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ABSTRACT

Primordial or Big Bang nucleosynthesis (BBN) is one of the three historical strong evidences
for the Big-Bang model together with the expansion of the Universe and the Cosmic Microwave
Background radiation (CMB). The recent results by the Planck mission have slightly changed the
estimate of the baryonic density €)},, compared to the previous WMAP value. This article updates
the BBN predictions for the light elements using the new value of €2, determined by Planck, as
well as an improvement of the nuclear network and new spectroscopic observations. While there
is no major modification, the error bars of the primordial D/H abundance (2.67£0.09 x1075)
are narrower and there is a slight lowering of the primordial Li/H abundance (4.897035 x1071°).
However, this last value is still ~3 times larger than its observed spectroscopic abundance in halo
stars of the Galaxy. Primordial Helium abundance is now determined to be Y}, = 0.246340.0003.
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1. Introduction

There are three historical observational ev-
idences for the Big-Bang Model: the cosmic
expansion, the Cosmic Microwave Background
(CMB) radiation and Primordial or Big-Bang
Nucleosynthesis (BBN). Today they are com-
plemented by a large number of evidences in
particular from the properties of the large scale
structures (see [Peter & Uzan (IZDD_Q) for a text-
book description). BBN predicts the primordial
abundances of the “light cosmological elements”:
4He, D, 3He and “Li that are produced during
the first 20 mn after the Big-Bang when the
Universe was dense and hot enough for nuclear
reactions to take place. Comparing the calcu-
lated and observed abundances, there is an overall

good agreement except for the “Li. The essen-
tial cosmological parameter of the model is the
baryon to photon ratio, n = np/n, where the
photon number density is determined from the
CMB temperature and ny is related the bary-
onic density. p is now well measured from
the angular power spectrum of the CMB tem-
perature anisotropies. A precise value for this
free parameter was provided by the Wilkinson
Microwave Anisotropy Probe (WMAP) satellite,

Qph? = 0.0224940.00056, (Komatsu et al. |[2011)

while the recent Planck mission updated it to

Quh? = 0.02207 + 0.00033 (Ade et al. |[2013).
The goal of this letter is to update our previ-
ous work (Coc & Vangioni lZDid) to incorporate
(i) the Planck results, (i4) nuclear network im-
provements and (iii) new spectroscopic observa-
tions. To trace the changes since Coc & Vangioni|
(@), we follow, step by step, the effects of each
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update to identify the key parameters. We first
consider the update of the observational data (Sec-
tion 2) while in Sections 3 and 4, we present the
new results with the last nuclear and CMB data
and with an extended network respectively.

2. Primitive observational abundances up-
date

Deuterium is a very fragile isotope, easily de-
stroyed after BBN. Its most primitive abundance
is determined from the observation of clouds
at high redshift, on the line of sight of distant
quasars. Very few such observations are avail-
able. For n = nwwmap, we previously determined
a theoretical BBN deuterium abundance, D/H =
(2.59 4 0.15) x 1075 (Coc & Vangioni! 2010).

From the observation of about 10 quasar
absorption systems the weighted mean abun-
dance of deuterium is D/H = (3.02 + 0.23) x
10~° (Olive et al. | 2012). However, the indi-
vidual measurements of D/H show a consider-
able scatter and it is likely that systematic er-
rors dominate the uncertainties. Most of the
measurements available in the literature have
been gathered in [Pettini et al. | (2008) to deduce
D/H = 2.827039 x 107°. Recently, the observa-
tion of a Damped Lyman-a (DLA) at z,,s = 3.049
has permitted (Pettini & Cooke![2012) a new de-
termination of D/H = 2.535+0.05 x 107°, leading
to a mean determination lower than the previous
one, (2.6040.12) x 1075, But, since the HI Ly-«
absorption associated to this system is redshifted
exactly on top of the Ly-a-Nv blend emission
from the quasar, the errors on this measurement
are probably underestimated. A new analysis is
needed to clarify this question and we do not take
into account this value presently to determine our
weighted mean D abundance. Different star for-
mation histories in the galaxies associated with
the DLAs could explain this dispersion. For a
recent analysis of the deuterium observations, we
refer to |Olive et al. | (2012) and in this present
study, we thus adopt their D/H mean abundance
value,

D/H =3.02+0.23 x 107°. (1)

After BBN, “He is still produced by stars, essen-
tially during the main sequence phase. Its primi-
tive abundance is deduced from observations in Hi1
(ionized hydrogen) regions of compact blue galax-

ies. In a hierarchical structure formation model,
these dwarf galaxies are more primitive than the
galaxies. The primordial *He mass fraction, Y,,
is obtained from the extrapolation to zero metal-
licity but is affected by systematic uncertainties
(Aver et al. |2010; Izotov & Thuan |12010) such as
plasma temperature or stellar absorption. These
determinations based on almost the same set of
observations lead to

Y, = 0.2561 & 0.0108. (2)

Recently, |Aver et al. | (2012) have determined
the primordial helium abundance using a Markov
Chain Monte Carlo (MCMC) techniques. In this
study, a regression to zero metallicity yields

Y, = 0.2534 + 0.0083 (3)

which corresponds to a narrower error bar than
previously. We take this last value for comparison
with our calculation.

Contrary to “He , >He is both produced and
destroyed in stars all along its galactic evolu-
tion, so that the evolution of its abundance as a
function of time is subject to large uncertainties.
Moreover, *He has been observed in our Galaxy
(Bania et al. |12002), and gives only a ’local’ con-

straint
SHe /H=1.140.2 x 107°. (4)

Consequently, the baryometric status of *He is not
firmly established (Vangioni-Flam et al. |12003).

Primitive lithium abundance is deduced from
observations of low metallicity stars in the halo
of our Galaxy where the lithium abundance is al-
most independent of metallicity, displaying the so-
called Spite plateau (Spite & Spite|[1982). This
interpretation assumes that lithium has not been
depleted at the surface of these stars, so that the
presently observed abundance can be assumed to
be equal to the initial one. The small scatter of
values around the Spite plateau is indeed an in-
dication that depletion may not have been very
effective. However, there is a discrepancy between
the value i) deduced from these observed spectro-
scopic abundances and ii) the one calculated by
BBN from Q,CMB observations. Many studies
have been devoted to the resolution of this so-
called Lithium problem and many possible “so-
lutions”, none fully satisfactory, have been pro-
posed. For a detailed analysis see [Fields| (2011)



and the proceedings of the meeting “Lithium in

the cosmos” (locco et al. |12019).

Astronomical observations of these metal poor
halo stars 2000) have thus led
to a relative primordial abundance of Li/H =
(1.231931) x 107 while more recent analy-

sis (Shordone et al. |12010) gives

Li/H = (1.58 £0.31) x 1071° (5)

which we use in our analysis. For reviews on the

Li observations, we refer to Spite & Spite| (2010)
and [Frebel & Norris| (2011)).

3. New results with nuclear and CMB
data updated

Since our previous Monte-Carlo BBN calcu-
lations (Coc & Vangioni| 12010), no change has
been made concerning 11 of the 12 main BBN
reactions rates. We thus use those from the

the evaluation performed by Descouvemont et al. |
(2004) except for "H(n,7)D (Ando et al. | 2006)
and *He(a,v)"Be (Cyburt & Davids | 2008).

The only modification of one of the main rates
concerns the weak reactions involved in n<p equi-
librium whose rates (Dicus et al. | [1982) is deter-
mined from the standard theory of the weak inter-
action but needs to be normalized to the experi-

mental neutron lifetime. The latter has recentl
been revised from 885.740.8 s

) used inlCoc & ﬁnglgnl (2010), to 880. 14115

). This significant change
is due to the re-consideration of the previ-

ously discarded (Serebrov et al.| 2005) experi-

mental value, now comforted by new analyses

Wietfeldt & Greene! (2011); Beringer et al.
é@ for more details). Comparison between
columns 3 and 4 in Table[Ilshows the effect of this
change, which remains very small since it lowers
Y, by 0.44% and "Li/H by 0.39%, letting the other
abundances unchanged.

Concerning the update of the CMB, a com-
parison between columns in Table [ shows the
effect of a change in Qph% form

Spergel et al. |
(2007) to Komatsu et al. | (2011) (columns 2, 3)
and from [Komatsu et al. | (2011) to Ade et al.
(2013) (columns 4, 5). It mostly affect “Li/H by
about 4% and D/H by about 2.7% while the other
changes are less than a percent.

A BBN evaluation has been done bym
(2013), using Qu-h2= 0.02207£0.00027; their
prediction regarding the Y, and D/H abun-
dances are similar than ours (0.247254+0.00032
and 2.6564-0.067 x10~° respectively) but they do
not provide any "Li/H value.

4. Extended BBN network and correlated
results

Recently, (Coc et al. | (2012) have extended the

BBN network by including more than 400 reac-
tion or decay rates in order to calculate the pri-
mordial CNO production during BBN. They per-
formed a sensitivity study by changing each rate
within three orders of magnitudes around their
nominal rates or within their known uncertain-
ties when available. None of these reactions have
displayed a significant influence on the light iso-
tope yields and in particular on “Be+"Li (see also
Hammache et al 2013, submitted to PRC). How-
ever the extension of the network with many new
neutron producing or absorbing reactions slightly
(-4%) modify the late neutron abundance, result-
ing in a moderate increase of the “Li yield, as seen
comparing columns 3 and 6 in Table [Tl

Concerning this new Monte-Carlo calculation,
that involves reactions up to CNO [} I we follow the
prescription by [Sallaska et al. | (121113 . Namely
the reaction rates x are assumed to follow a log-
normal distribution with p and o, tabulated as a
function of T and are deduced from the evaluation

of rate uncertainties by |Coc et al. | (2019). The p’s
in BEq. (22) of Sallaska et al. | (2013), are sampled

according to a normal distribution:

x = exp (i + po) = Tymed (fu.)? (6)

where Zpea = exp(u) is the median rate and
f-u. = exp (o) the factor uncertainty. As discussed
in Longland et al. | (lZD_l_d), for small o the lognor-
mal distribution used here is close to a normal dis-
tribution as used in|Coc & Vangioni| (2010). (For
7, we use a normal distribution.) The values dis-
played in the last column of Table [I] correspond to
the 0.16, 0.5 and 0.84 quantile of the *He, D, 3He
and "Li distributions.

Hence, comparison between columns 2 and 7
in Table [Il shows the evolution of the yields from

IThe results concerning A>7 nuclei are beyond the scope of
this letter and will be published elsewhere.



Table 1: Primordial abundances. (Bold face displayed values highlight parameter changes.)

(a) (b) This work This work (b) This work
Nb. reactions 13 15 15 15 424 424
Qp-h? 0.0223T550570 (c)  0.02249 (¢) 0.02249 (¢) 0.02207 (g) 0.02249 (e)  0.02207+0.00033 (g)
T 885.740.8 (d) 885.7 (d) 880.1 (f) 880.1 885.7 (d) 880.141.1 (f)
Yy 0.2476+0.0004 0.2475 0.2464 0.24617 0.2476 0.2463%0.0003
D/H (x1073) 2.68 4+ 0.15 2.64 2.64 2.71 2.59 2.6740.09
3He/H (x107°) 1.054-0.04 1.05 1.05 1.06 1.04 1.0540.03
TLi/H (x10710) 5.144-0.50 5.20 5.18 4.98 5.24 4897541
ICoc et al. | (2012), (c) [Spergel et al. | ;

(a) [Coc & Vangioni! (2010); (b)
(e) Komatsu et al. |

\Coc & Vangioni| (2010) with the first WMAP re-
sults 2007) to the recent Planck
data @) The reduced uncertainty
on D/H is a direct consequence of the reduced
uncertainty on (,-h? while “Li uncertainty is
still dominated by nuclear uncertainty on the
3He(cr, )" Be rate.

Figure [ displays the abundances as a func-
tion of n and Table 2] those at Plank baryonic
density, both for Neg = 3. We do not use the
Neg = 3.046 value from Mangano et al. | (2003)
to account for non—instantaneous neutrino decou-
pling in the presence of oscillations. While this
approximation works for *He, the change for the
other nuclides is ezxactly in the opposite direction
of the true one. Hence, to implement these very
small effects (=~ 2 x 107* for Y})), we suggest to
the interested reader, to correct Neg = 3 results
(i.e. Table ) with the exactly calculated abun-
dance changes (e.g. AY),) given in the Tables of
Mangano et al. | (2005), rather than considering
Nogg = 3.046 results. In Figure [0l we also dis-
play for visual inspection the results obtained for
the limits on effective neutrino family numbers
Neg = 3.36 £0.34 provided by the CMB only con-
fidence interval (Ade et al.|[2013). [Note that in
Coc et al. | (2013) we obtained 2.89 < Ng < 4.22
at WMAP baryonic density, with Neg defined by
eq. 3.12 of the same reference, as in this paper.]
Finally in Table[2] a comparison between this work
and the last observational data ; an overall con-
sistency between standard BBN calculation and
the observational constraints is done except for
lithium, as said above: the discrepancy remains
of the order of 3.

(2011) ; (f) Beringer et al. | (2012
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Fig. 1.— (Color online) Abundances

of “He D, 3He and "Li (blue) as a
function of the baryon over photon ra-
tio (bottom) or baryonic density (top).
The vertical areas corresponds to the
WMAP (dot, black) and Planck (solid,
yellow) baryonic densities while the
horizontal areas (green) represent the
adopted observational abundances; see
text. The (red) dot—dashed lines cor-
respond to the extreme values of the
effective neutrino families coming from
CMB Planck study, Neg = (3.02,3.70);
see text.

(2007) ; (d) |Amsler et al. | (2008)
g) |Ade et al. | (2013

0



5. Conclusion

This work has updated the BBN predictions in
order to take into account the most recent devel-
opments concerning both the cosmological frame-
work (i.e. the cosmological parameters determined
from the recent CMB Planck experiment) and the
microphysics. It demonstrates that these predic-
tions are robust for the lightest elements. It shows
also that the modification of these parameters
in the range allowed cannot alleviate the lithium
problem.

Table 2: Comparison with observations

This work Observations
Yy 0.2463£0.0003  0.2534 % 0.0083
D/H (x1075) 2.67+0.09 3.02 £ 0.23
3He/H (x107°) 1.0540.03 1.140.2
TLi/H (x10710) 4.8970-48 1.58 +0.31
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