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Theory reasonably under control (per mille 
level for 4He (neutron lifetime), 1-2 % for 2H);

Increased precision in nuclear reaction cross 
sections at low energy (underground lab’s);

Ωbh2 measured by WMAP with high precision;

Decreasingly precise data (4He), 7Li not 
understood, 2H fixes Ωbh2  value in good 

agreement with CMB data. 

Sixty years after αβγ seminal paper           
( Alpher, Bethe & Gamow 1948)



SUMMARY

THEORY

DATA

RESULTS                                                                   
standard scenario                                     
exotic scenarios

Iocco et al, Phys Rept. 472, 1 (2009) 



THEORY
weak rate freeze out (1 MeV);
2H forms at T∼0.08 MeV;
nuclear chain;

Public numerical codes:Kawano, PArthENoPE
private numerical codes: many...

PArthENoPE 
Public Algorithm Evaluating Nucleosynthesis 

of Primordial Elements 



THEORYWeak rates:
radiative corrections O(α)
finite nucleon mass O(T/MN)
plasma effects O(αT/me)
neutrino decoupling O(GF

2 T3 mPl)

Main uncertainty: neutron lifetime
τn= 885.7 ± 0.8 sec (PDG)
τn=878.5  ± 0.8 sec (Serebrov et al  2005)

4He mass fraction YP  linearly increases 
with τn: 0.246 - 0.249
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Figure 2: The weak coupling constants gV and gA determined from neutron decay parameters, superallowed
0+ ! 0+ nuclear decay transitions, and CKM unitarity. The bands represent ±1 standard deviation uncer-
tainties. For the neutron decay parameters, the uncertainties are dominated by experimental uncertainties.
For the superallowed 0+ ! 0+ nuclear decays, the uncertainty is dominated by radiative correction cal-
culations. In addition to the recommended values of the PDG 2006 evaluation shown for neutron decay,
the PERKEO result [72] and the lifetime measurement of Serebrov et al. [73] are shown independently for
comparison.

e?ects arise. The measured lifetime is given by !!1
tot = !!1

n + !!1
loss and includes losses from the confinement

cavity as well as neutron decay. To isolate !loss, which is typically dominated by nonspecular processes in
the neutron interaction with the walls of the confinement vessel, one measures the lifetime in bottles with
di?erent surface-to-volume ratios and performs an extrapolation to an infinite volume (or equivalently zero
collision rate). These losses depend on the UCN energy spectrum, which can change during the storage
interval, so much work has been done to understand the spectrum evolution and loss mechanisms and to find
surface materials with lower loss probabilities. To address losses experimentally, one group simultaneously
measured the UCN storage time and the inelastically scattered neutrons [80], thus monitoring the primary
loss process. Because neutrons can also occupy unbound metastable orbits in the trap, it is necessary to
“clean” the phase space of the UCN to remove them so that the remaining losses are dominated by wall
interactions.

Accurate measurements using each of these independent methods are important for establishing the
reliability of the result for !n, particularly given a recent measurement that is significantly discrepant with
the world average from the PDG 2006 evaluation. Figure 3 shows a summary of measurements over the

10

Nico & Snow 2006

G.M. et al  2005

Neff
v=3.046



THEORYTHEORY
Nuclear rates:
main input from experiments
low energy range (102 KeV)
major improvement: underground 
measurements (e.g. LUNA at LNGS)

2H(p,γ)3He

LUNA

LUNA

Rupak

n(p,γ)2H

3He(α,γ)7Be
Weitzmann Inst.

ERNA:  S(0)=0.57±0.04 KeV b    Di Leva et al 2010
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Table 4
The most relevant reactions for BBN.
Symbol Reaction Symbol Reaction

R0 !n R8
3He(", # )7Be

R1 p(n, # )d R9
3H(", # )7Li

R2
2H(p, # )3He R10

7Be(n, p)7Li
R3

2H(d, n)3He R11
7Li(p, ")4He

R4
2H(d, p)3H R12

4He(d, # )6Li
R5

3He(n, p)3H R13
6Li(p, ")3He

R6
3H(d, n)4He R14

7Be(n, ")4He
R7

3He(d, p)4He R15
7Be(d, p)24He

Fig. 5. The most relevant reactions for BBN.

7Li production is direct rather than coming from 7Be synthesis. Also, if one is concerned with the traces of 6Li produced in
BBN, the reactions R12 : 4He(d, # )6Li, and R13 : 6Li(p, ")3He are relevant. Due to their larger uncertainties, even reactions as
R14 : 7Be(n, ")4He and perhaps R15 : 7Be(d, p)24He are important in the 7Li error budget determination. All these reactions
are summarized in Table 4 and Fig. 5. Both leading and sub-leading reactions of some interest have been discussed e.g. in
[18], which we mostly follow here. Other compilations can be found in [81–83].

These reactions are not only important to understand the nuclear physics of the BBN, but also to assess an error budget for
its theoretical predictions. The first ‘‘modern’’ papers addressing these issues are [84,80]. For example, in [80], the authors
performed a systematic analysis of the nuclear network in BBN, as it had been implemented in the first publicly released
code [26],with the – at the time–new rates compiled in [85]. For the range of$ allowed at the time, they identified the twelve
leading reactions reported in Table 4. A detailed study of their rates and uncertainties led to a new code [35], implementing
an updated nuclear network.

Inferring theuncertainties on the light elements yields is conceptually a three-stepprocess. First, onehas to determine the
uncertainties on the cross-sections %i(E) (as functions of energy) measured in the Lab or theoretically predicted. Since a first
principle computation is virtually impossible for almost all processes, onehas to rely on some formof theoreticallymotivated
fitting formulae and interpolate between and extrapolate beyond the data. Indeed, the reactions in the early universe happen
in a thermal plasma, so the relevant nuclear input are the temperature-dependent rates given by the convolution of the
cross-sections with the Maxwell–Boltzmann distribution of nuclides, i.e. !%v" # T$3/2

! %
0 dE % (E) E exp($E/T ). These

can be approximated with analytical formulae in some simple hypotheses for the functional form of % (E). Although no
modern compilation relies on such approximations, they are often used to suggest a fitting formula for the numerical
integration results. Anyway, it is the uncertainties on these rates that ultimately propagate onto the final errors on the
nuclides. The formalism/machinery to treat this problem can be found in classical papers (as [80]), textbooks [86,87] and
has also been reported in several compilations of the last decade [81–83,18], so we do not repeat it here.Wewant to remark,
however, that: (a) In the last decade, in particular following [81], a world-wide effort in obtaining new measurements
at low energy for several important reactions involving light nuclei has been undergone; (b) in several cases, especially
when new measurements have become available, the different experimental data sets do not seem to agree within the
quoted uncertainties. In this situation, it is a tricky business to assess uncertainties in a statistically meaningful way, unless
one has reason to believe that some of the datasets are affected by unaccounted systematics and decides for example
to dismiss the older measurements. Here we follow the prescription illustrated in [18] and motivated on the basis of
the arguments presented in [88]. While in agreement with the error estimates given in other compilations [82,83] when
statistical errors dominate, we warn the reader that our procedure tends to produce smaller errors than other compilations
when discrepancies among datasets exist.

An additional technical aspect arises in the way uncertainties are accounted for in the BBN calculations. A lot of attention
has been paid in the last two decades to this problem. Onemay adoptMonte Carlo simulations directly, with various degrees



Observations in systems negligibly 
contaminated by stellar evolution (e.g. 
high redshift);

Careful account for galactic chemical 
evolution.

DATA

The quest for primordiality
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DATA
He recombination lines in ionized HII 
regions in BCG & regression to zero 
metallicity.
Small statistical error but
large systematics
Recent analyses:
Izotov & Thuan 2010
Aver, Olive & Skillmann 2010



DATA
Main sources of systematics:
i)   interstellar reddening
ii)  temperature of clouds
iii) electron density
Possible developments: using 
more H lines

– 32 –

Fig. 10.— Monte Carlo plots (1000 points) of density, temperature, and neutral hydrogen
fraction for NGC 346. The strong correlation between the three parameters demonstrates
the di!culty in solving for them independently.

Aver et al 2010



DATA
4He from CMB?

4He recombines before photon decoupling
ne∝(1-Yp) Ωbh2

More meaningful: use Yp(Ωbh2) from BBN 
and not as a free parameter in CMB analysis

WMAP-7



Wrong 4He can bias parameter estimation

Using BBN in cosmological parameter extraction from CMB 7

 0.0215  0.022  0.0225

!b
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Figure 1. Marginalised posterior probabilities for the parameters of the minimal
model. The dashed purple curves correspond to the case where Yp is fixed to an
“incorrect” value of 0.24, the red curves have Yp as a free parameter and the thick
black curves correspond to the case with a standard BBN prior.

i.e., the error is dominated by the theoretical uncertainty in the prediction of Y BBN
p

(see table 3). Essentially, the precise determination of the baryon density from planck

data will also nail down the Helium fraction. This should not be surprising, given that

Y BBN
p is relatively flat in the direction of !b. Consequently, the expected errors on

the cosmological parameters hardly di!er from the results of an analysis with fixed Yp,

while the errors on the spectral index, the normalisation, the Hubble parameter and

the baryon density are up to a factor two smaller than in the case with Yp as a free
parameter.

2.2.2. Extended model Allowing "N to vary in the extended model slightly weakens

the constraining power of the standard BBN consistency relation. Since Y BBN
p is

somewhat steeper in the direction of "N , the Helium fraction will be allowed to vary

over a wider range of values. Still, as we can see from figure 3, the error on Yp is still

significantly improved (the width of the 68% credible interval is 4.1! 10!3 if we impose

standard BBN, while for a free Yp it is larger by a factor of seven).

By adding f! and "N to the free parameters of the model, we naturally introduce

Yp=0.24
Yp free
Yp(Ωbh2) from BBN

Ichikawa & Takahashi 2006
Hamann, G.M. & Lesgourgues 2008

DATA



DATA
2H measures baryon fraction. 
Quite good agreement  with 
WMAP determination:
         
          Ωbh2 = 0.0226± 0.0005

Observations: absorption 
lines in clouds of light from 
high redshift  background 
QSO 



DATA

Iocco et al 2009

2H/H(10 -5)= 2.87 ± 0.22 



DATA
3He
observed on Earth (nuclear weapons)
observed in the Solar System (Sun): 2H            3He
observed in the ISM  3He/H= 0.1
observed in planetary nebulae and  HII regions 
outside the solar system (3He+ spin flip 3.46 cm 
wavelength band)



DATA

3He/H<(1.1±0.2) 10-5

No clear evidence for dependence upon metallicity

Bania et al 2002



DATA
7Li (and 6Li) still a puzzle.
Spite plateau in metal poor 
dwarfs and GGC questioned



DATA[7Li/H ]= 12 + log10(7Li/H)

(Bonifacio et al. 97)  [7Li/H ] = 2.24 ± 0.01
(Ryan et al. 99, 00)   	 [7Li/H ] = 2.09 + 0.19

- 0.13

(Bonifacio et al. 02)  [7Li/H ] = 2.34 ± 0.06
(Melendez et al. 04)  [7Li/H ] = 2.37  ± 0.05
(Charbonnel et al. 05) [7Li/H ] = 2.21  ± 0.09
(Asplund et al. 06)    [7Li/H ] = 2.095 ± 0.055
(Korn et al. 06)         [7Li/H ] = 2.54  ± 0.10

A factor 2 or more below BBN prediction, trusting 
2H+WMAP baryon density and 3He upper bound



Nuclear rates under control 
(3He(α,γ)7Be & 7Be (d,p)2 α)

Systematics in measurements?

Non standard BBN (catalyzed 
BBN)? (see Prof. Jedamzik talk)

Observed values NOT primordial

DATA



RESULTS
Standard scenario



RESULTS

Iocco et al 2009

F. Iocco et al. / Physics Reports 472 (2009) 1–76 27

Fig. 10. Values of the primordial abundances as a function of !10, calculated for "Neff = 0. The hatched blue bands represent the experimental
determination with 1!# statistical errors on Yp , 2H , and 7Li, while the red band is the upper bound obtained in Ref. [148]. Note that for a high value of !10
all 7Li comes from 7Be radioactive decay via electron capture. The vertical green band represents the WMAP 5-year result $Bh2 = 0.02273± 0.00062 [8].

To get confidence intervals for !, one constructs a likelihood function

L(!) " exp
!
!%2(!)/2

"
, (77)

with

%2(!) =
#

ij

[Xi(!) ! Xobs
i ]Wij(!)[Xj(!) ! Xobs

j ]. (78)

The proportionality constant can be obtained by requiring normalization to unity, andWij(!) denotes the inverse covariance
matrix,

Wij(!) = [# 2
ij + # 2

i,exp&ij + # 2
ij,other ]!1, (79)

where #ij and #i,exp represent the nuclear rate uncertainties and experimental uncertainties of nuclide abundance Xi,
respectively (we use the nuclear rate uncertainties as in Ref. [18]), while by # 2

ij,other we denote the propagated squared error
matrix due to all other input parameter uncertainties ('n, GN, etc.). We use the following values for the experimental yields
of 2H and 4He (see previous section):

2H/H =
!
2.87+0.22

!0.21
"
# 10!5, Yp = 0.250 ± 0.003. (80)

We first consider 2H abundance alone, to illustrate the role of deuterium as an excellent baryometer. In this case the
best fit values found are $Bh2 = 0.021 ± 0.001 (!10 = 5.7 ± 0.3) at 68% C.L., and $Bh2 = 0.021 ± 0.002 at 95% C.L..
A similar analysis can be performed using 4He. In this case we get $Bh2 = 0.028+0.011

!0.007 (!10 = 7.6+3.0
!1.9)

9 at 68% C.L., and
$Bh2 = 0.028+0.024

!0.012 at 95% C.L.. Fig. 11 shows, as from our discussion in the previous section, that the determination
of $Bh2 is mainly dominated by deuterium. In any case, the result is compatible at 2-# with the WMAP 5-year result
$Bh2 = 0.02273 ± 0.00062 [8]. The slight disagreement might have some impact on the determination from CMB
anisotropies of the primordial scalar perturbation spectral index ns, as noticed in [116], where the BBN determination of
$Bh2 from deuterium is used as a prior in the analysis of the five year data of WMAP.

In Table 11 we report the values of relevant abundances for some different baryon densities, evaluated using
PArthENoPE [93]. Notice the very low prediction for 6Li (see discussion in Section 4) and that, for these values of baryon
density, almost all 7Li is produced by 7Be via its eventual electron capture process.

If one relaxes the hypothesis of a standard number of relativistic degrees of freedom, it is possible to obtain bounds on
the largest (or smallest) amount of radiation present at the BBN epoch, in the form of decoupled relativistic particles, or non-
standard features of active neutrinos (but see our previous discussion in Section 3.2). Fig. 12 displays the contour plots 68%
and 95% C.L. of the total likelihood function, in the plane ($Bh2, Neff). After marginalization one gets $Bh2 = 0.021± 0.001
and Neff = 3.18+0.22

!0.21 at 68% C.L., and $Bh2 = 0.021 ± 0.002 and Neff = 3.18+0.44
!0.41 at 95% C.L.. Hence the global analysis

results to be compatible with Neff = 3.046 and $Bh2 = 0.02273 found by WMAP at 1-# level (see Fig. 12).

9 Note that !10 reported in this section is conventionally defined, according to PArthENoPE, as !10 $ 273.49$Bh2 which is slightly different from the
definition of Eq. (9), but simply connected to it.



RESULTS
Determinations of Ωbh2:
2H:             0.021± 0.001
4He:          0.028± 0.010
WMAP-7: 0.0226± 0.0005

Picture fully consistent at slightly more than 1 σ

2H

4He

Iocco et al 2009

WMAP-7



RESULTS
Exotic scenarios



RESULTS
Room for extra light particles?

4He grows 
with Neff

v

Steigman 2008
1995 2000 2005 2010 2015
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RESULTS 5

Fig. 1.— Linear regressions of the helium mass fraction Y vs. oxygen abundance for H ii regions in the HeBCD sample. The Y s are
derived with the He i emissivities from Porter et al. (2005). The electron temperature Te(He+) is varied in the range (0.95 – 1)!Te(O iii).
The oxygen abundance is derived adopting an electron temperature equal to Te(He+) in a) and to Te(O iii) in b).

Fig. 2.— a) Joint fits to the baryon-to-photon number ratio, !10, and the equivalent number of light neutrino species N! , using a "2

analysis with the code developed by Fiorentini et al. (1998). and Lisi et al. (1999). The value of the primordial He abundance has been
set to Yp = 0.2565 (this paper), that of (D/H)p is taken from Pettini et al. (2008) and that of (7Li/H)p from 5yr WMAP measurements
Dunkley et al. (2009). A neutron lifetime #n = 885.4 ± 0.9s from Arzumanov et al. (2000) has been adopted. Thin and thick solid lines
represent respectively 1$ and 2$ deviations. The experimental value N! = 2.993 (Caso et al. 1998) is shown by the dashed line. b) The
same as in (a), but with a neutron lifetime #n = 878.5 ± 0.8s (Serebrov et al. 2005, 2008).

Steigman, G. 2006, Int. J. Mod. Phys. E, 15, 1
Steigman, G. 2007, Annual Review of Nuclear and Particle

Science, 57, 463

Whitford, A. E. 1958, AJ, 63, 201

2 σ claim ! (Izotov & Thuan 2010)



RESULTS
The Lepton number of the Universe

Neutrino chemical potentials change the expansion 
rate parameter H (larger v energy density);
ve chemical potential changes the n-p chemical 
equilibrium (weak rates);
v’s oscillates in flavor space: before BBN ve, vμ & vτ  
share the same chemical potential.

Dolgov et al 2002

iρ’=[Ω,ρ] + C Ω=M2/2p + √2 GF(-8p/mW
2  E + ρ-ρ)

Kang & Steigman 1992



RESULTSDolgov et al 2002
Iocco et al 2009



RESULTS
However... v decouple from the thermal bath, 

and scatterings & pair processes 
may be inefficient to re-adjust their 
distribution. 
Not a perfect FD (in general)!



RESULTS

We must follow v distribution through BBN dynamics



RESULTS

!0.3 !0.2 !0.1 0.0 0.1 0.2 0.3

!0.4

!0.2

0.0

0.2

0.4

L"
tot

L
" ein
it

!0.3 !0.2 !0.1 0.0 0.1 0.2 0.3

!0.4

!0.2

0.0

0.2

0.4

L"
tot

L
" ein
it

θ13=0 θ13≠0

!0.10 !0.05 0.00 0.05 0.10

!0.010

!0.005

0.000

0.005

0.010

L"x
fin
!L"e

fin

L
" efi
n

!0.10 !0.05 0.00 0.05 0.10

!0.010

!0.005

0.000

0.005

0.010

L"x
fin
!L"e

fin

L
" efi
n

G.M. et al, in preparation



RESULTS

G.M. et al, in preparation



RESULTSSterile neutrinos
Change the value of Neff

v;
production after active v decoupling change n/p ratio;
asymmetry too.

34 F. Iocco et al. / Physics Reports 472 (2009) 1–76

Fig. 14. The allowed LSND region at 99% C.L. (yellow/light shaded area) compared to the cosmological bounds from BBN and LSS in the presence of
primordial asymmetries. The darker shaded area is already excluded at 99% C.L. by other experiments. The regions below and to the left of the thin lines
are allowed by BBN because they correspond to Yp ! 0.258. The regions below and to the left of the thick lines are allowed by LSS because they correspond
to !"h2 ! 0.8 10"2. From [138].

leave both active and sterile neutrinos with a highly nonthermal spectrum for some choices of neutrino parameters and
energies. This however requires larger initial asymmetries, #" ! 0.01 [295,296].

An interesting aspect implicitly omitted above is that, even if the neutrino asymmetry is vanishingly small before the
onset of the active-sterile oscillations, a large " " "̄ asymmetry (up to # # 0.1) might be dynamically generated in the
active neutrino sector (and compensated by an opposite one in the sterile sector) via a resonant matter effect. This scenario
requires quite special choices of the parameters: the mixing must be sufficiently small, sin2 2$s " 10"4, |%m2

i | < 0 for
some i, and |%m2

i | sin4 2$s " few$ 10"9 eV2. For a review we address to [42] and reference therein (see also [292] for some
more details). Perhapsmore general is the following consideration, which is often overlooked in the literature: once a sterile
neutrino is introduced, at least two additional CP-violating phases are naturally introduced in the neutrino mixing matrix.
The vacuum oscillation probability between an active and the sterile state are naturally CP-violating, even when $13 % 0
and no CP violation happens in the active–active oscillations. One might generate a flavor-dependent lepton-asymmetry as
large as O(sin2 2$s) – which in a large part of the allowed parameter space is much bigger than #B – without resonances.

Finally, some BBN constraint also arises for moremassive sterile neutrino states, in the keV–MeV range, by requiring that
the energy density stored in the sterile states populated via mixing does not exceed e.g.&Neff = 1. As reviewed in [297], the
bounds are not very competitive compared with others. For significantly heavier states, the most interesting bounds may
come from cascades and dissociation of light elements from the sterile neutrino decays, which we address in Section 9.

7. Inhomogeneous nucleosynthesis

In the standard scenario of nucleosynthesis all constituents are homogeneously and isotropically distributed, in
accordance with the hypothesis of a FLRW universe. Anisotropic models, studied as early as in the 60’s, or models with
adiabatic fluctuations in the radiation energy density may affect nucleosynthesis essentially via a variation in the expansion
rate. The emergence of a concordance cosmology model, supported by CMB and LSS data essentially confirm observationally
that, apart from small initial adiabatic fluctuations (#10"5) as seed of structure formation, no significant departure from
the homogeneity or isotropy is required. The logical possibility that large fluctuations existed at the horizon scales at BBN
epoch (size of the order of 10"6 deg. in the CMB) is not well motivated either in the favored inflationary scenario to generate
the perturbations. Thus, this line of research has faded away in the last decade: we address the reader to [9] for a historical
overview. However, it is perfectly consistent with the present cosmological scenario to speculate on a varying baryon to
photon and neutron to proton ratio on small scales. These isothermal (or isocurvature) fluctuations may alter BBN in a
non-trivial way, and these scenarios are known as inhomogeneous BBN (IBBN) models. Till the 90’s, the interest in IBBN
was due to two aspects: (i) several theories can lead to inhomogeneous distributions of neutrons and protons at the time
of nucleosynthesis: a first order quark-hadron phase transition [298–300,9], the CP violating interaction of particles with
the bubble enucleated in the electroweak phase transition [301–304], the phase transition involving inflation-generated
isocurvature fluctuations [305] or kaon condensation phase [306]; (ii) therewas some hope that IBBN scenarioswith!B & 1
– thus consistent with a flat, matter dominated universe, or at least an open universe without non-baryonic dark matter –

Chuzoy & Shapiro 2006



RESULTS
Variation of fundamental “constants”
An old idea, Dirac 1937.
Problems:
i) too many “constants”;
ii) no unique theoretical framework.



RESULTS
An example : α & BBN

Change the n/p mass difference and 
thus the n-p chemical equilibrium: 
Change the charged nuclide interaction 
rates (Coulomb barrier):

σ(E)= S(E) exp(-2π η)/E



Nollet et al 2002

Typical bounds from BBN at the level of %
7Li problem unsolved (unless one considers 

less radiation too, Neff
v < 3 )



RESULTSBounds on various parameters
Iocco et al 2009



RESULTS

Fisher matrix analysis 
using response matrix of 
Dent et al 2007

Martins et al 2010: CMB+BBN

Degeneracies

λG=(GN/G0
N)1/2



Conclusions
BBN theory quite accurate, at % level (or 
better) for main nuclides;

Problem: systematics in 4He measurements;

Lithium still puzzling ;

new observational strategies ! 

BBN + CMB (PLANCK): a tool to constrain 
new physics.


