arXiv:astro-ph/0610481v3 11 Apr 2007

Enhanced Cosmological GRB Rates and Implications for Cosmogenic Neutrinos

Hasan Yüksel and Matthew D. Kistler Department of Physics, Ohio State University, Columbus, Ohio 43210 Center for Cosmology and Astro-Particle Physics, Ohio State University, Columbus, Ohio 43210 (Dated: 20 February 2007)

Gamma-ray bursts, which are among the most violent events in the universe, are one of the few viable candidates to produce ultrahigh energy cosmic rays. Recently, observations have revealed that GRBs generally originate from metal-poor, low-luminosity galaxies and do not directly trace cosmic star formation, as might have been assumed from their association with core-collapse supernovae. Several implications follow from these findings. The redshift distribution of observed GRBs is expected to peak at higher redshift (compared to cosmic star formation), which is supported by the mean redshift of the Swift GRB sample, ⟨z⟩ ∼ 3. If GRBs are, in fact, the source of the observed UHECR, then cosmic-ray production would evolve with redshift in a stronger fashion than has been previously suggested. This necessarily leads, through the GZK process, to an enhancement in the flux of cosmogenic neutrinos, providing a near-term approach for testing the gamma-ray burst–cosmic ray connection with ongoing and proposed UHE neutrino experiments.

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

I. INTRODUCTION

The origin of ultrahigh energy cosmic rays (UHECR) is one of the great remaining mysteries in astrophysics [1]. The cosmic-ray spectrum has been measured to beyond 10^{19} eV, with a number of events with energy exceeding 10^{20} eV [2, 3]; however, it is still debated how such highly energetic particles can be produced. It is now generally accepted that UHECR are of an extragalactic origin [4]. However, above ∼ 10^{19.5} eV, the process of photopion production (pγ → N π) on the cosmic microwave background (CMB) is expected to lead to a significant diminution of the cosmic-ray spectrum, the wellknown GZK effect [5]. The relatively short attenuation length associated with the GZK process [6, 7] necessitates that the observed UHECR arise from local sources.

The decay of charged pions produced in this process results in a flux of ultrahigh energy cosmogenic neutrinos [8, 9]. While the observed UHECR spectrum is somewhat insensitive to variations in cosmic source evolution [10], the cosmogenic neutrino flux can be greatly enhanced by strong evolution with redshift [9, 11], as neutrinos can be produced in larger quantities due to the decreased photopion threshold (since T_{CMB} ∝ 1 + z), and can themselves traverse cosmological distances without attenuation.

Few classes of astrophysical objects can possibly account for the observed cosmic-ray spectrum [4]. Active galactic nuclei (AGN) have long been considered as possible UHECR sources [12]. Relatively recently, a potential connection between gamma-ray bursts (GRBs) and UHECR has been explored [13, 14, 15]. GRBs, which are now generally accepted to be related to core-collapse supernovae [16], are violent events which release great amounts of energy in the form of gamma-rays (∼ 10^{51} − 10^{52} erg) [17]. A number of models have been proposed to utilize their ultra-relativistic environment to accelerate protons to energies >∼ 10^{20} eV [13, 14, 15]. It has also been noted that the source emissivity required to account for >∼ 10^{19} eV cosmic rays is comparable to that of gamma-ray bursts [13, 18].

Just as the core-collapse supernova rate density seems to follow the cosmic star formation history (SFH) [20], the same might be expected of the cosmological GRB rate density [21]. However, there is mounting evidence that GRBs are not an unbiased tracer of the SFH [22, 23]. In particular, the host galaxies of GRBs have a distinct tendency to be subluminous [22] and metal-poor [24]. This has been demonstrated for GRB hosts both locally [25] and at cosmological distances [26], which suggests that low metallicity is a key ingredient in the production of a gamma-ray burst [25]. As we discuss in Section II, a rapidly rotating star, as required in the collapsar model [27], can retain much of its original mass and angular momentum if it is metal-poor [28]. An anti-correlation with metallicity would imply that the cosmological GRB rate peaks at a higher redshift [29, 30], which now seems to be in-

FIG. 1: Models of cosmic-ray source evolution (i.e. yield vs. z, normalized to 1 at z = 0). From top-to-bottom, the metallicity-dependent GRB rate density (this work), the quasar (QSO) evolution model used in Refs. [11, 19], and the fit to the cosmic star formation history (SFH) of Ref. [20]. Models similar to the latter two have been frequently used in cosmic-ray studies.

dicated by Swift observations [31, 32]. Simply put: the metallicity of the universe decreases with redshift, which implies a stronger evolution of the GRB rate density than would be expected from the SFH alone.

When GRBs are considered as the source of UHECR (with identical cosmic-ray production per burst), the change in the cosmological cosmic-ray emissivity is simply determined by the burst rate history. In the metallicity-biased GRB model, this evolution is quite strong, as illustrated in Fig. 1, even exceeding that of models used in past cosmic-ray studies, which have traced quasar (QSO) luminosities [33] or the SFH. We examine the effect of enhanced GRB rate evolution on the expected flux of cosmogenic neutrinos, the measurement of which may provide the only way to break degeneracies between cosmic-ray models [34]. In addition to naturally explaining the abundance of high-redshift bursts observed by Swift, this strong evolution leads to a measurable neutrino signal, improving the near-term prospects for assessing this scenario with upcoming ultrahigh energy neutrino detectors [35, 36, 37]. This result would still hold, in general, even if another mechanism is ultimately shown to account for the Swift results through enhanced GRB evolution. Though we focus on the impact on cosmogenic neutrino production (as Dermer and Holmes have also recently done for GRB rates directly tracing several SFHs [38]), the metallicitybiased evolution model would also have implications for predictions of diffuse neutrino fluxes directly produced in GRBs (e.g., Refs. [15, 39]) and their prospects for detection [40, 41].

II. METALS AND THE PREDICTED GRB RATE

Any treatment of cosmological cosmic-ray or neutrino production must account for source evolution. Traditionally, the most commonly used cosmic-ray evolution models have tracked quasars [33] or the SFH [20] (particularly in GRBrelated studies). Observations indicate, however, that GRBs do not faithfully trace the SFH [22, 23]. In fact, it now appears that the GRB rate density is actually evolving more strongly than the standard SFH [31, 32, 42]. A natural explanation may be found by considering the properties of GRB host galaxies in the context of the single-star collapsar model [27, 28]. In this model, GRB progenitors are rapidly-rotating Wolf-Rayet stars which undergo a core-collapse event that produces a black hole (or possibly a rapidly-rotating neutron star) [43]. After collapse, this rapid rotation allows for the formation of highly relativistic jets which, when viewed on-axis, are observed as a burst [44].

Observationally, all known supernova counterparts of GRBs are Type Ic, with the implication that the dying star lacked an outer hydrogen/helium envelope [16]. The winds of Wolf-Rayet stars, which are typically the cause of the loss of this envelope, are known to increase in strength with stellar metallicity (particularly iron) [45]. Importantly, in this wind-induced loss process, angular momentum (which is particularly important for forming jets [46]) is lost along with mass [47]. This loss of angular momentum can be avoided if the progenitor has a very low metal content. In addition to having weaker winds, a rapidly-rotating, metal-poor massive star can avoid the production of an envelope altogether by completely mixing its interior, which results in the hydrogen being circulated into the core and burned [28]. This would be impossible if the star was not metal-poor, as stellar mixing is expected to be inhibited by a high metal content [48].

Studies of GRB hosts demonstrate that these galaxies tend to have a low metallicity [25, 26]. Compared to considerations of galactic luminosity observations alone [49], direct spectroscopic measurements reveal metallicities that are significantly lower than expected [25]. While the metallicity of the GRB progenitor may not be directly measured, the metallicity of the galaxy itself should be indicative. A connection between GRBs and metallicity implies that the cosmological GRB rate should be dependent upon the formation rate of metal-poor stars. At higher redshifts, the universe is less metal-enriched than at the present [50], resulting in an increase in the expected evolution of the GRB rate density (compared to the SFH), as shown by Langer and Norman [29] (see also Refs. [51, 52]). Accounting for stellar evolution effects, Yoon, Langer, and Norman calculated the expected ratio of GRBs to core-collapse supernovae as a function of redshift, as seen in Fig. 7 of Ref. [30], which we approximate as ṅ_{GRB}(z) ∝ (1 + z)^{1.4}ṅ_{SN}(z). This is consistent with estimates of this ratio [53] and can be used to calculate the increase in the absolute GRB rate density (of importance to cosmic-ray studies).

As the progenitors of core-collapse supernovae are very short lived, ṅ_{SN}(z) is expected to closely follow the SFH (assuming an unchanging IMF [54]). Utilizing constraints from the diffuse supernova neutrino background [55] (in addition to direct observations), an updated SFH was derived by Hopkins and Beacom [20], which is well-described by the piecewiselinear fit: ṅ_{SFH}(z) ∝ (1 + z)^α , where α = (3.4, 0, -7) when (z < 1, 1 < z < 4.5, 4.5 < z). Combining this SFH with the parametrized form of the GRB/SN ratio, we find the source evolution term, W_{GRB}(z), to have the form

W_{GRB}(z) ∝

(1 + z)^{4.8} : z < 1 (1 + z)^{1.4} : 1 < z < 4.5 (1 + z)^{−5.6} : 4.5 < z, (1)

with ṅ_{GRB}(z) = ṅ_{GRB}(0)×W_{GRB}(z). In Fig. 1, we present this evolution model, in comparison to the SFH alone, as well as the quasar (QSO) evolution model used in Refs. [11, 19]. Note that our rate history evolves as W_{GRB}(z) ∼ (1 + z)^{4.8} for z < 1, which is substantially steeper than the models commonly considered. In particular, the QSO model, which has been extensively used, only rises as W_{QSO}(z) ∼ (1 + z)^3. Previous studies have found an evolution in GRB luminosity ∝ (1 + z)^{1.5} [42], which would result in a similar effect on cosmicray evolution. While this may just be due to stronger beaming, we will not consider this scenario and instead focus only upon changes in the GRB rate density. GRB rates that evolve more strongly than the standard SFH have, in fact, recently been determined using Swift data [31, 32].

To directly check for compatibility with observations, we calculate the expected redshift distribution (assuming Swift [56] detection sensitivity) for the metallicity-dependent evolution, following the GRB model presented by Le and Dermer [31], and compare to a sample of 46 long bursts discovered by Swift (compiled from the updated lists of Ref. [51]), all of which have reliable redshifts. Details of this calculation are contained in Appendix A. In particular, we assume an

FIG. 2: Predicted redshift distributions of observable gamma-ray bursts from the strongly-evolving (metallicity-biased) model (solid line) and the SFH alone (dotted line), compared to Swift bursts with known redshifts. In the top panel, the cumulative burst distribution is shown (shaded region). The bottom panel shows the differential distributions (with arbitrary normalizations), which allow for a direct comparison with the data (in bins of width 0.5). The excess of low-z events may be due to a LLGRB class (as discussed in Section II).

opening angle that varies between θ_{min} = 0.05 and θ_{max} = 0.5 (with a power law distribution of the form ∝ (1 − cosθ )^s where the index is s ∼ −1.5) and an absolute gamma-ray energy per GRB of ε_γ = 5 × 10^{51}erg released in ∼ δt = 10 s, all of which are well within the reasonable ranges of these parameters [57] assuming a uniform jet (see Ref. [58] for alternative jet models).

In Fig. 2, we compare the distribution of Swift bursts to the predictions of the metallicity-biased model and the standard SFH. The top panel suggests that the cumulative distribution of observed bursts (shaded region) can be approximately described by either the metallicity-dependent evolution or the SFH. However, another perspective is presented in the bottom panel, where the differential event distribution is shown (in redshift bins of width 0.5). This allows for a more direct comparison with redshift data, which reveals that most bursts are discovered between z ∼ 1 − 4, in good agreement with our strongly evolving rate. This stronger evolution allows for a better fit to the data, when compared to the SFH. A more detailed discussion of the uncertainties involved in GRB detection (particularly the observed bursts that lack a reliable redshift), as well as the various degeneracies that exist between parameters in GRB modeling, is beyond the scope of this work. We refer the interested reader to Ref. [31] (and references therein).

While the metallicity-biased model is in generally good agreement with Swift observations at high redshifts, an excess of events seems to be present at low redshifts, which affects the cumulative distribution. This might be explained by a separate class of low-luminosity GRBs (LLGRB) [59, 60]. While these events are typically weaker than cosmological bursts, they may be several orders of magnitude more abundant in the local universe [61]. One possibility is that these LLGRBs are the result of progenitors that had a higher metal content than typical GRBs, leading to a less luminous (and less beamed) gamma-ray output. In the context of the collapsar model, this is not an unreasonable conclusion, as higher progenitor metallicity should lead to increased loss rates of both mass and angular momentum.

One consequence of the strong evolution that we present is a predicted burst rate density of ṅ_{GRB}(z = 0) ∼ 4 Gpc^{−3} yr^{−1} in the local universe (when normalized to the observed redshift distribution), which quickly rises to ∼ 20 Gpc^{−3} yr^{−1} by redshift z ∼ 0.4. The average emissivity from these bursts (at z <∼ 0.4) is E_{GRB} ∼ ε_γ × 10 Gpc^{−3} yr^{−1} ∼ 5 × 10^{43} erg Mpc^{−3} yr^{−1}, which is comparable to the emissivity required to account for the >∼ 10^{19} eV UHECR flux, E_{CR} ∼ few × 10^{44} erg Mpc^{−3} yr^{−1} (as found in Ref. [13]). Considering that there is no a priori reason for these numbers to be so similar, along with the fact that the region of the cosmic-ray spectrum of greatest interest (>∼ 10^{19} eV) must arise from sources at z <∼ 0.4 (as we will discuss in Section III), this result is quite interesting. GRBs may also be more luminous in cosmic rays due to a baryon loading factor ( f_{CR}) that may be >∼ 10 [62, 63], which could account for any difference. These considerations, along with the isotropy of the measured cosmic-ray spectrum, allow for GRBs to be further examined as a candidate to produce the observed UHECR.

III. UHECR AND GRBS

To be considered as a viable source of UHECR, gammaray bursts must have the ability to both accelerate protons to energies >∼ 10^{20} eV and generate a cosmic-ray flux adequate to explain the observed spectrum. In conventional GRB models, a portion of the kinetic energy of a relativistically expanding fireball (with Lorentz factor Γ ∼ few hundred) is converted into internal energy [64]. Electrons are accelerated inside this jet by internal shocks and subsequently produce gamma-rays through synchrotron and inverse-Compton processes [65].

Protons should also be shock-accelerated in a similar fashion. In the internal shock model, the shocks that accelerate protons are expected to be only mildly relativistic in the wind rest frame, resulting in an ∼ E^{−2} spectrum. In order to efficiently accelerate protons to ultrahigh energies, the time scale of acceleration should be shorter than both the wind expansion time (to allow for an adequate period of confinement in shocked regions) and the proton energy loss time scale. The former sets the ratio of magnetic field and electron energy densities to order unity, which is necessary in order to account for gamma-ray emission from synchrotron emission boosted to the observer’s frame. The latter imposes an upper limit on magnetic field strength (and lower limit on Lorentz factor). See Refs. [13, 14, 15] for details (and alternative models).

Cosmic rays mainly lose energy through three processes during propagation. At very high energies (>∼ 3×10^{19} eV), UHECR energy loss is dominated by photopion production on the CMB, pγ → N π, which has a maximum cross section at the Δ(1232) resonance [6, 66]. Below the photopion threshold

(and with E_p >∼ 10^{18} eV), electron-positron pair production on diffuse photons, pγ → pe^+e^−, becomes important [67]. While the cross section for this process is high, each interaction results in only a small energy loss. Finally, the expansion of the universe results in adiabatic energy loss, which is independent of energy.

We can account for the total proton energy loss through the characteristic timescales associated with each process (as in Refs. [18, 68]): τ^{−1}_T (E_p,z) = τ^{−1}_π (E_p,z) + τ^{−1}_{pair}(E_p,z) + τ^{−1}_a (z). The rate of energy loss for propagating protons is then d lnE_p/dt = τ^{−1}_T (E_p,z). With the redshift-dependent energy loss rate determined, the injection energies of cosmic rays, E^′_p = E^′_p(E_p,z), can be calculated as a function of detected energy (E_p) and originating redshift (z) through the differential equation 1 E_p dE_p dz = 1 τ_T (E_p,z) 1 dz/dt (2) where dz/dt = H_0(1 + z)[Ω_M(1 + z)^3 + Ω_Λ]^{1/2} (with Ω_M = 0.3, Ω_Λ = 0.7, and H_0 = 70 (km/s)/Mpc).

The top panel of Fig. 3 shows cosmic-ray energy loss with redshift. The lines correspond to the injection energy needed at redshift z in order for a cosmic ray to be observed with a given energy at Earth (z = 0). For example, a cosmic-ray proton with a measured energy of 10^{19} eV must have been produced at z < 0.4. This effect is analogous to the Fazio- Stecker relation for gamma rays [69]. As energy losses above 3×10^{19} eV are quite severe, the observed UHECR must be produced in the local universe. This, along with the necessary conditions required to produce UHECR at all, strongly constrains the population of prospective sources.

In evaluation of the cosmic-ray spectrum, we have assumed that, at these energies, the cosmic-ray spectrum is entirely composed of protons with an injection spectrum φ(E^′_p) = N E^{′−γ}_p (per unit comoving volume per unit energy, per unit time), which is cut-off at a chosen E_{cut} and normalized to account for the observed spectrum of UHECR. Cosmic rays injected at E^′_p, will experience energy losses and be detected at E_p. Taking into account the evolution of sources, W (z), we can calculate the UHECR spectrum as,

dN_p dE_p = c 4π ∫ z_{max} 0 φ(E^′_p)

∂ E^′_p ∂ E_p

W (z) dz/dt dz. (3)

We calculate the partial derivative ∂ E^′_p(E,z)/∂ E_p numerically from Eq. 2. In the bottom panel of Fig. 3, we present the expected cosmic-ray spectrum for the three source evolution models presented in Fig. 1, with an injection spectrum of the form E^{−2} (plotted as E^3 × Flux to emphasize spectral features [70]). We choose the normalization of φ, N , such that E^3 × dN_p/dE_p = 2 × 10^{20} eV^2 cm^{−2} s^{−1} sr^{−1} at 10^{19} eV for these spectra (and in our subsequent results), as the uncertainties at higher energies await the resolution that will be delivered by Auger [3]. This usually necessitates the local emissivity of sources between 10^{19} − 10^{21} eV to be on the order of E_{CR} ∼ 5×10^{44} erg Mpc^{−3} yr^{−1} [10, 18].

Note that the data from the AGASA, HiRes and Yakutsk experiments [2] differs by almost a factor of 2 in overall normalization in our E^3 plot (light shaded region), however, the

FIG. 3: Top: Cosmic-ray energy loss with redshift. Lines illustrate the injection energy required at redshift z in order to be detected at a given energy at z = 0. Shown for illustrative purposes are the realms of photopion (dark-shaded region) and pair-production (light-shaded region) losses. Bottom: Cosmic-ray spectra expected from the GRB (solid), QSO (dashed), and SFH (dotted) source evolution models, assuming γ = 2 and normalization at E = 10^{19} eV. All curves are well within range of experimental data above 10^{19} eV (light-shaded region, dark-shaded when normalized to the spectral dip).

overall spectra do not significantly disagree [71] and modelindependent information can be extracted from the shape alone, especially when various experimental data are normalized to the spectral dip feature at ∼ 10^{19} eV [68] (dark shaded region).

When considering the cosmic-ray spectrum resulting from GRB evolution, we have followed the general form of Waxman by assuming that the entire UHECR spectrum above 10^{19} eV can be accounted for by GRBs, with an E^{−2} injection spectrum [13, 18]. However, for an injection spectrum of this form, it is challenging to account for cosmic rays with energies <∼ 10^{19} eV [72]. Strong source evolution with redshift offers a certain degree of assistance. It has been assumed previously that an extension of the Galactic cosmic-ray spectrum may account for any remaining deficiency [73]. Contributions from extragalactic sources with a lower energy reach may also be considered (e.g., AGN, cluster shocks [74], or LLGRBs). If LLGRBs are able to produce cosmic rays (as suggested in Ref. [75]), they may be able to contribute to the flux of lower energy cosmic rays (since they have a high local rate [61]) and alleviate the need for an extension of the Galactic component. A recent Galactic GRB has also been proposed as a potential source of lower energy cosmic rays [76]. While the Milky Way is generally metal-rich (contrary to observations of typical GRB hosts), it possesses a gradient in its metallicity distribution which may have allowed for a low-luminosity burst in the past. Alternatively, one can consider an E^{−2.2} injection spectrum (as might be expected from relativistic shocks), which may offer a better fit at lower energies [38, 76]. This would require a larger f_{CR}, which itself may explain GRBs with low radiative efficiencies [76].

It is important to note that the cosmic-ray spectrum itself depends only mildly upon evolution (since the observed UHECR with E >∼ 10^{19} eV must be produced at z <∼ 0.4) and may be explained by a combination of GRBs and a lowerenergy component. However, the strong evolution implied by the metallicity-biased GRB model results in an increased flux of cosmogenic neutrinos. This neutrino flux, which must be present if GRBs are to account for the observed UHECR, provides an independent test of the GRB–UHECR model, which we will now examine.

IV. IMPLICATIONS FOR COSMOGENIC NEUTRINOS

The flux of cosmogenic neutrinos produced via the GZK process is quite sensitive to cosmic-ray source evolution [34]. This is due to the unique ability of neutrinos to propagate through large distances at very high energies without appreciable energy loss (unlike cosmic rays), combined with a lower threshold for photopion production at larger z (since T_{CMB} ∝ 1 + z). In fact, a significant portion of the expected neutrino flux originates between from z ∼ 1 − 4.

Near the photopion production threshold, about 20% of the original proton energy is lost in each interaction. Neutrinos are subsequently produced through the decay chain, π^+ → μ^+ ν_μ → e^+ ν_e ν_μ ν_μ , with each daughter neutrino (ν_e,ν_μ ,ν̄_μ ) receiving ∼1/20 of the parent proton energy [77]. At higher energies, multi-pion production dominates [66]; however, this approximation remains viable, as the inelasticity of each interaction increases (approaching 50%).

Waxman and Bahcall (WB) have presented an upper bound on cosmogenic neutrino production (shown in Figs. 4 and 5 as a shaded band) based on the assumption of an E^{−2} injection spectrum, with normalization chosen between 10^{19} eV to 10^{21} eV to produce the observed cosmic-ray spectrum [19]. This yields an energy-dependent rate of cosmic-ray generation of N_{WB} ∼ 10^{44} erg Mpc^{−3} yr^{−1} (with E_{WB} ∼ 5 × N_{WB}). The total ν_μ + ν̄_μ energy flux at Earth (not corrected for oscillations) is estimated as

E^2_ν dN_ν dE_ν ≈ c 4π N_{WB} 1 4 ξ t_H ≈ ξ × 15 eV cm^2 ssr

, (4)

where t_H ≈ 10^{10} yr is the Hubble time and the factor 1/4 arises from the assumption that only one quarter of the energy lost is carried away by muon neutrinos. Adiabatic redshift losses and the effect of source evolution are taken into account by ξ (estimated to be ξ ∼ 0.6 with no source evolution, ∼ 3 with QSO-like evolution) [19].

The neutrino spectrum produced in the GZK process may be better approximated for a general cosmic-ray injection spectrum and source evolution through a somewhat more sophisticated approach. As the energy loss distance at these energies is relatively short, we assume that cosmic rays lose all of their energy rapidly. The fraction of the original proton energy that is lost to neutrinos can then be parametrized with a gradual step function, S(E) = 0.45/(1 + (E_t/E)^2), where 0.45 is the asymptotic fraction of injected cosmic-ray energy transferred to neutrinos above >∼ 10^{21} eV (as shown in Fig. 1 of Ref. [11]) and E_t ∼ 2×10^{20} eV governs the onset of photopion production above ∼ 3 × 10^{19} eV. The total neutrino flux at Earth can be cast as

dN_ν dE_ν = c 4π ∫ z_{max} 0 20φ(E^′_p)S [ (1 + z) × E^′_p

] dE^′_p

dE_ν

W (z) dz/dt dz, (5) where E^′_p = 20(1 + z)E_ν and the factor 20 reflects the approximation of each daughter neutrino receiving about 1/20 of the injected proton energy. A more detailed derivation of this formula is given in Appendix B. The additional factor of (1+z) in S accounts for the lowering of the photopion energy threshold as the CMB temperature increases at higher redshift. This simple formulation is similar to the notation based on neutrino yield functions often used in prior studies [11, 78, 79] and provides a reasonably accurate neutrino spectrum which agrees rather well with the literature (in the energy range most interesting to UHE neutrino detectors), with a deviation from the simulated spectra not larger than the variations typically seen between such simulations. The overall normalization (set by φ) is again chosen such that the corresponding predicted cosmic-ray flux agrees with the measured cosmic-ray data at 10^{19} eV (where it is well-determined), as discussed in Section III.

Given an UHECR source evolution, W (z), we can calculate the expected flux of cosmogenic neutrinos produced through photopion production on the CMB. While our simple, analytic method allows for a more transparent look at the effects of source evolution, it does not fully encompass the particle physics involved, particularly the low and high energy tails of the distributions of particle decays (which affect the low- and

FIG. 4: Expected (all-flavor) cosmogenic neutrino fluxes assuming various evolution scenarios. From top-to-bottom, are the fluxes resulting from the strongly evolving (metallicity-dependent) GRB rate density, QSO-like evolution, and the SFH. Shown for comparison are the Waxman-Bahcall bound (shaded band) and the expected sensitivities for ANITA (diamonds) and ARIANNA/SalSA (triangles).

FIG. 5: Expected (all-flavor) cosmogenic neutrino fluxes resulting from various UHECR injection spectra and assuming strong (metallicity-dependent) GRB evolution. From top-to-bottom, are the fluxes with spectral indices 1.5, 2, and 2.5. Shown for comparison are the Waxman-Bahcall bound (shaded band) and the expected sensitivities for ANITA (diamonds) and ARIANNA/SalSA (triangles).

high-energy ends of the neutrino spectrum). We utilize the publicly-available simulation package CRPropa [80], which uses the SOPHIA [81] code to handle particle processes, for this purpose. We have made use of the analytical estimate described above and an extensive comparison to previous results presented in the literature (with similar parameters), to verify the results. At the redshifts of greatest interest, z ∼ 0 − 4, only cosmic rays with E >∼ 5 × 10^{19}/(1 + z) eV can ever have the ability to produce neutrinos through the GZK process (even with a decreased photopion threshold). At lower energies, photopion production can be facilitated by the cosmic infrared background (IRB), resulting in additional neutrinos of correspondingly lower energy [82]. Additionally, extragalactic magnetic fields may increase the path length of cosmic-ray propagation [7]. However, due to the various uncertainties involved, we have chosen not include these effects.

Fig. 4 compares the resulting neutrino flux from the GRB model to those expected from QSO-like evolution and the SFH, assuming an E^{−2} injection spectrum (with a sharp cutoff at 10^{21} eV). The flux shown is the sum of all neutrino flavors (both electron and muon types are produced at the source), as a detector such as ANITA has a nearly equal taste for each flavor. As can be clearly seen, the stronger evolution of the GRB model produces a larger neutrino flux than other models. Also shown are the expected sensitivities of ANITA [35] (which began taking data in late 2006) and the proposed AR- IANNA/SalSA detectors [36]. The flux predicted by strong GRB evolution, with parameters given by our metallicitybiased model, extends well into the reach of ANITA. This presents an opportunity (within the next few years) to either confirm or significantly constrain the parameters of this model in a manner that would not be possible by cosmic-ray observations alone.

We can also consider the effect of varying the assumed parameters in the injection spectrum. Since only cosmic rays with energies greater than 10^{19} eV will ever contribute significantly (even at high redshifts) to the neutrino flux, harder cosmic-ray spectra will result in larger fluxes. Shown in Fig. 5 are the neutrino fluxes arising from cosmic-ray injection spectra of γ = 1.5, 2.0, and 2.5, assuming the strong evolution. In particular, a γ = 2.2 spectrum might arise from relativistic shocks (see Ref. [38] for details). Since γ <∼ 2 would be quite difficult to reconcile with cosmic-ray observations, this range can be regarded as an upper bound, which will soon be constrained by ANITA. Assuming a lower cutoff energy would be similar in effect to a softening of the spectral index. Another interesting scenario is producing a softer spectral index (γ > 2), even if each GRB possesses an intrinsic E^{−2} spectrum. As proposed in Ref. [83], if the distribution of the high-energy cutoffs of cosmic-ray sources follows a power law, then the overall spectrum that is observed will follow a power law with a different slope. Such an argument may be particularly applicable to GRBs, as cosmic rays might be produced by a spectrum of sources ranging from LLGRBs to strong GRBs with very metal-poor progenitors.

V. DISCUSSION AND CONCLUSIONS

The increase in our understanding of gamma-ray bursts can be traced to the improved capabilities now available to study these phenomena. The ability to quickly and accurately localize a GRB has led to the establishment of a GRB-supernova connection and allowed for the study of the host galaxies in which these events occur. Observations indicate that these hosts tend to be underluminous, star-forming and metal-poor. A connection between a GRB and its host galaxy metallicity is not surprising in the context of the collapsar model, which requires rapidly-rotating stars that lack a H/He envelope (in order to be in accord with supernova observations). These requirements can be satisfied by a metal-poor progenitor star. Introducing a metallicity bias leads to an accelerated evolution of the cosmic GRB rate density (relative to the SFH), which allows for a better fit to recent Swift data. In models that attribute ultrahigh energy cosmic rays to gamma-ray bursts, this evolution provides the history of UHECR production in the universe. If GRBs are to account for the observed cosmic-ray spectrum, they must generate a flux of cosmogenic neutrinos.

A broad approach which utilizes all available means of observation will continue to be of great utility in unveiling the mysteries of gamma-ray bursts, particularly a relation to UHECR. Further observations of GRB host galaxies, along with those of core-collapse supernovae (particularly Type Ib/Ic), will provide invaluable information concerning GRB progenitors. A systematic study of host metallicities would be important for firmly establishing the GRB-metallicity anticorrelation, which, along with more accurate measurements of cosmic metallicity evolution [50], would allow for improved GRB rate-related calculations.

Direct observations of neutrinos from GRBs (e.g., by Ice- Cube [40] or a km^3 Mediterranean detector [41]) would confirm the acceleration of protons to high (though not necessarily ultrahigh) energies. In order to produce a detectable signal, a particularly strong burst, with measured gamma-ray fluence >∼ 3 × 10−4 erg cm−2 (e.g., the recent GRBs 060928 [84] and 061007 [85], which were observed to have fluences very near this threshold) is required [62]. While the needed neutrino telescopes (which may also reveal the sources of Galactic cosmic rays [86]) are still under construction, future observations by Swift [56] should reveal similar bursts, in addition to determining the redshift-dependent GRB rate with unprecedented precision.

Cosmogenic neutrinos present a unique tool to examine the GRB-as-proton accelerator conjecture. While the cosmic-ray spectrum that will be measured by Auger will allow for further assessments of the viability of prospective source models, the combined measurements of neutrinos and UHECR would break degeneracies between the various models, as discussed by Seckel and Stanev [34]. It is well-known that strong source evolution can lead to observable cosmogenic neutrino signals; however, a physically motivated model was lacking. The enhanced cosmogenic neutrino fluxes expected to result from strong GRB evolution will allow for this model to be tested in a novel fashion. We have produced this strong evolution naturally through metallicity dependence, however, our general result is also applicable to any GRB model that attempts to explain the observed Swift redshift distribution with additional evolution.

The sensitivity afforded by ANITA will allow for near-term examination which may either affirm or, if the expected flux is not found, place substantial constraints upon the model parameters. The lower detection threshold achieved by an ARIANNA-like detector will allow for a realistic opportunity to discriminate between evolution models. Measurements of fluxes consistent with that expected from GRB evolution would provide compelling evidence for this model. As the relatively young field of particle astrophysics continues to progress, it is quite an exciting possibility that metals, once relegated to the realm of pure astronomy, may, in fact, hold the key to the production of the highest energy particles in the universe.

Acknowledgments.—We would like to thank John Beacom for many illuminating discussions; Shin’ichiro Ando, John Cairns, Charles Dermer, Kris Stanek, Floyd Stecker, Casey Watson, and Eli Waxman for helpful suggestions; and Baha Balantekin, Jim Beatty, and Terry Walker for useful comments on the manuscript. This work is supported by the National Science Foundation under CAREER Grant No. PHY-0547102 to JB, the Department of Energy grant DE- FG02-91ER40690, and The Ohio State University.

APPENDIX A: GRB REDSHIFT DISTRIBUTION

In calculating the redshift distribution of gamma-ray bursts expected to be observable by Swift, we follow the model of Le and Dermer [31], using similar, but somewhat simplified, notation. This requires the assumption of a characteristic GRB gamma-ray energy output (ε_γ ) and a duration in the GRB rest frame (δt), additionally assuming flat temporal and spectral burst profiles. Each burst is assigned a jet opening angle, θ , which is selected from a power law distribution of the form g_0(1 − cosθ )^s, between an assumed cosθ_{max} and cosθ_{min}, normalized with g_0 = (1 + s)/[(1 − cosθ_{max})^{1+s} − (1 − cosθ_{min})^{1+s}].

The observed energy flux from a GRB at a luminosity distance, d_ℓ(z), then takes the form f = ε_γ /δt 4πd^2_ℓ (1 − cosθ )λ_b

(A1)

where λ_b ≃ 5 is a bolometric correction factor, which accounts for the fraction of the burst spectrum within the energy band of the GRB detector. Solving this equation for the detector trigger sensitivity threshold, f_{det}, yields the beaming angle, θ_{det}, required for detection. In effect, by assuming a constant ε_γ we will use the opening angle as a proxy for the isotropic equivalent energy (E_{iso}) often used in GRB studies (e.g., Ref. [87]).

For a comoving GRB rate, n_c(z), the detectable GRB rate is reduced to n_c(z)(1 − cos θ ) by beaming through angle, θ . We then find the detectable GRB fraction as

Θ(z) =

∫ cosθ_{min}

cosMin[θ_{max},θ_{det}]

(1 − cosθ )g_0 (1 − cosθ )^s d cosθ

= 1 + s 2 + s

(1 − cosMin[θ_{max},θ_{det}])^{2+s} − (1 − cosθ_{min})^{2+s} (1 − cosθ_{max})^{1+s} − (1 − cosθ_{min})^{1+s} , (A2) We then compute the number of detected bursts per unit redshift as dN dzdΩ = 1 4π Θ(z) n_c(z) 1 + z dV_c dz dz, (A3)

where 1/(1 + z) takes into account cosmic time dilation, and the comoving volume element is given as

dV_c dz = 4π d^2_ℓ c (1 + z)dz/dt

. (A4)

Substitution of Eqs. (A2) and (A4) into Eq. (A3) agrees with the formulation presented in Ref. [31].

APPENDIX B: COSMOGENIC NEUTRINO SPECTRUM

We describe a simple, analytic method to compute the cosmogenic neutrino spectrum observed at Earth, based upon the assumption that each daughter neutrino resulting from a photopion interaction receives ∼ 1/20 of the parent proton energy. That is, a neutrino detected with energy, E_ν , was produced with energy, E^′_ν = (1 + z)E_ν , at the source, from a parent proton which had energy, E^′_p = 20E^′_ν = 20(1 + z)E_ν . We predict the observed (z = 0) neutrino spectrum, dN_ν /dE_ν ,by integrating over the contributions to the flux from redshifts up to z_{max} as dN_ν dE_ν = c 4π ∫ z_{max} 0 dN_ν dE^′_ν dE^′_ν dE_ν

W (z) dz/dt dz (B1)

where dE^′_ν /dE_ν = (1 + z) accounts for the fact that neutrinos are observed in a narrower energy bin then they were originally produced (due to redshifting). Evolution in the density of sources is accounted for through W (z). The neutrino spectrum at production, dN_ν /dE^′_ν , can be directly related to the cosmic-ray injection spectrum φ(E^′_p) (per unit comoving volume per unit energy, per unit time), through the conservation of the transferred energy, as

E^′_ν dN_ν dE^′_ν = ( E^′_p φ(E^′_p)S [ (1 + z) × E^′_p

]) dE^′_p dE^′_ν

(B2) dN_ν dE^′_ν dE^′_ν dE_ν

= 20φ(E^′_p)S [ (1 + z) × E^′_p

] dE^′_p dE_ν

(B3)

with S as defined in Section IV. Substitution of Eq. (B3) into Eq. (B1) yields Eq. (5).

[1] T. K. Gaisser, arXiv:astro-ph/0501195.

[2] M. Takeda et al., Astropart. Phys. 19, 447 (2003); R. U. Abbasi et al. [High Resolution Fly’s Eye Collaboration], Phys. Lett. B 619, 271 (2005); A. V. Glushkov et al. [Yakutsk collaboration] Proc. of 28th Int. Cosmic Ray Conf. (Tsukuba, Japan), 1, 389 (2003).

[3] J. Abraham et al. [Pierre Auger Collaboration], Nucl. Instrum.

Meth. A 523, 50 (2004); P. Sommers [Pierre Auger Collaboration], arXiv:astro-ph/0507150.

[4] A. M. Hillas, Ann. Rev. Astron. Astrophys. 22, 425 (1984);

D. F. Torres and L. A. Anchordoqui, Rept. Prog. Phys. 67, 1663 (2004).

[5] K. Greisen, Phys. Rev. Lett. 16, 748 (1966); G. T. Zatsepin and V. A. Kuzmin, JETP Lett. 4, 78 (1966).

[6] F. W. Stecker, Phys. Rev. Lett. 21, 1016 (1968). [7] T. Stanev, R. Engel, A. Mucke, R. J. Protheroe and J. P. Rachen, Phys. Rev. D 62, 093005 (2000).

[8] V. S. Beresinsky and G. T. Zatsepin, Phys. Lett. B 28, 423 (1969); F. W. Stecker, Astrophys. Space Sci. 20, 47 (1973); F. W. Stecker, Astrophys. J. 228, 919 (1979).

[9] C. T. Hill and D. N. Schramm, Phys. Rev. D 31, 564 (1985). [10] D. De Marco and T. Stanev, Phys. Rev. D 72, 081301 (2005). [11] R. Engel, D. Seckel and T. Stanev, Phys. Rev. D 64, 093010 (2001); T. Stanev, Nucl. Phys. Proc. Suppl. 136, 103 (2004).

[12] P. L. Biermann and P. A. Strittmatter, Astrophys. J. 322, 643 (1987); J. P. Rachen and P. L. Biermann, Astron. Astrophys. 272, 161 (1993).

[13] E. Waxman, Phys. Rev. Lett. 75, 386 (1995); E. Waxman, Astrophys. J. 606, 988 (2004).

[14] M. Vietri, Astrophys. J. 453, 883 (1995); M. Vietri, D. De Marco and D. Guetta, Astrophys. J. 592, 378 (2003).

[15] C. D. Dermer, Astrophys. J. 574, 65 (2002); C. D. Dermer and M. Humi, Astrophys. J. 556, 479 (2001).

[16] K. Z. Stanek et al., Astrophys. J. 591, L17 (2003); J. Hjorth et al., Nature 423, 847 (2003); S. E. Woosley and J. S. Bloom, arXiv:astro-ph/0609142.

[17] B. Paczynski, Astrophys. J. 308, L43 (1986); T. Piran, Rev.

Mod. Phys. 76, 1143 (2005); P. Meszaros, Rept. Prog. Phys. 69, 2259 (2006).

[18] E. Waxman, Astrophys. J. 452, L1 (1995).

[19] E. Waxman and J. N. Bahcall, Phys. Rev. D 59, 023002 (1998);

J. N. Bahcall and E. Waxman, Phys. Rev. D 64, 023002 (2001). [20] A. M. Hopkins and J. F. Beacom, arXiv:astro-ph/0601463. [21] T. Totani, Astrophys. J. 511, 41 (1999); A. W. Blain and P. Natarajan, Mon. Not. Roy. Astron. Soc. 312, L35 (2000); V. Bromm and A. Loeb, Astrophys. J. 575, 111 (2002).

[22] E. Le Floc’h et al., Astron. Astrophys. 400, 499 (2003). [23] E. Le Floc’h, V. Charmandaris, W. J. Forrest, F. Mirabel, L. Armus and D. Devost, Astrophys. J. 642, 636 (2006).

[24] J. P. U. Fynbo et al., Astron. Astrophys. 406, L63 (2003);

J. X. Prochaska et al., Astrophys. J. 611, 200 (2004); J. Gorosabel et al., Astron. Astrophys. 444, 711 (2005); P. Jakobsson et al., Mon. Not. Roy. Astron. Soc. 362, 245 (2005); J. Sollerman, G. Ostlin, J. P. U. Fynbo, J. Hjorth, A. Fruchter and K. Pedersen, New Astron. 11, 103 (2005).

[25] K. Z. Stanek et al., Acta Astron. 56, 333 (2006). [26] A. S. Fruchter, et al., Nature 441, 463 (2006).

[27] S. E. Woosley, Astrophys. J. 405, 273 (1993); A. MacFadyen and S. E. Woosley, Astrophys. J. 524, 262 (1999); S. Woosley and A. Heger, Astrophys. J. 637, 914 (2006).

[28] S. C. Yoon and N. Langer, Astron. Astrophys. 443, 643 (2005). [29] N. Langer and C. A. Norman, Astrophys. J. 638, L63 (2006). [30] S. C. Yoon, N. Langer and C. Norman, Astron. Astrophys. 460, 199 (2006).

[31] T. Le and C. D. Dermer, arXiv:astro-ph/0610043. [32] F. Daigne, E. M. Rossi and R. Mochkovitch, Mon. Not. Roy.

Astron. Soc. 372, 1034 (2006).

[33] B. J. Boyle and R. J. Terlevich, Mon. Not. Roy. Astron. Soc.

293, L49 (1998); P. C. Hewett, C. B. Foltz, and F. H. Chaffee, Astrophys. J. 406, L43 (1993); M. Schmidt, D. P. Schneider, and J. E. Gunn, Astron. J. 110, 68 (1995).

[34] D. Seckel and T. Stanev, Phys. Rev. Lett. 95, 141101 (2005). [35] S. W. Barwick et al. [ANITA Collaboration], Phys. Rev. Lett.

96, 171101 (2006); P. Miocinovic et al. [ANITA Collaboration], eConf C041213, 2516 (2004); S. W. Barwick et al. [ANITA Collaboration], arXiv:hep-ex/0611008.

[36] P. W. Gorham, D. Saltzberg, R. C. Field, E. Guillian, R. Milincic, D. Walz and D. Williams, Phys. Rev. D 72, 023002 (2005; P. Gorham, D. Saltzberg, P. Schoessow, W. Gai, J. G. Power, R. Konecny and M. E. Conde, Phys. Rev. E 62, 8590 (2000). D. Saltzberg et al., Phys. Rev. Lett. 86, 2802 (2001); S. W. Barwick, arXiv:astro-ph/0610631.

[37] K. S. Capelle, J. W. Cronin, G. Parente and E. Zas, Astropart. Phys. 8, 321 (1998); X. Bertou, P. Billoir, O. Deligny, C. Lachaud and A. Letessier-Selvon, Astropart. Phys. 17, 183 (2002).

[38] C. D. Dermer, J. M. Holmes, “Ultra-high energy cosmic rays, gamma-rays and neutrinos from GRBs", in preparation; C. D. Dermer, arXiv:astro-ph/0611191; arXiv:astro-ph/0610195.

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

E. Waxman and J. N. Bahcall, Astrophys. J. 541, 707 (2000); C. D. Dermer and A. Atoyan, Phys. Rev. Lett. 91, 071102 (2003); M. Vietri, Phys. Rev. Lett. 80, 3690 (1998); B. Paczynski and G. H. Xu, Astrophys. J. 427, 708 (1994); J. P. Rachen and P. Meszaros, Phys. Rev. D 58, 123005 (1998); J. K. Becker, M. Stamatikos, F. Halzen and W. Rhode, Astropart. Phys. 25, 118 (2006); J. Alvarez-Muniz, F. Halzen and D. W. Hooper, Phys. Rev. D 62, 093015 (2000); F. Halzen and D. W. Hooper, Astrophys. J. 527, L93 (1999); Z. G. Dai and T. Lu, Astrophys. J. 551, 249 (2001); S. Nagataki, K. Kohri, S. Ando and K. Sato, Astropart. Phys. 18, 551 (2003); S. Razzaque, P. Meszaros and E. Waxman, Phys. Rev. Lett. 90, 241103 (2003); S. Razzaque, P. Meszaros and E. Waxman, Phys. Rev. D 69, 023001 (2004); S. Ando and J. F. Beacom, Phys. Rev. Lett. 95, 061103 (2005); K. Asano, Astrophys. J. 623, 967 (2005); K. Asano and S. Nagataki, Astrophys. J. 640, L9 (2006); K. Murase and S. Nagataki, Phys. Rev. D 73, 063002 (2006); K. Murase and S. Nagataki, Phys. Rev. Lett. 97, 051101 (2006).

[40] J. Ahrens et al. [IceCube Collaboration], Astropart. Phys. 20, 507 (2004).

[41] A. Cuoco, G. Mangano, G. Miele, S. Pastor, L. Perrone, O. Pisanti and P. D. Serpico, arXiv:astro-ph/0609241,

http://www.km3net.org/.

[42] D. Kocevski and E. Liang, Astrophys. J. 642, 371 (2006);

B. E. Schaefer, M. Deng, and D. L. Band, Astrophys. J. 563, L123 (2001); N. M. Lloyd-Ronning, C. L. Fryer, and E. Ramirez-Ruiz, Astrophys. J. 574, 554 (2002); D. Yonetoku, T. Murakami, T. Nakamura, R. Yamazaki, A. K. Inoue, and K. Ioka, Astrophys. J. 609, 935 (2004); C. Firmani, V. Avila- Reese, G. Ghisellini and A. V. Tutukov, Astrophys. J. 611, 1033 (2004).

[43] A. Heger, C. L. Fryer, S. E. Woosley, N. Langer and D. H. Hartmann, Astrophys. J. 591, 288 (2003); C. L. Fryer, S. E. Woosley and D. H. Hartmann, Astrophys. J. 526, 152 (1999); B. Paczynski, Astrophys. J. 494, L45 (1998).

[44] R. Sari, T. Piran and J. Halpern, Astrophys. J. 519, L17 (1999);

W. Zhang, S. E. Woosley and A. I. MacFadyen, Astrophys. J. 586, 356 (2003); D. A. Frail et al., Astrophys. J. 562, L55 (2001); X. Y. Dai et al., arXiv:astro-ph/0609269.

[45] P. A. Crowther, L. Dessart, D. J. Hillier, J. B. Abbott and A. W. Fullerton, Astron. Astrophys. 392, 653 (2002); J. S. Vink and A. de Koter, Astron. Astrophys. 442, 587 (2005); P. A. Crowther, arXiv:astro-ph/0610356.

[46] G. Rockefeller, C. L. Fryer and H. Li, arXiv:astro-ph/0608028. [47] J. Petrovic, N. Langer, S. C. Yoon and A. Heger, Astron. Astrophys. 435, 247 (2005).

[48] A. Heger, N. Langer and S. E. Woosley, Astrophys. J. 528, 368 (2000); M. H. Pinsonneault, S. D. Kawaler, S. Sofia, and P. Demarque, Astrophys. J. 338, 424 (1989).

[49] C. Wolf and P. Podsiadlowski, arXiv:astro-ph/0606725;

E. Berger, D. B. Fox, S. R. Kulkarni, D. A. Frail and S. G. Djorgovski, arXiv:astro-ph/0609170.

[50] R. Jimenez and Z. Haiman, Nature 440, 501 (2006); H. A. Kobulnicky and L. J. Kewley, Astrophys. J. 617, 240 (2004).

[51] P. Jakobsson et al., Astron. Astrophys. 447, 897 (2006);

P. Jakobsson et al., AIP Conf. Proc. 836, 552 (2006),

http://www.astro.ku.dk/∼pallja/GRBsample.html,
http://www.mpe.mpg.de/∼jcg/grbgen.html.

[52] P. Natarajan, B. Albanna, J. Hjorth, E. Ramirez-Ruiz, N. Tanvir and R. Wijers, Mon. Not. Roy. Astron. Soc. 364, L8 (2005); R. S. Priddey, N. R. Tanvir, A. J. Levan, A. S. Fruchter, C. Kouveliotou, I. A. Smith and R. A. M. Wijers, Mon. Not. Roy. Astron. Soc. 369, 1189 (2006); E. Ramirez-Ruiz, D. Lazzati and A. W. Blain, Astrophys. J. 565, L9 (2002).

[53] Ph. Podsiadlowski, P. A. Mazzali, K. Nomoto, D. Lazzati and E. Cappellaro, Astrophys. J. 607, L17 (2004).

[54] E. E. Salpeter, Astrophys. J. 121, 161 (1955).

[55] L. E. Strigari, J. F. Beacom, T. P. Walker and P. Zhang, JCAP 0504, 017 (2005); H. Yuksel, S. Ando and J. F. Beacom, Phys. Rev. C 74, 015803 (2006); S. Ando, J. F. Beacom and H. Yuksel, Phys. Rev. Lett. 95, 171101 (2005).

[56] D. N. Burrows et al., Space Sci. Rev. 120, 165 (2005). [57] G. Ghirlanda, G. Ghisellini and C. Firmani, arXiv:astro-ph/0610248.

[58] E. Rossi, D. Lazzati and M. J. Rees, Mon. Not. Roy. Astron.

Soc. 332, 945 (2002); B. Zhang, X. Y. Dai, N. M. Lloyd- Ronning and P. Meszaros, Astrophys. J. 601, L119 (2004); E. Ramirez-Ruiz and N. M. Lloyd-Ronning, New Astron. 7, 197 (2002).

[59] J. P. Norris, Astrophys. J. 579, 386 (2002).

[60] E. Liang, B. Zhang and Z. G. Dai, arXiv:astro-ph/0605200. [61] E. Pian, et al., Nature 442, 1011 (2006); A. M. Soderberg, et al., Nature 442, 1014 (2006).

[62] C. D. Dermer and A. Atoyan, arXiv:astro-ph/0606629. [63] C. D. Dermer, J. Chiang and M. Bottcher, Astrophys. J. 513,

656 (1999).

[64] P. Meszaros, Ann. Rev. Astron. Astrophys. 40, 137 (2002).

T. Piran, Phys. Rept. 314, 575 (1999); R. Sari, T. Piran and R. Narayan, Astrophys. J. 497, L17 (1998).

[65] M. J. Rees and P. Meszaros, Astrophys. J. 430, L93 (1994);

B. Zhang et al., Astrophys. J. 642, 354 (2006).

[66] A. Mucke, J. P. Rachen, R. Engel, R. J. Protheroe and T. Stanev, Publ. Astron. Soc. Austral. 16, 160 (1999).

[67] G. R. Blumenthal, Phys. Rev. D 1, 1596 (1970). [68] V. Berezinsky, A. Z. Gazizov and S. I. Grigorieva, Phys. Rev. D 74, 043005 (2006); R. Aloisio, V. Berezinsky, P. Blasi, A. Gazizov, S. Grigorieva and B. Hnatyk, arXiv:astro-ph/0608219.

[69] G. G. Fazio and F. W. Stecker, Nature 226, 135 (1970);

T. M. Kneiske, T. Bretz, K. Mannheim and D. H. Hartmann, Astron. Astrophys. 413, 807 (2004); F. W. Stecker, M. A. Malkan and S. T. Scully, Astrophys. J. 648, 774 (2006).

[70] V. S. Berezinsky and S. I. Grigor’eva, Astron. Astrophys. 199, 1 (1988).

[71] D. De Marco, P. Blasi and A. V. Olinto, Astropart. Phys. 20, 53 (2003).

[72] S. T. Scully and F. W. Stecker, Astropart. Phys. 16, 271 (2002). [73] J. N. Bahcall and E. Waxman, Phys. Lett. B 556, 1 (2003). [74] C. A. Norman, D. B. Melrose, and A. Achterberg, Astrophys. J.

454, 60 (1995); H. Kang, D. Ryu and T. W. Jones, Astrophys. J. 456, 422 (1996); S. Gabici and P. Blasi, Astrophys. J. 583, 695 (2003).

[75] N. Gupta and B. Zhang, arXiv:astro-ph/0606744;

K. Murase, K. Ioka, S. Nagataki and T. Nakamura, arXiv:astro-ph/0607104.

[76] S. D. Wick, C. D. Dermer and A. Atoyan, Astropart. Phys. 21, 125 (2004); C. D. Dermer and J. M. Holmes, Astrophys. J. 628, L21 (2005).

[77] V. Berezinsky, arXiv:astro-ph/0509675.

[78] M. Ave, N. Busca, A. V. Olinto, A. A. Watson and T. Yamamoto, Astropart. Phys. 23, 19 (2005); D. Hooper, A. Taylor and S. Sarkar, Astropart. Phys. 23, 11 (2005).

[79] O. E. Kalashev, V. A. Kuzmin, D. V. Semikoz and G. Sigl, Phys. Rev. D 66, 063004 (2002); Z. Fodor, S. D. Katz, A. Ringwald and H. Tu, JCAP 0311, 015 (2003); D. V. Semikoz and G. Sigl, JCAP 0404, 003 (2004); M. Ahlers, L. A. Anchordoqui, H. Goldberg, F. Halzen, A. Ringwald and T. J. Weiler, Phys. Rev. D 72, 023001 (2005).

[80] E. Armengaud, G. Sigl, T. Beau and F. Miniati, arXiv:astro-ph/0603675,

http://apcauger.in2p3.fr/CRPropa/index.php.

[81] A. Mucke, R. Engel, J. P. Rachen, R. J. Protheroe and T. Stanev, Comput. Phys. Commun. 124, 290 (2000).

[82] T. Stanev, Phys. Lett. B 595, 50 (2004); E. V. Bugaev, A. Misaki and K. Mitsui, Astropart. Phys. 24, 345 (2005); D. De Marco, T. Stanev and F. W. Stecker, Phys. Rev. D 73, 043003 (2006).

[83] M. Kachelriess and D. V. Semikoz, Phys. Lett. B 634, 143 (2006).

[84] K. Hurley, et al., GCN Circ. 5684, (2006); E. Bellm, et al., GCN Circ. 5685, (2006); K. L. Page, et al., GCN Circ. 5686, (2006); M. Ohno, et al., GCN Circ. 5688, (2006); S. Golenetskii, et al., GCN Circ. 5689, (2006).

[85] P. Schady, et al., GCN Circ. 5707, (2006); S. Golenetskii, et al., GCN Circ. 5722, (2006); K. Yamaoka, et al., GCN Circ. 5724, (2006); C. Wigger, et al., GCN Circ. 5725, (2006).

[86] M. D. Kistler and J. F. Beacom, Phys. Rev. D 74, 063007 (2006).

[87] D. Guetta, T. Piran and E. Waxman, Astrophys. J. 619, 412 (2005).