hep-ph/9910316 13 Oct 1999

Relic Neutrinos, Z{Bursts, and Cosmic Rays above 10^{20} eV

Thomas J Weilery^1

† Department of Physics & Astronomy, Vanderbilt University, Nashville, TN 37235, USA (email: tom.weiler@vanderbilt.edu)

Abstract. The observation of cosmic–ray events above the Greisen–Kuzmin–Zatsepin (GZK) cutoff of E_{GZK} ∼ 5 × 10^{19} eV challenges orthodox modeling. We discuss a possible solution which uses standard hot Big Bang cosmology and Standard Model (SM) particle physics augmented only by^<∼ eV neutrino masses as suggested by solar, atmospheric, and terrestrial neutrino detection. In this scheme, cosmic ray neutrinos from distant, highest–energy sources annihilate resonantly on the relic–neutrino background to produce Z–bosons. The highly–boosted (γ_Z ∼ 10^{11}) Z’s instantly decay, producing “Zbursts” of highly–collimated jets of hadrons and photons. The burst content includes, on average, twenty photons and two nucleons with super–GZK energies. We show that the probability for each neutrino with energy within a fraction Γ_Z /M_Z of the resonant value E_R = 4 (eV/m_ν ) × 10^{21} eV to annihilate within the halo of our galactic supercluster is likely within an order of magnitude of 1%. Depending on the magnitude of the cosmic neutrino flux above 10^{20} eV, this “local” rate for primary production may be high enough to produce the cosmic ray events observed above the GZK cutoff. Several tests of this Z–burst hypothesis for generating super–GZK events are presented, including (i) a new cutoff energy at E_R; (ii) a large γ/p ratio for primaries near the upper end of the spectrum; (iii) directional pairing of events, and pointing to their cosmic sources; and (iv) a neutrino flux above the GZK cutoff energy which is possibly measurable directly in proposed^>∼ 10^{11} ton cosmic–ray detectors.

1 VAND-TH-9-99, Invited talk presented at “Beyond the Desert 99”, ed. H. Klapdor–

Kleingrothaus, Ringberg Castle, Tegernsee, Germany, June 6–12, 1999 1

1. Introduction: the cosmic ray puzzle above 10^{20} eV

It has long been anticipated that the highest–energy cosmic–ray primaries would be protons from outside the galaxy, perhaps produced in active galactic nuclei (AGNs). Since the mid–sixties it was also anticipated that the highest energies for protons arriving at earth would be E_{GZK} ∼ 5 × 10^{19} eV. The origin of this Greisen–Kuzmin–Zatsepin (GZK) cutoff [1] is the degradation of the proton energy by the resonant scattering process p + γ_{2.7K} → Δ^∗ → N + π when the proton is above the resonant threshold for Δ^∗ production; γ_{2.7K} denotes a photon in the 2.7K cosmic background radiation. A proton produced at its cosmic source at a distance D from earth with an initial energy E_p well above E_{GZK} will on average lose 20% of its energy per interaction length of 6 Mpc to arrive at earth with only a fraction ∼ (0.8)^{D/6 Mpc} of its original energy. Therefore, proton energy is not lost significantly only if the highest–energy protons come from relatively nearby sources,^<∼ 50 to 100 Mpc [2]. However, no AGN sources are known to exist within 100 Mpc of earth.^2 Any observation of air–shower events above 5 × 10^{19} eV challenges the theory. To date, twenty–four air–shower events with energies near and above 10^{20} eV have been observed by the Volcano Ranch, Haverah Park, Yakutsk, Fly’s Eye, Akeno/AGASA, and most recently, HiRes collaborations [4]. It is now clear that the highest–energy cosmic–ray spectrum extends beyond the GZK cutoff.

A primary nucleus mitigates the cutoff problem (energy per nucleon is reduced by 1/A), but it has additional problems: above ∼ 10^{19} eV nuclei may be photo–dissociated by the 2.7K background, and possibly disintegrated by the particle density ambient at the astrophysical source. Gamma–rays and neutrinos are other possible primary candidates for the highest–energy events. The gamma–ray possibility is not supported by the time–development of the Fly’s Eye event, but is not ruled out for this event. However, the mean free path for a ∼ 10^{20} eV photon to annihilate to e^+e^− on the radio background is believed to be^<∼ 10 Mpc based on recent estimates of the background, and the density profile of the highest–energy Yakutsk event showed a large number of muons which may argue against gamma–ray initiation.

1.1. Paired–events and neutrino primaries above 10^{20} eV

Turning to the possibility that the primaries may be neutrinos, one encounters an immediate obstacle: the Fly’s Eye event occured high in the atmosphere, whereas the expected event rate for early development

2 The suggestion has been made that hot spots of radio galaxies in the supergalactic

plane (e.g. M87) at distances of tens of megaparsecs may be the sources of the super– GZK primaries [3]. Statistical support for this hypothesis is weak at present. 2 of a neutrino–induced air–shower is down from that of an electromagnetic or hadronic interaction by six orders of magnitude. On the other hand, the neutrino hypothesis is supported by evidence [5] that some of the highest–energy primaries have common arrival directions, with arrival times displaced by only ∼ 2 to 3 years. Of the 47 AGASA events above 4 × 10^{19} eV, 9 are contained in three doublets and one triplet with separation angle less than the angular resolution of 2.5^∘. The chance probability of this clustering occuring in an isotropic distribution is less than 1%. The chance probability for the triplet alone is only 5%. Of the seven events above 10^{20} eV, three are counted among the doublet events. Such event–pairing argues for a common source of some duration, emitting stable neutral primaries having a small magnetic moment. The stability requirement is that cτ exceed D ∼ D_H , where the Hubble distance is D_H ≡ c H^{−1}_0 = 1.4 h^{−1}_{65} × 10^{28} cm, and h_{65} is the Hubble parameter in units of 65 km/s/Mpc. The resulting limit on the rest frame lifetime is then τ_{RF} ≫ (m/E_{GZK})(D_H /c) = 10^{−2}(m/eV)h^{−1}_{65} s; for a GeV primary, this is about one year, while for an eV neutrino it is as short as tens of milliseconds. The requirement that the primary be neutral is necessary to allow straight trajectories for the paired primaries as they travel through the (probably nanogauss or greater) extragalactic magnetic fields. The requirement that the primary have a small magnetic moment is necessary to avoid significant energy losses via magnetic dipole interactions with the ambient 2.7K microwave background. Neutrino primaries satisfy these three criteria.

Let us call the distance over which a stable particle can propagate without losing more than an order of magnitude of its energy the GZK distance, D_{GZK}. For a photon it is a few Mpc at 10^{20} eV, rising to O(100) Mpc at 10^{22} eV, with the exact numbers depending on the strengths of the diffuse radio background. For a proton it is D_{GZK} ∼ 50 to 100 Mpc. Here we propose that the primary particles which propagate across cosmic distances above the GZK cutoff energy are neutrinos, which then annihilate with relic neutrinos within the GZK zone (D < D_{GZK}) to create a “local” flux of nucleons and photons above E_{GZK} [6, 7]. The annihilation rate depends upon the relic neutrino background reliably predicted by Big Bang cosmology, neutrino clustering in gravitational potentials, and the Standard Model (SM) of particle physics augmented with neutrino mass values suggested by recent oscillation data. For a sufficient cosmic neutrino flux, the hypothesis successfully explains the observed air–showers above E_{GZK}.

2. Z–bursts from resonant neutrino annihilation

It was noted many years ago [8] that the mean free path (mfp), λ_j = [n_{νj} σ_{ann}(ν_j + ν̄_j → Z)]^{−1}, for a cosmic ray neutrino to annihilate 3 at the Z resonance on a background of nonrelativistic relic antineutrinos (and vice versa) having mass m_j and density n_{νj} is only slightly larger than the Hubble size of the Universe, D_H = 1.4 h^{−1}_{65} × 10^{28} cm. This means that the annihilation probability per cosmic distance of travel may be significant and that absorption spectroscopy is a possible means, in principle, for determining neutrino masses [8]. The energy of the neutrino annihilating at the peak of the Z–pole is

E^R_{νj} = M^2_Z /2m_{νj} = 4 (eV/m_{νj} ) × 10^{21}eV . (1)

At a given resonant energy E^R_{νj} , only relic neutrinos with the j^{th} mass m_j may annihilate. (We will sometimes use E_R generically for resonant energy with the understanding that there are really three different resonant energies, one for each neutrino mass.)

The invariant energy–averaged annihilation cross section for the process ν_j + ν̄_j → Z is given by the integral over the Z pole. In the SM this is ⟨σ_{ann}⟩ ≡ ∫ ds M^2_Z σ_{ann}(s) = 4πG_F / √ 2 = 4.2 × 10^{−32}cm^2, (2)

with s the square of the energy in the center of momentum frame. When neutrino mixing–angles are introduced in the augmented SM, this result continues to hold for each neutrino type j in the flavor or mass basis, since the annihilation mechanism is a neutral current process. The energy– averaged annihilation cross section ⟨σ_{ann}⟩ is the effective cross section for all neutrinos within^1_2 δE_R/E_R = Γ_Z/M_Z = 3% of their peak annihilation energy. We refer to neutrinos with resonant flavor j and with energy in the resonant range 0.97 E^R_{νj} to 1.03 E^R_{νj} as “resonant neutrinos.”

Each resonant neutrino annihilation produces a Z boson which immediately decays (its lifetime is 3 × 10^{−25} s in its rest frame). 70% of these decays are hadronic, consisting of a particle burst known to include on average about one baryon–antibaryon pair, seventeen charged pions, and ten neutral pions [9]. The ten π^0’s decay to produce twenty high–energy photons. We refer to the end product of this Z production and hadronic decay as a “Z–burst.” The nucleons (we now mean “nucleons” to include the antinucleons as well) and photons in the Z–burst are candidates for the primary particles with energy above the GZK–cutoff [6, 7]. The two nucleons may be protons or neutrons; if the neutron decays, it simply produces a proton with nearly the same energy as the parent neutron.

If the Z–burst points in the direction of earth and occurs within the GZK distance, then one or more of the photons and nucleons in the burst may initiate a super–GZK air–shower at earth. The mean multiplicity in Z decay is about 30 [9]. This dilutes the energy per hadron somewhat compared to E^R_{νj} , but it also provides a larger flux per burst. Shown in Figure 1 is a schematic of the Z–burst mechanism within the GZK zone. 4

Figure 1. Schematic diagram showing the production of a Z–burst resulting from the resonant annihilation of a cosmic–ray neutrino on a relic (anti)neutrino. If the Z–burst occurs within the GZK zone (∼ 50 to 100 Mpc) and is directed towards the earth, then photons and nucleons with energy above the GZK cutoff may arrive at earth and initiate super–GZK air–showers.

2.1. Neutrino mass and resonant energy

Note that two crucial elements are required for this mechanism to produce super–GZK air–showers: the existence of a neutrino flux at^>∼ 10^{21} eV, and the existence of a neutrino mass in the 0.1 to a few eV range. Concerning possible neutrino masses, the simplest explanation for the anomalous atmospheric–neutrino flavor–ratio [10] and its zenith–angle dependence [11] is neutrino oscillations driven by a mass–squared difference of δm^2_{atm} ∼ 10^{−3} to 10^{−2} eV^2 [12], which implies a neutrino mass of at least 0.03 to 0.1 eV. Also, the recent LSND measurement appears to indicate a mass–squared difference of δm^2_{LSND} ∼ 0.2 to 4 eV^2 [13], from which one deduces a neutrino mass of at least 0.5 to 2 eV.

Upper bounds on the neutrino masses are available from tritium decay experiments and from large–scale structure formation studies. From the end point spectrum in tritium decay, one infers the upper bound m_β < 4.4 eV for the weighted rms mass m_β ≡ ( ∑ j |U_{ej}|^2m^2_j )^{12} . In a three neutrino universe, the smallness of the neutrino mass–splittings deduced from atmospheric and solar oscillations (δm < √ δm^2_{atm} < 0.1 eV) leads to the universal bound m_{νj} < 4.4 eV for all three neutrino masses [14]. In a four neutrino universe adopted to accommodate the LSND oscillation signal, the analogous bound on each of the four neutrino masses is m_{νj} < [(4.4)^2 + δm^2_{LSND}]^{12} ∼ 5.4 eV [14].

The nonobservation of neutrinoless double-beta decay provides the further upper bound | ∑ j U^2_{ej}m_j | < 0.2 eV for Majorana neutrino masses [15].

This bound is restrictive in particular models where the complex mixing elements U_{ej} are known. In general, however, cancellations may occur in the sum, in which case the bound is compatible with large neutrino masses.

According to Big Bang cosmology, the fraction of closure density provided by the masses of nonrelativistic neutrinos is Ω_ν = 0.025 h^{−2}_{65} ∑ j(m_{νj} /eV). One sees that eV neutrino masses are required if neutrino hot dark matter is to contribute in any significant way to the evolution of large–scale structure [16]. Studies of structure formation suggest that Ω_ν^<∼ 0.15 [17], in which case no single neutrino mass may exceed ∼ 6 eV. Particular studies of cosmic structure formation give upper limits to m_ν in the 2 to 6 eV range [18]. This is consistent with, and complementary to, the tritium bound just discussed.

According to eqn. (1), an upper bound on the neutrino mass of 4 eV implies that no Z–burst energy will fall below 10^{21} eV. This is a comfortable factor of 20 or so above the GZK cutoff. From the lower bounds on neutrino mass deduced from the SuperK and LSND experiments, one gets upper bounds on the Z–burst energy of 10^{23} and 10^{22} eV, respectively. It is uncanny that the allowed range for Z–burst energies of 10^{21} to 10^{23} eV, deduced from cosmology, tritium decay, and oscillation experiments, is just right for extending the air-shower spectrum an order of magnitude or two above the GZK cutoff!

2.2. Relic neutrino number density.

The annihilation/Z–burst rate depends on the relic–neutrino number– density. Hot Big Bang cosmology predicts the mean neutrino density of the universe. The density of neutrinos with mass below the neutrino decoupling temperature ∼ 1 MeV is given by a relativistic Fermi-Dirac distribution, characterized by the single temperature parameter T_ν ∼ 1.95K. T_ν is a factor of (4/11)^{1/3} less than that of the photon temperature T_γ = 2.73K as a result of photon reheating from the era of e^+e^− → γγ annihilation. As it is the momentum (not the energy) which red–shifts with the temperature, the mean momentum of the neutrinos today is p_ν ∼ 3 T_ν ∼ 6 × 10^{−4} eV. Consequently, relic neutrinos with a mass exceeding this value have an energy dominated by their rest mass. The resulting mean neutrino number density is ⟨n_{νj} ⟩ = (3 ζ(3)/4π^2) T^3_ν = 54 cm^{−3} (3)

for each light flavor j, with an equal number density for each antineutrino flavor. The value of ζ(3) is 1.202. . . . We make two remarks here. The first is that the universe should possess an abundance of antineutrinos as well as neutrinos. The reason is that the neutrinos and antineutrinos fell out of thermal equilibrium while still relativistic (hence the name “hot dark matter”). This is in contrast to the electron, proton and neutron, for which the nonrelativistic Boltzmann factor exponentially suppressed the antiparticle. The second remark is that the predicted relic–neutrino density is normalized to the relic photon density, which is measured, via the temperature relation T^3_ν =^4_{11} T^3_γ . Consequently, the predicted mean density of ⟨n_{νj} ⟩ = 54 cm^{−3} in the absence of a neutrino chemical potential must be considered firm. The possibility of a nonzero chemical potential and its implication for the relic density and annihilation rate are discussed in section 2.6.

2.3. Probability for resonant annihilation to a Z–burst

In a universe where the neutrinos are nonrelativistic and uniformly distributed, the mean annihilation length for neutrinos at their resonant energy would be

λ_j = (⟨σ_{ann}⟩⟨n_{νj} ⟩)^{−1} = 4.4 × 10^{29}cm, (4)

which is 30 h_{65} times the Hubble distance [8]. A cosmic ray neutrino arriving at earth from a cosmically distant source will have traversed approximately a Hubble distance of space, so its annihilation probability on 7 the relic–neutrino sea is roughly D_H /λ_j = 3.0 h^{−1}_{65} % (neglecting cosmic expansion).

For a more careful derivation, we let F_{νj} (E_ν , x) denote the flux of the j^{th} neutrino flavor, as would be measured at a distance x from the source, with energy within dE of E_ν. The units of F_{νj} (E_ν , x) are neutrinos/energy/area/time/solid angle. This flux may be quasi–isotropic (“diffuse”), as might arise from a sum over cosmically–distant sources such as AGNs; or it may be highly directional, perhaps pointing back to sources within our supergalactic plane. The production rate of Z’s with energy within dE of E_ν, per unit length, area, and solid angle, is therefore dF_Z(E_ν , x)/dx = σ_{ann}(E_ν )n_{νj} (x)F_{νj} (E_ν, x). Integrating this equation over the distance D from the emission site to earth, and integrating over neutrino energy then gives the total rate of resonant annihilation, i.e. Z–burst production (in the narrow resonance approximation), within the distance D:

F_Z(D) = δF_{νj} (D) = E_RF_{νj} (E_R, 0) ∫ ds M^2_Z [1 − exp{−σ_{ann}(s) S_j (D)}] , (5) where S_j (D) ≡ ∫_D 0 dx n_{νj} (x) is the neutrino column density from earth to the source at distance D. If σ_{ann}(s)S_j (D) is small compared to one, then

F_Z (D) ≈ E_R F_{νj} (E_R, 0) ⟨σ_{ann}⟩S_j (D) . (6)

For S(D) ≪ 1/σ_{ann}(s), the rate for Z–burst generation depends linearly on the relic–neutrino column density. Writing S(D) as ⟨n_{νj} ⟩ × D, we make contact with our previous simple estimate, namely F_Z (D)/E_RF_{νj} (E_R, 0) = D/λ_j , with λ_j given in eqn. (4). Also for S(D) ≪ 1/σ_{ann}(s), the attenuation of the neutrino flux over the distance from the source to the GZK zone will be small, and we may set D in eqn. (6) equal to the GZK distance to get the Z–burst rate within the GZK zone.

For each 50 Mpc of travel through the mean neutrino density, the probability for a neutrino with resonant energy to annihilate to a Z–boson is 3.6 × 10^{−4}. Since the branching fraction for a Z to decay to hadrons is 70%, one part in 4000 of the resonant neutrino flux will be converted into a Z–burst containing ultrahigh–energy photons and nucleons within D_{GZK} ∼ 50 Mpc of earth in this homogeneous, zero chemical potential neutrino universe.

However, we live in a matter–rich portion of the universe. The Supergalactic Cluster, the Local Group, and the Galactic Halo each provides a “local potential well” which is expected to trap neutrinos and enhance the local relic–neutrino density compared to the universal average. Moreover, any neutrino–antineutrino asymmetry (parameterized by a chemical potential) increases the sum of the neutrino plus antineutrino relic densities. Therefore, the value of 0.025% for the probability of a resonant neutrino 8 creating a Z–burst within the GZK zone, obtained without neutrino clustering or asymmetry, is the absolute minimum annihilation probability in a Big Bang universe. With clustering and/or asymmetry, the probability will be larger.

2.4. Rate enhancement from neutrino clustering.

Gravitational attraction will cause neutrinos to cluster somewhat in the potential wells of baryonic matter. Let us define some fiducial values for cluster sizes (L_s) and the mean separation distance of the clusters (L_{ss}). We take D_S = 20 Mpc for the diameter of the Virgo Supercluster, the only supercluster well within our GZK zone, and 100 Mpc, typical of the distance across a cosmic void, for the supercluster mean separation distance D_{SS} . We take D_C = 5 Mpc for the typical diameter of galactic clusters and D_{CC} = 50 Mpc as the typical distance between neighboring galactic clusters. For our Local Group of ∼ 20 galaxies, we take D_{Gp} = 2 Mpc, and D_{Gp−Gp} = 20 Mpc for the mean separation distance between groups. D_G = 50 kpc is a typical diameter of galactic halos (including our own) and D_{GG} = 1 Mpc is a typical distance between neighboring galaxies. With these fiducial values for sizes and separation distances, the respective density enhancements (L_{ss}/L_s)^3 are of order 100, 10^3, 10^3, and 10^4, for the Supercluster, Cluster, Local Group, and Galactic halo, assuming that neutrino clustering is more or less as efficient as baryonic clustering for these scales.

The geometrical scaling law that governs the increase in annihilation rate when neutrinos are clustered rather than distributed uniformly throughout the universe is (L_{ss}/L_s)^3(L_s/D_H ) = L^3_{ss}/L^2_sD_H . If the neutrino clustering scale L_s is less than the GZK distance of 50 to 100 Mpc, then the Z–burst production probability within the GZK zone also scales with this factor, yielding (L^3_{ss}/D_H L^2_s)(3.0 h^{−1}_{65} %). Including the 70% hadronic branching ratio of the Z, one then gets the probabilities 1.3%, 2.4%, 1.0%, and 0.2% (independent of h_{65}), for Z–burst production by a neutrino of relevant flavor at resonant energy traversing the Supercluster, Cluster, Local Group, and Galactic halo, respectively. The larger clusters all give a robust probability, within a factor of two of each other, and of order of a per cent. This is our main result [6], which we repeat for emphasis: the probability for cosmic ray neutrinos at their resonant energy to annihilate within the ∼ 50 Mpc zone of earth is likely within an order of magnitude of 1%, with the exact value depending on unknown aspects of neutrino mixing and relic neutrino clustering.

If the neutrino cluster is not isotropic with respect to our preferred position at earth, the Z–burst rate will not be isotropic either. The anisotropic rate is easily accounted for by generalizing the distance D from the Z–burst to earth to be a vector D̂. The column density integral encountered earlier then becomes an integral of n_{νj} (x̂) along the vector D̂. There is weak evidence that the super–GZK events may correlate with the Supergalactic plane [3]. Such a correlation would arise naturally in the model presented here if the SG plane provided either the super–GZK neutrino flux or the potential well in which neutrinos are clustered (or both).

We now must discuss the efficiency of neutrino clustering. One expects the relic neutrinos to be less clustered than the baryons, especially on scales as small as the Galactic halo, for several reasons. First of all, neutrinos do not dissipate energy as easily as electrically charged protons do. Secondly, neutrinos have a much larger Jeans (“free–streaming”) length than do baryons at the crucial time when galaxies start to grow nonlinearly. And thirdly, Pauli blocking presents a significant barrier to clustering of light–mass fermions. As a crude estimate of Pauli blocking, one may use the zero temperature Fermi gas as a model of the gravitationally bound halo neutrinos. Requiring that the Fermi momentum of the neutrinos not exceed the virial velocity σ ∼ √ M G/L within the cluster, one gets the phase space constraint [19]

n_{νj} /54 cm^{−3 <}∼ 10^3(m_{νj} /eV)^3(σ/200kms^{−1})^3. (7)

The same constraint holds for n_{ν̄j} . The virial velocity within our Galaxy is a couple hundred km/sec, whereas virial velocities for rich galactic clusters are a thousand km/s or more. Thus it appears that Pauli blocking allows significant clustering on the Galactic scale only if m_ν^>∼ 1 eV, but allows clustering on the larger scales for m_ν^>∼ 0.1 eV. The free–streaming argument also favors clustering on the larger scales. This is just as well, for we have shown that it is the larger scales of clustering that give the O(1%) probability for annihilation to a Z–burst.

2.5. Absorption versus emission mass spectroscopy for neutrinos.

The original resonant annihilation proposal [8] focussed on absorption spectroscopy, i.e. a measurement of dips in the high energy neutrino spectrum. Measurement of the absorption energies would determine the neutrino masses via m_j = M^2_Z ⟨N ⟩/2E, where ⟨N ⟩ ∼ 30 is the mean multiplicity in the Z–burst and E is an observed air–shower energy. High statistics are required to measure absorption dips, for an experiment must map out a range of the spectrum. On the other hand, in the absence of background events, high statistics are not required in emission spectroscopy. In emission spectroscopy, the emitted decay products of the absorbed neutrino are measured directly. The Z–burst hypothesis is that the primaries which initiate the showers observed above E_{GZK} are the emission products of the neutrino annihilation process. Furthermore, without the bursts, the GZK 10 cutoff prohibits any background events. Thus, by collecting events above the GZK cutoff, emission spectroscopy is realized on an event by event basis.

A short annihilation mfp (λ_j ) is advantageous for an absorption spectroscopic experiment, in that it enhances the depth of the dips. However, for emission spectroscopy, where the detected particles must arise within the GZK zone, a mfp of order of D_H is optimal — a longer mfp reduces the annihilation rate whereas a shorter mfp reduces exponentially the neutrino flux arriving in the GZK zone. Quantitatively, the probability for a Z–burst per resonant neutrino is the product of the probability for a neutrino to propagate across a distance ∼ D_H , times the probability to annihilate within the GZK distance, i.e. P (Z–burst)=(e^{−DH /λj} )(^{DGZK}_{λj} ), for D_{GZK} ≪ λ_j . This burst probability may be written (^{DGZK}_{DH} )(re^{−r} ), where r ≡^{DH}_{λj} . This probability is maximized at^1_e^{DGZK}_{DH} when r = 1, i.e. when λ_j = D_H . This derivation assumes a static universe. The result is altered by the expansion of the universe.

2.6. Rate enhancement from a neutrino–antineutrino asymmetry.

A further enhancement of the neutrino density arises if the universe possesses a net neutrino number. Baryon number and lepton number are not conserved quantities in the SM, due to coherent processes at the electroweak symmetry–breaking scale. Baryon number nonconservation, along with CP–violation and out of thermal equilibrium dynamics, may explain the observed baryon asymmetry in the universe, ΔB ≡ (n_B − n¯_B)/n_γ ∼ 10^{−9}. Since the baryons are primarily protons, charge neutrality requires a similar asymmetry for the electron–positron system. The neutrino asymmetry is unknown, and poorly bounded by observation. In terms of the degeneracy parameter ξ ≡ μ/T , the neutrino asymmetry is

Δν ≡ (n_{νj} − n_{ν̄j} )/n_γ = 0.025(π^2ξ + ξ^3). (8)

With a large degeneracy parameter, the thermal equilibrium distributions are such that the density of one species (n_{νj} or n_{ν̄j} ) is suppressed exponentially in ξ while the density of the other is enhanced as a power– law in ξ. Also, with ξ ≠ 0, the sum n_{νj} + n_{ν̄j} is always enhanced relative to the symmetric ξ = 0 sum. Studies of galaxy formation and primordial nucleosynthesis lead to the bounds [20] −0.06^<∼ ξ_{νe}^<∼ 1.1 and |ξ_{νμ,τ} |^<∼ 6.9. These bounds on ξ translate into Δν_e^<∼ 0.3, which is modest, and Δν_{μ,τ}^<∼ 10, which is large. The latter bound allows an enhancement in n_{νμ,τ} or n_{ν̄μ,τ} by a factor up to 80. Of course, ξ cannot be so large that Ω_ν exceeds the bound deduced from large–scale structure formation. Since ξ^3 (m_ν /eV) = 430 Ω_ν h^2_{65} is valid for m_ν /T_ν ≫ ξ ≫ 1, we have, from Ω_ν h^2_{65}^<∼ 0.15, that ξ^3 (m_ν /eV)^<∼ 65. 11

It has been noted in [21] that a degeneracy parameter of ξ ∼ 5 (giving a neutrino asymmetry factor of ∼ 4) effects an enhancement in the neutrino or antineutrino number density of ∼ 30, thereby decreasing the resonant annihilation mfp for antineutrinos or neutrinos to ∼ D_H and maximizing the Z–burst probability within the GZK zone to^1_2 ×^1_e^{DGZK}_{DH} ∼ 0.2 h_{65}%. With neutrino clustering in addition to the asymmetry discussed here, this probability is larger still. The factor of^1_2 in the probability reflects the fact that with a large asymmetry, one of n_ν or n_{ν̄} is enhanced but the other is driven near zero. Consequently, the annihilation probability for the cosmic–ray ν̄ or ν, respectively, is negligible.

If there is a net neutrino number enhancement of ∼ 30, then the cosmological bound Ω_ν^<∼ 0.15 requires that m_ν^<∼ 0.4 eV for the enhanced species. This in turn puts a lower bound on the resonant energy of E_R^>∼ 10^{22} eV.

We remark that although the two spin states of Majorana neutrinos are not particle and antiparticle, the same thermodynamic counting that applies to Dirac neutrinos applies also to Majorana neutrinos. Consequently, the asymmetry and density enhancement that result from the calculation apply to both kinds of neutrino. The calculation is common because the two Majorana spin states can annihilate only with each other when relativistic, like particle and antiparticle, owing to the helicity conserving nature of the vector and axial vector weak interaction in the relativistic limit. Once a density asymmetry or enhancement is fixed at the time of decoupling, when the neutrinos are relativistic, it cannot be changed (in comoving coordinates) during free expansion.

2.7. Two subtleties

We now discuss two subtleties that will affect the annihilation rate. The first is the depolarization of the relic neutrinos as they evolve from their relativistic state at decoupling to the nonrelativistic state which they occupy today. The second is flavor–mixing among massive neutrinos.

2.7.1. Neutrino depolarization. The red–shifting of the neutrino momenta due to the expanding universe, from relativistic at decoupling to nonrelativistic today, renders the neutrinos unpolarized. As a result, if the neutrino is a Dirac particle, then the densities of the sterile right–handed neutrino and the sterile left–handed antineutrino fields are equal to the densities of the two active fields. Therefore, for Dirac neutrinos the active densities available for annihilation with the incident cosmic–ray neutrino are half of the total densities, and the Z–burst production probability is half of what we quote in this article. For Majorana neutrinos, there are no sterile fields and the total densities are active in annihilation.

Depolarization of Majorana neutrinos also means that n_{νL} = n_{νR} today. Although the concept of “neutrino asymmetry” or “net lepton number” loses its meaning for Majorana neutrinos, any density enhancement due to an asymmetry at the time of decoupling remains. Majorana neutrinos are favored over Dirac neutrinos in currently popular theoretical models with nonzero neutrino mass [22].

2.7.2. Flavor mixing in the mass basis. Oscillation experiments strongly suggest that the mass and interaction (“flavor”) bases of neutrinos do not coincide. In general, the flavor states are unitary mixtures of the mass states. Letting α = e, μ, τ label flavor and j = 1, 2, 3 label mass, one has |ν_α >= ∑ j U_{αj}|ν_j >, where U is the unitary mixing matrix. Then each neutrino flavor at the resonant energy of a given mass state has a nonzero probability to annihilate, but with an extra probability factor of |U_{αj}|^2. For example, the ν_μ’s and ν_e’s from pion and mu decay will annihilate at the resonant energy of m_2 with the probability factors |U_{μ2}|^2 and |U_{e2}|^2, respectively, times what we have calculated above. The mixing factors |U_{αj}|^2 can be easily multiplied into our result. Indications from the solar and atmospheric neutrino experiments are that the mixing factors are large; e.g., in the presently popular “bi–maximal” model [23], all the |U_{αj}|^2 factors, except for |U_{e3}|^2, are in the range 0.25 to 0.5.

Flavor mixing also affects the present density of relic mass eigenstates, giving n_{νj} = ∑ α |U_{αj}|^2n_{να} , where ∑ α is a sum over the three neutrino flavors and n_{να} is the ν_α relic density expected in the absence of mixing. This formula results from the separation (“decoherence”) of the neutrino wave function into distinct wave packets for each mass eigenstate after a Hubble–time of travel. Note that if the three ν_α are the same, ≡ n_ν , then unitarity gives n_{νj} = n_ν for all three mass states j = 1, 2, 3.

Finally, we mention that the phenomenon of neutrino oscillations occurs when neutrinos are mixed. Neutrino oscillations will affect the flavor populations of the cosmic–ray neutrinos. However, they will not affect our calculation of annihilation.

3. Cosmic neutrino flux above 10^{20} eV

A considerable cosmic neutrino flux above E_{GZK} is required for the Z– burst hypothesis to successfully explain the super–GZK events. According to eqn. (6), the requirement on the neutrino flux at the resonant energy is that the product of this flux per flavor times the resonant energy, times the annihilation probability within the GZK zone (which we have estimated to be 10^{−2±1} in section 2.4), times the photon and nucleon multiplicity per burst (∼ 30), is comparable to the flux of events above E_{GZK}; this is,

E_R F_{νj} (E_R) ∼ 10^{0.5±1} F_{p/γ} (> E_{GZK}). (9) 13

The AGASA collaboration [24] shows an integrated flux above 5 × 10^{19} eV of F_{p/γ} (> 5 × 10^{19} eV) ∼ 1.0 × 10^{−19}/cm^2/s/sr. Based on the twenty events above 10^{20} eV with the best energy calibration,^3 A. Watson [25] calculates an integrated flux above 10^{20} eV of F_{p/γ} (> 10^{20} eV) = 2.0 ± 0.5 × 10^{−20}/cm^2/s/sr. These two fluxes are quite consistent with the spectral index of 2.8 ± 0.3 found for energies above 10^{19} eV by the AGASA collaboration [24]. It seems safe to assume that the flux F_{p/γ} which is generated by the Z–bursts must be bracketed by these two flux values, i.e., by F_{p/γ} (> E_{GZK}) = 10^{−19.5±0.4} /cm^2/s/sr . (10)

This allows for some of the events just above E_{GZK} to arise from relatively nearby sources via a conventional mechanism, or from statistical fluctuations or systematic errors. From eqns. (9) and (10), we arrive at the following estimate for the resonant neutrino flux:

E_R F_{νj} (E_R) ∼ 10^{−19±1.4}/cm^2/s/sr . (11)

It is not unlikely that whatever mechanism produces the most energetic hadrons also produces charged pions of comparable energy. Thus, one may expect neutrino production at ultrahigh energy, coming from pion decay and subsequent muon decay. Photopion production in a low–density source with a straightforward power–law extrapolation of the proton spectrum is not promising [26]. However, a dense source such as an AGN may effectively trap hadrons so that the confined proton flux greatly exceeds a power law extrapolated from the observed cosmic ray flux [27]. The possibility of a large high–energy neutrino flux does not seem unnatural. In fact, it has been claimed that the MHD “snowplow” effect in a dense plasma is capable of producing an enhanced neutrino flux all the way up to 10^{24} eV, without the concomitant proton and photon fluxes violating any observational bounds [28].

There is also the possibility that the highest–energy neutrinos originate in quark jets produced in the decay of some supermassive relic particles [29] or topological defects [30], in which case the neutrino flux greatly exceeds the proton flux. However, this kind of exotic source takes us beyond SM physics, thereby mitigating the economy of the Z–burst hypothesis.

There do exist experimental upper limits on the high energy neutrino flux, derived from the nonobservation by the Fly’s Eye of air-showers produced by penetrating primaries [31]. Using the QCD–corrected high–energy neutrino cross–section estimated to be σ_{νN} ∼ 8 × 10^{−32}E^{0.4}_{20} cm^2 [32], with E_{20} being the neutrino energy in units of 10^{20} eV, I get the following for

3 Watson’s flux is based on the twenty events above 1020 eV from Volcano Ranch

(1), Haverah Park (4), Fly’s Eye (1), AGASA (7), and HiRes (7); the Yakutsk events are not included here since there is some uncertainty in their energy calibration.

the Fly’s Eye bounds: 2 × 10^{−13}, 3 × 10^{−14}, and 5 × 10^{−16} per cm^2-s-sr at E_ν = 10^{17}, 10^{18}, and 10^{20} eV, respectively. Thus, the neutrino flux at 10^{17} eV cannot be much more than six orders of magnitude larger than the flux at the resonant energy. At present, this is a constraint on the source, not on the Z–burst model.

4. The p, n, γ flux above E_{GZK} from Z–bursts

The decay products of the Z are well–known from the millions of Z’s produced at LEP and at the SLC [9]. Among the ∼ 30 particles in a Z–burst are 20 photons from π^0 decays, and 2 nucleons; these are the candidate primary particles for inducing super–GZK air–showers in the earth’s atmosphere.

Without simulation and modeling it is not clear what ratio of photon to nucleon initiated air–showers is to be expected above the GZK cutoff. The a priori photon–to–nucleon ratio is about 10. However, the hardness of the nucleon spectrum compared to the photon spectrum as measured in Z–decay mitigates this ratio if a selection is made for the very highest energy particles. The mean pion energy from Z decay is about a third of the mean nucleon energy [9]. The mean photon energy from π^0–decay is half again that of the pion. Complicating the predicition for the photon to proton ratio for air–shower initiation is the different physics causing the attenuation of photons on the radio background, and degradation of the proton energy on the 2.7K microwave background. Also, the development of photon–initiated air–showers above E_{GZK} is skewed by the coherent electromagnetic “LPM” effect and by high–altitude photon–absorption on the earth’s magnetic field [33], either of which may affect the shower identification and interpretation. Finally, the average values for the multiplicities and energies presented here must be used with some caution, since fluctuations in multiplicity and particle-types per event, and in energy per individual particle, are large. For example, although the mean number of baryon–antibaryon pairs per hadronic Z–decay is one, the probabilities for 0, 1, 2, 3, and 4 pairs are 37%, 37%, 18%, 6%, and 1.5%, respectively, if the number of pairs is governed by Poisson statistics.

What does seem clear is that there should be a dominant fraction of photon–initiated air–showers not far below the upper end of the observed spectrum. Two recent numerical simulations of the Z–burst hypothesis have been performed, including updated quark–to–hadron fragmentation functions at the Z–resonance and all known extragalactic propagation effects. The conclusion of the first study [34] is that if the high energy neutrinos are emitted from a dense source with a spectrum extending to the resonant energy, and if relic neutrinos of ∼ eV mass are clustered on the Supercluster scale by a sensible amount, then the Z–burst mechanism 15 can produce the events and rate observed above the GZK cutoff without violating lower energy flux limits. A further simulation result is that the fractions of photon and nucleon primaries are similar above 10^{20} eV, with photons dominating below 10^{20} eV. The second study [35] admits the possibility of a successful Z–burst explanation of the super–GZK events as long as extrapolation of the cosmic neutrino flux down in energy satisfies the Fly’s Eye bounds discussed in section 3.

5. Further signatures from Z–bursts

The Z–burst hypothesis is highly predictive and testable. Here we discuss some possible signatures:

(i) As just mentioned in section 4, the γ/p ratio for air–shower primaries should be large not too far below the end of the spectrum. (ii) The energy of the Z–bursts are fixed at 4 × (eV/m_{νj} ) × 10^{21} eV by the neutrino mass(es). The energy of individual particles produced in the burst can approach this value but cannot exceed it. This may serve to distinguish the Z–burst hypothesis from some recent speculations for super–GZK events based on SUSY or GUT–scale physics, in which cutoff energies are expected to be much higher.

(iii) From the highest super–GZK event energy E^{max}, one can deduce an upper bound on the neutrino mass of

m_ν < M^2_Z /2E^{max} = 4 (10^{21}eV/E^{max}) eV . (12)

Similarly, from the mean energy ⟨E⟩ of super–GZK events one can estimate the mass of the participating neutrino flavor via

m_ν = M^2_Z /2E_R ∼ M^2_Z /(2⟨N ⟩⟨E⟩) ∼ 1.3 × (10^{20}eV/⟨E⟩) eV . (13)

If there is a selection bias toward events at higher energy, then this formula gives a lower bound on the neutrino mass.

(iv) The highest–energy neutrino cosmic–ray flux should point back to its sources of origin, and the super–GZK event arrival directions should point back to these same sources. The AGASA observation of directional pairing (section 1.1) of highest–energy events suggests that this is happening. Indeed, a possible correlation between arrival directions of the E^>∼ 10^{20} eV events and the locations of compact radio quasars has recently been noted [36].

The gamma primaries from Z–bursts must point straight back to their source, whereas the nucleon primaries from Z–bursts will be somewhat bent by the magnetic fields in the GZK zone. After a randow walk through a distance D of magnetic domains with coherence length λ, the nucleon bends through angle

δθ ∼ 0.5^∘ × (D_{Mpc}λ_{Mpc})^{12} B_{nG} E_{20} . (14)

Here B_{nG} is the magnetic field in nanogauss. So, 10^{20} eV nucleons coming from 50 Mpc will bend a few degrees if they encounter nanogauss domains of Mpc size. Conventional wisdom is that extragalactic fields of strength nanogauss or less are to be expected [37]. However, there is a recent claim that the extragalactic fields may actually be of microgauss strength [38]. If true, then nucleons produced in Z–bursts will bend dramatically, and bear no directional correlation whatsoever with the cosmic sources.

Note that neutrons will bend as much as protons for two reasons. First, for each 6 Mpc (mfp for photopion production off the 2.7K background) of travel, the proton and neutron have an equal chance to become each other via charged pion emission. Secondly, for each neutron decay length cτ_n = E_{20} Mpc traveled, the neutron has a probability 1 − e^{−1} = 63% to decay into a proton with negligible energy lost to the accompanying electron and neutrino.

(v) There could be a “neutrino pile–up” two decades of energy below E_R. These pile–up neutrinos are the result of the hadronic decay chain which includes Z → ∼ 17 (π^± → ν_μ + μ^± → ν_μ + ν̄_μ + ν_e/ν̄_e + e^±); i.e. each of the 70% of the resonant neutrino interactions which yield hadrons produces about 50 neutrinos with mean energy ∼ E_π/4 ∼ E_R/120. These neutrinos are in addition to the neutrinos piling up from the decay of pions photo– produced by any super–GZK nucleons scattering on the 2.7K background. (vi) The Lorentz factor of the bursting Z is

γ_Z = E_R/M_Z = M_Z /2m_ν = 0.9 (m_ν /eV)^{−1} × 10^{11}. (15)

The Z–decay products which in the Z rest frame lie within the forward hemisphere are boosted into a highly–collimated lab–frame cone of half– angle 1/γ_Z = 2(m_{νj} /eV) × 10^{−11} radians. Z–bursts originating within 20 (eV/m_{νj} ) parsecs of earth, if directed toward the earth, arrive with a transverse spatial spread of less than one earth diameter. It is therefore possible (but unlikely) for the decay products of a single Z–burst to initiate multiple air–showers. A large area surface array (e.g. the Auger or Telescope Array projects) or an orbiting all–earth observing satellite (e.g. the OWL/AirWatch proposal) could search for these coincident showers.

There are a few more remarks of interest concerning the Z–burst hypothesis:

(i) If the Z–burst hypothesis is correct, then the neutrino flux at E ∼ 10^{22} eV is sufficiently high that a direct measurement of it is possible with a teraton (10^{12} ton) detector. With σ_{νN} ∼ 8 × 10^{−32} E^{0.4}_{20} cm^2 [32], and the neutrino flux given in eqn. (11), one has (1 ton = 0.6 × 10^{30} nucleons):

Events/year/sr/ton = 10^{−13.2±1.4} ( E_R 10^{20}eV )^{n−1} ∫ dE_{20} E^{(0.4−n)}

20 (16)

within the energy range given by the integration limits. Here n is the spectral index of the neutrino flux in the vicinity of the resonant energy. Invoking as an example a flat spectrum (n = 0) above E_{GZK} up to E_{max}, one gets ∼ 10^{−13±1.4} (^{Emax}_{ER} )(^{Emax}_{1020eV} )^{0.4} events/yr/sr/ton above the GZK cutoff. For the possible values E_{max} ∼ 10 E_R ∼ 10^{23}eV, the rate from this flat spectrum example is ∼ 10^{−10.8±1.4} events/yr/sr/ton, which is probably observable in a teraton detector. Whereas the volumes of operational detectors are ∼ 10^9 tons for AGASA and 10^{10} tons for HiRes, the volumes for the larger of the proposed detectors are 10^{11} tons for Auger and the Telescope Array, and 10^{12−13} tons for OWL/AirWatch. Since neutrinos with energy above a PeV have a charged–current interaction length in matter less than the earth’s diameter [39], the neutrino signature of interest in these detectors is a penetrating horizontal shower.

A novel proposal for measuring the highest–energy neutrino flux monitors for radio pulses from the limb of the moon, which may be produced by penetrating high energy neutrinos [40]. The idea is to use radio to “see” the interactions of neutrinos traversing a small column–density of matter. For detectors in earth orbit, neutrino interactions in the limb of the earth could provide an analogous radio signal.

(ii) If the highest–energy neutrino flux is nearly isotropic, then the super– GZK event directions should correlate with the spatial distribution of the relic neutrino density. The solid angles subtended by any nearby halos may offer preferred directions for super–GZK events. As discussed is section 2.4, the Supergalactic plane may be the most probable cluster domain for neutrinos. Perhaps the angular distribution of super–GZK events can be used to perform neutrino–cluster tomography.

(iii) If the super–GZK events are due to neutrino annihilation on relics as hypothesized here, and if the high–energy neutrino flux is eventually measured, then an estimate of the relic–neutrino column density out to D_{GZK} ∼ 50 to 100 Mpc may be made. Solving eqn. (6) for S_j (D_{GZK}) and replacing F_Z(D_{GZK}) with F_{p/γ} (> E_{GZK})/⟨N ⟩, we have

S_j (D_{GZK}) ∼

F_{p/γ} (> E_{GZK}) E_R F_{νj} (E_R) ⟨σ_{ann}⟩⟨N ⟩ = 0.8 × 10^{30} ×

F_{p/γ} (> E_{GZK}) E_RF_{νj} (E_R) cm^{−2} . (17)

Here ⟨N ⟩ is the mean number of nucleons and protons in the Z–burst which are above E_{GZK}. For the numerical example we have taken ⟨N ⟩ ∼ 30, which applies if all the nucleons and photons in the Z–burst are above E_{GZK}. An 18 estimate of F_{p/γ} (> E_{GZK}) based on recent data was given in eqn. (11). The feasibility of a future measurement of E_R F_{νj} (E_R) was discussed in section 3. (If F_{νj} (E) is measured below the resonant energy, an estimate of the neutrino column density can still be made by model extrapolation of the flux to E_R.) Thus, an experimental determination of S_j (D_{GZK}) seems possible in the not too distant future.

6. Summary and prospects

In summary, if one or more neutrino mass is within the range ∼ 0.04 − 1.0 eV, and if there is a sufficient flux of cosmic ray neutrinos at^>∼ 10^{21} eV, then ν_{cr} + ν̄_{relic} (or vice versa) → Z → nucleons and photons within the GZK volume ∼ (50Mpc)^3 of earth may be the origin of air–shower events observed above the GZK cutoff. If the hypothesis is correct, then air–shower observations may have already shown the existence of the relic– neutrino gas liberated from the primordial early–universe plasma when the universe was only one second old.

There are good prospects for more cosmic ray data soon at the highest energies. The AGASA and HiRes experiments are active. In the near future, Auger and the Telescope Array will become operational and increase the sensitivity by a factor of 10 to 100. In the more distant future, the proposed OWL/AirWatch satellite experiment, with fluorescence detectors looking down at our atmosphere, may become operational and increase the sensitivity by yet another factor of 10 to 100.

Possible signatures to validate or invalidate the Z–burst hypothesis presented here will be forthcoming. Signatures are abundant. Several were listed in section 5. The most striking of these are: (i) a new cutoff energy at E_R = 4 (eV/m_ν) × 10^{21} eV;

(ii) a large γ/p ratio for primaries near the upper end of the observable cosmic–ray spectrum;

(iii) pairing of events in direction, and directional pointing of shower–axes to their cosmic sources;

and (iv) a neutrino flux sufficiently large above the GZK cutoff energy that direct measurement is possible with the proposed Auger, Telescope Array, and OWL/AirWatch detectors.

Acknowledgements

This work was supported in part by the U.S. Department of Energy, Division of High Energy Physics, under Grant No. DE-F605-85ER40226, and the Vanderbilt University Research Council. Discussions with, and encouragement from, V. Berezinskii, P. Biermann, D. Cline, G. Gelmini, the 19 late D. Schramm, T. Tejima, Y. Takahashi, and A. Watson, and a critical reading by S. Dipthe Wick, are acknowledged and appreciated.

References

[1] K. Greisen, Phys. Rev. Lett. 16, 748 (1966)

G. T. Zatsepin and V. A. Kuzmin, Pisma Zh. Eksp. Teor. Fiz. 4, 114 (1966) [2] S. Yoshida and M. Teshima, Prog. Theor. Phys. 89, 833 (1993) F. A. Aharonian and J. W. Cronin, Phys. Rev. D50, 1892 (1994) J. W. Elbert and P. Sommers, Astrophys. J. 441, 151 (1995)

[3] T. Stanev, P. Biermann, J. Lloyd-Evans, J. Rachen and A. Watson, Phys.

Rev. Lett. 75, 3056 (1995).

[4] J. Linsley (Volcano Ranch), Phys. Rev. Lett. 10, 146 (1963) N. N. Efimov et al. (Yakutsk Collaboration), Proc. 22nd ICRC, Dublin (1991) G. Brooke et al. (Haverah Park Collaboration), Proc. 19th Intl. Cosmic Ray Conf. (La Jolla) 2, 150 (1985); reported in M. A. Lawrence, R. J. O. Reid, and A. A. Watson, J. Phys. G 17, 733 (1991) D. J. Bird et al. (Fly’s Eye Collaboration), Phys. Rev. Lett. 71, 3401 (1993);

Astrophys. J. 424, 491 (1994); ibid. 441, 144 (1995) N. Hayashida et al. (AGASA Collaboration), Phys. Rev. Lett. 73, 3491 (1994); S.Yoshida, et al.,Astropart. Phys. 3, 105 (1995); M. Takeda, et al., Phys. Rev. Lett. 81, 1163 (1998) HiRes Collaboration, reported at the 26th ICRC, Salt Lake City, UT (1999) [5] N. Hayashida et al. (AGASA Collaboration), Phys. Rev. Lett. 77, 1000 (1996) M. Takeda et al. (AGASA Collaboration), astro-ph/9902239

[6] T. J. Weiler, Astropart. Phys. 11, 303 (1999) [hep–ph/9710431]; and journal receipt–date erratum, to appear

[7] D. Fargion, B. Mele and A. Salis, astro-ph/9710029 [8] T. J. Weiler, Phys. Rev. Lett. 49, 234 (1982); Astrophys. J. 285, 495 (1984) E. Roulet, Phys. Rev. D47, 5247 (1993) [9] Particle Data Group, Phys. Rev. D54, pp. 187–8 (1996) [10] K. S. Hirata et al. (Kamiokande Collaboration), Phys. Lett. B205, 416 (1988); B280, 146 (1992) Y. Fukuda et al., Phys. Lett. B335, 237 (1994) R. Becker–Szendy et al. (IMB Collaboration), Phys. Rev. D46, 3720 (1992);

Nucl. Phys. Proc. Suppl. 38B, 331 (1995) W. W. M. Allison et al. (Soudan–2 Collaboration), Phys. Lett. B391, 491 (1997) Super-Kamiokande Collaboration, Y. Fukuda et al., Phys. Lett. B433, 9 (1998)

[11] Super-Kamiokande Collaboration, Y. Fukuda et al., Phys. Lett. B436, 33 (1998); Phys. Rev. Lett. 81, 1562 (1998); Phys. Rev. Lett. 81, 2016 (1998); Phys. Rev. Lett. 82, 2644 (1998); hep–ex/9908049 [12] J.G. Learned, S. Pakvasa, and T.J. Weiler, Phys. Lett. B207, 79 (1988) V. Barger and K. Whisnant, Phys. Lett. B209, 365 (1988) K. Hidaka, M. Honda, and S. Midorikawa, Phys. Rev. Lett. 61, 1537 (1988)

[13] C. Athanassopoulos et al. (LSND Collaboration), Phys. Rev. Lett. 77, 3082 (1996); Phys. Rev. C54, 2685 (1996); Phys. Rev. C58, 2489 (1998); Phys. Rev. Lett. 81, 1774 (1998) [14] V. Barger, T.J. Weiler and K. Whisnant, Phys. Lett. B442, 255 (1998)

[15] L. Baudis et al., Phys. Rev. Lett. 83, 41 (1999) [16] See, e.g. , J. R. Primack, Chapter 1 in Formation of Structure in the Universe, ed. A. Dekel and J. P. Ostriker, Cambridge U. Pr. (1996) E. Gawiser and J. Silk, Science 280, 405 (1998) [17] M. Turner, astro-ph/9904051, Proc. of Particle Physics and the Universe, (Cosmo-98), ed. David O. Caldwell (AIP, Woodbury, NY) 1999 [18] R. Croft, W. Hu and R. Dave, Phys. Rev. Lett. 83, 1092 (1999) M. Fukugita, G-C Liu and N. Sugiyama, hep-ph/9908450 [19] S. Tremaine and J.E. Gunn, Phys. Rev. Lett 42, 407 (1979)

[20] H. Kang and G. Steigman, Nucl.Phys. B372, 494 (1992)

G. Starkman, Phys. Rev. D45, 476 (1992) [21] G. Gelmini and A. Kusenko, hep–ph/9902354

[22] For a good review see G. Gelmini and E. Roulet, Prog. Phys. 58, 1207 (1995)

[23] V. Barger, S. Pakvasa, T.J. Weiler and K. Whisnant, Phys. Lett. B437, 107 (1998)

[24] M. Takeda, et al. (AGASA Collaboration), in ref. [4] [25] Alan Watson, private communication [26] E. Waxman, astro-ph/9804023

E. Waxman and J. Bahcall, Phys. Rev. D59, 023002 (1999) J. Bahcall and E. Waxman, hep-ph/9902383

[27] K. Mannheim, R.J. Protheroe and J.P. Rachen, astro–ph/9812398; astro– ph/9908031

[28] M. Ashour–Abdalla et al., Phys. Rev. A23, 1906 (1981)

T. Tajima, Laser and Particle Beams 3, 351 (1985) W.L. Kruer, The Physics of Laser Plasma Interactions, Addison–Wesley (1998) Y. Takahashi and T. Tajima, article in preparation (1999)

[29] G. Gelmini and A. Kusenko, hep–ph/9908276

V. Berezinsky, M. Kachelreiss and A. Vilenkin, Phys. Rev. Lett. 79, 4302 (1997)

M. Birkel and S. Sarkar, Astropart. Phys. 9, 297 (1998) reviewed in V.A. Kuzmin and I.I. Tkachev, hep–ph/9903542, to appear in Phys. Rept.

[30] C.T. Hill, Nucl. Phys. B224, 469 (1983)

C.T. Hill, D. Schramm and T.P. Walker, Phys. Rev. D36, 1007 (1987) G. Sigl, S. Lee, D. Schramm and P. Bhattacharjee, Science 270, 1977 (1995) G. Sigl, Space Sci. Rev. 75, 375 (1996) V. Berezinsky and A. Vilenkin, Phys. Rev. Lett. 79, 5202 (1997) P. Bhattacharjee, Q. Shafi and F.W. Stecker, Phys. Rev. Lett. 80, 3698 (1998) [31] R.M. Baltrusaitis et al., Phys. Rev. D31, 2192 (1985)

[32] G.M. Frichter, D.W. McKay and J.P. Ralston, Phys. Rev. Lett. 74, 1508 (1995); erratum, Phys. Rev. Lett. 77, 4107 (1996) R. Gandhi, C. Quigg, M.H. Reno and I. Sarcevic, Astropart. Phys. 5, 81 (1996); Phys. Rev. D58, 093009 (1998) [33] R. Protheroe and T. Stanev, Phys. Rev. Lett. 77, 3708 (1996), and erratum

78, 3420

[34] S. Yoshida, G. Sigl, and S. Lee, Phys. Rev. Lett. 81, 5505 (1998) [35] J.J. Blanco-Pillado, R.A. Vazquez and E. Zas, astro–ph/9902266 [36] G. Farrar and P. Biermann, Phys. Rev. Lett. 81, 3579 (1998)

[37] P.P. Kronberg, Rep. Prog. Phys. 57, 325 (1994) [38] G. Farrar and T. Piran, astro-ph/9906431 (1999) [39] A. De Rujula, S.L. Glashow, R.R. Wilson and G. Charpak, Phys. Rept. 99, 341 (1983) first R. Gandhi et al. reference in [32] P. Jain, J.P. Ralston and G.M. Frichter, hep–ph/9902206 [40] P.W. Gorham, K.M. Liewer and C.J. Naudet, Proc. 26th ICRC, Salt Lake City, Utah (1999) [astro–ph/9906504]