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Primordial nucleosynthesis, or big bang nucleosynthesis (BBN), is one of the three evidences
for the big bang model, together with the expansion of the Universe and the Cosmic Microwave
Background. There is a good global agreement over a range of nine orders of magnitude between
abundances of *He, D, 3He and 7Li deduced from observations, and calculated in primordial nu-
cleosynthesis. However, there remain, a yet—unexplained, discrepancy of a factor ~3, between
the calculated and observed lithium primordial abundances, that has not been reduced, neither by
recent nuclear physics experiments, nor by new observations. The precision in Deuterium obser-
vations in cosmological clouds has recently improved dramatically, so that nuclear cross sections
involved in Deuterium BBN need to be known with similar precision. We will shortly discuss
nuclear aspects related to BBN of Li and D, BBN with non-standard neutron sources, and finally,

improved sensitivity studies using Monte Carlo that can be used in other site of nucleosynthesis.
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1. Introduction

Besides the universal expansion, the Cosmic Microwave Background (CMB) radiation the
third evidence for the big bang model comes from primordial or big bang Nucleosynthesis (BBN).
During the first ~20 minutes of the universe, when it was dense and hot enough for nuclear reac-
tions to take place, BBN produced “light elements”, 4He, D, 3He and "Li, together with minute
traces of SLi, °Be, !'B and CNO.

The nuclear reaction rates affecting the production of the A <8 isotopes have all been measured
in nuclear physics laboratories or can be calculated from the standard theory of weak interactions.
In that case, they are normalized to the experimental value for the lifetime of the neutron. Its precise
value is still a matter of debate [34], but its uncertainty has only marginal effect on BBN. After the
number of light neutrino families, the last parameter to have been independently determined is the
precise value of baryonic density of the Universe, which is now deduced from the observations of
the anisotropies of the CMB radiation. It is usual to introduce 7, the number of photons per baryon
which remains constant during the expansion, (after electron—positron annihilation) and is directly
related to €, (the baryonic density relative to the critical density) by Qy,-h*=3.6521x 1071 [9] with

Quph* = 0.02218 +0.00026 (1.1

according to the first release of  the Planck mission collaboration
("Planck+lensing+WP+highL") [1] (h represents the Hubble constant (Hp) in units of
100 km/s/Mpc).

The number of free parameters in Standard Big Bang Nucleosynthesis has now been reduced
to zero, and the calculated primordial abundances are in principle only affected by the moderate
uncertainties in some nuclear cross—sections. These primordial abundances can be compared with
astronomical observations in primitive astrophysical sites. Figure 2 and Table 1 in Ref. [33] show
that even though the agreement with observations is good or very good for “He, *He and D, there
is a tantalizing discrepancy for ’Li that has not yet found a consensual explanation.

Hence, present big bang nucleosynthesis studies are focused on i) solving the Lithium problem,
ii) improving the accuracy of the predictions to match increasing precision on observations and iii)
probe the physics of the early universe. Indeed, when we look back in time, it is the ultimate
process for which, a priori, we know all the physics involved: departure from its predictions could
provide hints or constraints on new physics or astrophysics [21, 27].

2. The light elements: “He, D, *He and "Li

We refer to Ref. [33] for a comparison between BBN predictions and observations, using up-
dated baryonic density, neutron lifetime and an extended nuclear network. However, we will dis-
cuss briefly here the nuclear aspects related to the Lithium problem, and to the increased precision
on D/H observations.

There are ~12 nuclear reactions responsible for the production of *He, D, 3He and "Li in
Standard BBN. There are many other reactions connecting these isotopes, but their cross sections
are too small and/or reactants too scarce to have any significant effect. Even among these 12
reactions, a few of them (e.g. 3H(d,n)*He and *H(«, y)7Li) are now irrelevant at CMB deduced
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baryonic density. Unlike in other sectors of nuclear astrophysics, those nuclear cross sections
have usually been directly measured at BBN energies [15] (a few 100 keV). The weak reactions
involved in n<p equilibrium are an exception: their rates come from the standard theory of the
weak interaction, normalized to the experimental neutron lifetime. Its precise value is still a matter
of debate [34], but awaiting further experimental progress, we adopt the recommended value of 1,
= 880.141.1 s [4] (see its influence in Ref. [9]).

2.1 The lithium problem

In spite of new laboratory measurements, there is still a factor of ~3 between the calculated
[Li/H = (4.94f8:2§) x 10719 [9]] and the one deduced from observations [Li/H = (1 .58f83§) x 10710
[32]], "Li primordial abundances. Before invoking non—standard solutions to this large discrepancy
(see Fields [17] for a summary of proposed solutions and e.g. Yamazaki et al. [35] for a recently
proposed model), nuclear solutions need to be ruled out.

At the baryonic density deduced from CMB observations, 'Li is produced indirectly by
SHe(a, y)"Be, that will, much later decay to "Li while it is destroyed by "Be(n,p)’Li(p,a)*He. The
SHe(a,y)"Be cross—section has long been a subject of debate because of systematic differences
that were found according to the experimental technique: prompt or activation measurements. For-
tunately, new experiments have allowed Cyburt & Davids [12] to calculated an improved S—factor,
with reduced uncertainty'.

To solve this problem, within conventional nuclear physics, is to search for other reactions
that could lead to "Li+’Be increased destruction. The "Be(d,p)2 reaction was a prime candidate
but subsequent experiments and analyses ruled out this possibility ([23] and references therein).
Extending this search, recent works [5] suggested the possibility of overlooked resonances in nu-
clear reactions involving ’Be, the most promising candidate was found to be in the "Be+’He—'°C
channel. Indeed, the presence of a level close to the "Be+>He reaction threshold (Q=15.003 MeV)
in '0C [5], with favorable properties would help alleviate the lithium problem. However, a recent
experiment was conducted at the Tandem of the Orsay ALTO facility to improve the '°C and !'C
spectroscopy. The '°B(*He,t)!°C and !'"B(*He,t)!'C reactions were investigated at a *He beam
energy of 35 MeV and the tritons analyzed by the Split-pole magnet. Only upper limits for the
presence of new levels in '°C and ''C were obtained, too low to have an impact on ’Li production
[19].

An other nuclear physics scenario requires an increased late time neutron abundance rendering
the 7Be(n,p)7Li(p,Oc)4He channel more efficient (see § 3).

2.2 Deuterium

The deuterium abundance closest to primordial abundance is determined from the observation
of very few clouds at high redshift (Fig. 1), on the line of sight of distant quasars. Recently,
Cooke et al. [10] have made new observations and reanalysis of existing data, that lead to a new
average value of D/H = (2.53+0.04) x 107>, lower and with smaller uncertainties than in previous
determinations. Deuterium BBN predictions are marginally compatible with BBN predictions of

! After this Conference, an improved evaluation of the 3He(a, 7)"Be reaction rate and associated uncertainty has
been published [14].
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Figure 1: D/H observations, as a function of metallicity, from Pettini et al. [30] (blue circles) and Cooke et
al. [10] (red squares). These most recent observations [10] have very small error bars and show very few
dispersion, and are just slightly below BBN calculations [9, 33].

D/H = (2.656+£0.067) x 1075 [1], (2.54 +0.17) x 107> [28, 13] and (2.647598) x 107> [9, 33].
If such a precision of 1.6% in observations is confirmed, great care should be paid to nuclear cross
sections affecting Deuterium nucleosynthesis.

Sensitivity studies (e.g. Ref. [11, 6]) have shown that the ?H(d,n)’He, ?H(d,p)’H and
2H(p,y)*H reactions, are the most influential on D/H predicted abundance: a 10% variation to
their rates induces a relative variation of respectively -5.5%, -4.6% and -3.2% on D/H. Concerning
these reactions, since the last dedicated BBN evaluations of reaction rates [11, 31, 15] a new exper-
iment was performed by Leonard et al. [25]. They measured both the 2H(d,n)’He, 2H(d,p)3H Cross
section between ~50-300 MeV, i.e. well within BBN energy range, with a quoted uncertainty of
2%=+1%. On the contrary, no new experiment concerning the 2H(p,y)*H reaction has been con-
ducted so that its rate uncertainty (5%—8% [15, 2]), according to Di Valentino et al. [16], now
dominates the error budget on D/H predictions.

3. Non standard neutron injection during BBN

It was recognized (e.g. Jedamzik [22]), that extra neutron injection would increase 'Be de-
struction by "Be(n,p)’Li(p,a)*He, but at the expense of a rise in the abundance of D/H. Given
the new tight constraints [10], one may question if the neutron injection mechanism is still a valid
agent for reducing the cosmological abundance of lithium. Extending the BBN network to ~400
reactions has not lead to the identification of any overlooked conventional neutron source i.e. an
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extra neutron producing reaction. Hence, one has to investigate non standard neutron sources that
can be:

1. Particle decay. This class of models assumes the existence of an hypothetical particle X that
can decay and produce neutron, i.e. X = n+......

2. Farticle annihilation. These models assumes X +X — n+-..... pair annihilation.

3. Resonant particle annihilation. A narrow resonance in the annihilation cross section is
present at some energy.

4. n—n' oscillation. This model [3] assumes that there is a mirror world from which mirror—
neutrons can oscillate into our world. The microphysics is considered to be identical in the
two sectors, but the temperatures and baryonic densities are different in the two sectors [3].

0.2368 < Yp <0.2562

"Li/H

-10

210°

Figure 2: Each dot is the prediction of a model [8] in the space (D/H, "Li/H). The left/right rectangle
corresponds to the D/H data of Ref. [10]/Ref. [28]. The lithium abundance corresponds to the value of
Ref. [32]. This demonstrates that no model can be in agreement with both lithium-7 and deuterium. The
blue, red and green dots correspond to n-n’ oscillation models the light blue dots correspond to resonant
annihilation models and the pink dots to particle decay models. The solid line corresponds to Eq. 3.1 and
the dashed to the limit for instantaneous neutron injection from Kusakabe et al. [24].
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Figure 2 is a summary of the results [8] of BBN calculations within the framework of models
2-4, while varying the relevant parameters. Each dot correspond to a set of parameters and different
colors correspond to different models [8]. It is easily concluded that all the models lies on the half-
plane above the dashed line, that is empirically:

log(D/H) > —0.2931og(’Li/H) — 7.3. (3.1)

It is clear, of course, that the "Be destruction by the injection of extra neutrons is accompanied by
the deuterium production due to the n 4 p channel. One can see that along this line, lithium and
deuterium abundances are indeed anti-corellated but that along this line the lithium abundance is
more sensitive to the neutron injection that deuterium. This is indeed a common feature of neutron
injection models e.g. instantaneous injection [24] lead to the limiting curve shown as a dashed line
in Fig. 2, or following massive gravitino decay (Fig. 1 in Ref. [28]).

4. Improved sensitivity studies using Monte Carlo and CNO production

The Monte Carlo technique is now widely used in nucleosynthesis calculations [18]. Ideally
reaction rate uncertainties are known, together with the associated probability density functions
(p.d.f.). As described in Longland et al. [26], this can be obtained by Monte Carlo calculations tak-
ing into account uncertainties and p.d.f. of experimentally (or theoretically) determined quantities
that enter into the rate calculations. Reaction rate p.d.f. can usually be represented by a log-normal
distribution whose parameters are tabulated as a function of temperature [26].

These Reaction rate p.d.f. can then be used in nucleosynthesis Monte Carlo calculations where
all reaction rates are sampled independently. From the resulting histograms of calculated abun-
dances, the median and 68% confidence interval is obtained from the 0.5, 0.16 and 0.84 quantiles.
This is how the (68%) confidence intervals quoted here are obtained e.g. the CNO Standard Big
Bang Nucleosynthesis production is found to be CNO/H (0.96:1):23) x 10713 (too low to have an
impact on Population III stellar evolution) [9]. In a simple sensitivity study [7] (i.e. varying one
reaction rate at a time), unpredicted effect were found, e.g. increasing the ’Li(d,n)2*He reaction
rate reduces the CNO abundance, even though the “He, D, *He and "Li final abundances are left
unchanged.

However, Monte Carlo results can be used for more detailed analyses. For instance, Fig. 4
of Ref. [9], shows that the CNO abundance distribution is not gaussian and that in ~2% of the
cases, CNO/H> 1013, a value that may affect Pop. III stellar evolution. Calculating correlation
coefficients [18] between CNO final abundance and reaction rates, it has been possible to iden-
tify four reactions, involving '°Be, responsible for this effect. The combination of higher rates
for '°Be(or,n)!3C and ®Li(t,n)'°Be together with lower rates for 10Be(p,oc)7Li and 10Be(p,t)24He
result in a substantial increase in primordial CNO production [9]. Note that, the previous simple
sensitivity study was not able to identify reactions that could induce such an effect: changing each
of these reaction rate, one at a time, by factors up to 1000 did not produce a change in excess of
30% for CNO abundance [7].

This demonstrate the importance of sensitivity studies in nuclear astrophysics, that in its sim-
plest form can display unexpected effects, e.g. the influence of the "Li(d,n)2*He reaction on CNO
and in a more elaborate form (analysis of correlations) can identify the effect of chains of reactions.
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5. Conclusion

The agreement between BBN predictions and observations is quite satisfactory except for
Lithium. Many studies have been devoted to the resolution of this Lithium problem and many pos-
sible “solutions”, none fully satisfactory, have been proposed. For a detailed analysis see [17] and
the various contributions to the meeting “Lithium in the cosmos” [36]. In particular nuclear physics
solutions, leading to an increased 'Be destruction, have been experimentally investigated, and can
now be excluded [19]. Even though, they cannot, in any way, provide a solution, a better precision
on reaction rates for *He(a, )"Be and sub—]eading processes like "Be(n,ct)*He and "Be(d,p)2*He
would allow to improve the prediction of "Li primordial abundance. Now that the D/H primor-
dial abundance is expected to be known with an improved precision [10], nuclear cross sections of
all reactions leading to D destruction should be determined with an equal precision [16]. Finally,
it cannot be excluded that, through a chain of reactions involving '°Be, a significantly increased
primordial CNO production could be achieved.
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