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O New shell-model Hamiltonians
SFO (p-shell), GXPF1J (fp-shell), USDB (sd-shell)
Spin modes -GT strengths, M1 moments- are well described.
— Accurate evaluation of spin-dependent transition rates

O v-nucleus reactions

- v-12C_ v-5Fg, v-5Ni reactions with SFO and GXPF1J
- Nucleosynthesis of light elements, ‘Li and B, and >>Mn in
supernova explosions (SNe)

v oscillations effects and v oscillation parameters
- v-40Ar reactions with VMU (monopole-based universal interaction)

O e-capture and B-decay rates in stellar environments

- e-capture rates in pf-shell nuclel with GXPF1J
Type-la supernova explosions and nucleosynthesis

- e-capture and [-decay rates in sd-shell and pf-shell nuclei and cooling
of stars by URCA processes

- B-decay half-lives of waliting-point nuclei at N=126 and r-process
nucleosynthesis



ONew shell-model Hamiltonians and successful description
of Gamow-Teller (GT) strengths
SFO (p-shell): GT in 2C, 4C
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
* iImportant roles of tensor force
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Monopole terms:

tensor force

New SM interactions vs. microscopic G matrix
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B(G )values for 12C >12N

1.4

S
= 2

1.0

EXP — -

12 c — OhW
— 2Aw

0.8
0.6
0.4

0.2

0.0

pspmMik2 oFu™ - SFO pspwsep

B(GT) values for 14N ->

14C o

14N >14C
Q:p 0.8 | — 01‘
==% 1.,
0-6 | _ ——— 2
x1/3
ol SFO
0.2
0.0 L - Juﬂgﬂ_.,_,_m__
(0] 5 10 15
1 = NCSM for “C
5 0 'I" '.' l’ =
= 23 = N(d He)'*C
ol d | KV
- N( *He,?) O
: ,| RCNP
[6) 3 15

Excitation ene gy (MeV)

20

FIG. 3. Experimental B(GT) distributions. compared to the
theoretical result of Aroua ez a/. [14]. where the B(GT) o the
27 state was scaled down by a factor of 3.
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New shell-model Hamiltonians in fp-shell and spin
responses

GXPF1: Honmaet al., PR C65 (2002); C69 (2004); A=47-66
KB3:  Caurier et al., Rev. Mod. Phys. 77, 427 (2005)

KB3G A=47-52 KB + monopole corrections
= Spin properties of fp-shell nuclei are well described
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O v-nucleus reactions

p-shell: SFO
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SFO: g,°"/g,=0.95

B(GT: 12C)_cal = experiment

(v, v’), (v, €) SD exc.

SFO reproduces DAR cross sections

pf-shell: GXPF1J (Honmaetal.)
cf. KB3 Caurier etal.
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MSW v oscillations |

Normal hierarchy

Inverted hierarchy
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- Effects of MSW v-oscillations
normal hierarchy: high res. + low res. — ’Li/''B enhanced
inverted-hierarchy: no high-res. — “Li/*B not enhanced
Supernova X-grains in Murchison meteorite

— Inverted hierarchy Is statistically favored
W. Fujiya, P. Hoppe, & U. Ott, ApJ 730, L7 (2011).
Mathews, Kajino, Aoki and Fujiya, Phys. Rev. D85,105023 (2012).
- 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)

- New v-1°0O cross sections with SFO-tls
Full inclusion of tensor force in p-sd cross shells:
tensor - nt+p LS — otpto
Spin-dipole transitions (07, 17, 2)
Excitation energies of the spin-dipole states are improved.
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Soft dipole resonance in Li

35 . _
: T
°F - 52+
= e 17 o
-
=25 L -
'!_E'__. e e
ZEPNY -~
= - il
o
E -
g 156 -
3 il
2 1 p-mccooecoooCoooIoIoIETaaIIIIIIC]
- - ¥ ook e B i e O
- i .-E =l i LI !
D.S:—’:ﬁ%igg?r‘j‘?;q
L R P B = 2 & o O o =2
2@ 3O 233222 &
0L L l I ] 1 1 I i | i i
g 1 2 3 4 5 &6 7 8 9 10 11 12
Models

FIG. 4: The experimental excitation energy compared with
different theoretical model predictions. 1=experimental
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= 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
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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)



40Ar o~ 40K
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40 40
Ar > K
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TABLE . Experimentzl and shell-model BiGT) values and their
ratios fior the transitions to the 1™ states at 2290 and 2730 ke'V.

R

E.("K) (keV) BiGT exp B(GT)s"

Ref. [15] {paf BT CHerf YAr—"K “Ti-¥s
2289.87(1)  LO3(10) D.5WF  — 0.97 040
73037 0949 0944 — 042 0.94
R 09115 L6511 0735 043 135

*From Ref. [10].

®From Ref. [9] and using isospin symmetry.

®Only the relative strengths for the itwo states are known
experimentally.

“The shell-model calculations have been multiplied by a factor 0.60
to account for quenching of the GT strength [16].

PHYSICAL REVIEW C 89, 064313 (2014}

Gamow-Teller transitions in the A = 40 isoquintet of relevance for neutrino captures in **Ar
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3 o data (sta. emor) iy %0, | “€-Capture rates on *°Ni in stellar
o | syt ermor \ environments:  pY, =10" =102 g/cm’
29— GXPFJ ./ \

o
01 =
m | =
/ =
0T 2 3 4 s 67 = *
E (“Cu) (MeV) RS —— axrrs
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) GXPF1J<KB3G

— production of neutron-rich isotopes; more >8Ni
Decrease of e-capture rate on >Nj
— 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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@ Neutral current reaction on 56N Ni -> PCop
T B(GT)=6.2 ol ]
. (GXPF1)) |5, t0F i+ 12 A
B(GT)=5.4 =l " 22-
(KB3G) |g 4f ]
p-emission °L o ]
BR increses S6Nj 33Co-p

15 20 2
Ex (MeV)

; HWO02
- | A gamma

N | @ p
210N

5 Synthesis of Mn in Population 111 Star
or. “Ni(v,v'p)®Co, ®Co(e”,v)*Fe(e”,v)*Mn

p-emission
' {X-sections

B E’lincrese

M(55Mbn) (10-4M(sun))

-_
o

55Mn

1: GXPF1J(GT)
2: GXPF1J4SGlI
3: HWO2

—— 4:Nov

log[Mn/Fe]

1,

-1.0

55NN
0.0
02 O]
. ®
04
® 1:GXPF1J(GT) o
06| @ 2:6GXPF1J+SGII
@ 3:HW02
081 0 4:Nov
—e— 5:088S.
T T T
0

T 1
1 2 3 4 §

**Fe(p,y)>>Co Yoshida, Umeda,

Nomoto




o data (sta. error)
syst. error
- — GXPF1J

)
T

rp-process and X-ray burst

(p,y) & P*-decay/e-capture

-_
T
]

B(GT) (MeV )

Ore(e*v)*’Mn  *Fe(e,v)*°Mn

s “."'"_:A—n;», L1 I B i "=
SLINTT 95 2 0 2 4 6 8 10 12 14
—>

A 2 4 Sasano et al.

Z

IEEEI”"P’:UISEEI
2] 2o 2ol 2 gl ol e g P B g 2
EERELENELEE
I A i et 0 P R ek ] T T I B
o ofed yoPg e et Cood i
B i i s £ 0 I
B i 3 3 s .2 e
Copelepapalbleporal cFapaps
b b L b R

"n.."
e

N

-
<t

Parikh et al., PPNP 69, 225 (2013)
N

>



18

18

14

12

08

08

04

02

X-ray burst

E';'l| 'y
GXP_rp.mov KBF_rp.mov

e-capture and beta-decay
rates with KBF:

56Ni Langanke and Martinez-Pinedo,
Atomic Data and Nuclear Data
\ Tables 79, 1 (2001)
|

=
[

6071, 64Ge. 6836'“ A=

GXP
Reaclib

Sn-Sh-Te cycle

=

100 150 200

Famiano

t(s)

10

Log [RATE (s )]

i . — GXPF1J |
t
' KB3G
I : \\ === KBF —
# ‘\.‘ -
T N s
0 2 4 6 8 10 12 114
EX (MeV)
557, 55
Ni(e ,v ) Co
0.8 ‘_'_,_,_.—a——:':,—'—/#/'—'—'-"""/—
E 8
0.6 - 10
0.4 — GXPF1J]
- —— KB3G
0'22 —— KBF
0.0
- —n?
0.2 ;— pY =107 1
04
- L 1 y
2 4 6 3 10
T9




Electron-capture and B-decay rates at stellar environments

OEvolution of 8-10M stars and nuclear URCA processes

*M=0.5 ~8Mg, : He burning — C-O core — C-O white dwarfs
"M >10M, : — Fe core — core-collapse supernova explosion
*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)



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

0dd-A sd-shell Nuclei (A=17-31)

Nuclear URCA process
*>Na +e —>*°Ne +v

Ne—>*>Na+e +v
Mg +e” —>°°Na+v

“*Na—">Mg +e +v

*"Mg—>'Al +e” +v

Cooling of O-Ne-Mg core of stars

value (McV)
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fB 21 IN 27 % 1
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19 25 r Nel
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N
F
0 Ne Al
Mg Si

— ‘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)
0 . .

o5l

S 10 /
d
r_f' 'Ill
o -15 F
G I|
— [

20 - R
8 82 84 86 88 9 92

URCA density at log,, pY, = 8.78

log pY,

(2’Mg, 2Al) g.s. 1/2*&5/2*

0
-r- s I
m e
< -10 /.-
- — .
— sy “/'-" | -,
J P,
3 i L i %y

-20

No clear URCA density for A=27

g8 82 84 86 88 9 92

log, , (pY, [gom .

Cooling of O-Ne-Mg core by
the nuclear URCA processes

9.0 T i ; i 0.08
— B.BM; Oda et al. (1994)
. =S 00F
a.9} H.8M .. this work o0
. T
8.8F . Te— —_
0.05 2
o e
= -3
= : o
=87 T 0.04 2
0,03
B.EF T ]
L AS2S 0.02
. - A=23
e 0.01
E.l.1 L L L I. - 1 — I. s L D.DU
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

L (yr)

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)
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Energy generation and v cooling
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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 (enhance) e-capure (B-decay) rates -
2. Change of threshold energy _,‘k

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 . - .
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Even-A sd-shell Nuclei (A=18-30)
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0dd-A sd-shell Nuclei (A=17-3 1)
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Suzuki, Toki and Nomoto, submitted to Ast. J.
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Strong neutrino cooling by cycles of electron capture
and f~ decay in neutron star crusts

H. Schatz"**, S. Gupta", P. Moller’”, M. Beard>®, E. F. Brown"”*, A. T. Deibel®?, L. R. Ga_fiques?, W. R. Hix®?, L. Keek"*?,

R. Lau™®?, A. W. Steiner®'” & M. Wiescher>®

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

Electron-capture/§~-decay pair Densityt Chemical Lumingsityf
potentialy

Parent Daughter* (10%gem™  (Me\) (10**ergs™
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Figure 2 | Eledtron capture @ decay pairs on a chart of the nuclides. The
thick biue lines denoie dechron-capturef [ -decay pairs that would generatea
strong neutring lumincsity in excess of 5% 10 args ™ '@t T= 051GK fora
anTsition oon sisting entinay of the respecive electron <apture§ -deay
pair. They largely coincide with regions where allowed & ectron -aptore

and f -decay transitions are predicied to populate kw-lying states and
subsaquent dectron capture is blocked {shaded squanes, see also the discussion

inmef ¥} These are maostly regions betesen the dosed newtron and proton
shells {pairsofhoraontal and vertical red lines), where nud & are significan thy
deformed {see Supplementary Information section 4). Nudides that are

7~ -stable under termestrial cond itions are shown as squares bordered by
thicer lines. Nudear charge numbers are indicated in parenthess: next to
element symbwls.
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O Beta-Decays of r-process waiting-point nuclei at N=126

R-process
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Half-lives of N=126 isotones ~ I-Pprocess nucleosynthesis

GT + FF (first-forbidden) ~ TZeirr ey Bine Mode
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Half Lives (ms)

r-process nucleosynthesis up to Th and U
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v-driven-wind model in core-collapse SNe Yoshida
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r-process nucleosynthesis in neutron-star mergers
Shibagaki & Kajino
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r-process nucleosynthe5|s IN neutron star mergers
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Summary

*New v —Induced cross sections based on new shell-model
Hamiltonians (SFO for p-shell, GXPF1 for pf-shell)

* Good reproduction of experimental data for
12C (v, €) 12N, 12C (v, v’) 12C and >°Fe (v, ) *°Co

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

* GXPF1J well describes the GT strengths in Ni isotopes :
Ni two-peak structure confirmed by recent exp.
— = Accurate evaluation of e-capture rates at stellar
environments
Nucleosynthesis in Type-1 SNe; °8Ni/**Ni reduced
— *Enhancement of *°Ni(v, v’p)>°Co reaction cross
sections and production yield of >>Mn in Pop 111 stars



= Detaliled 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.
* URCA processes In neutron star crusts
29Mg-?°Na, °°Ti->°Sc pairs

- Half-lives of N=126 isotones are evaluated by shell-model
calculations with GT and FF contributions.

— Shorter half-lives than FRDM
r-process nucleosynthesis up to Th and U at SNe and
neutron-star mergers
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