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Introduction
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Several processes contribute to the nucleosynthesis beyond Iron: s-process, r-process and p- process (y process)
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= Can neutrino-nucleus reactions help producing p-nuclei?
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Introduction: r — process

= Weak freeze-out
Votnspte
Vv,.+tpsn+et
determine Y, = n, / (n, + n,)

= Seed production
Charged particle reaction produce the
seed nuclei and neutrons

= Neutron capture phase
r-process (n,y) s (y,n) in equilibrium

* Freeze-out and decay to stability
Competition between (n,y) and f —decay

& (n,y)

% —>
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Introduction: vr — process
Proton #
4 neutrino-nucleus reaction
-
Neutron'#
= Charged current reaction: Z. Xiong, G. Martinez-Pinedo, O. Just and A. Sieverding, PRL 132.192701 (2024)

A(v,,e” X)B ,where X = (y,n,p, a)
n(v,, e~ )p: protons are used for A(p, n) B in medium mass nuclei
= Neutral current reaction: A(v,,v, X)B , where X = (n,p, a)
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Introduction: vr — process

Production of p-nuclei
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- solar p-nuclei

Neutron number, N
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Vr=process
p-nuclei from neutron-rich outflows coHHo
' anDD In neutron-rich condition (Y, =~ 0.4 — 0.5)
= Novel nucleosynthesis process that operates under Dﬂﬁ@ v v-Areactions (v, + (4, 7) —
' = . :
strong neutrino fluxes agHHo (A,Z + 1) + e™) drive material
O e
| o towards and across stability
» Sequence of neutron captures and charged-current 3 oo
neutrino-nucleus reactions . Production of p-nuclei from
: : neutron-rich nuclei.
= Co-production of p-nuclei from A=88-138 10°
, : L . S 105? Kr '\\I oo A P (2)
= May require high magnetic fields as found in g TR ‘
magnetars (see Tejas Prasanna et al ApJ 973 91(2024)) g 10 F
E 105E . 2o RuPd . §
. . . . o 1
= Electron neutrinos are included in previous study = 104 Iy I & ﬂ V J“ Bau
Tz 103 _ \L v\‘vv Nyr ™ 3'\'\1 W Sm?
H R~ A WA . M 1.' ]
= Effects of neutral current reactions by heavy 10 %0 90 100 10120 130 140 150

lepton neutrinos (v, v;, v, and ;) to be checked Mass number, A
Z. Xiong, G. Martinez-Pinedo, O. Just and A. Sieverding, PRL 132.192701 (2024)
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Introduction: vr — process
Proton #
A neutrino-nucleus reaction
S

!

(v,v'n) (v,v'p)

»
»

Neutron #

= Neutral current reaction: A(v,v' X)B , where X = (n,p, a)
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Parameters

Neutrino luminosity and average energy

O. Just et al. ApJL 951 L12 (2023)
Ve, Ve luminosities

Vx luminosity - neutrino mean energies
: = ] W, i =
1053 o fooi T e 1053 - 30 R = Ve
3 . * Py
w v ]
91052 i 91052 - \
(] ] E
= B ] B
- 1 ~ i
1051 = 1051 =
(g) AJ T T T T oY L) LR (h) 1 k] LIRS ] 1] LRI 1] LRI R RA] LA
1072 1071 10° 10! 1072 1071 10° 10! 10!
tom [s] tom [s]
Our parameter sets:
n, = 1033 (1/CII13) (Ey,) ~ 16 MeV
e
n; = 1.2 n, (Ey,) ~ 20 MeV

(Ey,) = (Evy) = (Bg,) = (Ey,) ~ 25 — 47 MeV

30.03.2026
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The Impact of Heavy-Flavor Neutrinos on the vr-Process

Cross section

The average neutrino-nucleus cross-section
A. Severing et al. APJ 865, 143 (2018)

N

Charged current (CC) reactions increase the charge number of heavy nuclei
Neutral current (NC; v+ A - v' + A" - B + (n,p, a)) reactions (spallation)

30.03.2026

90TCCE, ) ~ 16Mev . >
80/ - 5.0
70 R
4.5
60 £
50 (407
: =
40 1353
30 S
308
20/
2.5
10
0 2.0

N

0 10 20 30 40 50 60 70 80 90 100110120 130 140 150
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NC (E,) ~ 16MeV
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The Impact of Heavy-Flavor Neutrinos on the vr-Process

Final abundance

Neutral current depends on average neutrino energy

10°
Ye=0.4 = solar p-nuclei
1] — W/0 vy
10 — W/ vy ((Ey,) ~ 32 MeV)
10-2. (Ve =V, v, v, @nd vp)
. p-nuclei
o 10—3_
9]
S
-8 10—4_
S
g Ll )
1075 ’
10 AR
10—7_
10—8 | , , A. .
0 50 100 150 200 250

Atomic mass number
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f{@lms

= Neutral current (NC) by v, and v,
increases the p-nuclei abundance.

= NC interactions can produce additional
nucleons.

*He(v,v'n)3He and “He(v,v'p)t
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Impact of » and - neutrino on vr-process

Final abundance

Neutral current depends on average neutrino energy

10°
Ve=0.4 — W/0 vy
10-14 — w/ vx ((Ey,) ~ 32 MeV)
— W/ vy ((va) ~ 35 MeV)
10~2; — w/ vx ((Ey,) ~ 38 MeV)
Different abundance pattern — W/ vx ((Ey,) ~ 41 MeV)
10734 — W/ vy ((Ey) ~ 44 MeV)
] :
v w/ vx ({(Ey,) ~ 47 MeV)
c
m pa—
-8 10 4 |
S
z
10_5_ III. 1
10-°; My
10—7_
10~8 : : : ,
0 50 100 150 200

Atomic mass number

250
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Neutral current by v, and v; increases the
p-nuclei abundance.

For (E,. ) < 41 MeV case, the p-nuclei
A ~ 88 — 138 are produced

For (E,_) > 44 MeV case, the p-nuclei

production decreases but it shows
r-process like pattern.
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Impact of » and - neutrino on vr-process
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The origin of two different evolutions

30.03.202

10°

Abundance, Y
= =
OI o
& B

=
o
&

=
Q
©

80

Charge number, Z
S (@)}
o o

N
o

(E,. ) ~ 41 MeV

250

solar p-nuclei
0 50 100 150 200
Mass number, A
Abundance it i
-15 =10 -5 0 J#”#J-‘r
p-nuclei i
o
B
" (oghet :
mi‘Hr
Ca ‘3{_&—;:1
ol t = 4.07e-04 s
9 20 28 T = 7.386 GK
s Ye= 0.428
0 20 40 60 80 100 120

Neutron number, N

10°

Y
=
Ol

N

=
o
EN

Abundance,

80

Charge number, Z
S (@)}
o o

N
o

UNIVERSITAT
DARMSTADT
(E, ) ~ 44 MeV
X
solar r-nuclei
'::o'o‘ .
e .'~ ﬂ
LRI U W) ,
JhEIER ﬁ"-.m“\, ..;.. Y
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Mass number, A
Abundance
-15 =10 -5 0
Heavier:elements are produced
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Impact of » and - neutrino on vr-process

Evolutions from T = 4-6 GK

The patterns starts to deviate at T ~ 5.5 GK
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Abundance, ¥

The Impact of Heavy-Flavor Neutrinos on the vr-Process TEI\ICI\H/'E\“ gﬁHE
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The abundances of neutron, proton, alpha and heavy nuclei
1Dﬂ- e Ao e o e g oo Lo oo Lo o 1y Lo 1{}1 s Ao e o Lo g oo 1o L | M B U.ES'I'IILHIII | F L ol oo b sy el L | e Do e o Lo e oo g
e P R T Te— -
o = (E, } =32 MeV _
10-2 - 109 4 — (Ep} =38 MeVv 0.20- 10774
—— {E,}~ 41 MeV
1] —— (E,}~ 44 MeV
10744 10 (B0}~ 47 I‘-'I:".-' 0.15 107° 1
1076 10724
" 0.10- a 1077 Yraauy
10-8] — (En)~32Mev 10734 — (E,)) ~ 32 MeV — £, )} ~ 32 MeV
— {E, )} — 38 MeV — {E.,) — 38 Mey — — {Ey,} — 38 MeV
—— [Ey) — 41 MeV 10-4 0.05{ — {E,)~41 MeV 10-9 47 —— {E, 1 — 41 MeV
107104 —— (£, ) — 44 May — {E,) — 44 MeV — (E,} — 44 MaV
(Ey ) — 47 MeV {E.1 — 47 MeV {Ey b~ 4T MeV
o | o1 rTrrrTT T rrrTTT re= T 1{}_5 rTrrreTT T rTrrTTT I L wr | T rerryrTTT T L o | I o1 rTrrroTT ’ T rrrTTT T b rTrrreTT T TrrTTT
8 7 6 5 4 3 2 1 8 7 6 5 4 3 2 1 8 7 6 5 4 3 2 1 8 7 6 5 4 3 2 1
Temperature [GK] Temperature [GK] Temperature [GK] Temperature [GK]

= There are two trends in abundances between (E, )~41 MeV and (E,_)~44 MeV.
= For the higher (E,,_), there are more free n,p and a.

» Alpha particles are used to form a heavier element.
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Impact of » and - neutrino on vr-process

The difference in 170

Flow of the flux

T=5.728 GK and (E,,) ~ 41 MeV T=5.728 GK and (E,,) ~ 44 MeV
20 Abundance ] Abundance
[ TN [
-15 -10 -5 -15 —-10 -5 :‘
Vil -
I
151 | 7
_.'j ;'\ J
N / M\
o
20 | 20
flux ratio o flux ratio
[ T [ T
lower : hiq her : : lower : hji_qher
15 20 0 5 10 15 20
N

= (E, )~41 MeV case supports to produce again the heavier elements over 170.
= While (E,_)~44 MeV case, the light elements are stock below 7O
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The Impact of Heavy-Flavor Neutrinos on the vr-Process

The flux on 170

TECHNISCHE

170(a,n) “°Ne, 170(n, a) *C and 170(p, @) 1*N reactions

Proton #
A
17F 18F 19F
/
150 160 170 180
14N 15N 16N
13C 14C 15C
Neutron #

30.03.2026

P UNIVERSITAT
S\ sraakes DARMSTADT
a + 170 = n + %°Ne
Flux = Y, Y 170 22 (00} ., 17¢ — Yy ¥ 2050 22 (V). 20ne
mu u
(Blue)a + MC=n + 170
Pb Pbp
Flux =Y,Y 14Cm—u<0'v)a+ 14c — Yy Y17Om—u<0'v)n+ 170
(red)a + "N=9p + 170
Pb Pp
Flux =Y,Y 14Nm—u<0'v)a+ 14y — Yp Y17Om—u<0'v)p+ 170

Flux > O: flow is directed towards producing heavier elements
Reaction rate from JINA reaclib

Department of physics | Institut fir Kernphysik (Theoriezentrum) | Heamin Ko 16



The Impact of Heavy-Flavor Neutrinos on the vr-Process
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The flow of net flux for '70O

2 rn — {Eux}lm-'-ll Mew
= Net Flux = 3.0 1

— (Ey,) ~ 44 MeV

+Y, Y14C (av)a+ 14c — Yy Y17O (Uv)n+ 170 2.5 -

+Y, Y14N (av)a+ 14N — Yp Y17Om—(av)p+ 170

0.0 4
3
: e g 2.5 A
= For NetFlux > 0, the evolution proceeds in direction of
synthesizing element heavier than 7O. 5o
* T257GK,(E,) s 41 MeV case starts to produce again s
heavier elements. |
—=10.0 +
8 7 6 5 4 3 2 1
T (GK)
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Connection to lighter elements
t =8.60e-04 s, T=5.692 GK and E,, ~ 41 MeV t=28.28e-04s, T =5.774 GKand E, ~ 44 MeV
501 Abundance U 501 Abundance u
— o
-10 -5 [E)=[] -10 =5 ] q B <
45 : CEE 45 - S
E=EEE] ] [] [ [S——
| LR e |
N 40 - B N 40 |
] =] =
El=([E]

351 u q X 351 N

u O o ==

=
LI flux ratio =] flux ratio

30 -~ 0.0025 1.0000 30 — : : : 0 : 1 '

40 45 50 55 60 65 40 45 50 55 60 65

N N
Additional seed production Suppressed seed production
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The Impact of Heavy-Flavor Neutrinos on the vr-Process

Reaction timescales

T=1.0ms, Sp/kg=84.8, Y.=0.4, (E,) =41 MeV

104 — (y.n)
(v, p)
= (n,y)
% (p,v)
o 0 —— (Ve,€7)
(Ve, €7 N)
—51 —— (v,v'n)
(v, v'p)
—_— B—
10—2_
Y
c 10—4_
(18]
©
c
3 1079/
m
10—8_
6 5 a 3 2 1
T9

TECHNISCHE
UNIVERSITAT

. i *)
DARMSTADT

ol x
/\\51:51245

Lower time scale means faster reaction

e 1 or T X 1
7o — _
A YYi{ov);

Below T ~ 4 GK

(n,) 7/ (o)
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The Impact of Heavy-Flavor Neutrinos on the vr-Process

Reaction timescales

Lower time scale means faster reaction

1 or 1
T X— T —m———
A YYi{ov);
T=10ms. Sofko =848, ¥,=0.4. {F,,) =41 MeV t=528e-03s, T =1.950 GK and E,, ~ 41 MeV
501 Abundance CJ —E o o
4 — (v, n)
— (v, p)
2 (n, y) %
£ (0, v)
o
o 0 . / —— (Ve,€7) N 40 ]
(Ve, €7 N)
_2_/ / © ,
— ‘ — (v, v'n)
/// 35
(v, Vv'p) .
3.0 2.5 2.0 1.5 1.0 — B~ flu ratio
Tg 30 , ‘ ' 0.0003 ' 1.000(')

40 45 50 55 60 65
N

Tny) ~ TUpy) ~ Tcc(ve) ~ INC(v) = Tp™
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Reaction timescales

T=1.0 ms, so/kg =84.8, Y.=0.4, (E,) =44 MeV

10 — (v,n) T(n,y): Tcc (ve)? TNC (v) > Tp-
(n, p)
> — (v.p)
£ (n,y)
< 9 (p. n)
(P, V)
=] — (Ve,e7)
(Ve, €7 N)
— (v, v'n)
- (v, Vv'p)
@ - B i
r'g 1074
1061 /
6 5 4 3 2 1
T9
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Reaction timescales
t=1.66e-02s, T=0.808 GKandE,, ~44 MeV
60 1 Abundance 1 I | ‘ D E[
-10 =}5 [ [ [ L
3 T=1.0ms, so/ks =84.8, Ye=0.4, (E,) =44 MeV ][] | | - [l
55
— (v.n) [)m (] N
/ = I
X (n,y) N O]
E (p, n) N 501 | L]
o HE
9 0_/ —— (Ve,€7)
(Ve,€7N)
— n) as5{ = l-
(v, v'p)
1.0 0.9 0.8 0.7 0.6 0.5 — B~ , :
T9 flux ratio
40 HE RN 0 ’ 1
70 75 80 85 90 95
N

T(ny) Tcc (vp) TNC (v) > Tp-
. '\'\ «—
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By neutrino energy ordering )
Previous neutrino energy ordering
(Ev,) <(Ey,) < (Ev,)
For the case of flavor equipartition Full flavor conversion between v, < v,
(Eve) = (Eve) = <va> (Eve> > (EVx>
L0 T=1.0ms, So/k=84.8, Yeo = 0.4, Nw=1.0e+33 T=1.0 ms, so/ks=84.8, Yoo = 0.4, (E,,)=32, n,o=1.0e+33
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Summary

» yr-process: A large neutrino flux in a neutron-rich environment produces p-nuclei through the
charged current (CC) interaction with the nucleus.

= The average cross section ({g,_)) by v, and v, is comparable to that of lower-energy electron
neutrino CC interactions.

» There are enhancement on p-nuclei by NC

= (extreme case (E, ) > 44 MeV) neutrino spallation on a changes the dynamics into r-process
like pattern.

= \We found that extreme case can not produce p-nuclei but instead produce heavier r-process
element. Additionally, a bifurcation occurs in the light nuclei.

= 170 is a key nucleus to build up again the production chain from the light element.
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