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Where do the neutrinos can play an important role?

Core-collapse supernova

r ~ 3000km (Not to scale)
explosive nucleosynthesis calculation

O-Ne-Mg layer O/C

10 km 2,000 km 100,000 km 900,000 km

Gravitational binding energy

2 release to neutrino LU-nucleus cross section
3 GMis 2 x 10> MeV Mys 10 km — B ~ 1OMeY, H 42 2
~ c ] N _
5 Rys 1.4M, Ry # of neutrinos ~ 10°* o, ~ 107* cm
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Neutrino eigenstates

e Neutrino flavor basis

y:

Flavor eigenstate

where U is the PMNS (Pontecorvo-Maki-Nakagawa-Sakata) mixing matrix
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e Mass Ordering (Hierarchy)
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u .

Normal mass Ordering
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Inverted mass Ordering

v, BT
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v I
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Neutrino mixing parameters

PA. Zyla et al. (PDG), Prog. Theor. Exp. Phys. 2020, 083C01 (2020)

still unsolved
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Neutrino oscillation in vacuum
B I

e Neutrino hamiltonian in vacuum

2 2 2
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Neutrino oscillation In star
BT~

(Not to scale)

Neutrino sphere . . .
explosive nucleosynthesis calculation

>

O-Ne-Mg

—> < i ,

R ~ 3,000 km ~ 100,000 km ~ 900,000 km

(on,~ 10%/cm’® |
- n,~ 10%/cm’® |

e Neutrino-electron (charged current interaction)
e Neutrino-neutrino (neutral current interaction)
e Neutrino-nucleus (charged and neutral current interaction)
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Neutrino-electron interaction
B

e Effective charged current hamiltonian

%gfg ()C) — Jj J/"t,y

Thermal average
of electron background

e I/e e Ve

Low energy

V2 _

v, e Ve €

The interaction potential is proportional to electron number density

he electron number density is given by SN model

Y
n, = p’:l = =N,p,Y, Y, ~0.5

u
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Mikheyev-Smirnov-Wolfenstein (MSW) effect

e Hamiltonian (vacuum+matter)
H, =H

vacumm |

_yCC
Veff

Example for two flavor

Am?
0
H,=U e Ut + (\/EGFne O)

Am?
0 — 0 0

v

Equation of motion - Schrodinger like equation

If HVacuum ~ Vmatter O

- All electron neutrinos are converted into muon neutrinos = MSW resonance |
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Flavor change probability - Vacuum + electron medium

e MSW effect
Neutrino energy distribution

O-Ne-Mg layer o/C
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10 km 3,000 km 100,000 km 900,000 km f( ’ ) Fz(O)Tg €Xp(E /T ) + 1 Vﬁ—ﬂ/ ( )
M, ~ 1.6 M M, ~4 M, M, ~6 M, P
- — ] 77— T T T 7T T T
1 f— Normal Mass Hierarchy r =3.250E+08 [CM] mm—
0.9 E‘(b) (NH) KCK19
- 0.08 [ -
0-8 é- [ ee — Pve_,ve Tye —_ 3.2 MGV
0.7¢ Pxe = Ve +P, .\, =
: =
= 3 ~. 0.06 -
£0.6 D
©U.OF @
0.5 8
Dc% 04¢ .g 0.04 | -
0.3 T =6 MeV
I
0.2 / 0.02 [ .
0.1} / The number of v, for £, > 15 MeV increase
15 2 25 3 35 4 45 5 55 © T %0 0 o0

Neutrino Energy [MeV]

Mass Coordinate (M, /M)

(%) E2
F,(O)T? = [ - dE,
o SXp(E,/T,)+1

DTP/TALENT School, 24th July, 2024 9 /16




Neutrino-neutrino interaction
BT~

Neutrinosphere . . .
explosive nucleosynthesis calculation

O-Ne-Mg

R ~ 3,000 km ~ 100,000 km ~ 900,000 km

v

Neutrino propagation with momentum p
Neutrino bulb model /. Duan etal PRD 74, 105014 (2006)
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Flavor change probability - Vacuum + v ¢ + vv

I S
e Single-angle approximation ((1-p-q§) = (1 —cosf,cosf) = 1 —cosb,)
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A role of neutrino oscillation on neutrino-process
©

e Why the neutrino flavor change probabilities are important?

Proton #
Neutrino-induced reactions rate 4, [#/s]
+-deca  dg
pr-decay h (o, b,=| ——o,(E,) dE,
90N b 91Nb 92Nb J0 dE,
p_-decay . .
. Neutrino differential flux
89Zr °0Zr o1Zr 227r 93Zr
BT =—— D e 1)
g ’r; V> v — v, U; e
Neutron # dEy Va a 471-r2 <Eya(t)> e e

P2Zr+ v, —» "*Nb+ e~

Short-lived radioactive nuclides Neutrino energy distribution (FD distribution)

2Nb (z;,, ~ 34.7 Myr); T. Hayakawa, et al. ApJL (2013) i 72
_ 1%
BTc (r,,, ~ 4.2 Myr); T. Hayakawa, et al., PRL (2018) ML) =Ly 0 B s exp(E, /T, ) + 1

Long-lived radioactive nuclides

1381 o ~ 102 Gvr): S- E. Woosley et al. APJ (1990)
(712 YO A Heger et al. PLB (2005)
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A role of neutrino oscillation on neutrino-process
I

e Neutrino reaction rates

Mo + v, > Tc + e~

050 [ms]

Neutrino-induced reactions rate 4,
€

4, (1) ¢ | (E,) dE
yer OCGVe v U, N U L,
l, | dE,

Neutrino differential flux

L, (1)
 dar2 (E, (1))

AE,, T, (2))

arbitrary unit

d
— t,ryk T,
G5 b BT,

Neutrino energy distribution (FD distribution)
E2
F,(0)T; exp(E,/T,) + 1

f(Ey, Ty) = PVﬁ—Wa(r’ Ey)
Neutrino Energy [MeV]

Multi-angle/NEQ i Neutrino oscillation -> different neutrino reaction rates -> abundance change
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Abundance at 50 s

log Mass Fraction

log Mass Fraction

|
A
w

1
—
N

Mass Coordinate (M, /M)

Main production reactions

Heavy element
Ba+y, > La+e”
Mo +v, > Tc+ e~

+2Zr+ v, -’ Nb+e"

Light element (He-layer; M, > 4M )
- *He(v, v'n)’He(a, y)'Be
. 4He(ue, e~p)’He(a, y)'Be

- *He(v, v'p)°H(a, v)'Li
- “He(,, e*n)’H(a, y)'Li
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Results and conclusion

Table 4. integrated masses of nuclei after 50 s in the rage M, = 1.6-6 (M)

Mass "Li "Be 1B He | Nb %Te  ¥La 180Ty Yield ratio PF ratio

Hierarchy (107 M) (1072 My) | (107" My) || N("Li)/N(*'B) '**La/''B
FD EQ NH 0.979 2.568 2.580 2.207 | 4.591 1.203 3.806 1.017
(KCK19) IH 1.166 0.973 3.269 0.893 | 4.256 1.245 3.471 1.012
FD EQ Shock NH 0.983 1.951 2.669 1.847 | 5.262 1.348 4.441 1.019
(KCK19) IH 1.080 1.083 3.074 0.948 | 4.293 1.237 3.508 1.013
SI EQ® NH 0.979 2.568 2.580 2.207 | 4.591 1.203 3.806 1.017
(KCK19) IH 1.054 2.162 2971 3.945 | 15.19 3.303 13.71 1.053
SI NEQ NH 1.164 1.620 4.256 4.848 | 16.42 3.548 15.05 1.294
(KCK19) IH 1.298 1.217 4.607 4.212 | 12.31 2.855 11.21 1.281
FD NEQ NH 1.526 0.847 5.393 5.174 | 25.25 5.321 22.81 1.322
(KCK19) IH 0.986 2.339 3.923 6.483 | 25.93 5.250 23.59 1.330

- 'Li

. 11B

Y <0.53 (26 95%C.L.),

Meteorite data analysis

G. J. Mathews et al., Phys. Rev. D 85,105023 (2012)
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Summary

e The neutrino during the supernova explosion plays a key role to produce the elements
(°2Nb, °8Tc, and 138La).

e Neutrino oscillates in the star interacting with electron and neutrinos. As a result, the
each neutrino energy distribution are change.

e The neutrino oscillation calculation has a dependency not only on neutrino mass
hierarchy but also on the SN condition (n,,L, and (E))).

e The elements today presented are produced by v—process and sensitive to the v, flux
due to the charged current reaction.

e We compare the meteorite data 7Li/11B and expected ratio of 1381 a/11B in our solar
system to our model.
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Expectation ratio of 138La/11B

R —

expect — Jmetal f
11B

f138La

The contributed fraction of 11B by SN to solar abundance

)

(=)~

HBSN + llBCR

10B gy + 19B o

f metal — Z

OB, ~ 0

( A Z®/4) & f138La =]

IOB
®©

~ IOBCR

Silberberg & Tsao 1990

I / I 2.33%4
108 0g /|  3.08
CR ©)

Liu et al. (2010)
Our calculation result

MH Li "Be g He “Nb %Te 138] 2 18014 Yield Ratio PF Ratio
107 M..) (10 * M,) (10 "' M) NCLi))/N(''B)  |"*La/"'B

SI NEQ NH 1.132 1.601 4.276 4.920 16.44 3.559 15.19 1.295 0.467 0.4776

(KCK19) H 1.261 1.206 4.623 4.283 12.29 2.854 11.31 1.281 0.435 0.3672

FD NEQ NH 1.483 0.841 5.407 5.258 2544 5.367 23.14 1.323 0.342 0.6274

(KCK19) H 0.959 2.303 3.946 6.566 26.15 5.302 23.94 1.331 0.488 0.6585
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Abundance at 50 s

llllll

at 1000 km |-

Spectrum (10°° /MeV/s)

at 10 km/|-
at 1000 km | -

Spectrum (10°° /MeV/s)

Neutrino Energy (MeV)
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log Mass Fraction

log Mass Fraction
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Presupernova

I e
e SN198/A
0 :
Initial progenitor mass : ~ 20 M, - \ ]
Metallicity: Z =Z_,/4 in Large Magellanic cloud -2 .
C -
Explosive nucleosynthesis for He-core 6M o -3 :
o 4 :
T
u(|l—) _5 ' -
e Network calculation D 6} :
Nuclides: 3080 = -7 4 _
uclides: Cyburt et al. ApJS, 189, 240 (2010) D _g He __
# of thermonuclear reactions: 38198 JINA database - 9 12¢ :
# of neutrino-induced reactions: about 4300 10 160 E
Neutrino-nucleus cross sections (Theoretical calculation) -11 28g; :
e “He and '°C : T. Yoshida et al. APJ 686, 448 (2008) -12 :
e 13C to 3%Kr: D. H. Hartmann and S. E. Woosley et al. (1995) 1.5 2 2.5 3 3.9 4 4.5 S 5.5 6
e Nb, Tc, La and Ta: Cheoun et al. PRC 82, 035504 (2010), PRC 85, 065807 (2012) Mass Coordinate [|\/|r IM@] am@) = 4zr’pdr
O-Ne-Mg layer O/C He IN 7
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Presupernova

I ...
e SN1987A _ B LQ:TC IIIIIIIII 110Ru o
O Mg - - - - ORT === _
© T 1-8
Initial progenitor mass : ~ 20 M © 1.9
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T, E
Explosive nucleosynthesis for He-core 6M i ;. -1
3 e R I P
118
e Network calculation. "y . . et 1714
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O E 17
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