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Why precision for BBN ?
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Number neutrinos
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Typical BBN energies

Nuclear reaction

+ = +
E = 13.6eV

H + � $ p
+ + e

�

Chemical reaction

+ = +
2.2MeV = 2220000eV

p + n $ D + �

+938.2 939.5 = 1875.5 + 2.2



Cosmic scaling
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Neutron abundances

Weak interactions

n + ⌫ $ p+ + e�
+ = +

If enough interactions, then statistical equilibrium

n = e�
E

kBT

Protons n = e�
938.2
kBT

Neutrons n = e�
939.5
kBT = e�

938.2
kBT e�

1.3
kBT



Evolution of neutrons
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Other reactions
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Nuclear Reactions

Tabulated nuclear rates (Alain Coc, Elisabeth Vangioni)
433 reactions + weak rates.

Reverse rates from detailed balance :

Yi ⌘
ni

ntot

Creation Destruction
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Precision BBN



Numerical Method  

1) Solve for plasma (and cosmology)

2) Compute weak rates with all small corrections

3) Solve nuclear network (uncertainty on nuclear rates)

This is valid because

1) Baryons are subdominant. 

2) Energy release by weak reactions is negligible.

3) Energy release by nuclear reactions is also negligible

t, a, T



Plasma thermodynamics

s =
⇢+ P

T
Conservation of Entropy

a(T ) $ T (a)

sa3 = Cte



Solve for cosmological evolution

⇢plasma = ⇢e+ + ⇢e� + ⇢�

⇢rad = ⇢neutrinos + ⇢plasma

✓
ȧ

a

◆2

=
8⇡G

3
⇢tot(T (a))

Allows to obtain a(t) and t(a)



QED Plasma effects

e+ + e� ! 2�Around 0.511MeV

However there are some residual e+ + e� ! ⌫ + ⌫̄

Incomplete decoupling of neutrinos



1) Born approximation 

2) Finite nucleon mass effects

3) Radiative corrections at T=0 (virtual photons)

4) True photons corrections (bremsstrahlung)

5) Finite temperature radiative corrections



En � Ep = �+ �Q

⌃ ⌘ �+ E⌫ � Ee

Born order Finite nucleon mass corrections

Same kind of expansion for the matrix element |M |2

�n!p = �̄n!p + ��n!p

�(En � Ep + E⌫ � Ee) = �(⌃) + �0(⌃)�Q+
1

2
�00(⌃)(�Q)2 + . . .



BORN approximation rates

n -> p

p -> n

H



Finite nucleon mass corrections



Radiative corrections



Radiative corrections



True photons



Finite Temperature corrections



True photons (bremsstrahlung)

Finite-temperature corrections

Total



Total corrections



Size of corrections
PRIMAT http://www2.iap.fr/users/pitrou/primat.htm

He-4 correction 1.85% Deuterium correction 1.49%



Thank you

PRIMAT
http://www2.iap.fr/users/pitrou/primat.htm
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