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Neutrinos from core-collapse 
supernovae 

•  Mprog ≥  8 MSun 
•  ΔE ≈ 1053 ergs  
    ≈ 1059 MeV 

•  99% of the energy 
is carried away by 
neutrinos and 
antineutrinos with 
10 ≤ Eν ≤ 30 MeV 

•  1058 Neutrinos! 



..and	  those	  ν’s	  
were	  observed!	  



Balantekin	  and	  Fuller,	  Prog.	  Part.	  Nucl.	  Phys.	  71	  162	  (2013).	  
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Development of 2D and 
3D models for core-
collapse supernovae: 
Complex interplay 

between turbulence, 
neutrino physics and 

thermonuclear 
reactions.  



Neutrinos dominate the energetics of core-collapse SN  

Total optical and kinetic energy = 1051 ergs 
 

Total energy carried by neutrinos = 1053 ergs 

Explosion	  only	  1%	  
of	  total	  energy	  

10%	  of	  star’s	  rest	  
mass	  
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Neutrino diffusion time, τν ~ 2-10 s 

Lν ≈
GMns
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≈ 4×1051ergs / s



Core-collapse supernovae are very sensitive to ν physics 

Gravitational collapse yields very large values of the Fermi energy 
for electrons and νe’s (~1057 units of electron lepton number). νµ’s 
and ντ’s are pair-produced, so they carry no µ or τ lepton number. 
Any process that changes neutrino flavor could increase electron 

capture and reduce electron lepton number. 

νe + n
→
←

p+ e−

Almost the entire gravitational binding energy of the progenitor star 
is emitted in neutrinos. Neutrinos transport entropy and the lepton 

number.  

Electron fraction, or equivalently neutron-to-proton ratio (the 
controlling parameter for nucleosynthesis) is determined by the 

neutrino capture rates:  

νe + p
→
←

n+ e+



One way to produce most of the elements heavier 
than iron is via rapid neutron capture (r-process) 
[Fe/H]	  ≈	  -‐3.1	  

r-process abundances should depend very 
strongly on electron fraction  Meyer 

A > 100 abundance pattern fits  
the solar abundances well 



Cowan	  &	  Sneden,	  Nature	  440,	  1151	  (2006)	  



observaZons	   Model	  calculaZons	  for	  
neutron-‐star	  mergers	  

Average merger rate = 20/Myr Average merger rate = 2/Myr 

Coalescence 
timescale = 1 Myr 

Argast	  et	  al.,	  A&A,	  416,	  997	  (2003)	  Star formation rate? 



Yield	  of	  neutron	  
star	  mergers	  

SDSS	  Data	  from	  	  Aoki	  et	  al.,	  arXiv:	  1210.1946	  [astro-‐ph.SR]	  





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! 







If the neutrino density itself is also very high then one has to 
consider the effects of neutrinos scattering off other 

neutrinos. This is the case for a core-collapse supernova. 

Fuller, Qian, Raffelt, Smirnov, Duan, Balantekin, Pehlivan, Friedland, … 

Coherent forward scattering of neutrinos off 
other neutrinos 

Not all neutrinos scatter in the forward direction, halo effect  





Neutrino flavor isospin algebra   

Neutrino-Neutrino Interactions 
Smirnov, Fuller and Qian, Pantaleone, 
McKellar, Friedland, Lunardini, Raffelt, 
Balantekin, Kajino, Pehlivan … 

Neutrino-neutrino interactions lead to novel collective and emergent 
effects, such as conserved quantities and interesting features in the 

neutrino energy spectra (spectral “swaps” or “splits”).  

Algebraic description of the MSW effect 
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Fuller, Qian, Carlson, Duan 



θ13~π/10 

θ13~π/20 

θ13~π/20 
with α 
effect 

L51 = 0.001, 0.1, 50 

Equilibrium electron 
fraction with the 

inclusion of νν 
interactions  

Xα= 0, 0.3, 0.5 (thin, 
medium, thick lines) 

Balantekin and Yuksel 





The duality between Hνν and BCS Hamiltonians 





Pehlivan, Balantekin, Kajino and Yoshida, Phys. Rev. D84, 065008 (2011) 



Spectral Splits 







Dasgupta et al., 2009 



time 

CP (T) violation in Supernovae? 



✖	


time 

CP (T) violation in Supernovae? 









These considerations give us interesting sum rules: 

•  Electron neutrino survival probability, P (νe→ νe) is 
independent of the value of the CP-violating phase, δ; or 
equivalently 

•  The combination P (νµ→νe) + P (ντ→νe) at a fixed energy is 
also independent of the value of the CP-violating phase. 
Balantekin, Gava, Volpe  

•  It is possible to derive similar sum rules for other 
amplitudes. Kneller, McLaughlin 



This result holds even if the neutrino-neutrino 
interactions are included in the Hamiltonian, 
Gava and Volpe 



Under the stated assumptions, electron neutrino survival 
probability and, consequently, electron neutrino and antineutrino 
luminosities are independent of the CP-violating phase. To be able 
to observe the effects of δ, we need to relax the underlying 
assumptions:  

•  Permit the νµ and ντ luminosities to be different at the 
neutrinosphere. Standard Model (SM) loop corrections and also 
physics beyond the Standard Model may do this.       

OR 

•  Explore when Vτµ is non-zero due to SM loop corrections and 
also physics beyond SM.        



Thank you very much 


