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Preliminary Evolution of Element Abundances in the Universe Evolution 

M. Wiescher et al., Annu. Rev. Astro. Astrophys. (2012)

TRIUMF-APCTP joint workshop, Aug. 8-12, 
2022
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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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Introduction Neutrino Process in CCSN Explosion
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𝑉self 𝑟, 𝐸, 𝜃𝑝 = 2𝐺𝐹 σ𝛼  1 − Ƹ𝑝 ⋅ ො𝑞 𝜌𝜈𝛼 𝑞 𝑑𝑛𝜈𝛼𝑑𝑞 −  1 − Ƹ𝑝 ⋅ ො𝑞 𝜌ഥ𝜈𝛼
∗ 𝑞 𝑑𝑛ഥ𝜈𝛼𝑑𝑞

=
2𝐺𝐹

2𝜋𝑅𝜈
2σ𝛼 𝑑𝐸 𝑑 cos𝜃𝑞 1 − cos𝜃𝑝cos𝜃𝑞

𝐿𝜈𝛼
𝜖𝜈𝛼

𝑓𝜈𝛼 𝐸 𝜌 −
𝐿ഥ𝜈𝛼
𝜖𝜈

𝑓ഥ𝜈𝛼 𝐸 ҧ𝜌

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 !

TRIUMF-APCTP joint workshop, Aug. 
8-12, 2022
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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 (Case I).
✓ In the case of normal mass hierarchy, the SI effect is suppressed. 
✓ For anti-neutrino, similar effects are found.
✓ We extend it by using other numerical luminosity by the neutrino transport 

simulation. 

(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

19
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𝑯𝐕𝐚𝐜𝐮𝐮𝐦 + 𝑽𝐦𝐚𝐭𝐭𝐞𝐫 ( MSW effect)
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resonanceN
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H. Sasaki, et al.(NAOJ) in private communication (2018)

𝑯𝐕𝐚𝐜𝐮𝐮𝐦 + 𝑽𝐦𝐚𝐭𝐭𝐞𝐫 + 𝑽𝐬𝐞𝐥𝐟

𝑑

𝑑𝜖𝜈
𝜙𝛼 𝑡, 𝑟; 𝜖𝜈, 𝑇𝛼 =

𝑳𝝂 (𝒕)

4𝜋𝑟2
𝟏

𝝐𝝂

𝝐𝝂
𝟐

𝐞𝐱𝐩 𝝐𝝂/𝑻𝜶 + 𝟏
𝝆𝜶𝜶 (𝒕) × 𝑷𝜶𝜷 𝝐𝝂

The differential neutrino flux again including outer region oscillation

IH

Neutrino process MSW Effects on the Neutrino Flux (IH)
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TRIUMF-APCTP joint workshop, Aug. 8-12, 
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𝑑𝑁𝑗

𝑑𝑡
= 𝑁𝑖 𝜆𝑖,𝑗 − 𝑁𝑗 𝜆𝑗,ℎ + … →

𝑑𝑌𝑗

𝑑𝑡
= 𝒀𝒊 𝝀𝒊,𝒋 − 𝒀𝒋 𝝀𝒋,𝒉 +⋯

𝜆𝜈𝛼 𝑟 = 𝜎 𝜙

= න
0

∞



𝛼=𝑒,𝜇,𝜏

𝑑𝜙𝜈𝛼
𝑑𝜖𝜈

𝐵𝑟 𝜖 𝜎𝜈𝛼 𝜖𝜈 𝑑𝜖𝜈

Network calculation for nucleosynthesis

Cross section data using QRPA

Part for neutrino reaction rates

M. K. Cheoun, et al., Phys. Rev. C 85, 065807 (2012)
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Neutrino Reactions Rates with Nuclei Neutrino process

JINA REACLIB & Los Alamos (n,g) Data !
Kyushu-Tokyo Progenitor Model !

In MSW region, energetic e-neutrino 
is increased by the x-e neutrino 
resonance. ( w/o SI)

But it is a bit decreased with the 
decrease of X-neutrino by the SI
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TRIUMF-APCTP joint workshop, Aug. 
8-12, 2022

Data in Low E. region: KARMEN/LSND/CC and NC

LSND : ne
12C -> e- + 12N* (1+)

More data from
JSNS2 at JPARC ?

ν-reaction (2 step)

Cheoun, Phys. Rev. C 81, 028501 (2010) 

27



TRIUMF-APCTP joint workshop, Aug. 
8-12, 2022

28



TRIUMF-APCTP joint workshop, Aug. 
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For neutrino-nuclei reactions,
1. We include the transition from 0(+/-) up to 4(+/-)  !!!
2. To describe the excitations of compound nuclei, we exploit the (D)QRPA.
3. In the QRPA, the Brueckner G matrix based on the CD Bonn potential and ‘all kinds 
of pairing interactions’ in the BCS are included.
4. These (D)QRPA have been successfully tested to reproduce the GT strength distr..
5. For the excitation spectrum of the compound nuclei, we exploit a statistical model 
by S. Chiba in TIT. TRIUMF-APCTP joint workshop, Aug. 

8-12, 2022

Phys. Rev. C99, (2019), 064304;
Phys. Rev. C97, (2018), 064322;
Phys. Rev. C97, (2018), 024320;
EPJA 53, (2017), 26 ….
JPG, 46 (2019), 105109
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Coupled (nn + pp + np) DQRPA by np pairing

Neut.-induced react. by QRPA + Deform.+ Unlike pairing corre.

TRIUMF-APCTP joint workshop, Aug. 
8-12, 2022

NC

CCCC
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Numerical results for 
elements abundances 

TRIUMF-APCTP joint workshop, Aug. 
8-12, 2022

JINA REALIB

QRPA & Branching Ratios 

1987 SN model

Modified (n,g) Reactions

Modified Neutrino Flux by Self-interaction

Pre-supernova Model

Neutrino Luminosity

Flavor change probability by shock wave and others

Hydrodynamics 
Model
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TRIUMF-APCTP joint workshop, Aug. 
8-12, 2022
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TRIUMF-APCTP joint workshop, Aug. 8-12, 
2022

#. Extra – Ta180Neutrino process Results for Light Elements II

For 7Li, the main reactions are
both e- and anti-e- CC reactions 
which are larger than NC.
And e-CC through 3He and 7Be 
from 4He is larger than anti-e due to MSW. 
=> Sensitive on the nu-SI.

But for 11B both electro-
and antielectron-neutrinos CC and NC work.
=> Insensitive to the nu-SI.

S_p = 0.6

S_n = -1.6

S_p = -0.31

S_n = 3.14

41



TRIUMF-APCTP joint workshop, Aug. 
8-12, 2022

Hydrodynamics : HKC18 and KCK19
Luminosity : EQ and NEQ
Neutrino Self Interaction : FD and SI
Mass Hierarchy : NH and IH

43



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]

45

<0.53 (2 sigma)

< 0.41



NH is favored !!!

However, is this the last
story ?

but
the least ??? Other effects ?

TRIUMF-APCTP joint workshop, Aug. 
8-12, 2022
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10Be can produced from the SN ! 

TRIUMF-APCTP joint workshop, Aug. 8-12, 2022 50



They reported that the data of the ratio 10Be/9Be was obtained from the meteorite analysis. 
Note that 10Be is unstable and 9Be is stable. 
But previous calculation predicted that 10Be cannot be produced by the neutrino-process
because the destruction channel 10Be(a,n)13C was overestimated i.e. 10Be was destructed fully.   

TRIUMF-APCTP joint workshop, Aug. 8-12, 2022 51
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But, even if we use the correct rate for the (a,n) reaction,
the production rate is smaller than the production by the cosmic ray, which
is a kind of the spallation by cosmic rays. 

That is the reason why the main mechanism is the spallation by the CR.   Is it true?

TRIUMF-APCTP joint workshop, Aug. 8-12, 2022 53



TRIUMF-APCTP joint workshop, Aug. 8-12, 2022 54

Destruction Reactions (a,n) and (p,a) are fixed 
by data and new calculations.

But the problem remained is the (p,n) reaction 
and its inverse reactions,
because we do not have data and 
theoretical calculations are still questionable. 



TRIUMF-APCTP joint workshop, Aug. 8-12, 2022 55



Destruction reaction 10Be(p,n)10B is too large.
It is calculated by Talys !

(0.01 T9 < T <10 T9)

0.00086 MeV (= 0.086 keV) < E < 0.86 MeV)

1MeV=1.16*10^10 Kelvin

(n,p) and (p,n) reactions 
by Talys which was used in the process

That is the reason 10Be was too small O(-22) 
in the previous calculation which used the Talys results!!



If we use the new data for the (n,p) and (p,n) reactions deduced from JENDL data,

The destruction becomes small, and the construction is larger than those by the Talys.  Be10 abundance is up !! 

TRIUMF-APCTP joint workshop, Aug. 8-12, 2022 59



Summary 1
As suggested by Nature, we used new data 
for 10Be(a,n)13C from JINA REACLIB . 
But 10Be abundance is very small.

Summary 2
Previous calculation used the Talys results 
for 10Be(p,n)10B, which destroyed 10Be.
But new calculations based on JENDL-5
showed that the (p,n) reaction is small, 
so that
10Be abundance increases.  

The CEX is really important and needs the experimental data !! 

TRIUMF-APCTP joint workshop, Aug. 8-12, 2022 61



TRIUMF-APCTP joint workshop, Aug. 8-12, 2022 62

However, there are other production channels 
from Be and B, for example, 11Be(g,n)10Be….



TRIUMF-APCTP joint workshop, Aug. 8-12, 2022 63



TRIUMF-APCTP joint workshop, Aug. 8-12, 2022 64



We used the (n,g) data from NNDC and calculated reverse reaction by the balance equation.
The contribution turns out to be critical for the 10Be production process.
Of course, we need experimental data to justify these reactions. 

TRIUMF-APCTP joint workshop, Aug. 8-12, 2022 65
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TRIUMF-APCTP joint workshop, Aug. 
8-12, 2022

Summary
⚫ Neutrino spectra are largely changed by the neutrino self-interaction for 

inverted mass hierarchy case.

⚫ Heavy elements, 92Nb,138La 98Tc and 180Ta, are mainly produced in inner 

region below O-Ne-Mg layer, and increased about 3 or 4 times larger by 

the neutrino self-interaction. But, 180Ta abundance depends on the pre-

supernova model. 
⚫ Although there is shock propagation, MSW effect impacts rarely on 

heavy elements. (But with other hydrodynamics model it  can affect  
them.) 

⚫ All results hinge on the luminosity. For example, if we take some 
numerical luminosities from the simulation of the neutrino 
transportation, results show that the situation is reversed. 

⚫ Light elements, which are produced in outer region, turn out to be 
mainly sensitive on the MSW effects.

⚫ Mass hierarchy can be determined by more accurate data of 7Li/11B 
ratio in the astronomy. 

⚫ Ratio of 138La/11B could be an interesting quantity for SI and MSW 
effects. It favors the Normal Hierarchy !!!

⚫ Sterile neutrinos are allowed in the equivalent luminosity scenario with 
NH scheme.

#. Extra – Ta180Neutrino process Summary 
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Thanks 
for 
your 
attention !
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