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1. Very light elements : primordial Universe

2. Some light elements : spallation from cosmic rays

3. Heavy elements : stars and star explosions 

75% Hydrogen 24% Helium

Origin of elements



+
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1. Stellar nucleosynthesis : there are no neutrons…

+ =

2.  Primordial nucleosynthesis : there was plenty of neutrons ! 

2.2 MeV

When does it happen ? How many neutrons were available ? 

Why primordial synthesis ?
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Outline :

1) Cosmology and plasma reheating

2) Weak interactions

3) Nuclear reactions

4) Observational constraints
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• FL metric

Gµ⌫ = 8⇡G Tµ⌫
<latexit sha1_base64="E+xS4pXGkekXMq8L6ge9S9Rbx74="></latexit>

H
2 =

✓
ȧ
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<latexit sha1_base64="BeJnJPKypCn3tEmUDjoNx7JhW/E="></latexit>

rµT
µ⌫ = 0

<latexit sha1_base64="BrhYv7oB50Y8jz6baPmIHP8I7CI="></latexit>

⇢̇+ 3H(⇢+ P ) = 0
<latexit sha1_base64="p9V2TGCm5Iv5g4fBeBEs5FeOEB4="></latexit>

• Einstein Field equations

• Friedmann equation

• Conservation equation

(perfect fluid)

Summary of cosmology
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Scaling of radiation and cold matter

P ⌧ ⇢
<latexit sha1_base64="QaI4o/dAlmlcW5uhuYjyhFjUBSQ="></latexit>

⇢̇+ 3H⇢ = 0 ) ⇢ = ⇢0/a
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<latexit sha1_base64="I18Div08zPWReA/GDiPcH5kdaho="></latexit>

1. Cold matter

⇢̇+ 4H⇢ = 0 ) ⇢ = ⇢0/a
4

<latexit sha1_base64="ix2FwSpCeVGBg/xf0UejkN52zzg="></latexit>

P = ⇢/3
<latexit sha1_base64="Od5SLwbImQg3xug1Q7NuI2KtTmE="></latexit>

2.   Radiation (relativistic matter)
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Friedmann equation in radiation era

H 2 =
!
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" rad
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Radiation dominated universe

a ! t1/ 2 ! rad ! T4 ! a! 4

T2 ! 1/t

todaytoday



The MeV scale 
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<latexit sha1_base64="3Vq+0SyEQILVqoKXrYd79lya1Hc="></latexit>

1 MeV = 11.6 GK
<latexit sha1_base64="+W8pjpbBAbB1n/zq4eklWPZYP1s="></latexit>

1 eV = 11600 K

3000 K



pµ ! µ p! = 0
<latexit sha1_base64="ML2A3EKfuoAtpqK1h1+0uh1u6Ig="></latexit>

• Geodesic equation

Individual particles

• Redshifting of momenta

úE + HE = 0
<latexit sha1_base64="XuaPVu0w3LXijUhz/XNQFM4AmM0="></latexit>

! E =
E0

a
<latexit sha1_base64="zyH/RwJYEv0k5q8o/P/792aypUs="></latexit>

For massless particles 

! p = p0/a
<latexit sha1_base64="xSTQB54UWmkeKYKreb94UyhWApE="></latexit>

E 2 = p2 + m2
<latexit sha1_base64="y2wBh7aAmBDBc0dRy/wOqVxsl2k="></latexit>

úp + Hp = 0
<latexit sha1_base64="oHETCGaGDnCbhE0xIuAwjROUur0="></latexit>

• Energy momentum relation

<latexit sha1_base64="4FxIcHcbzvvcKiIxLwQpFdUJ42I="></latexit>

E = p
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Set of particles

• Liouville equation L[f ] = C[f ]
<latexit sha1_base64="6KKlmbOPophAYZNl12XhraqoK0Y="></latexit>

f (t, x i , pµ )
<latexit sha1_base64="uoVqHimcttSRf5vF6dsgwAxEUmM="></latexit>

• Distribution function f (t, E )
<latexit sha1_base64="gYD1DclKlRv9KPhEdWl0fYxdGo4="></latexit>

!"#"$%&%'()
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L [f ] = ! t f + úxi ! x i f + úpi ! pi f
<latexit sha1_base64="zSmqWQ/wuxI7tM1IH2k+mNy7wuE="></latexit>

ansatz f (t, E ) = g(E/T (t))
<latexit sha1_base64="sFQQqqLio7Rd9iiKkF2X783/1yY="></latexit>

úT + HT = 0
<latexit sha1_base64="Vw8ePmmQ6CfzNMzcu8GDbIma2Rw="></latexit>

T =
T0

a
<latexit sha1_base64="AILmFYMmGOX1hbF9H/mJNL01ht8="></latexit>

L [f ] = 0
<latexit sha1_base64="yIdSKXqmd9oM06RAmOvAlDikfXQ="></latexit>

If C=0 (and relativistic) :
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<latexit sha1_base64="E/y11nuFtoPZYnLbduCV48VMnjU="></latexit>

L [f ] = ! t f + úp! pf



Fluid description vs kinetic theory

g is spin degrees of freedom (2s+1)

Isotropy in phase space
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These integrals on L[f] = C[f]

• Number density evolution :

Particular case of number density dilution :

• Energy density evolution :

Particular case of relativistic species without interactions ú! + 4H ! = 0
<latexit sha1_base64="avhU7bEsxNVKIWm1+CG8Sn1rHko="></latexit>

Particle source

Energy source

16



Statistical equilibrium distributions

• Early universe relativistic particles : ! , e± , " ! , ø" !
<latexit sha1_base64="Cb6KxEDxtHACA4RYzV3OwXkODsI="></latexit>

Fermi-DiracBose-Einstein

g(E) =
1

eE/T ! 1
<latexit sha1_base64="Q3G1+vAKwtzIRgRYlVfMmGerrP4="></latexit>

g(E ) =
1

e(E ! µ ) /T + 1
<latexit sha1_base64="fqjpk6f5sMc5GlAQW1siBPHXkTo="></latexit>

1. Relativistic regime  T>>m

n =
gT3

2! 2

!
2" (3) if bosons
3" (3)/ 2 if fermions

<latexit sha1_base64="+pc9RbIna7pzDriZ1IKUKKLpjno="></latexit>

P = ! / 3
<latexit sha1_base64="Od5SLwbImQg3xug1Q7NuI2KtTmE="></latexit>

2.  Non-relativistic regime  T<<m

n = g
!

mT
2!

" 3/ 2

e(µ ! m ) /T

<latexit sha1_base64="JE2S+ALaxLsLHCcQZOGvFXquS/M="></latexit>

! = ( m + 3T/ 2)n
<latexit sha1_base64="r5L3n5r9ihWmSh/p7MUkDLnTAmw="></latexit>! =

gT4

2" 2

" 4
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!
1 if bosons
7/ 8 if fermions

<latexit sha1_base64="CVFKRJWi2mrQsgAzj2WCD6GEx4c="></latexit>

Statistical equilibrium enforced by strong collision term !
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QED reactions :

! + e± ! ! + e±
<latexit sha1_base64="2ym2l+RmR+P8PWwpsQUkIVf/iQQ="></latexit>

• Momentum exchange :

• Annihilations

! + ! ! e± + e!
<latexit sha1_base64="Ym+e5TlYcW39zyx34DTjtedr/oI="></latexit>

ú! e± + 3H (! e± + Pe± ) = úqe±
<latexit sha1_base64="503zBvMlHmSUoN/4WBosLLchOEo="></latexit>

Collisions

ú! ! + 4H (! ! ) = úq!
<latexit sha1_base64="YxqBWMnVu3CkenvM+lFhWPP+Zh4="></latexit>
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Temperature evolution, !"#$%&'(

úq! + úqe± = 0
<latexit sha1_base64="E3FgE9iCT+oSrQmT28X8AsXdR0E="></latexit>

ú! e± + ú! ! + 3H (! e± + Pe± ) + 4 H ! ! = 0
<latexit sha1_base64="MGsPYPykg3i4nDjJ2figYLsYEAc="></latexit>

ú! = úT d! (T)/dT
<latexit sha1_base64="XkW7RnsKJHnFATX7dRU0RQUrD18="></latexit>

1. Using that thermodynamic quantities are functions of temperature only

H =
d ln a

dt
<latexit sha1_base64="R/tn123WiouH1qUTEoH90SR2lZ8="></latexit>

2.  Trading time for scale factor with :

d ln T
d ln a

= !
3[! e± (T) + Pe± (T)] + 4 ! ! (T)

T[! !
e± (T) + ! !

! (T)]
<latexit sha1_base64="N7SCKyOGeNN+HRYu7Ga39GCjiwQ="></latexit>
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d ln T
d ln a

= ! 1
<latexit sha1_base64="Vjgtzqhjk2Css//45+ae8arQAnY="></latexit>

T ! 1/a
<latexit sha1_base64="TKdcmA44oK8VjyUZiVqXIrMDDck="></latexit>
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Thermodynamics 101

• Continuity equation

• Thermodynamic identity

<latexit sha1_base64="Lr2BrNmwSdsC782uagxtndmRgA4="></latexit>

d(! a3) = ! Pda3 + "qa3 <latexit sha1_base64="eIziMF0Kx6X14xhToNDKueHei24="></latexit>

dU = ! PdV + ! Q

<latexit sha1_base64="vnoUNkKIGYdPFmcbtPdk1pG5JGU="></latexit>

dU = TdS ! PdV + µdN
<latexit sha1_base64="ixqmB7mGATAKRBUbCznrMO2EJ5g="></latexit>

d(! a3) = Td(sa3) ! Pd(a3) + µd(na3)

• Entropy evolution
<latexit sha1_base64="Pz3SEQhE3fOd8sAjcD2ZJYO0rfo="></latexit>

Td(sa3) = ! µd(na3) + ! qa3

Reheating, !"#$%&'(  (entropy conservation)

• If no heating, and negligible chemical potential, 
      then, rhs is 0 and we get entropy conservation : 

sa3 = Cte
<latexit sha1_base64="bJ3DpnV5nP8BXIcUcXL0e6KuKkw="></latexit>
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Thermodynamics 102

• Gibbs free energy

• Entropy

<latexit sha1_base64="DToAi3YtTvlNN9qoeOCSGrrK/mA="></latexit>

G = U + PV ! T S
<latexit sha1_base64="dqLoBm32JBgfpUDmp7obmdtr7no="></latexit>

dG = ! SdT + VdP + µdN

<latexit sha1_base64="gpBlCONkcfLRBstxFGDP5CmgVe0="></latexit>

S =
U + PV ! µN

T

<latexit sha1_base64="c2d6GiTe2+M78qhEUqX1cgh6L1M="></latexit>

s =
! + P ! µn

T

Entropy computation

<latexit sha1_base64="X0t7UbP7jNinDB8oZiy8h0tO63U="></latexit>

G = µ(T, P)N

• If negligible chemical potential and relativistic

<latexit sha1_base64="BgIUy0fSojAa+M//hL9jfDqBius="></latexit>

s =
4
3

!
T

<latexit sha1_base64="XTTLEZrQeeSNV0+w1l1jBaSekj4="></latexit>

spl =
!

i = ! ,e+ ,e!

si
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<latexit sha1_base64="/FX+7YkoNGgR6XQIviTahqheaLw="></latexit>

gearly = 2 + 2 ! 2 !
7
8Early

e±
<latexit sha1_base64="LYH9AqCrlGpcTUq9ajNafjqiDqY="></latexit>

Today
photon helicities

<latexit sha1_base64="nQ04gGwcnfaGey73Ad3/kEHl1hM="></latexit>

T 0
!

Tearly
!

=
aearly

a0

<latexit sha1_base64="5vx/S+w7LXOBbcI46jh/CMhffTU="></latexit>

T 0
pl

Tearly
pl

=
!

gearly

g0

" 1/ 3 aearly

a0
=

!
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4

" 1/ 3 aearly

a0

spins

fermions
<latexit sha1_base64="71whBoyK49TBA+BmCM8lhv02OSE="></latexit>

g0 = 2

<latexit sha1_base64="WSePpWwa+Cg15yOCDBdCyL3Ltqo="></latexit>

spl = g
2! 2

45
T3

!
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Entropy dof

<latexit sha1_base64="IavakklsWh1vyJpLQ1EsbVoLJkE="></latexit>

! rad = ! !

!

1 + 3 !
7
8

"
4
11

# 4/ 3
$



Ne! = 3 .0440
<latexit sha1_base64="DWb3jEnMqWAtboA0zFE19hdSaLI="></latexit>

e!
<latexit sha1_base64="CEaw6Ch9UA61ZKUTUPS/cyWHvvI="></latexit>

e+
<latexit sha1_base64="ytyqUv4E/axb0yl3aVGOwFWSL24="></latexit>

!
<latexit sha1_base64="c2Q/HDj/+YZXKEDGALe5g0eNymI="></latexit> ø!

<latexit sha1_base64="q1a/zh1mYOEEH3mjxpsgKTNm27Q="></latexit>

W
<latexit sha1_base64="S0KGeh9Lw3XTgVEjmG6+fiRiJ1M="></latexit>

definition

! Exaggerated !
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Outline :

1) Cosmology and plasma reheating

2) Weak interactions

3) Nuclear reactions

4) Observational constraints
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When computing time, scale factor, and plasma temperature, we can ignore baryons
But we must look into baryon abundance for the nucleosynthesis.

How many protons and neutrons are available ?
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Statistical physics oversimplified
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1) Give 100 EUR to N persons

2) Let them exchange freely

3) Look at the results
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Boltzmann factor
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Weak interactions

• If enough interactions, then statistical equilibrium

n = e! E
k B T

Protons

Neutrons

Baryons are non-relativistic : E ! m
<latexit sha1_base64="g0Yabz0GAgCz07eyPXf9o5N7pmc="></latexit>

np = e! m p /T
<latexit sha1_base64="c4CZE395qYC7W9TADVAwNS5yA0Q="></latexit>

nn = e! m n /T = npe! (m n ! m p ) /T
<latexit sha1_base64="YzTg9KFrvfKwBaJp6t+YZsm9RGQ="></latexit>

mp = 938.2 MeV
<latexit sha1_base64="P+7t/QMii+qMwP7rNhhw1nDcilM="></latexit>

mn = mp + 1 .3 MeV
<latexit sha1_base64="wJwqTPgqmHSczYqIpbbSiqQNOKI="></latexit>



Evolution of neutron fraction

1MeV
0.1MeV

10MeV
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<latexit sha1_base64="UKPnHc7XNzECcK4y3/yrSvB4huE="></latexit>

X n =
nn

nn + np



General expression of weak rates

Fermi-Dirac property

! i = 1
<latexit sha1_base64="ocNDMV2gZk2LrRIDDGn+erosBNw="></latexit>

if initial particle

! i = ! 1
<latexit sha1_base64="c2eaDJMmQ4rDIktDGajsoyoqYrU="></latexit>

if final particle

isotropy

! "!#$%&! '("$)#*+,%-"$

Weak interaction Matrix element



Interaction Hamiltonian

Axial current couplingCKM angle

<latexit sha1_base64="/14YhqhDPgs8T/5wd+Vl6RFSiGA="></latexit>

J µ
pn = Vud øp! µ (1 ! gA ! 5)n



Matrix element



BORN approximation method

Nucleon recoil corrections 



BORN approximation : Dirac expansion

Born order Finite nucleon mass corrections

Born order Corrections



BORN approximation

<latexit sha1_base64="/LaqZhLsGArpZkHOhvRteTBQBLc="></latexit>

! n ! p = K
! "

0
p2dp[! (E ) + ! (! E )]

<latexit sha1_base64="iEYOXEEOo+0kFt0qVkAGH/arhEQ="></latexit>

! (E ) = E 2
! g! (E! )g(! E )

<latexit sha1_base64="z1kHZd7VmZTlu9du/c5za6wRPzQ="></latexit>

E! = E ! !

Product of Fermi-Dirac distributions

Neutrino energy

Preconstant
<latexit sha1_base64="p5x6H74tbQRJoxcDuUydPTrZhBU="></latexit>

K =
4G2

F V 2
ud (1 + 3g2

A )
(2! )3



Neutron lifetime strikes again !

Instead of using the measured values of V!"  and g# , we use neutron lifetime

! 0 ! 1.75474
<latexit sha1_base64="ovZldnGJAUT96xo39a5Dz33iZcE="></latexit>
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! n = 878.4 ± 0.5 s



BORN approximation rates vs Hubble rate

n -> p

p -> n

Hubble rate



Equilibrium abundances

= 0

=
nn

np
<latexit sha1_base64="Dwif+gBANgn4cdUzPkmUwMk+D5I="></latexit>

<latexit sha1_base64="v5CtT+VvAjXrOqEY4DkBLfdaIY8="></latexit>

! p! n
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= e" ! /T



Evaluating the freeze-out temperature

X n =
nn

nn + np
<latexit sha1_base64="rWA52EvQ9t64HIHEN+1NFdzhaso="></latexit>

X p =
np

nn + np
<latexit sha1_base64="I0QFJDC4wXoLlaYV9uFUJC5eN2g="></latexit>

• Proton and neutron fractions :

Neutron fraction evolution

• Tight-coupling (aka large interaction) expansion

42
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Gives freeze-out at T ~ 0.8 MeV
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Evolution of neutrons

1MeV
0.1MeV

10MeV

• When deuterium synthesis starts, we have around
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<latexit sha1_base64="9i1jUiculUw6wNNlJdGDuRJ1EeA="></latexit>

X F
n = 0 .16

<latexit sha1_base64="YjcrFkaNyNfV4W45fluypV7Nygk="></latexit>

tF = 10 s



Outline :

1) Cosmology and plasma reheating

2) Weak interactions

3) Nuclear reactions

4) Observational constraints
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Fraction above 2.2 MeV is ~
<latexit sha1_base64="KhgigeiikJT2ld9BoZcFw1X7V9o="></latexit>

exp(! 2.2 MeV/T )



Hand-waving argument :

Synthesis should start when

Photons are super numerous

<latexit sha1_base64="VAdZUMDzdOjdXQgAvcOtwM5OD7w="></latexit>

Tnuc =
2.2 MeV

21
! 0.1 MeV

<latexit sha1_base64="YiM15mtXi1s7O6xn6iTzGigSDCY="></latexit>

n! e! B D /T ! nb

<latexit sha1_base64="+wG5wv/ZKxUsAteq1g6pdVbYq68="></latexit>

BD = 2 .2 MeV

<latexit sha1_base64="RK9SDRsIRD4AwHbkn3RQP8/ZaV8="></latexit>

! =
nb

n!
! 6 " 10! 10 ! e! 21

<latexit sha1_base64="Z1q1UFzV3PYPMLdY8qXdaaVvg7Q="></latexit>

! = e! B D /T nuc



Representation Protons vs Neutrons

Neutrons
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12C 13C11C

12B11B10B

9Be7Be

8Li7Li6Li

4He3He

1H 2H 3H

n

X

(p,�a)

(�_,�a)

(�`+)

(�`-)

(n,�a)

(t,�a)

(�_,n)

X

(n,p)

(d,n)

(d,p)

(d,�a)

(p,�_)

(n,�_)

(t,p)

(t,n)

(d,n�_)

Nuclear network
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<latexit sha1_base64="uEN7etf7/o0CUJYa9UJh88i3IUU="></latexit>

d + p ! 3He + !

Small network

<latexit sha1_base64="btQRxeb0mstuxJ/TEG1E7Xe2IPY="></latexit>

d + d ! 3He + n

<latexit sha1_base64="bMrW04O8mDmCc32teAvPhylUaD8="></latexit>

3H + p ! 4He + !

<latexit sha1_base64="redr5GY7Gix/312XRUpCEIA+LYw="></latexit>

d + d ! 3H + p

<latexit sha1_base64="BuAwTDaVOGpD4R+SlLRHaDOoaWg="></latexit>

3H + d ! 4He + n

<latexit sha1_base64="YIqrY+mT+BStfkxi5JbHhZEDKCs="></latexit>

3H + 4He ! 7Li + !
<latexit sha1_base64="FXs9Gebr92TIjf8z3+gKz7rD9jM="></latexit>

3He + 4He ! 7Be + !
<latexit sha1_base64="0uBrKJqqO9b/mF1vaOy8yS6e6zs="></latexit>

7Be + n ! 7Li + p
<latexit sha1_base64="LgUnr9a8LuqGL2yXd83Lm63IZNs="></latexit>

7Li + p ! 4He + 4He



Evolution of abundances

Removes dilution

Source from nuclear reactions

• Two-body reactions of the type

Baryons are only diluted

<latexit sha1_base64="3teHVKD1gC+iZIiONTwz6i9rFIk="></latexit>

X i = ni /n b

<latexit sha1_base64="ZSVLk8xS04zyCyehZKiXA9R9U6M="></latexit>

úX i =
!

jkl

! kl ! ij X k X l ! ! ij ! kl X i X j



Rates

Average of cross-section over 
Maxwell-Boltzmann distribution

<latexit sha1_base64="hOTGbN+X9BB4D9EIkea6hOsCXIo="></latexit>

! ij ! kl = nb! ! v"ij ! kl

<latexit sha1_base64="M4CvFvZfU9jviWyL/kEexgk5vv0="></latexit>!

<latexit sha1_base64="/5RkF7Q7M7eWPMvzmA5NXWyLwoA="></latexit>

! ! v" =
! !

0
! (v)v pMB (v, T)dv

<latexit sha1_base64="w1UP7TfIbqZ8y1dNFaxg1WKUQas="></latexit>

pMB (v, T) =
1

(2! T/m )3/ 2
e! mv 2

2T 4! v2



At nuclear statistical equilibrium (NSE), the densities of nuclei satisfy

Number protons Number neutrons Binding energy

ni = gi

!
mi T
2!

" 3/ 2

e(µ i ! m i ) /T

<latexit sha1_base64="ly6ffRSp/BwkWWTQnH2ycDKivdQ="></latexit>

• Non-relativistic number density

• Chemical equilibrium

Hints of demo :

Setting initial conditions



Improvement of hand-waving

<latexit sha1_base64="fXmj384ngpQjEvWk7gcKWqRHsk8="></latexit>

nd !
npnn

(mbT)3/ 2
eB D /T

When produced substantially 
<latexit sha1_base64="ggXOd1VWuvIWNbpYLHviOBuD3OA="></latexit>

nd ! nn ! np ! ! T3

<latexit sha1_base64="FBjbRpLHzU8UOI41guutLMxC2V8="></latexit>

e! B D /T nuc ! ! (Tnuc /m b)3/ 2 ! 6 " 10! 10 " 10! 6

Saha equilibrium for deuterium 

<latexit sha1_base64="t4ea9mNAh3hJSGxPbYMtaJHKTTM="></latexit>

BD /T nuc = 35 T$&( = 0.065 MeV
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Obtained with public BBN code:

   PRIMAT

Peebles 1966

Other codes are :
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!"#$%&' :

1) Cosmology and plasma reheating

2) Weak interactions

3) Nuclear reactions

4) Observational constraints
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1961
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Peebles 1966Peebles 1964
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Wagoner, Fowler, Hoyle 1973

Baryon abundance completely unknown !



He-4

Deuterium  !"#$%&'&(')*+$*"%+,-./)"&0*1 '2-34

He-3

Li-7

Baryons abundance
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Lithium problem !
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<latexit sha1_base64="3WGs46GdHebOdXpnluwfWoZSlvw="></latexit>

YP = 0 .2453± 0.0034
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<latexit sha1_base64="lQAAFryLyZVLud+yiL7DNSYF2Pw="></latexit>

! b ! 4 " 10! 31 g/ cm3

Wagoner, Fowler, Hoyle 1973
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Improved nuclear rates

Slightly better constraints
 from CMB

agreement

Mild tension
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BBN + CMB

Cooke et al. 2014

Balashev et al. 2016

Cooke et al. 2016

Cooke et al. 2017
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Quasar absorption lines



Main reactions for D destruction
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Beta decay (e.g. shorter with more neutrinos)

Effect of            on  beta decay H !
d ln T

dt
"

#
!

<latexit sha1_base64="OZUQmxZ61hrkKWRivurJnKa/AMo="></latexit>

<latexit sha1_base64="4E19xiNZUdmr3TPLLBW/rv27rbw="></latexit>

Ne!



Dependence on number of neutrino species
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75

Conclusion

• BBN was paramount in establishing the big bang model

• It has now reached a precision era

• There is amazing consistency with CMB

• Future progress relies on improving nuclear rates

• Lithium problem is probably of astrophysical origin

• BBN is a powerful theory killer via N$%%
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Lithium measurement



Finite nucleon mass corrections



Radiative corrections
e2

4!
= " FS !

1
137

<latexit sha1_base64="8CxSbVSz8FphMIMk0oWYXZzN7Zo="></latexit><latexit sha1_base64="8CxSbVSz8FphMIMk0oWYXZzN7Zo="></latexit><latexit sha1_base64="8CxSbVSz8FphMIMk0oWYXZzN7Zo="></latexit><latexit sha1_base64="8CxSbVSz8FphMIMk0oWYXZzN7Zo="></latexit>
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Radiative corrections



Total corrections to weak rates



Chemical potential of neutrinos displaces freeze-out abundance

! ! = µ! /T !
<latexit sha1_base64="oEQR9/XoL3vAHa2g21/m/6HGQ2g="></latexit>
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