
Reaction Network After the He3 Equilibrium 



The CN cycle 

3	
   4	
   5	
   6	
   7	
   8	
   9	
  

neutron	
  number	
  

C(6)	
  

N(7)	
  

O(8)	
  

F(9)	
  

Ne(10)	
  

12C(p,γ)13N	
   (β+)13C	
   (p,γ)14N	
   (p,γ)15O	
   (β+)15N	
  (p,α)12C	
  

Net	
  effect:	
  4p	
  -­‐>	
  α	
  +	
  2e+	
  +	
  2ve	
  	
  



CNO cycle 
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Competition between the p-p chain and the CNO Cycle  













Example: L=3, m=2 p-mode 

From D. Guenther 
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Solar 
neutrino 

experiments 



SuperKamiokande-I 8B solar ν’s  



Sudbury 
Neutrino 
Observatory 
(SNO) 



stat stat + syst 





Already first SNO neutral current (salt) results could be analyzed without 
referring to the Standard Solar Model, A.B.B. & Yuksel, PRD 68, 113002 (2003) 



Do antineutrinos mix the same way neutrinos do?  

SNO LETA 

LMA 

LOW 

KamLAND 
prefers  
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Eν = 10 MeV 
theory 

SNO LTE  
measurement 

Experiments primarily sensitive to higher energy solar neutrinos 
cannot distinguish between LMA and LOW regions! It is desirable to 

pick the neutrino parameter region without KamLAND’s antineutrinos.  
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The potential is provided by 
the coherent forward 

scattering of νe’s off the  
electrons in dense matter	
  

There is a similar term with Z-
exchange. But since it is the 

same for all neutrino flavors, it 
does not contribute to phase 

differences unless we invoke a 
sterile neutrino.  

The MSW Effect 

Note that matter effects induce 
an effective CP-violation since the 
matter in the Earth and the stars 
is not CP-symmetric! 
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Matter effects 
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Eν = 10 MeV 

Experiments primarily sensitive to higher energy solar neutrinos 
cannot distinguish between LMA and LOW regions! It is desirable to 

pick the neutrino parameter region without KamLAND’s antineutrinos.  

A.B. Balantekin and A. Malkus  

SNO LTE 

Day-night 
asymmetry 
expected 
at SNO for 
Eν=10MeV 

LOW LMA 
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Eν = 10 MeV 

Experiments primarily sensitive to higher energy solar neutrinos 
cannot distinguish between LMA and LOW regions! It is desirable to 

pick the neutrino parameter region without KamLAND’s antineutrinos.  

A.B. Balantekin and A. Malkus  

Fit to the 
SNO LTE data 



BOREXINO  
Measurement	
  

Eν = 862 keV 
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SSM assumption: The proto-Sun 
follows the convective Hayashi track 
è zero-age Sun is homogeneous, i.e 

Zinitial = Zsurface_today 

X+Y+Z=1	
  
Ini1al	
  parameters:	
  Yini1al,	
  
Zini1al,	
  solar	
  mixing	
  length	
  	
  

Evolve	
  forward	
  to	
  
today	
  to	
  reproduce	
  
present	
  R¤,	
  L¤,	
  
and	
  Ysurface	
  

Zsurface_today is deduced from 
photospheric absorption lines, 
which were recently evaluated 
using 3D methods. Zsurface_today 

obtained using improved methods 
does not match Zinitial of the SSM! 



old	
  
new	
  

Old 8B neutrino flux = 4x106 cm-2s-1 

New 8B neutrino flux = 5.31x106 cm-2s-1 

Sun is no longer an “odd” star 
enriched in heavy elements! 

This fixes some old puzzles But creates new ones! 

There is mismatch 
between the surface and 
the interior of the Sun! 
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New Solar abundances:  
•  Asplund et al. (AGSS09), 

(Z/X)¤=0.0178 
•  Grevesse and Sauvel 

(GS98), (Z/X)¤=0.0229 
Drastically different! 
Open problem in solar 
physics! 

•  New Evaluation of the 
nuclear reaction 
rates: Adelberger et 
al. (2011) 

•  New solar model 
calculations:Serenelli 

CNO Neutrinos are 
still not measured! 
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  Error	
  

Diffusion coefficient of 
SSM 

2.7% 

Nuclear rates [mainly 
7Be(p,γ)8B and 14N(p,γ)15O] 

9.9% 

Neutrinos and weak 
interaction (mainly θ12) 

3.2% 

Other SSM input 
parameters  
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SSM Error Budget 



3He(α,γ)7Be  

The main uncertainty 
for the Sun and Big-
Bang nucleosynthesis 



14N(p,γ)15O  

The determining reaction for the CNO burning 


