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Dominant neutrino interactions depend on the neutrino flavor and electron density in the transport.

Why neutrino process in SN?

We need to understand the neutrino source and its propagation in SNe ?
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Total Hamiltonian for neutrino propagation in matter

𝐻tot𝑎𝑙 = 𝐻Vacuum + 𝑉matter + 𝑉self

𝐻Vacuum =
1

2𝜖𝜈
𝑈

0 0 0
0 Δ𝑚21

2 0

0 0 Δ𝑚31
2

𝑈†

𝑈 =

𝑐12𝑐13 𝑠12𝑐13 𝑠13
−𝑠12𝑐23 − 𝑐12𝑠23𝑠13 𝑐12𝑐23 − 𝑠12𝑠23𝑠13 𝑠23𝑐13
𝑠12𝑠23 − 𝑐12𝑐23𝑠13 −𝑐12𝑠23 − 𝑠12𝑐23𝑠13 𝑐23𝑐13

Neutrino parameters
𝜃12 = 33.8∘, 𝜃23 = 45∘, 𝜃13 = 9.2∘

Δ𝑚21
2 = 7.54 × 10−5 eV2 , Δ𝑚31

2 ≈ 2.4 × 10−3 [eV2]

- Vacuum and matter term

- Neutrino self-interaction term

𝒏𝒆 = 𝝆𝒃𝒀𝒆𝑵𝑨
Unitary mixing PMNS matrix

K. A. Olive, et al. [Particle Data Group], Chin. Phys. C 38, 090001 (2014).

H. Sasaki, et al., Phys. Rev. D 96, 043013 (2017)

Heamin KO, et.al, ApJS (2022) 

A. Tolstov, in private communication (2017)

, 𝑉matter 𝑟, 𝐸, 𝜃𝑝 =
± 2𝐺𝐹𝑛𝑒 0 0

0 0 0
0 0 0

Neutrino process Neut. Ham. for neutrino density propagation 

SN1987, 16.2M_sol
with 6M_sol He core !
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𝜙′ 𝑡, 𝑟; 𝜖𝜈 , 𝑇𝛼 ≡
𝑑

𝑑𝜖𝜈
𝜙 𝑡, 𝑟; 𝜖𝜈, 𝑇𝛼

=
𝐿𝜈

4𝜋𝑟2
1

𝜖𝜈

𝜖𝜈
2

exp 𝜖𝜈/𝑇𝛼 +1
𝜌𝛼𝛼

The differential neutrino flux with neutrino flavor 𝛼

The neutrino temperatures are

T. Yoshida, et al., Astrophys. J. 686, 448 (2008)
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H. Sasaki, et al.(NAOJ) in private communication (2018)

✓ Initially we assume Fermi-Dirac distribution for neutrino spectra (EQ luminosity).
✓ In the case of normal mass hierarchy, the SI effect is suppressed. 
✓ For anti-neutrino, similar effects are found.
✓ For the luminosity we use other numerical luminosity by the neutrino transport 

simulation (NEQ Luminosity). 

(Not-to-scale)

𝑇𝜈𝑒 = 3.2, 𝑇ഥ𝜈𝑒 = 5 and 𝑇𝜈𝑥 = 6 MeV/𝑘𝐵

Inverted mass hierarchy 
(IH)

Neutrino process Self-Interaction effects on the Neutrino Flux
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Numerical results for elements abundances 
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JINA REALIB

QRPA & Branching Ratios 

1987 SN model

Modified (n,g) Reactions

Modified Neutrino Flux by Self-interaction : w/ and w.o/

Pre-supernova Model

Neutrino Luminosity : EQ and NEQ

Hydrodynamics Model: HCK18, KCK19

Mass Hierarchy : NH and IH

Introduction Input Data Model for  neutrino-process for CCSN Explosion
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Hydrodynamics : HKC18 and KCK19 / Luminosity : EQ and NEQ
Neutrino Self Interaction : FD and SI / Mass Hierarchy : NH and IH

#. Extra – Ta180IntroductionIntroduction Nuclear Abundance Ratio in the neutrino-process



Mass Fraction ratio of 7Li/11B and PF ration of 138La/11B

Spectra FD +SI FD +SI

Mass
Hierarchy

IH IH NH NH

Yield Ratio 0.671(0.488) 0.413(0.435) 0.343(0.342) 0.507(0.467)

• The yield ratio of [7Li/11B]

Spectra FD +SI FD +SI

Mass
Hierarchy

IH IH NH NH

PF ratio 0.410(0.6585) 0.1899(0.3672) 0.335(0.6274) 0.2671(0.4776)

• The production factor ratio of [138La/11B]

<0.53 (2 sigma)

> 0.41 (lower limit)
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16O(nu,…)10Be & 12C (nu,…)10Be

Two step process !!
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By the shell model 



10Be (p,n)10B & 10B (n,p)10Be

Astrophysical neutrinos and the origin of the elements, 
2023, July, INT, UoW 



Astrophysical neutrinos and the origin of the elements, 
2023, July, INT, UoW 



Astrophysical neutrinos and the origin of the elements, 
2023, July, INT, UoW 



10Be (p,a)7Li & 7Li (a,p)10Be
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10Be (a,n)13C & 13C (n,a)10Be

Astrophysical neutrinos and the origin of the elements, 
2023, July, INT, UoW 



Astrophysical neutrinos and the origin of the elements, 
2023, July, INT, UoW 



Astrophysical neutrinos and the origin of the elements, 
2023, July, INT, UoW 



11Be (g,n)10Be & 10Be (n,g)11Be
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10Be(p,n)10B & 10B(p,n)10Be

11Be(g,n)10Be & 10Be(n,g)11Be

10Be(p,a)7Li & 7Li(a,p)10Be

10Be(a,n)13C & 13C(n,a)10Be
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4. Summary and Conclusion
1. We updated the nuclear reactions relevant to the production and destruction channels for 
10Be. 

2. Main production reactions are found to be neutrino-induced reactions on 12C and 16O

as well as 11Be(γ, n)10Be, while the main destruction channel is shown to be 10Be(p,α)7Li.

3. The charge exchange reactions are shown to rarely contribute the 10Be production.

4. The 10Be abundance is shown to reach to 0.14 – 0.68 for normal hierarchy and 0.46 – 1.57 for 
inverse hierarchy in the unit of [10−10M⊙], if we take into account of the resonance 1/2+ at 
E_ex=11.425 MeV in 11B produced by radiative proton capture. 

5. This abundance is a bit smaller than the previous result 3.26 [10−10M⊙] by A. Heger because 
of the resonance in 11B created the destruction channel 10Be(p,α) 7Li. 

6. We also presented the evolution of the abundance ratio of 10Be to 9Be with the mass 
coordinate in the supernova.

7. Similar calculations of other short lived radioactive nuclei, 51V and 53Mn, have been done

and will be analyzed for the SN event near the solar system formation by comparing their

ratios to their stable isotopes 10Be/9Be, 51V/50V, 53Mn/55Mn, and 92Nb/93Nb.
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2023, July, INT, UoW 



Astrophysical neutrinos and the origin of the elements, 
2023, July, INT, UoW 

8. We included the neutrino self interaction, which is slow flavor oscillation effect, using the 
bulb model, the multi-angle approximation in the present calculation and the empirical neutrino 

distribution by Fogli.

9. The fast flavor instability also change the neutrino 

spectra and will be considered as a future project. 

But we need numerical results.

10. As for the magnetic field effect, we recently 

considered first the electron polarization 

in the pre-SN matter before the magnetic field effect 

in the neutrino transport inside the proto-neutron star.

11. Finally, we are going to develop the Late Input Model for understanding of the last SN 
around the solar system formation with help of the meteorite analyses. They now evaluate which 
shell the SLR nuclei are produced in the CCSNe.       



Thanks for 
your attention !!
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