
Lecture 6

·Review

· Boltzmann equation (cont.(
· Freeze in and Freeze out

· Decoupling of photons



Boltzmann equation (collision integrall
· We would like to include the

interactions
among particles. We will

locus on 2- 2 scattering (collisions)
that cantransfer momentum and

hence change the distribution.

-Hp=I col.
(This is the Boltzman equation]
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Itis in general hard to solve,
So we will use approximations.
· Relaxation - time approximation:
n - Req.

is n=0, Ines =0 Et Igll(nea)=0
can show for
Fermi-bose

I.l ->-P(n-neq)

P =rate of reaction
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- is~- relative velocity, 1 =(n)
the mean free path, o-cross-section.
Itis the "total cross section"which

uses equilibrium valuesof distributions

of moments and number of particles.

· We can also integrate the
Boltzmann eq. IdP to get
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Freeze in and freeze out
· Our Boltzmann equation has two

terms: one which drives the

theory away from thermal state and

Onl that drives ittowards it

->both terms depend on temperature:



o is a lunation of e and <rc

depends an I

It is a lunation of time, and
It is related to to

- There are two asymptotic regimes
PCT) >> H(t) andMIT) <* H():
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Here is is the temperature at
which two effectsare equal.
(note an approximation in the second

term]

->T is called the Freeze outor

Freeze in temperature dependingon
whether M

is decreasing or increasing.-
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"In the very late universe things
dreeze outeventually)

Electron- Position gas
Let uswork out a concrete example:
et and ethermolizing with Wis

during radiation domination (a - + "(

Cross-sections can be computed using
Quantum Electro Dynames. The dominant

process is

ete=> 88

E
Tre v-1

we tenre" (logt-1) v =

re-aie, d=I x-9
137

E:center of mass energy.



Teme->VKI non-relativistic

T?me-> will relativistic (E-4)
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where we ignored the log in the

cross section as well as order-one

constants

Catin me both give me]
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HIT) in radiation domination is

given by it (see net. 5, Mo-Mpe)
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Mr
x =40 - Tout--

= Id keV
no

We can assume that photons are
in thermal equilibrium, their number
density scales as Nc =a. This

is consistentwith the lastthat their

distribution stays thermal,justthe
temperature varies
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Mostimportant is thatfinal particle
density of et and is independentof
the initial conditions


