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Big Bang Nucleosynthesis, see Pagel chapter 4

1. Calculate the average mass density at the time of the Big Bang nucleosynthesis
(T = 1010 K). Start with the critical density today ρc(t0) = 1.88h2

· 10−26 kg/m−3

and T0 = 2.725 K.

2. In the Early Universe protons and neutrons were in equilibrium up to a temperature
of about T = 1010 K. At lower temperatures the weak-interaction rate falls below
the expansion rate and the ratio nn/np is frozen. The ratio of neutrons to protons
is given by

nn

np
= e−(mn−mp)c2/kBT .

Calculate the value of nn/np at the decoupling temperature kBTd = 0.8 MeV.

3. Detailed calculations yield for the ratio nn/np ≈ 0.15 at the time of the nucleosyn-
thesis. Assume that all neutrons are used to synthesize 4He and calculate the mass
fraction of 4He. Compare to measured values from the literature.

4. The most important phase of primordial nucleosynthesis happened between tem-
peratures of 1010 to 109 K. What is the duration of this phase? What happens to
the neutron-proton ratio during this time? Which fraction of neutrons decayed?

5. Which elements are synthesized in the Early Universe? Why are no heavy elements
build up shortly after the Big Bang? Which nuclear reactions contribute mainly to
the synthesis of helium?

6. The primordial helium mass fraction Yp depends on the number of (light) neutrino
generations Nν . What value of Yp would one expect for 4 kinds of light neutrinos?
From recent measurements a value Yp = 0.2509±0.0012 is obtained. Use this result
to calculate limits on Nν . Assume a half-life time for neutrons τ1/2 = 10.28 min.
The decoupling temperature for 3 light neutrino generations is kBTd = 0.8 MeV.
Calculate Td for 4 kinds of neutrinos.

7. At the Large Hadron Collider (LHC) at CERN particles will collide with a center-of-
mass energy of 14 TeV. To which life-time of the Universe corresponds this energy?

The solutions will be discussed on 25.03.2012 at 10:30 in HG 01.057.
Course web site: http://particle.astro.ru.nl/goto.html?elements1112


