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reactor neutrinos
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solar neutrinos
  

ν flavor = T νmass
Neutrino mixing, 3 active flavors

P νe →νe( ) =1− sin2 2θ13 cos2θ12 sin2 Δ31L( )+ sin2θ12 sin2 Δ32L( )$% &'

− cos4θ13 sin
2 2θ12 sin

2 Δ21L( )

cij = cosθij sij = sinθij
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The potential is provided 
by the coherent forward 
scattering of !e�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 at the tree level, it 
does not contribute to 

phase differences unless we 
invoke sterile neutrinos. 

Neutrinos in matter: the 
MSW Effect

Note%the%
fine%print!
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Vc = 2GFNe Vn = −
1
2
GFNn

Matter effects

H = −
δm2

4Eν
cos2θ + 1
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Two-flavor limit



Neutrinos from 
core-collapse 
supernovae

•Mprog ≥  8 Msun ! "E ≈ 1053 ergs ≈ 
1059 MeV

•99% of the energy is carried away 
by neutrinos and antineutrinos with          
10 ≤ E# ≤ 30 MeV  ! 1058 neutrinos.

•We cannot ignore the interactions 
between these neutrinos! 
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The second term makes the physics of a neutrino gas in a core-collapse supernova a 
very interesting many-body problem, driven by weak interactions.

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”). 

Energy released in a core-collapse 
SN: !E ≈ 1053 ergs ≈ 1059 MeV

99% of this energy is carried away 
by neutrinos and antineutrinos!

~ 1058 Neutrinos!
This necessitates including the 

effects of "" interactions!

Proto%neutron%
star
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H = a†a∑
describes neutrino oscillations

interaction with matter (MSW effect)


+ 1− cosθ( )a†a†aa∑

describes neutrino-neutrino
interactions

  





r-process nucleosynthesis

A > 100 abundance pattern fits 
the solar abundances well.

Roederer et#al.,(Ap.(J.(Lett.(747,(L8((2012)
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Possible sites for the r-process

The origin of elements

Neutrinos not only 
play a crucial role 
in the dynamics of 
these sites, but 
they also control 
the value of the 

electron fraction, 
the parameter 

determining the 
yields of the r-

process. 
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Development of 2D and 
3D models for core-
collapse supernovae: 
Complex interplay 

between turbulence, 
neutrino physics and 

thermonuclear 
reactions. 



If we want to catch a supernova with neutrinos we’d better know 
what neutrinos do inside a supernova. 

Symmetry'magazine



Balantekin)and)Fuller,)Prog.)Part.)Nucl.)Phys.)71 162)(2013)

Understanding a core-collapse supernova and the nucleosynthesis it 
may host requires answers to a variety of questions!

Ye =
Np

Np + Nn

=
1

1+λp λn

Arcones and)Montes



!e !µ

Neutrino flavor isospin Ĵ+ = ae
†aµ Ĵ− = aµ

†ae

Ĵ0 =
1
2
ae
†ae − aµ

†aµ( )
These operators can be written 
in either mass or flavor basis

Ĥνν =
2GF

V
dpdq 1− cosθ pq( )
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The duality between Hνν and BCS Hamiltonians

This symmetry naturally leads to splits in the neutrino energy spectra 
and was used to find conserved quantities in the single-angle case. 





Single-angle approximation Hamiltonian:

H =
δm2

2p
Jp

0 + 2µ J p •Jq
p, q
p≠q
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Eigenstates:

xi =∏i=1
N Jk
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Invariants:
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Pehlivan,*ABB,*Kajino,*&*Yoshida
Phys.*Rev.*D*84,*065008*(2011)*

Bethe ansatz equations

µ =
GF

2V
1− cosΘ



Ô1,Ô2
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Ô1Ô2 ≈ Ô1 Ô2 + Ô1 Ô2 − Ô1Ô2

Expectation values should be calculated 
with a state Ψ chosen to satisfy:

Ô1Ô2 = Ô1 Ô2

This reduces the two-body problem 
to a one-body problem:

a†a†aa⇒ a†a a†a+ a†a† aa+ h.c.

What is the mean-field approximation?

Ĥνν =
2GF

V
dpdq 1− cosθ pq( )
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ψνLγ
µψνLψνLγµψνL ⇒ψνLγ

µψνL ψνLγµψνL +

ψνRγ
µψνRψνRγµψνR ⇒ψνRγ

µψνR ψνRγµψνR +

ψνLγ
µψνLψνRγµψνR ⇒ψνLγ

µψνL ψνRγµψνR +

Neutrino-neutrino interaction

Antineutrino-antineutrino interaction

Neutrino-antineutrino interaction

Balantekin and Pehlivan, JPG 34,1783 (2007)

Mean field



ψνLγ
µψνLψνRγµψνR ⇒ψνLγ

µ ψνLψνRγµ ψνR +!

However note that 

ψνLψνRγµ ∝mν   (negligible if the medium is isotropic)

Neutrino-antineutrino can also have an additional 
mean field

Fuller et al. 
Volpe 



Single-angle approximation Hamiltonian:
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Bethe ansatz equations

µ =
GF

2V
1− cosΘ



Away from the mean-field: First adiabatic solution of 
the exact many-body Hamiltonian

• Solutions)of)the)Bethe)ansatz equations)for)250)neutrinos.)Same)behavior)as)the)
mean9field.

• Two)flavors)only
• Inverted)hierarchy,)no)matter)effect 2015



Adiabatic evolution of an
initial thermal distribution 
(T = 10 MeV) of electron
neutrinos. 108 neutrinos 
distributed over 1200 
energy bins with solar 

neutrino parameters and 
normal hierarchy.

Birol, Pehlivan, Balantekin, Kajino
arXiv:1805.11767

initial

final



Birol, Pehlivan, Balantekin, Kajino
arXiv:1805.11767

Adiabatic evolution of an initial 
thermal distribution of electron 

neutrinos (T=10 MeV) and 
antineutrinos of another flavor 

(T=12MeV). 108 neutrinos 
distributed over 1200 energy 
bins both for neutrinos and 

antineutrinos with solar neutrino 
parameters and normal 

hierarchy.

Initial

Final



An alternative approach Patwardhan,*Cervia,*Balantekin*2018

Key*idea:*Calculate*! at*"=#p







Thank you very much!


