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Outlook 



Importance of the triple-alpha reaction  

 Absence of stable A = 5 and 8 nuclei prevent the build-up of heavier elements 
[Bethe 1938; Alpher 1948;...]    

  Bypassed by the triple-alpha reaction  3α→12C, thanks to the Hoyle state         
[Hoyle 1953; Dunbar et al. 1953; Cook et al. 1957; G. Shaviv 2012 (book)]  

  Resonant reaction unlike e.g. 12C(α,γ)16O  

  Sensitive to the position of the “Hoyle state” 

  Sensitive to the variation of “constants” 

  Effect of variation of constants on A = 8 and the 3α reaction  

   Stellar evolution of Pop. I stars [Oberhummer et al. 2000; 2001; Schlattl 
et al. 2004] and massive Pop. III stars [Ekström et al. 2010] 

   BBN CNO production [Iocco et al. 2007] by 3α→12C and 8Be properties 
[Coc et al. 2012 ApJ; 2012 PRD] → CNO seeds for Pop. III 



Importance of the triple-alpha reaction  

  Three steps : 

  αα↔8Be (lifetime ~ 10-16 s) leads to an equilibrium  

  8Be+α→12C* (288 keV, l=0 resonance, the “Hoyle state”) 

  12C*→12C + 2γ    

  Coupled variations of fundamental couplings: 

 To Δα/α variations correspond variations in the Higgs field v.e.v., the Yukawa 
couplings, ΛQCD, quark masses,…. 

  resulting in changes in the Nucleon-Nucleon interaction (our parameter) : δNN  

  affecting the 8Be ground state energy and the “Hoyle state” energy in 12C 

  and modifying the 3α→12C triple alpha reaction rate,  

   calculated as a function of δNN  together with other reactions including        
1H(n,γ)D and the deuterium binding energy (BD)   



The triple-alpha reaction 
1.  Equilibrium between 4He and the 

short lived (~10-16 s) 8Be : αα↔8Be 

2.   Resonant capture to the (l=0, Jπ=0+) 
Hoyle state: 8Be+α→12C*(→12C+γ)  

Simple formula used in previous studies 

1.  Saha equation (thermal equilibrium)  

2.  Sharp resonance analytic expression: 

Approximations 

1.  Thermal equilibrium  

2.  Sharp resonance 

3.  8Be decay faster than α capture 

with Qααα= ER(8Be) + ER(12C) and γ=ΓγΓα/ΓT 

Nucleus 8Be 12C 

ER (keV) 91.84±0.04 287.6±0.2 

Γα (eV) 5.57±0.25 8.3±1.0 

Γγ (meV) - 3.7±0.5 

ER = resonance energy of 
8Be g.s. or 12C Hoyle level 
(w.r.t. 2α or 8Be+α) 

Hoyle state 



  Minnesota N-N force [Thompson et 
al. 1977] optimized to reproduce low 
energy N-N scattering data and BD 
(deuterium binding energy) 

  α-cluster approximation for 8Beg.s. 
(2α) and the Hoyle state (3α) 
[Kamimura 1981] 

  Scaling of the N-N interaction  

     VNucl.(rij) → (1+δNN) × VNucl.(rij)  

to obtain BD, ER(8Be),  ER(12C) as a 
function of δNN : 

  Hamiltonian: 

Nuclear microscopic calculations 

Where VNucl.(rij) is an effective 
Nucleon-Nucleon interaction 

  Link to fundamental couplings through 
BD or δNN  (ΔBD/BD ≈ 5.77 × δNN ) 



 Numerical rate calculation 
  At “low temperatures”, capture via 
resonance tails [Nomoto et al. 1985] 
requires numerical integration  

  Even more important when 
resonances are shifted upwards 
with larger widths 

•  Charged particle widths : 

Γα(E) = Γα(ER) PL(E,RC) / PL(ER,RC) with 

 PL(E,RC) =∝ (FL
2(η,kRC)+GL

2(η, kRC))-1 

the penetrability 

•  Radiative widths : Γγ(E) ∝ E2L+1 (with L=2 
here) 

γ ≡ Γα(E) Γγ(E) / (Γα(E) + Γγ(E)) ≈ Γγ(E) 
if Γγ(E) << Γα(E) in analytic expression 

Numerical           Analytic 

!



Astrophysical context : Massive Pop. III stars 

 Astrophysical context 
  Born within a few 108 years, typical redshift z ~ 10 – 15 

  First stars were probably very massive : 30 M < M <  300 M 
(but theoretically uncertain)  

  Zero metallicity (BBN abundances) ⇒Very peculiar stellar 
evolution  

  Observations of metal-poor stars (Pop. II) allow us to 
investigate the first objects (Pop. III) formed after the Big Bang 

  Constraint from C and O observations in Pop. II 

  Learn about the formation of the elements and nucleosynthesis 
processes, and how the Universe became enriched with heavy 
elements 



  This study : stellar evolution of massive Pop. III stars 

  We choose typical masses of  15 and 60 M stars 

  Triple alpha influence in both He and H burning   

  Limits on effective N-N interaction and on fundamental couplings 

The triple alpha reaction, stellar evolution and 
variation of fundamental constants 

  Helium burning (T = 0.2-0.3 GK) 

  Triple alpha reaction 3α→12C 

  Competing with 12C(α,γ)16O  

  Hydrogen burning (T ≈ 0.1 GK) 

  Slow pp chain (at Z = 0) 

  CNO with C from 3α→12C 



Calculated rates compared to NACRE 

  NACRE =                                                                                                  
“A compilation of charged-particle induced thermonuclear reaction rate”, 

Angulo et al. 1999 

Effect from 
resonances tails  

Rates Rates / NACRE 

H 
He 

burning 



Influence on HR diagram (15 M ) 

15 M 

CHeB 

Contraction + pp  CN
O

  

  Geneva code [Hirschi et al. 
2004] adapted to Pop III 
[Ekström et al. 2008] 

  No mass loss,  no rotation  
  X = 0.75325, Y = 0.24675 

and  Z = 0. 
  Computations stopped at 

the end of core He-burning  



Composition at the end of core He burning 
 The standard region:                    
Both  12C and 16O are produced. 

  The 16O region:                               
The 3α is slower than 12C(α,γ)16O 
resulting in a higher TC and a conversion 
of most 12C into 16O 

  The 24Mg region:                            
With an even weaker 3α, a higher TC is 
achieved and 12C(α,γ)16O(α,γ)20Ne(α,γ)
24Mg transforms 12C into 24Mg 

  The 12C region:                               
The 3α is faster than 12C(α,γ)16O and 12C 
is not transformed into 16O Faster 3α 

Lower TC 

Final stage : core of 3.55-3.84 M composed 
of  24Mg, 16O or 12C according to δNN or BD 

15-60 M   Z = 0 

Requiring 12C/16O close to unity 
⇒ -0.0005 < δNN < 0.0015  



  Negligible effect expected 

The 12C(α,γ)16O reaction 

 In competition with 3α→12C during He burning 

  Tails of broad resonances 
Typical 12C(α,γ)16O S-factor 
extrapolation at low energy 
[Oulebsir, Hammache+ 2012]  



The 14N(p,γ)15O reaction 
 Slowest of the CNO reactions 

  Set the pace of H burning 

  Possible shift of sharp resonance down to the Gamow window ? 



Variation of 14N(p,γ)15O rate  

  Affects the HR and lifetime 

  but not the core composition 

  Other reactions should be influential 
e.g. 13N(p,γ)14O  



CNO nucleosynthesis with an extended BBN network 

 Motivation for extended network: 

  Potential neutron sources for 7Be destruction by            
7Be(n,p)7Li(p,α)4He in BBN; unexpected effect           
(e.g. 7Li sensitivity to n(p,γ)d [Dmitriev et al. 2004]) 

 CNO seeds for first (Population III) stars :                
CNO/H > 10-11 [Cassisi & Castellani 1993];                
CNO/H > 10-13 [Ekström et al. 2008];                      
CNO/H ≈ 10-15 from BBN [Iocco et al. 2007] 

  Standard CNO primordial abundances versus exotic 
production (e.g. “variation of fundamental constants”) 



   391 reaction rates AZ + n, p, d, t, 
3He and α,  with AZ from 0n to 
23Na (from literature or TALYS) 
and 33 decay rates 

 Test of yield sensitivities to rate 
variations  and re-evaluation of 
important reactions for A>7  

 Main path for: H, D, 3He, 4He, 
7Li, 6Li, 9Be, 10,11B and CNO,  
out of the >400 reactions 

CNO nucleosynthesis with updated network 

  Estimated uncertainty, from CNO/H ≈ 10-15 [Iocco et al. 2007] 
to   CNO/H =(0.5-3)×10-15 [Coc et al. 2012 ApJ] 

  but what about the varying triple-alpha reaction ??? 



The 3-α reaction in BBN and the A=8 gap 

8Be bound 
(δNN≈0.0075) Normal (δNN=0) 

4He(αα,γ)12C reaction rate function of N-N interaction: 

But density lower (3 body reaction) 
and timescale shorter than in stars!  

However, well known that a stable 
8Be would bridge the A=8 gap!  



The triple-alpha with a stable 8Be 

4He(α,γ)8Bebound cross-section in 
continuity with unbound one 
[Baye & Descouvemont 1985] 

8Be bound by 10, 50 or 100 keV 
(δNN=0.0083, 0.0116, 0.0156) 

8Bebound(α,γ)12C from 
sharp resonance formula  

Γα>Γγ Γα<Γγ 
[Newton et al. 2007] 



CNO production with a stable 8Be 

8Be stable for N-N interaction 
higher by 0.75%  

[Coc, Descouvemont+ 2012] 

But 4He(α,γ)8Be(α,γ)12C still 
too slow 

[Coc, Goriely+ 2012] 



CNO production in BBN 

  4He(αα,γ)12C or 4He(α,γ)8Be(α,γ)12C only: CNO/H < 2×10-21 

 With the full network :      CNO/H =(0.5-3)×10-15 



Variation of fundamental couplings in BBN 
Individual variations Coupled variations 

Nν = 3 

Nν = 4 

Varying BD [i.e. 1H(p,γ)D rate], 
alleviates the 7Li problem 

[Dmitriev, Flambaum, Webb 2004]  

[Coc et al. 2007; 2012] 

4He and D give limits on δNN or Δα/α  



Constrains on the variations of the fundamental 
constants 

BBN    (z~108)         :  -0.0025< δNN < 0.0006  or
   -4. 10-6 < Δα/α <  1.6 10-5 
   [Coc et al. 2007; 2012] 

Pop. III (z = 10 -15) :  -0.0005 < δNN < 0.0015 or 
   -1. 10-5 < Δα/α < 3. 10-6 
   [Ekström et al. 2010] 

same 
conditions 

ΔBD/BD ≈ 5.77 × δNN ΔBD/BD ≈ -1000 × Δα/α  

(Our nuclear model) (Model dependent but typical value) 



Conclusions 

 Nuclear physics involved in several tests of variation of constants: 
BBN, 3-alpha and stellar evolution, meteorites, Oklo reactor   

 Constraints from strong influence of the 3-alpha reaction on 
Population III stars evolution  

 Constraints from BBN calculations  
 may solve the Li problem but depend on 1H(p,γ)D connection 

with fundamental constants 
 BBN production of CNO not affected by the 3-alpha, even with 

a stable 8Be 



3He(d,p)4He and 3H(d,n)4He and the A=5 gap 
  5He and 5Li respectively unbound by 0.798, 1.69 MeV compared to 

the 0.092 MeV of 8Be 
  No stable A=5 nor even a two steps process like 3-α 
  Calculated ΔER function of δNN for broad analog 3/2+ resonances 
  Single pole R-matrix with  ΔER(δNN) 
  Weak sensitivity of S(E) to  ΔER(δNN) variations 

Identical to Descouvemont 
et al. 2004 

δNN= -0.3, -0.15, 0, 0.15, 0.30 (!) 



Links between the N-N interaction and αem 

1.  Effective (Minnesota) N-N interaction: ΔBD/BD ≈ 5.77 × δNN  

2.  ω and σ meson exchange potential model ↔BD [Flambaum & 
Shuryak 2003] 

3.  ω and σ meson properties ↔ΛQCD and (u, d,) s quark masses 

4.  From αem(MGUT) ~ αS(MGUT): ΛQCD ↔ αem and c, b, t quark masses 

5.  With mq=hv relations between h (Yukawa coupling), v (Higgs 
vev) and αem [Campbell & Olive (1995); Ellis et al. 2002]  

Assuming R ~ 30 and S ~ 200, typical 
but model dependent values 

[Coc, Nunes, Olive, Uzan, Vangioni 2007]  

MGUT 



Variation of fundamental couplings in BBN 

•  ρR and hence H (slightly) depend on me (e+e- annihilation) 

me = hev (v ≡ Higgs field v.e.v.; h ≡ Yukawa couplings) 

•  weak rates depend on GF, Qnp and me   GF=1/√2v2
 

     Qnp=Cste αemΛQCD+(hd-hu)v [Gasser & Leutwyler, 1982] 

•  n(p,γ)D cross section depend mostly on BD 

[Dmitriev, Flambaum & Webb, 2004] 


