arXiv:1301.4236v1 [astro-ph.HE] 17 Jan 2013

Subphotospheric Neutrinos from Gamma-Ray Bursts: The Role of Neutrons

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

Relativistic outflows with neutrons lead to hadronuclear reactions, and resulting subphotospheric γ rays may explain prompt emission of γ-ray bursts. In this scenario, quasi-thermal neutrinos in the 10-100 GeV range should be generated, and they may even have a high-energy tail formed by neutron-proton conversion or shock acceleration mechanisms. We demonstrate the importance of dedicated searches with DeepCore+IceCube, though such analyses have not been performed. Detections allow us to see roles of relativistic neutrons as well as effects of cosmic-ray acceleration.

PACS numbers: 98.70.Rz, 95.85.Ry

I. INTRODUCTION

Neutrinos provide an important messenger of explosive phenomena such as gamma-ray bursts (GRBs) and supernovae (SNe). They can probe physical processes deep under the photosphere (at which the Thomson opacity τ_T is unity), which cannot be seen by electromagnetic signals. Thermal MeV neutrinos are mainly radiated from proto-neutron stars or accretion disks at the corecollapse of massive stars, as detected from SN 1987A. On the other hand, assuming that outflows accompany ion acceleration via shocks or magnetic reconnections, highenergy neutrinos have theoretically been predicted above 0.1 TeV [1–7]. They are detectable especially by neutrino detectors such as IceCube [8] and KM3Net [9].

Many predictions on GRB neutrinos have been made for prompt γ-ray emission observed in the MeV range and its spectra can often be fitted by a smoothed broken power law (the so-called Band function) [10]. These neutrinos are also motivated by the hypothesis that GRBs are sources of ultrahigh-energy cosmic rays (UHE- CRs) [1]. Most of the works are based on the classical scenario, where γ rays are attributed to opticallythin synchrotron emission from electrons accelerated at internal shocks [11]. However, IceCube observations have constrained parameter space expected in this scenario [12, 13], favoring large dissipation radii [14]. Moreover, the classical scenario has several difficulties, and the emission mechanism has been a long-standing issue [15].

One of the alternative scenarios is the photospheric scenario, where prompt γ rays are generated at subphotospheres (τ_T ≳ 1) [17, 18]. This scenario has some advantages [15], and observations have also indicated a thermal-like component [19]. In particular, subphotospheric dissipation may originate from inelastic nucleonneutron collisions just beyond the decoupling radius [18]. This Nn collision model naturally leads to quasi-thermal γ-ray spectra as a result of cascades and Coulomb heating. Also, the neutron-loading in GRB jets is naturally expected in models of the GRB central engine [20].

Importantly, quasi-thermal neutrinos are inevitably accompanied by those neutron-induced γ rays, unlike conventional non-thermal neutrinos that rely on uncertain cosmic-ray acceleration mechanisms and may not be produced by radiation-mediated shocks [7, 16]. They are expected at ∼ 10 − 100 GeV, so not only IceCube [8] but also its low-energy extension DeepCore [21] are crucial for detections. In this work, we demonstrate that searching for the quasi-thermal neutrinos is relevant and detecting them allows us not only to test a neutron component but also to see if cosmic-ray acceleration occurs. We also discuss the importance of low-luminosity or failed GRBs. We use Q_x ≡ Q/10^x in CGS units.

II. QUASI-THERMAL EMISSIONS

We consider neutron-loaded relativistic jets, which are naturally expected in GRB engines including accretion disks and proto-neutron stars [20]. In the baryonic fireball scenario, their final Lorentz factor achieves Γ_r ≈ η, which is the initial value of random internal energy per particle. Initially, protons and neutrons are well coupled, and they should be decoupled at subphotospheres. If the decoupling happens before coasting, the neutron component makes the slower flow with Γ_s = Γ_n. Then, the faster flow overtakes the slower flow, leading to internal collisions. Even if the coasting is earlier, inhomogeneity in the jet leads to internal shocks at r ≈ 2Γ^2_sr_i [11], where r_i is the jet basis.

Considering a collision between outflows with Γ_r and Γ_s, the Lorentz factor of the interaction shell is Γ ≈ √ Γ_rΓ_s/(Γ_s/Γ_r + τ_{pn}) when the faster flow collides with the neutron flow at τ_{pn} ≤ 1 [18, 22]. Here τ_{pn} ≈ n_nσ_{pn}(r/Γ_n) is the opacity for the pn reaction, where n_n ≈ L_n/(4πΓ^2_nr^2m_nc^3) and L_n is the neutron luminosity. The pn cross section is σ_{pn} ≈ 3 × 10^{−26} cm^2, which is comparable to the pp cross section. When the flows completely merge, we have Γ ≈ √ Γ_rΓ_s.

As relativistic neutrons loaded in the slower flow go through, the kinetic energy of the faster flow should be dissipated via inelastic nucleon-neutron collisions.

Then, mesons and muons are produced, which decay into γ rays, electrons (positrons) and neutrinos [23]. High-energy γ rays cannot avoid the γγ process, and they induce cascades in the source. The cascades increase the number of pairs, which are heated by protons via Coulomb collisions [18] and/or by plasma/MHD waves [24]. Such so-called slow-heating models can also explain the spectra of the prompt emission. Since pairs are efficiently injected by the cascades, the Thomson opacity can be enhanced compared to τ_T for baryonassociated electrons. When the pair density is determined by the balance between Coulomb heating and inverse-Compton (IC) cooling, one obtains τ_T ≈ 23(Y_±/0.2)^{1/2}(L/5L_n)^{1/2}(Γ/5Γ_n)^{−1}τ_{pn} [18], where Y_± is the pair yield and L is the kinetic luminosity of the flow with Γ. When γ rays are produced at subphotospheres, the resulting emission should be modified by Compton scatterings before leaving the emission region, and its spectra can be compatible with observations.

Protons in the faster flow are thermalized by pn collisions, leading to quasi-thermal nucleons with relativistic temperatures. Their typical energy is

ε^{th}_N ≈ κ_pΓ_{rel}m_pc^2 ≃ 1.4 GeV Γ_{rel,0.5} (1)

in the comoving frame. Here κ_p ≈ 0.5 is the proton inelasticity and Γ_{rel} ≈ 0.5(Γ/Γ_s + Γ_s/Γ). Collisions at τ_{pn} ∼ 1 generate efficient γ-ray emissions [18], so the energy of quasi-thermal nucleons is E^{iso}_{th} ∼ 0.5E^{iso}_N , where E^{iso}_N is the kinetic energy that dissipates. The significant fraction of the dissipated and trapped energy (∼ 0.5E^{iso}_N ) can be released as γ rays. Assuming that half of the energy is used for adiabatic expansion, we may expect E^{iso}_γ /E^{iso}_N ∼ 0.25, though it can be smaller.

Neutrinos easily leave the source, providing the more direct signal. When the faster flow is decelerated by collisions with neutrons, the observed neutrino energy is typically E_ν ≈ 0.05Γ_rm_pc^2. The emission comes from the flow with Γ, so it is useful to use Γ and Γ^′_{rel} ≈ 0.5(Γ_r/Γ + Γ/Γ_r) ≈ Γ_{rel}τ_{pn}. Using Γ_r ≫ Γ_s, we have

E^{qt}_ν ≈ 0.1ΓΓ^′_{rel}m_pc^2 ≃ 150 GeV Γ_{2.7}Γ^′_{rel,0.5}, (2)

implying ∼ 30 − 300 GeV neutrinos for Γ ∼ 10^2 − 10^3. A neutrino typically carries 1/4 of the pion energy but this energy fraction ranges from 0 to 0.43 in π^± decay, and the high-energy tail is important for the detectability of neutrinos. It is reasonable to take Γ_{rel} ∼ a few.

Particle acceleration.— Quasi-thermal neutrino emission does not rely on uncertain cosmic-ray acceleration mechanisms. One may also invoke shock acceleration when both flows contain protons. Note that neutrons can go through the faster flow when the neutron penetration depth ∼ (κ_pσ_{np}n_N )^{−1} is longer than r/Γ, so internal shocks beyond the decoupling radius are considered. Cosmic-ray acceleration would be suppressed at shocks with τ_T ≫ 1 [7, 16]. However, collisionless (radiationunmediated) shocks and ion acceleration become possible especially at the reverse shock once τ_T ≲ a few by, e.g., reducing the opacity enhancement with smaller Y_±. We also consider this situation, assuming the proton acceleration time t_{acc} ≈ 2πε_p/(eBc) [2]. The spectrum is expected to be a power-law (PL) with the index s, and its normalization is given by the efficiency ϵ_{acc}.

Another plausible possibility is the neutron-proton conversion (NPC) mechanism [25, 26]. Hadronuclear reactions with incoming neutrons inevitably generate relativistic nuleons in the downstream. Protons are quickly isotropized by magnetic fields while experiencing the pp reaction. Then, as in the shock acceleration mechanism, a fraction of neutrons produced as a result of n → p → n can go back into the upstream, and they are overtaken by the shock front after the next conversion. The shock acceleration theory predicts an initial boost by 2Γ^2_{rel} [27]. Similarly, quasi-thermal protons can be boosted despite energy losses, and we have

E^{npc}_ν ≈ 0.05Γ(2κ^2_pΓ^2_{rel})ε^{th}_N ≃ 180 GeV Γ_{2.7}Γ^3_{rel,0.5}. (3)

In principle, further boosts could be relevant when Γ_{rel} is large. But using Eq. (3) is enough due to supprresion by other cooling processes. Note that the NPC acceleration time must be comparable to the hadronuclear collision time. Obviously, the NPC mechanism is efficient only when τ_{pn} is not small. Naive considerations lead to the efficiency ϵ_{npc} ≈ g_{npc}(Γ^2_{rel}/8)min[1, τ^2_{pn}] and Monte-Carlo simulations suggest g_{npa} ∼ 0.01 − 0.1 [26].

III. NEUTRINO EMISSIONS

We numerically obtain the neutrino spectra with Geant4 [28], following [5]. For the quasi-thermal component, we calculate hadronuclear reactions between cold nucleons with Γ_{rel} and incoming neutrons with Γ_{rel}. Quasi-thermal nucleons with ε^{th}_N are assumed to be isotropic and to lose their energies via various cooling processes. Here we consider energy losses by Coulomb collisions, hadronuclear reactions, Bethe-Heitler process, photomeson production, synchrotron/IC emission and adiabatic expansion. Decaying pions, kaons and muons also lose their energies via hadronic processes, radiative cooling and adiabatic expansion, which are treated by solving kinetic equations. There are four principal parameters, which are set to Γ = 600, Γ_{rel} = 3, τ_{pn} = 1 and E^{iso}_N = 4E^{iso}_γ (= 2E^{iso}_{th} ). The former two determine neutrino energies, while the latter two do the fluence normalization. We also use L_n = 2 × 10^{51} erg s^{−1}, where τ_{pn} = 1 corresponds to r ≃ 1.1 × 10^{11} cm. The photon temperature is given by T ≈ 530 eV L^{1/4}_{γ,52}r^{−1/2}_{11} Γ^{−1/2}_{2.7} and the magnetic field fraction is set to ϵ_B = 0.01 though they are not critical for results.

We also consider the NPC component that is approximated by a mono-energetic distribution with 0.5Γ^2_{rel}ε^{th}_N . This is enough for our purpose, and the normalization is set by ϵ_{npc} = 0.1. For the PL component, we determine the proton maximum energy ε^{max}_p by t_{acc} <

FIG. 1: The energy fluence of νμ + ν̄μ from a high-luminosity GRB (with E^{iso}_γ = 10^{53.5} erg) at z = 0.1. The ANB in 30 s is shown by the dot-dashed curve.

min[t_p, t_{dyn}], where t_p is the proton cooling time and t_{dyn} ≈ r/(Γc) is the dynamical time [5]. Our parameters imply ε^{max}_p ≃ 10^{5.6} GeV. Motivated by recent numerical simulations [29], we adopt s = 2.1 and ϵ_{acc} = 0.3.

The results for a high-luminosity GRB at z = 0.1 are shown in Fig. 1. As expected in Eq. (1), quasi-thermal neutrinos have a peak at ∼ 100 GeV. The NPC component enhances a high-energy tail, but it is not very relevant for our conservative value of Γ_{rel}. The PL component is prominent above TeV, and hadronuclear reactions give a dominant contribution especially for steeper spectral indices. The photomeson production is also quite efficient, but the fluence is largely suppressed by strong cooling of mesons and muons. We also show the atmospheric neutrino background (ANB) [30] assuming that the angular window of max[Θ^2, πθ^2_ν ], with Θ = 1 deg and the kinematic angle θ_ν ≈ 1.5 deg √ TeV/E_ν .

Detecting neutrinos from one GRB requires nearby bursts. But most of these are much less energetic bursts like GRB 060218 [4], which may originate from low Γ jets or shock breakout from jet-driven SNe [31]. Note that hadronuclear collisions may occur even inside the stellar envelope, so subphotospheric neutrinos are expected from choked jets [32, 33] as well as successful jets. The results for a low-luminosity GRB at D = 10 Mpc are shown in Fig. 2, with Γ = 30, Γ_{rel} = 5, and a sub-parameter L_n = 2 × 10^{46} erg s^{−1}. Quasi-thermal neutrinos are expected around 10 GeV, which also demonstrates lower Γ cases. The NPC component, which is prominent above 100 GeV due to higher Γ_{rel}, is shown with ϵ_{npc} = 0.3.

IV. NEUTRINO DETECTION

Since IceCube is not sensitive at 10 − 100 GeV, including DeepCore is essential to see quasi-thermal neutrinos. The neutrino effective area of Deep- Core+IceCube at 10 − 100 GeV is roughly ≈ 10^{1.5} cm^2 (E_ν /100 GeV)^2 [21], so detections at E_ν re-

FIG. 2: The same as Fig. 1, but for a low-luminosity GRB (with E^{iso}_γ = 10^{50} erg) at D = 10 Mpc. The ANB in 1000 s is shown by the dot-dashed curve.

quire E^2_ν ϕ_ν ≳ 5 × 10^{−3} erg cm^{−2} (E_ν /100 GeV)^{−1}. Only energetic and nearby GRBs can be seen, and a few events are detectable in the case shown in Fig. 1.

Hence, it is critical to make dedicated stacking analyses for GRBs detected by γ-ray satellites. Although such analyses have been done around PeV energies for the classical scenario [12, 13], but not at ≲ 1 TeV for the photospheric scenario. To demonstrate how to search for subphotospheric neutrinos, we use the fluence distribution obtained by Fermi-GBM (see Fig. 7 in [34]). GBM detected 400 long bursts in two years, and we assume that GBM sees 2000 bursts in the northern hemisphere in 20 years. To discover the signal, the number of events has to be enough and the signal-to-background should be sufficiently large. From Fig. 1, the ANB at ∼ 100 GeV is ∼ 10^{−6} erg cm^{−2}, so the fluence threshold for stacking should be ≳ 10^{−6} erg cm^{−2}. Taking thresholds of ≲ 10^{−6} erg cm^{−2} is not useful since the integral fluence distribution is flat there, while using higher thresholds is not very essential since the smaller number of more energetic bursts is compensated by higher fluences.

How we normalize the fluence is crucial. In the classical scenario, the normalization is given by the GRB-UHECR hypothesis [1] or a cosmic-ray loading parameter [3]. In this work, analogously to the hadronic model for an extra GeV component [35], we use the observed γ-ray fluence as E^2_γ ϕ_γ ∝ E^{iso}_γ since subphotospheric γ rays are assumed to be responsible for the prompt emission. Second, the meson production efficiency f_{pγ} affects the fluence. In the classical scenario, f_{pγ} is sensitive to r and Γ that are uncertain [3]. In our model, dissipation should occur at τ_T ∼ 1 [18], and efficient γ-ray production should accompany neutrinos. Finally, the typical neutrino energy depends on uncertain Γ and z. For simplicity, we fix Γ = 600 and z = 1. Similar assumptions were also made in analyses for the classical scenario [12, 13], where the typical energy depends on Γ and r (for sufficiently high f_{pγ} ) as well as L_γ and break energy [2, 3].

The expected number N of detected ν_μ + ν̄_μ events is

FIG. 3: The number of detected events for νμ +ν̄μ. Coincident 20 yr observations with DeepCore+IceCube and GBM are assumed. The dot-dashed curve is the ANB.

FIG. 4: The same as Fig. 3 but for νe + ν̄e that are observed via cascades. The angular resolution for the ANB is assumed to be 20 deg. The dot-dashed curve is the ANB.

shown in Fig. 3, with the threshold 10^{−5.5} erg cm^{−2}. The effective areas of DeepCore and IceCube are taken from [21] and [8], respectively. We predict that a few events will be detected by analyzing ∼ 1000 GRBs stacked in 20 yr observations. Given the fluence at E_ν , N roughly decreases with E_ν in DeepCore, so stacking ∼ 5000 GRBs is needed to find quasi-thermal neutrinos if all GRBs have Γ ∼ 100. On the other hand, we can expect higher Γ for energetic bursts, as suggested in LAT GRBs [36]. Quasithermal neutrinos lead to plateaus below ∼ 100 GeV due to their narrow distribution, and they are more promising than non-thermal neutrinos for subphotospheric emission. Stacking ∼ 2000 bursts allows us to see a PL component without depending on Γ.

Muon neutrinos are mainly detected from muon tracks, whereas electron neutrinos are seen via cascades (Fig. 4).

The ANB is more severe since the angular resolution is worse. But better reconstruction techniques can improve the detectability significantly, e.g., if the low-energy extension of KM3Net could achieve ∼ 5 deg [37].

V. DISCUSSIONS AND IMPLICATIONS

If neutrons play a major role in generating prompt γ rays, these should be accompanied by quasi-thermal 10 − 100 GeV neutrinos. The signal is much more robust than more conventional non-thermal neutrinos that rely on uncertain cosmic-ray acceleration mechanisms. Dedicated searches have not been done and using only IceCube is insufficient. We strongly encourage stacking analyses with low-energy extensions of IceCube and KM3Net, and detections are possible in decades with DeepCore-like detectors. Nearby low-luminosity and/or failed GRBs can also be interesting targets for revealing the GRB-SN connection.

Neutrons play various roles [38], including dissipation via pn collisions and production of quasi-thermal particles. These relativistic particles may naturally become seeds injected into the cosmic-ray acceleration processes. In addition, neutrons may generate magnetic fields via np conversions. As neutrons go through the unmagnetized faster flow, they inject proton beams and quasithermal protons with relativistic temperatures. In particular, plasma anisotropies may lead to filamentation or Weibel instabilities, making the faster flow magnetized. The magnetic fields are important for scattering of particles [24] as well as synchrotron emission of electrons [18]. Detections of ∼ 10 − 100 GeV neutrinos would provide hints of these effects of neutrons. At least, they would provide evidence of subphotospheric dissipation leading to quasi-thermal nucleons. Detecting ≳ 0.1 TeV neutrinos could provide insights into the NPC mechanism and cosmic-ray acceleration under the photosphere.

Note that our results are consistent with IceCube nondetections of neutrinos even though the Nn collision model requires large kinetic luminosities at the collision radii. If the jet is initially Poynting-dominated, for this model to work, the magnetic energy must be somehow quickly converted. If not, neutron-induced emissions should be less, and other types of magnetic dissipation would be required for the prompt emission [39]. On the other hand, if ions are efficiently accelerated via magnetic dissipation, we may expect the non-thermal neutrinos.

Acknowledgments.— We thank Imre Bartos, Doug Cowen, Boaz Katz and Szabolcs Márka for discussions. Our work is independent of and complementary to [40]. We acknowledge the support by CCAPP workshop, Revealing Deaths of Massive Stars with GeV-TeV Neutrinos, and a JSPS fellowship for research abroad.

[1] E. Waxman and J. Bahcall, Phys. Rev. Lett. 78, 2292 (1997); Phys. Rev. D 59, 023002 (1998).

[2] J. P. Rachen and P. Mészáros, Phys. Rev. D 58, 123005

(1998); M. Ahlers, M. C. Gonzalez-Garcia, and F. Halzen, F, Astropart. Phys. 35, 87 (2011).

[3] D. Guetta et al., Astropart. Phys. 20, 429 (2004); K.

Murase and S. Nagataki, Phys. Rev. D 73, 063002 (2006). [4] K. Murase et al., Astrophys. J. 651, L5 (2006); N. Gupta and B. Zhang, Astropart. Phys. 27, 386 (2007).

[5] K. Murase, Phys. Rev. D 78, 101302(R) (2008). [6] X.-Y. Wang and Z.-G. Dai, Astrophys. J. 691, L67 (2009).

[7] 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; K. Kashiyama et al., arXiv:1210.8147.

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

Cowen, private communication (2012).

[9] U.F. Katz, Nucl. Instrum. Methods Phys. Res., Sect. A 567, 457 (2006).

[10] P. Mészáros, Rep. Prog. Phys. 69, 2259 (2006); B. Zhang, Chin. J. Astron. Astrophys. 7, 1 (2007).

[11] M. J. Rees and P. Mészáros, Astrophys. J. 430, L93 (1994).

[12] R. Abbasi et al., Phys. Rev. Lett. 106, 141101 (2011);

Nature (London) 484, 351 (2012).

[13] S. Hümmer, P. Baerwald, and W. Winter, Phys. Rev.

Lett. 108, 231101 (2012); H.-N. He et al., Astrophys. J. 752, 29 (2012).

[14] Z. Li, Phys. Rev. D 85, 027301 (2012); B. Zhang and P.

Kumar, submitted to Phys. Rev. Lett. (2012). [15] R. Preece et al., Astrophys. J. Suppl. Ser. 126, 19 (2000);

L. Amati, Mon. Not. R. Astron. Soc. 372, 233 (2006); B. Zhang et al., Astrophys. J. 655, 989 (2007).

[16] A. Levinson and O. Bromberg, Phys. Rev. Lett. 100, 131101 (2008).

[17] C. Thompson, Mon. Not. R. Aston. Soc. 270, 480 (1994);

P. Mészáros and M. Rees, Astrophys. J. 530, 292 (2000); M. J. Rees and P. Mészáros, Astrophys. J. 628, 847 (2005). A. Peer, P. Mészáros, and M. J. Rees, Astrophys. J. 642, 995 (2006).

[18] A. M. Beloborodov, Mon. Not. R. Astron. Soc. 407, 1033 (2010); I. Vurm, A. M. Beloborodov, and J. Poutanen, Astrophys. J. 738, 77 (2011).

[19] F. Ryde et al., Mon. Not. R. Astron. Soc. 415, 3693 (2011); M. Axelsson et al., Astrophys. J. 757, L31 (2012).

[20] A. M. Beloborodov, Astrophys. J. 588, 931 (2003); B. D.

Metzger, T. A. Thompson, and E. Quataert, Astrophys. J. 676, 1130 (2008).

[21] R. Abbasi et al., Astropart. Phys. 35, 615 (2012). [22] B. Paczynski and G. Xu, Astrophys. J. 427, 708 (1994). [23] J. N. Bahcall and P. Mészáros, Phys. Rev. Lett. 85, 1362 (2000); P. Mészáros and M. J. Rees, Astrophys. J. 541, L5 (2000).

[24] A. M. Bykov and P. Mészáros, Astrophys. J. 461, L37 (1996); K. Asano and T. Terasawa, Astrophys. J. 705, 1714 (2009); K. Murase et al., Astrophys. J. 746, 164 (2012).

[25] E. V. Derishev, F. A. Aharonian, V. V. Kocharovsky, and V. V. Kocharovsky, Phys. Rev. D 68, 043003 (2003).

[26] K. Kashiyama, K. Murase, and P. Mészáros, to be submitted (2013).

[27] A. Achterberg et al., Mon, Not. R. Astron. Soc. 328, 393 (2001).

[28] S. Agostinelli et al., Nucl. Instrum. Methods Phys. Res., Sect. A 506, 250 (2003).

[29] L. Sironi and A. Spitkovsky, Astrophys. J. 726, 75 (2011).

[30] R. Abbasi et al., Phys. Rev. D 83, 012001 (2011). [31] K. Toma et al., Astrophys. J, 659, 1420 (2007); E. Waxman, P. Mészáros, and S. Campana, Astrophys. J. 667, 351 (2007).

[32] P. Mészáros and E. Waxman, Phys. Rev. Lett. 87, 171102 (2001).

[33] K. Murase et al., to be submitted (2013). [34] W. S. Paciesas et al., Astrophys. J. Suppl. 199, 18 (2012). [35] K. Asano, S. Guiriec, and P. Mészáros, Astrophys. J.

705, L191 (2009).

[36] J. Granot, arXiv:1003.2452.

[37] R. Auer, Nucl. Instrum. Meth. A 602, 84 (2009). [38] E. V. Derishev, V. V. Kocharovsky, and V. V.

Kocharovsky, Astrophys. J. 521, 640 (1999); G. M. Fuller, J. Pruet, and K. Abazajian, Phys. Rev. Lett. 85, 2673 (2000); J. Pruet and N. Dalal, Astrophys. J. 573, 770 (2002).

[39] H. C. Spruit, F. Daigne, and G. Drenkhahn, Astron. Astrophys. 369, 694 (2001); B. Zhang and H. Yan, Astrophys. J. 726, 90 (2011).

[40] I. Bartos, A. M. Beloborodov, K. Hurley, and S. Márka, to be submitted (2013).