
Lecture 5

New topic thermal history (nextfew
lectures):

· Thermal history, evolution o
matter and radiation, CMB, BBN

/Griefly Baryogenesis)

This lecture:

· Review I distances and FRW)

· Equilibrium statistical physics
· Temperature or CMB

· Boltzmann equation



· Review
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· Equilibrium statistical physics
The goal of the next few lectures
is to understand how various matter

components of the universe (photons,
electrons, protons, neutrons, neutrinos
and some light atoms) exchange
energy and come in and out of
thermal equilibrium.

Full description is given by the

density matrix:

i =exp) - E +rii)
↓ Isconserved

chemical numbers
potentials

In
many cases, once in equilibrium,

we call describe components as

free particles, described by
distribution in momentum space.



· Note thatreally free particles
never thermalize

N =E(dpn(p)
x

=27(dE(p)n(p)
q -number of degrees ge freedom.

n(p) - thermal distribution function
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In the relativistic limit we can

compute N and I analytically,
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It is commonto deline the

reflective number or species"
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· Entropy
For to we have

u =TS - pV
For V-comoving(not physical)
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· Nen-relativistic limit
2

Mx>T, m-M?>4, E =mi+ I
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· CM.B Temperature

CMB played land is playinga
very important role in development of
cosmology (see Colloquium by Peebles).
we will study itin details, but
now we justwanttoestimate its

temperature.

If photons dominate the universe

H =(***prad)"=
Prad- got
Mo=(Ege2)* =n
where

go is
the number of species

thatdominate in the radiation epoch.



a =a()" => n =0 =et =

ita
This equation is rather precise at

Teq, when Pm-5 (and earlier
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If we put current time to 10"y

we get Tr 1OK. (instead of 2.5k

which is the real value)
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this is in the spirit of early days
estimates in Big bangtheory. Now
we can do much better, but being
able to getorder of magnitude estimates

easily is very important&

go in the full standard model:
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Vectors:

photon -gluons =9 x 2

W+,W, zw massive =3x3

Potal:

1 +9-2 +3.3 +g(12+18) =106.75

Cat energies Ex> mew-150 GeV)

· We do not know if the universe

was ever that hot, butif itwas,
it would have qx-100



· Particle kinetics (Boltmann equation)
We now study how a gas of
particles approaches equilibrium in

an expanding universe, that is, we

firstassume a generic distribution

lunction (isotropic and homogeneous (

n(p.H

I -physical momentum. In the absence

o interactions comoringmomentum is

conserved.

Xp =aXc => Pp =I

n(p,t) =no (p -)

Let's derive the infinite semal change:
E

=n'.p.



t =n!.1do

24-Hp=
If we integrate over p we get

N_ 1d Hp =0

Widp.p=39p.pl=3/dps
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- +3HA =D
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Thiswas low non-interacting particles.
Note that they dart stay in

a thermal state (generically)




