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     SSM: 50+ years of th-ex efforts 

B16 



    B16 SSM 

Improvements:  
Treatment of radiative opacities uncertainties 
ES with mixtures consistent with metal abundances 
Nuclear reaction rates:  
 
 
 
 

       Abundances choice (10+ yr) 
       Photospheric (volatiles) + 
       Refractories (meteoritic) 

Vinyoles et al, ApJ 2017  
 



   B16 SSM 
      Results: 
 
 
 
 
 
 
Solar Abundances Problem: 

Vinyoles et al, ApJ 2017  
 

Bergstrom et al, JHEP 2016  
 



 S-factors in action: CNO 

 
CN fluxes are linearly proportional to:  
- the C+N abundances 
- S114 

 
A measurement of 15O neutrinos (10%), will challenge  
S17 & S114 to infer abundances and distinguish GS-AGS 

Serenelli, PG, Haxton PRD (2013) 
 



  S-factors in action: B/Be 

(In 2013) Current laboratory precision can be reached 
(7.5%) if  both solar 7Be flux and S34  uncertainties are 
reduced to 3% 
 
Borexino can make it,  
could S34 be improved? 

Serenelli, PG, Haxton PRD (2013) 
 



   SSM through the looking glass 
 
Solar neutrinos Direct problem: 
- Neutrino fluxes and seismic from several input sets  
-  Verify predictions with observations 
 
 
Solar neutrinos Inverse problem: 
-  Infer solar neutrino fluxes from neutrino observations 
-  Infer seismic properties from helioseismology 
-  Compute 10000n SSM connecting neutrino fluxes and 

seismic with SSM inputs 
-  Use Bayes to infer neutrino parameter distributions 

directly from observations  

In progress, Gonzalez-Garcia, PG, Serenelli, Villante et al 



 Uncertainties: 20 inputs + opacity function 

Linear Opacitity (2) 
 
Gaussian Process (11 points + correlation parameter) 



 40 Data Points: 2 + 8 + 30 



 40 Data Points: 2 + 8 + 30 



    S-factors posteriors 



 Abundances posteriors 



 Opacity posteriors 



 Posteriors and model rejection 



Concluding remarks 
50 + years of SSM  with improvements in opacities, 
solar abundances, astrophysical factors, … to 
understand Solar Neutrino Problem, with 10+ 
years facing Solar Abundances Problem 
 
- S34, S17, S114, are the most important S-factors to 
continue improving:  
- S34, S17 consistency check with 7Be/8B 
- CNO neutrinos are linearly proportional to C+N 
abundances and S114 

 
- Solar neutrinos Inverse problem: with good S-
factors, understand abundances problem or 
challenge opacity funcion. 



 pp chain 
99,77% 

p + p → d+ e+ + νe 
 

0,23% 
p + e - + p → d + νe 

 

 
3He+3He→α+2p 

 

 
3He+p→α+e++νe 

 
 

~2×10-5 % 84,7% 

13,8% 

0,02% 13,78% 

3He + 4He →7Be + γ 
 

 

7Be + e- → 7Li + νe 
 

 

7Be + p → 8B + γ 
 

 

d + p → 3He +γ 

 
7Li + p ->α+α  

 pp I    pp III  pp II  hep  

8B → 8Be*+ e+ +νe 
         2α 



12C + p → 13N + γ
13N → 13C + e+ + ν
 

 ε(13N)=M(12C)+Mp-M(13C)-<Eν>(13N) 

CNO cycle 

13C + p → 14N + γ
14N + p → 15O + γ 
15O → 15N + e+ + ν
15N + p → 12C + α

 

ε(15O)=M(13C)+3Mp-Mα-M(12C)-<Eν>(15O) 



Local kinetic equilibrium 
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