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The sum-rule approach and the shell model are used to estimate the energies of Gamow-Teller (GT) giant
resonances in high-spin isomeric (HSI) states in N = Z nuclei. The newly derived energy-weighted sum rules
show that the GT resonance energies of HSI states are related to the cott and oo interactions. Comparing
the results of the sum-rule approach with those of large-scale shell-model calculations for the *Fe(12) and
% Ag(21*) N = Z high-spin isomers, the deduced «,,, which is the strength of the oo residual interaction in a

simple residual-interaction model, is 2.5 MeV.
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I. INTRODUCTION

A giant resonance (GR) is a collective oscillation mode of
an atomic nucleus and also a feature of quantum many-body
systems [1]. The Gamow-Teller (GT) giant resonance (GTR)
is the oscillation in the spin and isospin degrees of freedom
[2-8]. Its transition operator &t is the simplest operator com-
bined from the spin ¢ and isospin ¢ operators. Because it does
not include space coordinate operators, GT transitions are
more sensitive to the spin-isospin properties of nuclear matter
than the nuclear geometrical properties. Migdal [9] predicted
so-called pion condensation, which is a candidate for phase
transitions in nuclear matter such as the interior of a neutron
star. To calibrate the interaction causing pion condensation,
many experimental studies have been performed for stable
nuclei with neutron excess [7,8]. Recently, such experimental
studies have been extended to the region of neutron-rich un-
stable nuclei [10]. Moreover, due to the similarity of the GT
transition operator to weak interactions, studies on GTR are
crucial to improve nuclear models used to predict the rates of
weak processes in astrophysics [11] as well as in experiments
such as double-B-decay searches [12].

Theoretically, in addition to the various microscopic cal-
culations developed to date [13—16], sum-rule approaches
have been employed to analyze the observed spectra [6,17—
22]. Roughly speaking, the non-energy-weighted sum rule
(NEWSR) provides a criterion for the collectivity of the
observed resonances, while the energy-weighted sum rule
(EWSR) provides a measure of the interaction strength driving
the oscillation.

On the other hand, the GTR has yet to be observed in
N = Z nuclei. This is because, in N = Z nuclei, the initial
state lacks neutron excess as a medium to propagate the oscil-
lation in the particle-hole (ph) channel. However, we recently
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showed that GT transitions from high spin isomeric (HSI)
states in N = Z nuclei can create a strong collectivity [23]
because HSI states can be regarded as a mixture of two Fermi
liquids filled with nucleons with opposite spin directions and
the spin excess (i.e., the excess of one fluid to the other) can
serve as a medium to propagate the ph-channel oscillation.
We confirmed this picture using the NEWSR and the shell
model for two N = Z HSI states in >’Fe and **Ag with spins
and parities of 127 and 217, respectively. These nuclei are
strongly deformed and spin-aligned along the direction of the
total spin.

In this work, we extend our approach to the EWSR and
evaluate the strength of the spin-isospin residual interactions
behind the GTR. We start from a simple Bohr-Mottelson
Hamiltonian [24] according to the method in Ref. [17]. This
Hamiltonian contains three parameters «,, k;, and k;, which
represent the strengths of the residual interactions. «,, k., and
ks; depend on whether the interacting nucleons are coupled
through spin (o o), isospin (), or both (oo t7), respectively.
These parameters are useful for investigating the properties of
the short-range spin- and isospin-dependent parts of nuclear
interactions in nuclear medium. In addition, they are crucial
for describing nuclear weak responses such as neutrino mean-
free path [25] as well as the onset of the pion condensation in
the interiors of neutron stars [9,26,27].

Compared with the oott and tt parts, the oo part is
poorly understood but is considered to be weak compared
with the oo 1Tt part. An empirical evidence is 17 isospin
doublets in '>C: The T = 1 17 state has an excitation energy
of 15.1 MeV, which is 2.4 MeV higher than the T =0 1"
state at 12.7 MeV. Also in heavier nuclei, the weakness of
the oo part, which is close to zero, was shown by ana-
lyzing M1 excitations [28]. On the other hand, microscopic
models whose parameters are adjusted to describe nuclear
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ground-state properties often fail to evaluate these spin-
dependent interactions [29]. This means that, in nuclear
ground states, the spin-spin correlation is hidden and difficult
to investigate. Therefore, studies on the excited states such as
GTR should be crucial to elucidate the effect of the oo part.

Interestingly, GTR energies for HSI states are sensitive to
ks and k.. This is in contrast with the case of 0t N > Z
initial states [17], where GTR energies are sensitive to i,
and «,,. Thus, we suggest that the GTR energies from HSI
states can provide a new type of sensitivity on the spin-isospin
interaction, especially for the oo interaction. In addition to
GT transitions, we also discuss isoscalar M1 transitions. Be-
cause the sum rules of M1 transitions are not sensitive to
the spin-isospin residual interactions, they can be used as a
reference to cancel other effects.

This work is stimulated by an experimental program,
which aims to measure GT transitions from the >Fe(127)
state provided as a radioactive-isotope beam [30]. To date,
there have been no experimental data on GT and isoscalar M 1
giant resonances in high-spin isomers. In this work, instead
of experimental data, we compare the results of the sum-rule
approach with those obtained from shell-model calculations
and evaluate the theoretical value of the oo interaction
strength. We use the same shell-model calculations employed
in Ref. [23] for the ?Fe(/™ = 12*) and **Ag(21*) HSI states.
Although the GT transition strength distributions are already
shown, the results for the isoscalar M1 transitions are shown
in this work for the first time.

This paper is organized as follows. In Sec. II, the EWSRs
and NEWSRs for GT and isoscalar M1 transitions from
high-spin isomers are shown. In Sec. III, the relation of the
resonance energies and the spin-isospin interactions is de-
duced. Shell-model calculations for °Fe and **Ag high spin
isomers are used to estimate x, in Sec IV, which is followed
by a discussion and summary in Secs. V and VI, respectively.

II. SUM RULES
A. Gamow-Teller transition

According to Ref. [23], we consider the Gamow-Teller
transition operators, which are given as

0y =) ou@hs(a), ()

where v = +1,0 and « is the index of nucleons. Here, the
v = 0 direction of the spin operators is the direction of the to-
tal spin of the high-spin states in their intrinsic frame. The HSI
states considered herein are highly deformed prolate shapes
and the direction of the total spin is along the symmetry axis.

J

The transition operator with v changes the quantum number
K (i.e., the projection of the total spin / onto the axis) by
AK =v.

We evaluate the energy-weighted sum rules for these oper-
ators as
|2

SD(oyte) =Y (Ef — EDIFIOF 1, 2)
f

where 7 and f are the initial and final states, Ey — E; is the
excitation energy from i to f, and the summation runs over all
the final states. Using the Hamiltonian of the system, H, these
sum rules can be written as

§D(oyte) = (iI(OF)'[H, O 11i). 3)

Hence
§D(o 1t2) + SV (o41t2) = GIDCTH, O 1),  (4)
28 ooty ) = (i|DCT[H, OF1li), 5)
25V(ot1) = Y (iIDCT[H, OF1li), (6)

v

where DCT[A, B] is the double commutation relation,
DCTI[A,B] = [B", [A, B]]. ©)

Following Ref. [17], we select a simple Hamiltonian [24]
as

H=T+V, ®)

where T is the kinetic energy of each nucleon and can be
ignored because it commutes with the transition operators. V
is taken as a separation interaction model, which is expressed
by

! /
V:ﬁgzé:’célg(a,a)+Za:lel(o[).s(a)’ ©)

where I (o, ') is the two-body operators for two different
nucleons (o, ') and is defined as

(e, o) = {t(@) - (@), 0(@) - o(), o) o(a)T(ex)
~t(a)}, (10)

and £ is 7, o, ot labeling the isospin, spin, and spin-isospin
channels, respectively. The second term in Eq. (9) is the one-
body spin-orbit (Is) potential, and «;; represents its strength.
Here, we introduce one-body orbital-angular-momentum I («)
and spin operators s(«). In the same manner as o, the [ and s
operators each have directions of v = %1, 0. Consequently,

1 ~ ~
SV (o) + 8V (0 1te) = ;Kg Z (i|DCT [l (@, '), OF | 1li) + Xa:xzsﬁlDCT{l(a) -s(a), O 110), (11)
25D (opty) = % ;Ks g ({IDCT I (, &), OF1li) + Xa:/qs(iIDCT[l(a) -s(a), OF11i), (12)

SW(o1e) = ) sV(ous).

v

13)
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For the one-body part, we find that

(IDCT (@) - s(a), O, 11i) = =2illp(@)so(@)]i), (14)
{IDCT (@) - s(@), O 1li) = =2(ill (@) - s(@) — l(@)so(@)i). 15)

To reduce the two-body part to a simpler form, we use two
properties of the double commutators based on symmetry.
First, the two-body isospin interaction part, DCT[I;, Of],
vanishes because the initial ground state has the isospin of
zero. Second, the sum of spin, isospin, and isospin-spin double
commutators is canceled out [see Eq. (B2)]. Hence, the exci-
tation energy due to the two-body interaction is zero when the
coupling constants x, = k; = Kk,;. These properties are ex-
plained in Appendix B. Thus, the two-body parts of Eqs. (11)
and (12) are simplified as

%m — ko) Y_MIDCT (L, (. ). OF1li).  (16)

For v = %1, we find [see Eq. (A18)] that

DCT[l,(a, '), OF]
= —{o(a) - o(a") + op(a)op(a)}
x{2 — (@) - (') + o) T0(e')}

1
+§{Gi1(oz)0¢1(a/) — oz1(a)og (o)}
x{ta(a)t(@) — T (@)Te ()} a7

This equation also holds for the case of o = ¢/, and the
isospin-dependent terms vanish for the 7 = O initial state.
Consequently, the two-body part is

Kot — Ko .
———il(S-$+57)

4

i), (18)
where S is the sum of the spin operators for all the nucleons

S=) s@)=) o@)2 (19)

and Sy is the projection onto the z direction. As a result,

SV (o_itr) + SV (o41ts) =(IDCT[H, OF, ]li)

Kor — Ko . .
=4T(1|S-S+S§|z)
— 2k16.(i] Y lo(e)so(@)]i).
- (20)
Similarly, for v = 0,
SPoots) =4~ i[s - 5 — 31
— 2k10(i] Y {I(@) - s(@) — lo(e)so(e)} ).
’ @1

[
We also find that

Kot — Ko . .
SD(ots) = ;Sm(auri)S’Taw - Sli)

(22)
— 2i10(i] Y 1@) - s(@)]i).
Now we evaluate the NEWSR, which is defined as
AL 2
SOouts) = Y [(FIOEID. (23)
f

According to Ref. [23], in the v = %1 channels, there is a
relation that

SO(o_1t2) — SD(op1t2) = 2(ilSoli). (24)

This relation corresponds to the so-called Ikeda’s sum rule for
GT transitions from N > Z nuclei [6].

It is interesting to represent NEWSRs using spin operators,
similar to the handling in Ref. [31]:

SO(o_1t2) + SO (ots) = 2(i(S" — §7) — (S5 — ) ),

(25)
SO (ots) = 24il(S" — 8”)1i), (26)
SO (opt) = 2(il(Sh — S8)*1i). @7)

Here S" and S? are the total spin operators for neutrons and
protons, respectively. In Eq. (19), the nucleon index « runs
over only either neutrons or protons. Thus, NEWSRs reflect
the spin and isospin structures of the initial states. Details
of the derivation of these three equations are described in
Appendix C.

B. Isoscalar M1 transition

For isoscalar M1 transitions, we consider the transition
operator

0, = Zov(ot). (28)

The M1 transition operator commutes with the two-body
operators of I:. Therefore,

SO_1) + SV (o41) = =4y il Y lo(@)so(@)li),  (29)

$W(00) = —4ylil Y {5 — lp(@)so(e)} i),

(30)
SD(0) = —duyelil Y L@)s(@)li). 31)

o

The NEWSRs have properties of
SO_1) = 8Q(041) = 4(ilSoli), (32)
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TABLE I. « and B coefficients.

Mode o B
Total (i1S?[0)/(i1(S" — SP)?|i) (ilS?1i)/(il(S" — SP)?i)
v=0 (i1S510) /(i1 (Sg — S§)*10) (ilS* — S310) /2(i1(Sg — S§)*1i)

] =1

(ilS* = S51i) /(il(S" — 8")* — (S§ — S§)’1i)

(ilS* + S51i) /2(il(S" — §7)* = (S§ — S§)°1i)

SO(0-1) + SV (o41) = 4(i[s? — 3], 33)
SO(a) = 4(i|S$?i), (34)
SO (ay) = 4fi[S2]i) (35)

Unlike the case of the GT transition, the NEWSRs reflect
only the spin structures of the initial states. Using Eqgs. (32)
and (33), it can be shown that

SP(oy1) = 2(i]$* — (S5 + So) i)- (36)

Next we consider a special case where the transitions in the
AK = +1 direction are completely blocked due to the excess
of the spin-up liquid with respect to the spin-down liquid, as

J

1 Kot — Ko .
SP(oyte) + 8V (ogts) — 5{S<1>(a_1) + 8D} = 4-2—i|$* + 87

discussed in Ref. [23]. Using Eq. (36) gives
(i[S?[i) = (i] (S5 + So)|i)- (37)

This means that the total spin is aligned with the z direction.
Additionally,

(i}s> = s3li) = (il (5" = 7)" = (S5 = s5)°[i) ~ 38)

because

s sl = s )

0

C. Relation between the Gamow-Teller
and isoscalar M1 transitions

Combining the GT and M1 EWSs can cancel the effect of
the one-body spin-orbit part of the Hamiltonian as

i),

A
(40)
1 Kot — Ko . .
SV (opt) — =8P (09) = 4-2—21i|S* — 55 i),
2 A
41)
1 ot = Ro . .
SVats) = 55V(0) = 8T (iIS]i). 42)

The right-hand sides of the above equations can be written as
combinations of the NEWSRs of the M1 transition. Thus, the
Ko7 — Ko values can be derived from the sum-rule values.

III. AVERAGE EXCITATION ENERGIES OF
GAMOW-TELLER AND M1 TRANSITIONS

We define the average excitation energies for the GT tran-
sition using the sum rules as

ES = SW(01%) /5O (a1F), (43)
Egr’ = SV (00r*)/8P (o01™), (44)

ElI=l SW(o_1t%) + S(l)(U+1fi) (45)
o SO0 11%) + SO (o 11%)
Similarly, the average excitation energies for the M1 transi-
tion, Eﬁ}}‘f‘l, El\‘jlzlo, and E]‘vﬂ:l are defined.

(

The above-defined GT and M1 average energies are related
as
Kot — Ko

= 4T,B, (46)

ES — abgee
where the coefficients o« and B depend on the mode repre-
sented by the superscript “mode” (i.e., total, v = 0, or [v| = 1)
and are summarized in Table I.

In the special case where the o, transitions are fully
blocked, for the |v| = 1 channel,

a=1, (47)
({1282 + Soli)

P = i

, (48)

using Eqgs. (37) and (38). If Sy is a good quantum number of
the Hamiltonian and large,

B~ (ilSoli). (49)
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3 |%®Fe(12%) — 52Co
| — total
Eo— 11

dB,,/dE, (1/MeV)
[¢)]
T

P L ey L
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20 2Fe(12) — 52Fe

E — total
1 6 - 1 .1+

dB,,/dE, (1/MeV)
S
T

10 15 20
E, (MeV)

FIG. 1. (top) Gamow-Teller transition strength distributions from
the 3?Fe(12+) initial state calculated by the shell model in the full
pf-shell-model space with the GXPF1J [32] effective interaction.
Transition strengths are averaged by a Lorentzian weighting function
with a width of 0.5 MeV. The excitation energy is defined from the
initial state. The quenching factor is not adapted. (bottom) Same as
the top but for the isoscalar M1 transitions from the >?Fe(127) state.

Then the average energy relation is rewritten as
Kot — Ko
A

This relation is analogous to the average energy relation de-
rived in Ref. [17] for N > Z 0T nuclei.

Eii ' —Ey =4 (ilSoli). (50)

IV. GAMOW-TELLER AND ISOSCALAR M1
TRANSITIONS FROM 52Fe AND **Ag

Figures 1 and 2 show the strength distributions for the GT
and M1 transitions from the >*Fe(127) and **Ag(217) states,
respectively. The calculated transition strengths are averaged
by a Lorentzian weighting function with a width of 0.5 MeV
and the excitation energy is defined from the HSI states.

As discussed in Ref. [23], the GT transition-strength distri-
butions exhibit narrow bumps around 10 MeV. Approximately

" Tsag(21) - *cd
6 | — total
F | —20°
S 5 .
[ C |
s 21
= 4 22"
I
a0 C
© 25
1=
0*‘ Lo AN g 11 } 4\* | |
=5 0 5 10 15 20
E, (MeV)
250 “Ag(2T) — “Ag
C — total
20? 20"
g 21"
w
=
10
m L
-c | -
5
C L [ |
U3 0 15 20

FIG. 2. Same as Fig. 1 but for the transitions from the
“Ag(21*) initial state. In the shell-model calculation, the
(2p1y2, 1892, 1872, 2ds)2) shell-model space and a modified
PIGDS5G3 [33] interaction are employed.

70% of the total strengths are concentrated in these bumps,
which means the collectivity is strong. The thick solid,
dashed, and dotted curves are components corresponding to
transitions from the initial state with a total spin of [ to the
final states with I’ =1 — 1, I, I + 1, respectively.

The M1 transition-strength distributions have bumps
around 7 MeV. The large peaks at 0 MeV correspond
to the elastic channel (i.e., the transitions between the
HSI states in the I’ =1 channel). The energy split be-
tween 0 MeV and the bumps around 7 MeV corre-
spond to the spin-orbit splittings. The strengths are frag-
mented and the collectivity behind the M1 transitions is
weak.

In the shell-model calculations, normal GT and M1 tran-
sition operators oty and o are employed. The transition
strengths are given for I, By. On the other hand, the tran-
sition operators used in our sum-rule approach are o,fy

014308-5
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TABLE II. Sum-rule values for the GT and M1 transitions from the 52Fe(12+) HSI state.

Total I'=1-1 I'=1 I'=1+1 AK = -1 AK =0 AK = +1
GT So 9.024 4.470 3.112 1.442 4.859 2.966 1.199
S (MeV) 95.740 46.708 34.864 14.169 50.770 33.538 11.433
M1 So 30.563 8.539 18.545 3.479 9.282 19.317 1.964
S (MeV) 136.493 58.718 52.393 25.382 63.824 51.441 21.228

and o,. The transition strengths for each AK = v, Bag, are
derived as

5 _2A+1, sh
AK=—1 21_1 ['=I—1,
I1+1 21 +1
Bax—o = - Broii, 52
AK=0 I I'=I 1(2[_ ]) I'=I—1 ( )
Bar_.i — B Y+ — 1 B (53)
AK=+1 — D =[+1 I I'=I 1(21_ 1) '=I—1-

Tables II and III summarize the sum-rule values obtained.

Among AK = —1,0, and 1, the AK = +1 component has
the smallest amount of strength because transitions in the oy |
direction are blocked, as discussed in Ref. [23]. However,
the blocking effect is not perfect and AK = +1 has a finite
amount. This is because the total spin operator is not a good
quantum number of the Hamiltonian and the relation (S?) =
(S3 + So) cannot be realized in Eq. (36).

Using the properties of NEWSRs [see Egs. (24)—-(27) and
(32)—(35)], we derive the expectation values of the spin opera-
tors, which are summarized in Table IV. Here, the expectation
values for the spin operator Sy, are obtained from the GT
and M1 transition strengths independently, but have the same
value. This means that the projection of the strengths onto AK
is exact.

Table V summarizes the o and S coefficients with the
average excitation energies. Using these values and Eq. (46),
several k,; — K, values are deduced and presented in Table V.
In principle, all the modes of v = %1 and 0 should give the
same k,; — Kk, value and, if the nuclear matter property is
the same, the value should be similar between the two nuclei.
However, the v = 0 mode gives relatively larger values than
the |v| = 1 mode. Moreover, the results for the v = 0 mode
differ drastically between the 3*Fe and **Ag cases. This is
because this mode is insensitive to k,; — k. In Eq. (46), o
is large but g is small. Hence, x,; — k, is related to the M1
average energy rather than the GT energy, although the M1
transition itself does not reflect the strengths of these spin-
isospin interactions. Thus, the «,, — k, values given from the
v = 0 mode have large uncertainties. On the other hand, the

results obtained from the |v| = 1 mode agree well between
the two nuclei and the obtained values are 20.5 and 20.4 for
2Fe and **Ag, respectively. The results for the “total” mode
are close to those for the |v| = 1 mode but are less reliable,
due to the mixing of the v =0 mode. Consequently, our
recommended values are the |[v| = 1 results (i.e., Kor — kg =
20.4 —20.5).

V. DISCUSSIONS

Next, we deduce a k, value by using the k,, — k, value of
20.4 — 20.5 with a k., value taken from another work. The
ks values have been reported in several works [6,17-21]. All
the values are around 20 MeV. In any cases, the present k,,; —
ks values are slightly smaller than «,, by a few MeV. This
means that «, is a few 10% smaller than «,, and has the same
sign or a very small negative value. Taking the . value of 23
MeV from Ref. [6], we estimate k, as 2.5 MeV.

Additionally, «,; — k, can be derived from the isospin
doublets in '’C (i.e., T =0and T = 1 11 states at 12.7 and
15.1 MeYV, respectively). Employing the same Hamiltonian
and the Tamm-Dancoff approximation, one can show that

4 2 ot~ Ro
E(T=1,17)—E(T =0, 1+)=2<§> %. (54)

Here, we consider the excitations from the ground state to
the two levels occurring within only the 1p-14 configuration
and the p shell. The fraction of 4/3 corresponds to the transi-
tion matrix elements. The obtained «,, — K, value is § MeV.
This value gives a lower limit of x,, — k,. In the present
approximation, the matrix element is overestimated because
the strength fragmentation is not considered. Therefore, the
Ko7y — ko value, 20.4 — 20.5, is consistent with the known
energy levels of the >C T =0and T = 1 17 states.
Microscopically, the spin-isospin interactions represented
by «s originate from the short-range parts of the NN interac-
tion in a nuclear medium. In nuclear matter, these short-range
parts control the onset of pion condensation [9]. k, can
be translated into the so-called Landau-Migdal parameter g

TABLE III. Sum-rule values for the GT and M transitions from the **Ag(21%) HSI state.

Total I'=1-1 I'=1 I'=1+1 AK = —1 AK =0 AK = +1
GT So 10.924 5.435 3.885 1.604 5.700 3.799 1.425
S (MeV) 107.444 53.006 39.901 14.543 55.586 39.154 12.704
M1 So 38.932 10.303 25.186 3.443 10.806 25.870 2.256
S (MeV) 171.419 79.504 63.856 28.059 83.382 62.926 25.111

014308-6
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TABLE IV. Expectation values of spin operators for the >*Fe(12%) and **Ag(21+) HSI state.

. n n 2

Nuclide (% (s3) (So)mi ((8" —8")) (st —58)) (So)ar
S2Fe(1271) 7.641 4.829 1.829 4512 1.483 1.830
HAg(217) 9.733 6.468 2.137 5.462 1.899 2.137

[8,9,26] using the following relation: VI. SUMMARY
12 We derive a new energy-weighted sum rule for the GT
Ky = go(m—’; poy>, (55)  and isoscalar M1 transitions from high-spin isomers in N =

s

where pg is the nuclear matter density (po = 0.17 fm™?),
f2/m2 =392 MeV fm?, and y is the attenuation factor due
to the surface effect. Here the y value is set to 0.5 [18].
The present value of x, = 2.5 MeV gives gy = 0.075. We
derived this relation according to Ref. [18] [see Egs. (29),
(30), (43), and (44) therein]. We note that the definitions of
ks in Ref. [18] differ from ours by a factor of mass number
A. The present value is close to zero and much smaller than
the prediction based on the framework of the Brueckner the-
ory, which includes three-body forces, ~0.41 [34]. Here we
divided their value of Gy ~ 0.82 by a factor of two according
to the difference of the definition of the Landau-Migdal pa-
rameters. Our value of g is consistent with that in Ref. [28],
g = 0.05 £ 0.10. Here we take into account the difference of
the normalization factor C, [8]: Our normalization factor is

Iy — 392 MeV fm® as seen in Eq. (55), while their normal-

s,
ization factor is M”—; = 300 MeV fm?>. In their definition, our
go value corresponds to g = 0.098.

Next we considered uncertainties in our results. One is
that the Hamiltonian, which was assumed to be the starting
point of the sum-rule approach, is very simple. In studies
of N > Z 0% nuclei, the energy difference between GT and
Fermi transitions has large fluctuations. This is because the
simple form of the Hamiltonian does not consider the nuclear
structures of individual nuclei. Instead, the average of indi-
vidual nuclei follow the systematics based on the sum-rule
approach [21]. Similarly, for HSI states, such fluctuations may
be averaged through systematics.

The other uncertainty is the shell-model interactions. These
interactions, GXPF1J and PIGD5G3, fit experimental data. In
both cases, the data on the oo interaction are scarce, although
the energy levels of the high-spin isomers are reproduced [23].
Therefore, it is also possible that the spin residual interactions
in the calculations differ from reality. Systematic data on GTR
in high-spin isomers are required to clarify these uncertainties.

Z nuclei. The average energy derived from the sum rule is
compared with the shell-model calculation performed with
modern effective interactions in a large model space. From the
comparison, k,; — Kk, is derived as 20.4-20.5 MeV. Assuming
a ks value of 23 MeV, the strength of the spin residual
interaction «, is deduced as 2.5 MeV. The present approach
can evaluate the short-range part of the spin residual inter-
action, which is important to describe the onset of the pion
condensation in nuclear matter.
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APPENDIX A: DOUBLE COMMUTATORS

In this section, the double commutator relations used in
the text are derived. For this purpose, instead of the present
transition operator of Eq. (1), we introduce operators defined
as

00.6)=> 0-0()- (), (A1)
where 6 and ¢ are three-dimensional vectors. We define
DCT; (0, ¢',6,¢) = [0"(0. ¢, [[;, O, )1I.  (A2)
Then
DCTl, 071 =V, "VyViVSDCT: (0, ¢, 0, 9).  (A3)

Here Vs are the derivative operators with respect to # and are

defined as
1 d d
Vil=——=xi—), (A4)
V2 \ db, dé,

TABLE V. Average excitation energies, « and f coefficients, and strengths of spin-isospin interactions.

Nuclide Mode EZo® (MeV) Epode (MeV) o B Koz — ko (MeV)
2Fe(121) Total 10.609 4.466 1.693 1.693 23.4
v=0 11.306 2.663 3.256 0.948 36.1
v =1 10.268 7.563 0.928 2.058 20.5
HAg(21) Total 9.836 4.403 1.782 1.782 26.2
v=0 10.306 2.432 3.405 0.860 55.3
v =1 9.584 8.306 0.917 2.274 20.4

014308-7



SASANO, SAGAWA, SUZUKI, AND HONMA

PHYSICAL REVIEW C 103, 014308 (2021)

TABLE VI. Summary of the derivative forms of the S and T
functions for the spin part. First column indicates derivative operators
D. Here, the indexes of nucleons, & and o, are omitted. In this table,
the first operator has an index of « and the second «'. For the isospin
channel, the spin operator o can be replaced with t and the variables
0 and 0’ with ¢ and ¢'.

D Dsgien DT DS

+1yvFl 0-0+40(0( 2—0-0+0( 00 041051051041
Vo Vo 2 2
VS,V;’ 0 -0 — 0)0y 1—o0p-09 0
VoV 200 3—0-0
and

d
V)= — (A5)
" a0y

while V£s are derivative operators with respect to ¢ and are

defined as
1/ d d
VE=_ +i ,
¢ 2\de, ~ doy

Sen@',0)=0"-00(x) o(a') —

(A6)

J

and

Vi = a (A7)
d¢,

First we derive DCT, .. We find that
DCT,.(0', ¢, 0,¢) =850/, )T (¢, ¢)
+ 883N, PIT," (0, 0)
+ 1652040, 0)S22 (¢, ¢)
— 85550 U (¢ §)
— 8524(¢, 9)UI (0. 0)
—8USM0,0, ¢, ¢).

Except for the last term, each term is the product of a function
of (#', ) and that of (¢, ¢). Each function includes either spin
or isospin operators labeled with the subscripts of oo or 77.
Due to the separation of the variables and operators, once we
have the derivative of each function, DCTIL,,, Of] can be
easily calculated. The superscripts of the functions indicate
whether the functions are even or odd with respect to the
exchange of two nucleons (i.e., the exchange between « and
«’). Each product is even.

The definitions of the functions are as follows: SC°", T.°7°",
and Sg‘;d are defined using products of o («) and o («’) matrices
as

(A8)

(@) -o@)+0 -0 o)

TS0, 0) =6 -0

52990/, 0) =

Seven Teven and $% have the same forms as S, 72", and

5944 respectively, but the variables of (', #) and the operators

(o(a), a(a’)) are replaced with (¢', @) and (z(a), T(a)).
UM, U, and UL are defined as

U = i(0 x 0) - (o(a) — a()), (A12)
UM = i(¢' x ¢) - (z(a) — 7()), (A13)
Ut =0 x0)-a(a)(@ x¢)-t(a)

+(@ x @) () x0) -0). (Al4)

These include only first-order terms of spin-isospin matrices.
Using the same functions, DCT; and DCT; are derived as

DCTO‘ (0/9 ¢/7 07 ¢) = _8S§-\§n(a/v 0)TTCTV€H(¢/’ ¢)
—88%04(0, 0)S3 (¢, ¢)
+85299(0, )U (', §)

+4US(0', 0,9, ¢), (A15)

DCT.(0, ¢, 6. ¢) = —8S5™(¢, )T, (0, 6)
— 8555(0,0)S;2 (¢, 6)

> (A9)
3 0 (@b -o@)+0-o@)h o) (AI0)
2 9
0 -0l -o()—0-0()f -o(a) (ALD)
5 )
oo T +85%4(¢, $)U(O', 0)
HAUSO, 0,8, ¢).  (Al6)

Next we derive DCT[1;, Of] using Eq. (A3). It is clear that
V, ' VyUs o', 60) = v;ﬁv;fyfdd(r’, 7)
= V"V ViV U060, 4, ¢)
=0. (A17)

This is because the cross products, # x 6 and ¢’ x ¢ in
these functions vanish with the derivatives. As summarized in
Tables VI and VII, only the derivatives of S, 7.&/°", and §9%4
and its isospin counterparts remain.

TABLE VII. Same as Table VI but for the isospin part.

) Cceven )T even ) codd
D Dser pre DS
Vi,V;F TT+7970 2—1-14+79°79 Tirfgr}ri
[4
0 0 T-T—T97) 1—19-79
A . = 0
T 3-11
AL B N 0
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For the operator Ovi, using Eq. (A3) and Tables VI and VII
gives

DCT[I;(a, '), O]

— +
—8V, VSV VTS

¢ Tt
—8V, V8o ViV Sey

—f{o(a) - o) + op(e)on(e)}
x{2 — (@) - T(a) + ()70 ()}

1
_E{O':l:l(a)aq:l(o/) —ox1(a)og (o)}

X{‘L’i(C{)T:F(O(/) - ‘L';F(Ol)‘L'i(Ol/)}.
(A18)

APPENDIX B: PROPERTIES OF DOUBLE
COMMUTATORS

In this section, we show three properties of the double
commutators used in the text.
First, from Eqgs. (A8), (A15), and (A16),

DCT, + DCT, + DCT,, = 0. (B1)
Hence,
> DCTIi;. 071 =0. (B2)
&
Second,
— 1+l + ¢odd codd
—16V, ' VIV IVSoe St
= DCT|l,, 07,1 — DCT[l,, 071, (B3)
and
—16V, V)V VSl
= DCTII,, 071 - DCTII,, O;]. (B4)

Due to spin and isospin symmetries, the expectation values of
the right-hand sides of Eqs. (B3) and (B4) should equal zero
for states with a total spin of zero and those with a total isospin
of zero. Therefore, these odd terms do not contribute to the
case where either the total spin or the total isospin of the initial
state is zero. In other words, they have to be considered in a
system with both isospin and spin excesses such as neutron-
rich high-spin isomeric states.
Last, one can show that

{iIDCT, iy = 0 (B5)

and
(ilDCT,|i) =0 (B6)

for an initial state with a total spin of zero and that with a total
isospin of zero, respectively.

APPENDIX C: EXPRESSION OF GAMOW-TELLER
NON-ENERGY-WEIGHTED SUM RULE
WITH TOTAL SPIN OPERATORS

In this section, we derive Egs. (25)—(27). For simplicity, we
show Eq. (27), from which the other two equations can easily
be derived by taking into account the contributions from the x
and y directions in the same manner as z (i.e., 0p).

First we evaluate the left-hand side of Eq. (27) as

SO(ootz) = (il Y ta(@)tz(@)]i)

+ (i1 Y ool (@)oo(B)ix(B)i).
aFp

(ChH

Here the first term on the left-hand side is the transition
amplitude where the transition operator acts on the same nu-
cleon (i.e., diagonal part). In this term, the square of the oy
operator is replaced with unity. The second term corresponds
to the nondiagonal part where two different nucleons are
involved.

Here, as the initial state |{), we consider a Slater determi-
nant

|i) = Alabcd . . .), (C2)

where |a), |b), etc. are single-particle-orbit wave functions and
A is the antisymmetrization operator.

The diagonal part is evaluated as

Z<a|(l 1 >|a>
2 Z ’

a

(C3)

where the left-hand side is evaluated as N and Z for the ogf_
and oyt operators, respectively.
The nondiagonal part is evaluated as

> lalootzla) (blootzIb) — ) (aloot=|b) (bloot|a)
a#b a#b

= — Z (aloot+|b) (bloot|a)

a € p(n)
b € n(p)

= > Uvlool i) (i looljv).-

Jvrdr

(C4)

Here, the first and the other terms in the first line are due
to the antisymmetrization of the wave functions, i.e., the di-
rect and exchange terms, respectively. Because of the isospin
lower and upper operators, the direct term and the exchange
term for nucleon pairs with the same isospin direction (i.e.,
proton-proton and neutron-neutron pairs) vanish, as shown in
the second line, where the summation runs over all the proton
(neutron) wave functions for the single-particle orbit a in the
Slater determinant and over all the neutron (proton) wave
functions for b, in the case of the oyt (opt;) operator. The
last line is same as the second line but is expressed with the
single-particle-orbit wave function for neutrons and protons,
|jv) and | ), respectively.
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Combining the above results, we find that

SO {g} =Y Glool i) Gglooliv), (€3

j\’!jj/'r

where the first term is N and Z for the cases of the opr_ and
oyt transition operators, respectively.

Next we evaluate the right-hand side of Eq. (27). The
expectation values of the total spin operators are evaluated as

1 1
(i1(S5)°1i) = 3 + 3 D Guloolin) twlool i)

4 —
JvsJv
T4 Z {vlooljvr) (v loolju), (C6)
JvsJv
A faP\2 ] 1 1 ) o .
<l|(S0) |l> = ZZ + Z Z <Jﬂ|00|/ﬂ)(fﬂ’|UO|Jn’)
jrr’jn/
1 . . . .
=7 2 Urlooliz)looljn), (CT)
JrsJa!

1
(il5531i) = 3 D Gvlooliv) Grlooljw)- - (C8)

Jrsdv

Using these properties, the right-hand side of Eq. (27) is

1
20](55 — 1) = SOV +2)

L s s s
=5 2 Uslooljv}ivloolji)

jwjv’
1 R .
-3 Z (|0l jrr) nrlo0 i)
JrsJq!
1 2
+§(Z (ulooljv) = > <jn|ao|jn>) :
Jv Jx

(€9

Comparing Eqs. (C5) and (C9) for T = 0 initial states
gives

SO = 2fi| (sz — 52) i), (C10)

because the last term of Eq. (C9) vanishes and the other terms
become the same as the right-hand side of Eq. (CS5). Here
we are using the rotational symmetry in the isospin space
of T = 0 states. We note that the same result can be easily
obtained also from the NEWSR for a7, transition operator de-
rived in Ref. [31], after taking into account the isospin-spatial
rotational symmetry between the 74, and t, operators.
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