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Why precision for BBN ?
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Cosmology .
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Typical BBN energies

Chemical reaction

"'I' s = . + ‘
_|_

E =13.6eV
H 4+ v < p

Nuclear reaction

p + n < D + v

o - o - o O

2.2MeV = 2220000eV

938.2 + 939.5 = 1875.0 + 2.2



Scale factor

0.100 -

o
]
S
[y

Cosmic scaling

hc

10~

411Y

e

13000K, 0.0000006MeV

Temperature, Energy

3K, 0.0000000006MeV

13000000000K, o.6|v|e\{

| |
1074

I |
0.1

L | L L |
100 103

Time (years)

|
108



le
3

Number of

5

€ Beop

N
o

0

Boltzmann factor

Money

0 100 200

300

400




Neutron abundances

Weak interactions

® - 9 o= O

NS

n + vV < p+

If enough interactions, then statistical equilibrium

_ _F
n=e kBT
. 938.2
protons 1L = € *BT
_939.5
Neutrons 1 — e k*kB7T




& Evolution of neutrons
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Other reactions
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Detailed balance

At statistical equilibrium, the rates and reverse rates must be such that
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PRIMAT (PRImordial MATter)

http://lwww2.iap.fr/lusers/pitrou/primat.htm
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Precision BBN



Numerical Method

1) Solve for plasma (and cosmology) t, a, T
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



Plasma thermodynamics

2
S ff 47rpdp

B ff 47rp2dp
p = (27r)3
4 2d
P _ f f(p p Wp p
Conservation of Entropy ¢ — p+ L sa® = Cte

a(T) < T(a)




Solve for cosmological evolution

Pplasma = Pet T Pe— T Py

Prad — Pneutrinos =+ Pplasma

(é>2 = Sﬂ-GIOtot(T(a))

a 3

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




a(t) : Friedmann equation (GR)
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QED Plasma effects
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FIG. 5 Top : electron/positron self-energy. Bottom : electron/positron mass shift from interaction with plasma.
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FIG. 6 Left : photon self-energy. Right : photon mass shift from interaction with electron/positron plasma.

1) Modified pressure
2) Modified energy density



Incomplete decoupling of neutrinos

Around 0.511 MeV et +e~ — 27
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However there are some residual
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General expression of weak rates

n+v < p+e
n < p+e +Uv
n+e” & p+v
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Fermi-Dirac Property




Interaction Hamiltonian

G
HI TQJ“ Jpn L

T = costep (1 i) - g&x)

Axial current coupling Weak-M i
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Matrix element

M2
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BORN approximation method
A — mn T mp.

En — Ep=A+0Q1 +0Q2 + 0Q3
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BORN approximation : Dirac expansion

$(En — Ep+ aeEe +a,E,)

d’p,d°p.d°p,
Ml = / 24(27)8

$(E,—E,+a.E.+a,FE,) ~ )

M

"E,E.E,

fn(En)fo(cw

Eu)fe(aeEe)

Finite Nucleon mass corrections
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BORN approximation

Fn—}p - Fn—}p+e+rn+e—}p

K fo h p*dp[x-(E) + x+(—E)],

x+(E) = (EF)’9.(E])g(—E),
ET = EFA,
K = 4G%v(1+39f4)'
(2)3

Gw = GrVya
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Detailed balance

N, +3Hn, =
np, +3Hn, =

_nnrn—m + nprp—>n
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Detailed balance relation




Finite nucleon mass corrections

STEM — K f P2dp ™M (B, 94) + XM (=B, g.)]

TS5, = K /0 p’dp[xM (B, —ga) + X" (—E, —ga)],

. . . EF
X2 (By94) = eue—m9,(E)g(~E) = ér g, (B )g(~E)

~ . T 2
+(eu+ Enn) o (92O (ED(-E)Y - o (E)a(-B))

N

_ _ N T
+(érL + ¢rr + €LR) [% (954’2)(5‘3)9(—5') + Qﬁz’z)(Ef)g(—E)Pz)

+om— (98 (BF)a(=E) + 5 (EF )a(~ EW?)|

. - - ¥ My,
~(@us+ Ern+ 2u) - (1- 222 o (ED)o(-B)
P

+CLr |——9¢
mpy v

2 2T
WEFo(—E) + — P qBU(EFo(—E)+ P L B2(EF\g(—E
( V)g( )+ 3m‘f\,'Egu ( V)g( )+ 3m‘?\,'Egu ( V)g( )



Finite nucleon mass corrections
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Radiative corrections
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1T'rue photons




Finite Temperature corrections
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True photons (bremsstrahlung)

Finite-temperature corrections
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Paris, 2018 B

Size of corrections

PRIMAT http://wwwa2.iap.fr/users/pitrou/primat.htm

Corrections Yo  8Ye x 10" 8Yp/Yp(%) D/H x 10° A(D/H) (%) *He/H x 10° "Li/H x 10"
Born 0.24276 0 0 2.424 0 1.069 5.637
Born+1D 0.24289 1.2 0.05 2.433 0.37 1.070 5.615
Born+FM 0.24388 11.2 0.46 2.430 0.25 1.070 5.654
Born+FM-+-WM 0.24404 12.5 0.53 2.431 0.29 1.070 5.657
RCa |Eq. (B30), Non. Rel. Fermil 0.24586  31.0 1.27 2.441 0.70 1.071 5.684
RCbH [Eq (B35), Non. Rel. Fcrmi] 0.24589 31.3 1.29 2.441 0.70 1.071 5.685
RC [Eq. (BS:’J), Rel. Fermi] 0.24591 31.5 1.30 2.441 0.70 1.071 5.685
RC+QED-MS 0.24602 32.49 1.36 2.442 0.74 1.071 5.687
RC+QED-PI 0.24591 31.5 1.30 2.444 .52 1.072 5.677
RC+ID 0.24602 32.6 1.34 2.450 1.07 1.073 5.663
RC+ID+QED-PI 0.24602 32.6 1.34 2.453 1.19 1.073 5.655
RC+FM-WM 0.24720 44.4 1.83 2.448 0.99 1.072 5.704
RC+FM-WM+QED-MS 0.24733 45.7 1.88 2.449 1.03 1.073 5. 706
RC+FM-WM+QED-PI 0.24719 44.3 1.582 2.451 1.11 1.073 5.696
RC+FM-+-WM+ID 0.24725 449 1.85 2.457 1.36 1.074 5.681
RC+FM-WM+ThRC (.\'0 BS) 0.24751 47.5 1.96 2.450 1.07 1.073 5.709
RC+FM-WM+ThRC+-BS 0.24720 44.4 1.83 2,448 0.99 1.072 5. 704
RC+FM~WM+ThRC+BS+ID-~QED-P1(0.24724 448 | 1.85 | 2460 | 149 | 1.074 5.673

He-4 correction 1.85% Deuterium correction 1.49%
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