arXiv:nucl-th/0201037 v1 16 Jan 2002

Overview of Neutrino-Nucleus Interactions

A.B. Balantekin^∗

Physics Department, University of Wisconsin, Madison, WI 53706 USA

(Received )

An overview of neutrino-nucleus interactions is presented. After a brief discussion of theory and applications of detector response three examples are discussed: i) Recent work on neutrino-deuteron reactions, ii) Probing strangeness content of the nucleon with neutrinos, and iii) The role of neutrino reactions in supernova dynamics and r-process nucleosynthesis.

§1. Introduction

Recent observations of solar^{1), 2), 3)} and atmospheric neutrinos^{4)} at the Super- Kamiokande and Sudbury Neutrino Observatories are among the most exciting experimental results obtained in the last decades. These and other neutrino observations often utilize neutrino interactions with various nuclei. Neutrino-nucleus scattering is not only a useful tool for neutrino detection, but also plays an important role in understanding the dynamics of a core-collapse supernova and the subsequent nucleosynthesis. In addition, neutrinos can be used as a probe of fundamental physics at low energies. The purpose of this talk is to present a brief overview of neutrinonucleus interactions to highlight the rich nuclear physics program that can be carried out at facilities that can produce low-energy neutrinos.

One can divide investigation of neutrino-nucleus interactions into roughly four groups:

• Theory and Applications of Detector Response: Solar, atmospheric, accelerator, and reactor neutrinos have different energies necessitating the calculation of detector response to neutrinos at different energy ranges.

• Input into Astrophysics: This includes a study of neutrino reactions in core-collapse supernovae and also input into the r-process nucleosynthesis calculations.

• Tests of Nuclear Structure Calculations and Approximation Methods: Examples in this category are i) Comparison of indirect methods to calculate Gamow-Teller matrix elements (such as (p,n) reactions) to possible direct systematic studies and ii) Using effective field theories both to directly calculate neutrino-deuteron interactions and check for inconsistencies in the potential model calculations.

• Probing Fundamental Physics at Low Energies: This can lead to a rich physics program. One example is determination of the proton strange form factors to better understand the strangeness contribution to the proton spin.

In the following sections, after a brief discussion of theory and applications of detec-

∗ E-Mail: baha@nucth.physics.wisc.edu

typeset using PTPTEX.sty <ver.1.0> tor response, three examples are discussed to illustrate the breadth of the phenomena that relate to neutrino-nucleus scattering: i) Recent work on neutrino-deuteron reactions and related tests of effective field theories, ii) Probing strangeness content of the nucleon with neutrinos, and iii) The role neutrino interactions in supernova dynamics and r-process nucleosynthesis.

§2. Detector response

An elementary introduction to the calculation of neutrino cross sections is given in Ref. 5), and recent results are summarized in Refs. 6) and 7). One can divide studies of detector response roughly into four categories from lowest to highest neutrino energies. For solar neutrino energies where one has mostly bound discrete final states, Shell Model and random phase approximation can be used. Here the appropriate targets include chlorine [^{37}Cl]^{8)} -^{13)}, gallium [^{71}Ga]^{14)} -^{19)}, iodine [^{127}I]^{20), 22)}, molybdenum [^{100}Mo]^{23)}, and ytterbium [^{176}Yb]^{24), 25), 26)}. One should point out that even when solar neutrinos are detected via their interactions with electrons in a water detector such as Super-Kamiokande, neutrino interactions with^{18}O, present in water in trace amounts, may be significant^{27)}.

For low-energy laboratory neutrinos such as those used by the LSND^{28)}, KAR- MEN^{29), 30)}, KamLAND^{31)}, and Borexino^{32)} experiments, one has both bound discrete and continuum final states and the appropriate targets are carbon [^{12}C]^{33)} -^{40)} and oxygen [^{16}O]^{41)} -^{43)}.

Fig. 1. Interactions of supernova neutrinos.

Supernova neutrino energies are similar to those of low-energy laboratory neutrinos. One needs to calculate either capture of supernova neutrinos on terrestrial detectors^{44)} -^{46)} or neutrino reactions in a supernova environment^{47)} - 51) (For a discussion of the role on neutrinos in the dynamics of core-collapse supernovae and the r-process nucleosynthesis that can take place in such supernovae cf. Section 5). Neutrino interactions that need to be calculated to study a core-collapse supernova are depicted in Figure 1. One observes that not only Fermi and Gamow-Teller transitions, but in a number of cases also the first-forbidden transitions, need to be calculated.

Atmospheric neutrinos typically have the highest energies among the neutrino sources listed here. Neutrino capture in this case is mostly to the final states in the continuum.

Collective phenomena are very important in low-energy structure of nuclei. Since such effects are amenable to algebraic descriptions (see e.g. Ref. 52)) symmetries significantly simplify calculations of some nuclear reactions^{53)}. One should point out that collective effects seem not to play an important role in neutrino capture on nuclei; hence dynamical symmetries of nuclei do not simplify neutrino capture calculations as they do calculations of sub-barrier fusion^{54), 55)}. It is however possible for nuclear collectivity to influence other weak interaction processes in nuclei. (A discussion of nuclear fusion cross sections that are important for solar energy generation is beyond the scope of this talk. For a review see Ref. 56)).

§3. Neutrino-deuteron scattering

Sudbury Neutrino Observatory is a real-time heavy-water Cerenkov detector: neutrinos are observed by measuring inelastic neutrino-deuteron scattering. The only measurement of the total cross section for charged-current breakup of deuterons by electron neutrinos has only about 35% precision^{57)}. Furthermore since this measurement utilizes decays of stopped muons at the LAMPF beam-stop the neutrino spectrum resembles that of a supernova, not that of the Sun. Although the current theoretical accuracy (∼ 5%) is sufficient to interpret the Sudbury Neutrino Observatory results, it is important to know neutrino-deuteron cross-sections better to fully exploit the current and future experimental results. The calculation of this cross section requires at least three pieces of input: i) A one-body piece that needs to be convoluted with the deuteron and two-proton wavefunctions^{58)} (or two-neutron wavefunction for the electron antineutrino breakup^{59), 60)}); ii) A two-body piece which includes meson-exchange terms^{61), 65)}; iii) Radiative corrections^{62)}. Recent calculations that incorporate modern nucleon-nucleon potentials, but treat mesonexchange currents with different methods differ by about 5%^{63)} -^{65)}.

The calculation of this cross section can be elegantly done using the tools of effective field theories. Using the power-counting scheme of Refs. 66) and 67) it was found that in next-to-leading order theoretical uncertainties were dominated by an unknown axial two-body counter-term^{68)} which eventually needs to be experimentally fixed. Next-to-next-to-leading order calculations^{69)} indicate that such an expansion indeed converges at neutrino energies of interest. There is general agreement about the validity and consistency of these results and the related results for proton-proton fusion^{70)} -^{72)}. Recoil corrections can also be important as they may effect angular distributions^{73)}. Finally, a careful analysis of the radiative corrections indicate that they are of the order of a few percent^{74), 75)}.

§4. Strangeness in nuclei

Neutrino elastic scattering can be used to probe strange quark content of the nucleon and its contribution to the proton spin. The nucleon axial current

isovector isoscalar ⟨N|A^Z_μ |N⟩ ∼ 1 2 ⟨N| uγ_μγ_5u − dγ_μγ_5d − sγ_μγ_5s |N⟩ has isovector (up and down quarks) and isoscalar (strange quark) contributions as indicated. The ratio of the proton-to-neutron knockout reactions, which is dependent on the isoscalar form factor at Q^2 = 0 (i.e. Δs), can be used to study the strangeness contribution^{76)}: σ(ν + A → p + X) σ(ν + A → n + X^′)

∼ 1 + 16 5 Δs. Extracting Δs from such ratios significantly reduces nuclear-model dependences^{77)}.

A second possibility is to look directly for isoscalar excitations, e.g.

ν +^{12} C →^{12} C^∗(12.7 MeV, 1^+T = 0) + ν.

Isospin mixing in nuclei certainly complicates such an analysis, but it may be possible to separate isoscalar and isovector contributions in certain nuclei^{78)}. Another possibility to determine proton strange form factors is neutrino-proton elastic scattering^{79)}. A recent summary of the studies of strange quark contributions to nucleon structure is given in Ref. 80) and the role of neutrinos is discussed in Ref. 81).

§5. Neutrino Interactions in Supernovae

Understanding neutrino transport in a supernova is an essential part of understanding supernova dynamics. In a core-collapse driven supernova, the inner core collapses subsonically, but the outer part of the core supersonically. At some point during the collapse, when the nuclear equation of state stiffens, the inner part of the core bounces, but the outer core continues falling in. The proto-neutron star, shrinking under its own gravity, loses energy by emitting neutrinos, which only interact weakly and can leak out on a relatively long diffusion time scale. Most neutrinos emitted from the core are produced by a neutral current process, and so the luminosities are approximately the same for all flavors. The energy spectra are approximately Fermi-Dirac with a zero chemical potential characterized by a neutrinosphere temperature. The ν_τ , ν_τ , ν_μ, ν_μ interact with matter only via neutral current interactions. These decouple at relatively small radius and end up with somewhat high temperatures, about 8 MeV. The ν_e’s decouple at a larger radius because of the additional charged current interactions with the protons, and consequently have a somewhat lower temperature, about 5 MeV. Finally, since they undergo charged current interactions with more abundant neutrons, ν_e’s decouple at the largest radius and end up with the lowest temperature, about 3.5 to 4 MeV. Although numerical values of these temperatures depend on specific models, this temperature hierarchy is model-independent.

R-process nucleosynthesis requires a neutron-rich environment, i.e., the ratio of electrons to baryons, Y_e, should be less than one half. Time-scale arguments based on meteoritic data suggests that one possible site for r-process nucleosynthesis is the neutron-rich material associated with core-collapse supernovae^{82), 83)}. In one model for neutron-rich material ejection following the core-collapse, the material is heated with neutrinos to form a “neutrino-driven wind”^{84), 85)}. In outflow models freeze-out from nuclear statistical equilibrium leads to the r-process nucleosynthesis. The outcome of the freeze-out process in turn is determined by the neutron-to-seed ratio. The neutron to seed ratio is controlled by three quantities: i) The expansion rate; ii) The neutron-to-proton ratio (or equivalently the electron fraction, Y_e); iii)

The entropy per baryon. Of these three the neutron-to-proton ratio is completely determined by the neutrino-nucleon and neutrino-nucleus interactions.

Electron fraction in the nucleosynthesis region is given approximately by^{86)} Y_e ≃ 1 1 + λ_{ν ep}/λ_{νen} ≃ 1 1 + T_{νe} /T_{νe} , where λ_{νen}, etc. are the capture rates and various neutrino temperatures are indicated by T . Hence if T_{ν e} > T_{νe} , then the medium is neutron-rich. As we discussed above, without matter-enhanced neutrino oscillations, the neutrino temperatures satisfy the inequality T_{ντ} > T_{νe} > T_{νe} . But matter effects via the MSW mechanism^{87)}, by heating ν_e and cooling ν_τ , can reverse the direction of inequality, making the medium proton-rich instead. Hence the existence of neutrino mass and mixings puts severe constraints on heavy-element nucleosynthesis in supernova. These constraints are investigated in Refs. 86) and 88). One should also point out that in stochastic media (i.e. media with large density fluctuations) neutrino flavors would depolarize^{89), 90)}. Although recent solar neutrino experiments rule out such effects for the Sun^{91)}, they may be important in supernovae^{92)}.

There are two kinds of neutrino reactions that can destroy r-process: i) neutrino neutral current spallation of alpha particles^{93)}; ii) formation of too many alpha particles, known as the “alpha effect”^{94), 95)}. The alpha effect comes at the epoch of alpha-particle formation: protons produced by ν_e capture on neutrons will in turn capture more neutrons to bind into alpha particles, reducing the number of free neutrons available to the r-process and pushing Y_e towards 0.5. Reducing the ν_e flux will resolve this problem, but we can only do so at a relatively large radius so that effective neutrino heating already can have occurred. One way to achieve this is transforming active electron neutrinos into sterile neutrinos^{96)} -^{101)}.

For the case of active-sterile mixing with fixed values of neutrino parameters and matter density, for Y_e > 1/3 only electron neutrinos, and for Y_e < 1/3 only electron antineutrinos can undergo an MSW resonance^{96)}. If both electron neutrino and antineutrino fluxes go through a region of neutrons and protons in equilibrium (i.e. the reactions ν_e + n → p + e^− and ν̄_e + p → n + e^+ are in steady state equilibrium with the ν_e and ν̄_e fluxes), then no matter what the initial Y_e is one may expect that the system will evolve to a fixed point with Y_e = 1/3 ensuring a neutron-rich medium^{100)}. Realistic calculations of the supernova wind models^{96)} do not bear out this assessment as shown below; although the electron antineutrinos are converted into sterile species, they are regenerated before the electron fraction in the wind freezes out.

Neutrino driven wind models, where the outflow is homologous (i.e. fluid velocity is proportional to the distance) are characterized by two parameters: entropy per baryon and the expansion timescale, τ (i.e. r = r_0e^{t/τ} ). In Refs. 96) and 101) we solved the neutrino evolution equations in matter. In addition we tracked the thermodynamic and nuclear statistical equilibrium evolution of a mass element and updated the numbers of neutrons and protons at each time step directly from the weak capture rates. This coupling of the neutrino evolution and self-consistent determination of the abundances is essential to accurately determine the number of

Fig. 2. Contours of electron fraction for a

timescale of 0.3 s. The shaded area yields a neutron to seed ration of at least 100.

Fig. 3. Same as Figure 2 for a timescale of 0.9 seconds. Ye ∼ 0.5 in both cases with no flavor transformation.

neutrons available for the r-process. The results are illustrated in Figures 2 and 3 for expansion timescales of τ = 0.3 and τ = 0.9 seconds respectively. One observes that there is a wide range of neutrino parameters which neutralizes the alpha effect and increases the neutron-to-seed ratio to produce favorable conditions for r-process nucleosynthesis.

§6. Conclusions

Various topics covered in this talk were chosen to illustrate the utility of a comprehensive low-energy nuclear physics program which could investigate neutrino interactions at energies appropriate for nuclear and particle astrophysics as well as nuclear structure. Such a program was originally proposed by the ORLaND collaboration at Oak Ridge National Laboratory^{102), 103)}. The Spallation Neutron Source, currently under construction at this Laboratory, will produce neutrinos from the decay of stopped pions created during spallation and from the decay of the daughter muons. The pulsed nature of such neutrinos also proves to be useful in eliminating unwanted backgrounds. The short-term prospects for such a program seem to be unclear. However, one expects that a neutrino physics program either at Oak Ridge or at other spallation neutron facilities being built around the world will eventually be a reality, since such a program would offer many experimental advantages at relatively low cost^{104)}.

Recent observations of heavy-element abundances in ultra metal-poor halo stars

105) provide a deeper insight into the location of the site for r-process nucleosyn-

thesis. The abundances of the heavier (Z > 56) stable neutron-capture elements in such stars match well the scaled solar system r-process abundances. This concordance breaks down for the lighter neutron-capture elements, supporting previous suggestions^{82), 83)} that different r-process production sites are responsible for lighter and heavier neutron-capture elements. Indeed, neutron-star mergers were also proposed as a site for r-process nucleosynthesis^{106)}.

Figures 2 and 3 indicate that as the expansion timescale gets shorter, the optimal parameter space moves to larger values of Δm^2. However, at very short dynamic expansion timescales the alpha effect can be very small obviating active-sterile conversion. Indeed recent calculations indicate that the expansion time scale can be shorter in some cases^{107)}. A recent comprehensive overview of element synthesis in stars in given in Ref. 108).

Fig. 4. Regions of neutrino parameter space sensitive to supernovae (left-leaning shading) and the early universe (right-leaning shading) nucleosynthesis.

In calculating the contours of Figs. 2 and 3 the neutrino mixing parameter space was freely searched with no reference to the accelerator neutrino experiments. Nevertheless it is rather interesting to observe that the optimal parameter space seems to be very similar to that which was hinted at by the LSND experiment^{109)}. The MiniBooNE experiment currently under construction at Fermilab^{110)} will either provide confirming evidence or prove LSND wrong and set more stringent limits on the neutrino parameters.

Similarities between the Big Bang during nucleosynthesis and the neutrinodriven high-entropy ejecta in a corecollapse supernova were emphasized in the literature^{111)}. Indeed they are isospin mirrors of each other; the role played by the protons in the Big Bang nucleosynthesis is played by the neutrons in the supernova nucleosynthesis. In both cases the neutron-to-proton ratio is controlled by the neutrino interactions. The regions of the neutrino parameter space that affects nucleosynthesis in these environments are shown in Fig. 4 (Ref. 112)). Consequently one can argue that experiments such as LSND, KAR- MEN, ORLaND and MiniBooNE that probe this region of the neutrino parameter space are relevant to understanding both the Big Bang and supernova nucleosynthesis (see, e.g. Ref. 113)). Future experiments such as MiniBooNE or ORLaND (or similar detectors), no matter what their outcomes are, will probe this remarkable interplay between element production in the cosmos and the fundamental properties of neutrinos.

8 A.B. Balantekin

Acknowledgments

I thank G. Fuller, B. Holstein, A. Mezzacappa, G. McLaughlin, and Y.Z. Qian for may useful discussions. This work was supported in part by the U.S. National Science Foundation Grant No. PHY-0070161 at the University of Wisconsin, and in part by the University of Wisconsin Research Committee with funds granted by the Wisconsin Alumni Research Foundation. I would like to thank the organizers of the conference for their kind hospitality.

References

[1] S. Fukuda et al. [Super-Kamiokande Collaboration], Phys. Rev. Lett. 86 (2001) 5656 [arXiv:hep-ex/0103033].

[2] S. Fukuda et al. [SuperKamiokande Collaboration], Phys. Rev. Lett. 86 (2001) 5651 [arXiv:hep-ex/0103032].

[3] Q. R. Ahmad et al. [SNO Collaboration], Phys. Rev. Lett. 87 (2001) 071301 [arXiv:nuclex/0106015].

[4] S. Fukuda et al. [Super-Kamiokande Collaboration], Phys. Rev. Lett. 85 (2000) 3999 [arXiv:hep-ex/0009001].

[5] A. B. Balantekin and W. C. Haxton, in Frontiers in Nuclear Physics: From Quark - Gluon Plasma to Supernova, S. Kuyucak, Ed. (World Scientific, Singapore, 1999). arXiv:nuclth/9903038.

[6] P. Vogel, in Physics Beyond the Standard Model, P. Herczeg, C.M. Hoffman, H.V. Klapdor- Kleingrothaus, Eds. (World Scientific, Singapore, 1999). arXiv:nucl-th/9901027.

[7] W. C. Haxton, arXiv:nucl-th/9901037. [8] B. T. Cleveland, et al., Ap. J. 496 (1998) 505. [9] J. N. Bahcall, Phys. Rev. Lett. 12 (1964) 300. [10] R. Davis, Phys. Rev. Lett. 12 (1964) 303. [11] J. N. Bahcall, Rev. Mod. Phys. 50 (1978) 881.

[12] T. W. Donnelly and W. C. Haxton, Nucl. Phys. A 287 (1977) 506. [13] E. G. Adelberger and W. C. Haxton, Phys. Rev. C 36 (1987) 879. [14] W. Hampel et al. [GALLEX Collaboration], Phys. Lett. B 447 (1999) 127. [15] M. Altmann et al. [GNO Collaboration], Phys. Lett. B 490 (2000) 16 [arXiv:hepex/0006034].

[16] J. N. Abdurashitov et al. [SAGE Collaboration], Phys. Rev. C 60 (1999) 055801 [arXiv:astro-ph/9907113].

[17] V. N. Gavrin [SAGE Collaboration], Nucl. Phys. Proc. Suppl. 91 (2001) 36. [18] J. N. Bahcall et al., Phys. Rev. Lett. 40 (1978) 1351.

[19] G. J. Mathews, S. D. Bloom, G. M. Fuller and J. N. Bahcall, Phys. Rev. C 32 (1985) 796. [20] W. C. Haxton, Phys. Rev. Lett. 60 (1988) 768. [21] J. Engel, S. Pittel and P. Vogel, Phys. Rev. Lett. 67 (1991) 426. [22] J. Engel, S. Pittel and P. Vogel, Phys. Rev. C 50 (1994) 1702 [arXiv:nucl-th/9402022]. [23] H. Ejiri, J. Engel, R. Hazama, P. Krastev, N. Kudomi and R. G. Robertson, Phys. Rev.

Lett. 85 (2000) 2917 [arXiv:nucl-ex/9911008]. [24] R. S. Raghavan, Phys. Rev. Lett. 78 (1997) 3618.

[25] M. Fujiwara et al., Phys. Rev. Lett. 85 (2000) 4442 [arXiv:nucl-ex/0006006]. [26] M. Bhattacharya et al., Phys. Rev. Lett. 85 (2000) 4446 [arXiv:nucl-ex/0006005]. [27] W. C. Haxton and R. G. Robertson, Phys. Rev. C 59 (1999) 515 [arXiv:nucl-th/9806081]. [28] L. B. Auerbach et al. [LSND Collaboration], Phys. Rev. C 64 (2001) 065501 [arXiv:hepex/0105068].

[29] B. Armbruster et al. [KARMEN Collaboration], Phys. Lett. B 423 (1998) 15. [30] W. Kretschmer [KARMEN Collaboration], Nucl. Phys. A 577 (1994) 421C. [31] A. Piepke [KamLAND Collaboration], Nucl. Phys. Proc. Suppl. 91 (2001) 99. [32] G. Alimonti et al. [Borexino Collaboration], Astropart. Phys. 16 (2002) 205 [arXiv:hepex/0012030].

[33] E. Kolbe, K. Langanke and S. Krewald, Phys. Rev. C 49 (1994) 1122.

Neutrino-Nucleus Interactions 9

[34] E. Kolbe, F. K. Thielemann, K. Langanke and P. Vogel, Phys. Rev. C 52 (1995) 3437. [35] J. Engel, E. Kolbe, K. Langanke and P. Vogel, Phys. Rev. C 54 (1996) 2740 [arXiv:nuclth/9606031].

[36] E. Kolbe, K. Langanke and P. Vogel, Nucl. Phys. A 652 (1999) 91 [arXiv:nucl-th/9903022]. [37] E. Kolbe, K. Langanke and P. Vogel, Nucl. Phys. A 613 (1997) 382. [38] C. Volpe, N. Auerbach, G. Colo, T. Suzuki and N. Van Giai, Phys. Rev. C 62 (2000) 015501 [arXiv:nucl-th/0001050].

[39] C. Volpe, N. Auerbach, G. Colo, T. Suzuki and N. Van Giai, Phys. Atom. Nucl. 64 (2001) 1165 [Yad. Fiz. 64 (2001) 1242].

[40] A. C. Hayes and I. S. Towner, Phys. Rev. C 61 (2000) 044603 [arXiv:nucl-th/9907049]. [41] W. Haxton and C. Johnson, Phys. Rev. Lett. 65 (1990) 1325. Super-Kamiokande [42] W. C. Haxton, Phys. Rev. C 37 (1988) 2660. [43] W. C. Haxton, Phys. Rev. D 36 (1987) 2283.

[44] G. C. McLaughlin and G. M. Fuller, Astrophys. J. 455 (1995) 202. [45] G. M. Fuller, W. C. Haxton and G. C. McLaughlin, Phys. Rev. D 59 (1999) 085005 [arXiv:astro-ph/9809164].

[46] E. Kolbe and K. Langanke, Phys. Rev. C 63 (2001) 025802 [arXiv:nucl-th/0003060]. [47] S. W. Bruenn and W. C. Haxton, Astrophys. J. 3726 (1991) 678. [48] E. Kolbe, K. Langanke and G. Martinez-Pinedo, Phys. Rev. C 60 (1999) 052801 [arXiv:nucl-th/9905001].

[49] A. Hektor, E. Kolbe, K. Langanke and J. Toivanen, Phys. Rev. C 61 (2000) 055803. [50] J. M. Sampaio, K. Langanke and G. Martinez-Pinedo, Phys. Lett. B 511 (2001) 11 [arXiv:nucl-th/0104017].

[51] J. Toivanen, E. Kolbe, K. Langanke, G. Martinez-Pinedo and P. Vogel, Nucl. Phys. A 694 (2001) 395.

[52] A. Arima and F. Iachello, Annals Phys. 99 (1976) 253.

[53] A. B. Balantekin and N. Takigawa, Rev. Mod. Phys. 70 (1998) 77 [arXiv:nucl-th/9708036]. [54] A. B. Balantekin, J. R. Bennett and N. Takigawa, Phys. Rev. C 44 (1991) 145. [55] K. Hagino, N. Takigawa and A. B. Balantekin, Phys. Rev. C 56 (1997) 2104 [arXiv:nuclth/9706060].

[56] E. G. Adelberger et al., Rev. Mod. Phys. 70 (1998) 1265 [arXiv:astro-ph/9805121]. [57] S. E. Willis et al., Phys. Rev. Lett. 44 (1980) 522 [Erratum-ibid. 44 (1980) 903]. [58] S. D. Ellis and J. N. Bahcall, Nucl. Phys. A 294 (1978) 473. [59] A. B. Balantekin and F. Loreti, Phys. Rev. D 45 (1992) 1059. [60] A. B. Balantekin and F. Loreti, AIP Conf. Proc. 243 (1992) 1143. [61] J. N. Bahcall, K. Kubodera and S. Nozawa, Phys. Rev. D 38 (1988) 1030. [62] I. S. Towner, Phys. Rev. C 58 (1998) 1288.

[63] S. Ying, W. C. Haxton and E. M. Henley, Phys. Rev. C 45 (1992) 1982. [64] S. Ying, W. Haxton and E. M. Henley, Phys. Rev. D 40, 3211 (1989). [65] K. Kubodera and S. Nozawa, Int. J. Mod. Phys. E 3 (1994) 101 [arXiv:nucl-th/9310014]. [66] D. B. Kaplan, M. J. Savage and M. B. Wise, Phys. Lett. B 424 (1998) 390 [arXiv:nuclth/9801034].

[67] D. B. Kaplan, M. J. Savage and M. B. Wise, Phys. Rev. C 59 (1999) 617 [arXiv:nuclth/9804032].

[68] M. Butler and J. W. Chen, Nucl. Phys. A 675 (2000) 575 [arXiv:nucl-th/9905059]. [69] M. Butler, J. W. Chen and X. Kong, Phys. Rev. C 63 (2001) 035501 [arXiv:nuclth/0008032].

[70] T. S. Park, K. Kubodera, D. P. Min and M. Rho, Nucl. Phys. A 646 (1999) 83 [arXiv:nuclth/9807054].

[71] S. Nakamura, T. Sato, V. Gudkov and K. Kubodera, Phys. Rev. C 63 (2001) 034617 [arXiv:nucl-th/0009012].

[72] X. Kong and F. Ravndal, Phys. Rev. C 64 (2001) 044002 [arXiv:nucl-th/0004038]. [73] P. Vogel and J. F. Beacom, Phys. Rev. D 60 (1999) 053003 [arXiv:hep-ph/9903554]. [74] J. F. Beacom and S. J. Parke, Phys. Rev. D 64 (2001) 091302 [arXiv:hep-ph/0106128]. [75] A. Kurylov, M. J. Ramsey-Musolf and P. Vogel, arXiv:nucl-th/0110051. [76] G. T. Garvey, S. Krewald, E. Kolbe and K. Langanke, Phys. Lett. B 289 (1992) 249. [77] M. B. Barbaro, A. De Pace, T. W. Donnelly, A. Molinari and M. J. Musolf, Phys. Rev. C 54 (1996) 1954 [arXiv:nucl-th/9605020].

10 A.B. Balantekin

[78] Y. Fujita, B. A. Brown, H. Ejiri, K. Katori, S. Mizutori and H. Ueno, Phys. Rev. C 62 (2000) 044314.

[79] G. T. Garvey, W. C. Louis and D. H. White, Phys. Rev. C 48 (1993) 761. [80] D. H. Beck and B. R. Holstein, Int. J. Mod. Phys. E 10 (2001) 1 [arXiv:hep-ph/0102053]. [81] B. R. Holstein, arXiv:hep-ph/0010098.

[82] Y. Z. Qian, P. Vogel and G. J. Wasserburg, Astrophys. J. 494 (1998) 285. [83] Y. Z. Qian, P. Vogel and G. J. Wasserburg, Astrophys. J. 506 (1998) 868 [arXiv:astroph/9803300].

[84] S. E. Woosley, J. R. Wilson, G. J. Mathews, R. D. Hoffman and B. S. Meyer, Astrophys.

J. 433 (1994) 229.

[85] K. Takahashi, J Witti, and H.-Th. Janka, Astron. Astrophys. 286 (1994) 857. [86] Y. Z. Qian, G. M. Fuller, G. J. Mathews, R. Mayle, J. R. Wilson and S. E. Woosley, Phys.

Rev. Lett. 71 (1993) 1965.

[87] For discussion of these effects see e.g. A. B. Balantekin, Phys. Rept. 315 (1999) 123 [arXiv:hep-ph/9808281].

[88] Y. Z. Qian and G. M. Fuller, Phys. Rev. D 51 (1995) 1479 [arXiv:astro-ph/9406073]. [89] F. N. Loreti and A. B. Balantekin, Phys. Rev. D 50 (1994) 4762 [arXiv:nucl-th/9406003]. [90] A. B. Balantekin, J. M. Fetter and F. N. Loreti, Phys. Rev. D 54 (1996) 3941 [arXiv:astroph/9604061].

[91] A. B. Balantekin, arXiv:hep-ph/0109163.

[92] F. N. Loreti, Y. Z. Qian, G. M. Fuller and A. B. Balantekin, Phys. Rev. D 52 (1995) 6664 [arXiv:astro-ph/9508106].

[93] B. S. Meyer, Astrophys. J. 449 (1995) L55.

[94] G. M. Fuller and B. S. Meyer, Astrophys. J. 453 (1995) 792.

[95] B. S. Meyer, G. C. McLaughlin and G. M. Fuller, Phys. Rev. C 58 (1998) 3696 [arXiv:astroph/9809242].

[96] G. C. McLaughlin, J. M. Fetter, A. B. Balantekin and G. M. Fuller, Phys. Rev. C 59 (1999) 2873 [arXiv:astro-ph/9902106].

[97] A. B. Balantekin and G. M. Fuller, Phys. Lett. B 471 (1999) 195 [arXiv:hep-ph/9908465]. [98] D. O. Caldwell, G. M. Fuller and Y. Z. Qian, Phys. Rev. D 61 (2000) 123005 [arXiv:astroph/9910175].

[99] M. Patel and G. M. Fuller, arXiv:hep-ph/0003034.

[100] H. Nunokawa, J. T. Peltoniemi, A. Rossi and J. W. Valle, Phys. Rev. D 56 (1997) 1704 [arXiv:hep-ph/9702372].

[101] G. C. McLaughlin, J. M. Fetter, A. B. Balantekin and G. M. Fuller, in preparation. [102] F. T. Avignone et al., Phys. Atom. Nucl. 63 (2000) 1007 [Yad. Fiz. 63 (2000) 1082]. [103] F. T. Avignone, V. Gudkov, L. Chatterjee, Y. Efremenko and M. Strayer, Nucl. Phys.

Proc. Suppl. 91 (2001) 113.

[104] J. N. Bahcall et al., arXiv:nucl-th/0011014. [105] C. Sneden et al., Astrophys. J. 533 (2000) L139.

[106] C. Freiburghaus, S. Rosswog, and F.-K. Thielemann, Astrophys. J. 525 (1999) L121. [107] K. Sumiyoshi, M. Terasawa, H. Suzuki, S. Yamada, H. Toki, G.J. Mathews, and T.

Kajino, Nucl. Phys. A 688 (2001) 478.

[108] F. K. Thielemann et al., Prog. Part. Nucl. Phys. 46 (2001) 5 [arXiv:astro-ph/0101476]. [109] C. Athanassopoulos et al. [LSND Collaboration], Phys. Rev. Lett. 81 (1998) 1774 [arXiv:nucl-ex/9709006].

[110] A. Bazarko [MiniBooNE Collaboration], Nucl. Phys. Proc. Suppl. 91 (2000) 210 [arXiv:hep-ex/0009056].

[111] G. M. Fuller, Nucl. Phys. A 688 (2001) 322. [112] Y. Efremenko, private communication. [113] M. Sorel and J. Conrad, arXiv:hep-ph/0112214.