arXiv:0909.0226v2 [hep-ph] 9 Oct 2009

Significance of neutrino cross-sections for astrophysics

A.B. Balantekin

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

Abstract. The heavens are full of neutrinos, but so far we have observed a small subset of those. Performing such observations and analyzing the data from them require a thorough understanding of neutrino interactions. In this short review, the current theoretical status of neutrino cross sections are briefly summarized and novel aspects of neutrino interactions that arise in cosmic sites are discussed.

Keywords: Neutrino Interactions, Beta beams, Core-Collapse Supernovae, r-process Nucleosynthesis PACS: 13.15.+g, 14.60.Lm, 25.30.Pt, 26.30.Jk, 95.30.Cq

NEUTRINO CROSS SECTIONS

Our first observation of the neutrino sky did not take place until the efforts of Davis and his collaborators in the Homestake mine in the late 1960’s. Since then, we have seen neutrinos from two (and only two) heavenly objects: a main-sequence star (the Sun) and a core-collapse supernova (SN1987A). These low-energy astrophysical neutrinos provide us tools for a new kind of astronomy looking at the interior of compact objects. They help us explore fascinating phenomena in the Cosmos as diverse as the birth of new stars and the origin of elements. Thus neutrino physics provides a new tool to look at the cosmos complementary to other tools already in place such as electromagnetic telescopes and gravitational wave detectors such as LIGO.

To fully assess the role of neutrinos in astrophysical phenomena we need to have a good handle on neutrino interactions. In most cases of astrophysical interest it is not possible to directly measure the needed cross-sections. A fundamental approach would be to use effective field theories: For low-energy neutrino-deuteron scattering (below the pion threshold),^3S_1 →^1 S_0 transition dominates and one only needs the coefficient of the two-body counter term, so called L_{1A}, specifying isovector two-body axial current [1]. The term L_{1A} can be obtained either by comparing the cross section σ(E) = σ_0(E) + L_{1A}σ_1(E) with cross-section calculated using other approaches or measured experimentally (e.g. use solar neutrinos as a source) [2]. Difficulties with implementing three-body forces practically restrict the use of effective field theory approach only to reactions involving the deuteron. For scattering on nuclei beyond deuteron, other approaches are needed. At the lowest energies, relevant to the Sun and supernovae, theoretical tools are Shell Model (SM) and Random Phase Approximation (RPA) or quasiparticle RPA (QRPA). At the lowest energies Shell Model is the best approach. As the incoming neutrino energy increases, the contribution of the states which are not well-known increase, including first- and even second-forbidden transitions [3]. At higher energies where the rate is sensitive to total strength and the energy of giant resonances there is a tendency to use RPA. Both techniques start with the meanfield approximation for nucleons in nuclei. However, during the past decades, electron scattering experiments have provided overwhelming evidence of correlations in nuclei, requiring the use of realistic nucleon-nucleon potentials [4]. Indeed, importance of short-rage correlations in QRPA was emphasized long time ago [5]. A study of neutrino scattering off nuclei at intermediate or higher energies need to include the effects of those correlations. It should be noted that in astrophysical settings new final-state effects may come into play; for example, in a core-collapse supernova neutrino capture reactions may be influenced by the Pauli-blocking by other electrons present [6].

To experimentally study neutrino cross-sections at astrophysically relevant low-energies (i.e. to measure the spinisospin response of the nuclei to weak probes) one clearly needs neutrinos with varying energies. With low-energy beta-beams it would be possible to do a systematic study of spin-isospin response of nuclei [7]. Such a low-energy betabeam facility could also enable to test other aspects of neutrino interactions. For example, one can directly measure the weak-magnetism contribution to the cross-section for the inverse beta decay, providing another test of the conserved vector current hypothesis [8]. (Weak magnetism contributions may, for example, increase the antineutrino mean free path in a supernova [9]). Other tests of electroweak physics [10] may also be feasible^1. In addition, low-energy beta beams may provide a suitable venue to mimic the neutrino flux from a core-collapse supernova [12]. It should also be noted that beta-beams and other future neutrino facilities would help us to probe new physics contributions to the neutrino interactions at higher energies [13, 14].

SOLAR NEUTRINOS

The field of neutrino astrophysics started in the 1960’s with an attempt to measure the solar neutrino flux in the Homestake mine. After three decades of dedicated experimental efforts we now have precise measurements of not only the total solar neutrino flux, but also of its individual flavor components. This was hailed as a crucial test of the theory of main sequence stellar evolution in addition to being a measurement of neutrino mass differences and mixings. In parallel to the developments in solar neutrino physics, careful helioseismic observations of the solar acoustic modes were able to map the sound-speed profile within the Sun.

Abundances of elements such as C and N in the Sun are best inferred from the photospheric absorption lines. Until recently, input from such observations [15, 16] into the Standard Solar Model yielded a sound speed profile in good agreement with helioseismic observations. However, more recent observations suggest a significant decrease in solar metalicity [17]: the Sun is no longer an odd star enriched in heavy elements. The resulting reduction in the core temperature lowers the component of the solar neutrino flux most sensitive to core temperature, the^8B flux [18]. However, since the CN cycle neutrinos have a stronger dependence on core temperature, a better measurement of their flux would lead to a better understanding of the solar metalicity [19]. A more precise measurement of the CNO contribution will not only provide a test of energy generation during the main sequence of stellar evolution, but also shed light on the solar metalicity. Present uncertainty is very big, but a few percent of accuracy is within reach. An accurate measurement of total solar neutrino luminosity will also help us to probe if the nuclear fusion reactions are the only source of solar energy.

Related open questions include searches for subdominant neutrino sources (testing the relation between solar photon and neutrino luminosities), neutrino magnetic moments and their effects on the solar neutrino flux, using neutrinos to measure solar properties such as the density scale height and to search for physics beyond both the Standard Model of the Sun and the Standard Model of particle physics. All these questions require an accurate knowledge of either production or detection cross sections for neutrinos.

NEUTRINOS FROM CORE-COLLAPSE SUPERNOVAE

A core-collapse supernova event can be considered primarily a neutrino affair [20]. Almost all of the gravitational binding energy of the progenitor star and about 10% of the rest mass is radiated as neutrinos of all three flavors. Although neutrinos from a core-collapse supernova were already observed, it would be very useful to see a second one besides SN1987A. In addition, ability to observe supernovae in nearby galaxies would greatly improve the statistics. Observation of all the past supernovae through their neutrino signatures (the diffuse supernova neutrino flux) gives us a handle on the star-formation rate.

Supernovae are candidate sites for r-process nucleosynthesis, which requires a neutron-rich environment, i.e. the ratio of electrons to baryons, Y_e, should be well below 0.5. Electron neutrinos energetic enough to push the baryons with the neutrino-driven wind also tend to convert neutrons to protons. Because of the large alpha-particle binding energy, those protons will capture additional neutrons to form alpha particles, pushing Y_e towards 0.5 [21]. Active-to-sterile matter-enhanced neutrino oscillations [22] and active-to-sterile magnetic moment conversion [23] are proposed as possible ways to get around this "alpha effect", although the latter scenario likely requires too large a neutrino magnetic moment.

For the matter-enhanced neutrino oscillations (MSW effect) the matter potential neutrinos experience is provided by the coherent forward scattering of neutrinos off the electrons (or positrons) in dense matter^2. If the neutrino density itself is also very high then one has to consider the effects of neutrinos scattering off other neutrinos. This is the

1 Note that it is also possible to utilize low-energy neutrinos at off-axis from standard beta-beams to do some of these experiments [11]. 2 There is a similar term with Z-exchange. But since it is the same for all neutrino flavors, it does not contribute to phase differences at the tree-level except when one invokes sterile neutrinos.

FIGURE 1. Electron fraction as a function of the distance from the core in a core-collapse supernova with neutrino-neutrino interactions included (from Ref. [31]). δ m^2_{13} ∼ 3 × 10^{−3}eV^2, luminosities are L^{51} = 0.001,0.1 and 100 (solid, dashed and dotted lines). a) θ_{13} ∼ π/10, b) θ_{13} ∼ π/20, c) same as b), but with the alpha effect when the alpha fraction is 0, 0.3, and 0.5 (thin, medium, and thick lines).

case for a core-collapse supernova. Yields of r-process nucleosynthesis are determined by neutron-to-proton ratio, or equivalently by the electron fraction. Interactions of the neutrinos and antineutrinos streaming out of the core both with nucleons and seed nuclei determine this ratio. Hence it is crucial to understand (and measure) neutrino-nucleon as well as neutrino-nucleus cross-sections. Furthermore, before these neutrinos reach the r-process region they undergo matter-enhanced neutrino oscillations as well as coherently scatter over other neutrinos. Many-body behavior of this neutrino gas is not completely explored, but may have significant impact on r-process nucleosynthesis.

For the illustrative case of two flavors of neutrinos (and no antineutrinos) one can define the SU(2) operators

J_+(p) = a^†_x (p)a_e(p), J_−(p) = a^†_e(p)a_x(p), J_0(p) = 1 2 ( a^†_x(p)a_x(p) − a^†_e(p)a_e(p) ) . (1)

Forward scattering of neutrinos from other neutrinos is described by the Hamiltonian [24]

H_{νν} = √ 2G_F V ∫ d^3 p d^3q R_{pq} J(p) · J(q). (2)

where we defined R_{pq} = (1 − cosϑ_{pq}). (3)

It is possible to include all three flavors and antineutrinos in these equations. Eq. (2), together with the MSW Hamiltonian define a complicated many-body problem, the exact solution of which is still lacking. However, its saddlepoint solution [24], where the neutrinos interact with a mean field, is commonly used to study neutrino propagation with neutrino-neutrino interactions (see Refs. [25] through [34]). Numerical studies indicate that the addition of a neutrino background results in very interesting physical effects such as coherent flavor transformation. This discussion also illustrates that astrophysical extremes allow testing neutrino properties in ways that cannot be done elsewhere.

Calculations with neutrino-neutrino interactions find large-scale, collective flavor oscillations deep in the supernova envelope, which is sensitive to the value of θ_{13}. Such oscillations may also effect r-process nucleosynthesis. As an example, results from a neutrino mean-field calculation of electron fraction is shown in Figure 1 [31].

CONCLUSIONS

Neutrino cross sections are often a crucial input in understanding a broad range of phenomena ranging from stellar evolution to core-collapse supernovae. Understanding neutrino interactions from very low to very high energies are often crucial in interpreting the data from a variety of astrophysical sources. At low energies (supernova and tail of atmospheric neutrinos) calculational tools are still being developed. At very high energies physics beyond the Standard Model is very likely to contribute. At astrophysical sites novel forms of neutrino interactions emerge such as collective behavior driven by neutrino-neutrino interactions.

ACKNOWLEDGMENTS

This work was supported in part by the U.S. National Science Foundation Grants No. PHY-0555231 and PHY-0855082 and in part by the University of Wisconsin Research Committee with funds granted by the Wisconsin Alumni Research Foundation.

REFERENCES

1. M. Butler and J. W. Chen, Nucl. Phys. A 675, 575 (2000) [arXiv:nucl-th/9905059]; M. Butler, J. W. Chen and X. Kong, Phys.

Rev. C 63, 035501 (2001) [arXiv:nucl-th/0008032].

2. M. Butler, J. W. Chen and P. Vogel, Phys. Lett. B 549, 26 (2002) [arXiv:nucl-th/0206026]; J. W. Chen, K. M. Heeger and R. G. H. Robertson, Phys. Rev. C 67, 025801 (2003) [arXiv:nucl-th/0210073]; A. B. Balantekin and H. Yuksel, Phys. Rev. C 68, 055801 (2003) [arXiv:hep-ph/0307227]; A. B. Balantekin and H. Yuksel, Int. J. Mod. Phys. E 14, 39 (2005) [arXiv:nucl-th/0411025]; B. Mosconi, P. Ricci, E. Truhlik and P. Vogel, Phys. Rev. C 75, 044610 (2007) [arXiv:nucl-th/0702073].

3. R. Lazauskas and C. Volpe, Nucl. Phys. A 792, 219 (2007) [arXiv:0704.2724 [nucl-th]]. 4. O. Benhar, D. Day and I. Sick, Rev. Mod. Phys. 80, 189 (2008) [arXiv:nucl-ex/0603029]. 5. J. Engel, P. Vogel and M. R. Zirnbauer, Phys. Rev. C37, 731 (1988).

6. F. Minato, K. Hagino, N. Takigawa, A. B. Balantekin and Ph. Chomaz, Phys. Rev. C 75, 045802 (2007) [arXiv:nucl-th/0608045]. 7. C. Volpe, J. Phys. G 34, R1 (2007) [arXiv:hep-ph/0605033].

8. A. B. Balantekin, J. H. de Jesus, R. Lazauskas and C. Volpe, Phys. Rev. D 73, 073011 (2006) [arXiv:hep-ph/0603078]. 9. C. J. Horowitz, Phys. Rev. D65, 043001 (2002) [arXiv:astro-ph/0109209].

10. A. B. Balantekin, J. H. de Jesus and C. Volpe, Phys. Lett. B 634, 180 (2006) [arXiv:hep-ph/0512310]. 11. R. Lazauskas, A. B. Balantekin, J. H. De Jesus and C. Volpe, Phys. Rev. D 76, 053006 (2007) [arXiv:hep-ph/0703063]. 12. N. Jachowicz and G. C. McLaughlin, Phys. Rev. Lett.96, 172301 (2006) [arXiv:nucl-th/0604046]; N. Jachowicz, G. C. McLaughlin and C. Volpe, Phys. Rev. C77, 055501 (2008) [arXiv:0804.0360 [nucl-th]].

13. A. B. Balantekin, I. Sahin and B. Sahin, Phys. Rev. D 78, 073003 (2008) [arXiv:0807.3385 [hep-ph]]; A. B. Balantekin and I. Sahin, J. Phys. G 36, 025010 (2009) [arXiv:0810.4318 [hep-ph]].

14. A. B. Balantekin, I. Sahin and B. Sahin, JHEP 05 (2009) 005 [arXiv:0812.1722 [hep-ph]]. 15. E. Anders and N. Grevesse, Geochim. Cosmochim. Acta 53, 197 (1989). 16. N. Grevesse and A. J. Sauval, Space Sci. Rev. 85, 161 (1998).

17. M. Asplund, N. Grevesse, A. J. Sauval, C. Allende Prieto and D. Kiselman, Astron. Astrophys.417, 751 (2004) [arXiv:astro-ph/0312290].

18. S. Turck-Chieze et al., Phys. Rev. Lett.93, 211102 (2004) [arXiv:astro-ph/0407176]. 19. W. C. Haxton and A. M. Serenelli, Astrophys. J. 687, 678 (2008) [arXiv:0805.2013 [astro-ph]]. 20. A. B. Balantekin and G. M. Fuller, J. Phys. G 29, 2513 (2003) [arXiv:astro-ph/0309519].

21. B. S. Meyer, G. C. McLaughlin and G. M. Fuller, Phys. Rev. C 58, 3696 (1998) [arXiv:astro-ph/9809242]; G. C. McLaughlin and G. M. Fuller, Astrophys. J. 455, 202 (1995).

22. J. Fetter, G. C. McLaughlin, A. B. Balantekin and G. M. Fuller, Astropart. Phys. 18, 433 (2003) [arXiv:hep-ph/0205029];

G. C. McLaughlin, J. M. Fetter, A. B. Balantekin and G. M. Fuller, Phys. Rev. C 59, 2873 (1999) [arXiv:astro-ph/9902106]; D. O. Caldwell, G. M. Fuller and Y. Z. Qian, Phys. Rev. D61, 123005 (2000) [arXiv:astro-ph/9910175].

23. A. B. Balantekin, C. Volpe and J. Welzel, JCAP 0709, 016 (2007) [arXiv:0706.3023 [astro-ph]]. 24. A. B. Balantekin and Y. Pehlivan, J. Phys. G 34, 47 (2007) [arXiv:astro-ph/0607527]. 25. Y. Z. Qian and G. M. Fuller, Phys. Rev. D51, 1479 (1995) [arXiv:astro-ph/9406073]; ibid.52, 656 (1995) [arXiv:astro-ph/9502080]; G. M. Fuller and Y. Z. Qian, Phys. Rev. D73, 023004 (2006) [arXiv:astro-ph/0505240].

26. J. T. Pantaleone, Phys. Lett. B287, 128 (1992); Phys. Rev. D46, 510 (1992); V. A. Kostelecky and S. Samuel, Phys. Rev. D52, 621 (1995) [arXiv:hep-ph/9506262]; S. Samuel, Phys. Rev. D53, 5382 (1996) [arXiv:hep-ph/9604341].

27. A. Friedland and C. Lunardini, Phys. Rev. D68, 013007 (2003) [arXiv:hep-ph/0304055]; JHEP0310, 043 (2003) [arXiv:hep-ph/0307140]; A. Friedland, B. H. J. McKellar and I. Okuniewicz, Phys. Rev. D73, 093002 (2006) [arXiv:hep-ph/0602016].

28. S. Hannestad, G. G. Raffelt, G. Sigl and Y. Y. Y. Wong, Phys. Rev. D74, 105010 (2006) [Erratum-ibid. D 76, 029901 (2007)] [arXiv:astro-ph/0608695]; G. G. Raffelt, Phys. Rev. D78, 125015 (2008) [arXiv:0810.1407 [hep-ph]]; B. Dasgupta, A. Dighe, G. G. Raffelt and A. Y. Smirnov, arXiv:0904.3542 [hep-ph].

29. H. Duan, G. M. Fuller, J. Carlson and Y. Z. Qian, Phys. Rev. D75, 125005 (2007) [arXiv:astro-ph/0703776]; H. Duan, G. M. Fuller and Y. Z. Qian, Phys. Rev. D76, 085013 (2007) [arXiv:0706.4293 [astro-ph]];

30. H. Duan, G. M. Fuller, J. Carlson and Y. Q. Zhong, Phys. Rev. Lett.99, 241802 (2007) [arXiv:0707.0290 [astro-ph]]; H. Duan, G. M. Fuller and Y. Z. Qian, J. Phys. G36, 105003 (2009) [arXiv:0808.2046 [astro-ph]].

31. A. B. Balantekin and H. Yuksel, New J. Phys. 7, 51 (2005) [arXiv:astro-ph/0411159]. 32. G. L. Fogli, E. Lisi, A. Marrone and A. Mirizzi, JCAP0712, 010 (2007) [arXiv:0707.1998 [hep-ph]]. 33. H. Duan and J. P. Kneller, arXiv:0904.0974 [astro-ph.HE]. 34. J. P. Kneller and G. C. McLaughlin, arXiv:0904.3823 [hep-ph].