Mem. S.A.It. Vol. 80, 809 © SAIt 2009 Memorie della

Constraints on the variations of fundamental couplings by stellar models

A. Coc^1, S. Ekström^2, P. Descouvemont^3, G. Meynet^2, K. A. Olive^4,

J.-Ph. Uzan^5, and E. Vangioni^5

1 Centre de Spectrométrie Nucléaire et de Spectrométrie de Masse (CSNSM), UMR 8609, CNRS/IN2P3 and Université Paris Sud 11, Bâtiment 104, 91405 Orsay Campus, France 2 Geneva Observatory, University of Geneva, Maillettes 51, 1290 Sauverny, Switzerland 3 Physique Nucléaire Théorique et Physique Mathématique, C.P. 229, Université Libre de Bruxelles (ULB), B-1050 Brussels, Belgium 4 William I. Fine Theoretical Physics Institute, University of Minnesota, Minneapolis, Minnesota 55455, USA 5 Institut dAstrophysique de Paris, UMR-7095 du CNRS, Université Pierre et Marie Curie, 98 bis bd Arago, 75014 Paris, France

Abstract. The effect of variations of the fundamental constants on the thermonuclear rate of the triple alpha reaction,^4He(αα, γ)^{12}C, that bridges the gap between^4He and^{12}C is investigated. We follow the evolution of 15 and 60 M_⊙ zero metallicity stellar models, up to the end of core helium burning. They are assumed to be representative of the first, Population III stars which differ from later Pop I and II stars in their evolution due to the absence of initial CNO elements (zero metallicity). The calculated oxygen and carbon abundances resulting from helium burning can then be used to constrain the variations of the fundamental constants.

1. Introduction

The equivalence principle is a cornerstone of metric theories of gravitation and in particular of General Relativity. This principle, including the universality of free fall and the local position and Lorentz invariances, postulates that the local laws of physics, and in particular the values of the dimensionless constants such as the fine structure constant, must remain fixed, and thus be the same at any time and in any place. It follows that by testing the constancy of fundamental constants one actually performs a test of General Relativity, that can be extended on astrophysical and cosmological scales (for a review, see Uzan 2003).

The synthesis of complex elements in stars (mainly the possibility of the 3α-reaction as the origin of the production of^{12}C) sets constraints on the values of the fine structure and strong coupling constants. This effect was investigated for red giant stars (1.3, 5 and 20 M_⊙ with solar metallicity) up to thermally pulsing asymptotic giant branch stars (TP- AGB) (Oberhummer et al. 2001) and in low, intermediate and high mass stars (1.3, 5, 15 and 25 M_⊙ with solar metallicity) up to TP- AGB (Schlattl et al. 2004). It was estimated that outside a window of 0.5% and 4% for the values of the strong and electromagnetic forces respectively, the stellar production of carbon or oxygen will be reduced by a factor 30 to 1000. We consider here (see Ekström et al. 2000), instead, the very first generation of stars which are thought to have been formed a few ×10^8 years after the big bang, at a redshift of z ∼ 10 − 15, and with zero initial metallicity. For the time being, there are no direct observations of those Population III stars but one may expect that their chemical imprints could be observed in the most metal-poor halo stars.

2. The triple–alpha reaction

Figure 1 displays the low energy level schemes of the nuclei participating in the^4He(αα, γ)^{12}C reaction:^4He,^8Be and^{12}C. First, two alpha particles fuse to produce a^8Be nucleus whose lifetime is only ∼ 10^{−16} s, but sufficient to allow for a second alpha capture to the second excited level of^{12}C, 7.65 MeV above the ground state. This corresponds to a ℓ = 0 resonance as postulated by Hoyle in order to increase the cross section during the helium burning phase (Hoyle 1953). This level normally decays towards the first excited^{12}C level at 4.44 MeV through a radiative transition. This reaction is very sensitive to the position of the Hoyle state as the corresponding resonance width is very small (a few ∼eV) as compared with the competing reaction 12C(α, γ)^{16}O, dominated by broad (∼100 keV) resonances and subthreshold levels. Hence, in this work, we will only consider variations of the^4He(αα, γ)^{12}C reaction rate.

Assuming i) thermal equilibrium between the^4He and^8Be nuclei, so that their abundances are related by the Saha equation and ii) the sharp resonance approximation for the alpha capture on^8Be, the^4He(αα, γ)^{12}C rate, can be expressed (Iliadis 2007) as:

N^2_A⟨σv⟩^{ααα} =

3^{3/2}6N^2_A ( 2π M_αk_BT

)_3 ℏ^5ωγ exp ( −Q_{ααα} k_BT ) (1) with ωγ ≈ Γ_γ(^{12}C), the radiative partial width of the Hoyle level and Q_{ααα} =380 keV its energy relative to the triple alpha threshold. The variation of Q_{ααα} with the nucleon nucleon interaction dominates the variation of the reac-

Fig. 1. Level scheme of nuclei participating to the^4He(αα, γ)^{12}C reaction.

tion rate in Eq. (1). However, a more accurate calculation (Nomoto & Thielemann 1985) requires a numerical integration, as done by Angulo et al. (1999), to take into account i) the two step process, two alpha particle fusion into the^8Be ground state at a resonance energy of E_R(^8Be) followed by another alpha capture to the Hoyle state at a resonance energy of E_R(^{12}C) [Q_{ααα} ≡E_R(^8Be)+E_R(^{12}C)] and ii) the energy dependent finite widths of those two resonances.

In order to analyze their variation with the nuclear interaction, we have used a microscopic cluster model (see Korennov & Descouvemont 2004, and references therein). The Hamiltonian of the system is given by H = A∑ i T (r_i) + A∑ j<i=1

V(r_{ij}), (2)

where A is the nucleon number, and T (r_i) the kinetic energy of nucleon i. The nucleonnucleon interaction V(r_{ij}) depends on the relative coordinate r_{ij} = r_i − r_j, and is written as

V(r_{i j}) = V_C(r_{i j}) + (1 + δ_{NN} )V_N (r_{i j}). (3)

where V_C(r) is the Coulomb force, V_N (r) the nuclear interaction (Thompson et al. 1977), and δ_{NN} the parameter that characterizes the change in the nucleon-nucleon interaction. (The variation of the Coulomb interaction is assumed to be negligible compared to the nuclear interaction.) When A > 4, no exact solution can be found and approximate solutions have to be constructed. For those cases, we use a cluster approximation in which the wave functions of the^8Be and^{12}C nuclei are approximated by a cluster of respectively two and three α particle wave functions. This approach has been shown to be well adapted to cluster states, and in particular to the^8Be and^{12}C levels of interest (Suzuki et al. 2007).

We obtained:

ΔB_D/B_D = 5.7701 × δ_{NN} (4)

for the binding energy of deuterium,

E_R(^8Be) = (0.09208 − 12.208 × δ_{NN} ) MeV (5) and E_R(^{12}C) = (0.2877 − 20.412 × δ_{NN} ) MeV (6)

for the resonance energies.

The strong energy dependence of the particle widths Γ_α(E) follows the Coulomb penetrability factor (Iliadis 2007) while the radiative width Γ_γ(E) scales as E^{2λ+1} where λ is the multipolarity (here 2 for E2) of the electromagnetic transition. Taking into account the variation of E_R(^8Be) and E_R(^{12}C) and of the partial widths, as a function of δ_{NN} , after numerical integration, we obtain the variation of the rate as depicted realtive to the NACRE (Angulo et al. 1999) rate in Figure 2. Indeed, a simple analytical estimate of the sensitivity of the rate to δ_{NN} , based on Eq. (1), is in agreement with our numerical integration.

3. Stellar evolution

We focus on Population III stars with typical masses, 15 and 60 M_⊙ and zero metallicity.

Fig. 2. Ratio of the rates for different values of δ_{NN} , relative to the δ_{NN} =0 rate.

We use the Geneva code, assuming no rotation (see Ekström et al. 2008, and references therein). The computations are stopped at the end of the core helium burning (CHeB). Note that the^4He(αα, γ)^{12}C reaction is also important during the hydrogen burning phase at zero metallicity. In the absence of initial CNO, core hydrogen burning proceeds trough the slower pp-chain until sufficient^{12}C has been produced by the triple alpha reaction. This explains the different main sequence tracks in the HR diagram of Figure 3.

Figure 4 shows the central abundances at the end of core He burning for the 60 M_⊙ model, and the 15 M_⊙ model is qualitatively similar. From these characteristics, we can distinguish four different cases:

I During He burning,^{12}C is produced, until the central temperature is high enough for the^{12}C(α,γ)^{16}O reaction to become efficient: in the last part of the CHeB, the 12C is processed into^{16}O. The star ends the CHeB phase with a core composed of a mixture of^{12}C and^{16}O.

II If the 3α rate is weaker, the^{12}C is produced at a slower pace, and T_c is high from the beginning of the CHeB phase, so the^{12}C(α,γ)^{16}O reaction becomes efficient

Fig. 3. HR diagram for a 60 M_⊙ star for different values of δ_{NN} .

Fig. 4. Central abundances at the end of CHe burning as a function of δ_{NN} for a 60 M_⊙ star.

very early: as soon as some^{12}C is produced, it is immediately transformed into 16O. The star ends the CHeB phase with a core composed mainly of^{16}O, with very little^{12}C and an increasing fraction of^{24}Mg for decreasing δ_{NN} .

III For still weaker 3α rates, the central temperature during CHeB is such that the 16O(α,γ)^{20}Ne(α,γ)^{24}Mg chain becomes efficient, reducing the final^{16}O abundance. The star ends the CHeB phase with a core purely composed of^{24}Mg.

IV If the 3α is strong (ΔB_D/B_D > 0), the 12C is very rapidly produced, but the T_c is so low that the^{12}C(α,γ)^{16}O reaction can hardly enter into play: the^{12}C is not transformed into^{16}O. The star ends the CHeB phase with a core almost purely composed of^{12}C.

4. Limits on the variations of the fundamental constants

The results of the 15 and 60 M_⊙ models shows that the variation of the N–N interaction should be in the range −0.0005 < δ_{NN} < 0.0015 to insure that the C/O ratio be of the order of unity. The previous nuclear model introduces the parameter δ_{NN} which is not directly related to a set of fundamental constants such as the gauge and Yukawa couplings. In order to make such a connection, we use our computation of the deuterium binding energy B_D. Using Eq. (4) the limits become −0.003 < ΔB_D/B_D < +0.009.

Using a potential model, the dependence of B_D on the the nucleon, σ-meson and ω-meson mass has been estimated (Dmitiev et al. 2007) so that it can be related to the u, d and s quark masses and thus to the corresponding Yukawa couplings, the Higgs vacuum expectation value (vev) v and the QCD scale Λ. For instance it was concluded (Coc et al. 2007) that

ΔB_D B_D

= 18 ΔΛ Λ − 17 ( Δv v + Δh_s h_s ) (7) which can then link any constraint on ΔB_D and δ_{NN} to the three fundamental constants (h_s, v, Λ). As explained in (Coc et al. 2007) this set can be replaced to (h, v, α) if grand unification is taken into account and if one assumes all the Yukawa couplings vary identically. It can then be reduced to e.g. (h, α) in models in which the weak scale is determined by dimensional transmutation and even to α [Δh/h = 1/2Δα/α], in certain string models where the couplings are related by a dilaton (Campbell & Olive 1995). In this context, the limits given by BBN (i.e. at a redshift of z ∼ 10^8) on the variation of the fine structure constant are given by −3.2 × 10^{−5} < Δα/α < 4.2 × 10^{−5}. Within the same model and parameter values, the constraints obtained above would lead to −3. × 10^{−6} < Δα/α < 10^{−5} at z = 10–15.

Acknowledgements. This work was partly supported by CNRS PICS France–USA and by DOE grant DE-FG02-94ER-40823 at the University of Minnesota.

References

Angulo, C., Arnould, M., Rayet, M., Descouvemont, P., Baye, D., Leclerq– Willain, C., Coc, A., Barhoumi, S., Aguer, P., Rolfs, C., Kunz, R., Hammer, W., Mayer, A., Paradellis, T., Kossionides, S., Chronidou, C., Spyrou, K., Degl’Innocenti, S., Fiorentini, G., Ricci, B., Zavatarelli, S., Providencia, C., Wolters, H., Soares, J., Grama, C., Rahighi, J., Shotter, A., and Lamehi Rachti, M., Nucl. Phys. 1999, A656 3 http://pntpm.ulb.ac.be/nacre.htm.

Campbell, B. A., & Olive, K. A. 1995, Phys.

Lett., B345 429

Coc, A., Nunes, N.J., Olive, K.A., Uzan, J.– P. and Vangioni, E., Phys. Rev. D 2007, 76, 023511 Dmitriev, V.F., Flambaum V.V., and Webb, J.K., Phys. Rev. 2004, D69, 063506.

Ekström, S., Meynet, G., Chiappini, C., Hirschi, R. and Maeder, A., Astron. Astrophys. 2008, 489, 685.

Ekström, S., Coc, A., Descouvemont, P., Meynet, G., Olive, K., Uzan, J.-Ph. and Vangioni, E., in preparation.

Hoyle, F., Dunbar, D. N. F., Wenzel, W. A., Whaling, W., Phys. Rev. 1953, 92, 1095 Iliadis, C., Nuclear Physics of Stars, Wiley- VCH, Weinheim 2007.

Korennov, S. & Descouvemont, P. 2004, Nucl.

Phys. A, 740, 249 Nomoto, N., Thielemann F.–K., and Miyaji, S., Astron. Astrophys. 1985, 149, 239 Oberhummer, H., Csòtò, A. and Schlattl, H., Nucl. Phys. 2001, A688, 560 Schlattl, H., Heger, A., Oberhummer, H., Rauscher, T. and Csòtò, A., Astrophysics and Space Science, 2004, 291, 27 Suzuki, Y., Matsumura, H., Orabi, M., et al.

2007, Phys. Lett. B, 111 Thompson, D., LeMere, M., & Tang, Y. 1977, Nucl. Phys. A, 286, 53 Uzan, J.-Ph., Rev. Mod. Phys. 2003, 75, 403