arXiv:hep-ph/0112167 v2 27 Dec 2001

NORDITA-2001-96-AP December 27, 2001

Recent Progress in Neutrino Astrophysics

Steen Hannestad

NORDITA Blegdamsvej 17, DK-2100 Copenhagen, Denmark

Recent progress in neutrino physics has been rapid, to a large extent thanks to observations of neutrinos produced in astrophysical environments. Here, we review the current standing on such questions as neutrino masses and mixings, focusing mainly on the interplay between neutrino physics, astrophysics and cosmology.

PRESENTED AT

COSMO-01 Rovaniemi, Finland, August 29 – September 4, 2001

1 Introduction

The field of neutrino physics is presently advancing more rapidly than ever before. For a large part this is due to observations of neutrinos coming from astrophysical sources, such as the Sun, cosmic rays and supernovae. Neutrino astrophysics has therefore been a key ingredient in retrieving the fundamental parameters related to the neutrino sector of the standard model. From a purely phenomenological perspective (as opposed to the model building perspective), the neutrino sector can be described by a relatively limited number of parameters: The neutrino masses, the neutrino mixing matrix which is the equivalent of the quark CKM matrix, as well as the possible cosmological neutrino lepton number. In addition there is the possibility of parameters describing neutrino physics beyond the standard model: Sterile neutrino masses and mixing, neutrino magnetic moments, flavour changing neutral currents etc. The next section contains a review of the current knowledge about neutrino masses differences and mixings, obtained from neutrino oscillation experiments. Section 3 deals with neutrinos and cosmology, particularly the prospects for measuring absolute neutrino masses and cosmological neutrino lepton numbers. Section 4 is on supernova neutrinos, and finally Section 5 contains a short discussion.

2 Neutrino oscillations

2.1 Solar neutrinos

The Sun is by far the most powerful nearby neutrino source. The hydrogen fusion reactions which heat the Sun also produce large numbers of neutrinos via the effective reaction 4H + 2e^− →^4 He + 2ν_e. For low mass stars like the Sun almost all energy is produced via the pp-chain, as opposed to more massive stars where the CNO cycle is dominant.

In fact neutrinos are produced via several different nuclear reactions. The bulk of all neutrinos are so-called pp-neutrinos produced in the reaction p + p →^2 H + e^+ + ν_e. However, these neutrinos are born with very low energy (E ≤ 0.42 MeV) and are therefore very difficult to detect. For detection experiments the most important reactions are e^− +^7 Be →^7 Li + ν_e (Beryllium neutrinos, E_ν = 0.86 MeV) and p +^7 Be →^8 B →^8 Be + e^+ + ν_e (Boron neutrinos, E ≤ 15 MeV). Figure 1 shows the Solar neutrino flux on earth according to the latest standard solar model [1].

Although solar neutrinos are of low energy and therefore have very small scattering cross section they are detectable in terrestrial detectors. The first such experiment was the Homestake experiment [2, 3] which used a radiochemical observation of conversion of 37Cl into^{37}Ar for detection.

The experiment first published data in 1968 [3], and at the same time more detailed Solar models became available [4]. It then became evident that there was a significant discrepancy between theory and observations. This discrepancy has persisted more or less unchanged until now, and is seen for all types of experiments. There are basically

Figure 1: Neutrino flux prediction from the present standard solar model [1]. Figure courtesy of J. Bahcall.

two different techniques for detecting solar neutrinos. One is the radiochemical method of which the Homestake experiment was the first example. Later experiments have used Ga instead of Cl because a much lower energy threshold is possible. Indeed, the SAGE [5] and Gallex [6, 7] experiments have been able to detect the low energy pp-neutrinos.

The second is the water Cerenkov detector, where the reaction ν_e + e → ν_e + e is used. For MeV neutrinos scattering on electrons, the final state energy of the electron is sufficiently high that it emits Cerenkov light as it travels through water. This means that both energy and direction of the incoming neutrino can be measured. However, the energy threshold of Cerenkov detectors is ∼5-8 MeV. Therefore only the high energy tail of the solar neutrino distribution, mainly the^8B neutrinos are detectable. Radiochemical experiments have much lower threshold, particularly the gallium based experiments, and are therefore sensitive also to the main component of the the solar neutrino flux, the pp neutrinos. The two types of experiments therefore complement each other nicely.

The fact that the solar neutrino flux is consistently about a factor of two smaller than the theoretically expected value has been seen as evidence for neutrino oscillations. However, before this year there was no real smoking gun signature, because all that could be seen was disappearance of electron neutrinos. In principle this could be ascribed to a

Table 1: Best fit values of mixing parameters for solar neutrino solutions, as well as their goodness of fit. Taken from [9].

Solution δm^2/eV^2 tan^2 θ goodness of fit Large Mixing Angle (LMA) 4.5 × 10^{−5} 0.41 59% Small Mixing Angle (SMA) 4.5 × 10^{−5} 3.9 × 10^{−4} 19% Low 1.0 × 10^{−7} 0.71 45% Vacuum (VAC) 4.6 × 10^{−10} 2.4 42%

lower primary flux of electron neutrinos coming from the sun.

The new results from the Sudbury Neutrino Observatory (SNO) [8], on the other hand, clearly show that there is an active component in the solar neutrino flux which is not ν_e. The reason is that SNO uses heavy water D^2O for detection instead of ordinary water. This has the advantage that both the charged current reaction ν_e + D → p + p + e^− and the neutral current elastic scattering ν + e → ν + e can be detected, whereas normal water Cerenkov detectors are only sensitive to the neutral current reaction. By comparing the inferred neutrino fluxed from CC and NC reactions it has been possible to ascertain (at the 3.3σ level) that the NC measured flux is higher than the CC flux. This in turn can only mean that there is an active component in the solar neutrino flux which is not electron flavour. Since the Sun is not nearly hot enough to produce muon and tau neutrinos this component can only have been produced via conversion of electron neutrinos.

This result also shows that the main part of the conversion of Solar neutrinos cannot be to sterile neutrinos, but must be to some active species. The combination of all available solar neutrino data still leaves four distinct possible solar neutrino solutions. Table I shows that best fit values from Ref. [9] for these solutions, as well as their respective goodnessof-fit (see also the analyses [10, 11, 12]). Interestingly the so-called Small Mixing Angle solution is now disfavoured, primarily because of the flatness of the energy spectrum measured by Super Kamiokande [16] and SNO [8].

Figure 2 shows a contour plot for the likelihood as a function of tan^2 θ and δm^2. Notice that this figure is for the case where the^8B flux is taken as a free parameter. However, the small mixing angle solution prefers a value of the flux different from what is predicted by the standard solar model. If the^8B flux is fixed by the SSM prediction the exclusion of the SMA solution becomes much stronger [13, 14]. However, as long as the spectrum information is not included the SMA solution is actually preferred and perhaps it is premature to rule it out completely. Fortunately the KamLand experiment will probe the LMA region of parameter space and therefore test whether the LMA solution is indeed the correct one [15].

Figure 2: Likelihood plot including all available data on solar neutrinos. Figure adapted from Ref. [9].

2.2 Atmospheric neutrinos

The second piece of evidence for neutrino oscillation comes from observations of atmospheric neutrinos by Super Kamiokande [17] and other neutrino detectors. These neutrinos are produced by pion decays in the atmosphere, and therefore it is expected that the ratio of muon to electron neutrinos should be roughly 2:1 (from the decay chain π → μν_μ → eν_eν_μν_μ). However, observations clearly show that the ratio is close to 1:1. Again, this is explained by muon neutrinos oscillating with another species, with close to maximal mixing. The real smoking gun signature for neutrino oscillations is the so-called up-down asymmetry. For a given solid angle the neutrino event rate should be independent of direction. For electron neutrinos this is indeed the case, but for muon neutrinos there is a much larger downwards flux. This can be explained by oscillations: Since upgoing neutrinos traverse a much longer distance they have time to oscillate, whereas downgoing neutrinos do not.

Since no asymmetry is seen for electron neutrinos, the result cannot be explained by ν_e − ν_μ oscillations, but is more likely either ν_μ − ν_τ or ν_μ − ν_s oscillations, where ν_s is some sterile state. Interestingly, the possibility that the oscillations are to a sterile species is now also disfavoured because of the lack of a sterile neutrino matter potential in the earth. In Ref. [18] it was found that ν_μ −ν_τ with δm^2_3 = 3.0×10^{−3} eV^2 and sin^2 2θ = 0.99 gives χ^2/d.o.f. = 74/73, whereas the ν_μ − ν_s possibility gives χ^2/d.o.f. = 90/73(δm^2 >

0)86/73(δm^2 < 0).

A clear picture therefore seems to be emerging on neutrino mass differences. ν_e − μ_μ oscillations are responsible for the Solar neutrino anomaly, whereas ν_μ − μ_τ oscillations explain the solar neutrino oscillations. From atmospheric neutrinos one finds that δm^2_3 ∼ 3 × 10^{−3} eV^2, and sin^2 2θ_{23} ≃ 1. Solar neutrinos then give that δm^2_3 = δm^2_{solar} and θ_{12} = θ_{solar}.

The 1 − 3 mixing angle has been constrained to be rather small by the Chooz reactor experiment [19], and it therefore seems that the neutrino mixings can be described effectively by 2 × 2 mixing.

However, the neutrino oscillations experiments do not yield any information about the absolute values of the neutrino masses, and therefore there are still two distinct possibilities, either that the heaviest neutrino has a mass of 0.1 eV and that the lightest neutrino is close to massless. The other possibility is a degenerate neutrino mass spectrum, where all neutrinos have essentially the same mass, but with mass splitting compatible with the solar and atmospheric neutrino solutions. Cosmology is one of the strongest tools for probing the absolute values of neutrino masses, as will be discussed in the next section.

It should also be noted that there is at present no measurement of the possible CP - violating phases in the neutrino mixing matrix. Therefore the work on measuring the mixing matrix entries is far from finished.

3 Neutrinos in cosmology

3.1 Absolute neutrino masses

Neutrinos exist in equilibrium with the electromagnetic plasma in the early universe, until a temperature of a few MeV. At this point the weak interactions freeze out and neutrinos decouple from the plasma. Shortly after this time, the temperature of the plasma falls below the electron mass, and electrons and positrons annihilate, dumping their entropy into the photon gas. This heats the photon gas while having no effect on neutrinos, and the end result is that the photon temperature is larger than the neutrino temperature by the factor (11/4)^{1/3} ≃ 1.40. Since the present day photon temperature has been measured with great accuracy to be 2.728 K, the neutrino temperature is known to be 1.95 K, or about 2 × 10^{−4} eV. Since the heaviest neutrino has a mass of at least about 0.1 eV it must at present be extremely non-relativistic and therefore acts as dark matter. The contribution of a single neutrino species of mass m_ν to the present day matter density can be written as [20, 21] Ω_ν h^2 = m_ν 91.5eV

, (1)

so that for a neutrino mass of about 30 eV, neutrinos will make up all of the dark matter. However, this would have disastrous consequences for structure formation in the universe, because neutrinos of eV mass have very large free streaming lengths and would erase structure on scales smaller than l_{fs} ≃ 1 Gpcm^{−1}_{ν,eV} completely. The linear matter power spectrum has been measured reasonably accurately by large scale structure surveys down to scales of about k ≃ 0.2hMpc^{−1} (see for instance Ref. [22]). In addition to this, recent very accurate measurements of the absorption power spectra of the Ly-α forest at high redshift have allowed determination of the linear power spectrum to even smaller scales [23]. These power spectra can be used to constrain possible values of m_ν , particularly of used in combination with measurements of the CMBR. The best present upper limit on the neutrino mass is 4.4 eV [24], which can be considered as a limit on the sum of masses of all the light neutrinos.

This upper limit can be compared with the present bound on the electron neutrino mass from tritium decay endpoint measurements. The Mainz experiment currently yields an upper limit of 2.2 eV for the electron neutrino [25]. If the mass is close to this bound the neutrino mass hierarchy must be degenerate and the bound on the sum of masses is therefore something like 6.6 eV.

However, it should be noted that an even stronger upper bound can be put on neutrino masses if they are Majorana particles. In that case neutrinoless double beta decay is possible because lepton number is not a conserved quantity. The non-observation of such events has led to the bound m_{ee} = ∑ j U^2_{ej} m_{νj} < 0.27 eV, (2)

where U is the neutrino mixing matrix [26].

In the coming years the large scale structure power spectrum will be measured even more accurately by the Sloan Digital Sky Survey, and at the same time the CMBR anisotropy will be probed to great precision by the MAP and Planck satellites. By combining these measurements it was estimated by Hu, Eisenstein and Tegmark that a sensitivity of about 0.3 eV could be reached [27]. Currently an upgrade of the Mainz experiment by an order of magnitude is planned, which should take the limit on the electron neutrino mass down to about 0.2 eV. The prospects for measuring a neutrino mass of the order 0.1 eV, as suggested by oscillation experiments is therefore almost within reach.

Another cosmological probe of the neutrino mass is the so-called Z-burst scenario for ultrahigh energy cosmic rays [30, 31]. Neutrinos are not subject to the GZK cut-off which applies to protons [28, 29]. Therefore it is in principle possible that the primary particles for super GZK cosmic rays are neutrinos. One possibility which has been explored is that the neutrino-nucleon cross-section increases drastically at high CM energies, for instance due to the presence of large extra dimensions. The other possibility is that neutrinos have rest mass in the eV range. In that case high energy neutrinos can annihilate on cosmic background neutrinos with a large cross section if the CM energy is close to the Z-resonance, corresponding to a primary neutrino energy of E_ν ≃ 4 × 10^{21}m^{−1}_{eV} eV. This annihilation would produce high energy protons which could then act as primaries for the observed high energy cosmic rays. The observed ultrahigh energy cosmic ray flux can be explained if the heaviest neutrino has a mass larger than ∼ 0.1 eV. Therefore, if the Z-burst scenario turns out to be correct, it is in principle possible to measure a neutrino mass in this range [32, 33, 34].

3.2 Neutrino relativistic energy

In addition to affecting structure formation neutrinos also contribute relativistic energy density in the early universe. This has a profound effect on big bang nucleosynthesis, as well as the CMBR formation. The Friedmann equation H^2 = 8πGρ yields the relationship between temperature and expansion rate. The beta reactions which keep the equilibrium between neutrons and protons in the early universe freeze out roughly when Γ/H ∼ 1. If relativistic energy density is added then H is larger for a given temperature and the beta reactions freeze out faster. The neutron to proton ratio is in equilibrium given by n/p ∝ e^{−Q/T} , with Q = m_n − m_p = 1.293 MeV, so that if relativistic energy density is added more neutrons survive. This in turn means that more helium is formed, and indeed observations of the primordial helium abundance can be used to constrain the amount of relativistic energy density.

The standard way to parameterise such energy density is in equivalent number of neutrino species N_ν ≡ ρ_R/ρ_{ν,0}, where ρ_{ν,0} is the energy density of a standard neutrino species. At present the bound is roughly N_ν ≤ 4 [35]. At first sight this bound can be translated directly into a bound on the neutrino lepton number as well, because a non-zero lepton number yields additional energy density.

N_ν = 3 + 30 7 ( μ πT )_2 + 15 7 ( μ πT )_4

, (3)

assuming that only one neutrino species has non-zero lepton number.

However, there is a fundamental difference in that the bound is flavour sensitive. The electron flavour neutrinos enter directly into the beta reactions, and an electron neutrino lepton number therefore has a different influence on BBN than muon or tau neutrino lepton numbers [36].

In practise this means that a large positive chemical potential in muon and tau neutrinos can be compensated by a small electron neutrino chemical potential. Of course such models are quite contrived, but it is highly desirable with independent methods for determining the cosmological neutrino lepton numbers.

It turns out that the CMBR is at least in principle also an excellent probe of the relativistic energy density. The reason is that an increase in the relativistic energy density delays matter radiation equality, which in turn leads to an increase of the so-called early integrated Sachs-Wolfe (ISW) effect. In the power spectrum this shows up as an increase in power around the scale of the particle horizon slightly after recombination, i.e around the scale of the first acoustic peak.

This effect has been used previously to constrain N_ν using data from the best present day experiments [37, 38, 39, 40], namely Boomerang [41], Maxima [42], CBI [43] and DASI [44]. Unfortunately the data is not yet of sufficient accuracy to yield constraints anywhere near as strong as BBN. However, on the other hand they do not suffer from the same problems of being flavour sensitive. It is therefore possible to combine BBN and CMBR constraints to yield a non-trivial bound on neutrino lepton chemical potentials [45]. Interestingly, if neutrinos oscillate these bounds can be very significantly strengthened [46].

In the near future a much more accurate determination of N_ν from CMBR measurements will become possible thanks to the satellites MAP and Planck. It was estimated by Lopez et al. [47] that it would be possible to measure ΔN_ν ∼ 0.04 using Planck data. However, this is probably overly optimistic and a more reasonable estimate seems to be ΔN_ν ∼ 0.1 − 0.2 [48].

This will also allow for a possible detection of sterile neutrinos mixing with ordinary neutrinos in the early universe over a wide range of parameter space [49].

4 Supernova neutrinos

Supernovae are, as far as we know, the most powerful neutrino sources in the present day universe. In the timespan of a few seconds a typical core collapse supernova emits about 10^{57} neutrinos with an average energy of 10-15 MeV, or a total energy output of ∼ few×10^{53} erg. For this reason, supernovae are powerful laboratories for neutrino physics and can be used to search for non-standard neutrino physics, such as sterile neutrinos or neutrino magnetic moments.

However, the fundamental problem with supernovae are that within our own galaxy they occur quite rarely on human timescales. In order to detect neutrinos from a supernova it must be within our own galaxy or the immediate vicinity. Even M31 is sufficiently far away that only a few neutrinos would be detected by present day detectors. So far the only detection of neutrinos from a supernova are the 24 events from SN1987A detected by Kamiokande (11) [50], IMB (8) [51] and Baksan (5) [52]. The number and energy of these events are compatible with theoretical expectations, except that the average energy of the events is slightly lower than expected.

The fact that the duration of the observed neutrino signal matches the expectations has been used to put an upper bound on the neutrino mass. Indeed, if the emitted neutrinos have mass, their velocity would be energy dependent and the signal would be more widely spread in time. The time delay can be written as

Δt = 2.6s d_{50 kpc}E^{−2}_{10 MeV}m^2_{ν,10 eV}, (4)

and the observations therefore give roughly the bound m_ν ≤ 20 eV [53, 54].

Unfortunately this is much weaker than the bound from both tritium decay experiments and from large scale structure observations. Moreover, the prospects for increasing the sensitivity using a future galactic supernova and the present day detectors is not too promising. The only signal which would be sufficiently well located in time would be the neutronisation signal of ν_e’s. However, the detection rate in water Cerenkov detectors is so low that even Super Kamiokande would only see about one event from a galactic supernova. The reason is both that ν_eis detected via the elastic scattering process ν_ee → ν_ee, whereas the ν̄_e’s are detected via the charged current reaction ν̄_ep → ne^+, which has a much higher cross section, but also that the overall flux of these neutrinos is much lower. Therefore it would still be necessary to use the cooling phase neutrinos, and the only real improvement would be that it would be possible to measure the rise time of the cooling signal which should be determined to an accuracy of about one second. This should make a determination within about 2-3 eV possible.

Another possibility is if the proto neutron star collapses to a black hole within a few seconds. This will lead to an immediate decrease in neutrino luminosity, and if such a signature is observed from a future galactic supernova, a mass determination in the eV regime is possible [55].

Somewhat more promising than this is the possibility of measuring neutrino oscillations from the observation of a galactic supernova. A detector like SNO is able to measure different neutrino flavours. Since neutrinos of different flavours are emitted with somewhat different energies a flavour swap due to oscillations could be detectable. However, this still requires a sufficiently good theoretical understanding of the neutrino emission process. At present, no full scale neutrino spectrum calculation including self-consistently all the relevant microphysics has been performed. Early calculations indicated that neutrinos of different flavour are emitted with different energy. The reason is that their interaction cross sections are different, and that they are therefore emitted from different regions of the proto-neutron star. The average energy of emitted neutrinos is roughly given by [56]

⟨E_ν ⟩ ∼ 10 − 12 MeV for ν_e 14 − 17 MeV for ν̄_e 24 − 27 MeV for ν_μ, ν_τ , ν̄_μ, ν̄_τ (5)

However, these calculations did not include the effect of nucleon-nucleon inelastic scattering processes which for muon and tau neutrinos are the most important thermalization processes [57, 58, 59]. It remains to be seen what influence the inclusion of such processes will have on the neutrino spectra.

Dighe and Smirnov [60] have studied in detail the prospects for measuring neutrino oscillations by observing the neutrino spectrum from a future galactic supernova. At present the conclusion about the possibility for measuring the various mixing parameters is somewhat uncertain, mainly because of uncertainty in how well a theoretical calculation of the neutrino emission can be performed.

5 Discussion

Neutrinos are very weakly interacting particles and therefore parameters of the neutrino sector are difficult to measure. So far the best information on the neutrino mixing matrix comes from observations of neutrinos from the Sun or from cosmic rays. Likewise the strongest upper bound on the absolute scale of neutrino masses comes from observations of cosmological large scale structure.

In the coming years more new neutrino accelerator experiments will come online and measure some of the neutrino parameters much more accurately. The coming years will likely see a shift in the emphasis of the relation between neutrinos and astrophysics. Neutrinos will no longer be a free parameter in astrophysical models which can be invoked to explain puzzles. This in turn should allow for a deeper understanding of such phenomena as supernovae.

However, some neutrino parameters will also in the future only be accessible via astrophysical observations, and neutrino astrophysics is likely to remain a very active field for years to come.

ACKNOWLEDGEMENTS

I wish to thank Francesco Vissani, Vito Antonelli and Andreas Ringwald for comments on the manuscript.

References

[1] J. N. Bahcall, M. H. Pinsonneault and S. Basu, Astrophys. J. 555 (2001) 990.

[2] K. Lande et al., Nucl. Phys. Proc. Suppl. 77 (1999) 13.

[3] R. Davis, D. S. Harmer and K. C. Hoffman, Phys. Rev. Lett. 20 (1968) 1205.

[4] J. N. Bahcall et al., Astrophys. J. 137 (1963) 344.

[5] D. N. Abdurashitov et al. [SAGE Collaboration], Nucl. Phys. Proc. Suppl. 77 (1999) 20. [6] W. Hampel et al. [GALLEX Collaboration], Phys. Lett. B 447 (1999) 127.

[7] M. Cribier [GALLEX Collaboration], Nucl. Phys. Proc. Suppl. 70 (1999) 284.

[8] Q. R. Ahmad et al. [SNO Collaboration], Phys. Rev. Lett. 87 (2001) 071301 [arXiv:nucl-ex/0106015].

[9] J. N. Bahcall, M. C. Gonzalez-Garcia and C. Pena-Garay, JHEP 0108, 014 (2001) [arXiv:hep-ph/0106258].

[10] P. I. Krastev and A. Y. Smirnov, arXiv:hep-ph/0108177. [11] V. Berezinsky, arXiv:hep-ph/0108166.

[12] A. Bandyopadhyay, S. Choubey, S. Goswami and K. Kar, Phys. Lett. B 519 (2001) 83 [arXiv:hep-ph/0106264].

[13] J. N. Bahcall, M. C. Gonzalez-Garcia and C. Pena-Garay, arXiv:hep-ph/0111150. [14] P. Aliani, V. Antonelli, M. Picariello and E. Torrente-Lujan, arXiv:hep-ph/0111418. [15] A. Piepke [KamLAND Collaboration], Nucl. Phys. Proc. Suppl. 91 (2001) 99. [16] S. Fukuda et al. [Super-Kamiokande Collaboration], Phys. Rev. Lett. 86 (2001) 5656 [arXiv:hep-ex/0103033].

[17] Y. Fukuda et al. [Super-Kamiokande Collaboration], Phys. Rev. Lett. 81, 1562 (1998) [arXiv:hep-ex/9807003].

[18] N. Fornengo, M. C. Gonzalez-Garcia and J. W. Valle, Nucl. Phys. B 580 (2000) 58 [arXiv:hep-ph/0002147].

[19] M. Apollonio et al. [CHOOZ Collaboration], Phys. Lett. B 466 (1999) 415 [arXiv:hepex/9907037].

[20] E. W. Kolb and M. S. Turner, Redwood City, USA: Addison-Wesley (1990) 547 p.

(Frontiers in physics, 69).

[21] R. Cowsik and J. McClelland, Phys. Rev. Lett. 29 (1972) 669. [22] A. J. S. Hamilton, M. Tegmark, and N. Padmanabhan, Mon. Not. R. Astron. Soc.

317, L23 (2000).

[23] R. A. C. Croft et.al., astro-ph/0012324.

[24] X. Wang, M. Tegmark and M. Zaldarriaga, astro-ph/0105091. [25] J. Bonn et al., Nucl. Phys. Proc. Suppl. 91 (2001) 273. [26] H. V. Klapdor-Kleingrothaus et al., arXiv:hep-ph/0103062.

[27] W. Hu, D. J. Eisenstein and M. Tegmark, Phys. Rev. Lett. 80 (1998) 5255 [arXiv:astro-ph/9712057].

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

[29] G. T. Zatsepin and V. A. Kuzmin, JETP Lett. 4 (1966) 78 [Pisma Zh. Eksp. Teor.

Fiz. 4 (1966) 114].

[30] T. J. Weiler, cut-off,” Astropart. Phys. 11 (1999) 303 [arXiv:hep-ph/9710431]. [31] D. Fargion, B. Mele and A. Salis, rays,” Astrophys. J. 517 (1999) 725 [arXiv:astroph/9710029].

[32] H. Pas and T. J. Weiler, Phys. Rev. D 63 (2001) 113015 [arXiv:hep-ph/0101091]. [33] Z. Fodor, S. D. Katz and A. Ringwald, arXiv:hep-ph/0105064. [34] A. Ringwald, arXiv:hep-ph/0111112.

[35] E. Lisi, S. Sarkar and F. L. Villante, Phys. Rev. D 59 (1999) 123520 [arXiv:hepph/9901404].

[36] H. S. Kang and G. Steigman, Nucl. Phys. B 372 (1992) 494. [37] S. Hannestad, Phys. Rev. Lett. 85 (2000) 4203 [arXiv:astro-ph/0005018]. [38] S. Hannestad, Phys. Rev. D 64 (2001) 083002 [arXiv:astro-ph/0105220]. [39] S. Esposito, G. Mangano, A. Melchiorri, G. Miele and O. Pisanti, Phys. Rev. D 63 (2001) 043004 [arXiv:astro-ph/0007419].

[40] J. P. Kneller, R. J. Scherrer, G. Steigman and T. P. Walker, Phys. Rev. D 64 (2001) 123506 [arXiv:astro-ph/0101386].

[41] C. B. Netterfield et al. [Boomerang Collaboration], arXiv:astro-ph/0104460. [42] A. T. Lee et al., astro-ph/0104459.

[43] S. Padin et al., Astrophys. J. Lett. 549 (2001) L1. [44] N. W. Halverson et al., arXiv:astro-ph/0104489.

[45] S. H. Hansen, G. Mangano, A. Melchiorri, G. Miele and O. Pisanti, arXiv:astroph/0105385.

[46] S. Pastor, G. G. Raffelt and D. V. Semikoz, arXiv:hep-ph/0109035. [47] R. E. Lopez, S. Dodelson, A. Heckler and M. S. Turner, Phys. Rev. Lett. 82, 3952 (1999) [arXiv:astro-ph/9803095].

[48] R. Bowen et al., arXiv:astro-ph/0110636.

[49] S. Hannestad and G. Raffelt, Phys. Rev. D 59 (1999) 043001 [arXiv:astroph/9805223].

[50] K. S. Hirata et al., Phys. Rev. D 38 (1988) 448.

[51] C. B. Bratton et al. [IMB Collaboration], Phys. Rev. D 37 (1988) 3361. [52] E. N. Alexeyev et al., Pis’ma Zh. Eksp. Teor. Fiz. 45 (1987) 461 [JETP Lett. 45 (1987) 589].

[53] T. J. Loredo and D. Q. Lamb, The Nascent Neutron Star And The Mass Of The Electron Anti-Neutrino,” In *Dallas 1988, Proceedings, Relativistic astrophysics* 601- 630. (see HIGH ENERGY PHYSICS INDEX 30 (1992) No. 9903).

[54] T. J. Loredo and D. Q. Lamb, arXiv:astro-ph/0107260.

[55] J. F. Beacom, R. N. Boyd and A. Mezzacappa, Phys. Rev. Lett. 85 (2000) 3568 [arXiv:hep-ph/0006015].

[56] H.-T. Janka, in Proc. Vulcano Workshop 1992, Frontier objects in astrophysics and particle physics, Conf. Proc. Soc. Ital. Fis. Vol. 40.

[57] G. G. Raffelt, Astrophy. J. 561 (2001) 890, arXiv:astro-ph/0105250. [58] S. Hannestad and G. Raffelt, Astrophys. J. 507 (1998) 339, arXiv:astro-ph/9711132. [59] H. Suzuki, Num. Astrophys. Japan 2 (1991) 267.

[60] A. S. Dighe and A. Y. Smirnov, Phys. Rev. D 62 (2000) 033007 [arXiv:hepph/9907423].