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1) Big Bang Nucleosynthesis

In the early universe, free protons and neutrons are in thermal equilibrium via the reactions

n + νe ↔ p + e−

p + ν̄e ↔ n + e+

e− + e+ ↔ νe + ν̄e .
(1)

The neutrinos freeze out after a short time, approximately when the interaction rate Γ = nν⟨σv⟩
equals the expansion rate H. The expansion rate in the radiation dominated universe is determined
by the energy density of relativistic particles ρr = gπ2T 4

30 , with g = 2 + 7
8 (4 + 6). The interaction cross

section is σ ≈ 1,3 · 10−21
(

T
MeV

)2
MeV−2 and the particle number density of relativistic fermions

in thermal equilibrium is nν ≈ 9
10π2 g′T 3 with g′ = 6.

Note: consider the Friedmann equation in its most general form

H2 =
(

ȧ
a

)2

=
8πG

3
ρ− k

a2 +
Λ

3
(2)

and assume that in the radiation-dominated universe the density ρr dominates over all other fac-
tors.

(a) Which particles contribute to the relativistic degrees of freedom for the factor g? At what
temperature do the neutrinos freeze out?

(b) 0.01 seconds after the Big Bang, the temperature is 1011 K; the universe is still radiation-
dominated at this time. How long will it take for the universe to cool by expansion to the point
where the neutrinos freeze out? Note here that the temperature at this stage of the universe
decreases with time over T ∼ t−1/2.

(c) What was the ratio between protons and neutrons 0.01 seconds after the Big Bang and what
was it at the time of the neutrino freeze-out? How does it evolve after that? After that, the
ratio does not track temperature, but the number of neutrons decreases due to β decay of
free neutrons with a lifetime of about 880s (15 min.).

(d) Deuterium has a binding energy of about BD = 2.2 MeV. Its synthesis starts approximately
at e−BD/kBT = η with η ≈ 5 · 10−10. At what temperature and after what time is this condi-
tion satisfied? What is the ratio between protons and neutrons at this time? Why must the
temperature be considerably lower than 2.2 MeV for the synthesis of deuterium to begin?

(e) What is the element composition at the beginning of the nucleosynthesis, what at the end?
At which element do all relevant reaction paths of nucleosynthesis end? Are there elements
that are passed through all reaction pathways?
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(f) Almost all neutrons are bound in helium nuclei during nucleosynthesis. Calculate the resulting
particle number and mass ratio of helium to hydrogen from the ratio of protons to neutrons at
the beginning of nucleosynthesis.
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