arXiv:astro-ph/0506248 v1 10 Jun 2005

Lectures on High-Energy Neutrino Astronomy^∗

Francis Halzen Department of Physics, University of Wisconsin, Madison, WI 530706

Abstract

Kilometer-scale neutrino detectors such as IceCube are discovery instruments covering nuclear and particle physics, cosmology and astronomy. Examples of their multidisciplinary missions include the search for the particle nature of dark matter and for additional small dimensions of space. In the end, their conceptual design is very much anchored to the observational fact that Nature produces protons and photons with energies in excess of 10^{20} and 10^{13} eV, respectively. The cosmic ray connection sets the scale of cosmic neutrino fluxes. In this context, we discuss the first results of the completed AMANDA detector and the science reach of its extension, IceCube. Similar experiments are under construction in the Mediterranean. Neutrino astronomy is also expanding in new directions with efforts to detect air showers, acoustic and radio signals initiated by super-EeV neutrinos. The outline of these lectures is as follows:

• Introduction

• Cosmic Neutrinos Associated with the Highest Energy Cosmic Rays

• Why Kilometer-Scale Detectors?

• Blueprints of Cosmic Accelerators: Gamma Ray Bursts and Active Galax- ies • High Energy Neutrino Telescopes: Methodologies of Neutrino Detection

• High Energy Neutrino Telescopes: Status

1 Introduction

High energy neutrino astronomy exists; we have observed the Sun and a supernova in 1987. Each observation has been deservedly rewarded with a Nobel Prize. These achievements were monumental. After thirty years the solar neutrino puzzle was resolved by the discovery that neutrinos have mass. The skeptics were proven wrong,

0Lectures presented at the International WE Heraeus Summer School on Physics with Cosmic Accelerators, Bad Honnef, Germany (2004)

John Bahcall knows how the Sun shines. Some 20 supernova neutrinos where adequate to confirm the basic theoretical picture of the death of a star. The goal of neutrino telescopes is to look beyond the Sun, possibly to the edge of the Universe. Construction of IceCube and other high-energy neutrino telescopes is mostly motivated by their potential to open a new window on the Universe using neutrinos as cosmic messengers. This will be the central topic of these lectures.

We should not forget the wealth of particle physics that was obtained with a small sample of supernova neutrino events, and the most exciting result of solar neutrino astronomy is not related to the Sun but to the neutrino itself. With the discovery of neutrino mass in underground experiments, particle physics reconnected with the early cosmic ray tradition of doing basic particle physics with heavenly beams. The original results have since been confirmed by experiments using “manmade” neutrinos from accelerators and nuclear reactors[1]. We are now entering an era of precision neutrino physics and, one may assume, an era of accelerator-based physics. This may not be completely true because of the potential of IceCube to collect high statistics samples of atmospheric neutrinos. Especially unique is their energy range covering 0.1 ∼ 10^4 TeV, not within reach of accelerators. Cosmic beams of even higher energy may exist, but the atmospheric beam is guaranteed.

Construction of IceCube and other high-energy neutrino telescopes is mostly motivated by their potential to open a new window on the Universe using neutrinos as cosmic messengers. The IceCube experiment nevertheless appeared on the U.S. Roadmap to Particle Physics[2], and, as we will argue, deservedly so. As the lightest of fermions and the most weakly interacting of particles, neutrinos occupy a fragile corner of the Standard Model and one can realistically hope that they will reveal the first and most dramatic signatures of new physics.

IceCube’s opportunities for particle physics are only limited by imagination; they include

1. The search for neutrinos from the annihilation of dark matter particles gravitationally trapped at the center of the Sun and the Earth.

2. The search for theories where particle interactions, including gravity, unify at the TeV scale. Neutrinos with energies approaching this scale will interact gravitationally with large cross sections, similar to those of quarks and leptons, and this increase should yield dramatic signatures in a neutrino telescope including, possibly, the production of black holes.

3. The search for deviations from the neutrino’s established oscillatory behavior that result from non-standard interactions, for instance neutrino decay or quantum decoherence.

4. The search for a breakdown of the equivalence principle as a result of nonuniversal interactions with the gravitational field of neutrinos with different flavors.

5. Similarly, the search for breakdown of Lorentz invariance resulting from different limiting velocities of neutrinos of different flavors.

6. The search from particle emission from cosmic strings or other topological defects and heavy cosmological remnants created in the early Universe.

7. The search for magnetic monopoles.

As with conventional astronomy, we have to observe the Universe looking through the atmosphere. This is a curse and a blessing; the background of neutrinos produced by cosmic rays in interactions with atmospheric nuclei provides a beam for calibration of the experiments. It also presents us with an opportunity to do particle physics[3]; see items 3–5 above. It is well-known that oscillations are not the only possible mechanism for atmospheric ν_μ → ν_τ flavour transitions[4]. These can also be generated by nonstandard neutrino interactions that mix neutrino flavours. Examples include violations of the equivalence principle (VEP)[5, 6, 7], non-standard neutrino interactions with matter[8], neutrino couplings to space-time torsion fields[9], violations of Lorentz invariance (VLI)[10, 11] and of CPT symmetry[12, 13, 14]. Although these scenarios no longer explain the data[15, 16, 17, 18, 19, 20], a combined analysis of the atmospheric neutrino and K2K data can be performed to obtain the best constraints to date on the size of such subdominant oscillation effects[21].

A critical feature of these scenarios is that they introduce a departure from the characteristic energy dependence associated with the mass-induced oscillation wavelength[22, 23]. In contrast new physics predicts neutrino oscillations with wavelengths that are constant or decrease with energy and therefore IceCube, with energy reach in the 0.1 ∼ 10^4 TeV range for atmospheric neutrinos, will have unmatched sensitivity. In particular note that with energies of 10^3 TeV and masses of order 10^{−2} eV, the atmospheric neutrinos in IceCube reach Lorentz factors of order 10^{17}. Furthermore, for most of this energy interval conventional oscillations are suppressed and therefore the observation of an angular distortion of the atmospheric neutrino flux or its energy dependence will provide signatures for the presence of new physics mixing neutrino flavors that are not obscured by oscillations associated with their mass.

IceCube will collect a data set of order one million neutrinos over 10 years. Not surprisingly, because of the increased energy and statistics over present experiments, sensitivity to violations of the equivalence principle and of Lorentz invariance, for instance, will be improved by over two orders of magnitude; see[3].

Although neutrino ”telescopes” are designed as discovery instruments, be it for particle or astrophysics, their conceptual design is very much anchored to the observational fact that Nature produces protons and photons with energies in excess of 10^{20} and 10^{13} eV, respectively. The cosmic ray connection sets the scale of cosmic neutrino fluxes. We discuss this next.

2 Cosmic Neutrinos Associated with the Highest Energy Cosmic Rays

The flux of cosmic rays is summarized in Fig. 1a,b[24]. The energy spectrum follows a broken power law. The two power laws are separated by a feature dubbed the “knee”; see Fig. 1a. Circumstantial evidence exists that cosmic rays, up to EeV energy, originate in galactic supernova remnants. Any association with our Galaxy disappears however in the vicinity of a second feature in the spectrum referred to as the “ankle”. Above the ankle, the gyroradius of a proton in the galactic magnetic field exceeds the size of the Galaxy and it is generally assumed that we are witnessing the onset of an extragalactic component in the spectrum that extends to energies beyond 100 EeV. Experiments indicate that the highest energy cosmic rays are predominantly protons or, possibly, nuclei. Above a threshold of 50 EeV these protons interact with cosmic microwave photons and lose their energy to pions before reaching our detectors. This is the Greissen-Zatsepin-Kuzmin (GZK) cutoff that limits the sources to our supercluster of galaxies.

Models for the origin of the highest energy cosmic rays fall into two categories, top-down and bottom-up. In top-down models it is assumed that the cosmic rays are the decay products of cosmological remnants with Grand Unified energy scale M_{GU T} ∼ 10^{24} eV. These models predict neutrino fluxes most likely within reach of first-generation telescopes such as AMANDA, and certainly detectable by future kilometer-scale neutrino observatories[25]. They have not been observed.

In bottom-up scenarios it is assumed that cosmic rays originate in cosmic accelerators. Accelerating particles to TeV energy and above requires massive bulk flows of relativistic charged particles. These are likely to originate from the exceptional gravitational forces in the vicinity of black holes. It is a fact that black holes accelerate electrons to high energy; astronomers observe them indirectly by their synchrotron radiation. We know that they accelerate protons because we detect them as cosmic rays. Because they are charged protons and deflected in magnetic fields, cosmic rays do not reveal their sources. This is the cosmic ray puzzle. Examples of candidate black holes include the dense cores of exploding stars, inflows onto supermassive black holes at the centers of active galaxies and annihilating black holes or neutron stars. Before leaving the source, accelerated particles pass through intense radiation fields or dense clouds of gas surrounding the black hole. This results in interactions producing pions decaying into secondary photons and neutrinos that accompany the primary cosmic ray beam as illustrated in Fig. 2.

How many neutrinos are produced in association with the cosmic ray beam? The answer to this question, among many others[25], provides the rationale for building kilometer-scale neutrino detectors. We first consider a neutrino beam produced at an accelerator laboratory; see Fig. 2. Here the target absorbs all parent protons as well as the secondary electromagnetic and hadronic showers. Only neutrinos exit the dump. If Nature constructed such a “hidden source” in the heavens, conventional

Figure 1: At the energies of interest here, the cosmic ray spectrum consists of a sequence of 3 power laws. The first two are separated by the “knee” (left panel), the second and third by the “ankle”. There is evidence that the cosmic rays beyond the ankle are a new population of particles produced in extragalactic sources; see right panel.

astronomy will not reveal it. It cannot be the source of the cosmic rays, however, because in this case the dump must be transparent to protons.

A more generic “transparent” source can be imagined as follows: protons are accelerated in a region of high magnetic fields where they interact with photons via the processes p + γ → Δ → π^0 + p and p + γ → Δ → π^+ + n. While the secondary protons may remain trapped in the acceleration region, equal numbers of neutrons, neutral and charged pions escape. The energy escaping the source is therefore equally distributed between cosmic rays, gamma rays and neutrinos produced by the decay of neutrons and neutral and charged pions, respectively. The neutrino flux from a generic transparent cosmic ray source is often referred to as the Waxman-Bahcall flux[26]. It is easy to calculate and the derivation is revealing.

Fig. 1b shows a fit to the observed spectrum above the “ankle” that can be used to derive the total energy in extragalactic cosmic rays. The energy content of this component is derived by integrating the spectrum in Fig. 1b. It is ∼ 3 × 10^{−19} erg cm^{−3}, assuming an E^{−2} energy spectrum with a GZK cutoff. The power required for a pop-

Figure 2: Cosmic beam dumps exits: sketch of cosmic ray accelerator producing photons and neutrinos.

ulation of sources to generate this energy density over the Hubble time of 10^{10} years is ∼ 3 × 10^{37} erg s^{−1} per (Mpc)^3 or, as often quoted in the literature, ∼ 5 × 10^{44} TeV per year per (Mpc)^3. This works out to[27]

• ∼ 3 × 10^{39} erg s^{−1} per galaxy,

• ∼ 3 × 10^{42} erg s^{−1} per cluster of galaxies,

• ∼ 2 × 10^{44} erg s^{−1} per active galaxy, or

• ∼ 2 × 10^{52} erg per cosmological gamma ray burst.

The coincidence between these numbers and the observed output in electromagnetic energy of these sources explains why they have emerged as the leading candidates for the cosmic ray accelerators. The coincidence is consistent with the relationship between cosmic rays and photons built into the “transparent” source. In the photoproduction processes roughly equal energy goes into the secondary neutrons, neutral and charged pions whose energy ends up in cosmic rays, gamma rays and neutrinos, respectively.

We therefore assume that the same energy density of ρ_E ∼ 3 × 10^{−19} erg cm^{−3}, observed in cosmic rays and electromagnetic energy, ends up in neutrinos with a spectrum E_ν dN/dE_ν ∼ E^{−γ} cm^{−2} s^{−1} sr^{−1} that continues up to a maximum energy E_{max}. The neutrino flux follows from the relation ∫ E_ν dN/dE_ν = cρ_E /4π. For γ = 1 and E_{max} = 10^8 GeV, the generic source of the highest energy cosmic rays produces a flux of E_ν^2dN/dE_ν ∼ 5 × 10^{−8} GeV cm^{−2} s^{−1} sr^{−1}.

There are several ways to modify this simple prediction:

• The derivation fails to take into account the fact that there are more cosmic rays in the Universe producing neutrinos than observed at Earth because of the GZK-effect and neglects evolution of the sources with redshift. This increases the neutrino flux by a factor ∼ 3, possibly more.

• For proton-γ interactions muon neutrinos receive only 1/4 of the energy of the charged pion in the decay chain π^+ → μ^+ + ν_μ → e^+ + ν_e + ν̄_μ + ν_μ assuming that the energy is equally shared between the 4 leptons and taking into account that oscillations over cosmic distances distribute the neutrino energy equally among the 3 flavors.

The corrections approximately cancel. The transition from galactic to extragalactic sources is debated; a transition at lower energy significantly increases the energy in the extragalactic component. This raises the possibility of an increase in the associated neutrino flux[28].

Studying specific models of cosmic ray accelerators one finds that the energy supplied by the black hole to cosmic rays usually exceeds that transferred to pions, for instance by a factor 5 in the case of gamma ray bursts. We therefore estimate that the muon-neutrino flux associated with the sources of the highest energy cosmic rays is loosely confined to the range E_ν^2dN/dE_ν = 1 ∼ 5 × 10^{−8} GeV cm^{−2} s^{−1} sr^{−1} yielding 10 ∼ 50 detected muon neutrinos per km^2 per year. This number depends weakly on E_{max} and the spectral slope γ. The observed event rate is obtained by folding the predicted flux with the probability that the neutrino is actually detected in a high energy neutrino telescope; only one in a million is at TeV energy. The probability is given by the ratio of the muon and neutrino interaction lengths in the detector medium, λ_μ/λ_ν [25]; this will be explained in the section on methodologies.

This flux has to be compared with the sensitivity of ∼10^{−7} GeV cm^{−2} s^{−1} sr^{−1} reached during the first 4 years of operation of the completed AMANDA detector in 2000–2003[29]. The analysis of the data has not been completed, but a preliminary limit of 2.9 × 10^{−7} GeV cm^{−2} s^{−1} sr^{−1} has been obtained with a single year of data[30]. On the other hand, after three years of operation IceCube will reach a diffuse flux limit of E^2_ν dN/dE_ν = 2 ∼ 7 × 10^{−9} GeV cm^{−2} s^{−1} sr^{−1}. The exact value depends on the magnitude of the dominant high energy atmospheric neutrino background from the prompt decay of atmospheric charmed particles[31]. The level of this background is difficult to anticipate. A cosmic flux at the “Waxman-Bahcall” level will result in the observation of several hundred neutrinos in IceCube[31].

3 Why Kilometer-Scale Detectors?

Arguing that a generic cosmic accelerator produces equal energies in cosmic rays, photons and neutrinos, we derived the “Waxman-Bahcall” flux. A kilometer-scale detector is required to detect the roughly 10∼50 events per km^2 year. Model calculations assuming that active galaxies or gamma-ray bursts are the actual sources of cosmic rays yield similar, or even smaller event rates.

The case for kilometer-scale detectors also emerges from the consideration of “guaranteed” cosmic fluxes. Neutrino fluxes are guaranteed when both the accelerator and the pion producing target material can be identified. Examples include:

• The extragalactic cosmic rays produce 0.1 ∼ a few events per km^2 year in interactions with cosmic microwave photons[32, 33]. Furthermore, these cosmic rays are magnetically trapped in galaxy clusters and produce additional neutrinos on the X-ray emitting gas in the cluster.

• Galactic cosmic rays interact with hydrogen in the disk producing an observable neutrino flux in a kilometer-scale detector.

• Air shower arrays have observed a “directional” flux of cosmic rays from the galactic plane, unlikely to be protons whose directions are scrambled in the magnetic field. The flux appears only in a narrow energy range from 1 ∼ 3 EeV, the energy where neutrons reach typical galactic kiloparsec distances within their lifetime of minutes. Both the directionality and the characteristic energy make a compelling case for electrically neutral neutron primaries. For every neutron reaching Earth, a calculable number decays into electron antineutrinos before reaching us. Their flux should be observable in neutrino telescopes[34]: from the Cygnus region at the South Pole and from the galactic center for a Mediterranean detector.

In conclusion, observation of “guaranteed” sources also requires kilometer-size neutrino detectors, preferably operated over many years.

Finally and most importantly, with recent observations[35] of the supernova remnant RX J1713.7-3946 using the H.E.S.S. atmospheric Cherenkov telescope array, gamma-ray astronomy may have pointed at a truly guaranteed source of cosmic neutrinos[36]. The observations of TeV-gamma rays from the supernova remnant may have identified the first site where protons are accelerated to energies typical of the main component of the galactic cosmic rays[35]. Although the resolved image of the source (the first ever at TeV energies!) reveals TeV emission from the whole supernova remnant, it shows a clear increase of the flux in the directions of known molecular clouds. This naturally suggests the possibility that protons, shock accelerated in the supernova remnant, interact with the dense clouds to produce neutral pions that are the source of the observed increase of the TeV photon signal. Furthermore, the high statistics H.E.S.S. data for the flux are power-law behaved over a large range of energies without any signature of a cutoff characteristic of synchrotron or inverse-Compton sources. Finally, follow-up observations of the source in radio-waves and X-rays have failed to identify the population of electrons required to generate TeV photons by purely electromagnetic processes; for a detailed discussion see [37]. Other interpretations are not ruled out[37] but, fortunately, higher statistics data is forthcoming.

If future data confirms that a fraction of the TeV flux of RX J1713.7-3946 is of neutral pion origin, then the accompanying charged pions will produce a guaranteed neutrino flux of roughly 20 muon-type neutrinos per kilometer-squared per year[36]. From a variety of such sources we can therefore expect event rates of cosmic neutrinos of galactic origin similar to those estimated for extragalactic neutrinos in the previous section. Supernovae associated with molecular clouds are a common feature of the OB associations that exist throughout the galactic plane. They have been suspected to be the sources of the galactic cosmic rays for some time.

It is important to realize that the relation between the neutrino and gamma flux is robust[36]. The ν_μ + ν̄_μ neutrino flux (dN_ν /dE_ν ) produced by the decay of charged pions in the source can be derived from the observed gamma ray flux by imposing energy conservation: ∫_Emax_γ

E^{min}_γ E_γ dN_γ dE_γ dE_γ = K ∫_Emax_ν

E^{min}_ν E_ν dN_ν dE_ν dE_ν (1)

where E^{min}_γ (E^{max}_γ ) is the minimum (maximum) energy of the photons that have a hadronic origin. E^{min}_ν and E^{max}_ν are the corresponding minimum and maximum energy of the neutrinos. The factor K depends on whether the π^0’s are of pp or pγ origin. Its value can be obtained from routine particle physics. In pp interactions 1/3 of the proton energy goes into each pion flavor on average. In the pion-to-muon-to-electron decay chain 2 muon-neutrinos are produced with energy E_π/4 for every photon with energy E_π /2 (on average). Therefore the energy in neutrinos matches the energy in photons and K = 1. This flux has to be reduced by a factor 2 because of oscillations. The estimate should be considered a lower limit because the observed photon flux to which the calculation is normalized may have been reduced because of absorption in the source or in the interstellar medium.

4 Blueprints of Cosmic Accelerators: Gamma Ray Bursts and Active Galaxies

We have discussed generic cosmic ray accelerators and their associated neutrino fluxes. We now turn to speculations on the nature of the black hole(s). Working through specific models of cosmic ray accelerators will confirm the level of neutrino fluxes derived above from general energetics arguments. The list of speculations for the sources is long and includes, but is not limited to:

• Sources Associated with Stellar Objects

Gamma ray bursts (GRB), outshining the entire Universe for the duration of the burst, are perhaps the best motivated sources of high-energy neutrinos[38, 39, 40]; we will discuss these in detail further on. Other theorized neutrino sources associated with compact objects include supernova remnants exploding into the interstellar medium[41, 42, 43, 25], X-ray binaries[25, 44, 45, 46], soft gamma ray repeaters[47], mini-quasars[25, 48, 49], any of which could produce observable fluxes of high-energy neutrinos.

• Active Galactic Nuclei (AGN)

Blazars, the brightest objects in the Universe and the sources of TeV-energy gamma rays, have been extensively studied as potential neutrino sources. Blazar flares with durations ranging from months to less than an hour, are believed to be produced by relativistic jets projected from an extremely massive accreting black hole. Blazars may be the sources of the highest energy cosmic rays and, in association, produce observable fluxes of neutrinos from TeV to EeV energies.

• Neutrinos Associated with the Propagation of Cosmic Rays

As previously mentioned, cosmic rays interact with the Earth’s atmosphere[50, 51], with the Sun[52, 53] and with the hydrogen concentrated in the galactic plane[25, 54, 55, 56] producing high-energy neutrinos. Atmospheric neutrinos produce a natural neutrino beam that can be exploited for particle physics. Thus non-accelerator experiments discovered neutrino mass. Future neutrino telescopes will yield high statistics samples of neutrinos of TeV energy and above. Several million well-reconstructed neutrinos will be collected over the lifetime of the instruments.

We previously mentioned the so-called GZK neutrinos produced when extragalactic cosmic ray propagate in the microwave background. It has been speculated that cosmic neutrinos themselves may produce cosmic rays and neutrinos in interactions with relic neutrinos ν + ν_b → Z. This is called the Z-burst mechanism [57, 58, 59].

• Dark Matter, Primordial Black Holes, Topological Defects and Top-Down Mod- els The vast majority of matter in the Universe is dark with its particle nature not yet revealed. The lightest supersymmetric particle, or any other Weakly Interacting Massive Particles (WIMPs) proposed as particle candidates for cold dark matter, are gravitationally trapped in the Sun, Earth and the galactic center. There, they accumulate and subsequently annihilate generating high-energy neutrinos observable in neutrino telescopes[60, 61, 62, 63, 64, 65, 66]. Another class of dark matter candidates are superheavy cosmic remnants with GUTscale masses. They may be the dark matter and their decay or annihilation products may be the source of the ultra high-energy cosmic rays. Neutrinos are also produced and the predicted fluxes are large[67, 68, 69, 70, 71]. Extremely high-energy neutrinos are also predicted in a wide variety of other top-down scenarios invoked to explain the origin of the highest energy cosmic rays, including decaying monopoles, vibrating cosmic strings [72, 73] and Hawking radiation from primordial black holes[74, 75, 76].

In this next section we concentrate on neutrino fluxes associated with the highest energy cosmic rays. We will work through two much-researched examples: GRB and AGN. The myriad of other speculations have been recently reviewed by Learned and Mannheim [25]. We concentrate here on neutrino sources associated with the highest energy gamma rays.

4.1 Gamma Ray Bursts

4.1.1 GRB Observations

Although we do not yet understand in detail the internal mechanisms that generate GRB, the relativistic fireball model provides us with a successful phenomenology to accommodate the spectacular observations. It can be used to estimate the flux of neutrinos in a relatively model-independent fashion. The properties of GRB relevant to the calculation are:

• GRB are extremely luminous events releasing an energy of order of one solar mass over times that range from less than a second to tens of seconds. Evidence is accumulating that GRB are beamed and may actually be standard candles of energy ∼ 10^{52} erg/s with the range of energies observed reflecting the orientation of the beam relative to the observer.

• The durations of GRB follow a bimodal distribution with peaks near two seconds and 20 seconds, although some GRB have durations as short as milliseconds and as long as 1000 seconds[77].

• Variations in the spectra occur on the scale of milliseconds[78, 77] indicating a compact source.

• GRB are cosmological events. Redshifts exceeding z=4 have been measured [79, 80].

• GRB are rare. Assuming no beaming, BATSE observed one thousand GRB per year or one burst per galaxy per million years. This rate should be increased by the beaming factor.

• GRB produce a broken power-law spectrum of gamma rays with ϕ_γ ∝ E^{−2}_γ for E_γ ≳0.1-1 MeV and ϕ_γ ∝ E^{−1}_γ for E_γ ≲ 0.1-1 MeV[81].

The millisecond variations of the GRB flux require an original event where a large amount of energy is released in a very compact volume (R_0 ∼ 100 km). Evidence is accumulating that at least some of the GRB are associated with the collapse of massive stars to a black hole. The GRB rate is consistent with the rate of supernovae with progenitor masses exceeding several solar masses. Other speculations include the annihilation of binaries made of collapsed objects.

4.1.2 Fireball Phenomenology

The phenomenology that successfully describes above observations is that of a fireball expanding with highly relativistic velocity, powered by radiation pressure. The observer detects boosted energies emitted over contracted times; without this a description of the extreme observations is impossible. The dynamics of a gamma ray burst fireball is actually reminiscent of the physics of the early expanding Universe. Initially, there is a radiation dominated soup of leptons and photons and few baryons. It is hot enough to freely produce electron-positron pairs. From the observed luminosity of a burst one can derive the number density of photons n_γ :

L = 4πR^2_0cn_γ E_γ , (2)

where R_0 is the initial radius R of the source, i.e. prior to expansion. The optical depth of a photon in the initial fireball is determined by the photon density and the interaction cross section[82]:

τ_{opt} =

R_0 λ_{int}

= R_0n_γ σ_{Th} = Lσ_{Th} 4πR_0cE_γ ∼ 10^{15} ( L_γ 10^{52}erg/s

)(100 km

R_0

)(1 MeV E_γ ) . (3)

Here λ_{int} is the interaction length of a photon as a result of pair production and Thomson scattering. These cross sections are roughly equal, with the Thomson cross section σ_{Th} ≃ 10^{−24}cm^2.

With an optical depth of order ∼ 10^{15}, photons are trapped in the fireball. It cannot radiate. This causes the highly relativistic expansion of the fireball powered by radiation pressure[83, 84, 85, 86]. The fireball will expand with increasing velocity until it becomes transparent and the radiation is released in the visual display of the GRB. By this time, the expansion velocity has reached highly relativistic values of order γ ≃ 300 as we will deduce further on.^1

Besides leptons and photons, the fireball contains some baryons. During expansion, the opaque fireball cannot radiate and any nucleons present are accelerated as radiation is converted into bulk kinetic energy. It can be shown that, with expansion, the γ-factor grows linearly with R until reaching the maximum value η when the

1For a specific (beamed) GRB the boost factor γ is related to the Doppler factor which depends on its redshift z and orientation θ relative to the observer: D = [(1 + z)(1 − βcosθ)γ]^{−1} with γ = (1 − β^2)^{− 12} .

radiation is emitted. With the release of the radiation, there is a transition from radiation to matter dominance of the fireball. At this stage, the radiation pressure is no longer important and the expanding fireball coasts without acceleration. The expansion velocity remains constant with γ ≃ η ≡^L_{Ṁ c2} that is determined by the amount of baryonic matter present, often referred to as the baryon loading[84, 85]. The phe-

Figure 3: Diagram of GRB fireball kinematics assuming no beaming. Primed quantities refer to the comoving frame. Unprimed quantities refer to the observer’s frame.

nomenology will reveal values of η between 10^2 and 10^3[82, 87, 81]. The formidable appearance of the GRB display is simply associated with the large boost between the fireball and the observer who detects highly boosted energies and contracted times.

The exploding fireball’s original size, R_0, is that of the compact progenitor, for instance the black hole created by the collapse of a massive star. As the fireball expands the flow is shocked in ways familiar from the emission of jets by the black holes at the centers of active galaxies or by solar mass black holes in mini-quasars. (A possible way to visualize the formation the latter is to imagine that infalling material accumulates and chokes the black hole. At this point a blob of plasma is ejected. Between these ejections the emission is reduced.) The net result is that the expanding fireball is made up of multiple shocks. These are the sites of the acceleration of particles to high-energy and the seeds for the complex millisecond structures observed in individual bursts. When the shocks expand with a range of velocities, they collide providing a mechanism to accelerate particles to high-energy. The characteristic width of these shocks in the fireball frame is δR^′ = γcΔt, where Δt ≃ 0.01 sec reflecting the very compact progenitor.

The expanding shock is seen by the observer as an expanding shell of thickness cΔt = R_0 and radius R; see Fig. 3. Δt the time scale of fluctuations in the fireball; it is related to R^′ by:

R^′ = γ^2cΔt = γ^2R_0, (4)

with primed quantities referring from now on to the frame where the fireball is at rest. Two, rather than a single γ-factor, relate the two quantities because of the geometry that relates the radius R^′ to the time difference between photons emitted from a shell expanding with a velocity v; see Fig. 3[88]. Introducing the separation d of the two photons along the line of sight, we note that Δt ∼ d c ∼ 1 c (R^′ − R^′ v c ) ≃ R^′ 2c (1 − v^2 c^2 ) ∼ R^′ cγ^2 , (5)

using the relativistic approximation that 1 +^{v2}_{c2} ≃ 1.

4.1.3 The Observed GRB Spectrum: Synchroton and, Possibly, Inverse Compton Photons and Cosmic Rays

The observed broken power-law gamma ray spectrum of GRB, with two distinct spectral slopes, is far from a blackbody spectrum indicating that fireball photons do not sufficiently interact to thermalize prior to escaping the fireball. After escaping, the photons show spectral features characteristic of the high-energy, non-thermal emission by supernova remnants and active galaxies. Here photons up to MeV-energy can be produced by synchrotron radiation, with some reaching, possibly, up to TeV energies by inverse Compton scattering on accelerated electrons[81, 89]. These processes have been modeled for the expanding fireball and successfully accommodate observed GRB spectra. To produce the non-thermal spectrum, special conditions must prevail[82, 87, 88, 81]. The photons must not thermalize before the shock becomes transparent so that the observed radiation is indeed non-thermal. Conversely, if the GRB is released too early, there is insufficient time for the synchotron and inverse Compton scattering processes to produce the observed spectrum. This delicate balance fixes the γ factor in a narrow range of values in the interval 10^2 − 10^3. The derivation is straightforward; see reference[87, 81]. This represents a major success of the relativistic fireball phenomenology[90, 91, 92, 93, 94].

It may be possible that protons are accelerated to energies above 10^{20} eV in the fireball that accommodates the GRB observations[87, 95, 96]. GRB within a radius of 50-100 Mpc over which protons can propagate in the microwave background, may therefore be the sources of the ultra high-energy cosmic rays (UHECR’s)[97, 87, 95, 96, 98, 99, 100, 101, 40, 41]. To accelerate protons to this energy, two conditions have to be satisfied:

• The acceleration time t_a ∼ R_L/c, where R_L = E/eBγ is the Larmor radius, must not exceed the duration of the burst R/γc, E γeB ≲ R γ , (6)

• Energy losses due to synchrotron radiation must not exceed the energy gained by acceleration. t_{syn} = 6π σ_T m^2_ec^5B^2γ_p = 6πm^4_pc^3 σ_T m^2_eEB^2

, (7)

where γ_p is related to the photon energy γ_p =^E_{mp} . Combining above requirements ( E 10^{20}eV

)(1011m R ) tesla ≲ ( B 10T ) ≲ ( γ 300 )_2(1020eV E )_2 , (8) or R ≳ 10^{10} meters

(300 γ )_2( E

10^{20}eV

)_3

. (9)

From simple fireball kinematics, we previously derived that R ≲ γ^2cΔt, (10) where Δt is ∼ 10 msec. Combining this with Eq. 34 leads to the final requirement:

10^{10}

(300 γ )_2( E 10^{20}eV

)_3 ≲ R ≲ γ^2cΔt, (11) or γ ≳ 130 ( E 10^{20}eV

)_{3/4}(.01sec Δt )_{1/4} , (12) which can indeed be satisfied with the same range of values of γ = 10^2 − 10^3 required to accommodate the observed photon spectrum.

We conclude that bursts with Lorentz factors ≳ 300 can accelerate protons to ∼ 10^{20} eV. The long acceleration time of 10-100 seconds implies however that the fireball extends to a large radius where interstellar matter may play an important role in the kinematics of the expanding shell.

We showed that the shocked protons do not loose their energy by synchrotron radiation. One can verify that energy losses from p − γ interactions will also not interfere with acceleration to high-energy. These will, in fact, be a source of highenergy neutrinos associated with the beam of high-energy protons. We will discuss this next.

4.1.4 Neutrino Production in GRB Fireballs

While the fireball energy transferred to highly relativistic electrons is observed in the form of radiation, it is a matter of speculation how much energy is transferred to protons. The assumption that GRB are the sources of the highest energy cosmic rays does determine the energy of the fireball baryons. Accommodate the observed cosmic ray spectrum of extragalactic cosmic rays requires roughly equal efficiency for conversion of fireball energy into the kinetic energy of protons and electrons.

In this scenario the production of PeV neutrinos in the GRB fireball is a robust prediction[38, 88, 97]. Neutrinos are inevitably produced in interactions of accelerated protons with fireball photons, predominantly via the processes

pγ → Δ → nπ^+ (13) and pγ → Δ → pπ^0. (14)

These have large cross sections of order 10^{−28}cm^2. The charged π’s subsequently decay producing charged leptons and neutrinos, while neutral π’s generate high-energy photons that may be observable in TeV energy air Cerenkov detectors. For the centerof-mass energy of a proton-photon interaction to exceed the threshold energy for producing the Δ-resonance, the comoving proton energy must exceed E^′_p > m^2_Δ − m^2_p 4E^′_γ . (15)

Therefore, in the observer’s frame,

E_p > 1.4 × 10^{16}eV ( γ 300 )_2(1MeV

E_γ ) , (16)

resulting in a neutrino energy

E_ν = 1 4 ⟨x_{p→π} ⟩E_p > 7 × 10^{14}eV ( γ 300 )_2(1MeV

E_γ ) . (17)

Here ⟨x_{p→π}⟩ ≃ .2 is the average fraction of energy transferred from the initial proton to the produced pion. The factor of 1/4 is based on the estimate that the 4 final state leptons in the decay chain π^± → ν̄_μμ → ν̄_μeν_eν̄_e equally share the pion energy.

As the kinetic energy in fireball protons increases with expansion, a fraction of their energy is converted into pions once the protons are accelerated above threshold for pion production. The fraction of energy converted to pions f_π depends on the number of proton mean-free paths within a fireball of radius ΔR^′. Referring to the fireball kinematics previously introduced, the width of a shock in the fireball frame is ΔR^′ = γcΔt, where Δt ≃ 0.01 sec. We obtain: f_π ≃ ΔR^′ λ_{pγ} ⟨x_{p→π} ⟩. (18) Here the proton interaction length λ_{pγ} in the photon fireball is given by 1 λ_{pγ} = n_γ σ_Δ. (19)

n_γ is the number density of photons in the fireball frame and σ_Δ ∼ 10^{−28}cm^2 is the proton-photon cross section at the Δ-resonance. The photon number density is the ratio of the photon energy density and the average photon energy in the comoving frame:

n_γ = U^′_γ E^′_γ = ( L_γ Δt/γ 4πR^{′2}ΔR^′ )/(E_γ γ ) . (20)

Using the fireball kinematics of Eqs. 15 and 16

n_γ = ( L_γ 4πc^3Δt^2γ^6 )/(E_γ γ ) = L_γ 4πc^3Δt^2γ^5E_γ

. (21)

Note that for γ = 1 this equation recovers Eq. 2 with R_0 = cΔt; this represents the essence of the fireball phenomenology, namely the requirement of highly relativistic boost factors for achieving transparency to radiation. It also determines the fraction of proton energy converted to π’s in the expansion: f_π ≃ L_γ E_γ 1 γ^4Δt σ_Δ⟨x_{p→π}⟩ 4πc^2 ≃ .13 × ( L_γ 10^{52}erg/s )(1MeV E_γ )(300 γ )_4(.01sec Δt ) . (22)

We therefore conclude that for L ∼ 10^{52} erg/sec, Δt ∼ 10 msec and γ ≃ 300, the fraction of fireball energy converted to pions is on the order of 10 percent. This quantity strongly depends on the Lorentz factor γ.

In order to normalize the neutrino flux we introduce the assumption that GRB are the source of cosmic rays above the ankle of the cosmic ray spectrum near ∼ 3×10^{18} eV [97, 87, 95, 96, 98, 99, 100, 101, 40]. The flux in neutrinos can then be simply obtained from the total energy injected into cosmic rays and the average energy of a single neutrino[38]: ϕ_ν ≃ c 4π U^′_ν E^′_ν = c 4π U_ν E_ν = c 4π 1 E_ν (1 2 f_πt_H dE dt ) , (23) or ϕ_ν = 2 × 10^{−14}cm^{−2}s^{−1}sr^{−1}

(7 × 1014eV E_ν )( f_π 0.125

)( t_H

10Gyr )( dE/dt 4 × 10^{44} Mpc^{−3}yr^{−1} ) ,(24) where t_H ∼ 10 Gyrs is the Hubble time and dE/dt ∼ 4 × 10^{44} ergs Mpc^{−3} yr^{−1} is the observed injection rate of energy into the Universe in the form of cosmic rays above the ankle. This injection rate was already introduced in section 2.

PeV neutrinos are detected by observing a charged lepton produced in the charged current interaction of a neutrino near the detector. For instance, the probability P_{ν→μ} to detect a muon neutrino within a neutrino telescope’s effective area is given by λ_μ/λ_ν as previously discussed. At TeV-PeV energies the function P_{ν→μ} can be approximated by P_{ν→μ} ≃ 1.7 × 10^{−6}E^{0.8}_{ν,obs}(TeV), (25)

where E_{ν,obs} = E_ν /(1+z) is the observed neutrino energy. The rate of detected events is the convolution of the flux with the probability of detecting the neutrino (details follow in section 5) N_{events} = ∫_Emax_ν

E_{thresh} ϕ_ν P_{ν→μ} dE_ν E_ν ≃ 25 km^{−2}yr^{−1} (26)

With the ability to look for GRB neutrino events in coincidence with gamma ray observations, i.e. in short time windows over which very little background accumulates in the neutrino detector, there is effectively no background for this neutrino signature of GRB.

Above energetics argument yields the diffuse flux of neutrinos produced collectively by all GRB. Although kilometer-scale neutrino telescopes have the capability to observe this flux, it is advantageous to make coincident observations with satellite experiments in order to reduce background. Such measurements are sensitive to the burst-to-burst fluctuations of the neutrino flux resulting from variations in distance and energy of individual GRB. It can be shown that, in the presence of fluctuations, the “coincident” flux is produced by a few special bursts[102, 103], the “average” burst does not contribute. Above derivation of the neutrino flux additionally neglects the redshift evolution of the sources that is believed to approximately follow that of starburst galaxies. These considerations have the tendency to reduce the prediction derived above, but not by much[104, 105].

4.1.5 Other Opportunities for Neutrino Production in GRB

There are several other opportunities for neutrino production following the chain of events in the lifetime of the fireball.

• The core collapse of massive stars has emerged as the likely origin of the “long” GRB with durations of tens of seconds. The fireball produced is likely to be beamed in jets along the rotation axis of the collapsed object. The mechanism is familiar from observations of jets associated with the central black hole in active galaxies. The jets eventually run into the stellar material that is still accreting onto the black hole. If the jets successfully puncture through this stellar envelope they will emerge to produce a GRB. While the fireball penetrates the remnant of the star, the fast particles in the tail will catch up with the slow particles in the leading edge and collide providing an opportunity for pion production yielding neutrinos of tens of TeV energy[106, 107]. Interestingly, failed jets that do not emerge will not produce a visible GRB but do produce observable neutrinos. Bursts within a few hundred megaparsecs (∼ 10 bursts per year as well as an additional unknown number of “invisible” bursts from failed GRB) may actually produce large rates of TeV neutrino events in a kilometer-scale detector and, possibly, observable rates in a first-generation detector such as AMANDA[108].

• Afterglow observations show that external shocks are produced when the GRB runs into the interstellar medium, including a reverse shock that propagates back into the burst ejecta. Electrons and positrons in the reverse shock radiate an afterglow of eV-keV photons that represent a target for neutrino production by ultra high-energy protons accelerated in the burst. One expects EeV neutrinos with rather low rates, of order 0.01 km^{−2}yr^{−1}. This mechanism may represent an opportunity for detectors with a high threshold, but also larger effective area, to do GRB physics. The neutrino energy may indeed be above the threshold for EeV telescopes using acoustic, radio or horizontal air shower detection techniques.

• Finally, the conversion of radiation into kinetic energy in the fireball will accelerate neutrons along with protons, especially if the progenitor involves neutron stars. Protons and neutrons are initially coupled by nuclear elastic scattering. If the expansion of the fireball is sufficiently rapid the neutrons and protons will no longer interact. Neutrons decouple from the fireball while protons are still accelerated. Protons and neutrons may thus achieve relative velocities sufficient to generate pions which decay into GeV neutrinos [109, 110].

4.2 Blazars: the Sources of the Highest Energy Gamma rays

4.2.1 Blazar Characteristics

Active Galactic Nuclei (AGN) are of special interest because some emit most of their luminosity at GeV energy and above and are therefore obvious candidate cosmic ray accelerators. A subset, called blazers, emit high-energy radiation in collimated jets pointing at the Earth and are the sources of photons with energies of tens of TeV. They have the following characteristics:

• They are cosmological sources with inferred isotropic luminosities as high as ∼ 10^{45} − 10^{49}ergs. They produce a typical ϕ_γ ∝ E^{−2.2} spectrum in the MeV-

GeV range. The energetics require a black hole one billion times more massive than our Sun.

• The emission displays variability over several time scales. TeV-energy bursts as short as minutes have been observed. This range of time scales indicates a sub-parsec engine; cΔt ∼ R^′ ∼ 10^{−3} − 10^{−1} pc[111, 113, 114, 115].

4.2.2 Blazar Models

Blazars are powered by accreting supermassive black holes with masses of ∼ 10^7M_⊙ or larger. Some of the infalling matter is reemitted and accelerated in highly beamed jets aligned with the rotation axis of the black hole.

It is generally agreed upon that synchrotron radiation by accelerated electrons is the source of the observed IR to X-ray flux[116, 117, 118, 119, 115]. Inverse Compton scattering of synchrotron or, possibly, other ambient photons by the same electrons can accommodate observations in the MeV-GeV part of the spectrum. There is a competing explanation for the high energy emission[120, 121, 122, 123, 124, 125, 126, 115], invoking the interactions of protons, accelerated along with the electrons, with gas or radiation surrounding the black hole. Pions produced in these interactions decay into the observed gamma rays and not-yet observed neutrinos. This process is accompanied by synchrotron radiation of the protons.

The basic dynamics of the blazar is common to all models; see Fig. 4. Relativistic jets are generated with substructure that takes the form of “blobs” or rather “sheets” of matter traveling along the jet with Lorentz factors that are assumed, in some cases, to reach values as large as 100. As previously discussed in the case of GRB, in order to accommodate the observation of flares, the thickness of these sheets must be less than γcΔt ∼ 10^{−2} parsec, much smaller than their width, which is of the order of 1 parsec. It is in these blobs that shocks produce TeV gamma rays and high-energy neutrinos. The mechanism is, in fact, analogous to GRB although the scales are very different; see Table 1.

Several calculations of the neutrino flux from active galactic nuclei have been performed[127, 128, 129, 130, 131, 132, 88, 133, 134, 135, 136, 137, 138]. In the following sections, we describe two examples that illustrate the mechanisms for neutrino production in hadronic blazars.

4.2.3 Shocked Protons: EeV Blazar Neutrinos

If protons are present in blazar jets, they will interact with photons and produce neutrinos. The process is similar to the one described for GRB shells althought the Lorentz factors are smaller and the geometry is different, blobs moving with superluminal velocities along the jets versus expanding shells. The Lorentz factors are constrained by the energetics of the highest energy gamma rays escaping the blob. Their energy must be below threshold for e^+e^− pair production with ambient

Figure 4: Diagram of Blazar Kinematics

photons whose density peaks in the vicinity of ∼ 10 eV; the UV bump in AGN spectra. Contemplating the observations of gamma rays above 15 TeV in Markarian 501[139, 140], evading pair production (in the blob frame) requires E_{γ,max}E_{γ,peak} < γ^2m^2_e , (27)

γ > 25 ( E_{γ,max} 15 TeV )_{1/2}(E_{γ,peak} 10 eV )_{1/2} . (28)

We will therefore consider Lorentz factors in the range of 10 to 100.

A main difference between blazars and GRB is the geometry of the shocks. In AGN, blobs moving along the jet axis are treated as 3D spherical balls of shocked

Table 1: Comparison of AGN and GRB jets

AGN GRB total energy > 10^{45} erg 10^{52} erg burst duration minutes-days 10 msec and above boost factor ¡ 10 ¿ 300 photon energies UV MeV modelling moving blob expanding shell

material. This is different from the 2D expanding shells centered on the precursor of a GRB. The energy density in a blob is

U^′_γ = L^′_γ Δt 4 3 πR^{′3} = L_γ Δt γ^4_3 π(γcΔt)^3 = 3L_γ 4πc^3γ^4Δt^2

(29)

Except for geometry, this result is identical to Eq. 20. We obtain a number density of photons

n_γ = U^′_γ E^′_γ = 3L_γ 4E_γ πc^3γ^3Δt^2

(30)

Following the arguments leading to Eqs. 22, we obtain a rather large conversion of energy into pions f_π ≃ R^′ λ_{pγ} ≃ L_γ E_γ 1 γ^2Δt 3σ_Δ⟨x_{p→π} ⟩ 4πc^2 ≃ .35 × ( L_γ 10^{45}erg/s

)(10 eV E_γ )(30 γ )_2(1000 sec Δt ) (31)

When f_π approaches unity, pions will be absorbed before decaying into neutrinos, requiring the substitution of f_π by 1 − e^{−fπ} .

For protons to photoproduce pions on photons with the ubiquitous UV photons of ∼ 10 eV energy, E^′_p > m^2_Δ − m^2_p 4E^′_γ . (32)

Therefore, in the observer’s frame,

E_p > 1.4 × 10^{19}eV ( γ 30 )_2(10 eV

E_γ ) . (33)

If blazars are the sources of the highest energy cosmic rays, protons are accelerated to this energy and will generate accompanying neutrinos with energy

E_ν = 1 4 ⟨x_{p→π} ⟩E_p > 7 × 10^{17}eV ( γ 30 )_2(10 eV

E_γ ) . (34)

The neutrino flux from blazars can be calculated in the same way as for GRB ϕ_ν ≃ c 4π 1 E_ν (1 2 (1 − e^{−fπ} ) t_H dE dt ) e^{(1−e−fπ )}, (35)

ϕ_ν = 10^{−15}cm^{−2}s^{−1}

(7 × 1017eV

E_ν

)( t_H

10Gyr )( dE/dt 4 × 10^{44} ) (1 − e^{−fπ} )e^{(1−e−fπ )}, (36)

using Eq. 23 and Eq. 24. This a flux on the order of 100 km^{−2}yr^{−1} over 2π steradian. The number of detected events is obtained from Eq. 26,

N_{events} ∼ ϕ_ν P_{ν→μ} ∼ 10 km^{−2}yr^{−1}

(7 × 1017eV E_ν

)_{1/2}( t_H 10Gyr )( dE/dt 4 × 10^{44}Mpc^{−3}yr^{−1} ) (37)

for f_π ≃ .35. For values of γ varying from 10 to 100, the number of events varies from 1 to 70 events km^{−2}yr^{−1}, respectively. Observation in a kilometer-scale detector should be possible.

We did of course make the assumption that blazars accelerate protons to the very highest energies observed in the cosmic ray spectrum. One can consider an alternative mechanism for producing neutrinos in blazars that does not invoke protons of such high-energy.

In line-emitting blazers, external photons with energies in the keV-MeV energy range are known to exist. They are clustered in clouds of quasi-isotropic radiation. Protons in the jets of lower energy relative to those contemplated in the previous section, can photoproduce pions in interactions with these clouds[134, 135, 136, 137]. Consider a target of external photons of energy near E_{γ,ext} with a luminosity L_{γ,ext}. The fraction of proton energy transfered to pions is approximately given by f_{π,ext} ≃ f_{π,int} L_{γ,ext} L_{γ,int} E_{γ,ext} E_{γ,int} . (38)

The neutrino energy threshold is

E_ν > 7 × 10^{13}eV ( γ 30 )_2(100 keV E_{γ,ext} ) . (39)

We will no longer relate the flux of protons to cosmic rays. Instead we introduce the luminosity of protons, L_p above pion production threshold. This is a largely unknown parameter although it has been estimated to be on the order of 10% of the total luminosity[133]. The proton energy needed to exceed the threshold of Eq. 42 is

E_p > 1.4 × 10^{15} ( γ 30 )_2(100 keV E_{γ,ext} ) . (40)

The neutrino flux can be calculated as a function of L_p

Φ_ν ≃ 1 2 ⟨x_{p→π} ⟩L_pf_{π,ext}Δt E_ν 4πD^2

, (41)

where Δt is the duration of a blazar flare. This reduces to

Φ_ν ∼ 4 × 10^4 km^{−2} (f_{π,ext} .5 )( L_p 10^{45} erg/s )( Δt 1000 sec

)(1000 Mpc D )_2(30 γ )_2( E_{γ,ext} 100 keV ) (42)

for a fifteen minute flare. Using Eq. 26, the event rate of TeV neutrinos is

N_{events} ∼ ϕ_ν P_{ν→μ} ∼ 2 km^{−2} (f_{π,ext} .5 )( L_p 10^{45} erg/s )( Δt 1000 sec

)(1000 Mpc D )_2(30 γ )_{2/5}( E_{γ,ext} 100 keV )_{1/5} .(43)

Note that this result is for a typical, but fairly distant source. A nearby line-emitting blazar could be a strong candidate for neutrino observation. Considering the more than 60 blazars which have been observed, the total flux may generate conservatively tens or, optimistically, hundreds of TeV-PeV neutrino events per year in a kilometer scale neutrino telescope such as IceCube. The upper range of this estimate can be explored by the AMANDA experiment at the level of a few events per year.

Blazar neutrino searches should be able to find incontrovertible evidence for cosmic ray acceleration in active galaxies, or, alternatively, challenge the possibility that AGN are the sources of the highest energy cosmic rays.

The case for doing neutrino astronomy is compelling, the challenge has been to deliver the technology to build the instrumentation for a neutrino detector that is required, unfortunately, to have kilometer-scale dimensions. We discuss this next.

5 High Energy Neutrino Telescopes: Methodologies

The construction of neutrino telescopes is motivated by their discovery potential in astronomy, astrophysics, cosmology and particle physics. To maximize this potential, one must design an instrument with the largest possible effective telescope area to overcome the small neutrino cross section with matter, and the best possible angular and energy resolution to address the wide diversity of possible signals. While the smaller first-generation detectors have been optimized to detect secondary muons initiated by ν_μ, kilometer-scale neutrino observatories will detect all neutrino flavors over a wide range of energies.

We will first review the methods to identify neutrinos, measure their energy and identify their flavor. Next we will briefly review a variety of projects launched with the goal to identify cosmic neutrinos sources beyond the Sun.

5.1 Detection Technique

High energy neutrinos are detected by observing the Cherenkov radiation from secondary particles produced by neutrinos interacting inside large volumes of highly transparent ice or water instrumented with a lattice of photomultiplier tubes (PMT). For simplicity, assume an instrumented cubic volume of side L; see Fig. 5. (Also assume, for simplicity, that the neutrino direction is perpendicular to a side of the cube; for a realistic detector the exact geometry has to be taken into account as well as the arrival directions of the neutrinos; more later.)

Figure 5: A neutrino interacts in a cube of instrumented ice of side L.

To a first approximation, a neutrino incident on a side of area L^2 will be detected provided it interacts within the detector volume, i.e. within the instrumented distance L. That probability is P = 1 − exp(−L/λ_ν ) ≃ L/λ_ν , (44)

with λ_ν = (ρN_Aσ_ν )^{−1}. Here ρ is the density of the ice or water, N_A Avogadro’s number and σ_ν the neutrino cross section. A neutrino flux ϕ (neutrinos per cm^2 per second) crossing a detector with cross sectional area A (≃ L^2) facing the incident beam, will produce N = AT P ϕ (45) events after a time T. In practice, the quantities A, P and ϕ depend on the neutrino energy and N is obtained by a convolution over neutrino energy above the detector threshold.

The ”effective” telescope area A is not strictly equal to the geometric cross section of the instrumented volume facing the incoming neutrino because even neutrinos interacting outside the instrumented volume, may produce a sufficient amount of light inside the detector to be detected. In practice, A is therefore determined as a function of the incident neutrino direction by simulation of the full detector, including the trigger.

The formalism presented applies to electron neutrinos. For muon neutrinos, any neutrino producing a secondary muon that reaches the detector (and has sufficient energy to trigger it), will be detected. Because the muon travels kilometers at TeV energies and tens of kilometers at EeV energy, neutrinos can be detected far outside the instrumented volume; the probability is obtained by the substitution

L → λ_μ , (46)

therefore, P = λ_μ/λ_ν . (47)

Here λ_μ is the range of the muon determined by its energy losses. The complete expression for the flux of ν_μ-induced muons at the detector is given by a convolution of the neutrino spectrum ϕ with the probability P to produce a muon reaching the detector[25]:

ϕ_μ(E^{min}_μ , θ) = ∫ E^{min}_μ

P (E_ν , E^{min}_μ ) exp[−σ_{tot}(E_ν ) N_A X(θ)] ϕ(E_ν , θ). (48)

Here E^{min}_μ is the detector threshold for muons. The exponential factor here accounts for absorption of neutrinos along the chord of the Earth, X(θ). Absorption becomes important for σ_ν (E_ν ) ≳ 10^{−33} cm^2 or E_ν ≳ 10^7 GeV. On the other hand, for back-of-the-envelope calculations, the P -function can be approximated by

P ≃ 1.3 × 10^{−6}E^{2.2} for E = 10^{−3}–1 TeV , (49) ≃ 1.3 × 10^{−6}E^{0.8} for E = 1–10^3 TeV . (50)

At EeV energy the increase is reduced to only E^{0.4}.

Similar arguments apply to the detection of a tau neutrino that will be detected provided the tau lepton it produces reaches the instrumented volume within its lifetime. Therefore L → γcτ = E/mcτ , (51) where m, τ and E are the mass, lifetime and energy of the tau, respectively. γcτ for tau leptons grows linearly with energy and exceeds the range of the muon around 1 EeV.

The large cross sections of neutrinos, the long range of the muon and the long lifetime of the tau make the construction of high energy neutrino detectors of kilometerscale dimension possible. Muons and tau neutrinos can be detected over volumes of ice and water larger than those instrumented with PMT. For illustration we show in Fig. 6a the effective volume for electromagnetic showers of IceCube. Note that at high energy the “effective” volume exceeds the 1 km^3 volume instrumented. Also the effective area for the detection of ν_μ exceeds 1 km^2, the cross section of instrumented ice facing a neutrino beam; see Fig. 6b.

For ”realistic” calculations, even Eq. 51 is simplified. The complete expression to compute, for instance, the expected number of ν_μ induced events is given by

N^{νμ}_{ev} = T

∫_1 −1 d cos θ ∫_∞ l^′min dl ∫_∞ m_μ dE^{fin}_μ ∫_∞ E^{fin}_μ dE^0_μ ∫_∞ E^0_μ

dE_ν (52) dϕ_{νμ} dE_ν d cos θ (E_ν , cos θ) dσ^μ_{CC} dE^0_μ (E_ν , E^0_μ) n_T F (E^0_μ, E^{fin}_μ , l) A^0_{ef f} . dϕ_{νμ} dE_ν d cos θ is the differential muon neutrino neutrino flux in the vicinity of the detector

after propagation through the Earth matter. Because of the high energies of the neutrinos, their oscillations, propagation in the Earth and regeneration due to τ decay must be treated in a coherent way[3].^{dσμCC}_{dE0μ} (E_ν , E^0_μ) is the differential charged current interaction cross section producing a muon of energy E^0_μ and n_T is the number density of nucleons in the matter surrounding the detector and T is the exposure time of the detector. After production with energy E^0_μ, the muon ranges out in the rock and in the ice surrounding the detector and looses energy. F (E^0_μ, E^{fin}_μ , l) the function that describes the energy spectrum of the muons arriving at the detector. Thus F (E^0_μ, E^{fin}_μ , l) represents the probability that a muon produced with energy E^0_μ arrives at the detector with energy E^{fin}_μ after traveling a distance l. The function F (E^0_μ, E^{fin}_μ , l) is computed by propagating the muons to the detector taking into account energy losses due to ionization, bremsstrahlung, e^+e^− pair production and nuclear interactions; see for instance Ref. [141].

Equivalently, muon events arise from ν̄_μ interactions. They are calculated from an equation similar to Eq.(53) as are the event rates induced by neutrino fluxes of electron and tau flavor.

Detection of all neutrino flavor has become important for two reasons: neutrino oscillations and tau neutrino “regeneration” through the Earth. The generic cosmic accelerator is believed to produce neutrinos from the decay of pions in the flux ratio ν_e : ν_μ : ν_τ = 1 : 2 : 0. This is also the admixture expected for the atmospheric neutrino beam below 10 GeV where the muons decay. With neutrino oscillations, however, at the detection point this ratio becomes 1 : 1 : 1 because approximately one half of the muon neutrinos convert to tau flavor over cosmic baselines. This represents and advantage for neutrino telescopes because the ν_τ , unlike the ν_e and ν_μ, are not absorbed in the Earth due to the charged current regeneration effect: ν_τ ’s with energies exceeding 1 PeV pass through the Earth and emerge with an energy of roughly 1 PeV. The mechanism is simple[152]. A ν_τ interacting in the Earth will produce another ν_τ of lower energy, either directly in a neutral current interaction or via the decay of a tau lepton produced in a charged current interaction. High energy ν_τ will thus cascade down to PeV energy where the Earth is transparent; in other words, the Earth cannot lower their energy below the hundreds of GeV thresholds of the detector.

5.2 Neutrino Flavors

Kilometer-scale neutrino telescopes are designed to detect neutrinos of all energies above ∼100 GeV. They are designed to measure the energy of the neutrinos in the range 100 GeV–100 EeV and to identify the neutrino flavor over as large an energy range as possible.

5.2.1 Electron Neutrinos

At the most basic level, neutrino telescopes detect the secondary particle showers initiated by neutrinos of all flavors as well as the leading secondary muon tracks initiated by ν_μ only– see next section. High energy electron neutrinos deposit 0.5- 0.8% of their energy into an electromagnetic shower initiated by the leading final state electron. The rest of the energy goes into the fragments of the target that produce a second subdominant shower. Because the size of the shower, of order meters in ice or water, is small compared to the spacing of the PMTs, it represents, to a good approximation, a point source of Cherenkov photons radiated by the shower particles. These trigger the PMT at the single photoelectron level over a spherical volume whose radius scales linearly with the shower energy. For ice, the radius is 130 m at 10 TeV and 460 m at 10 EeV, i.e. the shower radius grows by just over 50 m per decade in energy; see Fig. 7.

The measurement of the radius of the sphere in the lattice of PMT determines the energy and turns neutrino telescopes into total energy calorimeters. Note that a contained “direct hit” by a 10 EeV neutrino will not saturate a km^3 detector volume. So, even for GZK neutrinos, neutrino telescopes do not saturate.

Because the shower and its accompanying Cherenkov lightpool are not totally symmetric but elongated in the direction of the leading electron (and incident neutrino), its direction can be reconstructed. Pointing is however far inferior to what can be achieved for muon neutrinos and estimated to be precise to ∼10 degrees only. On the other hand, compared to ν_μ, energy reconstruction is superior and the background of atmospheric neutrinos is significantly reduced. At higher energies muons, the source of atmospheric ν_e , no longer decay.

5.2.2 Muon Neutrinos

Secondary muons initiated by muon neutrinos range out over kilometers at TeV energy, to tens of kilometers at EeV energy, generating showers along their track by bremsstrahlung, pair production at TeV energy and photonuclear interactions. These are the sources of Cherenkov radiation and are detected in exactly the same way as the leading electron neutrino in the previous section. As the energy of the muon degrades along its track, the energy of the secondary showers diminishes and the distance from the track over which the associated Cherenkov light can trigger a PMT becomes smaller. The geometry of the lightpool surrounding the muon track over which single photo-electron are produced is therefore a kilometer-long cone with gradually decreasing radius.

High energy muons lose energy catastrophically according to dE dX = −α − βE , (53) where α = 2.0 × 10^{−6} TeV cm^2/g and β = 4.2 × 10^{−6} cm^2/g. The distance a muon travels before its energy drops below some energy threshold, E^{thr}_μ , called the muon range is then given by

λ_μ = 1 β ln [ α + βE_μ α + βE^{thr}_μ ] . (54)

In the first kilometer a high energy muon typically loses energy in a couple of showers of one tenth its energy. So the initial size of the cone is the radius of a shower with 10% of the muon energy, e.g. 130 m for a 100 TeV muon. Near the end of its range the muon becomes minimum ionizing emitting light that creates single photoelectron signals at a distance of just over 10 m from the track. For 0.3 photoelectrons, the standard PMT threshold setting, this distance reaches 45 m.

Note however that the energy measurement is indirect unlike the case for showers. Because of the stochastic nature of muon energyloss, the logarithm of the energy is measured. Also, although at PeV energy and above, muons have ranges of tens of kilometers, greatly enhancing their detectability, the initial energy of the event cannot always be measured. A muon can be produced at one energy, travel several kilometers, and be detected with much less energy; see Eq. 55.

5.2.3 Tau Neutrinos

Interest in the detection of τ neutrinos is motivated by the discovery that half of the muon neutrinos convert to tau neutrinos over cosmic distances. Production of ν_τ in hadronic interactions or photoproduction in the heavenly bean dump is suppressed relative to ν_e and ν_μ by some five orders of magnitude. In the absence of oscillations, ν_τ of astrophysical origin would have been virtually undetectable. Now they form 1/3 of the beam and have the additional advantage not to be absorbed by the Earth; although they may loose energy, they always reach the detector.

In a kilometer-scale neutrino detector the flavor of tau neutrinos of sufficiently high energy can be identified in several ways. Perhaps the most striking signature is the characteristic double bang event[25] in which the production and decay of a τ lepton are detected as two separated showers inside the detector. It may also be possible to identify “lollipop” events in which a ν_τ creates a long minimum-ionizing track that enters the detector and ends in a huge burst when the τ lepton decays to a final state with hadrons or an electron. The parent τ track can be identified by the reduced catastrophic energy loss compared to a muon of similar energy. In other words, the large energy of the shower cannot be generated by a muon that should have revealed its muon flavor by abundant radiation along the early part of the track.

The efficiency for a kilometer-scale detector to identify double-bang events can be estimated as follows. In a charged current ν_τ deep inelastic scattering interaction with a nucleus, a τ lepton of energy (1 − y)E_{ντ} is produced as well as a hadronic shower of energy yE_{ντ} initiated by the fragmentation of the target. Here y is the fraction of energy transferred to the hadronic vertex in the interaction. Before decaying, the τ lepton travels on average a distance R_τ given by:

λ_τ = E_τ m_τ ct_0 = (1 − y)E_{ντ} m_τ cτ (55)

where E_τ and m_τ are the energy and mass of the τ respectively and τ is its lifetime at rest. The decay produces another ν_τ and an electromagnetic or hadronic shower ∼ 82% of the times. Assuming a detector of dimension L, there are several conditions that have to be fulfilled for identification of a double bang event:

• The ν_τ has to interact through a charged current interaction producing a hadronic shower contained inside the instrumented volume (∼ L^3).

• The τ lepton must decay inside the detector to a final state that produces an electromagnetic or hadronic shower which has to be contained inside the device.

• λ_τ has to be sufficiently large for the two showers to be clearly separated.

• The showers must be sufficiently energetic to trigger the detector.

In the vicinity of 10 PeV the probability to detect and identify a ν_τ as a doublebang is only 10% of that for detecting a ν_μ of the same energy. At lower and higher energies the likelihood of detecting a double-bang falls rapidly.

6 High Energy Neutrino Telescopes: Status

In this section we discuss the first first-generation detector AMANDA with effective telescope area of 1 ∼ 8 × 10^4m^2, depending on the science. We will subsequently briefly review the efforts to build a similar detector in the Mediterranean. For neutrino astronomy to become a viable science, several projects will have to succeed. Astronomy, whether in the optical or in any other wave-band, thrives on a diversity of complementary instruments, not on “a single best instrument”.

6.1 Neutrino Telescopes: First “Light”

While it has been realized for many decades that the case for neutrino astronomy is compelling, the challenge has been to develop a reliable, expandable and affordable detector technology to build the kilometer-scale telescopes required to do the science. Conceptually, the technique is simple. In the case of a high-energy muon neutrino, for instance, the neutrino interacts with a hydrogen or oxygen nucleus in deep ocean water and produces a muon travelling in nearly the same direction as the neutrino. The Cerenkov light emitted along the muon’s kilometer-long trajectory is detected by a lattice of photomultiplier tubes deployed on strings at depth shielded from radiation. The orientation of the Cerenkov cone reveals the neutrino direction.

The AMANDA detector, using natural 1 mile-deep Antarctic ice as a Cerenkov detector, has operated for more than 5 years in its final configuration of 680 optical modules on 19 strings. The detector is in steady operation collecting roughly 7 ∼ 10 neutrinos per day using fast on-line analysis software. The lower number will yield a background-free sample all the way to the horizon. AMANDA’s performance has been calibrated by reconstructing muons produced by atmospheric muon neutrinos[142].

Using the first 4 years of AMANDA II data, the AMANDA collaboration is performing a search for the emission of muon neutrinos from spatially localized directions in the northern sky. Only the year 2000 data has been published[143]. The skyplot for all 4 years is shown in Fig. 8. The 90% upper limits on the neutrino fluency of point sources are at the level of 6×10^{−8} GeV cm^{−2} s^{−1} or 10^{−10} erg cm^{−2} s^{−1}, averaged over declination . This corresponds to a flux of 6 × 10^{−9} cm^{−2} s^{−1} integrated above 10 GeV assuming a E^{−2} energy spectrum typical for shock acceleration of particles in high energy sources. The most significant excess is 3.4 σ from the Crab with a probability of close to 10% given the trial factor for 33 sources searched. IceCube is needed to make conclusive observations of sources.

The AMANDA II detector has reached a high-energy effective telescope area of 25,000∼40,000 m^2, depending on declination. This represents an interesting milestone[36]: known TeV gamma ray sources, such as the active galaxies Markarian 501 and 421, should be observed in neutrinos if the number of gamma rays and neutrinos emitted are roughly equal as expected from cosmic ray accelerators producing pions[36]. Therefore AMANDA must detect the observed TeV photon sources soon, or, its observation will exclude them as the sources of cosmic rays.

6.2 Mediterranean Telescopes

Below PeV energy, South Pole neutrino telescopes do not cover the Southern sky, which is obscured by the large flux of cosmic ray muons. This and the obvious need for more than one telescope — accelerator experiments have clearly demonstrated the value of multiple detectors — provide compelling arguments for deploying northern detectors. With the first observation of neutrinos by a detector in Lake Baikal with a telescope area of 2500 m^2 for TeV muons[144] and after extensive R&D efforts by both the ANTARES[145] and NESTOR[146] collaborations in the Mediterranean, there is optimism that the technological challenges to build neutrino telescopes in deep sea water have been met. Both Mediterranean collaborations have demonstrated their capability to deploy and retrieve optical sensors, and have reconstructed down-going muons with optical modules deployed for R&D tests.

The ANTARES neutrino telescope is under construction at a 2400 m deep Mediterranean site off Toulon, France. It will consist of 12 strings, each equipped with 75 optical sensors mounted in 25 triplets. The detector performance has been fully simulated[145] with the following results: a sensitivity after one year to point sources of 0.4 − 5 × 10^{−15} cm^{−2} s^{−1} (note that this is the flux of secondary muons, not neutrinos) and to a diffuse flux of 0.9 × 10^{−7} GeV cm^{−2} s^{−1} above 50 TeV. As usual, an E^{−2} spectrum has been assumed for the signal. AMANDA II data have reached similar point source limits (0.6 × 10^{−15} cm^{−2} s^{−1} sr^{−1}) using 4 Antarctic winters, or about 1000 days, of data[143]). This value depends weakly on declination. Also the diffuse limits reached in the absence of a signal are comparable[29]. We have summarized the sensitivity of both experiments in Table 2 where they are also compared to the sensitivity of IceCube.

Table 2:

IceCube AMANDA-II^∗ ANTARES

# of PMTs 4800 / 10 inch 600 / 8 inch 900 / 10 inch Point source sensitivity (muons/year)

6 × 10^{−17} cm^{−2} s^{−1}

1.6×10^{−15} cm^{−2} s^{−1} weakly dependent on oscillations

0.4–5×10^{−15} cm^{−2} s^{−1} depending on declination diffuse limit^† (neutrinos/year)

3–12 × 10^{−9} GeV cm^{−2} s^{−1} sr^{−1}

2×10^{−7} GeV cm^{−2} s^{−1} sr^{−1}

0.8 × 10^{−7} GeV cm^{−2} s^{−1} sr^{−1}

∗includes systematic errors

†depends on assumption for background from atmospheric neutrinos from charm

Given that AMANDA and ANTARES operate at similar depths and have similar total photocathode area (AMANDA II is actually a factor of 2 smaller with 667 8-inch versus 900 10-inch photomultipliers for Antares), the above comparison provides us with a first glimpse at the complex question of the relative merits of water and ice as a Cherenkov medium. The conclusion seems to be that, despite differences in optics and in the background counting rates of the photomultipliers, the telescope sensitivity is approximately the same for equal photocathode area. The comparison is summarized in Table 1 where we have tabulated the sensitivity of AMANDA and Antares to points sources and to a diffuse flux of neutrinos. At this time, in the absence of a discovery, it is the sensitivity and not the area or angular resolution that represents the relevant quantity of merit. In the same context, the NEMO collaboration has done the interesting exercise of simulating the IceCube detector (augmented from 4800 to 5600 optical modules; see next section) in water rather than ice. One finds a slightly reduced sensitivity in water, probably not significant within errors and at no energy larger than 50%[147]. Note that in several years of operation a kilometer-scale detector like IceCube can improve the sensitivity of first-generation telescopes by two orders of magnitude.

6.3 Kilometer-scale Neutrino Observatories

The baseline design of kilometer-scale neutrino detectors maximizes sensitivity to ν_μinduced muons with energy above hundreds of GeV, where the acceptance is enhanced by the increasing neutrino cross section and muon range and the Earth is still largely transparent to neutrinos. The mean-free path of a ν_μ becomes smaller than the diameter of the Earth above 70 TeV — above this energy neutrinos can only reach the detector from angles closer to the horizon. Good identification of other neutrino flavors becomes a priority, especially because ν_τ are not absorbed by the Earth. Good angular resolution is required to distinguish possible point sources from background, while energy resolution is needed to enhance the signal from astrophysical sources, which are expected to have flatter energy spectra than the background atmospheric neutrinos.

Overall, AMANDA represents a proof of concept for the kilometer-scale neutrino observatory, IceCube[31], now under construction. IceCube will consist of 80 kilometer-length strings, each instrumented with 60 10-inch photomultipliers spaced by 17 m. The deepest module is 2.4 km below the surface. The strings are arranged at the apexes of equilateral triangles 125 m on a side. The instrumented (not effective!) detector volume is a cubic kilometer. A surface air shower detector, IceTop, consisting of 160 Auger-style Cherenkov detectors deployed over 1 km^2 above IceCube, augments the deep-ice component by providing a tool for calibration, background rejection and air-shower physics, as illustrated in Fig. 9.

The transmission of analogue photomultiplier signals from the deep ice to the surface, used in AMANDA, has been abandoned. The photomultiplier signals will be captured and digitized inside the optical module. The digitized signals are given a global time stamp with a precision of < 10 ns and transmitted to the surface. The digital messages are sent to a string processor, a global event trigger and an event builder.

Construction of the detector commenced in the Austral summer of 2004/2005 with the assembly of the hot water drill and the deployment of the first 60 digital optical modules. It will continue for 6 years, possibly less. The growing detector will take data during construction, with each string coming online within days of deployment. The data streams of IceCube, and AMANDA II, embedded inside IceCube, will be merged off-line using GPS timestamps.

IceCube will offer advantages over AMANDA II beyond its larger size: it will have a higher efficiency and superior angular resolution in reconstructing tracks, map showers from electron- and tau-neutrinos (events where both the production and decay of a τ produced by a ν_τ can be identified) and, most importantly, measure neutrino energy. Simulations, benchmarked by AMANDA data, indicate that the direction of muons can be determined with sub-degree accuracy and their energy measured to better than 30% in the logarithm of the energy. The direction of showers will be reconstructed to better than 10^∘ above 10 TeV and the response in energy is linear and better than 20%. Energy resolution is critical because, once one establishes that the energy exceeds 1 PeV, there is no atmospheric muon or neutrino background in a kilometer-square detector and full sky coverage of the telescope is achieved. The background counting rate of IceCube signals is expected to be less than 0.5 kHz per optical sensor. In this low background environment, IceCube can detect the excess of MeV anti-ν_e events from a galactic supernova.

NEMO, an INFN R&D project in Italy, has been mapping Mediterranean sites and studying novel mechanical structures, data transfer systems as well as low power electronics, with the goal to deploy a next-generation detector similar to IceCube. A concept has been developed with 81 strings spaced by 140 m. Each consists of 18 bars that are 20 m long and spaced by 40 m. A bar holds a pair of photomultipliers at each end, one looking down and one horizontally. As already mentioned, the simulated performance[148] is, not unexpectedly, similar to that of IceCube with a similar total photocathode area as the NEMO concept.

Recently, a wide array of projects have been initiated to detect neutrinos of the highest energies, typically above a threshold of 10 EeV, exploring other experimental signatures: horizontal air showers and acoustic or radio emission from neutrino-induced showers. Some of these experiments, such as the Radio Ice Cerenkov Experiment[150] and an acoustic array in the Caribbean[149], have taken data; others are under construction, such as the Antarctic Impulsive Transient Antenna[151]. The more ambitious EUSO/OWL project aims to detect the fluorescence of high energy cosmic rays and neutrinos from a detector attached to the International Space Stations.

Acknowledgments

I thank my IceCube collaborators and Luiz Anchordoqui, Concha Gonzalez-Garcia, Adam Graves, Dan Hooper and Teresa Montaruli for discussions. This research was supported in part by the National Science Foundation under Grant No. OPP-0236449, in part by the U.S. Department of Energy under Grant No. DE-FG02-95ER40896, and in part by the University of Wisconsin Research Committee with funds granted by the Wisconsin Alumni Research Foundation.

References

[1] For a recent review see M.C. Gonzalez-Garcia and Y. Nir, Rev. Mod. Phys. 75 345 (2003).

[2] www.pha.jhu.edu/ bagger/talks/HEPAP.pdf.

[3] M. C. Gonzalez-Garcia, F. Halzen and M. Maltoni, arXiv:hep-ph/0502223. [4] For a recent review see, S. Pakvasa and J. W. F. Valle, Proc. Indian Natl. Sci.

Acad. 70A, 189 (2003).

[5] M. Gasperini, Phys. Rev. D 38 (1988) 2635; Phys. Rev. D 39, 3606 (1989). [6] A. Halprin and C.N. Leung, Phys. Rev. Lett. 67, 1833 (1991). [7] G. Z. Adunas, E. Rodriguez-Milla and D. V. Ahluwalia, Phys. Lett. B 485, 215 (2000).

[8] L. Wolfenstein, Phys. Rev. D17, 236 (1978).

[9] V. De Sabbata and M. Gasperini, Nuovo Cimento A 65, 479 (1981). [10] S. Coleman and S.L. Glashow, Phys. Lett. B 405, 249 (1997). [11] S.L. Glashow, A. Halprin, P.I. Krastev, C.N. Leung, and J. Pantaleone, Phys.

Rev. D 56, 2433 (1997).

[12] D. Colladay and V.A. Kostelecky, Phys. Rev. D55, 6760 (1997). [13] S. Coleman and S.L. Glashow, Phys. Rev. D 59, 116008 (1999). [14] V. D. Barger, S. Pakvasa, T. J. Weiler and K. Whisnant, Phys. Rev. Lett. 85, 5055 (2000).

[15] R. Foot, C.N. Leung, and O. Yasuda, Phys. Lett. B 443, 185 (1998). [16] M. C. Gonzalez-Garcia et al., Phys. Rev. Lett. 82, 3202 (1999).

[17] G. L. Fogli, E. Lisi, A. Marrone and G. Scioscia, Phys. Rev. D 60, 053006 (1999). [18] P. Lipari and M. Lusignoli, Phys. Rev. D 60 (1999) 013003 [hep-ph/9901350]. [19] N. Fornengo, M. C. Gonzalez-Garcia and J. W. F. Valle, JHEP 0007 (2000) 006. [20] G. L. Fogli, E. Lisi, A. Marrone and D. Montanino, Phys. Rev. D 67, 093006 (2003).

[21] M. C. Gonzalez-Garcia and M. Maltoni, Phys. Rev. D 70, 033010 (2004). [22] O. Yasuda, in the Proceedings of the Workshop on General Relativity and Gravitation, Tokyo, Japan, 1994, edited by K. Maeda, Y. Eriguchi, T. Futamase, H. Ishihara, Y. Kojima, and S. Yamada (Tokyo University, Japan, 1994), p. 510 (arXiv:gr-qc/9403023).

[23] J. W. Flanagan, J. G. Learned and S. Pakvasa, Phys. Rev. D 57, 2649 (1998). [24] T. K. Gaisser, Proceedings of the 31st International Conference on High Energy Physics, Amsterdam, The Netherlands, July 2002.

[25] T. K. Gaisser, F. Halzen, and T. Stanev, Phys. Rept. 258, 173 (1995) [Erratum 271, 355 (1995)], hep-ph/9410384; J.G. Learned and K. Mannheim, Ann. Rev. Nucl. Part. Science 50, 679 (2000); F. Halzen and D. Hooper, Rept. Prog. Phys. 65, 1025 (2002), arXiv:astro-ph/0204527.

[26] J. N. Bahcall and E. Waxman, Phys. Rev. D 64, 023002 (2001). [27] T. K. Gaisser, OECD Megascience Forum, Taormina, Italy, 1997, arXiv:astro-ph/9707283.

[28] Markus Ahlers, Luis A. Anchordoqui, Haim Goldberg, Francis Halzen, Andreas Ringwald, Thomas J. Weiler, arXiv:astro-ph/0503229.

[29] G. C. Hill et al. (AMANDA collaboration), Proceedings of the 28th International Cosmic Ray Conference, Tsukuba, Japan, 2003.

[30] J. Ahrens et al. (AMANDA Collaboration), Phys. Rev. Lett. 90, 251101 (2003), arXiv:astro-ph/0303218.

[31] J. Ahrens et al. (IceCube Collaboration), Particle Astrophysics, in print, astro-ph/0305196 and http://icecube.wisc.edu/science/sci-tech-docs/.

[32] F. W. Stecker, Astrophys. J. 228, 919 (1979).

[33] R. Engel, D. Seckel and T. Stanev, Phys. Rev. D 64, 093010 (2001), astro-ph/0101216, and references therein.

[34] L. A. Anchordoqui et al., Phys. Lett. B 593, 42 (2004), arXiv:astro-ph/0310417. [35] Talks at Gamma 2004, Heidelberg, Germany, 2004; H. J. Volk, E.G. Berezhko, Leonid T. Ksenofontov, Submitted to Astron.AStrophys, arXiv:astro-ph/0409453.

[36] J. Alvarez-Muniz and F. Halzen, Ap. J. 576, L33 (2002).

[37] D. Berge et. al (HESS collaboration), 3rd International Symposium on High- Energy Gamma-ray Astronomy, Heidelberg, Germany.

[38] E. Waxman and J. N. Bahcall, Phys. Rev. Lett. 78, 2292 (1997), arXiv:astro-ph/9701231.

[39] M. Vietri, Phys. Rev. Lett. 80, 3690 (1998), arXiv:astro-ph/9802241. [40] M. Bottcher and C. D. Dermer, Submitted to Astrophys.J.Lett., arXiv:astro-ph/9801027.

[41] A. V. Olinto, R. I. Epstein and P. Blasi, Proceedings of the 26th International Cosmic Ray Conference, Salt Lake City, Utah, USA (1999).

[42] V. S. Berezinsky and O. F. Prilutsky astron. Astrophys. 66 (1978) 325. [43] H. Sato, Prog. Theor. Phys. 58, 549 (1977).

[44] T. K. Gaisser and T. Stanev, Phys. Rev. Lett. 54, 2265 (1985). [45] E. W. Kolb, M. S. Turner and T. P. Walker, Phys. Rev. D 32, 1145 (1985) [Erratum-ibid. D 33, 859 (1985)].

[46] V. S. Berezinsky, C. Castagnoli and P. Galeotti, Nuovo Cim. 8C, 185 (1985) [Addendum-ibid. 8C, 602 (1985)].

[47] F. Halzen, H. Landsman and T. Montaruli, arXiv:astro-ph/0503348; K. Ioka, S.

Raazaque, S. Kobayashi, P. Meszaros, arXiv:astro-ph/0503279.

[48] A. Levinson and E. Waxman, Phys. Rev. Lett. 87, 171101 (2001), arXiv:hep-ph/0106102.

[49] C. Distefano, D. Guetta, E. Waxman and A. Levinson, Submitted to Astrophys.J., arXiv:astro-ph/0202200.

[50] C. G. Costa, Astropart. Phys. 16, 193 (2001), hep-ph/0010306, and references therein.

[51] C. G. Costa, F. Halzen and C. Salles, Phys. Rev. D 66, 113002 (2002), arXiv:hep-ph/0104039.

[52] D. Seckel, T. Stanev and T. K. Gaisser, Astrophys. J. 382, 652 (1991). [53] C. Hettlage, K. Mannheim and J. G. Learned, Astropart. Phys. 13, 45 (2000), arXiv:astro-ph/9910208.

[54] V. S. Berezinsky, T. K. Gaisser, F. Halzen and T. Stanev, Astropart. Phys. 1, 281 (1993).

[55] V. S. Berezinsky and V. A. Kudryavtsev, Sov. Astron. Lett. 14 873 (1998). [56] V. S. Berezinsky, Prepared for International Workshop on Neutrino Telescopes, 3rd, Venice, Italy, 26-28 Feb 1991.

[57] T. Weiler, Phys. Rev. Lett. 49, 234 (1982).

[58] T. J. Weiler, Astropart. Phys. 11, 303 (1999), arXiv:hep-ph/9710431. [59] D. Fargion, B. Mele and A. Salis, Astrophys. J. 517, 725 (1999), arXiv:astro-ph/9710029.

[60] V. D. Barger, F. Halzen, D. Hooper and C. Kao, Phys. Rev. D 65, 075022 (2002), arXiv:hep-ph/0105182.

[61] G. Eigen, R. Gaitskell, G. D. Kribs and K. T. Matchev, in Proc. of the APS/DPF/DPB Summer Study on the Future of Particle Physics (Snowmass 2001) ed. R. Davidson and C. Quigg, arXiv:hep-ph/0112312.

[62] J. L. Feng, K. T. Matchev and F. Wilczek, in Proc. of the APS/DPF/DPB Summer Study on the Future of Particle Physics (Snowmass 2001) ed. R. Davidson and C. Quigg, arXiv:hep-ph/0111295.

[63] J. L. Feng, K. T. Matchev and F. Wilczek, Phys. Rev. D 63, 045024 (2001), arXiv:astro-ph/0008115.

[64] J. R. Ellis, T. Falk, G. Ganis and K. A. Olive, Phys. Rev. D 62, 075010 (2000), arXiv:hep-ph/0004169.

[65] L. Bergstrom, J. Edsjoe and P. Gondolo, presented at 26th International Cosmic Ray Conference (ICRC 99), Salt Lake City, UT, 17-25 Aug 1999. In Salt Lake City 1999, Cosmic ray, vol. 2 281-284, arXiv:astro-ph/9906033.

[66] P. Gondolo and J. Silk, Phys. Rev. Lett. 83, 1719 (1999), arXiv:astro-ph/9906391.

[67] F. Halzen and D. Hooper, proceedings of Dark Matter 2002, Los Angeles, CA (2002), arXiv:hep-ph/0110201.

[68] S. Sarkar and R. Toldra, Nucl. Phys. B 621, 495 (2002), arXiv:hep-ph/0108098.

[69] M. Birkel and S. Sarkar, Astropart. Phys. 9, 297 (1998), arXiv:hep-ph/9804285. [70] C. Barbot and M. Drees, arXiv:hep-ph/0202072.

[71] V. Berezinsky, M. Kachelriess and A. Vilenkin, Phys. Rev. Lett. 79, 4302 (1997), arXiv:astro-ph/9708217.

[72] V. S. Berezinsky and A. Vilenkin, Phys. Rev. D 62, 083512 (2000), arXiv:hep-ph/9908257.

[73] R. Gandhi, C. Quigg, M. H. Reno and I. Sarcevic, Presented at 1996 Annual Divisional Meeting (DPF 96) of the Division of Particles and Fields of the American Physical Society, Minneapolis, MN, 10-15 Aug 1996, arXiv:hep-ph/9609516.

[74] F. Halzen, B. Keszthelyi and E. Zas, Phys. Rev. D 52, 3239 (1995), arXiv:hep-ph/9502268.

[75] E. V. Bugaev and K. V. Konishchev, arXiv:astro-ph/0103265. [76] S. W. Hawking, Nature 248, 30 (1974). [77] C. Kouveliotou, et al., Ap. J. Lett., 413, L101 (1993).

[78] K. C. Walker, B. E. Schaefer and E. E. Fenimore, Submitted to Astrophys.J., arXiv:astro-ph/9810271.

[79] M. Metzger, et al., Nature 387, 878 (1997).

[80] S. Kulkarni, et al., in Gamma Ray Bursts, Proc. 5th Huntsville Symp (AIP:New York), arXiv:astro-ph/0002168.

[81] T. Piran, Phys. Rept. 314 (1999) 575, arXiv:astro-ph/9810256. [82] E. Waxman, Lectures given at 11th International Symposium on Very-High- Energy Cosmic Ray Interactions: The Gleb Wataghin Centennial (ISVHECRI 2000), Campinas, Brazil, 17-21 Jul 2000, arXiv:astro-ph/0103186.

[83] J. Goodman, Ap. J., 308 L47 (1986). [84] B. Paczynski, Ap. J., 363 218 (1990). [85] A. Shemi, T. Piran, Ap. J. Lett., 365 L55 (1990). [86] B. Paczynski, Astrophys. J. 308, L43 (1986).

[87] E. Waxman, Phys. Rev. Lett. 75, 386 (1995), arXiv:astro-ph/9505082.

[88] F. Halzen, Lectures given at Theoretical Advanced Study Institute in Elementary Particle Physics (TASI 98): Neutrinos in Physics and Astrophysics: From 10^{−33} to 10^{+28} cm, Boulder, CO, 31 May - 26 Jun 1998. Published in Boulder 1998, Neutrinos in physics and astrophysics 524-569, arXiv:astro-ph/9810368.

[89] M. F. Morales, arXiv:astro-ph/0308100. [90] J. I. Katz, Ap. J., 422, 248 (1994).

[91] P. Meszaros, P. Laguna and M. J. Rees, Astrophys. J. 415, 181 (1993), arXiv:astro-ph/9301007.

[92] B. R. Schaefer, Ap. J., 492, 696 (1997). [93] E. Cohen, et al., Ap. J., 480, 330 (1997).

[94] G. B. Rybicki and A. P. Lightman, Radiative Processes in Astrophysics (1979). [95] M. Milgrom, and V. Usov, Astrophy. J. 449, L37 (1995). [96] M. Vietri, Astrophys. J. 453, 883 (1995).

[97] C. D. Dermer, Submitted to Astrophys.J., arXiv:astro-ph/0005440. [98] E. Waxman, Nucl. Phys. Proc. Suppl. 91, 494 (2000), arXiv:hep-ph/0009152. [99] J. P. Rachen and P. Meszaros, AIP Conf. Proc. 428, 776 (1997), arXiv:astro-ph/9811266.

[100] J. Miralda-Escude and E. Waxman, Astrophys. J. 462, L59 (1996), arXiv:astro-ph/9601012.

[101] E. Waxman, Astrophys. J. 452, L1 (1995), arXiv:astro-ph/9508037. [102] F. Halzen and D. W. Hooper, Astrophys. J. 527, L93 (1999), arXiv:astro-ph/9908138.

[103] J. Alvarez-Muniz, F. Halzen and D. W. Hooper, Phys. Rev. D 62, 093015 (2000), arXiv:astro-ph/0006027.

[104] D. Guetta et al., Astropart.Phys. 20 (2004) 429-455, arXiv:astro-ph/0302524 [105] J. Becker, F. Halzen and M. Stamatikos, AMANDA report. [106] P. Meszaros and E. Waxman, Phys. Rev. Lett. 87, 171102 (2001). [107] P. Meszaros and E. Waxman, Phys. Rev. Lett. 87, 171102 (2001), arXiv:astro-ph/0103275.

[108] S. Ando and J. F. Beacom, arXiv:astro-ph/0502521.

[109] J. N. Bahcall and P. Meszaros, Phys. Rev. Lett. 85, 1362 (2000), arXiv:hep-ph/0004019.

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

[111] R. Mukherjee, Invited talk at International Symposium on High Energy Gamma- Ray Astronomy, Heidelberg, Germany, 26-30 Jun 2000, arXiv:astro-ph/0101301.

[112] W. Hermsen et al., Nature 269, 494 (1977). [113] R. Mukherjee et al., Astrophys. J. 490, 116 (1997). [114] C. von Montigny, et al., Astrophys. J. 440, 525 (1995).

[115] M. Sikora and G. Madejski, Prepared for International Symposium on High Energy Gamma-Ray Astronomy, Heidelberg, Germany, 26-30 Jun 2000, arXiv:astro-ph/0101382.

[116] R. Mukherjee et al., arXiv:astro-ph/9901106.

[117] P. Sreekumar, D. L. Bertsch, R. C. Hartman, P. L. Nolan and D. J. Thompson, Astropart. Phys. 11, 221 (1999), arXiv:astro-ph/9901277.

[118] M. Bottcher, Proc. of the GeV-TeV Astrophysics International meeting, Snowbird, Utah.

[119] M. Bottcher, Astrophys. J. 21, L515 (1999).

[120] K. Mannheim, Astron. Astrophys. 269, 67 (1993), arXiv:astro-ph/9302006. [121] K. Mannheim, Space Sci. Rev. 75, 331 (1996).

[122] L. Nellen, K. Mannheim and P. L. Biermann, Phys. Rev. D 47, 5270 (1993), arXiv:hep-ph/9211257.

[123] A. Mucke and R. J. Protheroe, Astropart. Phys. 15, 121 (2001), arXiv:astro-ph/0004052.

[124] J. P. Rachen, Invited talk at 6th GeV - TeV Gamma Ray Astrophysics Workshop: Toward a Major Atmospheric Cerenkov Telescope, Snowbird, Utah, 13-16 Aug 1999, arXiv:astro-ph/0003282.

[125] R. J. Protheroe and A. Mucke, arXiv:astro-ph/0011154. [126] F. A. Aharonian, New Astron. 5, 377 (2000), arXiv:astro-ph/0003159.

[127] F. Stecker, C. Done, M. Salamon, and P. Sommers, Phys. Rev. Lett. 66, 2697 (1991); erratum Phys. Rev. Lett. 69, 2738 (1992).

[128] V. Berezinsky, Nucl. Phys. Proc. Suppl., 28A, 352 (1992). [129] F. W. Stecker and M. H. Salamon, Space Sci. Rev. 75, 341 (1996). [130] A. P. Szabo and R. J. Protheroe, Proc. Workshop High-energy Neutrino Astronomy, World Scientific, pg. 24 (1992).

[131] A. P. Szabo and R. J. Protheroe, Nucl. Phys. Proc. Suppl., 35, 287 (1994). [132] P. L. Biermann, Proc. Workshop High-energy Neutrino Astronomy, World Scientific, pg. 86 (1992).

[133] V. S. Berezinsky, Nucl. Phys. Proc. Suppl. 38, 363 (1995). [134] A. Atoyan and C. D. Dermer, Phys. Rev. Lett. 87, 221102 (2001), arXiv:astro-ph/0108053.

[135] C. D. Dermer and A. Atoyan, To appear in the proceedings of 27th International Cosmic Ray Conferences (ICRC 2001), Hamburg, Germany, 7-15 Aug 2001, arXiv:astro-ph/0107200.

[136] A. Mucke and R. J. Protheroe, To appear in the proceedings of 27th International Cosmic Ray Conferences (ICRC 2001), Hamburg, Germany, 7-15 Aug 2001, arXiv:astro-ph/0105543.

[137] R. J. Protheroe, Presented at IAU Colloquium 163, Accretion Phenomena Related Outflows, arXiv:astro-ph/9607165.

[138] C. Schuster, M. Pohl and R. Schlickeiser, Submitted to Astron.Astrophys, arXiv:astro-ph/0111545.

[139] R. J. Protheroe, C. L. Bhat, P. Fleury, E. Lorenz, M. Teshima and T. C. Weekes, Based on several talks given at the International Cosmic Ray Conference (ICRC 97) Durban, South Africa, 28 Jul - 8 Aug 1997, arXiv:astro-ph/9710118.

[140] B. L. Dingus and D. L. Bertsch, Presented at 6th Compton Symposium on Gamma Ray Astrophysics 2001, Baltimore, Maryland, 4-6 Apr 2001, arXiv:astro-ph/0107053.

[141] P. Lipari and T. Stanev, Phys. Rev. D 44 (1991) 3543.

[142] E. Andres et al. (AMANDA Collaboration), Nature 410, 441 (2001);

Phys.Rev.D 66, 012005 (2002), arXiv:astro-ph/0205109.

[143] J. Ahrens et al. (AMANDA Collaboration), Phys. Rev. Lett. (in print), arXiv:astro-ph/0309585.

[144] V. A. Balkanov et al. (Baikal Collaboration), Nucl. Phys. Proc. Suppl. 118, 363 (2003).

[145] T. Montaruli et al. (ANTARES Collaboration), Proceedings of the 28th International Cosmic Ray Conference, Tsukuba, Japan, 2003.

[146] http://www.nestor.org.gr/.

[147] E. Migneco, CRIS04 Workshop, Catania, Italy, 2004. [148] R. Coniglione et al. (NEMO Collaboration),

http://nemoweb.lns.infn.it/publication.htmgais.

[149] N. G. Lehtinen et al, Astropart.Phys., 17, 272 (2002), arXiv:astro-ph/0104033. [150] G. M. Frichter et al., Phys.Rev.D 53, 1684 (1996 ), arXiv:astro-ph/9507078. [151] P. Gorham, 2002 Aspen Winter Conference on Ultra High Energy Particles from Space, http://astro.uchicago.edu/home/web/olinto/aspen/astroweb.

[152] F. Halzen and D. Saltzberg Phys. Rev. Lett. 81, 4305 (1998), arXiv:hep-ph/9804354.

(a)

(b) Figure 6: Fig.6(a) illustrates the effective volume of IceCube for the detection of showers initiated by neutrinos of electron or tau flavor. Fig.6(b) illustrates the effective area of IceCube for the detection of neutrinos of muon flavor. The performance of IceCube has been simulated with AMANDA analogue signals rather than with the superior digital signals of IceCube. IceCube performance should be superior to what is shown.

Figure 7: Distance over which a 10 inch photomultiplier, set at a photoelectron threshold (pe), detects a minimum ionizing muon in ice.

Figure 8: Skymap showing declination and right ascension of neutrinos detected by the AMANDA II detector during four Antarctic winters of operation in 2000-2003.

Figure 9: Relative sizes of the IceCube, AMANDA, and Superkamiokande neutrino detectors. AMANDA will be operated as a lower threshold subsystem of IceCube. As the size of the detector grows, so does the threshold energy of neutrinos detected.