arXiv:1304.1945v1 [astro-ph.HE] 7 Apr 2013

Neutron-Proton-Conversion Acceleration at Subphotospheres of Relativistic Outflows

Kazumi Kashiyama,^1 Kohta Murase,^{2, 3} and Peter Mészáros^1 1Department of Astronomy & Astrophysics; Department of Physics; Center for Particle & Gravitational Astrophysics; Pennsylvania State University, University Park, PA 16802 2Hubble Fellow — Institute for Advanced Study, Princeton, NJ 08540 3Center for Cosmology and AstroParticle Physics; Department of Physics, The Ohio State University, Columbus, OH 43210 (Dated: April 9, 2013)

We study a type of particle acceleration that operates via neutron-proton conversion (NPC) in inelastic nuclear collisions. This mechanism can be expected for relativistic shocks at subphotospheres if relativistic outflows contain neutrons. Using a test-particle approximation, we numerically calculate the energy spectrum and the efficiency of accelerated particles, and show that a good energy fraction of the nucleons may be accelerated. The NPC acceleration may especially be relevant if the shock is radiation-mediated, and it would enhance the detectability of GeV-TeV neutrinos.

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

Cosmological gamma-ray bursts (GRBs) accompany relativistic jets, where luminous prompt γ rays are generated. Though its emission mechanism has been a longstanding problem (e.g., [1]), internal shocks have been thought to play an important role [2]. Given that the jets are inhomogeneous and have a variety of Lorentz factor, a rapid shell finally catches up a slow one and collides. In particular, if such collisions happen above the photosphere, at which the Thompson optical depth τ_T ∼ 1, the prompt γ rays may be explained by optically-thin synchrotron emission from electrons accelerated at collisionless shocks [2], although this classical scenario has several difficulties e.g., the radiation efficiency and the inconsistency with the observed spectra [3, 4].

The photospheric scenario is one of the plausible alternative possibilities, where the prompt emissions are produced around the photosphere [5, 6]. In this scenario, the prompt γ rays are attributed to modified thermal [5–9] and/or synchrotron emissions [10, 11]. This scenario could overcome shortages of the classical internalshock model. An interesting channel of the subphotospheric dissipation exists in neutron-loaded outflows [12– 14], where the hadronuclear reaction between protons and neutrons plays an important role and resulting cascades with Coulomb heating may help to form observed spectra [8]. Such neutron-loading is a natural consequence given that the jet is launched from an extremely dense, hot region where the electron capture proceeds [15] (and see [1] for other viable models.)

In the coming years, neutrino astronomy may provide a breakthrough. Assuming that protons are also accelerated at internal shocks, PeV neutrinos were predicted in the classical scenario [16], and IceCube [17] has constrained reasonable parameter ranges from the non-detection of TeV-PeV neutrino counterpart [18–21]. Different predictions for the photospheric scenario were also made [11, 22, 23]. Without invoking non-thermal protons, the inelastic collision model naturally predicts multi-GeV neutrinos [12, 24], and the low-energy extension of IceCube, DeepCore [25], is able to detect such quasi-thermal neutrinos [26, 27]. Such subphotospheric neutrinos are a key to probe physics deep inside the progenitor.

Since effective areas of IceCube and DeepCore become significantly small at lower energies, high-energy neutrinos are very important in terms of detectability. However, deeply below the photosphere (τ_T ≫ 1), there seems a theoretical difficulty in proton acceleration and the resultant high-energy neutrino production. Even if internal shocks can occur, the conventional Fermi acceleration would be inefficient at radiation-mediated shocks [28, 29]. The neutron-proton conversion (NPC) acceleration, which we here explore, can operate even in such situations with a neutron-loading. Using Monte- Carlo simulations, we demonstrate that a reasonable energy fraction of the neutron-flow energy is converted to non-thermal nucleons by this NPC acceleration. Hereafter we use Q_x = Q/10^x in CGS units.

NPC acceleration: a slow slugger.— The NPC acceleration was proposed by Derishev et al [30]. In the course of conventional Fermi shock acceleration [31–35], where charged particles cross the shock from the upstream to the downstream and come back after being defected by magnetic fields, they implemented conversions between charged and neutral particles, e.g., NPCs. We for the first time perform numerical calculations of this process.

The advantage of invoking neutrons is highlighted by considering the possible energy gain per cycle [30]. As in the the Fermi acceleration, particles which cross the shock experience a Lorentz boost;

γ_d → γ_u = Γ_{rel}γ_d(1 − β_{rel}β_dμ_d), (1)

for the downstream to the upstream, and

γ_u → γ_d = Γ_{rel}γ_u(1 + β_{rel}β_uμ_u), (2)

for the upstream to the downstream. Here, quantities subscribed u(d) are defined in the up(down)stream rest frame. We use Γ_{rel} for the relative Lorentz factor between the shock upstream and the downstream, and μ for the pitch angle relative to the shock normal when crossing the shock. In a conversion process, a nucleon loses its energy as

γ ⇒ κ_{pn}(γ − 1) + 1, (3)

with the inelasticity κ_{pn}. As a result, the energy gain per cycle can be described as

⟨E_f /E_i⟩ ≈ κ_{pn}^{Nco} Γ_{rel}^2(1 − ⟨μ_u⟩)(1 + ⟨μ_d⟩), (4)

in the relativistic limit (γ ≫ 1, Γ_{rel} ≫ 1). Here N_{co} is the number of inelastic collision in the cycle, and ⟨ ⟩ means the flux ensemble of the particles who cross the shock. One can see that ⟨E_f /E_i⟩ ∝ Γ_{rel}^2 if the particles cross the shock after being isotropized, i.e., ⟨μ_u⟩ ≉ 1 and ⟨μ_d⟩ ≉ − 1.

In the relativistic shock acceleration without conversions, ⟨E_f /E_i⟩ ≈ 2Γ_{rel}^2 can be realized only in the first cycle, and ⟨E_f /E_i⟩ ≲ 2 in the successive ones [33, 34]. This is because accelerated protons which cross the shock from the downstream to the upstream are captured by the shock typically in the very early phase of the gyration with ⟨μ_u⟩ ≈ 1−1/Γ_{rel}^2. In the NPC acceleration, on the other hand, neutrons that cross the shock can go to the far downstream before being converted to protons. Then, the converted protons are isotropized in the upstream before being captured by the shock, as long as the gyration frequency is much larger than the conversion frequency (which would be realized in GRB jets). In this case, the NPC acceleration provides a larger energy boost per cycle, ⟨E_f /E_i⟩ ≈ 2κ_{pn}^{Nco} Γ_{rel}^2, especially for a larger Γ_{rel}. As a trade-off, the duration of the cycle is essentially determined by the conversion timescale, which makes the NPC acceleration a relatively slow process.

NPC acceleration in neutron-loaded outflows.— We investigate the NPC acceleration in a neutron-loaded outflows. Let us consider an internal shock below the photosphere, τ_T > 1, assuming that two flows contain both protons and neutrons. Proton flows are assumed to effectively form the shock jump in the sense that length scales of collisionless dissipation or radiation precursor are relatively short. Relativistic neutrons go through the flow, and they cause inelastic collisions with nucleons with a larger length scale [36]. The conversion channel is dominated by inelastic nuclear collisions, p + p → n + p + Nπ and n+p → p+p+Nπ (see [30] for other cases). For our purpose, we can simply assume that (i) a NPC converts a nucleon into either of a proton or a neutron with 50% per each collision, (ii) the collision is isotropic in the centerof-mass frame of incident and target nucleons, and (iii) the inelasticity and the cross section are independent of the energy, κ_{pn} = 0.5 and σ_{pn} = 3 × 10^{−26} cm^2, respectively. Those assumptions can be improved although it is not necessary for our present purpose. For example, the angular distribution of nucleons can be taken into account (e.g., [37, 38]).

A rapid proton flow with Γ_r and a slow one with Γ_s collide to form an internal shock at r ≈ 2Γ_s^2r_o ∼ 2 × 10^{11}Γ_{s,2}r_{o,7} cm, where r_o = 10^7r_{o,7} cm is the launching radius of the jet. One can estimate the Lorentz factor of the shocked region as Γ ≈ √ Γ_rΓ_s ∼ 600Γ_{r,3.5}^{1/2}Γ_{s,2}^{1/2}, and the relative Lorentz factor between the un-shocked slow shell) and the interaction shell as Γ_{rel} ≈ 0.5(Γ/Γ_s + Γ_s/Γ) ∼ 3Γ_{r,3.5}Γ_{s,2}^{−1}. For a (coasting) slow flow, neutrons are coupled with protons up to the decoupling radius where τ_{dec} ≈ n_uσ_{pn}r_{dec}/Γ_s, or r_{dec} ≈ L_{iso}σ_{pn}/4πm_pc^3Γ_s^3 ∼ 5×10^{10}L_{iso,51}Γ^{−3}_{s,2} cm. Here n_u ≈ L_{iso}/4πΓ_s^2r^2m_pc^3 is the baryon number density in the upstream rest frame, and L_{iso} is the isotropic luminosity of the slow flow. When internal shocks happen below r_{dec}, neutrons are injected into the downstream with a Lorentz factor ∼ Γ_{rel}.

For collisions with the neutron-loaded slow flow at τ_{pn} ≲ 1, nucleons in the rapid flow are dissipated due to inelastic collisions, and the hadronuclear reaction leads to electrons-positrons, γ rays, and neutrinos. The typical neutrino energy is E_ν ≈ 0.1ΓΓ^′_{rel}m_pc^2 ∼ 150Γ^′_{rel,0.5}Γ_{2.7} GeV in the observer frame, where Γ^′_{rel} is the relative Lorentz factor between the un-shocked rapid shell and the interaction shell. Such quasi-thermal neutrinos may be detectable by IceCube+DeepCore [26]. For collisions at τ_{pn} ≳ 1, neutrons in the slow shell may be dissipated before they reach the un-shocked rapid shell. Our goal is to show that a fraction of the injected neutrons re-cross the shock from the downstream to the upstream, and are accelerated up by the NPC mechanism.

Before proceeding, we should note that our setup includes situations where the the conventional Fermi shock acceleration would be inefficient. For τ_T ≫ 1 (note τ_T > τ_{pn}), the shock is inevitably radiation-mediated [39, 40], where the shock width or the deceleration length of protons incoming from the upstream to the downstream is typically much longer than the isotropization length of low-energy cosmic rays [28, 29]. Such protons cannot perceive the enough jump in the flow velocity, which is crucial for the energy gain. On the other hand, the mean free path of elastic and inelastic collisions must be longer than the deceleration length, so neutrons are directly injected into the downstream with γ_{d,o} ∼ Γ_{rel}.

Now let us consider a possible acceleration cycle after the neutron injection. From Eq.(4), the energy gain per cycle may be maximized by including the proton phase both in the upstream and the downstream to be isotropized in the magnetic field, considering the smallest number of inelastic collisions. The optimal cycle satisfying this criterion is

[p, US] ⇐ [n, US] ↓ ↑ [n, DS]_o ⇒ [p, DS] ⇒ [n, DS] (5)

FIG. 1: The energy spectrum of protons in the downstream for Γ_{rel} = 3 (left) and 5 (right). We set γ_{d,o} = Γ_{rel}, τpn = 2, and ξ(1) = 10^6 . The spectra are normalized by the total kinetic energy of the neutron injection.

(hereafter NPC cycle). The NPC cycle starts from conversions of injected neutrons into protons in the downstream ([n, DS]_o ⇒ [p, DS]). After being isotropized in the magnetic field, these protons are re-converted to neutrons ([p, DS] ⇒ [n, DS]) while they are advected. A fraction of the neutrons can cross the shock to the upstream ([n, DS] → [n, US]), and again can be converted to protons ([n, US] ⇒ [p, US]). These protons in the upstream are easily captured by the shock, and return back to the downstream ([p, US] → [p, DS]). Note here that once the protons become non-thermal, the deceleration within the shock width can be neglected since such relativistic protons and ambient electrons are collisionless. The energy gain per NPC cycle is ⟨E_f /E_i⟩ ≈ 0.5Γ_{rel}^2.

The return probability, P_{ret}, in the NPC cycle can be roughly estimated as below. First, both of the two inelastic collisions must have conversions, which occur with a 1/4 chance. Second, only downstream neutrons with μ_d > β_{sh,d}/β_d can cross the shock to the upstream. Here β_{sh,d} is the shock velocity in the downstream rest frame, which becomes ≈ 1/3 in the relativistic limit. Finally, the fraction of neutrons that experience an inelastic collision in the upstream is ≈ min[1, τ_{pn}]. Note that the fraction of protons that leave the upstream is quite small for relatively ordered magnetic fields that we here consider. The above arguments yields

P_{ret} ≈ f_{npc} × 1 12 min[1, τ_{pn}]. (6)

Here, f_{npc} is a factor to be determined by numerical calculations, including all other uncertainties, e.g., the fraction of upstream protons which experience inelastic collisions before being captured by the shock.

We can define the acceleration efficacy of the NPC mechanism as the energies of accelerated nucleons over that of injected neutrons, which is given by ε_{npc} ≈ κ_{pn} × (1/2) min[1, τ_{pn}] × ∑ (⟨E_f /E_i⟩ × P_{ret})^{Ncyc} . Here N_{cyc} is the cycle number, and the pre-factor corresponds the energy loss and the survival fraction at ([n, DS]_o ⇒ [p, DS]).

As we discuss later, N_{cyc} would be at most a few, considering other cooling processes. Accordingly, we take only the N_{cyc} = 1 component, which gives [26]

ε_{npc} ≈ f_{npc} ×

Γ_{rel}^2 96 min[1, τ_{pn}^2]. (7)

Note that definitions in [26] are somewhat different from those given here [44].

Monte-Carlo simulations.— Here we perform Monte- Carlo simulations of the NPC acceleration to justify and clarify the estimates above.

For demonstration, we assume ordered magnetic fields parallel to the shock both in the upstream and the downstream, and the compression ratio is the same as the baryon density; B_d/B_u = n_d/n_u = 4(Γ_{rel} + 3). Note that this is not a critical assumption and magnetic fields are relevant to isotropize protons. The downstream temperature can be estimated as T_d ≈ (n_um_pc^2Γ^2_{rel}/a)^{1/4} ∼ 1 L_{iso,52}^{1/4}r_{o,7}^{−1/2}Γ_{rel,0.5}^{3/2}Γ_{2.7}^{−1} keV, where other cooling processes than the inelastic nuclear collision can be neglected for a few NPC cycles. Consequently, the system is parameterized by Γ_{rel}, τ_{pn}, and ξ(1). Here ξ(γ) ≡ ω_{g,d}t_{co,d} = ω_{g,u}t_{co,u}, and ω_g = 2πeB/γm_pc^2 is the proton-gyration frequency and t_{co}^{−1} = nσ_{pn}c is the inelastic-collision frequency. When ξ(γ) ≫ 1, protons are isotropized before the next inelastic collision. In the following calculations, we fix ξ(1) = 10^6, which corresponds to a conservative magnetic-field strength of B_u ∼ 4 × 10^2 L_{iso,51}r_{11.3}^{−2}Γ_{s,2}^{−2} G.

We inject 10^7 neutrons setting the initial Lorentz factor and pitch angle as γ_{d,o} = Γ_{rel} and μ_{d,o} = −1, respectively, and trace the trajectories until the shock sweeps the optical depth τ_{pn}, which corresponds to the dynamical time of the outflow.

Fig.1 shows the energy spectra of protons in the downstream normalized by the neutron injection for a fixed optical depth, τ_{pn} = 2. The left and right panel shows the case of Γ_{rel} = 3 and 5, respectively. The various

FIG. 2: The acceleration efficiency of the NPC mechanism. The total energy of accelerated baryons by a single cycle is normalized by that of the neutron injection. We fix γ_{d,o} = Γ_{rel} and ξ(1) = 10^6. The circles, triangles, and squares correspond to τpn = 0.1, 1, and 2, respectively.

bumps correspond to the cycle number N_{cyc} = 0 ∼ 3. The N_{cyc} = 0 peak is at ≈ 0.5(γ_{d,o} − 1) + 1. We confirm that the NPC cycle (Eq.(5)) gives a dominant contribution for the N_{cyc} ≥ 1 components. As expected, the peaks are boosted by ≈ 0.5Γ_{rel}^2 per cycle.

We also find that, for the N_{cyc} = 1 bumps, there is a non-negligible contribution from a path [n, DS]_o ⇒ [n, DS] → [n, US] ⇒ [p, US] → [p, DS]. Thanks to the smaller number of the inelastic collision, the energy gain in the above path is, in principle, a factor 2 larger than the NPC cycle. This path, however, has no proton phase in the downstream, and only neutrons which experience a large-angle scattering can cross the shock to the upstream. The fraction becomes smaller for a larger Γ_{rel} where most of the scattered neutrons are still directed to the far downstream.

If we approximate the energy spectrum of accelerated particles as a power low, dN/dE ∝ E^{−s}, the index can be estimated as s ≈ 1 + ln(1/P_{ret})/ ln(⟨E_f /E_i⟩) [31, 34] (but see also [41, 42]). From Eq.(4) and (6), one can expect the energy spectrum of the NPC acceleration to become harder with a larger Γ_{rel}, which can be seen in Fig.1, although they are not as hard as argued in [30].

Fig. 2 shows the acceleration efficiency, where we only take the N_{cyc} = 1 component. The circles, triangles, and squares correspond to τ_{pn} = 0.1, 1, and 2, respectively. One can see that ε_{npc} ∝ τ_{pn}^2 for a fixed Γ_{rel}. Also, ε_{npc} ∝ Γ_{rel}^2 for a fixed τ_{pn} especially at a larger Γ_{rel}, which is consistent with Eq. (7). The enhancement seen at lower Γ_{rel} is mainly from the path [n, DS]_o ⇒ [n, DS] → [n, US] ⇒ [p, US] → [p, DS]. The results are roughly consistent with the analytical estimates with f_{npc} ∼ 0.1-1.

Summary and discussion.— We numerically investigated the NPC acceleration, which may be efficient at internal shocks. It may be relevant even for radiatedmediated shocks, where the conventional Fermi shock acceleration would be inefficient [28, 29]. This mechanism may play a role on generating a non-thermal component at subphotospheres of neutron-loaded, relativistic outflows. We showed that ∼ Γ_{rel}^2 min[1, τ_{pn}^2]% of the neutron-flow energy may be converted to non-thermal nucleons with boosts of ≳ 0.5Γ_{rel}^2.

In this work, we adopted a test-particle approximation assuming that the neutron fraction is less than unity, where the back reaction on the background shock structure is neglected. Once the total energy or pressure of accelerated nucleons becomes significant compared to that of the proton flow (rather than the neutron flow), inelastic collisions in the upstream contribute to deceleration of the proton flow with the length scale ≈ 1/n_uσ_{pn} and the results should be affected.

So far, we only took into account the hadronuclear collision. In fact, other energy-loss processes may determine the maximum energy obtained by the NPC acceleration. In the case of GRBs, the Bethe-Heitler (BH) process p + γ → p + e^− + e^+ would become crucial for sufficiently high-energy protons. For a black-body spectrum, this gives a maximum Lorentz factor of γ_{d,max} ≲ 2m_ec^2/Ck_BT_d, where C is the pre-factor taking into account the effect of the Wien tail.

In addition, the NPC mechanism becomes inefficient for ξ(γ_{u(d)}) ≲ 1, where the pitch angle of a proton is no longer isotropized before the next conversion or crossing the shock. Then, it becomes difficult to cross the shock from the downstream to the upstream. Also, the typical pitch angle in the upstream becomes ⟨μ_u⟩ ≈ 1 − 1/Γ^2_{rel} as in the case of the Fermi acceleration, which makes the energy gain per cycle negative, ⟨E_f /E_i⟩ < 1, due to the inelasticity of the inelastic collisions. This sets another constraint of γ_{d,max} ≲ ξ(1). Consequently, the maximum Lorentz factor by the NPC acceleration can be described as γ_{d,max} ≈ min [ 2m_ec^2 Ck_BT_d , eB_u σ_{pn}m_pc^2n_u ] . (8)

For instance, substituting Γ = 600, Γ_{rel} = 3, τ_{pn} = 1, and ξ(1) = 10^6, which is a possible parameter set for a successful GRB jet [26], the NPC acceleration can give γ_{d,max} ∼ 10^2 if C ∼ 10. The by-product neutrino energy can be E_ν ≈ 0.05Γγ_dm_pc^2 ∼ 2Γ_{2.7}γ_{d,2} TeV in the observer frame. Such s high-energy tail may be crucial for the detection of subphotospheric neutrinos from GRBs [26]. Also, it might affect the signal of hadronic γ rays. We should remark that the NPC acceleration may operate in failed GRB jets [43] and proto-neutron star winds [36] buried in the stellar material.

This work is supported by a JSPS fellowship for research abroad and NASA NNX13AH50G. We acknowledge the support by CCAPP workshop, Revealing Deaths of Massive Stars with GeV-TeV Neutrinos.

[1] N. Gehrels and P. Mészáros, Science 337, 932 (2012), 1208.6522.

[2] M. J. Rees and P. Meszaros, Astrophys. J. Lett. 430, L93 (1994), arXiv:astro-ph/9404038.

[3] B. Zhang, E. Liang, K. L. Page, D. Grupe, B.-B. Zhang, S. D. Barthelmy, D. N. Burrows, S. Campana, G. Chincarini, N. Gehrels, et al., Astrophys. J. 655, 989 (2007), arXiv:astro-ph/0610177.

[4] R. D. Preece, M. S. Briggs, R. S. Mallozzi, G. N. Pendleton, W. S. Paciesas, and D. L. Band, Astrophys. J. Supp. 126, 19 (2000), arXiv:astro-ph/9908119.

[5] C. Thompson, Mon. Not. R. Astron. Soc. 270, 480 (1994).

[6] P. Mészáros and M. J. Rees, Astrophys. J. 530, 292 (2000), arXiv:astro-ph/9908126.

[7] K. Ioka, K. Murase, K. Toma, S. Nagataki, and T. Nakamura, Astrophys. J. 670, L77 (2007), 0708.1249.

[8] A. M. Beloborodov, Mon. Not. R. Astron. Soc. 407, 1033 (2010), 0907.0732.

[9] C. Lundman, A. Pe’er, and F. Ryde, Mon. Not. R. Astron. Soc. 428, 2430 (2013), 1208.2965.

[10] I. Vurm, A. M. Beloborodov, and J. Poutanen, Astrophys. J. 738, 77 (2011), 1104.0394.

[11] K. Murase, K. Asano, T. Terasawa, and P. Mészáros, Astrophys. J. 746, 164 (2012), 1107.5575.

[12] J. N. Bahcall and P. Mészáros, Physical Review Letters 85, 1362 (2000), arXiv:hep-ph/0004019.

[13] E. M. Rossi, A. M. Beloborodov, and M. J. Rees, Mon.

Not. R. Astron. Soc. 369, 1797 (2006), arXiv:astroph/0512495.

[14] H. B. J. Koers and D. Giannios, Astron. Astrophys. 471, 395 (2007), arXiv:astro-ph/0703719.

[15] A. M. Beloborodov, Astrophys. J. 588, 931 (2003), arXiv:astro-ph/0210522.

[16] E. Waxman and J. Bahcall, Physical Review Letters 78, 2292 (1997), arXiv:astro-ph/9701231.

[17] J. Ahrens, J. N. Bahcall, X. Bai, R. C. Bay, T. Becka, K.-H. Becker, D. Berley, E. Bernardini, D. Bertrand, D. Z. Besson, et al., Astroparticle Physics 20, 507 (2004), arXiv:astro-ph/0305196.

[18] R. Abbasi, Y. Abdou, T. Abu-Zayyad, M. Ackermann, J. Adams, J. A. Aguilar, M. Ahlers, D. Altmann, K. Andeen, J. Auffenberg, et al., Nature (London) 484, 351 (2012), 1204.4219.

[19] Z. Li, Phys. Rev. D 85, 027301 (2012), 1112.2240. [20] H.-N. He, R.-Y. Liu, X.-Y. Wang, S. Nagataki, K. Murase, and Z.-G. Dai, Astrophys. J. 752, 29 (2012), 1204.0857.

[21] S. Hümmer, P. Baerwald, and W. Winter, Physical Review Letters 108, 231101 (2012), 1112.1076.

[22] K. Murase, Phys. Rev. D 78, 101302 (2008), 0807.0919. [23] X.-Y. Wang and Z.-G. Dai, Astrophys. J. 691, L67 (2009), 0807.0290.

[24] P. Mészáros and M. J. Rees, Astrophys. J. Lett. 541, L5 (2000), arXiv:astro-ph/0007102.

[25] R. Abbasi, Y. Abdou, T. Abu-Zayyad, M. Ackermann, J. Adams, J. A. Aguilar, M. Ahlers, M. M. Allen, D. Altmann, K. Andeen, et al., Astroparticle Physics 35, 615 (2012), 1109.6096.

[26] K. Murase, K. Kashiyama, and P. Meszaros, ArXiv eprints (2013), 1301.4236.

[27] I. Bartos, A. Beloborodov, K. Hurley, and S. Marka, ArXiv e-prints (2013), 1301.4232.

[28] A. Levinson and O. Bromberg, Physical Review Letters 100, 131101 (2008), 0711.3281.

[29] K. Murase, T. A. Thompson, B. C. Lacki, and J. F. Beacom, Phys. Rev. D 84, 043003 (2011), 1012.2834.

[30] E. V. Derishev, F. A. Aharonian, V. V. Kocharovsky, and V. V. Kocharovsky, Phys. Rev. D 68, 043003 (2003), arXiv:astro-ph/0301263.

[31] J. A. Peacock, Mon. Not. R. Astron. Soc. 196, 135 (1981).

[32] R. Blandford and D. Eichler, Physics Report 154, 1 (1987).

[33] Y. A. Gallant and A. Achterberg, Mon. Not. R. Astron.

Soc. 305, L6 (1999), arXiv:astro-ph/9812316.

[34] A. Achterberg, Y. A. Gallant, J. G. Kirk, and A. W.

Guthmann, Mon. Not. R. Astron. Soc. 328, 393 (2001), arXiv:astro-ph/0107530.

[35] M. Lemoine and B. Revenu, Mon. Not. R. Astron. Soc.

366, 635 (2006), arXiv:astro-ph/0510522.

[36] K. Murase, B. Dasgupta, and T. A. Thompson, ArXiv e-prints (2013), 1303.2612.

[37] C. D. Dermer, Astron. Astrophys. 157, 223 (1986). [38] S. A. Stephens and G. D. Badhwar, Astrophys. J. Suppl.

76, 213 (1981).

[39] R. Budnik, B. Katz, A. Sagiv, and E. Waxman, Astrophys. J. 725, 63 (2010), 1005.0141.

[40] E. Nakar and R. Sari, Astrophys. J. 747, 88 (2012), 1106.2556.

[41] M. Vietri, Astrophys. J. 591, 954 (2003), arXiv:astroph/0212352.

[42] J. Aoi, K. Murase, and S. Nagataki, Mon. Not. R. Astron.

Soc. 383, 1431 (2008), 0711.2772.

[43] P. Mészáros and E. Waxman, Physical Review Letters 87, 171102 (2001), arXiv:astro-ph/0103275.

[44] The relations between the definitions are given by εnpc = (1/4)min[1, τpn]ϵnpc and fnpc = 3gnpc.