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1. Introduction

Primordial nucleosynthesis is one of the three observational evidences for the Big—Bang model.
Even though they span a range of nine orders of magnitude, there is indeed a good overall agree-
ment between primordial abundances of 4He, D, 3He and "Li either deduced from observations or
from primordial nucleosynthesis calculations. This comparison was used for the determination of
the baryonic density of the Universe. For this purpose, it is now superseded by the analysis of the
CMB anisotropies. Big—Bang nucleosynthesis remains, nevertheless, a valuable tool to probe the
physics of the early Universe. (See also T. Kajino’s lecture, earlier contributions to this school [1]
or other school [2], and textbooks on cosmology e.g. [3, 4].)

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. (See recent reviews [5, 6].)

2. Primordial nucleosynthesis

There are presently three observational evidences for the Big—Bang Model: the universal ex-
pansion, the Cosmic Microwave Background radiation (CMB) and Primordial or Big-Bang Nu-
cleosynthesis (BBN). Prominent landmarks in the development of the Big Bang nucleosynthesis
theory include works by Gamow in the 1940’s (out of equilibrium nucleosynthesis in an expanding
Universe dominated by radiation), Peebles in 1966 (Big Bang nucleosynthesis calculations up to
“He) and Wagoner in 1973 (Big Bang nucleosynthesis calculations including 7Li).

It is worth reminding that even though it has now been superseded, for these purposes, BBN
used to be the only constraints on the baryonic density of the universe and on the number of neutrino
families. Now that these quantities have been more precisely determined by the WMAP and LEP
experiments, BBN remains a powerful tool to probe the early Universe or to test fundamental
physics.

2.1 The Big-Bang model

Galaxies are observed to be receding from us with a velocity V.., proportional to distance D.
This is summarized by the Hubble law: V,.. = HyxD where Hy is called the Hubble parameter. The
Hubble law can be considered as a direct consequence of the expansion of the universe assuming
that spatial dimensions are all proportional to a scale factor a(z) that increases with time. An other
consequence of the expansion is that the wavelengths also scale as a so that a radiation emitted
with a wavelength A is now observed with a wavelength Ay. It defines the redshift z of the source:

z=X/A—1=ap/a—1 @.1)
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where a and qq are the scale factors respectively at emission and present times!. A modern deter-
mination of the Hubble constant leads to Hy ~ 70 km/s/Mpc 2. It is usual to parameterize Hy as
Hy = hx100 km/s/Mpc with i ~ 0.70.

Recombination of the free electrons with protons occurs when the temperature drops below
3000 K. Space, now filled with neutral atoms, becomes transparent for the first time and thermalized
photons are free to roam the Universe. Because of the expansion, photons are affected by redshift
so that their present temperature has now dropped to 2.725 K. This radiation is hence now in the
microwave domain and is called Cosmic Microwave Background radiation (CMB). The evolution
with temperature of the fraction of ionized hydrogen atoms X, = n, /(n, +ny) is given by the Saha
equation [4]:

(2.2)
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with the approximation of a pure 'H gas. At this epoch (radiation dominated), the baryon number
and temperature evolve as ng = n, +ny o« a>(t) and T o a~!(¢) (see next section). Figure 1
shows that, with these approximations, the fraction of ionized hydrogen drops abruptly around 7 =
3000—4000 K, much lower than the ionisation energy: E; = 13.6 eV (1.6 x 10° K).

The third evidence for a hot Big—Bang comes from the primordial abundances of the "light
elements": “He, D, *He and Li. They are produced in the first ~20 mn of the Universe when it
was dense and hot enough for nuclear reactions to take place. Starting from protons and neutrons, it
leads mainly to “*He and stops at mass A=7 because A=5 and 8 nuclei, being particle unbound, have
too short lifetimes. These primordial abundances can, in principle, be deduced from astronomical
observations of objects that were formed shortly after the Big—-Bang. When compared with Big—
Bang Nucleosynthesis (BBN) calculations, the overall agreement spans nine orders of magnitudes!
The number of free parameters entering Standard Big—Bang Nucleosynthesis have decreased with

Table 1: Density components of the Universe

Radiation (CMB) energy | Qgrcup) | 5% 103

Visible matter Qr ~ 0.003
Baryonic matter Qp 0.046
Matter (dark+baryonic) Qu 0.27
Vacuum energy Qp 0.73
Total Qr 1.00

time. The number of light neutrino families is known from the measurement of the Z° width
by LEP experiments at CERN [7]. The lifetime of the neutron (entering in weak reaction rate
calculation) and the nuclear reaction rates have been measured in nuclear physics laboratories [8].
The last parameter to have been independently determined is the baryonic density of the Universe
which is now deduced from the observations of the anisotropies of the CMB radiation [9]. When
considering density components of the Universe, it is convenient to refer to the critical density

IPresent values are usually labeled with index 0
>Mpc (megaparsec) = 3.26x 109 light-years
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Figure 1: Number of free electrons per baryon X, as a function of the temperature of the universe.

which corresponds to a flat (i.e. Euclidean) space. It is given by :

3H?
poc = ﬁ =1.88 12 x 107* g/em’ or 2.9 h? x 10" M, /Mpc? (2.3)

where G is the gravitational constant. It corresponds to a density of a few hydrogen atoms per cubic
meter or one typical galaxy per cubic megaparsec. Densities are usually given relative to po c with
the notation Q = p /po c.

Table 1 gives the principal components to the density of the universe. The total density is
very close to the critical density but is dominated by vacuum energy and dark matter contributions.
The baryonic matter only amounts to ~4% of the total density or 17% of the total matter content.
What we can observe with our telescopes, because it emits light, corresponds to only ~ 10~ of the
total. Nevertheless, in spite of its modest contribution, baryonic matter is important as this is the
only one we know and observe. Is is usual to introduce 77, the number of photon per baryon which
remains constant during the expansion and is directly related to €, by Q,-h*=3.65x10’n. WMAP
observations lead to Qb-h2:0.02249f8:888§(7’ [9].
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Figure 2: Neutron mass fraction as a function of temperature (log-lin scale). The curves represent the free
neutron decay (dash—dotted line) and the full network calculation (solid line). Neutrons and protons remain
in equilibrium until freezout at 7 = 10 to 3.3 GK and while nucleosynthesis begins below 0.9 GK and after
t ~3 mn.

2.2 Physics of the expanding Universe in the BBN era

At temperatures slightly above 10'° K, the particles present are: photons, electrons, positrons,
the three families of neutrinos and antineutrinos plus a few neutrons and protons. The baryonic den-
sity does not have at this epoch any influence on the rate of expansion of the Universe (i.e. Hubble
parameter). Its influence on nucleosynthesis is simply that a higher density of nuclei induces a
larger number of reactions taking place between them per unit time.

All these particle are in thermal equilibrium so that, the numbers of neutrons and protons are
simply related by N, /N, = exp(—Qnp/kpT) where Q,, = 1.29 MeV is the neutron-proton mass
difference. This holds until 7 < 10'° K, when the weak rates that govern the n<sp reactions
(Vetns>e +p and V,+p<+ret+n), become slower than the rate of expansion H(t). Afterward, the
ratio at freezeout N, /N, ~0.17 further decreases to N, /N, ~0.13 due to free neutron beta decay
until the temperature is low enough (T ~ 10° K) for the first nuclear reaction n+p—D+Y to become
faster than the reverse photodisintegration (D+y—n+p) that up to now prevented the production of
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heavier nuclei. Figure 2 shows that freezout is not instantaneous and that free neutron decay only
occurs between 3.3 and 0.9 GK. From that point on, the remaining neutrons almost entirely end up
bound in “He while only traces of D, *He and ’Li are produced.

Hence, the “He yield is directly related to the N, /N, ratio at freezeout that is at the expan-
sion rate H(¢) compared to the weak rates. H(t) is obtained from the Einstein equation that links
the curvature and energy—momentum tensors, associated with the metrics (Friedmann—Lemaitre—
Robertson—Walker),

dr?

1 —kr?

ds* = dr* —az(t)< +1%(d6? + sin 9d¢2)) (2.4)
which represents the Cosmological Principle: homogeneity and isotropy of the Universe. a(z) is
the above mentioned scale factor and k = 0 or =1 marks the absence or sign of space curvature.
In an appropriate (free falling) reference frame, the energy—momentum tensor has only non-zero
diagonal elements : (p, p, p, p) where p and p are the energy density and pressure of the fluid. It
leads to the Friedmann equation that links the rate of expansion (H(t) = a(t)/a(t)) to the energy

density p:
N 2
(a) n k _ 8nGp 2.5)

a a? 3
(Setting k = 0 leads to the expression 2.3 of the critical density.) The equation can be conveniently

re—written in term of the present day components of the matter—energy density (Table 1), Hubble
parameter, and scale factor:

(Z)szg[QM(W§3+QR(”)5+QA+(L—Qﬂ(jﬁq (2.6)

a a
From this equation, it is straightforward to deduce the time evolution of the scale factor in the radia-
1
tion (a(t)oct%), matter (a(t)cxt%) and vacuum (a(t)<exp(HoQ,¢)) dominated eras, from which, the
time evolutions of T (e< ¢~ !, from constant entropy) and pg (o< a~3) can be deduced. Equation 2.6

can be rewritten as:
1
H(z) = HyQ} (2) 2.7

with
Q(2) = Qu(z+ 1) +Qr(z+ 1)+ Qa+ (1 - Q) (z+1)? (2.8)

Given the values from see Table 1, at BBN when z ~ 108, the dominant term is the "radiation"
term, Qg. This corresponds to all the relativistic particles whose energies also scale as a~! in
addition to the a3 number density factor. The important consequence is that during BBN, H (t) is
only governed by relativistic particles while the baryons, cold dark matter, cosmological constant
or curvature (k or (1 — Q7)) terms play no role. The rate of expansion is thus given by H(z) =
\/8mGpg/3 with the radiation density, pg, given by the Stefan-Boltzmann law:

Kpm> 4 _ & 4
=g——=T" = ZagT b 29
PR=¢ 207 2aR (bosons) (2.9)
where g = 2J 41 is the spin factor and ag the radiation constant. For fermions (e.g. electrons), an
additional factor of 7/8 must be inserted. In the radiation dominated era, in particular during BBN,
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the expansion rate is hence simply given by:

;d:\/gnGaRgeff(T)xrz (2.10)
a 6

The effective spin factor, g.rr, decreases whenever the temperature drops below a mass threshold
for the particle-antiparticle annihilation of each species, so that during BBN, only et and e~ an-
nihilation has to be considered. Hence, the contributions to g.ss(7') come from photons (g = 2),
neutrinos (g = ZXNV%(TV /T)* as Ty #T,, with Ny=3 the number of neutrino families) and elec-
trons/positrons (from 2><2><% for T>>m, to O for T <<m, ). When particles annihilate the released
energy is shared among the other particles they were in equilibrium with. The weak rates de-
crease much faster (~ 7) than the expansion rate (~ T2) so that below ~10'° K, neutrinos are
not anymore in thermal equilibrium with electrons and positrons whose annihilations only re-heat
the photon bath, not the neutrinos. The ratio of photon and neutrino temperatures Ty/T, evolving
between 1 and (11/ 4)% ~ 1.4. Figure 3 displays the temperature and baryonic density as a function
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Figure 3: Baryonic density (right axis) and (photon) temperature (left axis) as a function of time. The
) 1 3, i . .

dotted line correspond to 7 o< ¢~ 2 and pge<t™ 2 while the solid line the exact calculation showing the effect

of re-heating by electron—positron annihilation.

of time: n<p freezeout (at T ~ 10'°) and nucleosynthesis (T < 10%) occur a densities of ~0.1
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and < 107> g/em?. These densities are very small compared to those prevailing in stellar interiors
preventing three body reactions like 3az —'>C to be efficient.

In conclusion, the primordial *He abundance is directly related to the expansion rate governed
by the relativistic particles, compared to the weak rate. It can hence be used to set constraints on
physics beyond the Standard Model.

2.3 Primordial abundances

During the evolution of the Galaxy, nucleosynthesis takes place mainly in massive stars which
release matter enriched in heavy elements into the interstellar medium when they explode as super-
novae. Accordingly, the abundance of heavy elements, in star forming gas, increases with time. The
observed abundance of metals® is hence an indication of its age: the older the lower the metallic-
ity. Primordial abundances are hence extracted from observations of object with small metallicity,
possibly followed by an extrapolation to zero metallicity.

Lithium, beryllium and boron can be observed at the surface of stars found in the halo of our
galaxy. While the abundances of beryllium and boron increases with metallicity (i.e. with time)
confirming that these elements are continuously synthesized 4 for [Fe/H] < -1.3 the abundance
of lithium is independent of metallicity, displaying a plateau. This was discovered by Francois
and Monique Spite [10] who interpreted this constant Li abundance as corresponding to the BBN
Li production. This interpretation assumes that lithium has not been depleted at the surface of
these stars so that the presently observed abundance is equal to the initial one. The presence of
the thin "Spite plateau” is an indication that depletion may not have been very effective. On the
contrary, younger stars ([Fe/H] > -1) display a large dispersion in lithium abundances reflecting
the effects of different production and destruction mechanisms. Recent observations [11] have led
to a relative primordial abundance of Li/H = (1.58 £0.31) x 10~!° [12], obtained by extrapolation
to zero metallicity (Fe/H=0).

Contrary to ’Li which can be both produced (spallation, AGB stars, novae) and destroyed (in
the interior of stars), deuterium, a very fragile isotope, can only be destroyed after BBN, in par-
ticular at the very first stage of star formation. Its primordial abundance has thus to be determined
from the observation of cold objects. Clouds at high redshift on the line of sight of even more
distant quasars are thought to be the best candidates. Absorption line observations enable the de-
termination of the D/H ratio. Unfortunately, there are few good candidates (half a dozen) : there
is no evidence for a plateau nor of a tendency that could be extrapolated to zero metallicity. The
adopted primordial D abundance is hence given by the average value (2.821’8:%8) x 107> of D/H
observations in these cosmological clouds [13].

After BBN, “He is only produced by stars. Its primordial abundance is deduced from obser-
vations in HII (ionized hydrogen) regions of compact blue galaxies. Galaxies are thought to be
formed by the agglomeration of such dwarf galaxies which are hence considered as more prim-
itive. The primordial “He abundance Y, (“He mass fraction) given by the extrapolation to zero

3In astrophysics, metals means all elements with Z >2 and the abundance of metals is called metallicity. Logarithm
of metallicity relative to solar (®) is often used with the notation [X/H]=log(X/H) — log(Xs /Hg) where X is usually
Fe. Hence, for instance, [Fe/H]=0 or -3 correspond to a solar, or 1073 solar metallicity.

4 Be, B, °Li and some Li are produced by a spallation process: mainly breaking C, N and O nuclei by p and ot at
high energy in the interstellar medium.
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metallicity of helium abundances is affected by systematic uncertainties. Here, we will use a safe
interval ¥, = 0.2534 £ 0.0083 [14].

Contrary to “He, *He is both produced and destroyed in stars so that the evolution of its abun-
dance as a function of time is not well known. Because of the difficulties of helium observations
and the small *He/*He ratio, *He has only been observed in our galaxy. The *He abundances ob-
served in galactic HII regions display a plateau as a function of the galactic radius and in a limited
range of metallicities: -0.6 < [Fe/H] < 0.1 [15]. It is however difficult to extrapolate this galactic
value (spanning only a limited range of Fe/H) to zero metallicity so that 3He is not usually used to
constrain BBN. An upper limit on 3He primordial abundance is given by Bania et al. [15]: *He/H
= (1.140.2) x 107, based on their best observed source.

2.4 Nuclear reactions

Unlike in other sectors of nuclear astrophysics, nuclear cross sections have usually been di-
rectly measured at BBN energies (~100 keV). Table 2 lists the 12 nuclear reactions responsible
for the production of “He, D, *He and ’Li in Standard BBN. Note the presence of the radioactive
tritium (*H) and "Be that will later decay into *He and ’Li respectively. There are many other reac-
tions that connects these isotopes, but their cross sections are too small and/or reactants too scarce
to have any significant effect. This Table presents the sensitivity of the calculated abundances (Y;

Table 2: Abundance sensitivity: dlog Y /dlog < ov > at WMAP baryonic density.

Reaction “He | D He | "Li | Eo( AEy/2)
(MeV)

o
~
w

n<p (< 1/1,) 042 | 0.15 | 0.40

'H(n,y)*H 0 |-0201 0.08 | 1.33
ZH(p,y)*He 0 |-0.321] 037 | 0.57 | 0.11(0.11)
2H(d,n)*He 0 |-054] 021 | 0.69 | 0.12(0.12)
ZH(d,p)*H 0 |-046|-026| 0.05 | 0.12(0.12)
SH(d,n)*He 0 0 |-0.01]-0.02| 0.13(0.12)
H(a,y)"Li 0 0 0 0.03 | 0.23(0.17)
SHe(n,p)*H 0 | 0.02|-0.17 | -0.27
SHe(d,p)*He 0 0.01 | -0.75 | -0.75 | 0.21(0.15)
SHe(at,7)"Be 0 0 0 0.97 | 0.37(0.21)
"Li(p,a)*He 0 0 0 |-0.05| 0.24(0.17)
"Be(n,p)’Li 0 0 0 |-0.71

with i = “He, D, *He and 7Li) with respect to a change of each of the 12 reaction rates by a con-
stant factor. We define the sensitivity as dlogY /dlog < ov >, calculated at the WMAP baryonic
density:
Ay dlogY ><A<c7v> @.11)
Y  dlog<ov>|yyap < OV>
so that the impact of a change in a reaction rate on primordial abundances can be readily estimated.

The last column represents the Gamow window at BBN typical temperatures. Figure 4 displays the
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most important reactions for the BBN “He, D, *He and "Li production. The main reactions for the
production of ®Li, '°B, ''B and CNO (through '>C) isotopes are also shown for completeness but
their primordial abundances are smaller by orders of magnitude.

(ot,m) (oY)

Figure 4: The BBN most important reactions for the productions of “He, D, *He and "Li, LiBeB and CNO
isotopes.

The weak reactions involved in n<+p equilibrium are an exception; their rates come from the
standard theory of the weak interaction. They are calculated with, as only experimental input, the
neutron lifetime whose experimental value is still a matter of debate [8]. Until very recently, the
averaged value of 885.7+0.8 s was recommended by the Particle Data Group, in spite of a new
measurement that lead to a significantly different value of 878.5+£0.740.3 [16]. Newer experi-
mental results and analyses have not yet been able to solve this discrepancy but have motivated a

10
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reevaluation of the recommended value: 881.5+1.5 s [17], awaiting experimental clarification. The
n+p—D+7 reaction rate [18] is also obtained from theory but in the framework of Effective Field
Theory. Few experimental data is available at BBN energies but they all confirm the theoretical
results.

For the ten remaining reactions?, 2H(p,y)3He, 2H(d,n)3He, 2H(d,p)3H, 3H(d,n)4He,
SH(a,y)’Li, 3He(d,p)*He, 3He(n,p)’H, *He(a,y)’Be, ’Li(p,&)*He and "Be(n,p)’Li, cross
sections have been measured in the laboratory at the relevant energies even though these exper-
iments were in general motivated by nuclear physics rather than BBN studies. Compilations of
experimental nuclear data to determine thermonuclear rates for astrophysics have been initiated
by W. Fowler. This was later pursued within the European NACRE collaboration [19] which also
provided upper and lower rate limits and more recently by Iliadis et al. [20] with an improved
statistical treatment of uncertainties. For those reactions involved in BBN, the last two dedicated
analyses were performed by Descouvemont et al. [21] and Cyburt [22]. In particular, in the former,
all experimental data for the ten BBN reactions were compiled and analyzed in the framework of
R-matrix theory for interpolation or extrapolation. In addition to providing more reliable recom-
mended rate, the rate uncertainties were evaluated on statistical grounds [21]. We refer to these
two most recent evaluations [21, 22] and to Serpico et al. [23] for extensive discussions of BBN
reaction rates and their extraction from experimental data. Since these evaluations new experimen-
tal data has improved the accuracy and reliability of some of those reaction rates. As an example,
Fig. 5 show for the 2H(d,n)>He reaction the available experimental data and the R-matrix fit [21]
of the astrophysical S—factor 6. Reference for the experimental data can be found in Descouvemont
et al. [21] except for the new set of data from Leonard et al. [24], which is in agreement with the
previous R—matrix results of 2004 within the BBN energy range (Table 2). Hence, these new data
are important to confirm the previous results but have negligible effect on BBN results. On the
contrary, since 2004, a wealth of new experimental data have been made available for the the im-
portant reaction SHe(a, }/)7Be (see Table 2). These are the results of several recent experiments that
were motivated by the dispersion of previous experimental measurements, depending on the tech-
nique: "prompt" gamma-ray detection or 'Be decay counting (i.e. "activation") methods. Cyburt
and Davids [25] have re-evaluated this reaction rate in light of the new experimental data, obtaining
a S—factor significantly higher than previously thought’. In addition, a new method has been used
using a recoil separator to detect 'Be ejectiles, together with the "prompt" and "activation" ones by
Di Leva et al. [26]. Their results differ both in the absolute value and in the energy dependence of
the cross section at energies higher than BBN. This stresses the need for further experimental and
theoretical (energy dependence) efforts concerning this reaction.

2.5 BBN primordial abundances compared to observations

Figure 6 shows the evolutions of the abundances (in mass fraction) as a function of time at the
WMAP (ACDM) baryonic density. (The sudden changes in the evolutions of the abundances as a

SWe use here the usual nuclear physics notation A(x,y)B for the reaction A+x—B+y to recall that A, x, y an B were
respectively the target nucleus, the ion beam, the detected particle and the recoil nucleus.
5The astrophysical S—factor is the cross section corrected for the strong effect of Coulomb barrier penetrability :

2
S(E)=Eoc(E)exp(2nn) where, here, n = Zp iie is the Sommerfeld parameter.
"More precisely, S(E = 0) 13% higher than Descouvemont et al. [21]

11
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Figure 5: Experimental data for the, 2H(d,n)3He reaction, S—factor compared with the R—matrix fit of
Descouvemont et al. [21]. (See this reference for reference to experimental data except for the more recent
data from Leonard et al. [24].)

function of time, seen in the Figure, originate from successive departures from nuclear statistical or
quasi-static equilibria [27, 28].) Neutrons are mostly captured to form “He while D and *He reach
final values of ~ 107>, After a sharp rise, "Li is efficiently depleted by the "Li(p,a)*He reaction.
At this density, "Li is produced through the formation of "Be via the *He(ct,y)’Be reaction. It
will later decay to "Li. "Be destruction occurs through the "Be(n,p)’Li(p,c)*He channel which is
limited by the scarcity of neutrons. At lower baryonic density more neutrons would survive but the
"Li(p,a)*He destruction mechanism would be less effective and "Li would be produced directly
via the *H(a, y)7Li (Fig. 4). In Figure 7 is represented the abundances of 4He (mass fraction), D,
3He and "Li (in number of atoms relative to H) as a function of the baryonic density. The "U" shape
of the "Li abundance curve comes from the two modes of "Li synthesis discussed above and shown
on Figure 4. The thickness of the curves reflect the nuclear uncertainties. They were obtained
[29, 30] by a Monte—Carlo calculation using for the nuclear rate uncertainties those obtained by
[21] but with the new 3He(«, y)7Be rate [25]. The horizontal lines represent the limits on the “He,
D and "Li primordial abundances deduced from observations as discussed in § 2.3. The vertical
stripe represents the baryonic density deduced from CMB observations by [9]. The primordial
abundances (CMB+BBN) corresponding to this range of density are given in Table 3.

As shown on Figure 7, the primordial abundances deduced either by BBN at CMB deduced
baryonic density or from observations are in perfect agreement for deuterium. Considering the large
uncertainty associated with “He observations, the agreement with CMB+BBN is fair, but close to
the lower limit. The calculated *He value is close to its galactic value showing that its abundance

12
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Figure 6: Evolution of the abundances as a function of time at WMAP baryonic density. For A>7, only

selected isotopes are displayed.

has little changed during galactic chemical evolution. On the contrary, the ’Li, CMB+BBN, calcu-
lated abundance is significantly higher (a factor of ~3—4) than the primordial abundance deduced
by [11]. The origin of this discrepancy between CMB+BBN and spectroscopic observations re-

mains an open question. Indeed, it seems surprising that the major discrepancy affects "Li since

it could a priori lead to a more reliable primordial value than deuterium, because of much higher

observational statistics and an easier extrapolation to primordial values (see Fig. 2 and 3 in [1]).

There are many tentative solutions to this problem (nuclear, observational, stellar, cosmological,...)
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Figure 7: Abundances of “He (mass fraction), D, *He and “Li (by number relative to H) as a function
of the baryon over photon ratio 1 (or €,-h*.) showing the effect of nuclear uncertainties. The vertical
stripe corresponds to the WMAP baryonic density [9] while the horizontal area represent the primordial
abundances. The dashed curves represent previous calculations [29] before the re-evaluation [25] of the
SHe(a,y)"Be rate. The dotted and dot-dashed lines corresponds, respectively, to the alternative value [16]
of the neutron lifetime and to 4 effective neutrino families.
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Table 3: Yields at WMAP baryonic density.

Cyburt el al 2008[31] CV10[30] Observations Factor

“He 0.2486:£0.0002 | 0.2476::0.0004 | 0.253440.0083 [14] | x10°
D/H 2.4940.17 2.68+0.15 2.821049 [13] x 1073
SHe/H 1.004-0.07 1.0540.04 (0.9-1.3)[15] x1073
Li/H 5247003 5.1440.50 1.58+0.31[12] | x10710

but none has provided yet a fully satisfactory solution. The derivation of the lithium abundance in
halo stars with the high precision needed is difficult and requires a fine knowledge of the physics of
stellar atmosphere (effective temperature scale, population of different ionisation states, non Local
Thermodynamic Equilibrium effects and 1D/3D model atmospheres). There is no lack of phenom-
ena to modify the surface abundance of lithium: nuclear burning, rotational induced mixing, atomic
diffusion, turbulent mixing, mass loss,.... One also notes that between the BBN epoch and the birth
of the now observed halo stars, ~1 Gyr has passed. Primordial abundances could have been altered
during this period. However, the flatness of the plateau over three decades in metallicity and the
relatively small dispersion of data represent a real challenge to stellar modeling [32]. In the nuclear
sector, large systematic errors on the 12 main nuclear cross sections are excluded. Since the CMB
results point toward the high 7 region, a peculiar attention should be paid to ’Be nucleosynthe-
sis. However, there is no indication that a more efficient ’Be nuclear destruction mechanism be
at work. Nuclear mechanisms to destroy this 'Be have been explored [29, 33, 34]. An increased
"Be(d,p)2a cross section has been proposed but was not confirmed by experiments [35, 36, 37].
Other "Be destruction channels have recently been proposed and await experimental investigation.
Another scenario would be to take advantage of an increased late time neutron abundance. This is
exactly what happens (in the context of varying constants) when the 'H(n,y)?H rate is decreased.
The neutron late time abundance is increased (with no effect on “He) so that more "Be is destroyed
by "Be(n,p)’Li(p,a)a, (see Fig. 1 in [38]). Figure 7 also displays the effect of using a different
value of the neutron lifetime (878.5 s [16] instead of 885.7) or an effective number of neutrino fam-
ilies of 4. In both cases, it shifts the temperature at freezeout (§ 2.2), essentially affecting the “He
primordial abundance without sufficient impact on ’Li. (See also T. Kajino’s lecture for particle
physics proposed solutions.)

The primordial abundances of Li, ?Be, '°B and ''B (in number of atoms relative to H) can be
deduced from mass fractions® in Figure 6: 1.3x 10714 (see [39]), 1 x 10-18,3%1072!, and 3x 1016
[40]. These are orders of magnitudes lower than present—day observations of very low metallicity
stars, even for ®Li, for which the existence of a plateau, in the ®Li/H, 107'? to 10~'! range, is
debated [41, 32]. During BBN, SLi is produced by the D(«,¥)°Li and destroyed by ®Li(p,c)>He
reactions (see Fig. 4), both of which rates are now established [19, 39]. The BBN, CNO production
(mostly '2C) is too small (CNO/H~7x 10~19) to affect the evolution of the first massive stars, by

8The number of atom of isotope 7 per unit volume A; is related to the mass fraction X; by N; = X;N4p/A;, where
Ny, and A; are respectively the Avogadro’s number and the atomic mass number. The number of atoms relative to H is
just N;j/Nyg = X;/XuA; with Xig ~0.75.
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promptly triggering the CNO cycle, even considering the nuclear uncertainties [40]. It is worth
noting that CNO production was found to be sensitive to the ’Li(d,n)2*He reaction rate. Not
so much because it is a minor source of uncertainty but because this effect is unexpected. The
explanation is that even though the “He, D, *He and "Li final abundances are left unchanged, the
peak "Li abundance at t =200 s (Fig. 6) is reduced by a factor of about 100, an evolution followed
by 8Li and CNO isotopes.

2.6 BBN as a probe of the early Universe

Now that the baryonic density of the Universe has been deduced from the observations of
the anisotropies of the CMB radiation with a precision that cannot be matched by BBN, one may
wonder whether primordial nucleosynthesis studies are still useful.

The CMB radiation that is observed was emitted when the Universe became transparent ~
3 x 10° years after the Big-Bang. On the contrary, the freezeout of weak interactions between
neutrons and protons, and BBN, occurred at a fraction of a second, and a few minutes after the
Big—Bang. With the exception of the baryonic density, BBN parameters have all been determined
by laboratory measurements. Hence, comparison between light—element observed and calculated
abundances can be used to constrain the physics prevailing in the first seconds or minutes of the
Universe.

Figure 7 shows the effect of an increase of the expansion rate of the Universe (see § 2.2), by
assuming an effective number of neutrino families of 4 instead of 3. In fact a 10% change in the ex-
pansion rate would be sufficient to drive the “He and D abundances out of the observational limits
while it provides little help to the "Li discrepancy. “He yield is sensitive to the value of the expan-
sion rate at the time of n/p freezeout, i.e., around 10'° K and 0.1 to 1 s after the Big Bang while
the other isotopes are sensitive to its value 3 to 20 mn after. There are several potential sources of
deviations from the nominal expansion rate H(f) as it can be seen from the examination of equa-
tion 2.10, for instance a modification of gravity, affecting G, or new particles, affecting g.7(T).
(See T. Kajino’s lecture for detailed example of Non-Standard Big—Bang Nucleosynthesis.)

3. Variation of constants and nuclear physics

Experimental (or observational) tests of variations of a constant consists in comparing quanti-
ties that have a different sensitivity to this constant (for reviews, see [5, 6]). Tests involve atomic
clocks, atomic absorption in quasar (QSO) spectra, the CMB, and nuclear physics (Big Bang Nu-
cleosynthesis, the triple—alpha reaction and stellar evolution, radioactivities in meteorites and the
Oklo fossil reactor). They are all interesting because they have different dependency to the varia-
tion of constants and they probe variations on different cosmic time scale (Fig. 8). The frequencies
of atomic fine versus hyperfine transitions, or of atomic lines of different elements have different
dependency on the fine structure constant. The comparison between laboratory clocks or QSO
absorption lines at high redshift provide constraints on the variation of o, at different epochs
(Fig. 8). In the following, we consider only those related to nuclear physics, and in particular the
triple—alpha reaction in stars, and BBN. We will illustrate the effect of varying "constants" as the
fine structure constant, the Fermi constant, the electron mass, ...... on some nuclear reactions or
decay but leave aside the discussion of the coupled variations of these constants which are beyond
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the scope of this school. Indeed, within theories like superstring theory, the constants cannot be
treated independently: their variations are related to each other in a way that depend on the model.
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Figure 8: Test of the variations of constants performed at different redshifts or lookback time (i.e. elapsed

time until present).

3.1 Variation of constants and the triple-alpha reaction

The *He(aa, 7)'>C reaction is very sensitive to the position of the "Hoyle state". The cor-
responding resonance width is very small (a few ~eV) as compared with the competing reaction
2C(at,7)'%0, dominated by broad (~100 keV) resonances and subthreshold levels. In Fig. 9, we
show the low energy level schemes of the nuclei participating to the *He(ct e, y)!>C reaction: “He,
8Be and !2C. The triple-« reaction begins when two alpha particles fuse to produce a ®Be nucleus
whose lifetime is only ~ 10716 s but is sufficiently long so as to allow for a second alpha capture
into the second excited level of '>C, at 7.65 MeV above the ground state. This excited state of '>C
corresponds to an ¢ = 0 resonance, as postulated by Hoyle [42] in order to increase the cross sec-
tion during the helium burning phase. This "Hoyle state" decays to the first excited level of 1>C at
4.44 MeV through an E2 (i.e. electric with £ = 2 multipolarity) radiative transition as the transition
to the ground state (0?r — O; ) is suppressed (pair emission only).

Assuming i) thermal equilibrium between the *He and ®Be nuclei, so that their abundances are
related by the Saha equation and ii) the sharp resonance approximation for the alpha capture on
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8Be, the “He(aa, }/)12C rate can be expressed [43] as:

3
5 _Qaaa
) h coyexp( kT > 3.1)

N2 (ov) 2% = 33/26N2 <Ma T
with oy ~ FY(IZC), the radiative partial width of the Hoyle level and Qyqq =380 keV its energy
relative to the triple alpha threshold. The variation of Q¢ With the nucleon nucleon interaction
dominates the variation of the reaction rate in Eq. (3.1). However, a more accurate calculation
requires a numerical integration, as done in [19], to take into account i) the two step process, two
alpha particle fusion into the Be ground state at a resonance energy of Ex(®Be) followed by another
alpha capture to the Hoyle state at a resonance energy of Er(12C) [Qqaa =Er(®Be)+Eg(12C)] and
i) the energy dependent finite widths of those two resonances. Both the 8Be ground state and the
I2C "Hoyle state" are known to be well described within a 2— or 3—alpha—particle cluster model,
from which the dependence of the level energies to an effective nucleon—nucleon interaction can be
obtained. This, in turn, can be related to more fundamental parameters to constrain the values of the
fine structure and strong coupling constants. Small variations of the NN—interaction induce huge
variations (many orders of magnitudes) on the triple—« reaction rate. This effect was investigated
for 1.3, 5, 15, 20 and 25 M, stars with solar metallicity (Population I) [44, 45] and 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.
This concerned stars born a few Gy ago, at redshift z < 1. Considering instead (see [46] for more
details) the very first generation of stars (Population III) extends the test to a much larger lookback
time. These stars are thought to have been formed a few 10% 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
indirectly in the most metal-poor halo stars (Population II). Depending on the NN-interaction,
helium burning results in a stellar core with a very different composition from pure '>C to pure
160 (and even pure >*Mg), due to the competition between the *He(acar, ¥)'?C and '?C(«t,7)'°0
reaction. As both C and O are observed in metal-poor halo stars, a '>C/!0 abundance ratio close
to unity is required. To be achieved, the NN—interaction should not have changed by more than
~ 1073, which can be translated in limits on Ay, [46].

3.2 Variation of constants and BBN

We have mentioned in § 2.6 that, at the BBN epoch, gravity could be different from General
Relativity as in superstring theories. That would affect the rate of expansion, through G in equa-
tion 2.10. Here, we will illustrate the influence of the variations of constants on two key nuclear
reaction rates : n«»p and n+p—d+7. The first, together with the expansion rate, governs the pro-
duction of “He, while the second triggers further nucleosynthesis. The weak rates that exchange
protons with neutrons can be calculated theoretically and their dependence on G (the Fermi con-
stant), Oy, (the neutron—proton mass difference) and m, (the electron mass) is explicit. For in-
stance, in laboratory conditions, the n—p + e~ + V,, neutron free decay rate is well approximated
by:

1 1+3g%
. W B (\/qz 124" —9¢% — 8) +15In(q + /@ — 1)) 3.2)

60 273
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Figure 9: Level scheme showing the key levels in the triple o process.

which displays its Gr, g=Qnp/m. and m, explicit dependence. During BBN, the Fermi distribu-
tions of electrons, neutrinos and their antiparticles must be considered [47] but the explicit depen-
dence remains. Figure 10 shows the dependence of the “He, D, *He and "Li, primordial abundances
as a function of these three quantities, through the effect of the modified n<>p rates. The depen-
dence of the n+p—d+Yy rate [18] cannot be explicitly related to a few fundamental quantities as
for the weak rates but a modelisation of its dependence on the binding energy of deuteron Bp has
been proposed [48]. Figure 10 shows that a variation of Bp (i.e. the n+p—d+7 rate) has a strong
influence on Li, even reconciliating calculations with observations (see § 2.5). However, this is at
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Figure 10: Abundances of ‘He (mass fraction), D, 3He and "Li as a function of a change in the electron
mass, the binding energy of deuterium, the neutron—proton mass difference, and the Fermi constant.

the expense of the agreement with “He, that could however be restored through the variation of the
other quantities in Fig. 10 [38].

3.3 Other tests involving nuclear physics

Here, we briefly describe other constraints on the variations of constants given by nuclear

physics and we refer to reviews [5, 6] and reference therein for details.
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3.3.1 Meteorites and '®’Re

The '87Re isotope is of special interest for the study of possible variation of constants [49,
5, 50] because of its very long lifetime, larger than the age of the Universe, and because of the
high sensitivity of its lifetime to the variation of constants. It is the most abundant (62.6%) terres-
trial rhenium isotope which B+ decays to '87Os with a laboratory measured mean life of AL’aL =
61.0x10° years. Its B+ decay rate can be approximated by 7Lo<G12p QI33 m? so that the the variation of
A can be related to a variation of the fine structure constant, using the liquid drop model to calculate
the variation of the Coulomb energies of the parent and daughter nuclei:

AL AQp 3 (Z+1)2—Z7 Alen

— =3 = ; a 3.3
A Qﬁ QB A3 ¢ Oem G

Thanks to the very low value of Qg = 2.66 keV, the sensitivity is high: AL /A ~2 x 10*ACtem / Olemn” -
The imprint or '8’Re decay since the birth of the Solar System can be found in the isotopic compo-
sition of some meteorites. Indeed, one has:

187Re‘Now = 187Re‘lnit CXp (_1IM) (34)

187OS}NOW = 187OS‘Init+ 187Re‘lnit [1 —exp (_’TVM)] (3.5

where #y; is the age of the meteorite (= the age of the Solar System) and A is the averaged '¥"Re
decay constant assuming that A may have evolved over ~ 4.6x 10°. It can be rewritten as:

108 |ygy = 05|y + Re| g, [exp (Anrr) — 1] (3.6)

which shows that the present day '#7Os versus '®’Re meteoritic isotopic abundances (relative to
stable '880s) follow a linear dependence (an isochrone, see M. Gounelle lecture in this school) from
which [exp (ZIM) — 1] can be extracted. If the age of the meteorites #\; can be obtained by an other
datation method (U/Pb isotopes) which is much less sensitive to the variation of Qem, then A can be
deduced and limits on Ao, can be obtained from those on A— ALab- In this illustrative example,
we have only considered the effect of varying ¢ter, on the Coulomb contribution, but in theories that
allows for variations of constants, dcp should vary accordingly, inducing an exponentially larger
variations of Aqcp. The limits on Ao, would then be tighter but more model dependent. Letting
aside the particle physics sector of coupled varying constants, in the nuclear physics sector it is
not yet possible to relate explicitly Qg to Aqcp, 8o that approximations followed by scaling laws
have to be used. This is a limitation for the use of nuclear constraints on the variation of constants
beyond the simple cases like the n<+p equilibrium in BBN, as discussed above.

3.3.2 The OKlo nuclear fossil reactor

At present, terrestrial uranium is mainly composed of 234U, 0.72% of >**U and 0.0055% of
234U. The 2*°U isotope has a half-life of 7.038 x 10% years and decays by alpha emission. It is fissile
through the absorption of thermal neutron that can lead, within special conditions, to the controlled
chain reaction at work in nuclear reactors. One of the condition is that uranium be enriched in 23U

94c =0.717 MeV and Z = 75
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to a level of 3—4%, another is that fission—produced neutrons are slowed down ("moderated") to take
advantage of higher induced—fission cross—section. In 1972, the french Commissariat a I’Energie
Atomique discovered, in an uranium mine located at Oklo, in Gabon, that a fossil, natural nuclear
reactor had been operating two billion years ago, during approximately a million years (see [51]
and references therein). This operation was made possible because, at a few 23U half-lives ago, its
fractional abundance was sufficiently high, and hydrothermal water acted as moderator. As a result,
the ore displayed a depletion in 23U that was consumed by the chain reaction, and very peculiar
isotopic rare-earth abundances. In particular '*Sm (samarium) was strongly depleted, an effect
ascribed to thermal neutron absorption through the Ex = 0.0973 eV resonance in '4*Sm(n,y)'3°Sm.
As the neutron exposure time and energy distribution can be inferred from other rare-earth isotopic
compositions, the samarium isotopic ratios are sensitive to '**Sm(n,y)!>*Sm cross—section and
hence on the position of the resonance. If its energy can be related to ¢, and other constants, in a
manner similar as for '3’Re Qp, new constraints can be obtained (see [5] and references therein).

4. Conclusions

The baryonic density of the Universe as determined by the analysis of the Cosmic Microwave
Background anisotropies is in very good agreement with Standard Big—Bang Nucleosynthesis com-
pared to D primordial abundance deduced from cosmological cloud observations. However, it
disagrees with lithium observations in halo stars (Spite plateau). Presently, the most favored expla-
nation is lithium stellar depletion but investigations of other solutions continue. The ®Li abundance
observed in halo stars cannot be explained by Standard Big—Bang Nucleosynthesis.

However, we stress here the importance of sensitivity studies in nuclear astrophysics: even
in the simpler context of BBN without the complexity (e.g. mixing) of stellar nucleosynthesis, it
would have been very unlikely to predict the influence of the 'H(n,y)?H reaction on "Li nor of the
"Li(d,n)2*He reaction on CNO.

Nevertheless, primordial nucleosynthesis remains a invaluable tool for probing the physics of
the early Universe. When we look back in time, it is the ultimate process for which we a priori
know all the physics involved. Hence, departure from its predictions provide hints for new physics
or astrophysics. Important issues in cosmology are modified gravity and varying constants.

In this last domain, nuclear physics can help setting constraints on the variation of fundamental
constants over a wide range of cosmological time from BBN to near present.
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