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Chapter 5. The thermal history of the early cosmos (“big bang scenario”)

Decoupling of neutrinos and the neutrino background temperature

Prior to decoupling, the electron neutrinos and anti-neutrinos interact with the
electrons and positrons through the weak interaction through the following
processes:

e− + e+ ←→ νe + νe

e± + νe ←→ ν±e + νe

e± + νe ←→ e± + νe

There are similar processes for the other leptons (µ±, τ±) and their corresponding
anti-/neutrinos (νµ, νµ; ντ , ντ ).

Furthermore: The electrons and positrons (and other lepton) are electrically charged
and therefore they interact with the photons. The electrons and positrons (and other
leptons) as well as the photons interact also with other electrically charges particles,
like hadrons (e.g. protons.) Through the mutual interactions, the neutrinos are kept in
equilibrium with the rest of the “plasma”, and therefore, prior to decoupling, their
temperature is the same as the rest of the plasma.
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Now we attempt to obtain an estimate for the decoupling temperature τdec of the
neutrinos.

Here, one exploits that there is quite a bit known about the weak interaction describing
the interaction processes between electrons/positron and anti-/neutrinos as above,
both from laboratory experiments (in particle accelerators) or the theory of weak
interactions in elementary particle physics. Using this, one as for the processes under
consideration:

Interaction cross section: σ = (~GweakkBT )2

where Gweak ≈ 1.16 · 10−5(GeV )−2 is the weak interaction coupling constant

tweak = ~/(G2
weak(kBT )5) is the interaction time scale for the processes

Moreover, the particle density of the electrons at very high temperatures (relativistic
limit) is ne ≈ (kBT/~)3; and with a(τ) ∼ τ 1/2, one gets T (τ) ∼ 1/τ 1/2, or more
precisely,

H(τ) ≈
√
κ(kBT (τ))4

8π~3

Thereby one obtains the estimate

tweak & texp at T ≈ 1010 K
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Thus, at τdec with T (τdec) ≈ 1010 K the anti-/neutrinos decouple from the electrons and
positrons and therefore, they also decouple from the photons and the rest of the
“plasma”

At some late time τan, the “plasma” temperature reaches T = 0.5 MeV = 5 · 109 K
corresponding to the rest mass 0.5 MeV of e±. From this time on, the
electron-positron annihilation e− + e+ −→ 2γ overwhelms the reverse process.
Making τan later if necessary, one can assume – approximately for the current
consideration – that the particle densities ne− and ne+ are approximately zero after τan.

Then one uses the principle of conservation of the total entropy:

sT a(τ)3
∣∣∣
τ=τdec

= sT a(τ)3
∣∣∣
τ=τan

,

with

sT =
2π2

45

(
kBT
~

)3

ĝ∗
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Now insert the values at the relevant times:

ĝ∗|τdec
= gγ

(
Tγ
T

)3

+
7
8

(
ge±

(
Te±

T

)3

+ gν
(

Tν
T

)3
)

where T (τdec) = Tγ(τdec) = Te±(τdec) = Tν(τdec).

ĝ∗|τan
= gγ

(
Tγ
T

)3

+
7
8

gν
(

Tν
T

)3

, T = T (τan)

On the other hand: Neutrinos have a very small rest mass, so one may treat them as
radiation. In the relativistic limit, they obey % ∼ T 4 and % ∼ 1/a4 once they have
decoupled from other matter (and exchange no energy with other degrees of
freedom). Therefore, we have

a(τdec)Tν(τdec) = a(τan)Tν(τan)

Using the abbreviations Tν,dec = Tν(τdec), Tν,an = Tν(τan), adec = a(τdec) etc, inserting
the relations of this sheet into the conservation of the total entropy yields:
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a3
dec

(
(gγ +

7
8

ge±)T 3
γ,dec +

7
8

Tν,dec

)
= a3

an

(
gγT 3

γ,an +
7
8

Tν,an

)
Observing Tγ,dec = Tν,dec and adecTν,dec = aanTν,an then gives

Tγ,an

Tν,an
=

(
gγ + 7

8 ge±

gγ

)1/3

=

(
11
4

)1/3

where the last equation is is obtained by setting

gγ = 2 (2 helicity states of the photon)

ge± = 4 (2 helicity states for both e− and e+ in the relativistic limit)

If one sets τan = τ0, i.e. “today”, the conclusion is that there should be a background
radiation of electron-neutrinos in thermal equilibrium (with itself) at the temperature

Tν |τ0
=

(
4
11

)1/3

Tγ |τ0
=

(
4

11

)1/3

· 2.73 K = 1.96 K

on noting that Tγ |τ0
is the temperature of the CMB.
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So far, this theoretically predicted neutrino background temperature cannot be
observed – we have indicated earlier that the observation of cosmic neutrino radiation
is a problem due to the weak interaction of neutrinos with any form of matter. Of
course, the observation of a cosmic neutrino background at the predicted temperature
would greatly corroborate the picture of the FLRW-Λ-CDM-“big bang” standard
cosmological scenario, on top of other milestones that it passes.

  

In our example calculation of the neutrino
background temperature, we have pretended
that there was only one type (generation) of
lepton, but there are 3 of them in the currently
accepted standard model of elementary 
particles (see picture right for graphical 
illustration of the “building blocks’’, taken
from wikipedia: “standard model of elementary
particle physics”, see enlarged or on wikipedia
for better resolution). Taking 3 lepton generations
into account, the neutrino background temperature
changes. It would moreover change if there were
more than 3 lepton generations.
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In the following couple of slides, a table of the the thermal history of the Universe is
presented, based on

the FLRW-Λ-CDM homogeneous/isotropic standard cosmological model
the standard model of elementary particle physics

The table is taken from wikipedia: “chronology of the universe” where it can be viewed
in one go. Similar tables (sometimes with more detailed explanations) are given in the
cosmology textbooks.
The table starts “on top” at the earliest time that can theoretically be represented in
the FLRW model, and goes down to ever tater times.

Timescales of processes are governed by the interaction strengths of the known
interactions: Strong force, weak force, electromagnetic force. The weak and
electromagnetic force are known to be parts of a more general, “unified” electroweak
interaction above a sufficiently high energy scale. It is conjectured, but presently not
confirmed, that the electroweak interaction and the strong force are parts of a “grand
unified theory” (GUT) at a still higher energy scale. The transition form a GUT to
separate strong and electroweak forces and its relation to an early “cosmic inflation” in
the table is speculative (discussed later). Processes of around 100 MeV and below are
accessible in present day accelerator experiments and can be regarded as confirmed.
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