Mem. S.A.It. Vol. 91, 20 © SAIt 2020 Memorie della

Measurements of nuclear reactions that create and destroy Li and Be during BBN

B. Davids^{1,2}

1 TRIUMF, 4004 Wesbrook Mall, Vancouver, BC, V6T 2A3, Canada 2 Department of Physics, Simon Fraser University, Burnaby, BC, Canada

e-mail: davids@triumf.ca

Abstract. I review measurements of the most important reactions involved in the creation and destruction of Li and Be during big bang nucleosynthesis (BBN) as well as their uncertainties and the relative contributions they make to the uncertainty in the primordial^7Li abundance (^7Li/H). Examining the sensitivity of calculated^7Li/H to these reactions as predicted by different BBN codes I find no significant differences. I compare my calculation of primordial 7Li/H to some recently published values and conclude that in the absence of a major undetected experimental blunder, nuclear physics uncertainties cannot account for the cosmological Li problem. With an estimated 13% uncertainty in the calculated abundance, the discrepancy with observation amounts to some 4.6σ.

Key words. Nuclear reactions, nucleosynthesis, abundances – Cosmology: primordial nucleosynthesis

1. Introduction

All of the H, 90% of the He, and around 1/4 of the Li observed in the universe are attributed to BBN (Johnson 2019). Standard BBN assumes the cosmological principle (that when viewed on sufficiently large scales the universe is everywhere isotropic and homogeneous), General Relativity, and the laws of physics discovered in terrestrial laboratories. Since the first modern BBN calculations were published more than 50 years ago, they have been continuously refined. The nuclear reaction network of Wagoner et al. (1967) included only 144 reactions and decays, while that of Coc et al. (2012) included 59 nuclides, 391 reactions, and 33 decays. Of these, neutron decay and 11 nuclear reactions have the largest influence on the primordial^2H,^{3,4}He, and^7Li abundances (Smith et al. 1993).

Wagoner’s original code NUC123 was ported to VAX FORTRAN by Kawano (1992). Other public codes include PArthENoPE (Pisanti et al. 2008), AlterBBN (Arbey 2012), and PRIMAT (Pitrou et al. 2018). I have modified the Wagoner/Kawano code by updating the rates of nuclear reactions relevant to the production and destruction of Li in the early universe. The abundances calculated by BBN codes depend strongly on three parameters: the mean lifetime of the neutron τ_n, the number of light neutrino flavours N_ν, and the current baryon-to-photon ratio η_0. In the calculations performed with my version of the Wagoner/Kawano code and PRIMAT described here, the values of τ_n = 879.5(8) s

(Serebrov et al. 2018), N_ν = 3, and η_0 = 6.091(44) × 10^{−10} (Ade et al. 2016) were adopted. As my focus is on the cosmological Li problem (Fields 2011), I estimated the uncertainty in its calculated primordial abundance but have not quantified those of the other light elements.

2. Results

If η_0 were small,^7Li would principally be produced directly via t(α, γ)^7Li, but at the value of η_0 inferred from cosmic microwave background observations, it is mainly produced indirectly via^3He(α, γ)^7Be with subsequent electron capture to^7Li following recombination. The destruction of^7Li during BBN proceeds dominantly via^7Li(p, α)α, whereas^7Be is destroyed principally by way of 7Be(n, p)^7Li(p, α)α.

To quantify the dependence of calculated primordial abundances on nuclear reaction rates, we employ the sensitivity α_n defined by Fiorentini et al. (1998) that can be obtained from the logarithmic derivative of an abundance or mass fraction X with respect to a parameter p_n through

X = X_0 ∏ n ( p_n p_{n,0}

)^{αn} . (1)

The sensitivities of calculated primordial^7Li/H to important reaction rates have been tabulated by Cyburt (2004); Coc & Vangioni (2010); Cyburt et al. (2016). BBN calculations reported by the authors of a recent d(^7Be,α) measurement (Rijal et al. 2019), if correct, would imply that the sensitivity of 7Li/H to this rate is large. I calculated it using my modified Wagoner/Kawano code and PRIMAT. Adopting the Caughlan & Fowler (1988) (CF88) estimate of the d+^7Be rate, I varied it by ±7.5% and ±15%, studying the relative change in primordial^7Li/H as a function of the factor by which the CF88 rate is multiplied, and fitting with quadratic polynomials. The fits are shown in Fig. 1 and the results appear in Table 1, which demonstrates that the sensitivities calculated with these codes agree and that the calculated primordial^7Li/H

Fig. 1. Relative variation of primordial^7Li/H as a function of the factor multiplying the Caughlan & Fowler (1988) estimate of the d+^7Be reaction rate. Calculations performed with both PRIMAT and a modified version of the Wagoner/Kawano code were fit with quadratic polynomials and the consistent sensitivities shown in Table 1 obtained.

is almost entirely insensitive to the rate of d(^7Be,α).

Despite agreement on the sensitivities, the primordial Li abundances calculated by the codes differ on account of the adopted rates of the important nuclear reactions. The sources of the rates of the most important nuclear reactions for Li production adopted by the three codes compared here are summarized in Table 2. Below I discuss the uncertainties in these reactions and their contributions to the calculated primordial Li abundance.

The primordial^7Li abundance is, somewhat surprisingly among reactions, most sensitive to the n(p, γ)d rate due to its effect on the number of neutrons available to destroy the 7Li progenitor^7Be after its formation. The effective field theory calculation of Ando et al. (2006) of the n(p, γ)d reaction has been generally adopted. Its Markov chain Monte Carlo analysis includes the low energy capture data of Suzuki et al. (1995); Nagai et al. (1997); Tornow et al. (2003); Schreiber et al. (2000) and the photodisintegration data of Moreh et al. (1989) and Hara et al. (2003). The estimated uncertainty is 1%, implying an associated uncertainty in^7Li/H of 1.3%.

While critical for D abundance predictions, the d(p, γ)^3He rate strongly influences^7Li as well. Its S factor was evaluated by Iliadis et al. (2016), who relied upon the low energy

Table 1. Calculated Sensitivities of Primordial^7Li/H to Nuclear Reaction Rates

Reaction Coc & Vangioni (2010) Cyburt et al. (2016) Modified Wagoner/Kawano PRIMAT n(p, γ)d 1.33 1.339 d(p, γ)^3He 0.57 0.589 d(d, n)^3He 0.69 0.698 3He(d, p)α -0.75 -0.752 3He(α, γ)^7Be 0.97 0.963 7Be(n, p)^7Li -0.71 -0.705 d(^7Be,α)pα -0.0085 -0.0087

Table 2. Literature Sources of Nuclear Reaction Rates Important for Primordial^7Li

Reaction Modified Wagoner/Kawano Cyburt et al. (2016) Pitrou et al. (2018) n(p, γ)d Ando et al. (2006) Ando et al. (2006) Ando et al. (2006) d(p, γ)^3He Cyburt (2004) Xu et al. (2013) Iliadis et al. (2016) d(d, n)^3He Cyburt (2004) Xu et al. (2013) Gómez Iñesta et al. (2017) 3He(d, p)α Cyburt (2004) Xu et al. (2013) Descouvemont et al. (2004) 3He(α, γ)^7Be Cyburt and Davids (2008) Cyburt and Davids (2008) Iliadis et al. (2016) 7Be(n, p)^7Li Cyburt (2004) Cyburt (2004) Descouvemont et al. (2004)

data of Ma et al. (1997); Schmid et al. (1997); Casella et al. (2002); Bystritsky et al. (2008) and the ab initio calculation of Marcucci et al. (2005). This approach resulted in an estimated 3.7% uncertainty in the cross section at the energies below 200 keV most relevant to BBN. The Adelberger et al. (2011) evaluation of the same data excepting Bystritsky et al. (2008) employed a quadratic polynomial fit with a different shape from the calculation of Marcucci et al. (2005) and obtained a slightly lower S (0) with an estimated uncertainty of (+7.9%,-7.5%). The polynomial fit of Cyburt (2004) to S (E) used here is consistent with both of these and has an estimated 6.3% uncertainty, implying an associated uncertainty in 7Li/H of 3.7%.

The d(d, n)^3He rate must be known at approximately the same temperatures as d(p, γ)^3He. Coc et al. (2015) used the ab initio model of Arai et al. (2011) to fit the data of Leonard et al. (2006); Greife et al. (1995); Brown & Jarmie (1990); Krauss et al. (1987) below 600 keV supplemented with an R-matrix calculation at higher energies. The estimated uncertainty is 1.1%, which is to be compared with the 5.4% estimate of Cyburt (2004), leading to 0.8% and 3.8% uncertainties in primordial^7Li/H, respectively.

The cross section of^3He(α, γ)^7Be must be known well at energies between 260 and 580 keV. Modern prompt- and delayed-γ-ray data and recoil separator measurements of Nara Singh et al. (2004); Bemmerer et al. (2004); Confortola et al. (2007); Brown et al. (2007); Gyürky et al. (2007); DiLeva et al. (2009) have been understood with the aid of microscopic models of Nollett (2001) and Neff (2011). Consistent evaluations of these low energy data by Cyburt and Davids (2008); Adelberger et al. (2011); Iliadis et al. (2016) resulted in uncertainty estimates of 7.4%, 5.1%, and 2.1%, respectively, implying associated primordial 7Li/H uncertainties of 2.0-7.2%.

Since it is responsible for destroying^3He before it can capture an α particle to form^7Be, the primordial Li abundance is anti-correlated with the^3He(d, p)α cross section in the BBN energy range from circa 60-360 keV. The polynomial fit of Cyburt (2004) to the data of

Table 3. Calculated Primordial Light Element Abundances

Quantity Modified Wagoner/Kawano Cyburt et al. (2016) Pitrou et al. (2018) Y_P 0.247 0.24709(25) 0.24709(17) D/H × 10^5 2.57 2.58(13) 2.459(36) 3He/H × 10^5 1.00 1.0039(90) 1.074(26) 7Li/H × 10^{10} 4.94(65) 4.68(67) 5.623(247)

Fig. 2. Reduction of primordial^7Li/H as a function of the factor multiplying the Caughlan & Fowler (1988) estimate of the d+^7Be reaction rate compared to the result neglecting this reaction entirely. Calculations performed with PRIMAT and my modified Wagoner/Kawano code are consistent.

Fig. 3. Primordial^7Li/H as a function of the factor multiplying the Caughlan & Fowler (1988) estimate of the d+^7Be reaction rate. Modified Wagoner/Kawano code calculations performed alternatively assuming the Cyburt (2004) and Damone et al. (2018)^7Be(n, p)^7Li rates are shown along with observations of Sbordone et al. (2010).

Bonner et al. (1952); Kunz (1955); Zhichang et al. (1977); Möller & Besenbacher (1980); Krauss et al. (1987) and Geist et al. (2000) resulted in a 6.6% rate uncertainty, translating into a 5.0% uncertainty in primordial^7Li/H.

As the primary destruction channel, 7Be(n, p)^7Li is a reaction whose rate must be well known, but as both reactants are radioactive its measurement presents special challenges. A recent CERN measurement (Damone et al. 2018) at neutron energies ≤ 325 keV found a cross section significantly higher than that of Koehler et al. (1988), who only covered energies below 13.5 keV. Damone et al. (2018) estimate an uncertainty of circa 11% in their rate at BBN temperatures, which also relies upon the^7Li(p, n)^7Be data of Sekharan et al. (1976). Compared to BBN calculations performed with the Cyburt (2004) rate, with its estimated 4.8% uncertainty, the Damone et al. (2018) rate results in a 4.4% decrease in primordial Li.

In my Wagoner/Kawano code calculations I assume an 11% uncertainty, implying an associated 8% uncertainty in primordial^7Li. While^7Be(n, α)α was not thought to be a particularly significant destruction reaction, a reanalysis of α(α, n)^7Be and α(α, p)^7Li data by Hou et al. (2015) and a direct measurement by Barbagallo et al. (2016) are consistent in finding that Wagoner et al. (1967) overestimated the rate.

Using the experimentally determined rate increases^7Li/H by 1%. Despite the insensitivity of^7Li/H to the d+^7Be rate, for completeness I now consider recent work on this reaction. After the Wilkinson Microwave Anisotropy Probe determined η_0 with high precision, Coc et al. (2004) recalculated BBN light element abundances and proposed that the discrepancy between the calculated and observationally inferred^7Li abundance could be resolved if the low energy cross section of d(^7Be,p)2α were ≥ 100 times as large as the commonly used CF88 rate, which was based on the estimate of (Parker 1972). This conjecture inspired a new measurement of the d(^7Be,p)2α cross section that found its cross section to be smaller than Parker’s estimate and it could not resolve the cosmological Li problem (Angulo et al. 2005).

Cyburt & Pospelov (2012) examined the possibility of resonant enhancement of several^7Be destruction reactions during BBN, including d(^7Be,p)2α, and defined the range of energies and partial widths of a hypothetical state in^9B that could provide the requisite enhancement. They found that a resonance at d+^7Be energies between 170 and 220 keV having a partial deuteron width Γ_d between 10 and 40 keV and a comparable exit width Γ − Γ_d could resolve the cosmological Li problem. If such a state decayed via proton emission through the 16.626 MeV state in 8Be, it would not have been observed in the Angulo et al. (2005) measurement, as it was not. Seeking a^9B state with these properties, Kirsebom found that a candidate state’s energy and width had been measured by Scholl et al. (2011). Kirsebom and Davids (2011) showed that the 16.800(10) MeV state in^9B reported by Scholl et al. (2011) could not resolve the Li problem, even under the most optimistic assumption about its partial widths, finding a maximum reduction in^7Li/H of 3.5(8)%. The authors noted that their result held for both d(^7Be,p)2α and d(^7Be,α)pα and that this state could have very little effect on the primordial^7Li abundance through resonant enhancement of d+^7Be, regardless of the exit channel. Based on a direct measurement of d+^7Be, Rijal et al. (2019) reported a resonance at 360(50) keV with a strength of 1.7(5) keV consistent with the Scholl et al. (2011) state at 310(11) keV. Based on the high energy and weak resonance strength, such a state would result in even less resonant enhancement of the d+^7Be rate than that found by Kirsebom and Davids (2011). Indeed, as noted by Gai (2019) and Coc and Davids (2019), the Rijal et al. (2019) rate is practically identical to that of CF88 above 0.6 GK, dropping smoothly to about 1/2 of the CF88 rate at 0.1 GK. Unfortunately, the BBN calculations of Rijal et al. (2019) rely upon an inadequately tested BBN code whose results are manifestly inconsistent with those of the Wagoner/Kawano and PRIMAT codes. As shown in Fig. 1 and Fig. 2, these welltested codes are quantitatively consistent regarding the sensitivity of calculated primordial 7Li/H to both large and small changes in the d+^7Be rate. Fields et al. (2019) report similar findings. Abundance calculations carried out with my modified Wagoner/Kawano code are compared with those of Cyburt et al. (2016) and Pitrou et al. (2018) in Table 3. The light element abundances calculated by the different codes are in good agreement with each other but^7Li is grossly discrepant with observations. Fig. 3 plots primordial^7Li/H as a function of a factor multiplying the CF88 estimate of the d+^7Be reaction rate calculated alternatively with the Cyburt (2004) or Damone et al. (2018)^7Be(n, p)^7Li rate. The disagreement between standard calculations of^7Li/H with that inferred from observations (Sbordone et al. 2010) is stark. I estimate a 13% uncertainty in the calculated primordial^7Li/H, which is discrepant with observations by some 4.6σ.

3. Conclusions

Barring the existence of one or more undetected major experimental blunders, recent cross section measurements have confirmed that nuclear reaction rate uncertainties cannot account for the cosmological Li problem. Well tested BBN codes agree on the sensitivities to the reaction rates and yield consistent primordial abundances.

Acknowledgements. I gratefully acknowledge helpful discussions with Alain Coc and Cyril Pitrou and generous support from the NSERC of Canada.

References

Ade, P. A. R., et al. 2016, A&A, 594, A13 Adelberger, E. G., et al. 2011, Rev. Mod. Phys., 83, 195 Ando, S., et al. 2006, Phys. Rev. C, 74, 025809 Angulo, C., et al. 2005, ApJ, 630, L105 Arai, K., et al. 2011, Phys. Rev. Lett., 107, 132502 Arbey, A. 2012, Comput. Phys. Comm., 183, 1822

Barbagallo, M., et al. 2016, Phys. Rev. Lett., 117, 152701 Bemmerer, D., et al. 2006, Phys. Rev. Lett., 97, 122502 Bonner, T. W., et al. 1952, Phys. Rev., 88, 473 Brown, R. E., Jarmie, N. 1990, Phys. Rev. C, 41, 1391 Brown, T. A. D., et al. 2007, Phys. Rev. C, 76, 055801 Bystritsky, V. M., et al. 2008, Nucl. Instr. Meth.

Phys. Res. A, 595, 543 Casella, C., et al. 2002, Nucl. Phys. A, 706, 203 Caughlan, G. R., Fowler, W. A. 1988, At. Data Nucl. Data Tables, 40, 283 Coc, A., et al. 2004, ApJ, 600, 544 Coc, A. 2010, J. Phys. Conf. Ser., 202, 012001 Coc, A., Goriely, S., et al. 2012, ApJ, 744, 158 Coc, A., et al. 2015, Phys. Rev. D, 92, 123526 Coc, A., Davids, B. 2019, arXiv e-prints, 1912.03933 Confortola, F., et al. 2007, Phys. Rev. C, 75, 065803 Cyburt, R. H. 2004, Phys. Rev. D, 70, 023505 Cyburt, R. H., Davids, B. 2008, Phys. Rev. C, 78, 064614 Cyburt, R. H., Pospelov, M. 2012, Int. J. Mod.

Phys. E, 21, 125004 Cyburt, R. H., et al. 2016, Rev. Mod. Phys., 88, 015004 Damone, L., et al. 2018, Phys. Rev. Lett., 121, 042701 Descouvemont, P., et al. 2004, At. Data Nucl.

Data Tables, 88, 203 DiLeva, A., et al. 2009, Phys. Rev. Lett., 102, 232502 Fields, B. D. 2011, Ann. Rev. Nucl. Part. Sci., 6, 47 Fields, B. D., et al. 2019, arXiv e-prints, 1912.01132 Fiorentini, G., et al. 1998, Phys. Rev. D, 58, 063506 Gai, M. 2019, arXiv e-prints, 1908.06451 Geist, W. H., et al. 2000, Phys. Rev. C, 60, 054003 Gómez Iñesta, Á., et al. 2017, arXiv e-prints, 1710.01647 Greife, U., et al. 1995, Z. Phys. A, 351, 107 Gyürky, Gy., et al. 2007, Phys. Rev. C, 75, 035805

Hara, K. Y., et al. 2003, Phys. Rev. D, 68, 072001 Hou, S. Q., et al. 2015, Phys. Rev. C, 91, 055802 Iliadis, C., et al. 2016, ApJ, 831, 107 Johnson, J. 2019, Science, 363, 474 Kawano, L. H. 1992, Report No. FERMILAB- Pub-92/04-A, Fermi National Accelerator Laboratory Kirsebom, O. S., Davids, B. 2011, Phys. Rev.

C, 84, 058801 Koehler, P. E., et al. 1988, Phys. Rev. C, 37, 917 Krauss, A., et al. 1987, Nucl. Phys. A, 465, 150 Kunz, W. E. 1955, Phys. Rev., 97, 456 Leonard, D. S., et al. 2006, Phys. Rev. C, 73, 045801 Ma, L., et al. 1997, Phys. Rev. C 55, 588 Marcucci, L., et al. 2005, Phys. Rev. C, 72, 014001 Möller, W., Besenbacher, F. 1980, Nucl. Instr.

Meth. Phys. Res., 168, 111 Moreh, R., et al. 1989, Phys. Rev. C, 39, 1247 Nagai, Y., et al. 1997, Phys. Rev. C, 56, 3173 Nara Singh, B. S., et al. 2004, Phys. Rev. Lett., 93, 262503 Neff, T. 2011, Phys. Rev. Lett., 106, 042502 Nollett, K. M. 2001, Phys. Rev. C, 63, 054002 Parker, P. D. 1972, ApJ, 175, 261 Pisanti, O., et al. 2008, Comput. Phys. Comm.

178, 956 Pitrou, C., et al. 2018, Phys. Rep., 754, 1 Rijal, N., et al. 2019, Phys. Rev. Lett.,123, 239902(E) Sbordone, L., et al. 2010, A&A, 522, A26 Schmid, G. J. 1997, Phys. Rev. C, 56, 2565 Scholl, C. 2011, Phys. Rev. C, 84, 014308 Schreiber, E. C., et al. 2000, Phys. Rev. C, 61, 061604 Sekharan, K. K., et al. 1976, Nucl. Instr. Meth.

Phys. Res., 133, 253 Serebrov, E. A., et al. 2018, Phys. Rev. C, 97, 055503 Smith, M. S., et al. 1993, ApJ Suppl. Ser., 85, 219 Suzuki, T. S., et al. 1995, ApJ, L59 Tornow, W., et al. 2003, Phys. Lett. B, 574, 8 Xu, Y., et al. 2013, Nucl. Phys. A, 918, 61 Wagoner, R. V., et al. 1967, ApJ, 148, 3 Zhichang, L., et al. 1977, Chin. J. Sci. Tech. A.

Energy, 3, 229