arXiv:1209.3719v2 [astro-ph.SR] 18 Oct 2012

The mixing in the solar core and the neutrino fluxes

Anatoly Kopylov and Valery Petukhov Institute of Nuclear Research of Russian Academy of Sciences 117312 Moscow, Prospect of 60th Anniversary of October Revolution 7A

Abstract

The question is addressed whether it is possible to introduce a mixing in the solar model not in a contradiction with the present data of helioseismology. As a new thing it is shown that there is indeed a spherical geometry with mixing for which the sound speed profile would be consistent with the helioseismic data. The effect of such mixing in a spherical shell in the central zone of the Sun would be the substantial increase of the neutrino flux from^{13}N while all other neutrino fluxes will stay practically unchanged. The implications for future experiments are discussed.

solar neutrinos; neutrino experiments

Introduction.

Neutrinos are generated in the Sun in the reactions of pp-chain and in CNO cycle. The latter contributes only about 1% to the total solar energy, but neutrinos generated in this cycle may carry very substantial information about the processes deep in the interior of the Sun. The fluxes of CNO neutrinos depend primarily on the abundances of C and N in the solar core where CNO neutrinos are generated. This was stated by G.Zatsepin and V.Kuzmin [1] and also by J.Bahcall [2] on the eve of the solar neutrino research, particularly, formulating the motivation for a lithium experiment on solar neutrinos. Since that time a tremendous success in the study of solar neutrinos has been achieved [3]–[18]. The high temperature dependence of the reactions of CNO cycle is no more our prime concern, because the flux of 8B neutrinos has been proven to be very close (within 1σ) to the prediction of the solar model [19]. Due to the correlation of the fluxes of^8B and CNO

0Corresponding author: Kopylov A.V., Institute for Nuclear Research of Russian Academy of Sciences, Prospect of 60th Anniversary of October Revolution 7A, 117312, Moscow, Russia; telephone +7(495)8510961, e-mail: beril@inr.ru

neutrinos, as it was first emphasized in [20] and then was presented in more details in [21], the uncertainty in the temperature should not be the greatest factor varying the fluxes of CNO neutrinos. But what about the abundances of carbon and nitrogen, can this be a major factor? The data on photospheric abundances of the Sun indicate the lower composition of metals than the standard model suggests, but this conflicts with the results of helioseismology [22]–[31]. Thus, we have by now two alternatives: an old model with high metallicity which is in a very good agreement with helioseismology and a new model with low metallicity which is at odds with helioseismology [32]. The fluxes of neutrinos predicted by these models [31, 33] are quite different, especially what concerns CNO neutrinos. There’s another aspect of this question. As one can see from Figure 1, the profiles of the abundances of these elements across the Sun are also very different. The abundance of^{14}N varies by a factor of 4 while the abundance of^{12}C varies by more than two orders of magnitude. This may have a dramatic influence on the fluxes of solar neutrinos. In our previous paper [34] it was shown that the flux F_{13} of^{13}N neutrinos can be substantially (more than 30%) increased by local mixing in a spherical shell of the central region of the Sun. The fluxes F_7 of 7Be and F_{15} of^{15}O neutrinos experience by this mixing only a tiny change on the level of a few percent. Remarkably that the mean molecular weight averaged for the central zone of the Sun, μ_c, has been changed by this mixing only on a level of less than 0.5% what, in fact, is in agreement with the most accurately determined value fixed at present by helioseismology. However, the local changes of the mean molecular weight within the area of mixing can reach the value of a few percent. Then it may result in a substantial deviation of the sound speed profile in this region. The sound speed is connected with μ by the expression: c = √ γkT μ (1) where γ ≈ 5/3 – the adiabatic constant, k – the Boltsman constant. So it is quite interesting to see whether there could be a mixing which would not change the parameters fixed by helioseismology and the fluxes of solar neutrinos generated in pp-chain precisely determined by experiments [2]–[8] and at the same time will produce substantial increase of F_{13} while the flux F_{15} will stay practically unchanged. Here it is worth to note that for the solar models with high (GS98) [21] and low (AGS09)[35] abundance of CNO elements the difference of the fluxes F_{13} and F_{15} is about 30% while for the ratio of these fluxes the difference is less than 10% (see, for example, Table 2 of [33]). Thus the ratio F_{13}/F_{15} appears to be a sensitive indicator of mixing in the solar core what can be exploited in the future experiments on solar neutrinos.

Simulation of mixing.

The calculation has been performed with the following limitations for mixing: the mass, density and temperature of the spherical shell is not changed by mixing. The process is very slow and there is time for these parameters to be restored. The resulted abundance of elements in the mixed shell is determined by several parameters: the position and thickness of the shell, the intensity of mixing, its duration etc. No attempts has been made to describe the physics of mixing i.e. to determine the driving force, the magneto hydrodynamics etc. Only one illustrative case of mixing has been considered with the aim to see what can be the effect of such mixing, provided this process is realized. It was assumed that mixing in the center of a shell is more intensive than on its periphery with a rather smooth transient function. In this case the profile for the abundances of different elements can look how it is presented on Figure 1. The initial profile was taken from the model AGS05 [36].

The sound speed profile by this mixing will be changed differently for two sub shells relatively to the one fixed by helioseismology as it is shown on Figure 2.

As one can see from this figure there’s improved agreement of the mixed model with the helioseismic data for the external part of the mixed shell. The maximal deviation of the calculated value δc/c from helioseismic data < 1% at the depth 0.12R_⊙. The change of the mean molecular weight of the solar core is < 0.2%. The flux F_{13} is determined by the reaction rate α_{112} of the reaction^{12}C + p →^{13}N + γ and the abundances X_1(r) and X_{12}(r) of isotopes^1H and^{12}C along the solar radius. The nucleus^{13}N produced in this reaction quickly decays generating^{13}N-neutrino and positron.

F_{13}(t) = 4πN_AR^3_⊙

∫_1 0 r^2ρ(r)X_1(r, t)

X_{12}(r, t) 12 α_{112}(r)dr (2)

The similar expressions can be written for the fluxes F_{15} and F_7 of^{15}Oand^7Be-neutrinos. The results of the calculation are presented in Table 1. The fluxes without mixing were obtained in a toy model with the parameters

Figure 1: The profile for the abundance of^1H,^3He,^4He,^{12}C and^{14}N without (dashed line) and with (solid line) mixing.

Figure 2: The differences between the helioseismic and predicted sound speed as a function of depth without [32] (black line) and with (red line) mixing.

close to AGS05. As one can see from Table 1 only the flux F_{13} experiences a substantial increase (∼ 90%) in the model with mixing. The change is high enough to be observed by experiment.

Table 1: Solar neutrino fluxes with and without mixing, in units of 10^9(F_7) and 10^8(F_{13}, F_{15}) cm^{−2}s^{−1}

Flux No mix flux Mix flux Difference, %

F_7 4,43 4,65 4,8 F_{13} 1,99 3,77E 89,8 F_{15} 1,58 1,57 -0,14

Conclusions.

The abundance of^{12}C along the radius of the Sun has a peculiar feature at the depth of 0.15 of solar radius where it experiences a sharp increase by more than two orders of magnitude. If there is a mixing, even a very mild one, in the shell at this depth, the result can be a substantial increase of the flux of^{13}N neutrinos. The problem is that present data of helioseismology, especially the sound speed profile, restrict severely the possibility of such mixing. As a new thing, here it is shown that there is indeed a spherical geometry with mixing for which the sound speed profile would be consistent with the helioseismic data. In case of such mixing it shown also that all other neutrino fluxes are left unchanged, at most they will vary on a level of a few percent. The difference of the fluxes F_{13} and F_{15} for models with high and low abundance of CNO elements reach a substantial value of about 30% while the difference for the ratio of these fluxes is < 10%. It appears to be that the ratio F_{13}/F_{15} is a parameter very sensitive to mixing in the solar core. Only future experiments may clarify the question whether the mixing exists or not. The experiments on solar neutrinos are in a mature phase now. The sensitivity and precision increased remarkably during last 30 years [37]–[39]. The new projects LENA [40], SNO+ [41] etc. have increased sensitivity to CNO neutrinos. Here we would like to draw attention to the discovering potential of finding the anomalous high flux F_{13} and may be the ratio of F_{13} to F_{15}. This would indicate a mixing in the core of the Sun and other solar type stars of main sequence.

Acknowledgements.

We warmly acknowledge funding from the Programs of support of leading schools of Russia (grant #871.2012.2.)

References

[1] V.A.Kuzmin and G.Zatsepin On the neutrino spectroscopy of the Sun 1965 Proceedings of 9th International Cosmic Ray Conference, London, 1024

[2] J.N.Bahcall Neutrino-Spectroscopy of the Solar Interior 1964 Phys.Lett. 13 332 [3] Homestake collaboration, B.T. Cleveland et al. Measurement of the solar electron neutrino flux with the Homestake chlorine detector 1998 Astrophys. J. 496 505

[4] V.N. Gavrin The Russian-American gallium experiment SAGE 2011 Phys.

Usp. 54 941

[5] GALLEX collaboration, W. Hampel et al. GALLEX solar neutrino observations: results for GALLEX IV 1999 Phys.Lett.B 447 12

[6] GNO collaboration, M. Altmann et al. Complete results for five years of GNO solar neutrino observations 2005 Phys.Lett.B 616 174 [hep-ex/0504037]

[7] Kamiokande Collaboration, Y.Fukuda et al. Solar Neutrino Data Covering Solar Cycle 22 1996 Phys.Rev.Lett. 77 1683

[8] Super-Kamiokande collaboration, K. Abe et al. Solar neutrino results in Super-Kamiokande-III 2011 Phys.Rev.D 83 052010 [arXiv:1010.0118]

[9] Q.R. Ahmad et al. (SNO Collaboration) Measurement of the Rate of ν_e + d → p + p + e^− Interactions Produced by^8B Solar Neutrinos at the Sudbury Neutrino Observatory 2001 Phys.Rev.Lett. 87 071301

[10] B. Aharmim et al. (SNO Collaboration) Determination of the ν_e and total^8B solar neutrino fluxes using the Sudbury Neutrino Observatory Phase I data set 2007 Phys.Rev.C 75 045502

[11] B. Aharmim et al. (SNO Collaboration) Independent Measurement of the Total Active^8B Solar Neutrino Flux Using an Array of^3He Proportional Counters at the Sudbury Neutrino Observatory 2008 Phys.Rev.Lett. 101 111301

[12] B. Aharmim et al. (SNO Collaboration) Low-energy-threshold analysis of the Phase I and Phase II data sets of the Sudbury Neutrino Observatory 2010 Phys.Rev.C 81 055504

[13] B. Aharmim et al. (SNO Collaboration) Combined Analysis of all Three Phases of Solar Neutrino Data from the Sudbury Neutrino Observatory 2011 [arXiv:1109.0763]

[14] KamLAND Collaboration, K.Eguchi et al. Measurement of Neutrino Oscillation with KamLAND: Evidence of Spectral Distortion 2005 Phys.Rev.Lett. 94 081801

[15] S. Abe et al. (KamLAND Collaboration) Measurement of the^8B solar neutrino flux with the KamLAND liquid scintillator detector 2011 Phys.Rev.C 84 035804

[16] G. Bellini et al. (Borexino Collaboration) Measurement of the solar^8B neutrino rate with a liquid scintillator target and 3 MeV energy threshold in the Borexino detector 2010 Phys.Rev.D 82 033006

[17] G. Bellini et al. (Borexino Collaboration) Precision Measurement of the^7Be Solar Neutrino Interaction Rate in Borexino 2011 Phys.Rev.Lett. 107 141302

[18] G. Bellini et al. (Borexino Collaboration) First Evidence of pep Solar Neutrinos by Direct Detection in Borexino 2012 Phys.Rev.Lett. 108 051302

[19] G.L.Fogli, E.Lisi, A.Marrone, A.Palazzo Solar Neutrinos 2006 [arXiv:hep-ph/0605186]

[20] A.V.Kopylov Correlation of neutrino fluxes in the standard Bahcall-Ulrich solar model in connection with the solar-neutrino problem 1993 Pis’ma Zh.Eksp.Teor.Fiz 57 No.1, 12

[21] W.C.Haxton, A.M.Serenelli CN-Cycle Solar Neutrinos and Sun’s Primordial Core Metalicity 2008 [arXiv:0805.2013]

[22] N.Grevesse, A.J.Sauval Standard Solar Composition 1998 Space Sci.Rev. 85 161 [23] A.M.Serenelli New results on standard solar models 2010 Astrophys.Space Sci.

328 13 [arXiv:0910.3690]

[24] S.Basu and H.M.Antia Helioseismology and solar abundances 2008 Phys.Rept.

457 217 [arXiv:0711.4590]

[25] A.M.Serenelli, S.Basu, J.W.Ferguson, M.Asplund New Solar Composition:

The Problem With Solar Models Revisited 2009 Astrophys.J. 705 L123

[26] S.Turck-Chieze, A.Palacios, J.Marques, P.Nghiem Seismic and dynamical solar models: I. The impact of the solar rotation history on neutrinos and seismic indicators 2010 Astrophys.J. 715 1539

[27] M.C.Gonzalez-Garcia, M.Maltoni, J.Salvado Direct determination of the solar neutrino fluxes from solar neutrino data 2010 JHEP 05 072

[28] F.L.Villante and B.Ricci Linear solar models 2010 Astrophys.J. 714 944 [arXiv:0912.4696]

[29] W.J.Chaplin et al. Solar heavy element abundance: constraints from frequency separation ratios of low-degree p modes 2007 Astrophys.J. 670 872 [arXiv:0705.3154]

[30] A.G. Kosovichev Advances in global and local helioseismology: an introductory review 2011 Lect.Notes Phys. 832 [arXiv:1103.1707]

[31] C.Peña-Garay, A.M.Serenelli Solar neutrinos and the solar composition problem 2011 [arXiv:0811.2424]

[32] M.Asplund, N.Grevesse, A.J.Sauval The solar chemical composition 2006 Nucl.Phys. A777 1

[33] A.M.Serenelli, W.C.Haxton, C.Peña-Garay Solar models with accretion. I.

Application to the solar abundance problem 2011 [arXiv:1104.1639]

[34] A.Kopylov and V.Petukhov The fluxes of CN neutrinos from the Sun in case of mixing in a spherical layer in the solar core 2012 JCAP 03 003

[35] M.Asplund, N.Grevesse, A.J.Sauval, P.Scott The Chemical Composition of the Sun 2009 Annu.Rev.Astron.Astrophys. 47 481

[36] http://www.mpa-garching.mpg.de/∼aldos/

[37] F.L.Villante et al. A step toward CNO solar neutrinos detection in liquid scintillators 2011 Phys.Lett.B 701 336

[38] W.C.Haxton. R.G.Hamish Robertson, A.M.Serenelli Solar Neutrinos: Status and Prospects 2012 [arXiv:1208.5723]

[39] V.Antonelli, L.Miramonti, C.Peña-Garay, A.Serenelli Solar Neutrinos 2012 [arXiv:1208.1356]

[40] M.Wurm et al. (LENA collaboration) The next-generation liquid-scintillator neutrino observatory LENA 2011 [arXiv:1104.5620]

[41] V.Lozza (SNO+ collaboration) Scintillator phase of the SNO+ experiment 2012 J.Phys.Conf.Ser. 375 042050