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2.1 Neutrino oscillation
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21 = 7.5 × 10−5 [eV2] |Δm2
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2.1 Neutrino oscillation in electron matter
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dM(r) = 4πr2ρdr

Ye ∼ 0.5

Density profile of SN1987A by A. Tolstov
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2.1 Neutrino oscillation in electron matter
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d
dt
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Solve the schroedinger like equation 

2GFne =
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ji
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cos 2θij
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ρb =
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ji cos 2θij

2 2GFEνYe
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Total Hamiltonian

(Eν = 15 MeV)

Vacuum term = Matter term
j = 2 and i = 1 → ρb ∼ 12.3 [g/cm3]

j = 3 and i = 1 → ρb ∼ 994 [g/cm3]
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2.2 Neutrino oscillation in neutrino gas
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ℋNC
νν (x) =
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GF[ν̄α(x)γμ(1 − γ5)να(x)]⟨ν̄β(x)γμ(1 − γ5)νβ(x)⟩
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2
GF[ν̄β(x)γμ(1 − γ5)να(x)]⟨ν̄α(x)γμ(1 − γ5)νβ(x)⟩

Vdiagonal(x) = 2GF ∫ (1 − p̂ ⋅ q̂) [ρ(x) − ρ̄(x)]ββd3q
να(p)

νβ(p)

⟨ν̄αL(q)γμνβL(q)⟩

Vexchange(x) = 2GF ∫ (1 − p̂ ⋅ q̂) [ρ(x) − ρ̄(x)]αβd3q
να(p)

να(p)

⟨ν̄βL(q)γμνβL(q)⟩

Potential term

(a) Diagonal (b) Exchange

(a)

(b)

Neutrino self-interaction Hamiltonian - by taking ensemble average From 10 km to 2000 km
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̂ρ(t, q)d3q ≡ ∑
α

dnνα
|να(t, q)⟩⟨να(t, q) |

̂̄ρ(t, q)d3q ≡ ∑
α

dnν̄α
| ν̄α(t, q)⟩⟨ν̄α(t, q) |

where density operator for mixed ensemble of neutrino states Differential neutrino number density

E. O’Connor et al. J. Phys. G: Nucl. Part. Phys. 45 104001 (2018)

[ρ(x)]ee ≡ ∑
α

dnνα
⟨νe |να(t, q)⟩⟨να(t, q) |νe⟩
Y.-Z. QIan et al. PRD 51.1479 (1995)

tpb > 500 ms → L(500 ms) × exp[ − (t − r/c)/τ]
tpb = 50, 100, 200, 300 and 500 ms

From 10 km to 2000 km
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=
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V

fdistd3q =
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πR2
ν
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dq ( dΩ
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2.3 Neutrino spectra
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3. Supernova nucleosynthesis
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λνα
(r) ∝ σνα

ϕν = ∫
∞

0

dϕ
dEν

Br(Eν)σνα
(Eν)dEν

dYj

dt
= + Yiλi,j − Yjλj,h

+YkYlρbNA⟨σv⟩kl,j − YjYmρbNA⟨σv⟩jm,n

..
.

JINA data base; Cyburt et al. ApJS, 189, 240 (2010) 
A~100 neutron capture (n,γ) in Kawano et al. J. Nucl. Sci. Technol. 47, 462 (2010)
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Network Calculation

Neutrino reaction rate

… decay rates

… two body reactions

… 3 and4 body reactions

•  and  : T. Yoshida et al. APJ 686, 448 (2008) 
•  to : D. H. Hartmann and S. E. Woosley et al. (1995) 
• : Cheoun et al. PRC 82, 035504 (2010), PRC 85, 065807 (2012)

4He 12C
13C 80Kr
Nb, Tc, La and Ta

Neutrino-nucleus cross sections (Theoretical calculation)
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4. Results - 
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92Nb, 98Tc, 138La and 180Ta 

• The elements are produced mostly inside the .


• The valley around the  is due to the strong neutron 
capture reaction .


• The elements are produced through the charged current 
reaction with electron neutrinos . The anti-electron 
neutrinos has 20% contribution to produce .


• In case of without neutrino self-interaction, mass hierarchy 
has negligible effect on the synthesis. Because most of them 
are produced inside , where this region is before 
the MSW resonance. 
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Summary 
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• Neutrinos during the supernova explosion play a key role to produce some elements 
which exist in our solar system


• Inside the supernova, neutrino self-interaction can change the neutrino spectra and it 
depends on the supernova model and neutrino mass hierarchy


• The elements, which are produced from neutrino-induced reactions, can be understood 
by the reduction of the  flux by the neutrino self-interaction.νe



Thank you for your attention



Back up
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Light element abundances
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4. Results - 
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Neutrino self-interaction potential
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The luminosity values
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Simulation data - Neutrino luminosity and averaged  energy
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