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Radiation era
We have that rMµR-3

rradµR-4

There must be a z at which rM= rrad
Taking into account that nucleosynthesis predicts nn=0.68 ng , then Wrad=4.2 x 10-5 h-2

 

1+ zeq = 23900Wmh
2    Þ  zeq » 3100

(From M. Plionis’ notes or Peacock 1999)



(From M. Plionis’ notes or Peacock 1999)

Epochs in the evolution of the Universe

Quite sudden transition from radiation to matter 
dominated Universe at z~3100 (teq ~ 60,700 yr):

recombination

nucleosynthesis



Epochs in the evolution of the Universe

(From M. Georganopoulos’ lecture lib) 

Teq ~ 9730 K
teq ~ 47,000 yr



Epochs in the evolution of the Universe

(From M. Georganopoulos’ lecture lib) 





Big Bang Nucleosynthesis (BBN)

K
We can use this to estimate the nucleosynthesis temperature and time of D formation:

D production was over a few minutes after the Big Bang!

Order of magnitude considerations

(From M. Georganopoulos’ lecture lib) 



BBN: the neutron to proton decay

(From M. Georganopoulos’ lecture lib) 

BBN must have taken place in the first few minutes!!!

881.5 s

After 1hr only 2% survive!



BBN: the neutron/proton ratio

(From M. Georganopoulos’ lecture lib) 



BBN: the neutron/proton ratio

(From M. Georganopoulos’ lecture lib) 

2s 225s0.02s

mn= 1.674927471 x 10-27 kg
mp= 1.672621898 x 10-27 kg



BBN: the neutron/proton ratio freezeout

So the reaction rate is:

And, equating this to the Hubble parameter  H α t-1

The neutron/proton ratio freezes out when the interaction rate is 
larger than the local Hubble time

In the early hot Universe, neutrons and protons are created and 
destroyed

by means of the weak force, which has a typical cross-section:

The neutrino number density

Neutrino decoupling!



BBN: the neutron/proton ratio freezeout

The neutron/proton ratio freezes out when the interaction rate is 
larger than the local Hubble time

(From M. Georganopoulos’ lecture lib) 

2s 225s0.02s



BBN: Deuterium production

Possible mechanisms:

(From M. Georganopoulos’ lecture lib) 



BBN: Deuterium production

(From M. Georganopoulos’ lecture lib) 



BBN: Deuterium production

(From M. Georganopoulos’ lecture lib) 



BBN: Deuterium production
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BBN: Deuterium production

(From M. Georganopoulos’ lecture lib) 



BBN: Deuterium production

(From M. Georganopoulos’ lecture lib) 



BBN: Deuterium production

(From M. Georganopoulos’ lecture lib) 

For nD = nn

nn = (0.2 x np) x 0.8 np = (1+0.2) x np

0.133 0.235



BBN: Heavier nuclei

(From M. Georganopoulos’ lecture lib) 



BBN: Heavier nuclei

(From M. Georganopoulos’ lecture lib) 



BBN: Heavier nuclei

(From M. Georganopoulos’ lecture lib) 

5min 17min



BBN: measurement of ΩB

Impressive agreement over 9 
orders of magnitude.
Higher η implies a higher Tnuc,
and nucleosynthesis would start 
before, increasing 4He, and 
reducing D and 3He

7Li is produced through fusion 
of 4He and 3H and also through 
e- capture by 7Be. As η
increases, the 2nd channel gets 
more efficient.

(Burles et al. 1999)

This has dramatically changed
in the last decade.



BBN: measurement of ΩB

BBN only produces D, 3H, 3He,4He, 6Li, 7Li, 7Be
Deuterium: measured in QSO absorption-line systems, comparing 
the HI and DI column densities. 
• advantage: it only gets destroyed in stars (D/H)obs < (D/H)P
• disadvantage, very difficult to measure, only 7 systems.

(Pettini et al. 2008, Steigman 2009, 
Cooke et al 2014: D/H=(2.53±0.04)x10-5)

solar

CMB implied

η10 (SBBN) = 5.80 ± 0.28



BBN: measurement of ΩB

Solar

CMB implied

(Steigman 2009)

CMB implied

3He and 4He: measured in galactic and extragalactic HII regions
• advantage: it can be measured in many systems
• disadvantage: it increases, one has to look for “primeval” regions 
but 3He only good signal in galactic polluted regions.



BBN: measurement of ΩB

(Fernández et al. 2018)

3He and 4He: Fernández et al. (2018) measured in 27 HII galaxies 
using S to estimate metallicity Yp = 0.244±0.006 (Yp[O-N-S] = 
0.245±0.007). In agreement with Peimbert et al. (2016) using O to 
trace metallicity.



CMB-Planck+WP+BAO +BBN 95% confidence consistency, 
excluding 7Li  (Nollet & Steigman 2013):
η10 = 6.13 ± 0.07 
ΩBh2 =0.0224±0.0003
Neff = 3.46±0.17 
Planck (Ade et al. 2013):
η10 = 6.11 ± 0.08
ΩBh2 = 0.0223 ± 0.0003
Neff=3.30 ± 0.27

and BBN (Nollet & Steigman 2013)
η10 = 6.19 ± 0.21 
ΩBh2 = 0.0226±0.0008
Neff = 3.56 ± 0.23

are consistent.

BBN+CMB: measurement of ΩB 



BBN: measurement of ΩB

BBN only produces D, 3H, 3He,4He, 6Li, 7Li, 7Be
7Li: measured in low-Z galactic halo and globular cluster stars
• disadvantage: produced by cosmic-ray nucleosynthesis, destroyed 
in the interior of stars, net effect observed of production is expected

Most outstanding problem in Standard 
Big Bang Nucleosynthesis a factor of 
~3 difference between observations 
and CMB or predictions derived from 
SBBN interpretation of lighter 
elements. Some solutions have been 
proposed (e.g. Korn et al. 2006)

(Steigman 2009)

Latest measurements and numerical 
estimates seem to converge, but a 
x2.27 discrepancy remains. 
(Singh et al. 2017)



NOT THE END …

Kurt Donald Cobain (Aberdeen, Washington, 
20 de febrero de 1967-Seattle, Washington, 5 de 
abril de 1994)

Happy Birthday!


