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Abstract. The distribution of the spin-dipole strengths in O and neutrino-induced reactions on
16
O are investigated by shell-model calculations with new shell-model Hamiltonians. Chargedcurrent and neutral-current reaction cross sections are evaluated in various particle and γ
emission channels as well as the total ones at neutrino energies up to Eν≈ 100 MeV. Effects of
11
multiparticle emission channels, especially the αp emission channels, on nucleosynthesis of B
11
and C in core-collapse supernova explosions are investigated. The MSW neutrino oscillation
effects on charged-current reaction cross sections are investigated for future supernova burst.
20
+
20
+
Electron capture rates for a forbidden transition Ne (0 g.s.) → F (2 g.s.) in stellar environments
are evaluated by the multipole expansion method with the use of shell model Hamiltonians, and
compared with those obtained by a prescription that treats the transition as an allowed GamowTeller (GT) transition. Different electron energy dependence of the transition strengths between
the two methods is found to lead to sizable differences in the weak rates of the two methods.

1 Introduction
Roles of Gamow-Teller (GT) transitions in nuclear
weak rates at stellar environments have been
investigated in various astrophysical processes.
Electron-capture and β-decay rates in sd-shell nuclei
have been updated, and applied to nuclear URCA
processes in O-Ne-Mg core of stars with M=8-10M☉ [13]. Those in fp-shell nuclei have been also updated with
GXPF1J [4] and used to study synthesis of iron-group
elements in Type Ia supernovae (SN) [5]. Neutrinonucleus reaction cross sections for 12C [6,7], 13C [8],
40
Ar [9], 56Fe and 56Ni [10] have been updated, and
applied to study ν-process nucleosynthesis [6,7,11] and
ν properties [7,11]. In β-decays of N=126 isotones, an
important role of first-forbidden transitions on
enhancing the rates compared with the FRDM model
[12] was pointed out [13,14], and the short half-lives
were used to study r-process nucleosynthesis in corecollapse SN and binary neutron star mergers [14]. Here,
we focus on forbidden transitions in 16O and 20Ne. We
discuss spin-dipole strengths in 16O and ν-induced
reactions on 16O in Sect. 2. In Sect. 3, e-capture rates for
a second-forbidden transition in 20Ne are evaluated with
the multipole expansion method.

2 ν-induced reactions on 16O
2.1. Spin-dipole strength in

16

O

ν-induced reactions on 12C was studied with a shellmodel Hamiltonian, SFO [15], which can reproduce the
*

GT strength in 12C and magnetic moments of p-shell
nuclei systematically. The configuration space of the
SFO is p-sd shell, and the quenching factor for q=
gAeff/gA is found to be close to 1, q=0.95, in contrast to
the case within p-shell configurations such as the
Cohen-Kurath Hamiltonian [16]. The monopole term in
spin-isospin flip channel is enhanced in the SFO.
In case of 16O, the GT strength is small and the spindipole strength is the dominant contribution to spindependent transitions. Therefore, the p-sd cross-shell
matrix elements in SFO are improved by taking into
account the tensor and two-body spin-orbit components
properly: the tensor and two-body spin-orbit
components are replaced by those of π+ρ mesonexchanges and σ+ρ+ω meson-exchanges, respectively.
A new Hamiltonian thus obtained, SFO-tls [17], can
reproduce low-lying energy levels of spin-dipole states
in 16O. Calculated spin-dipole strength,
B( SD ) 
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in 16O is shown in Fig. 1. Sum value B(SDλ)- is nearly
proportional to 2λ ＋ 1, while the averaged energy
position is the lowest (highest) for 2－ (1－) as explained
below.
The energy-weighted sum of the strength can be
formulated as the double commutator of the spin-dipole
operator with the Hamiltonian as
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Partial cross sections for various particle and γ
emission channels, including multi-particle emissions in
addition to single-particle ones, are evaluated by the
Hauser-Feshbach model. Cross sections for p, pp, 3He,
α and αp emission channels for the excitations of 2 －
states are shown in Fig. 3 for SFO-tls. The proton
emission channel gives the dominant contribution, while
αp and αemission channels become important at higher
excita-tion energies at Ex ～30 MeV.
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The EWSλ is determined by the kinetic energy, one-body
spin-orbit potential and two-body spin-dependent
interactions [18]. For 16O, EWSλ evaluated with the
kinetic energy and one-body spin-orbit potential VLS =
ξΣi ℓi・σi is given as
2
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where fλ = 2, 1, and -1 for λ = 0, 1, and 2, respectively,
and 16O is taken to be a LS-closed core. For 16O, the
spin-orbit term splits them in the following order :
EWS2－ /5 < EWS1－ /3 < EWS0－. The tensor interaction
is attractive (repulsive) for 0 － and 2 － (1 －) [19]. The
averaged energy defined by
<Eλ>=EWSλ/B(SDλ)
results in an order ; <E2> < <E0 > < <E1 >.
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Fig. 2. Calculated total cross sections for 16O (νe, e － ) 16F
obtained by shell-model calculations with the SFO-tls and
SFO as well as CRPA calculation [21]. (Taken from Ref. [18])
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Fig. 1. Calculated spin-dipole strength in 16O obtained with
the SFO-tls. (Taken from Ref. [18])
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Charged- and neutral-current ν-nucleus reaction cross
sections on 16O are evaluated by shell-model
calculations with the SFO-tls [18]. The quenching for g A
is taken to be q=0.95. The total μ-capture rate on 16O
obtained with q=0.95 is λ= 11.20×104 s-1 (10.21×104 s-1)
for SFO-tls (SFO), which is close to the experimental
value, λ= 11.26×104 s-1 [20]. Total charge-exchange
cross sections for 16O (νe, e － ) 16F at Eν < 100 MeV
obtained for SFO-tls as well as for SFO and previous
continuum-random-phase
approximation
(CRPA)
calculation [21] are shown in Fig. 2. The multipolarities
up to J=4 are taken into account. Dominant
contributions come from the transitions with Jπ = 2－ and
1 － . The cross sections for SFO-tls are enhanced
compared with those of SFO, and found to be close to
those of the CRPA except at Eν < 30 MeV. Neutralcurrent cross sections for SFO-tls are also close to those
of the CRPA.

Fig. 3. Calculated partial cross sections for 16O (νe, e－X ),
with X = p, pp, 3He, α, αp, via excitations of 2－ states in 16F
obtained by shell-model calculation with the SFO-tls. (Taken
from Ref. [18])
Table 1. Production yields of 11B and 11C in supernova
explosion for progenitor mass of M=15M ☉ . Here, “singleparticle channels” denotes γ, p, n and α emission channels.
Production
yield (10-7M☉)
11

B

11

C

11

11

B+ C

2

HW92
Singleparticle
channels

SFO-tls
Singleparticle
channels

SFO-tls
Single+Multiparticle
channels

2.94

2.92

3.13.

2.80

2.71

3.20

5.74

5.62
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A large branching ratio for the αp channel leads to
the production of 11B and 11C by 16O (ν, ν’αp) 11B and
16
O (νe, e－αp) 11C reactions, respectively, in addition to
the ordinary reaction channels 12C (ν, ν’p) 11B and 12C
(νe, e － p) 11C. The production yields of 11B + 11C in
supernovae with 15 (20) M☉ are found to be enhanced
by about 13 (12)% compared with those without the
multi-particle emission channels [18] (see Table 1).

with the multipole expansion method [27]. In this
method, there are contributions from the Coulomb,
longitudinal, transverse electric and axial magnetic
terms with the multipolarity Jπ =2+. The transition
strength has a dependence on the electron energy as in
the cases of first-forbidden transitions in contrast to the
allowed GT transition.
Calculated e-capture rates for the forbidden
transition obtained with the USDB Hamitonian are
shown in Fig. 4 for the temperature log10T =8.6.
Results obtained by the prescription assuming an
allowed GT transition with the strength determined
from the experimental log ft value [26] are also shown
for comparison.
Sizable difference is found between the two methods
[28]. The rates obtained by the GT prescription are
found to be enhanced (reduced) compared with those
with the USDB at log10(ρYe) < (>) 9.9. This comes from
the difference in the electron energy dependence of the
transition strengths between the two methods. The
strength for the USDB is reduced (enhanced) at Ee < (>)
9.9 MeV compared with the GT prescription. At
log10(ρYe) < 9.8, where the electron chemical potential
is below 10 MeV, the shell-model strength is smaller
than the GT one, and the rates for USDB also remain
smaller than the GT one. At log10(ρYe) ≥ 9.9, on the
other hand, the electron energy larger than 10 MeV can
contribute to the rates due to the enhancement of the
chemical potential, and the rates for USDB begin to
exceed the GT rate.
Effects of the Coulomb effects, that is, the screening
effects on both electrons and ions [29-32], are
investigated. The Coulomb effects reduce the e-capture
rates and shift them toward higher density region due to
an increase of the threshold energy by ΔQC = μC(Z-1) μC(Z), where μC(Z) is the Coulomb chemical potential
of the nucleus with charge number Z due to the
interaction of the ion with other ions in the electron
background (see more details in Ref. [28]).

2.3 νoscillations and detection of supernova ν
The MSW matter resonance oscillations [22] occur in
C- He layer of supernovae for normal (inverted) mass
hierarchy in charged-current reactions induced by
e (e ) . Event spectra of neutrino-16O charged-current
reactions at Super-Kamiokande are evaluated for future
super-nova neutrino bursts. The cross sections of the 16O
(νe, e−) X and 16O ( e , e+) X reactions for each nuclear
state with a different excitation energy are evaluated,
and dependence of the cross sections on the mass
hierarchies are examined [23].
Enhancement of
expected event numbers for supernovae at 10 kpsc away
from the earth is predicted for the e (e ) -induced
reaction in case of normal (inverted) hierachy [23].

3 Electron-capture rates for a secondforbidden transition in 20Ne
3.1. Evolution of O-Ne-Mg cores in stars
Evolutions and final fate of a star with 8-10M ☉ are
sensitive to the nuclear weak rates as well as its mass.
The cooling of the O-Ne-Mg core of the star produced
after carbon burning occurs at certain densities by
nuclear URCA processes for pairs of nuclei with A = 25
and 23 [1-3]. In later stage of the evolution, the core
gets heated by γ emissions in double e-capture processes
on 24Mg and 20Ne. It ws pointed out that a secondforbidden transition in 20Ne, 20Ne (0g.s.+) → 20F (21+),
becomes important at high densities log10(ρYe) = 9.3-9.6,
where Ye is the lepton to baryon ratio, and at
temperatures log10(T) < 9.0 in e-capture reactions [24].
However, the transition strength has not been accurately
determined [25]. The e-capture rates for the second
forbidden transition in 20Ne can be important to estimate
the heating of the core and to determine the final fate of
stars with 8-10M☉.
3.2 Electron-capture rates for
+
(21 ) in stellar environments
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Fig. 4. Calculated e-capture rates for 20Ne (e－, νe) 20F (21+)
obtained by shell-model calculations with the USDB at log10T
=8.6. Results obtained by the prescription assuming an
allowed GT transition are also shown.

Recenty, the β-decay rate for the transition 20F
(21. )→ 20Ne (0g.s.+) was measured, and log ft value was
obtained to be 10.47±0.11 [26], which is close to the
lower limt value given in NNDC [25]. The e-capture
rates for the forbidden transition in 20Ne were calculated
assuming the transition to be an allowed GT transition
[24]. Here, we evaluate the e-capture rates accurately
+

Heating of the O-Ne-Mg core due to γ emissions
succeeding the double e-capture reactions, 20Ne (e−, νe)
20
F (e−, νe) 20O, is important in the final stage of the

3
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evolution of the core. Study of the evolution of the high
density electron-degenerate core with the use of the
present shell-model rates is in progress [33].

9.
10.

4 Summary

11.
12.

Forbidden transitions in 16O and 20Ne are studied by
shell-model calculations with the use of new shellmodel Hamiltonians. Spin-dipole strength in 16O is
investigated based on non-energy-weighted and energyweighted sum rules. Total and partial ν-induced
reactions on 16O in various channels including multiparticle emissions are obtained with the SFO-tls, which
can reproduce low-lying spin-dipole states in 16O. Total
cross sections are found to be close to those of a
standard CRPA calculation, while a large branching
ratio is noticed for the αp emission channel. This results
in an enhancement of production yields of 11B and 11C
in supernova explosion compared with the case without
the multi-particle emission channels. Possible
measurement of future supernovae at SuperKamiokande by charged-current reactions on 16O is
discussed, and dependence of the cross sections on the ν
mass hierarchies in MSW ν oscillations is investigated.
Electron-capture rates for a second-forbidden transition 20Ne (0g.s.+) → 20F (21+) are evaluated by shellmodel calculations with the USDB, and compared with
those of the GT prescription, where the transition is
treated as an allowed GT transition. Sizable difference
is noticed in the e-capture rates in stellar environments,
which is caused by the difference in the electron energy
dependence of the transition strengths between the two
methods.
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