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Physics motivation of triple-alpha reactions  

Reaction rate and strength function 

Continuum of charged three particles near threshold 
   Difficulties and discrepancies  

Preliminary result with adiabatic hyperspherical method  
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Measurements at low energies are impossible 

Theoretical inputs are needed   



Standard rate (NACRE)   

Sequential process:  

   αα forms 8Be resonance 

   α8Be forms the Hoyle resonance and decays by γ emission  

Use of experimental data on Er  Γα  Γγ 

Use of Breit-Wigner resonance formula and energy-dependent width 

C.Angulo et al., NPA 656(1999) 



Photoabsorption cross section and strength function   

Transition matrix elements for bound to 3-body continuum 

Strength function  

|B|=2.836 MeV 

What we need to calculate  

for 3α case   



Challenge to low-energy reaction rate 

CDCC (continuum-discretized coupled-channels) calculation 

Ogata et al. Prog. Theor. Phys. 122 (2009) 

Both nonresonant and resonant process at low energies  



1026 times NACRE rate at T=0.01 GK corresponding to 0.86 keV 

 Incompatible with observation: 

 Dotter, Paxton,  Astron.Astrophys. 507 (2009) 



Nguyen et al. PRC87 (2013) 

(I) Hyperspherical harmonics & R-matrix method (HHR)  

25 fm 400 fm 1500 fm 

Kmax ≈ 26  

Justifiable? 



T ≥ 0.07 GK      ~ NACRE rate  

T ≈ 0.02 GK      ~ 1012 NACRE rate   



Questions:  (1) Convergence of hyperspherical harmonics expansion  

Slow convergence in K of the wave functions at large ρ 

probability of K component 

Example: product of Gauss packets   
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(2) Asymptotics of charged three particles   

Hard (or impossible) to determine the asymptotic Coulomb wave functions in ρ 

Macek, JPB 1 (1968) 

Coupling potential in HH basis  



(II) Faddeev method  
Ishikawa, PRC87 (2013) 

Transition amplitude for triple-α reaction  

Faddeev method to solve 3-body equation  

Asymptotic form of the wave function for the inverse process     

x, q 

 y, p 

Strength function   

Jacobi coordinate 



Faddeev 

NACRE 

HHR 

CDCC 

10 times NACRE rate at T=0.01 GK 

Width of the Hoyle state estimated   

from the Breit-Wigner fit to   



(III) Adiabatic hyperspherical method   

Under way with H. Suno (Riken at Kobe) 

Complex absorbing potential (CAP) to localize continuum     

Channel functions and adiabatic potentials 

Transmission-free CAP 

Manolopoulos, JCP117(2002) 

Esry et al. PRA54 (1996) 

Smith-Whitten  

Upper and lower bounds to the ground state energy    

With use of  , a coupled equation for F is given   

Starace, Webster, PRA19 (1979) 

Stecher, Greene, PRA80 (2009) 



Basis splines  

Symmetry of  3α 



αα short-ranged nuclear and Coulomb potentials + 3α hyperscalar potential  

3α threshold 

Avoided crossings with 8Be+α 

occur at R > 100 fm 



R (fm) 



Hoyle state 

Hyperradial components  

Cf. Asymptotics of U(R)  

         Fedorov, Jensen PLB389 (1996) 

      8Be+α approximation to U(R) 

          Fedotov et al. PRC70 (2004)  

       Complex scaling method  

          Rodriguez et al. EPJA31 (2007)  



Calculation of E2 strength function  

Continuum sum replaced by Green’s function 

Driven equation of motion for Ψ 



Summary   
     challenge to the triple-alpha reaction at very low energies  

     some controversial results in theory  

     adiabatic hyperspherical approach, complex absorbing potential  

          description of both resonant and nonresonant continua  

          calculation of U(R) at large distances 

          narrow width of Hoyle resonance 

   

     calculate the reaction rate soon  
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