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History of the Universe

Time Size Energy/part. Temperature Era
10 sec  10%¥ cm 10° GeV  10* K  Planck
10® sec 10" cm 10° GeV  10° K Grand Unification
107 sec lcm  10° GeV  10° K  [nflation
0.0001 usec 10° km 100 GeV  10° K pesert
1 usec 10° km 1 GeV 10 K Quarks + Leptons
0.1msec 10" km 100 MeV  10“ K  Hadrons
10 sec 0.1 ly 300 keV 3-10° K Leptons
15 min 1 ly 30 kevV 3.-10° K  Nucleosynthesis
10 000 yr 10° ly 2 eV 20 000 K Radiation
300000yr 10" ly 0.35eV 3500 K Plasma
10° yr 10° ly 10* ev 3 K  Matter



Building Blocks
of Matter
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Condensation of Nucleons

1s after the Big Bang
T =10 000 000 000 K

Quarks “condense” into Baryons
the stable ones remaining are the Nucleons
p (Proton uud) und n (Neutron udd)

equilibrium of
p+te <on+v
nte < pty
ptetont+y
nN+e &op+v
et + e <> 2 photons
n + n < 2 photons I




History of the Universe
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Neutrinos Decoupling

« Cooling Down
(like Background Radiation)

* E., = 0.3 meV

« Today: ca. 110/cm? cold neutrinos
everywhere (cf. 400/cm? photons from CMB)

* 1, decreasing due to n decay
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Within the 1st Minute the Universe is
cooled to 1 000 000 000 K




due to a tiny excess of matter over
antimatter we have 6 nucleons

per 10 000 000 000 photons (still now)
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Temperature: 1 000 000 000 K

>1min after Big Bang w 9 9
W

n f g
Reactions: K

p+n — 2H+Photon
’H+n — 3H+Photon
SH+p — “He+Photon
’H+p — *He+Photon
SH+p — “He+Photon
*He+n — “He+Photon
’H+?H — 3He+n
’H+°H — SH+p

?H+3H — “He+n
’H+3He — “He+p
2H+2H — “He+Photon ?H = Deuterium @




Temperature: 1 000 000 000 K

2min after Big Bang

more nuclear reactions:

SH+*He — "Li+photon
SHe+*He — "Be+photon

neutrons continue to decay:
n—->-p+e +v
mean lifetime is ~900 s = 15 min
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Nucleosynthesis of He

2p+2n—1°He consuming all n that do not decay
#(He) = Z#(n), #(H) =#(p)—H(n)

" #(p)

#(He)  3#(n)  r

n

#(H) #(p)-#(n) 2(-r,)

r, is determined by thermodynamics I, = e ~1/3
at T =10 000 000 000 K
and later by n decay (half life time = 614 s) I, = 0.14
#(He) _0.08
#(H)

_ 4A#(He)
" A (He)+#(H)




Nucleosynthesis

10 102 108 1P“
T IV |
Protons B
Neutrons 4He
1072
104 - ?H=D

Abundance
|

Neutrons

3.0x10° 1.0x 107 0.3x10¢° 0.1x1¢°
~—— Temperature [K) ——

He : all
mass fraction: 24%

particle fraction: 7.4%
He:H = 0.08

most stable element,
production
depends (almost) not
on density

but production
of other elements
does!
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Abundance of Elements

10* | 4

in the Universe

mostly hydrogen

some Helium

rest below 1%
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P proton decay

F spontaneous fission
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History of the Universe

Time Size Energy/part. Temperature Era
10%sec 10> cm 10° GeV  10* K  Planck
10%® sec 10 cm 10" GeV  10® K Grand Unification
107" sec lcm  10° GeV  10° K Inflation
0.0001 gsec 10° km 100 GeV  10° K pDesert
1 usec 10° km 1 GeV 10° K Quarks + Leptons
0.1msec 10" km 100 MeV  10* K  Hadrons
10 sec 0.1 ly 300 keV 3-10° K Neutrinos
15 min 1 ly 30 keV 3-10° K  Nucleosynthesis
10000yr 10° ly 2 eV 20000 K Radiation
300000yr 10" ly 0.35 eV 3500 K Plasma
10° yr 10° ly 10* ev 3 kK Matter



Photon/Matter-Decoupling

era of atoms .

1000 K

Age
ca.
300 000 a -
1013 s

3000 K

time
temperature

10000 K
plasma
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Cosmology
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Brief History of
the Universe

Fluctuation amplifier

Fluctuation generator

fraction P =S A Lo i
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(Graphics from Gary Hinshaw/WMAP team)
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later...

15% of Cosmic Background Radiation

was re-scattered due to reionization

by early stars (population IlI)

at z = 20 or 400 million years after the Big Bang

- TE Cross Power 1
3 Reionization Spectrum -

(I+1)Cy/2r (UK2)

1 1 1 1 1 1 1 1 1 1 1
0 10 40 100 200 400 800 1400
Multipole moment (/)
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