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Periodic table 
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History of the Universe 
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Figure 2. (Color online) 4He, D, 3He and 7Li abundances as a function of η calculated by Monte
Carlo with the updated full network (dark blue) or with the reduced network as in Ref. [15] (light
blue dashed). The vertical areas correspond i) to the WMAP (dot, black) and ii) Planck (solid,
yellow) baryonic densities. The horizontal areas (hatched green) represent the adopted observational
abundances while the horizontal dotted lines correspond to those previously used [7, 49]. The (red)
dash–dotted lines correspond to Yp calculated with Neff = 3.30± 0.27 derived from the CMB [55].
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Primordial abundances 

Coc et al., JCAP 1410, 050 (2014) 

Standard BBN 
 Function of baryon-to-photon ratio η 

Lithium problem 
 Observed lithium abundance is smaller than  
 the SBBN prediction by a factor of 3.  
 7Li/H in MPS < 7Li/H in SBBN 
 
Spite plateau value: 7Li/H = (1.1~1.5) x 10-10 

Primordial abundances 
 Observation of metal-poor stars (MPS) 

CMB - constraint on η 
 ESA and Planck collaboration 
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Standard BBN 

7Be è 7Li 
via electron capture 
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Predominant inputs in the BBN model: Thermonuclear reaction rates 

Standard BBN 

NAh�vi = NA
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Maxwell-Boltzmann (MB) distribution 
Thermal equilibrium property of ideal gas? 

But the Universe was a plasma of nuclei, electrons, and photons. 

Their velocity distribution could be very different from MB distribution. 
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Thermonuclear reaction rate 

Maxwell-Boltzmann (MB) distribution 

NAh�vi = NA
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Non-Maxwellian distribution 

NAh�vi = NA
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Tsallis’ statistics 
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BBN reactions 



Collisional plasma  Collisionless plasma 
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History of the Universe 
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BBN epoch 

Collisional plasma 
(Short mean free path) 

Collisionless plasma 
(Long mean free path) 



Non-extensive Tsallis statistics 
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dy

dx
= y

dy

dx
= yq y = (1 + (1� q)x)

1
1�q

y = ex
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è 

è y = lnx

y =
x1�q � 1

1� q

Boltzmann-Gibbs entropy 

Non-extensive Tsallis entropy 



H
aP

hy
 m

ee
tin

g,
 P

K
N

U
, 2

01
7 

Thermonuclear reaction rate 

NAh�vi = NA
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Thermonuclear reaction rate 
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Thermonuclear reaction rate 
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q=0.5 (Emax=4.6 MeV)
C.A.Bertulani et. al. (q=0.5)

Maxwellian (REACLIB)

2H(d,p)3H
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7Be problem ? 
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7Be problem ? 



Proton propagator Summary 

We consider the non-Maxwellian (Tsallis) distribution as velocity distributions of 
the particles in the BBN plasma, especially q<1. 
 
In the practical calculation of reaction rates, the integral range should be treated 
more carefully. 
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