IL NUOVO CIMENTO 39 C (2016) 361
DOI 10.1393/ncc/i2016-16361-3

CoLLoQuIA: SEA2016

Some nuclear physics aspects of BBN

AvLAIN CocC

Centre de Sciences Nucléaires et de Sciences de la Matiére (CSNSM), CNRS/IN2P3,
Univ. Paris-Sud, Université Paris—Saclay - F-91405 Orsay Campus, Orsay, France

received 28 November 2016

Summary. — Primordial or big bang nucleosynthesis (BBN) is now a parame-
ter free theory whose predictions are in good overall agreement with observations.
However, the "Li calculated abundance is significantly higher than the one deduced
from spectroscopic observations. Nuclear physics solutions to this lithium problem
have been investigated by experimental means. Other solutions which were consid-
ered involve exotic sources of extra neutrons which inevitably leads to an increase
of the deuterium abundance, but this seems now excluded by recent deuterium
observations.

Primordial nucleosynthesis is one of the three evidences for the big bang model,
together with the universal expansion and the Cosmic Microwave Background radiation
(CMB). While the relevant nuclear reaction rates have been determined by laboratory
experiment, its last free parameter, the baryonic density of the Universe, is now precisely
deduced from observations of the anisotropies of the CMB [1]. The calculated primor-
dial abundances of “He, D, and *He are in good agreement with observations, but "Li
abundance prediction is a factor of ~ 3 higher than the one deduced from spectroscopic
observations. Solutions to this problem (see [2] for a review) include stellar surface de-
pletion of lithium [3], nuclear destruction during BBN or solutions beyond the standard
model (e.g. [4]). This situation is shown in table I that displays the comparison between
recent BBN calculations [5, 6] and observations [7-10]. (The small differences in the
predicted values are mostly due to the choices of nuclear reaction rates.) This lithium
problem is even more acute after recent deuterium observations have reduced the uncer-
tainty on the primordial deuterium abundance [7] since most solutions to reduce BBN
lithium production lead to an increase of deuterium.

It is fundamental to, first, investigate solutions to the lithium problem that can be
tested by laboratory measurements, essentially in the nuclear sector. At the CMB
deduced density, "Li is produced through the formation of "Be via the *He(a,y)"Be
reaction; "Be will much later decay to “Li. The destruction of "Be occurs through
the "Be(n,p)"Li(p,a)*He channel which is limited by the scarcity of neutrons. Hence,
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TABLE 1. — Primordial abundances compared to observations.

Coc et al. [5] Observations Cyburt et al. [6]
Y, 0.2484 + 0.0002 0.2449 + 0.0040 [8] 0.24709 + 0.00025
D/H (x107?°) 2.45 +0.05 2.53 4 0.04 [7] 2.58 +0.13
3He/H (x107°) 1.07 +0.03 1.140.2 [9] 1.0039 % 0.0090
"Li/H (x1071'°) 5.61 +0.26 1.5870:3% [10] 4.68 + 0.67

a peculiar attention should be paid to “Be destruction: either by a supplementary reaction
that was overlooked in previous studies, or by an increased late-time neutron abundance.

A greater destruction of “Be by extra nuclear reactions have been proposed, the most
promising was “Be(d,p)2a [11]: an increase of its rate by a factor of ~ 100 would have
solved the problem. Measurements of its cross section [12] at the Louvain-la-Neuve
facility ruled out this possibility, but the existence of unknown resonances in the "Be-+n,
p, d, t, *He and *He channels was rapidly proposed (e.g. [13]). In particular, the exis-
tence of a relatively narrow state around 15MeV in the compound nucleus °C formed
by "Be+3He or the existence of a state close to 8 MeV in the compound nucleus 'C
formed by "Be+*He could help reduce the “Be production. However, a search [14] for
missing levels in the relevant excitation energy regions of '°C and ''C, via the reactions
10B(3He,t)1°C and 'B(3He,t)'1C, respectively, did not find any new level. In addition,
Coulomb barrier penetrability would prevent any resonance strength to be strong enough
to have a significant effect on “Be destruction [15,16]. The decay of "Be proceeds by
electron capture; its lifetime could be shortened by the high electron density prevailing
during BBN. Figure 1 shows that the electron density resulting from the yy«ete™ equi-
librium is lower than at the solar center when "Be is formed (T < 0.5 GK) in BBN. This
rules out the possibility that “Be lifetime could to be reduced to a value (~ 10%s) such
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Fig. 1. — The electron number density during BBN, from yy«ee™, (solid line) compared to
ultra—relativistic and classical limits (dashed lines), solar core (dotted line) and BBN baryon
number (dash-dotted line) densities.
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Fig. 2. — Regions in the two parameters space of the model of resonant relic particle annihila-
tions [21] that are in agreement with *He (dashed line, yellow) [8] and "Li (dotted line, cyan) [10].
The solid lines indicates the prediction of deuterium abundance D/H = (2.8-4.6) x 107° but
the observations [7] lie outside of the frame.

that it impacts BBN, nor that electron screening may be relevant. It is clear now that
all extra "Be destructing reactions are inefficient to solve the lithium problem. However,
a few reactions rates [*He(a,v)"Be [17] and "Be(n,p)”Li] can have an impact on lithium
BBN production and hence to the degree of depletion needed through other means. In
particular, the “Be(n,p7y)”Li channel was not considered in previous evaluations [18].

Another scenario would be to take advantage of an increased late-time neutron abun-
dance so that more "Be is destroyed by "Be(n,p)”Li(p,a)a (with no effect on “He because
of timing). These exotic models involve mirror neutrons, relic particle decay or annihila-
tion as extra neutron sources. The hypothesis of mirror matter aims at restoring global
parity conservation [19] by postulating a mirror world with the same particles but op-
posite parities that would, except for neutral particles, only interact gravitationally with
our own world (see [20] and reference therein). For some values of the parameters of
the models, oscillations between mirror and ordinary neutrons could be the origin of this
late neutron injection [21]. Exotic particles produced earlier than BBN could decay or
annihilate [22,23] with neutrons among other products. In fig. 2 are shown the results
from a model in which relic particles annihilate in a resonant way, producing neutrons
(i.e. x +x — n—+....) that are thermalized by the ambient plasma. The parameters of
the models are the resonance energy (Er) and the combination (Ag) of the abundance
of relic particle and annihilation rate. There is a region (lower right corner) where both
4He and "Li calculated abundances agree with observations [8,10], but at the expense
of deuterium overproduction: D/H observations [7] lie outside (upper right corner) of
the frame. Compatibility with deuterium is only achieved for D/H values in the range
[(3.8-4.6) x 1075], well outside observational limits [7] (table I). This increase of the deu-
terium abundance associated with neutron injection result from the unavoidable product
of the 'H(n,y)?H reaction, that, in view of the recent D/H observations rules out a solu-
tion that involves extra neutron sources. Few solutions beyond the Standard Model that
do not suffer from this drawback are left, e.g. [24].
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I am indebted to my collaborators on these topics: Pierre Descouvemont, Stéphane
Goriely, Fairouz Hammache, Christian Iliadis, Keith Olive, Patrick Petitjean, Maxim
Pospelov, Jean-Philippe Uzan, and especially to Elisabeth Vangioni.
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