arXiv:astro-ph/0602195 v2 2 Jun 2006

APS/123-QED

Supernova Neutrino Nucleosynthesis of Light Elements with Neutrino Oscillations

Takashi Yoshida^1,^∗ Toshitaka Kajino^{2,3}, Hidekazu Yokomakura^4, Keiichi Kimura^4, Akira Takamura^5, and Dieter H. Hartmann^6 1 Astronomical Institute, Graduate School of Science, Tohoku University, Miyagi 980-8578, Japan 2National Astronomical Observatory of Japan, and The Graduate University for Advanced Studies, Tokyo 181-8588, Japan 3Department of Astronomy, Graduate School of Science, University of Tokyo, Tokyo 113-0033, Japan 4Department of Physics, Graduate School Science, Nagoya University, Aichi 464-8602, Japan 5Department of Mathematics, Toyota National College of Technology, Aichi 471-8525, Japan 6 Department of Physics and Astronomy, Clemson University, Clemson, South Carolina 29634, USA (Dated: June 2, 2006)

Light element synthesis in supernovae through neutrino-nucleus interactions, i.e., the ν-process, is affected by neutrino oscillations in the supernova environment. There is a resonance of 13-mixing in the O/C layer, which increases the rates of charged-current ν-process reactions in the outer Herich layer. The yields of^7 Li and^{11} B increase by about a factor of 1.9 and 1.3, respectively, for a normal mass hierarchy and an adiabatic 13-mixing resonance, compared to those without neutrino oscillations. In the case of an inverted mass hierarchy and a non-adiabatic 13-mixing resonance, the increase in the^7Li and^{11}B yields is much smaller. Observations of the^7 Li/^{11} B ratio in stars showing signs of supernova enrichment could thus provide a unique test of neutrino oscillations and constrain their parameters and the mass hierarchy.

PACS numbers: 26.30.+k, 14.60.Pq, 25.30.Pt, 97.60.Bw

A tremendous number of neutrinos are released from a core-collapse supernova (SN). These neutrinos interact with nuclei in the surrounding stellar envelope and thereby affect the synthesis of new elements. This socalled ν-process may be a major contributor to the production of several light isotopes, such as^7Li,^{11}B,^{19}F, as well as a few heavy isotopes, such as^{138}La and^{180}Ta [1, 2, 3, 4, 5, 6, 7]. However, the yields of these isotopes may depend on the effects of neutrino oscillations, which was not taken into consideration in the above cited studies.

Recent neutrino experiments on atmospheric [8], solar [9], and reactor neutrinos [10, 11] significantly constrain most of the neutrino oscillation parameters. However, only an upper limit on θ_{13} is obtained [10] and the mass hierarchy remains unknown. Theoretical studies of neutrino oscillations in SNe have been used to suggest potential constraints on θ_{13} and the mass hierarchy based on observed SN neutrino spectra. These studies indicate that the neutrino spectra from SNe strongly depend on θ_{13} and the assumed mass hierarchy [12, 13]. When the resonance of the 13-mixing is adiabatic, substantial conversion ν_e ↔ ν_{μ,τ} occurs in the O/C layer for a normal mass hierarchy and conversion ν̄_e ↔ ν̄_{μ,τ} occurs for an inverted hierarchy. These direct methods are of course limited by the fact that nearby core-collapse SNe occur rarely in the small detection volume given by current detector sizes and methods.

Here we suggest an alternative method to study the effects of neutrino oscillations, by considering light element

∗Electronic address: takashi.yoshida@nao.ac.jp

synthesis in SNe. Neutrino energy spectra change as they are transported through SN ejecta [12]. This change will affect the production of light elements via the ν-process. The thermal neutrinos emitted from a cooling protoneutron star have a well-known, but not yet rigorously established, energy hierarchy; ⟨ε_{νe} ⟩ < ⟨ε_{ν̄e} ⟩ < ⟨ε_{νμ,τ ,ν̄μ,τ} ⟩ (e.g., [14]). Neutrino oscillations could thus increase the average energies of ν_e and ν̄_e, and consequently the rates of charged-current ν-process reactions could be much larger than expected from models without oscillations. Therefore, the yields of the light elements may increase significantly.

We investigate nucleosynthesis of light elements^7Li and^{11}B through the ν-process in SNe taking neutrino oscillations into account. Since the other ν-process elements are mainly produced in the O-rich layers [3, 6], they are not expected to be affected by neutrino oscillations. The^7Li and^{11}B yields in SNe can thus be used as probes of neutrino oscillations. We show that the^7Li yield increases significantly through neutrino oscillations. The dependence of the^7Li/^{11}B ratio on the mixing parameter, θ_{13}, provides an observable signature that could be used to constrain its absolute value and the neutrino mass hierarchy.

Neutrino luminosities are assumed to decrease exponentially in time, with a decay time scale of ∼ 3 s [1, 2, 4, 5, 6, 7]. The total neutrino energy is assumed to be fixed at 3 × 10^{53} erg. The neutrino energy spectra at the neutrino sphere are approximated with Fermi- Dirac (FD) distributions with zero chemical potential. The neutrino temperatures of ν_e, ν̄_e, and (ν_{μ,τ} and ν̄_{μ,τ} ) are set to be 3.2, 5.0, and 6.0 MeV as adopted in [5]. These energy spectra change during the subsequent passage through the outer stellar layers by neutrino oscillations.

In order to evaluate the reaction rates of the ν-process, we need the cross sections as functions of neutrino energy because the spectra changed by neutrino oscillations no longer follow the FD shape. We assume that the cross sections of the charged-current reactions of^4He and^{12}C, i.e.,^4He(ν_e, e^−p)^3He,^4He(ν̄_e, e^+n)^3H,^{12}C(ν_e, e^−p)^{11}C, 12C(ν̄_e, e^+n)^{11}B,^{12}C(ν_e, e^−γ)^{12}N, and^{12}C(ν̄_e, e^+γ)^{12}B, are expressed as a power law σ(ε_ν ) = σ_0(ε_ν −ε_{th})^α, where ε_{th} is the threshold energy. Coefficients of the functions are determined such that the reaction rates deduced using these cross sections (and assuming FD energy distributions) fit the rates tabulated in [15]. Details are provided in [16]. For the other ν-process reactions, we use the reaction rates with FD distribution of the neutrino spectra.

Recent neutrino experiments [8, 9, 10, 11] have determined most of the values of the mass squared differences Δm^2_{ij} ≡ m^2_i − m^2_j and the mixing angles θ_{ij} . Based on these results, we use Δm^2_1 = 7.9 × 10^{−5} eV^2, Δm^2_{31} = ±2.4 × 10^{−3} eV^2, and sin^2 2θ_{12} = 0.816, sin^2 2θ_{23} = 1.0, 0 ≤ sin^2 2θ_{13} ≤ 1 × 10^{−1}. The positive value of Δm^2_{31} corresponds to “normal hierarchy”, i.e., m_1 < m_2 < m_3 and the negative value corresponds to “inverted hierarchy”, i.e., m_3 < m_1 < m_2. We numerically solve the mixing probabilities of neutrinos for each neutrino energy by Runge-Kutta methods and using the exact solutions of the oscillations described in [17]. By convolving the mixing probabilities and the neutrino spectra at the neutrino sphere, we evaluate the neutrino energy spectra taking neutrino oscillations into account. We do not include CP phase δ. Based on [18] we assume that the effect of CP violation will not be seen because the spectra of ν_μ (ν̄_μ) and ν_τ (ν̄_τ ) emitted from the neutrino sphere are the same. The change of the spectra due to oscillations is calculated using the density profile of a presupernova model.

We use the same SN explosion model as in [5, 7]. The presupernova model is the 14E1 model constructed for SN 1987A in [19]. The SN explosion is calculated using piecewise parabolic method code [20, 21]. The explosion energy and the location of the mass cut are set to be 1 × 10^{51} erg and 1.61 M_⊙. The detailed nucleosynthesis in the SN is calculated using a nuclear reaction network including 291 species [5].

Figure 1 shows the mass fraction distributions of^7Li and^{11}B in the SN ejecta with neutrino oscillations of sin^2 2θ_{13} = 2 × 10^{−2} and for those without oscillations. In the case of a normal hierarchy, the mass fraction of 7Be with the neutrino oscillations is much larger than that without oscillations in the He layer. There is a 13- mixing resonance for neutrinos in the O/C layer and the resonance is adiabatic in this case. Thus, the energy spectrum of ν_e in the He/C layer becomes almost the same as that of ν_{μ,τ} in the O-rich layer. Beryllium 7 is produced through^4He(ν, ν^′n)^3He(α, γ)^7Be. Owing to the neutrino oscillations, the reaction rate of^4He(ν_e, e^−p)^3He becomes larger than that of^4He(ν, ν^′n)^3He. The

FIG. 1: The mass fraction distributions of^7Li and its isobar 7Be (upper panel), and^{11} B and^{11} C (lower panel) in the case of sin^2 2θ13 = 2 × 10^{−2}. Thick lines indicate the distributions of^7Li and^{11}B. Thin lines indicate the distributions of^7 Be and^{11} C. Solid lines and dashed lines correspond to a normal hierarchy and inverted hierarchy, respectively. Dotted lines correspond to the case without neutrino oscillations. The horizontal axis is the interior mass in units of the solar mass.

mass fraction of^7Li including neutrino oscillations is also larger, but the increment is much smaller than that for^7Be. The main production process of^7Li is 4He(ν, ν^′p)^3H(α, γ)^7Li and the corresponding chargedcurrent reaction is^4He(ν̄_e, e^+n)^3H. However, there are no resonances for antineutrinos.

The effect of neutrino oscillations on the mass fraction distributions of^{11}B and^{11}C is similar to that for^7Li and^7Be. The mass fraction of^{11}C with the neutrino oscillations is larger than that without oscillations in the He layer. During the ν-process,^{11}C is produced through^{12}C(ν, ν^′n)^{11}C and partly through 12C(ν_e, e^−p)^{11}C. The reaction rate of^{12}C(ν_e, e^−p)^{11}C with the oscillations becomes larger than that without oscillations by about one order of magnitude. The mass fraction of^{11}B with oscillations is only slightly larger than that without oscillations. The main production process of^{11}B is^4He(ν, ν^′p)^3H(α, γ)^7Li(α, γ)^{11}B. The corresponding charged-current reaction is^4He(ν̄_e, e^+n)^3H.

About 12% − 16% of^{11}B in the He layer is produced from^{12}C through^{12}C(ν, ν^′p)^{11}B and^{12}C(ν̄_e, e^+n)^{11}B. The^{11}B abundant region in the He layer is inside the^7Li abundant region because of the decrease in peak shock temperature as one moves outward in the star. The increase in the^{11}B production through^{12}C(ν̄_e, e^+n)^{11}B is not as large because of the absence of resonances for antineutrinos, as mentioned above. In the O-rich layers, light element production is not influenced by the neutrino oscillations. The oscillation amplitude in these layers is too small because of high densities (e.g., [12]).

In the case of an inverted hierarchy, mass fractions of^7Li and^{11}B are larger than those for a normal hierarchy. The reaction rates of^4He(ν̄_e, e^+n)^3H and 12C(ν̄_e, e^+n)^{11}B become larger owing to an adiabatic resonance of ν̄_e ↔ ν̄_{μ,τ} . However, the increment of the mass fractions of^7Li and^{11}B is less pronounced than that of 7Be and^{11}C for a normal hierarchy. This is because the average energy of ν̄_e is larger than ν_e at the neutrino sphere and, therefore the difference from the average ν_{μ,τ} (ν̄_{μ,τ} ) energy is smaller. On the other hand, the mass fractions of^7Be and^{11}C are slightly larger in the mass range M_r ≥ 4.5M_⊙ and slightly smaller inside the range of the He layer. There is no 13-mixing resonance for ν_e, so that substantial conversion of ν_e ↔ ν_{μ,τ} does not occur. At the same time, some^7Be and^{11}C capture neutrons produced through^4He(ν̄_e, e^+n)^3H.

Figure 2 shows the ratios of the^7Li and^{11}B yields with neutrino oscillations in comparison to those without oscillations, hereafter called yield ratios, as a function of sin^2 2θ_{13}. The yields of^7Li and^{11}B without the oscillations are 2.36 × 10^{−7}M_⊙ and 6.26 × 10^{−7}M_⊙. The yield ratio of^7Li is at most 1.88 in the case of sin^2 2θ_{13} ≥ 2 × 10^{−3} and normal hierarchy. This increase in the yield is due to the adiabatic 13-mixing res-

FIG. 2: The yield ratios of^7Li and^{11}B with the relation of sin^2 2θ13 . Thick solid line and thick dotted line are the yield ratio of^7Li in the cases of a normal hierarchy and inverted hierarchy, respectively. The thin solid line and thin dotted line are that of^{11}B in the cases of normal and inverted hierarchy. The case of sin^2 2θ13 = 0 is also calculated (see text).

onance. In the case of 2 × 10^{−5} ≤ sin^2 2θ_{13} ≤ 2 × 10^{−3}, the yield ratio of^7Li increases with sin^2 2θ_{13}. In this θ_{13} range, the 13-mixing resonance changes from nonadiabatic to adiabatic with increasing in sin^2 2θ_{13}. In the case of sin^2 2θ_{13} < 2 × 10^{−5}, corresponding to nonadiabatic resonance, the yield of^7Li is about 1.13. In the case of an inverted hierarchy, the dependence of the^7Li yield on sin^2 2θ_{13} is similar to the normal hierarchy case. However, the increment of the yield ratio is much smaller. The smaller difference of the average energy between ν̄_e and ν̄_{μ,τ} reflects the smaller increase in the yield ratio.

The dependence of the^{11}B yield ratio on sin^2 2θ_{13} is similar to that of^7Li. The^{11}B yield ratio is about 1.27 even in the case of adiabatic range of θ_{13} and normal hierarchy. This value is much smaller than that of^7Li. Neutrino oscillations raise the rate of^{12}C(ν_e, e^−p)^{11}C and the^{11}C yield. However, the increased^{11}C yield is still small for the total yield of^{11}B. In the inverted hierarchy case, the maximum yield ratio of^{11}B is slightly smaller than that in the normal hierarchy. In this case the contribution of^{12}C(ν̄_e, e^+n)^{11}B and^4He(ν̄_e, e^+n)^3H increases. As shown in^7Li case, however, the increment is small due to a small difference of the average energy between ν̄_e and ν̄_{μ,τ} . In the limit of sin^2 2θ_{13} = 0, the^7Li and^{11}B yields still slightly increase due to the residual mixing other than 13-mixing as shown in Fig. 2.

We solve for neutrino energy spectra changed by neutrino oscillations in the density profile of a presupernova star. We expect that the influence on the spectral changes due to neutrino oscillations caused by the passing shock is small. When the shock front is in the O-rich layers, the density behind the shock front is still so high that the shock wave does not affect the oscillations. After the shock front passes through the O/C layer, the change of the density profile affects the mixing probability of neutrino oscillations. However, most neutrinos have passed before the shock arrival at the O/C layer. Details are discussed in [16].

In our previous studies [5, 7], we constrained the neutrino temperature with Galactic chemical evolution (GCE) arguments (e.g.,[22]) for^{11}B. However, the remaining model uncertainties still render the effects on the observed^7Li and^{11}B abundance trends from neutrino oscillations somewhat ambiguous. Still, the possibility to obtain, or at least constrain, fundamental neutrino properties from these observations encourage us to pursue these arguments further. We consider the dependence of the^7Li/^{11}B ratio on sin^2 2θ_{13} taking account uncertainties of neutrino energy spectra. We consider two additional spectral parameter sets: (T_{νe} , T_{ν̄e} , T_{νμ,τ} , E_ν) = (3.2 MeV, 5 MeV, 6.6 MeV, 2.4 × 10^{53} erg) and (3.2 MeV, 4.3 MeV, 5.2 MeV, 3.5 × 10^{53} erg). The obtained 11B yields for these two cases without neutrino oscillations are 7.3 × 10^{−7}M_⊙ and 3.3 × 10^{−7}M_⊙, corresponding to the maximum and minimum values satisfying the GCE models for^{11}B [7]. The corresponding^7Li yields are 2.9 × 10^{−7}M_⊙ and 1.3 × 10^{−7}M_⊙.

Figure 3 shows the number ratio of^7Li/^{11}B as a func-

FIG. 3: The number ratio of^7Li/^{11} B with the relation of sin^2 2θ13 . The shaded ranges include the uncertainties of neutrino energy spectra deduced from the calculations using three sets of neutrino temperatures and total neutrino energies (see text).

tion of sin^2 2θ_{13}. The uncertainty due to neutrino spectra is included as shaded regions. The^7Li/^{11}B ratio in the case of adiabatic 13-mixing resonance and normal hierarchy is larger than that without neutrino oscillations, even with the spectral uncertainties included. Thus, the enhancement of observed^7Li/^{11}B ratio may constrain the lowest value of θ_{13} and eliminate the possibility of inverted hierarchy. We should note that uncertainties in the ν-process cross sections still remain. We expect, however, that they are largely canceled out when we take the^7Li/^{11}B ratio. Since^7Li and^{11}B are mainly produced through the ν-process from^4He, the dependence of their yields on the ν-process reaction rates is similar. In addition, the dependence of neutral-current reaction rates on the neutrino temperature is not so different from that of the corresponding charged-current reactions. Data analysis of SN 1987A [23] and future observations of SN relic neutrinos [24] may provide additional information on the ν̄_e spectrum. The effect of neutrino oscillations on the analyzed ν̄_e signal should be taken into account, and the evaluation of the ν̄_e spectrum will lead to a more precise evaluation of^7Li/^{11}B ratio in SNe.

Recent observational efforts to obtain Li and B abundances in stars which may have formed in regions directly affected by prior generations of massive stars and their subsequent SNe (e.g., [25]), may have detected the signature of the ν-process in^{11}B-enriched stars [26]. The combination of SN nucleosynthesis theory and observations of light elements may ultimately provide powerful constraints on mass hierarchy and the mixing angle θ_{13}.

In summary, we investigated light element synthesis in SNe through the ν-process including the change of neutrino spectra due to neutrino oscillations. In the case of adiabatic 13-mixing resonance and a normal hierarchy, the^7Li yield increases by about a factor 1.9 compared to the case without oscillations. This increase may be accessible to high resolution spectroscopic studies of stars in young, star-forming regions. The^7Li yield in other cases and the^{11}B yield are scarcely affected by neutrino oscillations. The adiabaticity of the 13-mixing resonance and the mass hierarchy affect robust determinations of 7Li/^{11}B ratios in SNe.

We would like to thank Koichi Iwamoto, Ken’ichi Nomoto, and Toshikazu Shigeyama for providing the data for the internal structure of progenitor model 14E1 and for helpful discussions. Numerical computations were in part carried out on general common use computer system at Astronomical Data Analysis Center, ADAC, of National Astronomical Observatory of Japan. This work has been supported in part by the Ministry of Education, Culture, Sports, Science and Technology, Grantsin-Aid for Young Scientist (B) (17740130) and Scientific Research (17540275), for Specially Promoted Research (13002001), and by Mitsubishi Foundation.

[1] S. E. Woosley, D. H. Hartmann, R. D. Hoffman, and W. C. Haxton, Astrophys. J. 356, 272 (1990).

[2] S. E. Woosley and T. A. Weaver, Astrophys. J. Suppl.

Ser. 101, 181 (1995).

[3] S. Goriely, M. Arnould, I. Borzov, and M. Rayet, Astron.

Astrophys. 375, L35 (2001).

[4] T. Rauscher, A. Heger, R. D. Hoffman, and S. E.

Woosley, Astrophys. J. 576, 323 (2002).

[5] T. Yoshida, M. Terasawa, T. Kajino, and K. Sumiyoshi, Astrophys. J. 600, 204 (2004).

[6] A. Heger, E. Kolbe, W. C. Haxton, K. Langanke, G. Martínez-Pinedo, and S. E. Woosley, Phys. Lett. B 606, 258 (2005).

[7] T. Yoshida, T. Kajino, and D. H. Hartmann, Phys. Rev.

Lett. 94, 231101 (2005).

[8] Y. Ashie, et al. (Super-Kamiokande Collaboration), Phys. Rev. Lett. 93, 101801 (2004).

[9] S. N. Ahmed, et al. (SNO Collaboration), Phys. Rev.

Lett. 92, 181301 (2004).

[10] M. Apollonio et al., Eur. Phys. J. C 27, 331 (2003). [11] T. Araki, et al. (KamLAND Collaboration), Phys. Rev.

Lett. 94, 081801 (2004).

[12] A. S. Dighe and A. Y. Smirnov, Phys. Rev. D 62, 033007 (2000); K. Takahashi, et al., Phys. Rev. D 64, 093004 (2001); K. Takahashi and K. Sato, Prog. Theor. Phys. 109, 919 (2003); K. Takahashi, et al., Astropart. Phys. 20, 189 (2003).

[13] W. C. Haxton (2004), nucl-th/0406012.

[14] M.Th. Keil., G. G. Raffelt, and H.-Th. Janka, Astrophys.

J. 590, 971 (2003).

[15] R. D. Hoffman and S. E. Woosley,

http://www-phys.llnl.gov/Research/RRSN/nu_csbr/neu_rate.html

(1992).

[16] T. Yoshida, T. Kajino, H. Yokomakura, K. Kimura,

A. Takamura, and D. H. Hartmann, Astrophys. J. (2006), in press, astro-ph/0606042.

[17] K. Kimura, A. Takamura, and H. Yokomakura, Phys.

Rev. D 66, 073005 (2002); Phys. Lett. B 537, 86 (2002). [18] T. K. Kuo and J. Pantaleone, Phys. Lett. B 198, 406 (1987); H. Yokomakura, K. Kimura, and A. Takamura, Phys. Lett. B 544, 286 (2002).

[19] T. Shigeyama and K. Nomoto, Astrophys. J. 360, 242 (1990).

[20] P. Colella and P. R. Woodward, J. Comput. Phys. 54, 174 (1984).

[21] T. Shigeyama, et al., Astrophys. J. Lett. 386, L13 (1992).

[22] B. D. Fields, et al., Astrophys. J. 540, 930 (2000). [23] A. Mirizzi and G. G. Raffelt, Phys. Rev. D 72, 063001 (2005).

[24] M. Malek, et al. (Super-Kamiokande Collaboration), Phys. Rev. Lett. 90, 061101 (2003); H. Yüksel, S. Ando, and J. Beacom (2005), astro-ph/0509297.

[25] F. Primas, D. Dancan, and J. Thorburn, Astrophys. J.

506, L51 (1998).

[26] L. Rebull, F. Primas, and D. Duncan, in The First Stars, edited by A. Weiss, T. Abel, and V. Hill (Springer, New York, 2000), p. 176.