arXiv:astro-ph/0112245 v2 12 Jan 2002

On the Solar Neutrino Problems, SNO experimental data and low–energy nuclear forces

A. N. Ivanov^{∗‡}, H. Oberhummer^†, N. I. Troitskaya^‡

January 12, 2002

Institut für Kernphysik, Technische Universität Wien, Wiedner Hauptstr. 8-10, A-1040 Vienna, Austria

Abstract

The Solar Neutrino Problems (SNP’s) are analysed within the Standard Solar Model (BP2000) supplemented by the reduction of the solar neutrino fluxes through the decrease of the solar core temperature. The former can be realized through the enhancement of the astrophysical factor for solar proton burning. The enhancement, the upper bound of which is restricted by the helioseismological data, goes dynamically due to low–energy nuclear forces described at the quantum field theoretic level. The agreement of the reduced solar neutrino fluxes with the experimental data is obtained within the scenario of vacuum two–flavour neutrino oscillations. We show that by fitting the mean value of the solar neutrino flux measured by HOMESTAKE Collaboration we predict the high energy solar neutrino flux measured by SNO Collaboration Φ^{SNO}_{th} (^8B) = 1.84 × 10^6 cm^{−2} s^{−1} in perfect agreement with experimental value Φ^{SNO}_{exp} (^8B) = (1.75 ± 0.14) × 10^6 cm^{−2} s^{−1} obtained via the measurement of the rate of reaction ν_e + D → + p + p + e^− produced by^8B solar neutrinos. The theoretical flux for low–energy neutrino flux measured by GALLIUM (GALLEX, GNO and SAGE) Collaborations S^{Ga}_{th} = 65 SNU agrees with the experimental data averaged over experiments S^{Ga}_{exp} = (75.6 ± 4.8) SNU.

PACS: 11.10.Ef, 13.75.Cs, 14.20.Dh, 21.30.Fe, 26.65.+t Keywords: deuteron, proton burning, solar neutrino fluxes

∗E–mail: ivanov@kph.tuwien.ac.at, Tel.: +43–1–58801–14261, Fax: +43–1–58801–14299 †E–mail: ohu@kph.tuwien.ac.at, Tel.: +43–1–58801–14251, Fax: +43–1–58801–14299 ‡Permanent Address: State Technical University, Department of Nuclear Physics, 195251 St. Petersburg, Russian Federation

1 Solar neutrino fluxes. Theory and Experiment

The Solar Neutrino Problem (SNP) [1,2] as the disagreement with the theoretical prediction and the seminal experimental data by Raymond Davis [3] has been recently reformulated by Bahcall in the form of Three Solar Neutrino Problems [4]. The solution of these SNP’s demands simultaneous description of the experimental data by HOMES- TAKE, GALLEX–GNO–SAGE, SUPERKAMIOKANDE and SNO Collaborations [4].

Nowadays there is no doubts that the solution of the SNP’s goes via the application of a mechanism of neutrino oscillations introduced in physics by Gribov and Pontecorvo [5,6]. According to Gribov–Pontecorvo’s hypothesis electronic neutrinos ν_e produced in the solar core can change their flavour due to the transition ν_e → ν_μ during their travel to the Earth. The former should obviously diminish the flux of solar electronic neutrinos measured on the Earth.

The solar core can interfere in the process of neutrino oscillations in a twofold way. First, neutrino oscillations can be resonantly enhanced by virtue of the solar core matter suggested by Wolfenstein, Mikheyev and Smirnov [7], so–called the MSW effect [8], and, secondary, due to low–energy nuclear forces contributing to nuclear reaction on ν_e– neutrino production. The most popular is the MSW effect, since it allows to diminish the solar neutrino fluxes without change of the main parameters of the Standard Solar Model (SSM BP2000) formulated by Bahcall with co–workers [9,10].

The main nuclear reaction in the Sun is the solar proton burning p + p → D + e^+ + ν_e. It is induced by the charge weak current, that is defined by the W^+–boson exchange, and strong low–energy nuclear forces. The reaction p + p → D + e^+ + ν_e gives start the p–p chain of nucleosynthesis in the Sun and main–sequence stars [2,11]. In the SSM the total (or bolometric) luminosity of the Sun L_⊙ = (3.846 ± 0.008) × 10^{26} W is normalized to the astrophysical factor S_{pp}(0) for the solar proton burning. The recommended value S^{SSM}_{pp} (0) = 4.00 × 10^{−25} MeVb [12]. The helioseismological data restrict the value of the astrophysical factor S_{pp}(0) and predict 0.94 ≤ S_{pp}(0)/S^{SSM}_{pp} (0) ≤ 1.18 [13].

The interference of low–energy nuclear forces into neutrino production can be realized in the form of an enhancement of the astrophysical factor S_{pp}(0). As has been recently shown within both the Nambu–Jona–Lasinio model of light nuclei (the NNJL model) [14- 16] and the Effective Field Theory (EFT) [17–19] the astrophysical factor S_{pp}(0) calculated within quantum field theoretic models contains an arbitrary parameter which can be fixed from the experimental data on the reactions for disintegration of the deuteron by neutrinos and antineutrinos [16–19]. For example, in the NNJL model the astrophysical factor S_{pp}(0) is defined by [15,16]

S_{pp}(0) = (1 + ξ̄ )^2 × 4.08 × 10^{−25} MeV b, (1.1)

where ξ̄ is an arbitrary parameter (see Appendix of Ref. [15]) and Ref. [16]. The same factor appears in the cross sections for neutrino and antineutrino disintegration of the deuteron [15,16]. For example, for the cross sections for the disintegration of the deuteron by reactor antineutrinos averaged over the antineutrino energy spectrum we have [15]

⟨σ^{ν̄eD→e+nn}(E_{ν̄e} )⟩ = (1 + ξ̄)^2 × 11.56 × 10^{−45} cm^2, ⟨σ^{ν̄eD→ν̄enp}(E_{ν̄e} )⟩ = (1 + ξ̄)^2 × 6.28 × 10^{−45} cm^2, (1.2)

The experimental values of these cross sections read [20]

⟨σ^{ν̄eD→e+nn}(E_{ν̄e} )⟩_{exp} = (9.83 ± 2.04) × 10^{−45} cm^2, ⟨σ^{ν̄eD→ν̄enp}(E_{ν̄e} )⟩_{exp} = (6.08 ± 0.77) × 10^{−45} cm^2. (1.3)

We would like to accentuate that the averaged value of the cross section for the reaction ν̄_e + D → n + n + e^+ has been calculated without account for reactor antineutrino oscillations [21–23] which should diminish the theoretical values of the cross section [22].

In Ref. [16] there has been a suggestion to use the ambiguity in the calculation of the astrophysical factor in order to enhance its value. This should lead to the decrease of the solar core temperature. Indeed, any change of the astrophysical factor S_{pp}(0) entails the change of the solar core temperature [24]: ΔT_c T^{SSM}_c

= − 0.15

ΔS_{pp}(0) S^{SSM}_{pp} (0)

. (1.4)

The enhancement of the astrophysical factor relative to the standard value S^{SSM}_{pp} (0) = 4.00 × 10^{−25} MeV b, i.e. ΔS_{pp}(0) > 0, provides the decrease of the solar core temperature. The maximal decrease of T_c is restricted from above by the inequality ΔS_{pp}(0) ≤ 0.18 S^{SSM}_{pp} (0) that has been pointed out by Degl’Innocenti, Fiorentini and Ricci [13]. Hence, the minimal value of the solar core temperature, calculated for T^{SSM}_c = 1.57×10^7 K [10], can be equal to

T_c = 1.53 × 10^7 K. (1.5)

It is well–known that solar neutrino fluxes are sensitive to the value of the solar core temperature [25]. By using a temperature dependence of the solar neutrino fluxes obtained by Bahcall and Ulmer [25]: Φ(pp) ∝ T^{−1.1}_c , Φ(pep) ∝ T^{−2.4}_c , Φ(^7Be) ∝ T^{10}_c , Φ(^8B) ∝ T^{24}_c , Φ(^{13}N) ∝ T^{24.4}_c and Φ(^{15}O) ∝ T^{27.1}_c we can calculate the solar neutrino fluxes for the reduced solar core temperature Eq.(1.5). The new values of the solar neutrino fluxes are given in Table 3.

It is seen that the solar neutrino fluxes calculated for the solar core temperature T_c = 1.53 × 10^7 K are still not enough decreased in order to satisfy the experimental data. Therefore, for the reduction of the solar neutrino fluxes, taking place outside the solar core, we will use the mechanism of neutrino oscillations. We will follow the simplest scenario of vacuum two–flavour neutrino oscillations suggested by Gribov and Pontecorvo [5,6]. By virtue of the vacuum two–flavour neutrino oscillations ν_e → ν_μ the solar neutrino fluxes should be multiplied by the factor [5]

P_{νe→νe} (E_{νe} ) = 1 − 1 2 sin^2 2 θ ( 1 − cos

Δm^2L 2E_{νe} ) , (1.6)

where Δm^2 = m^2_{νμ} − m^2_{νe} , L is the distance of the neutrino’s travel, E_{νe} is a neutrino energy and θ is a neutrino–flavour mixing angle [5]. After the averaging over energies and for L of order of the Sun–Earth distance the solar neutrino fluxes become multiplied by a factor [6]

P_{νe→νe} (E_{νe} ) = 1 − 1 2 sin^2 2 θ. (1.7)

The result of the integration over energies Eq.(1.6) can occur only if Δm^2L/2E_{νe} obeys the constraint

Δm^2L 2E_{νe} ≫ 1. (1.8)

If we would like to get the factor Eq.(1.7) for all solar neutrino fluxes including the^8B neutrinos, so that the upper bound on the neutrino energies should coincide with the upper bound on the^8B neutrino energy spectrum and should be equal to E_{νe} = 15 MeV. As the Sun–Earth distance L amounts to L = 1.496 × 10^{13} cm = 7.581 × 10^{23} MeV^{−1}, the inequality Eq.(1.7) gives the lower bound on Δm^2:

Δm^2 ≫ 4 × 10^{−11} eV^2. (1.9)

The value of the mixing angle sin^2 2θ we can get fitting, for example, the mean value of the neutrino flux measured by HOMESTAKE Collaboration. This gives

sin^2 2θ = 0.838. (1.10)

The solar neutrino fluxes reduced by virtue of vacuum two–flavour neutrino oscillations are adduced in Table 4. One can see a reasonable agreement between theoretical and experimental values of the solar neutrino fluxes for GALLEX–GNO and SAGE experiments.

The theoretical expression for the solar neutrino flux Φ^{SNO}_{th} (^8B) measured by SNO Collaboration via the measurement of the rate of reaction ν_e + D → + p + p + e^− produced by^8B solar neutrinos can be defined by

Φ^{SNO}_{th} (^8B) = 1.18 (1 − 0.5 sin^2 2θ) Φ(^8B) = (1.84^{+0.36}_{−0.26}) × 10^6 cm^{−2}s^{−1}, (1.11)

where the factors (1 − 0.5 sin^2 2θ) and 1.18 take into account the contribution of vacuum two–flavour neutrino oscillations and the enhancement of the cross section for the reaction ν_e + D → e^− + p + p due to the enhancement of S_{pp}(0) by a factor (1+ξ̄)^2 = 1.18 caused by invariance under time reversal^1. The theoretical value Φ^{SNO}_{th} (^8B) = (1.84^{+0.36}_{−0.26}) × 10^6 cm^{−2}s^{−1} is in good agreement with recent experimental data by SNO Collaboration Φ^{SNO}_{exp} (^8B) = (1.75 ± 0.14) × 10^6 cm^{−2}s^{−1} measured from the rate of the reaction ν_e + D → p + p + e^− produced by^8B solar neutrinos (see Table 1).

2 Conclusion

We have suggested a reduction of the solar core temperature due to a dynamics of low–energy nuclear forces described at the quantum field theoretic level [14–19]. We have shown that the reduction of the solar neutrino fluxes in the solar core caused by the decrease of the solar core temperature supplemented by the scenario of vacuum two–flavour neutrino oscillations ν_e ↔ ν_μ during the travel of solar neutrinos to the Earth proposed by Gribov and Pontecorvo [5] gives a reasonable theoretical basis for the understanding of the SNP’s formulated by Bahcall [4].

1Indeed, the experimentally measured solar neutrino signal is proportional to the cross section for the reaction used for the registration of solar neutrinos [2,26]. This means that the signal increases, when the interaction of neutrinos with the target enhances.

It is important to emphasize that the necessary reduction of the solar core temperature makes up only 2.7% of the temperature recommended by SSM (BP2000) [10]

Δ(T_c) =

T^{SSM}_c − T_c T^{SSM}_c

= 2.7 %.

This agrees with the constraints Δ(T_c) = ±6% on the solar core temperature fluctuations given by Bethe and Bahcall [35].

Due to the reduction of the neutrino fluxes in the solar core for the secondary reduction caused by two–flavour neutrino oscillations we obtain Δm^2 ≫ 4 × 10^{−11} eV^2 and sin^2 2θ = 0.838. This allows a simultaneous description of the experimental data on the solar neutrino fluxes with an accuracy not worse than the theoretical accuracy of the SSM (BP2000). The constraint Δm^2 ≫ 4×10^{−11} eV^2 is rather general and makes the analysis of two–flavour neutrino oscillations much more flexible with respect to different experimental data on parameters of neutrino–flavour oscillations [36].

The mixing angle sin^2 2θ = 0.838 has been obtained by fitting the mean value of the experimental flux measured by HOMESTAKE. The theoretical value of the low–energy solar neutrino flux S^{Ga}_{th} = 65 SNU agrees with experimental data by GALLIUM Collaborations S^{Ga}_{exp} = (75.6 ± 4.8) SNU averaged over experiments. Our theoretical prediction for the^8B solar neutrino flux Φ^{SNO}_{th} (^8B) = 1.84 × 10^6 cm^{−2} s^{−1}, that should be measured on the Earth, is in perfect agreement with the experimental value Φ^{SNO}_{exp} (^8B) = (1.75 ± 0.14) × 10^6 cm^{−2} s^{−1} obtained via the measurement of the rate of reaction ν_e + D → + p + p + e^− produced by^8B solar neutrinos. The cross section for the reaction ν_e + D → + p + p + e^− as well as the astrophysical factor for the solar proton burning S_{pp}(0) is induced by the weak charge current and defined by low–energy nuclear forces, which are described well by the NNJL model in complete agreement with nuclear phenomenology. For example, the D–wave component of the wave function of the deuteron D/S = 0.0238, calculated relative to the S–wave component without input parameters (see EPJA12, 87 (2001) of Ref.[14]), is in agreement with the phenomenological value D/S = 0.0256 ± 0.0004 used by Kamionkowski and Bahcall for the description of the realistic wave function of the deuteron in connection with the calculation of the astrophysical factor S_{pp}(0) within the potential model approach [37]. The reaction ν_e + D → + p + p + e^− is very sensitive to neutrino oscillations and reproduces the net rest of the solar neutrino flux originated by the boron decay^8B →^8Be^∗ + e^+ + ν_e in the solar core. Since the cross section for the reaction ν_e + D → + p + p + e^− is defined in the NNJL model by the same dynamics of strong low–energy nuclear forces as the astrophysical factor S_{pp}(0), the obtained agreement becomes not surprising. Such an agreement testifies also the consistency of the dynamics of strong low–energy nuclear forces described by the NNJL model as well as the EFT with the SSM (BP2000) [10]. In fact, the neutrino fluxes decreased by the change of the solar core temperature are fully determined by the SSM (BP2000) and the temperature law–scaling suggested by the SSM [25].

Thus, the suggested scenario of the evolution of solar neutrino fluxes reconciles the experimental data on high energy solar neutrino fluxes by HOMESTAKE, SNO and SU- PERKAMIOKANDE Collaborations and low–energy solar neutrino fluxes by GALLIUM Collaborations GALLEX, GNO and SAGE with theoretical predictions and relaxes the stress of the SNP’s formulated by Bahcall [4].

Since the constraint Δm^2 ≫ 4×10^{−11} eV^2 means that effectively the theoretical values of the solar neutrino fluxes do not depend on Δm^2, the agreement between theoretical solar neutrino fluxes and experimental data is reached by virtue of the tuning of only two parameters (i) the solar core temperature T_c, diminished by 2.7% relative to the solar core temperature recommended by SSM (BP2000) due to the dynamics of low–energy nuclear forces and restricted from above by helioseismological data, and (ii) the mixing angle sin^2 θ = 0.838, fixed by the fit of the mean value of the solar neutrino flux measured by HOMESTAKE Collaboration.

Now let us discuss the experimental data by SNO and SUPERKAMIOKANDE obtained by the measurement of the^8B solar neutrino flux using the reaction ν_x + e^− → e^− + ν_x, where ν_x = ν_e, ν_μ or ν_τ . Accounting for the contributions of electronic and muonic neutrinos, ν_x = ν_e and ν_μ, we obtain the theoretical value of the neutrino flux equal to Φ^{νee}_{th} (^8B) = (1.73^{+0.34}_{−0.24}) × 10^6 cm^{−2} s^{−1} [16]. This value agrees within two standard deviations with the data by SNO, Φ^{νee}_{exp}(^8B)_{SNO} = (2.39 ± 0.34) × 10^6 cm^{−2} s^{−1}, and qualitatively with the experimental data by SUPERKAMIOKANDE, Φ^{νee}_{exp}(^8B)_{SK} = (2.32 ± 0.09) × 10^6 cm^{−2} s^{−1}, (see Table 1).

We have considered the simplest scenario of vacuum two–flavour neutrino oscillations. The inclusion of the ν_τ neutrino as well as the sterile ν_s neutrino in the scenario of neutrino oscillations is implied by the experimental data on atmospheric neutrinos by SUPERKAMIOKANDE [27]. However, the scenarios of three–flavour neutrino oscillations (ν_e, ν_μ, ν_τ ) or four–flavour neutrino oscillations, if to include sterile neutrinos, are rather flexible due to a big number of input parameters [28]. Therefore, one can hope that the results calculated for the two–flavour neutrino oscillations can be left practically unchanged.

The theoretical predictions for two–flavour neutrino–oscillation parameters: Δm^2 ≫ 4 × 10^{−11} eV^2 and sin^2 2θ = 0.838 should be applied to the calculation of the contribution of reactor antineutrino oscillations [21–23] to the cross sections for antineutrino disintegration of the deuteron ν̄_e + D → n + n + e^+ and ν̄_e + D → n + p + ν̄_e in order rearrange the theoretical enhancement of the astrophysical factor S_{pp}(0) with theoretical cross sections for the reactions ν̄_e + D → n + n + e^+ and ν̄_e + D → n + p + ν̄_e and experimental data of Reines’s experimental group [20]. We are planning to carry out this work in our forthcoming publications.

Acknowledgement

One of the authors (N. I. Troitskaya) is grateful to the staff of Atomic and Nuclear Institute of the Austrian Universities and especially to Manfried Faber for financial support and warm hospitality extended to her during her stay at Vienna, when this work was completed.

Table 1. Solar neutrino data, 1 SNU = 10^{−36} events/(atoms · s). The error is defined as σ = √ (stat.)^2 + (syst.)^2

Experiment Data ± σ Units HOMESTAKE [29] ν_e +^{37}Cl → e^− +^{37}Ar 2.56 ± 0.23 SNU

E_{th} = 0.81 MeV SAGE [30] ν_e +^{71}Ga → e^− +^{71}Ge 77.0 ± 6.7 SNU

E_{th} = 0.23 MeV GALLEX + GNO [31] ν_e +^{71}Ga → e^− +^{71}Ge 74.1 ± 6.8 SNU

E_{th} = 0.23 MeV KAMIOKANDE [32] ν_e + e^− → e^− + ν_e 2.80 ± 0.38 10^6 cm^{− 2}s^{− 1} E_{th} = 7.0 MeV SUPERKAMIOKANDE [33]

ν + e^− → ν + e^− 2.32 ± 0.09 10^6 cm^{−2}s^{−1} E_{th} = 5.5 MeV SNO [34] ν + D → p + p + e^− 1.75 ± 0.14 10^6 cm^{− 2}s^{− 1} E_{th} = 7.26 MeV SNO [34] ν + e^− → ν + e^− 2.39 ± 0.34 10^6 cm^{− 2}s^{− 1} E_{th} = 7.26 MeV

Table 2. Standard Solar Model (BP2000) predictions for the solar neutrino fluxes normalized to the recommended value of the astrophysical factor S_{pp}(0) = 4.00 × 10^{−25} MeV b (see Table 7 of Ref. [10]).

Source Flux Cl Ga SNO – SK (10^{10} cm^{−2}s^{−1}) (SNU) (SNU) (10^6 cm^{−2}s^{−1}) pp 5.95(1.00 ± 0.01) 0.0 69.7 pep 1.40 × 10^{−2}(1.00 ± 0.015) 0.22 2.8 7Be 4.77 × 10^{−1}(1.00 ± 0.01) 1.15 34.2 8B 5.05 × 10^{−4}(1.00^{+0.20}_{−0.16}) 5.76 12.1 5.05(1.00^{+0.20}_{−0.16}) 13N 5.48 × 10^{−2}(1.00^{+0.21}_{−0.17}) 0.09 3.4 15O 4.80 × 10^{−2}(1.00^{+0.25}_{−0.19}) 0.33 5.5 7.6^{+1.3}_{−1.1} 128^{+9}_{−7} 5.05^{+1.01}_{−0.81}

Table 3. The solar neutrino fluxes normalized to astrophysical factor S_{pp}(0) = 4.72 × 10^{−25} MeV b caused by the non–trivial contribution of the nucleon tensor current [15,16].

Source Flux Cl Ga SNO – SK (10^{10} cm^{−2}s^{−1}) (SNU) (SNU) (10^6 cm^{−2}s^{−1}) pp 6.10 0.0 71.49 pep 1.48 × 10^{−2} 0.21 2.98 7Be 3.66 × 10^{−1} 0.88 26.23 8B 2.69 × 10^{−4} 3.08 6.46 2.69 13N 3.13 × 10^{−2} 0.05 1.91 15O 2.56 × 10^{−2} 0.19 2.89 4.41 111.96

Table 4. The solar neutrino fluxes normalized to S_{pp}(0) = 1.18 S^{SSM}_{pp} (0) = 4.72 × 10^{−25} MeV b. The theoretical values of experimentally measured neutrino fluxes are calculated within a scenario of vacuum two–flavour neutrino oscillations at sin^2 2θ = 0.838. The error is defined as √ (stat.)^2 + (syst.)^2. The experimental value of GALLIUM Collaborations is averaged over experimental data (see Table 1 of Ref. [4], hep–ph/0108147).

Source Flux Cl Ga SNO – SK (10^{10} cm^{−2}s^{−1}) (SNU) (SNU) (10^6 cm^{−2}s^{−1}) pp 6.10 0.0 41.54 pep 1.48 × 10^{−2} 0.13 1.73 7Be 3.66 × 10^{−1} 0.50 15.25 8B 2.69 × 10^{−4} 1.79 3.74 1.84 13N 3.13 × 10^{−2} 0.03 1.11 15O 2.56 × 10^{−2} 0.11 1.68 2.56^{+0.40}_{−0.33} 65.05^{+4.03}_{−3.06} 1.84^{+0.36}_{−0.26} 2.56 ± 0.23 75.6 ± 4.8 1.75 ± 0.14

References

[1] J.N. Bahcall, Phys. Rev. Lett. 12, 300 (1964); J.N. Bahcall, Scientific American, 221, 28 (1969); J. N. Bahcall and R. Davis. Jr., Science 191, 264 (1976).

[2] J. N. Bahcall, in NEUTRINO ASTROPHYSICS, Cambridge University Press, Cambridge, 1989.

[3] R. Davis. Jr., Phys. Rev. Lett. 12, 303 (1964); R. Davis. Jr., D. S. Harmer, and K. C.

Hoffman, Phys. Rev. Lett. 20, 1205 (1968).

[4] J. N. Bahcall, SOLAR NEUTRINOS: WHAT NEXT?, hep–ex/0002018, February 2000; HOW MANY SIGMAS IS THE SOLAR NEUTRINO EFFECT ?, hep– ph/0108147v2.

[5] V. N. Gribov and B. M. Pontecorvo, Phys. Lett. B 28, 493 (1969). [6] J. N. Bahcall and S. C. Frautschi, Phys. Lett. B 29, 623 (1969). [7] L. Wolfenstein, Phys. Rev. D 17, 2369 (1978); S. P. Mikheyev and A. Yu. Smirnov, Sov. J. Nucl. Phys. 42, 913 (1985); Nuovo Cimento C 9, 17 (1986).

[8] (see Ref. [1] pp.258–276).

[9] http://www.sns.ias.edu∼jnb/solar models.

[10] J. N. Bahcall, M. H. Pinsonneault, and S. Basu, ApJ. 555, 990 (2001), astro– ph/00103446 March 2000.

[11] C. E. Rolfs and W. S. Rodney, in CAULDRONS IN THE COSMOS, the University of Chicago Press, Chicago and London, 1988.

[12] E. G. Adelberger et al., Rev. Mod. Phys. 70, 1265 (1998). [13] S. Degl’Innocenti, G. Fiorentini, and B. Ricci, Phys. Lett. B 416, 365 (1998). [14] A. N. Ivanov, H. Oberhummer, N. I. Troitskaya, and M. Faber, Eur. Phys. J. A 7, 519 (2000), nucl-th/0006049; Eur. Phys. J. A 8, 125 (2000), nucl–th/0006050; A. N. Ivanov, V. A. Ivanova, H. Oberhummer, N. I. Troitskaya, and M. Faber, Eur. Phys. J. A 12, 87 (2001), nucl–th/0108067.

[15] A. N. Ivanov, H. Oberhummer, N. I. Troitskaya, and M. Faber, Eur. Phys. J. A 8 (2000) 223, nucl–th/0006051.

[16] A. N. Ivanov, H. Oberhummer, N. I. Troitskaya, and M. Faber, Dynamics of low– energy nuclear forces and Solar Neutrino Problems in the Nambu–Jona–Lasinio model of light nuclei, astro–ph/0011103.

[17] X. Kong and F. Ravndal, Phys. Rev. C 64, 044002 (2001), nucl–th/0004038. [18] M. Butler and J.–W. Chen, Phys.Lett.B 520, 87 (2001), nucl–th/0101017.

[19] M. Butler, J.–W. Chen, and X. Kong, Phys. Rev. C 63, 035501 (2001), nuclth/0008032.

[20] S. P. Riley, Z. D. Greenwood, W. R. Kroop, L. R. Price, F. Reines, H. W. Sobel, Y.

Declais, A. Etenko and M. Skorokhvatov, Phys. Rev. C 59, 1780 (1999). [21] F. Reines, H. W. Sobel, and E. Pasierb, Phys. Rev. Lett. 45, 1307 (1980). [22] A. Raychaudhuri, Phys. Lett. B 96, 315 (1980).

[23] F. Boehm et al., Phys. Lett. B 97, 310 (1980); D. Silverman and A. Soni, Phys. Rev.

Lett. 46, 467 (1981); Phys. Rev. D 27, 58 (1983); K. Gabathuler et al., Phys. Lett. B 138, 449 (1984).

[24] H. Schlattl, A. Bonanno and L. Paterno, Phys. Rev. D 60, 113002 (1999). [25] J. N. Bahcall and A. Ulmer, Phys. Rev. D 53, 4202 (1996).

[26] J. N. Bahcall, P. I. Krastev and A. Yu. Smirnov, Phys. Rev. D 60, 093001 (1999); V.

S. Degl’Innocenti, G. Fiorentini, M. Lissa, and B. Ricci, Phys. Rep. 281, 309 (1997). [27] Y. Fukuda et al. (SUPERKAMIOKANDE Collaboration), Phys. Lett. B 467, 185 (1999); Phys. Rev. Lett. 82, 2644 (1999).

[28] S. M. Bilenky, NEUTRINO MASSES, MIXING AND OSCILLATIONS, Lectures given at the 1999 European School of High Energy Physics, Casta Papiernicka, Slovakia, August 22 – September 4, 1999.

[29] B. T. Cleveland et al., ApJ. 496, 505 (1998). [30] J. N. Abdurashitov et al., Phys. Rev. C 60, 055801 (1999);

http://EWIServer.npl.washington.edu/SAGE/SAGE.html .

[31] M. Altmann et al. (GNO Collaboration), Phys. Lett. B 490,16 (2000); W. Hampel et al. (GALLEX Collaboration), Phys. Lett. B 447, 127 (1999).

[32] Y. Fukuda et al. (KAMIOKANDE Collaboration), Phys. Rev. Lett. 77, 1683 (1996). [33] S. Fukuda et al. (SUPERKAMIOKANDE Collaboration), Phys. Rev. Lett. 86, 5651 (2001).

[34] Q. R. Ahmad et al. (SNO Collaboration), Phys. Rev. Lett. 87, 071301 (2001). [35] H. A. Bethe and J. N. Bahcall, Phys. Rev. D 44, 2962 (1991). [36] G. G. Raffelt, NEUTRINO ASTROPHYSICS AT THE CROSS ROADS, in Proceedings 1998 Summer School in High–Energy Physics and Cosmology, ICTP, Trieste, Italy, 29 June – 17 July 1998, ed. by G. Sinjanović and A. Yu. Smirnov, World Scientific, Singapore, hep–ph/9902271, February 1999.

[37] M. Kamionkowski and J. N. Bahcall, ApJ. 420, 884 (1994).