej,9} n^{−1/3}, (8) where V_s is the shock velocity that is comparable to V_{ej} around the Sedov time. We have used B ∼ 300 μG that may exist in SBGs [e.g., 28, 35, 36] or arise from amplification [37]. The magnetic field could be further amplified up to B^2/8π < nm_pV^2_s /2, where we have ε^{max}_p < 45 PeV E^{1/3}_{ej,51}V^{4/3}_{ej,9} n^{1/6}, so normal SNe cannot produce ∼ 100 PeV protons. Higher energies may be achieved by SNe accompanying significant mass losses (e.g., SNe IIb and IIn) [11] or hypernovae [38], but a fraction of them is expected to be a few% of all SNe. Possibly, multiple SN explosions in superbubbles might accelerate CRs to sufficiently high energies [39].

Let us assume that SFGs can accelerate 100 PeV protons, though this is an open problem. Then, they are promising as suggested in [8]. Nearby SBGs like M82 and NGC 253 have a column density of Σ_g ∼ 0.1 g cm^{−2} and a scale height of h ∼ 50 pc [36], while high-redshift star bursts in submillimeter galaxies have Σ_g ∼ 1 g cm^{−2} and h ∼ 500 pc [40], implying n̄ ≈ Σ_g /(2hm_p) ∼ 200 cm^{−3}. High-redshift MSGs have Σ_g ∼ 0.1 g cm^{−2} and h ∼ 1 kpc [41], implying n̄ ∼ 10 cm^{−3} that is larger than n̄ ∼ 0.2 cm^{−3} in the Milky Way. At low energies, CRs are confined in the starburst driven wind (with its velocity V_w) and advection governs escape, t_{esc} ≈ t_{adv} ≈ h/V_w ≃ 3.1 Myr (h/kpc)V^{−1}_{w,7.5}. Comparing with the pionic loss time t_{pp} ≈ 2.7 Myr Σ^{−1}_{g,−1} (h/kpc) gives

f_{pp} ≈ 1.1 Σ_{g,−1}V^{−1}_{w,7.5}(t_{esc}/t_{adv}). (9)

Therefore, a significant fraction of CRs are depleted by pion production during their advection [8, 36].

At higher energies, the diffusive escape becomes important. The hard spectrum of TeV γ-rays from NGC 253 implies that advection dominates escape for protons of energy ≲ 30 TeV [42]. But confinement is generally only effective when the CR Larmor radius is smaller than the magnetic field coherence length l_{coh}. Confining 100 PeV protons requires the critical energy ε_c = eBl_{coh} > 100 PeV, so we require l_{coh} ≳ 0.34 pc B^{−1}_{−3.5}ε_{p,17}. Then, the diffusion coefficient at ε_c is D_c = (1/3)l_{coh}c, below which D = D_c(ε/ε_c)^δ . Here δ ∼ 0 − 1 depends on details of the turbulence spectrum and δ = 1/3 corresponds to the Kolmogorov turbulence. Then, we have the upper limit on the diffusion time at 100 PeV as t_{diff} ≲ 7.2 Myr B^{−1}_{−3.5} (h/kpc)^2. More conservatively, we could use D = 10^{28} cm^2 s^{−1} (ε_p/3 GeV)^{1/3} suggested from the anisotropy study on CRs in the Milky Way [43]. With ∼ 50 times stronger magnetic fields, we may expect that the diffusion coefficient at GeV is D_0 ∼ 1.9×10^{27} cm^2 s^{−1} if the coherence length and turbulence strength are similar. Assuming D = D_0(ε_p/GeV)^{1/3}, we obtain

t_{diff} ≈ h^2 4D ∼ 0.16 Myr D^{−1}_{0,27}ε^{−1/3}_{p,17} ( h kpc )_2 . (10)

A break at ε^b_p ∼ 21 TeV D^{−3}_{0,27}Σ^3_{g,−1}(h/kpc)^3 (for t_{pp} < t_{adv}) or ε^b_p ∼ 15 TeV D^{−3}_{0,27}V^3_{w,7.5}(h/kpc)^3 (for t_{adv} < t_{pp}) is possible, but stronger confinement is needed to achieve ε^b_p ≳ 100 PeV. Though it is uncertain if proton calorimetry holds, MSGs and SBGs could give E^2_ν Φ_{νi} ∼ 10^{−8} − 10^{−7} GeV cm^{−2} s^{−1} sr^{−1} and E^2_ν Φ_{νi} ∼ 10^{−9} − 10^{−8} GeV cm^{−2} s^{−1} sr^{−1}, respectively. Note that γ-ray observations of M82 and NGC 253 indicate that only 20− 40% of their CR power is lost to meson production [36].

In summary, SFGs are promising neutrino and γ-ray sources, and they provide the necessary energy budget [8]. An issue is how ∼ 100 PeV protons are accelerated and confined. The neutrino spectrum could have a cutoff related to ε^{max}_p or a break determined from t_{diff} = t_{pp} or t_{diff} = t_{adv}.

Intergalactic shocks and active galaxies.— Most of the baryonic matter in the Universe exists as the intergalactic gas [44]. During cosmological structure formation, large-scale structures containing GCs and galaxy groups grow through merging and accretion of the dark matter and intergalactic gas, and generate powerful shock waves on Mpc scales [45, 46]. In particular, GCs are the largest gravitationally bounded objects in the Universe, and accretion shocks with high Mach numbers are expected on the outskirts of GCs. In addition, minor mergers also induce sufficiently strong shocks near the virial radius, r_{vir} ≈ 2.6 Mpc M^{1/3}_{15} (at z = 0), weakly depending on cosmological parameters [47]. Moderate Mach number shocks inside the GC may also be important in certain situations. The accretion luminosity is L_{ac} ≈ (Ω_b/Ω_m)GMṀ/r_{vir} ≃ 0.9 × 10^{46} erg s^{−1} M^{5/3}_{15} [46]. The density of GCs with > 10^{15} M_⊙ is ∼ 2×10^{−6} Mpc^{−3}, but is a few×10^{−5} Mpc^{−3} for GCs above 5 × 10^{14} M_⊙ [48].

Taking ρ_{GC} ∼ 10^{−5} Mpc^{−3}, the CR energy budget is

Q_{cr} ∼ 1.0 × 10^{47} erg Mpc^{−3} yr^{−1} ϵ_{cr,−1}L_{ac,45.5}ρ_{GC,−5}, (11) which may also be important for the origin of CRs above 100 PeV [9]. Assuming the typical shock radius r_{sh} ∼ r_{vir} and magnetic field B ∼ 0.1 − 1 μG [49], we have

ε^{max}_p ≈ 3 20 V_s c eBr_{sh} ∼ 1.2 EeV B_{−6.5}V_{s,8.5}M^{1/3}_{15} , (12)

which can exceed 100 PeV more easily than SFGs and the overall spectrum will consist of contributions from GCs with various masses [50]. Or we may expect a power law with an exponential cutoff ε^{cut}_ν ∼ 0.04ε^{max}_p .

While CRs are injected by IGSs for t_{inj} ∼ a few Gyr, mesons are produced via hadronuclear production while CRs are confined. As in SFGs, however, CR escape may be relevant. Although t_{diff} is uncertain, to prevent 100 PeV protons from leaving structured regions after t_{dyn} ≈ r_{sh}/V_s, l_{coh} ≳ 0.34 kpc B^{−1}_{−6.5} is at least needed. Assuming the Kolmogorov turbulence with more plausible values of l_{coh} ∼ 10 − 100 kpc [49], we have

t_{diff} ≈ r^2_{vir} 6D ∼ 1.6 Gyr ε^{−1/3}_{p,17} B^{1/3}_{−6.5}(l_{coh}/30 kpc)^{−2/3}M^{2/3}_{15} , (13) giving ε^b_p ∼ 51 PeV B_{−6.5}(l_{coh}/30 kpc)^{−2}M^2_{15}(t_{inj}/2 Gyr)^{−3}. The break can be expected around 100 PeV [9] though uncertainty is large. For the typical intracluster density n̄ ∼ 10^{−4} cm^{−3} [24, 47], with a possible enhancement factor due to compression, g ∼ 1 − 3 [24, 51], we get

f_{pp} ≃ 7.6 × 10^{−3} gn̄_{−4}(t_{int}/2 Gyr). (14)

Then, E^2_ν Φ_{νi} ∼ 10^{−9} − 10^{−8} GeV cm^{−2} s^{−1} sr^{−1} can be expected [9, 53] without violating γ-ray and neutrino constraints [24, 54] from individual GCs.

Some AGN, including radio galaxies, are located in these structured regions [10]. Fanaroff-Riley (FR) I and FR II galaxies typically have the jet luminosity of L_j ∼ 10^{43−45} erg s^{−1} and L_j ∼ 10^{45−47} erg s^{−1}, respectively [55]. Given that they are promising CR accelerators, we have the additional CR budget of

Q_{cr} ∼ 3.2×10^{46} erg Mpc^{−3} yr^{−1} ϵ_{cr,−1}L_{j,45}ρ_{GC,−5}. (15)

Note that these CRs produce neutrinos and γ rays in not only intergalactic space but also radio bubbles/lobes, but the latter contributions typically seem smaller.

In summary, IGSs and AGN embedded in structured regions are promising neutrino and γ-ray sources. CR acceleration and confinement would be possible. An issue is that they have not been firmly detected in γ rays. In [9], the neutrino spectrum was predicted to have a break originating from ε^{max}_p or t_{diff} = t_{inj}.

Summary and Discussion.— We considered implications of recent IceCube observations for pp scenarios.

SFGs may give the sufficient ENB flux, though accelerating and confining 100 PeV protons seem challenging. Large scale structures may provide ≳ 100 PeV protons with the required ENB flux, but they are less guaranteed. In these models, the possible break/cutoff around PeV can arise from the diffusive escape or maximum energy of CRs. A tight connection between the ENB and EGB is generally expected, and viable models must account for ≳ 30% of the diffuse EGB at 100 GeV energies. Improving our knowledge of the diffuse EGB puts stronger constraints on the scenarios. Individual sources also show hard γ-ray spectra, which may be tested by CTA. Note that IceCube will not detect individual SFGs [36], while nearby GCs could be detected via stacking analyses [24], providing another test of the IGS model.

In pγ scenarios, we do not expect as tight a connection between the ENB and EGB. First, pγ reactions are typically efficient only for sufficiently high-energy CRs, so the resulting γ-rays can contribute to the EGB only via cascades – most pionic γ rays do not contribute to the EGB directly. Second, in efficient pγ sources like GRBs and AGN, the copious target photon fields may prevent even GeV-TeV γ rays from leaving the source, so the connection is non-trivial [6, 18]. In contrast, pp sources considered here are typically transparent up to multi-TeV energies. In addition, synchrotron cooling of cascade e^± may convert the energy into x rays and low-energy γ rays, for which the diffuse EGB is not constraining [23].

Among various possibilities [56], GRB and AGN models are also viable. But AGN jet models [4] typically predict ∼ 10 − 1000 PeV neutrinos, since target photons are expected in the infrared-to-optical range. AGN core models [3] might work and and further investigations are required. GRB models generally predict a break at ε^b_ν ∼ 1 − 100 PeV due to the meson and muon cooling [5]. Below the break, the pp contribution can also appear along with a dip feature due to the Bethe-Heitler process [57]. Though GRB jets can potentially give contributions of E^2_ν Φ_{νi} ≲ 10^{−8} GeV cm^{−2} s^{−1} sr^{−1} [5, 6], constraints from stacking searches by IceCube suggest E^2_ν Φ_{νi} ≲ 10^{−9} GeV cm^{−2} s^{−1} sr^{−1} [58]. But other possibilities, e.g., low-luminosity GRBs [7], are allowed.

Acknowledgments.— We thank Kfir Blum, Doron Kushnir, Francis Halzen and Nathan Whitehorn for discussions. MA acknowledges support by the U.S. National Science Foundation (NSF) under grants OPP-0236449 and PHY-0236449. BCL was supported by a Jansky Fellowship from National Radio Astronomy Observatory that is operated by Associated Universities, Inc., under cooperative agreement with NSF.

[1] F. Halzen and D. Hooper, Rep. Prog. Phys. 65, 1025 (2002); J. K. Becker, Phys. Rept. 458, 173 (2008).

[2] J. Ahrens et al., Astropart. Phys. 20, 507 (2004); R.

Abbasi et al., arXiv:1111.5188.

[3] F. Stecker, C. Done, M. Salamon, and P. Sommers, Phys.

Rev. Lett. 66, 2697 (1991); J. Alvarez-Muñiz and P. Mészáros, Phys. Rev. D 70, 123001 (2004).

[4] K. Mannheim, Astropart. Phys. 3, 295 (1995); F. Halzen and E. Zas, Astrophys. J. 488, 669 (1997); A. Atoyan and C. D. Dermer, Phys. Rev. Lett. 87, 221102 (2001); A. Mücke et al., Astropart. Phys. 18, 593 (2003); L. A. Anchordoqui et al., Astropart. Phys. 29, 1 (2008).

[5] E. Waxman and J. N. Bahcall, Phys. Rev. Lett. 78, 2292 (1997).

[6] C. D. Dermer and A. Atoyan, Phys. Rev. Lett. 91, 071102 (2003); K. Murase and S. Nagataki, Phys. Rev. D 73, 063002 (2006); M. Ahlers, M. C. Gonzalez-Garcia, and F. Halzen, F. Astropart. Phys., 35, 87 (2011).

[7] K. Murase et al., Astrophys. J. 651, L5 (2006); N. Gupta and B. Zhang, Astropart. Phys. 27, 386 (2007).

[8] A. Loeb and E. Waxman, J. Cosmol. Astropart.

Phys. 0605 (2006) 003; T. A. Thompson et al., arXiv:astro-ph/0608699.

[9] K. Murase, S. Inoue, and S. Nagataki, Astrophys. J. 689, L105 (2008).

[10] V. S. Berezinsky, P. Blasi, and V. S. Ptuskin, Astrophys.

J. 487, 529 (1997); S. Colafrancesco and P. Blasi, Astropart. Phys. 9, 227 (1998); K. Kotera et al., Astrophys. J. 707, 370 (2009).

[11] K. Murase, T. A. Thompson, B. C. Lacki, and J. F. Beacom, Phys. Rev. D 84, 043003 (2011); B. Katz, N. Sapir, and E. Waxman, arXiv:1012.2834.

[12] K. Murase, P. Mészáros, and B. Zhang, Phys. Rev. D 79, 103001 (2009).

[13] A. Ishihara, Neutrino 2012 Conference (2012); M. Aartsen et al., arXiv:1304.5356.

[14] N. Whitehorn, IPA 2013 Conference (2013). [15] E. Waxman and J. N. Bahcall, Phys. Rev. D 59, 023002 (1998).

[16] R. Laha et al., arXiv:1306.2309.

[17] A. A. Abdo et al., Phys. Rev. Lett. 104, 101101 (2011);

M. Ackermann, 4th Fermi Symposium (2012). [18] K. Murase, J. F. Beacom, and H. Takami, J. Cosmol.

Astropart. Phys. 1208 (2012) 030.

[19] J. Beringer et al., Phys. Rev. D 86, 010001 (2012); G.

Antchev et al., Europhys. Lett. 101, 21003 (2013). [20] A. M. Hopkins and J. F. Beacom, Astrophys. J. 651, 142 (2006).

[21] R. Abbasi et al., Phys. Rev. D 83, 012001 (2011). [22] Although the internal attenuation can be relevant above ∼ 10 − 100 TeV [23, 24], the conclusions are not affected much.

[23] B. C. Lacki and T. A. Thompson, Astrophys. J. 762, 29 (2013).

[24] K. Murase and J. F. Beacom, J. Cosmol. Astropart. Phys.

1302 (2013) 028.

[25] K. Murase and J. F. Beacom, J. Cosmol. Astropart. Phys.

1210 (2012) 043.

[26] M. Ackermann et al., Astrophys. J. 755, 164 (2012). [27] B. D. Fields, P. Vasiliki, and T. Prodanović, Astrophys.

J. 722, L199 (2010); R. Makiya, T. Totani, and M. A.

R. Kobayashi, Astrophys. J. 728, 158 (2011).

[28] B. C. Lacki, S. Horiuchi, and J. F. Beacom, arXiv:1206.0772.

[29] Y. Inoue and T. Totani, Astrophys. J. 702, 523 (2009);

K. N. Abazajian, S. Blanchet, and J. P. Harding, Phys. Rev. D 84, 103007 (2011).

[30] U. Keshet, E. Waxman, and A. Loeb, J. Cosmol. Astropart. Phys. 0404 (2004) 006.

[31] M. Actis et al., Exper. Astron. 32, 193 (2011). [32] B. C. Lacki, arXiv:1304.6142.

[33] E. Le Floc’h et al., Astrophys. J. 632, 169 (2005); M. T.

Sargent et al., Astrophys. J. 747, L31 (2012). [34] T. K. Gaisser, Cosmic Rays And Particle Physics (Cambridge University Press, Cambridge, England, 1990).

[35] T. A. Thompson et al., Astrophys. J. 645, 186 (2006). [36] B. C. Lacki and T. A. Thompson, Astrophys. J. 717, 196 (2010); B. C. Lacki et al., Astrophys. J. 734, 107 (2011).

[37] A. R. Bell, Mon. Not. R. Astron. Soc. 353, 550 (2004). [38] H.-N. He et al., Phys. Rev. D 87, 063011 (2013). [39] A. M. Bykov and G. D. Fleishman, Mon, Not. R. Astron.

Soc. 255, 269 (1992).

[40] L. J. Tacconi et al., Astrophys. J., 640, 228 (2006). [41] E. Daddi et al., Astrophys. J. 713, 686 (2010). [42] A. Abramowski et al., Astrophys. J., 757, 158 (2012). [43] P. Blasi and E. Amato, J. Cosmol. Astropart. Phys. 1201 (2012) 011.

[44] M. Fukugita, C. J. Hogan, and P. J. E. Peebles, Astrophys. J. 503, 518 (1998).

[45] F. Miniati, Astrophys. J. 542, 608 (2000); D. Ryu et al., Astrophys. J. 593 599 (2003).

[46] U. Keshet, E. Waxman, and A. Loeb, Astrophys. J. 617, 281 (2004); S.W. Skillman et al., Astrophys. J. 689, 1063 (2008).

[47] G. M. Voit, Rev. Mod. Phys. 77, 207 (2005). [48] A. Jenkins et al., Mon. Not. R. Astron. Soc. 321, 372 (2001).

[49] D. Ryu et al., Space Sci. Rev. 166, 1 (2012). [50] For Vs ∝ M^{1/3} and constant B, we expect s2 = s + 3α/2 − 4 for dρGC/dM ∝ M^{−α} (for α ≥ 8/3).

[51] But high CR pressure in the GC core is constrained by radio observations [52].

[52] D. Kushnir, B. Katz, and E. Waxman, JCAP 0909 (2009) 024; U. Keshet, arXiv:1011.0729.

[53] Predictions by [9] are enhanced by a factor by including contributions from GCs with lower masses.

[54] M. Ackermann et al., Astrophys. J. 717, L71 (2010); A.

Pinzke, C. Pfrommer, and L. Bergström, Phys. Rev. D 84, 123509 (2011).

[55] G. Ghisellini et al., Mon. Not. Roy. Astron. Soc. 396, L105 (2009); 402, 497 (2009).

[56] E. Roulet et al., J. Cosmol. Astropart. Phys. 1301 (2013) 028; I. Cholis and D. Hooper, arXiv:1211.1974; M. D. Kistler, T. Stanev, and H. Yuksel, arXiv:1301.1703; O. E. Kalashev, A. Kusenko, and W. Essey, arXiv:1303.0300; M. Ahlers and K. Murase, in preparation.

[57] K. Murase, Phys. Rev. D 78, 101302(R) (2008); X.-Y.

Wang and Z.-G. Dai, Astrophys. J. 691, L67 (2009). [58] R. Abbasi et al., Nature (London) 484, 351 (2012).