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Combining everything gives
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The eq.tn Xp is entirely
equivalent , only with nap .

Bonus Q ) The baryon densityat T -oak is roughly
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The mean density of
the sun is ~ 103kg/m3,
so the baryon density
during BBN is quite
a bit smaller than the
density of the sun .
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b) We can show this by
considering conservation ofentropy before and
after e--et annihilation .

When e-- et annihilates,
energy is released via
the production of energeticphotons , which causes
the cosmic plasma to
heat

up slights . Neutrinos
do not get any of thisheating since they are
decoupled from the other
particles .
The entropy is dominated
by relativistic particles,
hence we need only
count the relativistic
degrees of freedom goes
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conservation of entropy
means
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Before e-- et annihilation ,
there were photons ,
electrons

,
and positrons

g. s /before )
= 2+7=8×2×2
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After there are only photons
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The temperature of neutrinos,which are decoupled , simplydecrease at Twila
,

hence
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Afton e--et annihilation we

therefore have
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We assume that e-- et annihilation
is complete by the time of
BBN by using the aboverelation throughout our
treatment of BBN .



c) The total radiation energy
is due to photons and
neutrinos

,
which have the

energy densities

pre -- ¥0s . '

pi -- Ex 8

Photons have gr=2 , while
Neff number of neutrinos

have

gv = 2Neff .
The factors 2 for go is due to
anti -neutrinos

.

The total radiation is
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d) The Friedmann elf is
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e) Jt is assumed all of foe
is in protons and neutrons

fb =

fp + fu
⇒ fb_m

,

= nb = f.IMptfnmp = Up + Un

Dowding by nb agrees
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Eq . (4) m the problem text
with Ig = 1 gives
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f) See project document

g) The tums II.
dunt)

and

¥4, Fri
- Yi Fi→g) are

essentially the same as
in taste a) .

The
remarry term

G.e[nuke 8neeij-ninjy.jo ke]
is multiplied by -¥ ,

and

we define Fijiwe = no fig→we
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-

bombarding everything gives eq.lk) .



b) See project document for
plot .

snitrallg , there is only n and
p in thermal equilibrium,
and as the universe expands
and cools, the system
increasingly prefers to have
p since it is ligthen than n .

At some point , however, the
infraction mate between n
and p decreases to below
the rate of expansions,
which suppresses theirinteractions

.The murderer
densities of n and ptherefore "

freeze
" out .

Decay of nap causes in to
decrease further despite this
freeze out.

Eventually , at around T- 1044
the universe becomes

sufficiently cool for the
deuterium that form from p

and
u to not be immediately
disintegrated by energetic
photons . Up to this point this



has been the so - called
"deuterium bottleneck " in BBN

,
but once the are no longer
enough photons to destroy
all deuterium

,
its production

takes place at a very quick
pace .

5) See project document .

f) Since Rb. = 0.05 < Shmo = 0.3 ,
not all matter m the
universe can be baryonic .
snstead it must be some
other particles) that does
not interact much with the
standard model particles we
know

•

b) Neff =3 agrees with what
we know from the standard
model of particle physics,
i. e. that there are three
types of neutrinos .


