What did we learn ? Nucleosynthesis of the Big Bang

- Universe cools adiabatically during expansion

- T(t) = 1.3E10 K/t"[s] - Summary from last week
- Particles are in thermodynamical equilibrium ) L

- Thermodynamical Equilibrium & FreezeOut
- Annihilation for kT <<m ¢?

- Nucleons and Antiparticles annihilate at IE12 K - Probing the Universe before Recombination
=> overabundance of matter over anti-matter

needed by about 3E-8 (h? * omega)
- proton and neutrons are seeds for nucleosynthesis (<200 sec) Source: Weinberg, 2008, in: Cosmology, Chap. 3.1 and 3.2,

. C (and references therein)
- components with kT > binding energy are destroyed

Particles at T(t)=1E12 “Summary: Fhermal Bvolotion of the Unecrse

Thermodynamical equilibrium -> chemical equilibrium

e

- protons, neutrons, photons and leptons

- weak interactions couple leptons and protons/neutron
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Formation of Heavy Elements & NSE

Abundances in NSE (see earlier lesson)
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Formation Temperature of Elements

Element drops out of equilibrium
if the binding energy is larger than KT.

4He : 3.1E9 (almost all neutrons go into 4He)
2H :0.75E9 K

3H : 1.4E9K

3He: 1.3E9K

Evolution of the n/p Ratio

Rem: kT << mi{neutron/protoon

E,— L. =0 forn+v=apte
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0 =ty — my, = 1,293 MeV .

Fvolption of the Neutron Concentration
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The BNN Network Role of the Deuterium Bottleneck for BNN
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Char (heory Deuterium is d in equilibrium n+p <->d + gamma
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Summary of Big Bang Nucleosynthesis The BNN Network
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Vs Frartom
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Abundances and Neutrino Flavors
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Big Open Questions for the Future:
Baryon Asymmetry
Sakharov's Conditions (1967):

- baryon number violation (GUT)
- C and CP violation
- non-equilibrium conditions

Rem: parity violation in weak reactions
CP violation observed in neutral kaions
nec requires slow coupling compared
to expansion at early phase (T>1E12K)

Accuracy of the Nuclear Rates

Predictions of the BBN vs. WMap
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- close but slightly different

photon to baryon ratio



Inhomogenous Big Bang ???

Idea: Make use of phase transition at 170MeV
predicted by QCD when going from
gluon-quark plasma to normal matter

Phase diagram (see Cern)
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Possible Test:

Old neutron and proton rich stars
(Schramm et al. 1996)

protonrich neutronrich



