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○ 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 
 

○ ν-nucleus reactions 

 ・ ν-12C, ν-56Fe reactions with SFO and GXPF1J  

 ・ Nucleosynthesis of light elements, 7Li and 11B, (and 55Mn) in  

    supernova explosions (SNe) 

    ν oscillations effects and  ν oscillation parameters 
 

○ e-capture and β-decay rates in stellar environments 

 ・ e-capture rates in pf-shell nuclei with GXPF1J 

  Type-Ia supernova explosions and nucleosynthesis 

 ・ e-capture and β-decay rates in sd-shell nuclei and cooling of stars by  

    URCA processes 

 ・ β-decay half-lives of waiting-point nuclei at N=126 and r-process  

    nucleosynthesis 



○New shell-model Hamiltonians and successful description 

   of Gamow-Teller (GT) strengths  

    SFO (p-shell):  GT in 12C,  14C     
            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 

Monopole terms of VNN  

repulsive:jj,jj

attractive:jj









Otsuka, Suzuki, Fujimoto, Grawe, Akaishi, PRL 69 (2005) 
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tensor force 

 Monopole terms:        New SM interactions vs. microscopic G matrix 

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

p-shell:  SFO   space; up to 2-3hw,   

                         gA
eff/gA=0.95 

B(GT: 12C)_cal = experiment   

Vanishing of B(GT:  14C) reproduced 

 

Magnetic moments of p-shell nuclei 

systematically reproduced 

 SFO 



 

     New shell-model Hamiltonians in fp-shell and spin 

responses                        

   GXPF1: Honma et 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  

B(GT-) for 58Ni 

Fujita et al. 

gA
eff/gA

free=0.74 

8-13MeV 

M1 strength 

(GXPF1J) 

gS
eff/gS=0.75±0.2 



SFO:  gA
eff/gA=0.95 

B(GT: 12C)_cal = experiment 

SFO 

PR C55, 

2078 (1997) 

Suzuki, Chiba, Yoshida,Kajino, Otsuka,   

PR C74, 034307, (2006). 

GT 

○ ν-nucleus reactions           pf-shell: GXPF1J  (Honma et al.)  

   p-shell: SFO                         

SD + … : RPA (SGII)   

KARMEN 

DAR 

SM(GXPF1J)+RPA(SGII)    259 x10 -42cm2 

RHB+RQRPA(DD-ME2)     263 

RPA(Landau-Migdal force)   240 

cf.  KB3     Caurier et al. 

B(GT)=9.5   B(GT)exp=9.9±2.4  B(GT)KB3G=9.0 

(ν, ν’), (νe, e
-) SD exc.  

SFO reproduces DAR cross sections  



・Nucleosynthesis processes of  

 light elements 
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Enhancement of 11B and 7Li abun-

dances in supernova explosions 

Inner     O/C  He/C He/H  H 



  Normal hierarchy    Inverted hierarchy 

MSW ν oscillations 
 7

L
i/

1
1
B

-R
a
ti

o
 

・T2K, MINOS (2011) 

・Double CHOOZ, 

  Daya Bay, RENO   (2012)    

     sin22q13 = 0.1  

e,:hierarchyNormal  

Increase in the rates 
4He(e,e

-p)3He  

12C(e,e
-p)11C   

in the He layer 

First Detection of 7Li/11B in SN-

grains in Murchison Meteorite 
W. Fujiya, P. Hoppe, & U. Ott, ApJ 

730, L7 (2011). 

“Inverted Mass Hierarchy” 

is statistically more 

preferred ! 
74% ー Inverted 

24% ー Normal  

Bayesian analysis:  

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



・Effects of MSW ν-oscillations 

  normal hierarchy:  high res. + low res. → 7Li/11B enhanced 

  inverted-hierarchy:  no high-res. →  7Li/11B 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 ν-13C cross sections with SFO 

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

・ New ν-16O cross sections with SFO-tls 

   Full inclusion of tensor force in p-sd cross shells:  

       tensor →  π+ρ     LS → σ+ρ+ω   
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 11B is produced from 16O also 
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・e-capture rates on 56Ni in stellar 

environments: 

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

Suzuki, Honma, Mao, Otsuka,  

Kajino, PR C83, 044619 (2011) 

 Type-Ia supernova explosion 

 Accretion of matter to white-dwarf from binary star 

 → supernova explosion when white-dwarf mass >   

      Chandrasekhar limit 

 →  56Ni (N=Z) 

 →  56Ni (e-, ν) 56Co     Ye =0.5 → Ye < 0.5 (neutron-rich) 

 →  production of neutron-rich isotopes;  more 58Ni         

 Decrease of e-capture rate on 56Ni  

  → less production of 58Ni. Problem of over-production of 58Ni  may be solved. 

e-capture rates: 
GXPF1J < KB3G 

←→  

Ye (GXPF1J) > Ye (KB3G) 



Problem of over-production of 58Ni 

GXPF1  ->  58Ni/56Ni  decreases 

58Ni 54Cr 
54Fe 

56Fe 

NSE(Nuclear Statistical  

Equilibrium) calculation 

Famiano 

Ye 



・M=0.5 ～8M☉ 

     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    

    β–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) 

○Evolution of  8-10M☉ stars and nuclear URCA processes 



  ・Detailed e-capture and beta-decay rates for  

    URCA nuclear pairs in 8-10 solar-mass stars 
 

  Nuclear URCA process 

     

 

  

 

 

 

 

 
 

   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) 













eNaNe

NeeNa

2323

2323













eMgNa

NaeMg

2525

2525













eAlMg

MgeAl

2727

2727

Q=4.376 MeV 
         (24Na → 24Mg:   Q=5.516 MeV) 

 

Q=3.835 MeV 
 

         (26Na → 26Mg:   Q=9.354 MeV) 

 

Q=2.610 MeV 



・ e-capture rates at high densities and high temperatures 

Ye = No. electrons/No. baryons 



・β-decay 

dω 













eNaNe

NeeNa

2323

2323

log10 T = 8 to 9.2 in steps of 0.2 

e-capture rates increase  

as density increases, while 

β-decay rates decrease as  

density increases. 

 

There is a density where 

both the rates are balanced 

and depends little on T. 

→ URCA density 



(25Na, 25Mg) (27Mg, 27Al) 

URCA density at  

No clear URCA density for A=27  
The temperature steps are shown in the  

range of log10 T = 8 to 9.2 in steps of 0.2. 
The ground-state spin of 27Mg is 1/2+ and 

the ground-state spin of 27Al is 5/2+ and 

the GT matrix element is zero. 

27Mgg.s→
27Al* 

log10 ρYe = 8.78 



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

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

A=25 
A=23 

8.8M☉ star collapses triggered by subsequent e-capture on 24Mg  

and 20Ne  (e-capture supernova explosion) 



Jones et al., Astrophys. J. 772, 150 (2013) 



Nature 505, 65 (2014) 
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○ Beta-Decays of r-process waiting-point nuclei at N=126  

R-process 

Waiting-point nuclei 

Half-lives of N=126 isotones 

 GT + FF (first-forbidden) 

Q=gA
eff/gA=0.7 

Beta-decay: GT + FF (first-forbidden) 

Suzuki, Yoshida, Kajino, Otsuka,  

PR C85, 014802 (2012) 

Shell-model 



r-process nucleosynthesis up to Th and U 

FF: q(gA)=0.34, q(gV)=0.67 

Z=78: 204Pt   t1/2 (exp) =16 +6/-5 s  Morales et al., PRL 113 (2014) 

GT: q(gA)=0.7 



ν-driven-wind model in core-collapse SNe 

Before beta-decays After beta-decays 

Yoshida 

Th U 



Before beta-decays After beta-decays 

Cold case:  Tf = 1x108 K  

K10x1T 8f 

Th U 



 
・New ν –induced cross sections based on new shell-model   

  Hamiltonians  (SFO for p-shell, GXPF1 for pf-shell) 
 

・Good reproduction of experimental data for 

   12C (ν, e-) 12N, 12C (ν, ν’) 12C and 56Fe (ν, e-) 56Co 
 

・(Effects of ν-oscillations in nucleosynthesis  

  abundance ratio of 7Li/11B → ν mass hierarchy)  

 

 

 
 
 

 

 

 
 

 
 

 

   

Summary 

・ GXPF1J well describes the GT strengths in Ni isotopes :   
     56Ni   two-peak structure confirmed by recent exp. 
 → ・Accurate evaluation of e-capture rates at  stellar   
       environments  
    Nucleosynthesis in Type-I SNe;  58Ni/56Ni reduced 
   



 

・ 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  

・ Detailed 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.  
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