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1. New shell-model Hamiltonians with proper
tensor forces

= SFO: p-shell, p-sd shell

- GXPF1: pf-shell
- VMU (monopole-based universal interaction): sd-pf, p-sd

Spin modes - GT strengths - are well described.
Applications to nuclear weak processes - v-nucleus and
e-capture reactions - at stellar environments, and
nucleosynthesis In supernova explosions

2. Three-nucleon forces and repulsive corrections
In T=1 monopoles

Structure of neutron-rich isotopes: C, O, Ca
Ca isotopes: pf vs pfgy,



" New shell-model Hamiltonians and successful description of
Gamow-Teller (GT) strengths and M1 transitions & moments

SFO (p-shell, p-sd shell): GT in *?C, *C, M1 moments
Suzuki, Fujimoto, Otsuka, PR C69, (2003)

GXPF1J (fp-shell): GT In Fe and Ni isotopes, M1 strengths

Honma, Otsuka, Mizusaki, Brown, PR C65 (2002); C69 (2004)
Suzuki, Honma et al., PR C79, (2009)

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

* important roles of tensor force
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tensor force — characteristic
orbit dependence: kink

more repulsion than G in T=1
more attraction than G in T=0




Monopole terms: p-sd shell

p1/2-p3/2 (T=0) monopole and § 20
spe gap €(pl/2)- 8(p3/2) enhanced

(MeV)

L BYEBALG L -
T T T T T T T

-

.,
N

Monopole

N=8
-+ — SFO 1
| ----PSDMK2 v |
T sy, |
— g |
_ V2P
. . _ 12
ey ---T 77

6

0P5/
[ J [ J [ J
llLi

E, (MeV)

.h

2.5

Monopole matrix elements

v 1.0
0.5

0.0
-0.5
-1.0
-1.5

—2.0

tensor

Jq
J2

1 2 2 3 3 4 4 3 4 4

1 1

1 21 2 3 3 4

1=0p,,, 2=0p3,, 3=0d3,> 4=0ds,

Proper shell evolutions toward drip-lines: Change of maglc numbers

[ 1ZBe

-B(E2: 0, -> 2%)

1-

1

+ 2"
=0 A o

6.4-7.6 15.2

0+

le"

_|_0+

0.19

1

o* 0" -
EXP SFO CK-MK

£ iMaV)

10 F

&) metron SF‘E -:f h:EIII




Energy levels of p-shell nuclei  SFO
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FIG. | Conparison of calrulsied and expenmenial enarzy kev- FIG. 1. Comparson of calculated and experimental enerzy lev-
els for ' "'B isotopes. Caloulated enersy levels are obfamed forthe  els for “"C isotopes. Calculated enrgy levels are obtained for the
PROMED, and the present and the PSDWEP Hamiltonians. PSDMED, and present and the PSDWEP Hamultomians.



B(GT) values for 12C -> 12N Magnetic moments of
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Systematic improvements in the magnetic moments and GT transi-
tions in p-shell nuclei (*2C, 14C) . 0
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Nucleosynthesis processes of
light elements
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Enhancement of !B and ’Li abun-
dances in supernova explosions
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Normal hierarchy Inverted hierarchy

v oscillations
MSW effects
: 1¢ &2 12¢
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Li/''B-Ratio

Supernova X-Grain Coinstraint

Mathews, Kajino, Aoki
And Fujiya, Phys. Rev.
D85,105023 (2012).

"T2K, MINOS (2011)
Double CHOOZ,

Daya Bay, RENO

inverted

(2012)
0.5 Inverted Mass 8in*26,5 = 0.1
0.4 HlerarChy First Detection of
“Inverted Mass Hierarchy” ’Li/'B in SN-grains
0.3 Is statistically more preferred ! 3
0.2 74% — Inverted
' 24% — Normal
. 2
0.1 sin 2603 W. Eujiya, P. Hoppe, &

L U. Ott, ApJ 730, L7
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- New v-13C cross sections with SFO

13C is a good target for low-energy v detection; E<10 MeV
Suzuki, Balantekin and Kajino, PR C86, 015502 (2012)

E.(1?C) = 13 MeV
13C: 1% natural abundance in C isotopes

- New v-190 cross sections with SFO-tls
Full inclusion of tensor force in p-sd cross shells:
tensor - n+p LS — otpto

c 16O(v,v'ocp)llB)

™ —~20% B is produced from O also
c(*“C(v,v'p) "B)




= v- “0Ar reactions
Liquid argon = powerful target for SNv detection

VMU= Monopole-based

universal interaction
b} tensor forca - || O sd-pf shell: 49Ar (v, ¢) “°K

(8) cantral forcs -

(Gaussian

(strangly rencrmalized)

Vi =

A

T+ pMEson

exchange
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Pl 2 {color onhng ). Dhagrams for e Vigy misraction.

Important roles of tensor force

Otsuka, Suzuki, Honma, Utsuno,
Tsunoda, Tsukiyama, Hjorth-Jensen

PRL 104 (2010) 012501

‘ tensor force: bare~renormalized

SDPF-VMU-LS
sd: SDPF-M (Utsuno et al.)
fp: GXPF1 (Honmaetal.)
sd-pf: VMU + 2-body LS
(sd) (fp)? : 2hw

B(GT) & v-%%Ar cross sections
Solar v cross sections folded over
B v spectrum

Suzuki and Honma, PR C87, 014607 (2013)
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Solar v cross sections folded over

8B v spectrum 10°
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*Ormand et al, PL B345, 343 (1995)

E. Kolbe, K. Langanke, G. Mart” 1nez-Pinedo,
and P. Vogel, J. Phys. G 29, 2569 (2003);
|. Gil-Botella and A. Rubbia, JCAP 10, 9 (2003).
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O p-sd shell: VMU for p-sd,

Yuan, Suzuki, Otsuka, Xu, Tsunoda, ;
PR C85, 064324 (2012) . e ——
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B(GT.) for °8Ni

» v- X°Fe, v- °°Ni and °°Ni (e, v) °°Co Reactions
New shell-model Hamiltonains in pf-shell
GXPF1: Honma, Otsuka, Mizusaki, Brown, PR C65 (2002); C69 (2004)

KB3:

Caurier et al, Rev. Mod. Phys. 77, 427 (2005)

O KB3G

O GXPF1

A =47-52 KB + monopole corrections
A=47-66

= Spin properties of fp-shell nuclei are well described

Fujita et al.

gAeff/gAfreezo_7 4

*5Fe — >°Co

B(GT)=9.5
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3 o data (sta. emor) sy %, |€-Capture rates on *°Ni in stellar
< B syst emo \ environments: oY, =10" 10" g/cm’
ool— GXPFUS [ N
0
91 =
m | =

p /=
o 1 2 3 4 5 6 7 ~ :
E("Cu) (MeV) NS 2 A
Sasano et al., PRL 107, 202501 (2011) = 4 Tevemo? T R
Type-la supernova explosion T,

Accretion of matter to white-dwarf from binary star ~ Suzuki, Honma, Mao, Otsuka,
— supernova explosion when white-dwarf mass >  Kajino, PR C83, 044619 (2011)

Chandrasekhar limit
— Ni (N=2)

e-capture rates:

— %Ni (e, v)*Co Y,=0.5— Y,<0.5 (neutron-rich) GXPFLI < KB3G

— production of neutron-rich isotopes; more *8Ni
Decrease of e-capture rate on >Ni
— less production of °8Ni.

Y, (GXPF1)) >Y, (KB3G)
Problem of over-production of >8Ni may be solved.




Problem of over-production of >8Ni

Tur AstropaysiCAL Journar Suppresent Smmms, 125:439-462. December

NUCLEOSYNTHESIS IN CHANDRASEKHAR MASS MODELS FOR TYPE la SUPERNOVAE AND
CONSTRAINTS ON PROGENITOR SYSTEMS AND BURNING-FRONT PROPAGATION

Koican Iwamoro,"* Franziska Bracawirz,” Ken'icer Nowoto,"** Nosuriko Kiseivoro,'
Hevukr Uszna? W, Rapmaes Hie? ¥ anp Freorica-Kare Toeremad +

Recetved 1999 Jantiary 11, accepled 1999 July 29

and ignition densities to put new constraints on the above key quantities. The abundance of the Fe
group, in particular of neutron-rich species like **Ca, *°Ti, 3Cr, 5*%%Fe, and *®Nj, is highly sensitive to
the electron captures taking place in the central layers. The yields obtained from such a slow central
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OEvolution of 8-10M stars and nuclear URCA processes
*M=0.5 ~8M
He burning — C-O core — C-O white dwarfs
"M >10M
— Fe core — core-collapse supernova explosion
"M=8M, ~ 10M4
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)



 Detailed e-capture and beta-decay rates for
URCA nuclear pairs in 8-10 solar-mass stars

Odd-A sd-shell Nuclei (A=17-31)

Nuclear URCA process 50
“Na+e —>Ne+v
“Ne—“’Na+e +v 2
> 10 1
Mg +e  —>>°Na+v s -
25 N a._)25|\/|g i e_ i ‘7 0 iirens ;;oﬁijj:igfjj@éas2'93'0;13'23'33'4

57 B 27 4: 190 =-> 19F
I 7: 21Ne == 21\F
A + e } Mg + V @l1l: 23Na =-> 23Ne
®15: 25Mg =-> 25Na
®19: 27A1 =-> 27Mg

27Mg %27A| +e + ‘7 24: 298i === 29Al

Cooling of O-Ne-Mg core of stars
— ‘e-cap.SNe’ or ‘core-collapse SNe’

sd-shell: USDB Brown and Richter, PR C74, 034315 (2006)
Richter, Mkhize, Brown, PR C78, 064302 (2008)



(23Ne’ 23Na)

PHYSICAL REVIEW C 88, 015806 (2013)
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FIG. 2. f-transition rates for the A =23 URCA nuclear pair
(**Ne, ¥Na) for various temperatures as functions of density
log,, o¥.. B-decay rates (dashed lines) are those decreasing with
density, while electron-capture rates (solid lines) are those increasing
with density. The temperature steps are shown in the range of
log,; T = 810 9.2 in steps of 0.2,
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FIG. 3. Product of S-transition rates for the A =23 URCA
nuclear pair (“Ne, ®Na) for various temperatures as functions of
density log,; p¥.. In panel (a), the mesh points are taken from
logy ¥, = 8.0 to 9.2 in steps of 0L02, while in panel (b), they are
from log,, oY, = 8.0 to 9.0 in a single step as in Oda et al. [10].

8.0<log19(pY.) <9.2 In steps of 0.02
8.0<logpT<9.2 in steps of 0.05

cf: Oda et al., At. Data and Nucl. Data
Tables 56, 231 (1994): Alogyo(pY,)=1.0

URCA density a log,, oY, = 8.92for A = 23




(25Na’ 25Mg)
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8.8M , star collapses triggered by
subsequent e-capture on Mg and °Ne
(e-capture supernova explosion)

Toki, Suzuki, Nomoto, Jones and Hirschi,
PR C 88, 015806 (2013)

No clear URCA density for A=27 Jones et al., Astrophys. J. 772, 150 (2013)



lnbee 1
Summary of Model Propertics

521 Mo BT Mz B.75 M BE Mg 0.5 Mz 12.0 M,
ME, /M 0.15 0.00 0,00 0,00 0LOD 0.00
MES M 0.93 042 0,00
T joKe 1318 1.311 1.324
e . 46,0 15.2 56
ol g em 3.3 x 10 7.396 « 10° LT30 « 107
[T 7.259 7.910 R572 8544 0,189 11.33%
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My /M. 126721 ] 35097 136230 | 36067 248733 331580
Mo /M 126605 | 35086 1.36227 | 306 1.49245 158607
Remrant (NN WD OMNe WII/NS Ng NE NS NG
SN type ..../EC-SN (1IF) EC-SN (IIF) EC-SN (1IF) CC-SN P CC-5N (P
o8l — 82 M Jones et al., Astrophys. J. 772, 150 (2013)
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Coulomb corrections: screening effects
1. Screening effects of electrons Vir) = — fﬁ T
Ivisti 2y 2 umt”hqr]m

V (r) with screening effects of relativistic
degenerate electron liquid = th 7 | q%(q.0)
Zet'
V.iry= Vir)— (——t) — Ze*(2kyp)J, Juodagalvis et al., Nucl. Phys. A 848, 454 (2010).
! Itoh et al, Astrophys. J. 579, 380 (2002).

Vs(0)>0 — reduce both e-capture and p-decay rates S
2. Change of threshold energy —,‘E

ﬂgf = qu;t}_’ — 1) - II'.-{{lZ]'
tc(Z) =the correction of the chemical potential of the ion with Z %

AQ. — reduce e-capture rates & enhance f3-decay rates
PNa<->"Mg e (Z) <0
O I I I T T
~ | Slattery, Doolen, DeWitt, Phys. Rev. A26, 2255 (1982).
Co T with ser. Ichimaru, Rev. Mod. Phys. 65, 255 (1993).
£ -10 F——== W/oscr.
. 7 Y,=8.78 — 8.81
b% -15 _log]{,T:8.7 7 N p € B . - .
2 b/
20 + S URCA density — higher density region
80 82 84 86 88 90 92

log, (pY.)



2. Structure of Ca (and O) Isotopes and
three-body forces

Shell model
G-matrix vs. G-matrix + three-body force

G = BonnC, CD-Bonn for Ca; 3'-order Q-box
G = Kuo, BonnC, CD-Bonn for O
Hjorth-Jensen, Kuo, Osnes Phys. Rep. 261 (1995) 125.
FM (Fujita-Miyazawa) three-body force)
A-excitation by two-pion exchange
- Effective neutron single-particle energies
 Ground state energies
E, (27)
- M1 transition in 4Ca



+2rd_

A 3'%-order
! '
b

2-2 2-3 2-4

core-polarization effects

Kuo (HJ): 2"d-order, up to 2hw
BonnC: 3"-order, up to 2-4 hw
CD-Bonn: 3"-order, up to 24hw

Hjorth-Jensen et al., Phys. Rep. 261, 125 (1995)

2-15{E)

T. T. S. Kuo, Nucl. Phys. A103, 71 (1967)
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more repulsion than G In T=1
more attraction than G in T=0

® Tensor force + repulsive
corrections in T=1 monopoles
— SFO-tls

= Structure of neutron-rich C
Isotopes; exotic M1 transitions
in 1’C is explained
(Suzuki-Otsuka, PR C78 (2008))

® 3 body forces induced by A
excitations (Fujita-Miyazawa)
—vrepulsion in T=1monopoles
—drip-line at %O in O isotopes
(Otsuka, Suzuki, Holt, Schwenk,
Akaishi, PRL 105, (2010))
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 Modification of SFO

Full inclusion of tensor force

-p-sd: tensor->m+p
LS -> o+p+®

V=Vs+Vp+V;g

Vp =V, +V,

Vis =Voiotp
-sd: Kuo G-matrix
T=1 monopole terms
more repulsive

— SFO-tls

Monopoles (MeV)

N

o
|

1
N
I

1
NN
I

sd-shell

3-3 53 55 31 51 1-1
—e— SFO-tls 3=0d3/2

°© USD 5=0d5/2
—¥- SFO (G)

1=1s1/2




- 17
neutron Caren Fgp Carbon Note: HC
L 0 ds»1s1,9 — Space
5 — SFO-ts
2 4 . 0l SFO P 20t
Sl T X 10 e ey | 1127 >={ 515" (07) X155 >
5 o M £ S o0 3 + + +
.g Y B vyy 5 20t Vd5/2 —)3/2 ,5/2 ,9/2
2 s g
g 2 ././Of"f Oz:\;\&g_. = 3/2+ . d 2 2+ 15'
R . 301 o Exp. _ | >=|dg;p"(27) x1sy >
-610 121 14 16 1}\6 20 22 24 26| 0 drlp_llne |d5/22(2+,4+)><d5/2 S
' g 0:’5'2 12 14 16 18 20 22 24 26 N N
g O A B(M11/2 _)3/2 ):0

Anomalous suppression of B(M1) strength in 1'C [ 19C: B(M1; 3/2+->1/2+)
5 T —3/2% suppressed
sy, ; Iwasaki et al., MSU

£ SFO'

SFO-tls = EXP. ] 1/2+ _ d 4 O+ X 1 . 1/2+
72223 $FO-g-off I >=|d5*(0%) X 1Sy, >

m SF0gel (31245 = 1 |dg ,3(3/27)

- . SFO-tls-g-eff

. | x1s,,%0%): 3/2+>

7 11+ B 1dsp*(2%) x 1sy,: 312>

—3 —3 —1

BMI: 3t = 3/27,

3
5 1
3

1 | <324 M1 ||1/2+> =0
PSDMK2 SFO WBP SFO-tls EXP. J=5/2

EXP: D. Suzuki et al., PLB666 (2008)



@ Roles of three-body force on shell evolutions
three-body force = FM (Fujita-Miyazawa)
A-excitation by two-pion exchange
FM — repulsion between valence neutrons (T=1)

17 1] ) J 1 A R T RO M B

. 0~ [[.0--1.0

o r: iy NS IS O T S R
l - - 2 H L B | 2
— < pj'IV |hj >*>0 —|<pj|V|hj=jh>|: .
AEI pj'lV [ hj > AE|pJ| | hj'—] |J, j j i
oy 7T . .
(a) Energies calculated (b) Energies calculated “ (c) Energies calculated J J, __________
from phenomenological{ | from G-matrix NN 9 \ from Vigy 1 NN 1
g % forces + 3N (A) forces \ + 3N (AN'LO) forces B
g 1 1 b x\‘\ ] 3 N .. O e -
? '.\;\ ’J/" — /\\\\
g OF Exp. t ¢ Exp. 11 o Exp ¥ 1 1 ] 1’
| — SDPF-M 1t —NN+3N(A)\~\ 1t . . J. J. . J. J
— USDB T 5 ——<pJ|V]Jh=h><pf|V[]h-hy>
0 8 14 16 20 8 14 16 20 8 14 16 20 Jl J AE
Neutron Number (N) Neutron Number (N) Neutron Number (N) T
: T = £ <PHIVII=TT>
Oxgen isotopes: drip-line at *O

Otsuka, Suzuki, Holt, Schwenk, Akaishi, PRL 105 (2010)



pf-shell ESPE Energies of Ca isotopes E (2)
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pf-gy,, shell

degenerate pf-g,,, Orbits
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pf-gy,, shell

Non-degenerate treatment of pf and gy, 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

nn monopole

30T T T T T T T T T
(pfpf) (pf-sd)

intra-shell inter-shell

T 1
(sd-sd)

intra-shell

i
— non-degenerate SPE W
— - degenerate SPE !

-— bare Viowk
L1

SEERE
EEgEEEgg iy

TE
oo =

Kuo-Krenciglowa method
mj = = n— k
ir’:.:f[ = J(en) + Z QHE{I}{ F:ﬁ' “l .

PHyP =P *
l

QiE}=PVP+PVQ—E_QHQQVP.
1 d*O(E)
O, (E)= — T

Extended Kuo-Krenciglowa method
H=H-E
AR = Ap(E)+ Y Qu(E)[AG ")
Hpu(E) — E
QVP.

Hy=Hg—E, Hpn(E)=
Huyn(E)= PHP — PV Q
Vig = Heg — PHy P.

energy indpendent

E—QHQ

K. Takayanagi, Nucl. Phys. A 852, 61 (2011).
K. Takayanagi, Nucl. Phys. A 864, 91 (2011).




Ground state energies & E(2,%) 48Ca

B.E. (MeV)

Ex.(2+(1)) (MeV)
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cf. Holt et al., J. Phys. G39, 085111 (2012)

1 Phys. G: Nucl. Part. Phys. 39 (2012) 000000 I D Holt et al
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Summary

- New spin-dependent transition strengths based on new
shell-model Hamiltonians with proper tensor forces
(SFO for p-shell, GXPF1 for pf-shell, VMU)

* Good reproduction of experimental B(GT) in 1°C, *%Fe
and °°Ni and cross section data for v-induced reactions

on 12C and %Fe

*Light element synthesis in SN explosions and effects of
v-oscillations (MSW effects) in nucleosynthesis
Abundance ratio of ‘Li/*'B — v mass hierarchy

* GXPF1J well describes the GT strengths in Ni isotopes :
Nji two-peak structure confirmed by recent exp.
— Accurate evaluation of e-capture rates at stellar

environments
Implications on synthesis of Ni isotopes; °2Ni/*®Ni



- VMU for “°Ar (sd-pf-shell) and p-sd shell nuclei:
GT strength consistent with observations
New cross section for 4°Ar (v,e’) “K induced by solar v

 Detalled e-capture and beta-decay rates for URCA
nuclear pairs in 8-10 solar-mass stars
— URCA density for A=25 and 23 with fine mesh of
density and temperature
— Cooling of O-Ne-Mg core by nuclear URCA processes
determines the fate of the stars.

* Repulsive contributions from FM three-nucleon forces
In T=1 monopoles
— Shell evolutions in neutron-rich isotopes
Ca: shell-closure at “Ca and M1 strength
pf vs pf-go, Dy non-degenerate treatment of gy,
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