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@ New shell-model Hamiltonians obtained due to the
advances of studies of exotic nuclel and describe well
the spin modes in nuclei

SFO (p-shell: p-sd); CK-MK-KB+monopole correction: GT in °C, 14C
Suzuki, Fujimoto, Otsuka, PR C69 (2003)

USDB (sd-shell); Brown, Richter, PR C74 (2006)

SDPF-M (sd-shell:sd-f,,,p5,,); USD+mon. cor.: Utsuno et al, PR C60 (1999)

GXPF1J (fp-shell): GT in Fe and Ni isotopes, M1 strengths
Honma, Otsuka, Mizusaki, Brown, PR C65 (2002); C69 (2004)

VMU (monopole-based universal interaction)
Otsuka, Suzuki, Honma, Utsuno et al., PRL 104 (2010) 012501

Systematic improvements in energies, magnetic moments, GT strengths
* important roles of tensor force
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Monopole terms of V tensor force
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Tensor forces due to w+p meson exchanges J.
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Tensor component: renormalized = bare
tensor = m+p meson exchange with short- range correlation

VMU: monopole-based universal interaction
Otsuka, Suzuki, Honma, Utsuno, Tsunoda, Tsukiyama, Hjorth-Jensen, RL 104 (2010) 012501



Monopole terms: New SM interactions vs. microscopic G matrix

tensor force — characteristic pt shell st
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Proper shell evolutions toward drip-lines: Change of magic numbers
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v-nucleus reactions: E, < 100 MeV
v-12C, v- 3C, v-180, v-°5Fe, v-6Ni, v- 40Ar
*low-energy v-detection
Scintillator (CH, ...), H,O, Liquid-Ar, Fe
- nucleosynthesis of light elements in supernova explosion
-v-oscillation effects

e-capture rates Iin stellar environments

- sd-shell: cooling of O-Ne-Mg core In stars by nuclear
URCA processes
USDB vs ab initio interactions (chiral effective int.)

- pf-shell: Type-la SNe and nucleosynthesis of iron-group
elements

- sd-pf shell nuclel in the island of inversion
EKK (extended Kuo-Krenciglowa method)



=v-nucleus reactions pf-shell: GXPF1J (Honma et al.)

p-shell: SFO cf. KB3 Caurieretal.
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*Nucleosynthesis processes of light elements in SNe
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Synthesis of >>Mn in Pop.l11 Star
*Ni(v,v'p)®Co, *Co(e",v)>Fe(e,v)”Mn
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= v- 0Ar reactions

Liquid argon = powerful target for SNv detection

VMU= Monopole-based
universal interaction

‘ tensor force: bare~renormalized

() central forcs - (b} tensor force -
Gauszian T+ [ Mmason
(strangly rencrmalized) gxchangs
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FIG. 2 (eolos onling ). Diagrams for the Vygy misfaciion,

Important roles of tensor force

Otsuka, Suzuki, Honma, Utsuno,
Tsunoda, Tsukiyama, Hjorth-Jensen
PRL 104 (2010) 012501
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= v- 40Ar reactions

Liquid argon = powerful target for SNv detection
sd-pf shell: 40Ar (v, e”) 9K (sd)= (fp)? : 2hw
SDPF-VMU-LS
sd: SDPF-M (Utsunoetal.) fp: GXPF1 (Honmaetal.)
sd-pf: VMU + 2-body LS
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(p,n) Bhattacharya et al., PR C80, 055501 (2009), |. Gil-Botella and A. Rubbia, JCAP 10, 9 (2003).

Ormand et al. PL B345. 343 (1995): B-decav of 49Tj



Various roles of v’s in SN-nucleosynthesis

b‘\“ ® A Kajino
MSW resonance at p~103 (g/cm?3)
v-Flavor Oscillation

v-v Scattering near Proto-Neutronyt K

v-Collective Flavor Oscillation

He-C H
Layer Layer
R-process:
Heavy Nuclei
VP-process:
Mo, ®Ru ? V-process:

Explo. Si-burn.
Fe-Co-Ni,
0Co, °°Mn, 51V ...

/

V-Process
180T, 1383, 92Nb, %Tc ...

/

, ©7Li, °Be, 1911B ...



Spectrum with v-oscillations

-With collective oscillation effects
cosausmgnmmscmnemesecmomn (F ) =10, (E; ) = 14and (E, ) = 18 MeV.
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Cross sections folded over the spectra

*Target = ©°C ) = 10, (E; ) = 1and (£, ) = 18 MeV.
E, <10MeV E"(**C)~13MeV

Natural isotope abund.=1.07% /A (normal) B (inverted)

no oscillation 8.01 8.01 (10-%°cm?)
collective osc. 8.01 39.44 (39.93)
collective +MSW 39.31 39.35 (39.53)

-Target = 48Ca Q(%8Ca-%85c)=2.8 MeV E(1*; 48Sc) = 2.5 MeV
A (normal) B (inverted)

no oscillation 73.56 73.56 (10%°cm?)
collective osc. 73.56 303.4
collective +MSW 302.6 302.8

Cross sections are enhanced by oscillations.
Epiit 18 too small to distinguish the v-mass hierarchy in case
of Collect. +MSW oscillations  ( ): Eg;, =15 MeV



@ Electron-capture (weak) rates in stellar environments

70

_=standard rates available

Sullivan et al., ApJ. 816, 44 (2016)
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*Weak Rates in sd-shell and Nuclear URCA process In
O-Ne-Mg cores

"M=8M, ~ 10M,
C burning — O-Ne-Mg core

— (1) O-Ne-Mg white dwarf (WD)

— (2) e-capture supernova explosion ( collapse of O-Ne-Mg core
Induced by e-capture) with neutron star (NS) remnant

— (3) core-collapse (iron-core collapse) supernova explosion with NS
(neon burning shell propagates to the center)

Fate of the star is sensitive to its mass and nuclear e-capture and

p—decay rates; Cooling of O-Ne-Mg core by nuclear URCA

processes determines (2) or (3).

Nomoto and Hashimoto, Phys. Rep. 163, 13 (1988)
Miyaji, Nomoto, Yokoi, and Sugimoto, Pub. Astron. Soc. Jpn. 32, 303 (1980)
Nomoto, Astrophys. J. 277, 791 (1984); ibid. 322, 206 (1987)



* URCA processes In sd-shell nuclel
— Cooling of O-Ne-Mg core in 8-10 M, stars

e-capture:
B-decay:

X +e" > 2Y +v

> AY >2X +e” +v

They occur simultaneously at certain stellar conditions and
energy is lost from stars by emissions of v and Vv — Cooling of stars
How much star is cooled — fate of the star after neon flash:

- Beta-decay Q-values

Odd-A sd-shell Nucle1 (A=17-31)
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A=23: Q=4.376 MeV
A=25: Q=3.835 MeV
A=27: Q=2.610 MeV

TABLE 1. Elctron chenical ptentl i uis of MeV) a bigh densites, o, = 710" g/’ and bigh temperatures, T =
ik Electron chemical potential
ol (gfem’) !

] 1 ] ! § b ] § ) [0

|7 200 L% L0 080 06%  05M 044 030 024 0.%
l§ M e 2%y 1M LI 2B 1% LR 16 14%
i ST 5062 SI% A5 062 500 4%48 4R 47T 4R
1" L6 1009 1109 11083 11063 11039 [1LOIL 1097 1090 10.8%




 Nuclear weak rates in sd-shell
(1) New shell-model Hamiltonian: USDB  cf. Odaetal., USD
(2) Fine meshes In both density and temperature
(Alog,,(pYe)=0.02, Alog,,T=0.05)
cf. Interpolation problem in FFN (Fuller-Fowler-Newman) grids
FFN grids are rather scarce, especially for the density

(3) Effects of screening Suzuki, Toki and Nomoto, ApJ. 817, 163 (2016)
(25Na’ 25Mg) (27Mg’ 27A|)

0 0
. B sl
| / IIl' |I ::. ."-.h‘ ."-. Y ¥ "Ilﬂ 1! ",
—— L LA ]y L ATTERIRANE | 1) S S - [IN NN
8 82 B4 B6 88 9 92 8 82 84 86 88 9 92 8 82 B84 B6 88 9§ 92
1og, , (p¥. [gem 1) log pY, log, , (p¥, [gem 1)
URCA density at URCA density at g.s. 1/2*«——5/2* forbidd_en
log,, pY, = 8.92 log,, pY, = 8.78 No clear URCA density

for A=27 palir



Cooling of O-Ne-Mg core by
the nuclear URCA processes
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8.8M , star collapses triggered by
subsequent e-capture on %*Mg and
2ONe (e-capture supernova explosion)

Toki, Suzuki, Nomoto, Jones and Hirschi,

PR C 88, 015806 (2013)

Fate of 8-10M, stars
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sensitive to nuclear weak rates

Jones et al., Astrophys. J. 772, 150 (2013)
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Ab-initio effective sd-shell interactions
from chiral NN (N3LO) and 3N (N?LO)

*IM-SRG (in-medium similarity renormalization group)
Stroberg et al., PRC 93 (2016) ; Tsukiyama, Bogner and Schwenk, PRL 106 (2011)

Hamutoman M, which 15 normal ordered with respect to
a finite-density reference state |4} {e.g., the Hartree-Fock His) = UiHUT (5] = ,FIJHJ'-I-H”:'IH] (7
ground state) is given as ' o o ' ' )

H=Eo+Y  filalaj)+ l Y Tijulalalaar) Here, H4(s) is the diagonal part and H™(s) is the off-
R Rk LT = Sl B iagonal part of the Hamiltonian. As s — oo, the off-diagonal
| ) natrix elements become zero.

- Wiikime (0. G ) agaqa ],
i 2 Wipmeldiaj0y dH(s) dU(s

S—_— — ' ...I |
i Eims e (s H(s.  nis) = ——urf(s).

where Ep, fij. Uijg. and Wijyme are the normal-orde.cu
ZEr0-, one-, two-, and three-body terms, respectively [44]. The

-CCEI (coupled-cluster effective interaction) Jansen et al, PRC 94 (2016)
Hipr = Hy" + BT+ H e (6)

-~ (P: —Pj) N ;;) i )
fa= ;( 2mA Y | +_;,:JZ._:L S Here the first term H,:’,"' stands for the core, the second
term H:"'“Jr' for the valence one-body, and H;'”" for the
two- body Hamiltonian. The two-body term is denved from
Energies (g.s. and excited states) of O,
F, Ne, Mg isotopes are well described. [sTs) A [sts] 2,
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GT strtength with ab initio interactions Na(e’,v)"Ne
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B(GT)e vs B(GT)ey, for beta-decays in T=1/2 mirror sd-shell nuclel

B(GT)

B(GT)

2.0 :

sd-shell
15 -

USDB

f =0.79
1.0 | q
0.5 -

v
0.0 ' ' '
0.0 0.5 1.0 15 2.0
B(GT)EXP

2.0 .

sd-shell
15 r

CCEI

f,=0.78
10+
o5+ *

[ ]
0.0 ' ' '
0.0 0.5 1.0 1.5 2.0
B(GT).,p

2.0 :
sd-shell °
15+
. IMSRG
RO f =0.81
5 1.0 | g
o
0.5
0.0 . | | |
0.0 0.5 1.0 1.5 2.0

B(GT)eyp

r.m.s deviations
0.084 USDB
0.136 IM-SRG
0.176 CCEl
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operator + truncation of space
— guenched one-body operator




ESPE (neutron)
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-pf-shell: GT strength in *°Ni: GXPF1J vs KB3G vs KBF
KBF: Table by Langanke and Martinez-Pinedo,

g
=)
T

- 56 . 56
25 - Nl —> Cll

1\ === KBF
! A - - KB3G
hi It == EXP.

= GXPE1J 7]

EXP: Sasano et al., PRL 107, 202501 (2011)

E_(MeV)

ey
()

At. Data and Nucle. Data Tables 79, 1 (2001)

" fp-shell nuclei: KBF Caurier et al.,
NP A653, 439 (1999)

- Experimental data available are taken into
account: Experimantal Q-values, energies and
B(GT) values available

- Densities and temperatures at FFN
(Fuller-Fowler-Newton) grids:

Log,,(T/10°)




* Type-la SNe and synthesis of iron-group nuclel
Accretion of matter to white-dwarf from binary star

— supernova explosion when white-dwarf mass ~ Chandrasekhar limit
— 5Nj (N=2)

— °Ni (e, v) **Co Y,=0.5— Y, <0.5 (neutron-rich)
— production of neutron-rich isotopes; more >Ni
Decrease of e-capture rate on *’Ni —less production of *®Ni and larger Y,

Problem of over-production of neutron-excess iron-group isotopes such
as °°Ni, **Cr ... compared with solar abundances

1[}2:|.........|... TTTTT] ...".T ARRARERERENRRRRY RERRRERRLERF
f i Ilwamoto et al., ApJ. Suppl, 125, 439 (1999
L W7 S4CISPNi o .
$ 10°¢ 54Fa % ¢ 7 e-capture rates with FFN
i , ]
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= 10 -56F“fﬁqﬂ“‘
N ;'."';%;"".;,;"ee.'e """ [y77w ) Type-la SNe
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\Weak rates for nuclei in the island of inversion
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Strong neutrino cooling by cycles of electron capture
and f~ decay in neutron star crusts

H. Schatz"*, S. Gupta®, P. Méller”®, M. Beard™®, E. F. Brown"%*, A, T. Deibel®?, L. R. Gasques’, W. R. Hix™*, L. Keek"*~,

R. Lau™®* A. W. Steiner™'® & M. Wiescher>®

Table 1| Electron-capture/f -decay pairs with highest cooling rates

Rates evaluated by QRPA

Shell-model evaluations are missing.

Electron-capture/f~-decay pair  Densityt Chemical Luminosityf
potentialf

Parent Daughter* (10%gecm™)  (MéV) (10**ergs™
“Mg “Na 4.79 133 24

" 8¢, Ca 373 121 11

1Al Mg 3.39 118 88

| Mg 5.19 134 83

56T 565¢ 5.57 138 35

ey 2Ty 1.22 83 16

57y 57Ti, 7S¢ 2.56 10.7 1.6

53Cr 53y 6.82 14.7 097

1057y 108y 3.12 11.2 092

5IMn 59Cr 0.945 76 0.88

103gr %3Rb 5.30 133 0.65

K gy 6.40 143 0.65

5Fe 55Mn 2.34 103 0.60

5Mn 85¢Cr 3.55 11.7 0.46

Island of inversion
Z=10-12, N = 20-22
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Figure 2 | Eledron-capture § -decay pairs on a chart of the nuclids. The
thick hiune lines denote dectron-captur e/ decn'pz.lﬁ1u1mu.dqenern
strong nemtring hamin csity in excess of 5 107 ags '@t T= 0S1GK fra
anmpasitin consisting = rrhr\:lm’fn respactive elactron -apturef ~-deay
pair. They largsy coincide with regions where allwed & adtron -aptore
and fi” -decay transitions are predicied to populate kne-lying states and
subsaquent dectron capure is biocked {shaded squares, see also the discussion

inref 3. These are maostly regions betessn the dosed neutron and proton
-1"1-_-1;!1.|Hn1"nnmn1z. and wrtical red lines), where nud s are significantly
deformed {see Supplementary Information saction 4). Nudides 1"..1.11.re

™ -stablz under tamestrial cond fions are shown as squarss bordered by

thi deer linex. Mudear charge numbers are indicatad in parenfhesss net to
el=ment symbals.
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sd-pf shell

Non-degenerate treatment of sd and pf shells by

EKK (extended Kuo-Krenciglowa) method
Tsunoda, Takayanagi, Hjorth-Jensen and Otsuka, Phys. Rev. C 89, 024313 (2014)

Cf. monopoles with non-degenerate vs degenerate method
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K. Takayanagi, Nucl. Phys. A 852, 61 (2011).
K. Takayanagi, Nucl. Phys. A 864, 91 (2011).




Neutron-rich isotopes in the island of

Inversion by EKK-method starting from

neutron ESPE

chiral EFT interaction N°LO+3N (FM) <&
Tsunoda, Otsuka, Shimizu, Hjorth-Jensen, L
Takayanagi and Suzuki, PRC 95, 021304(R) (2017) \2_, )
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Summary

v- nucleus reactions

*New v —induced cross sections based on new shell-model
Hamiltonians with proper tensor forces

12C’ 13C’ 160’ 40Ar’ 56|:e’ 56Ni

- Detection of low-energy reactor, solar v [©C]

and SNv [12C, 100, “0Ar, >°F¢]

*Nucleosynthesis elements by v-processes
v-12C, v-*He — ’Li, !B in CCSNe
v-Ni  — >Mnin Pop. 1l stars

* Effects of v-oscillations (MSW) in nucleosynthesis
abundance ratio of ‘Li/''B — v mass hierarchy

 Cross sections are enhanced by oscillations.
Distinguishing mass hierarchy by measurement on earth is not

easy because of small Eg,;; when both collective and MSW
oscillations occur.



Summary
1. e-capture and B-decay rates for one-major shell nuclel
*New weak rates for sd-shell from USDB
Nuclear URCA processes for A=23 and 25 nuclear pairs
— Cooling of O-Ne-Mg core of 8-10 solar-mass stars and
determines fate of stars with ~9M; whether they end up with
e-capture SNe or core-collapse SNe.
ab Initio interactions vs USDB
*New weak rates for pf-shell from GXPF1J
Nucleosynthesis of iron-group elements in Type la SNe.
Over-production problem in iron-group nuclei with FFN can be

solved with smaller rates with GXPF1J

2. Weak rates for two-major shell nuclei
sd-pf shell nuclei in the island of inversion, important for URCA
processes in neutron star crusts, are evaluated with EKK method
starting from chiral EFT interaction N3LO +3N (FM).
e.g. 3tAl (e, v)** Mg, 3Mg(,e v)3tAl
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Note added:

Difference between GXPF1J and KB3G

1. Shell gap fz,-f-, Is larger for GXPF1J

2. lIsoscalar pairing is larger for GXPF1J

— More spreading of GT strength for GXPF1J



Murchison Meteorite

SiC X-grains

- 12C/13C > Solar

- 14N/15N < Solar
- Enhanced 28Si
- Decay of 26Al (t,,,=7x10%yr), 44Ti (t,,,=60yr)

SiC X-grains are made of Supernova Dust !

W. Fujiya, P. Hoppe, and U. Ott (2011, ApJ 730, L7)
discovered 'B and “Li isotopes in 13 SiC X-grains.

‘Table 1
C-, 8i-, Li-, and B-isotopic Compositions of SiC X Grains from the Murchison Meteorite

Grain Size l2cyi3c 529gja 530gja TLi/5Li g/ Li/Si B/Si

(um) ) (%o) (1075 07

Single X grains —
X1 0.6 114 £2 —-178 £ 11 265 £ 9 11.87 £ 0.63 4.51 £ 0.77 9.69 3.33 -
X2 1.2 128 £ 2 =377 £ 11 =261 £ 10 12.06 &+ 0.62 5.06 & 0.58 23.8 18.8 :t'n-_a
X3 1.5 244 4+ 5 —205 £ 10 297 £7 11.48 £ 0.86 4.54 £ 0.63 1.76 1.92 |
X4 1.0 241 £ 6 —556 £ 10 —245 £9 12.00 £ 0.56 4.85 £ 1.19 24.8 3.31 ™~
X9 0.6 38+ 1 —361 £ 10 -394 £ 8 11.20 £+ 1.01 4.19 £ 0.70 10.8 11.4
X11 0.8 326 £ 14 —358 £ 12 —432 £ 11 11.78 £ 2.03 4.99 + 1.88 3.66 3.00
X13 0.7 345 £ 6 =261 £ 10 —424 £7 11.59 + 0.93 4.37 £ 2.04 10.7 1.14
Average 11.83 + 0.29 4.68 = 0.31
X grains + other nearby /attached SiC grains

X5 4 +1 =226 £ 11 =120 £ 10 12.21 £+ 041 4.36 £ 040 402 18.8
X6 88 £ 1 —236 £ 11 —189 £9 13.06 £ 1.36 3.83 £ 0.27 2.15 14.2
X7 78 £ 1 —281 £ 11 —208 £ 10 11.20 £ 240 1147 £6.36 8.28 9.48
X8 76 £ 1 —223 £ 10 266 £8 11.29 £ 0.64 4.27 £ 029 4.80 12.4
X12 83 £1 =271 £11 —242 £ 10 11.54 £ 0.52 4.13 £ 046 24.3 14.2
Average 11.90 £ 0.28 4.16 £ 0.17
Solar 89 0 0 12.06 4.03 5.6 1.9

Note. 28Si = [('Si/28Si)/(1Si/28Si)- — 1] x 1000.
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