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We investigate the soft dipole resonance in the proton-rich nucleus 8
6C2, which is a collective dipole oscillation

of four valence protons against the α core, and discuss the isospin symmetry with the mirror nucleus 8
2He6.

We use the α + N + N + N + N five-body cluster model and many-body resonances are obtained using the
complex-scaling method. The 1− resonance of 8

6C2 is confirmed at the excitation energy of 13 MeV with a large
decay width of 24 MeV, and its structure is similar to the soft dipole resonance in 8

2He6, such as the configuration
mixing and the spatial properties. These results indicate a good isospin symmetry in the soft dipole resonances of
two nuclei with a common collective excitation of multiproton and multineutron, while the ground states of two
nuclei show different properties due to the Coulomb repulsion of valence protons in 8

6C2, leading to the symmetry
breaking. In conclusion, the appearance of the isospin symmetry differs depending on the states of 8

6C2 and 8
2He6.

DOI: 10.1103/PhysRevC.107.034305

I. INTRODUCTION

Physics of unstable nuclei has been developed with
radioactive beam experiments for both neutron-rich and
proton-rich sides. In the neutron-rich side, the neutron halo
is known as an exotic structure appearing near the drip-line,
such as 6He and 11Li [1]. Many states observed in unstable
nuclei can be located above the particle thresholds owing to
the weak binding of the excess nucleons. This property brings
the importance of the spectroscopy of resonances to under-
stand the structures of unstable nuclei. One of the possible
excitations caused by the excess neutrons is the soft dipole
resonance, which is the characteristic excitation of unstable
nuclei induced by the collective motion of excess neutrons
with respect to the stable core nucleus [2–4]. From the view-
point of the isospin symmetry of the nuclear structure, it is an
interesting problem to explore the soft dipole resonance in the
proton-rich side as the collective motion of excess protons.

In neutron-rich He isotopes, 8
2He6 consists of the α particle

and the four excess neutrons with the isospin T = 2 showing
a large neutron-proton ratio of three. The ground state of 8He
is known to have a neutron-skin structure of four neutrons
with a small separation energy of 3.1 MeV [5]. Many ex-
periments on 8He have been performed to settle the excited
states [6–11]. It is interesting to explore the exotic excitations
of the excess neutrons and the soft dipole resonance in 8He
experimentally [11].

The 8
6C2 nucleus is a mirror nucleus of 8

2He6 and con-
sists of the α particle and four valence protons with T = 2.
The 8C nucleus is an unbound system with a large proton-
neutron ratio of three. Experimentally, the ground state of

*takayuki.myo@oit.ac.jp
†kato@nucl.sci.hokudai.ac.jp

8C is observed at 3.4 MeV above the threshold energy of
α + p + p + p + p [12], and the excited states have not yet
been confirmed. The comparison of 8C and 8He as the T = 2
system is interesting to investigate the effect of the Coulomb
interaction in proton-rich nuclei and get knowledge of the
isospin symmetry in unstable nuclei.

Recently we predict the soft dipole resonance in 8He and
evaluate its effect on the dipole strength function [13–15].
We employ the α + n + n + n + n five-body cluster model
with the α cluster core and describe the five-body resonance
using the complex-scaling method [16–22] under the correct
boundary condition of decaying states. We investigate the
configuration mixing, dipole transition density, and dipole
strength distribution for this resonance. From the results, we
interpret the resonance as the soft dipole mode of four va-
lence neutrons (4n) oscillating against the α cluster core. The
excitation energy is rather high as 14 MeV, which is under-
stood from the excitation of the relative motion between α

and 4n.
In this paper, we investigate the soft dipole resonance of 8C

as the mirror state of 8He. We describe many-body unbound
states of 8C using the α + p + p + p + p five-body cluster
model with complex scaling. We solve the motion of multi-
proton around the α cluster core in the cluster orbital shell
model (COSM) [23–26]. In the COSM, threshold energies of
the particle emissions in 8C can be reproduced [27,28], and
this aspect is important to describe the multiproton emissions
from 8C. Applying the complex-scaling method to the α +
p + p + p + p system, we also obtain many-body resonances
with complex eigenvalues explicitly. The effect of resonances
can be investigated in the observable, as was done in the case
of 8He [13,14,28]. We compare the structures of 8C with those
of 8He such as the spatial properties and the Hamiltonian
components of resonances and discuss the isospin symmetry
of the soft dipole resonances in two nuclei.
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FIG. 1. Coordinate system of α + N + N + N + N in the COSM
for 8C and 8He. The vector R is a relative coordinate between the
center-of-mass of α and the center-of-mass of four valence nucleons.

In Sec. II, we explain the complex-scaled COSM wave
function for 8C. In Sec. III, we calculate the 1− states of 8C
and investigate the structures of soft dipole resonance of 8C in
comparison with 8He. A summary is given in Sec. IV.

II. METHOD

A. Cluster orbital shell model

We use the five-body cluster orbital shell model (COSM)
for 8C and 8He assuming the α cluster core [13,14,27,28]. The
α cluster has a (0s)4 configuration of the harmonic-oscillator
basis function with the length parameter of 1.4 fm to fit the
charge radius. In the COSM, the coordinates of four valence
nucleons are measured from the α cluster core and given
by {ri} with i = 1, . . . , 4 as is shown in Fig. 1. We use the
orthogonality condition model [29] to solve the motion of
multiproton above the α cluster core. The total wave function
�J with spin J is expressed by the linear combination of the
configurations �J

c in the COSM as

�J =
∑

c

CJ
c �J

c , �J
c =

4∏
i=1

a†
λi
|0〉, (1)

where the vacuum |0〉 represents the α cluster core. The
creation operator a†

λ describes the valence proton with the
single-particle state λ along the coordinates {ri} in Fig. 1.
The index c represents the set of (λ1, λ2, λ3, λ4) to determine
the COSM configuration �J

c . We consider the available con-
figurations in Eq. (1) with a given spin J . In this study, we do
not consider the excitation of the α cluster core, which may
be necessary to produce the giant dipole resonance.

The five-body Hamiltonian of 8C and 8He is the same as
used in the previous studies [13,14,27,28]:

H = tα +
4∑

i=1

ti − TG +
4∑

i=1

vαN
i +

4∑
i< j

vNN
i j (2)

=
4∑

i=1

(
p2

i

2μ
+ vαN

i

)
+

4∑
i< j

( pi · p j

4m
+ vNN

i j

)
. (3)

We assume the common mass m of a proton and a neu-
tron. The operators tα , ti, and TG are the kinetic energies
of the α-cluster core, one valence nucleon, and the center-
of-mass motion, respectively. The operator pi is the relative

momentum between α and a valence nucleon, and μ is
a reduced mass. The α-nucleon interaction vαN is given
by the microscopic Kanada-Kaneko-Nagata-Nomoto poten-
tial [19,30], which consists of the central and LS parts and
reproduces the α-nucleon scattering data. The Coulomb part
for a valence proton is given by folding the density of the α

cluster core [31]. For nucleon-nucleon interaction vNN , we use
the Minnesota potential [32] for the nuclear part and the point
Coulomb interaction between valence protons.

The single-particle basis function φλ(r) corresponds to the
creation operator a†

λ and is expanded with a finite number of
Gaussian functions u� j (r, b) in a j j coupling scheme:

φλ(r) =
N� j∑
q

dn,qu� j (r, b� j,q ), (4)

u� j (r, b� j,q ) = r�e−(r/b� j,q )2/2[Y�(r̂), χσ
1/2

]
j, (5)

〈φλ|φλ′ 〉 = δλ,λ′ = δn,n′δ�,�′δ j, j′ . (6)

The index q is to set the length parameter b� j,q with a number
of N� j , and n is the index to distinguish the different radial
functions, and then λ is a set of (n, �, j). The coefficients
{dn,q} are determined from the orthonormalization of the basis
states {φλ} in Eq. (6). We use N� j = 12 at most and the range
of b� j,q is taken from 0.3 fm to around 40 fm. The multinu-
cleon configuration �J

c in Eq. (1) is given by the products of
φλ(r).

For φλ(r), we consider the orbital angular momenta � � 2
for the positive-parity states of 8C and 8He [28]. In vNN ,
we reduce the repulsive strength of the Minnesota potential
from 200 to 173.7 MeV to fit the two-neutron separation
energy of 6He as 0.98 MeV [27,28]. In this Hamiltonian,
the ground-state energy of 8He is obtained as −3.21 MeV
measured from the threshold energy of α + n + n + n + n,
which is close to the experimental value of −3.11 MeV. For
1− states of 8He, we calculated the electric-dipole transition
from the ground state by adding the configurations with the
� = 3 states [13,14]. This treatment nicely describes the sum-
rule value of the dipole transition to check the completeness
relation of the 1− states. In this study, we follow the same
condition to calculate the 1− states of 8C.

B. Complex scaling method

We describe many-body resonance with the complex
scaling [16,17,19–22]. In the complex scaling, the relative
coordinates and momenta {ri, pi} are transformed using a
common and real scaling angle θ :

ri → rie
iθ , pi → pie

−iθ . (7)

The complex-scaled Schrödinger equation is given with the
complex-scaled Hamiltonian Hθ as

Hθ�
J
θ = EJ

θ �J
θ , (8)

�J
θ =

∑
c

CJ
c,θ�

J
c . (9)

We calculate the complex-scaled Hamiltonian matrix el-
ements using the COSM basis states �J

c and solve the
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FIG. 2. 1− eigenstates of 8He using the complex scaling with
θ = 26◦ in the complex energy plane measured from the ground-state
energy. The blue circle indicates the eigenenergy of the soft dipole
resonance (SDR). The results are taken from Ref. [14].

eigenvalue problem of Eq. (8). We obtain the energy eigen-
values EJ

θ and the coefficients {CJ
c,θ }, which determine

the complex-scaled wave function �J
θ in Eq. (9), where∑

c{CJ
c,θ }2 = 1 for the normalization of the eigenstates.

In this study, the energy eigenvalues EJ
θ are discretized

for bound, resonant,and continuum states, measured from the
threshold energy of α + N + N + N + N , and obtained on a
complex energy plane according to the so-called ABC theo-
rem [33]. In the complex scaling, the Riemann branch cuts
are rotated down by 2θ in the complex energy plane, and
start from the corresponding threshold energies of the cluster
emissions. The continuum states are obtained on these rotated
2θ lines. The bound and resonant states are physical solutions
and their eigenenergies are independent of θ . The Hermi-
tian product is not used in the biorthogonal relation [34],
which is conventionally treated as the C-product [17] in
the complex-scaled matrix elements; one does not take the
complex conjugate in the radial component of the bra state.
In the complex scaling, one can identify the resonances
in the complex energy plane using the stationary property
of the resonance eigenenergies in the trajectory with respect
to the scaling angle θ [16,17,19].

III. RESULTS

A. Energies

We discuss the soft dipole resonances of 8C and 8He,
where some of the results of 8He are already reported in
Refs. [13,14]. For reference, in Fig. 2, we show the energy
eigenvalues of 8He (1−) using the complex scaling in the
complex energy plane, measured from the ground state [14].
We use the scaling angle θ = 26◦, which gives the station-
ary point of the 1− resonance energy in the complex energy
plane. The discretized continuum states are obtained almost
along the 2θ lines, starting from the energy eigenvalues of
the subsystems of 8He. We confirm the resonance pole at
(Ex, �) = (14.02, 21.12) MeV and that this resonance ex-
hausts about half of the electric-dipole transition from the
ground state [13,14]. We have also investigated the dipole

TABLE I. Dominant configurations with the squared amplitudes
(CJ

c,θ )2 of the soft dipole resonances in 8He and 8C.

8He 8C

Configuration
(
CJ

c,θ

)2 (
CJ

c,θ

)2

(p3/2)3(d5/2) 0.573 − 0.186i 0.666 − 0.165i

(p3/2)2(p1/2)(d3/2) 0.197 + 0.118i 0.138 + 0.115i

(p3/2)3(d3/2) 0.149 + 0.120i 0.087 + 0.150i

(p3/2)2(d5/2)( f7/2) 0.027 + 0.007i 0.025 + 0.002i

(p3/2)2(p1/2)(d5/2) 0.022 − 0.012i 0.033 − 0.020i

(p3/2)(p1/2)2(d3/2) 0.018 − 0.064i 0.018 − 0.078i

(p3/2)(d5/2)3 0.015 − 0.003i 0.016 − 0.005i

(p3/2)(d3/2)2(d5/2) 0.007 − 0.001i 0.008 − 0.002i

transition density of this resonance, and the results suggest
the interpretation of the dipole oscillation of four valence
neutrons against the α core. Hence we regard this resonance
as the soft dipole resonance (SDR).

For the configurations of the SDR in 8He, we list the domi-
nant part of the squared amplitudes (CJ

c,θ )2 being the complex
numbers in Table I. In each configuration, we sum the values
of the different radial components of valence neutrons in the
same orbit of (�, j). The results show a mixing of the various
configurations with the excitations of multineutron from the
(p3/2)4 configuration, that is dominant in the ground state of
8He [28]. The property of the strong mixing agrees with the
collective excitation of four neutrons in the SDR.

Next, we discuss the results of 8C. The ground state of 8C
is a 0+ resonance obtained at 3.32 MeV measured from the
α + p + p + p + p threshold energy [27,28], which is close
to the experimental value of 3.449(30) [12], and the decay
width is obtained as 0.072 MeV. Similarly to the SDR in
8He, we investigate the 1− states of 8C using the complex
scaling. In Fig. 3, we show the energy eigenvalues of 8C
measured from the threshold energy of α + p + p + p + p
using the scaling angle θ = 26◦, which is the same value as
used for 8He. As well as the discretized continuum states, we

FIG. 3. 1− eigenstates of 8C using the complex scaling with θ =
26◦ in the complex energy plane measured from the α + p + p +
p + p threshold energy. The blue circle indicates the eigenenergy of
the soft dipole resonance (SDR).
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FIG. 4. Comparison of the excitation energy spectra between
8He an 8C in units of MeV.

confirm the resonance pole at (Er, �) = (15.97, 24.04) MeV
with Ex = 12.65 MeV, which is a mirror state of the SDR
in 8He. The excitation energy is lower than that of 8He by
1.4 MeV and the decay width is larger than that of 8He by
2.9 MeV. The dominant configurations of the 1− resonance of
8C are shown in Table I as well as those of 8He. A similar
tendency is confirmed in the mixing property of the config-
urations between the resonances in two nuclei indicating the
isospin symmetry.

In Fig. 4, we compare the excitation energy spectra of 8He
and 8C using their resonance energies, where we include the
positive-parity states reported in Ref. [28]. The order of the
energy levels are same, but the level spacing is smaller in 8C
than that in 8He including SDRs. This is an indication of the
isospin-symmetry breaking from the Thomas-Ehrman effect
of the Coulomb interaction. The level spacing is related to
the larger decay widths of the resonances in 8C than those of
8He as shown in Figs. 2 and 3, and as discussed in Ref. [28].
When we calculate the distance between the complex energy
eigenvalues from the 0+ ground state to the SDR in the
complex energy plane, 8He and 8C give 17.6 and 17.4 MeV,
respectively, which are close to each other.

We discuss the excitation energies Ex of SDRs in 8He and
8C because they are more than 10 MeV and not small. We
interpret these resonances as the collective dipole oscillation
of four valence nucleons (4N) against the α core. Hence it
is meaningful to consider the relative motion between the α

core and 4N . In the ground states of two nuclei, the relative
distances (〈R2〉)1/2 between the α core and 4N are 2.05 fm
for 8He and 2.36 fm for 8C, respectively, where the vector R

TABLE II. Various radii of the ground 0+ states and the soft
dipole resonances (SDR) of 8He and 8C for matter, proton, and
neutron parts in units of fm. Mean distances between the α core and
one valence nucleon α-N , and between the α core and four valence
nucleons α-4N , and the radii of four valence nucleons 4N are also
shown in fm.

8He 8C

Ground SDR Ground SDR

Matter 2.53 3.11 + 0.86i 2.81 − 0.08i 3.09 + 1.27i
Proton 1.81 1.97 + 0.29i 3.06 − 0.10i 3.39 + 1.46i

Neutron 2.73 3.41 + 0.99i 1.90 − 0.01i 1.94 + 0.39i
α-N 3.56 4.58 + 1.42i 4.05 − 0.12i 4.54 + 2.05i
α-4N 2.05 2.67 + 0.84i 2.36 − 0.03i 2.62 + 1.15i
4N 2.91 3.72 + 1.14i 3.29 − 0.13i 3.71 + 1.70i

is defined in Fig. 1. When we assume the lowest (0p)4 con-
figuration of 4N in 8He and 8C using the harmonic-oscillator
basis states, this configuration leads to the quanta NR = 2 in
the α-4N relative motion, while 4N has the lowest internal
quanta of two due to the Pauli principle. We can estimate h̄ωR

of the relative motion using the length parameter bR and the
reduced mass μR as follows:

h̄ωR = h̄2

μRb2
R

, 〈R2〉 =
(

3

2
+ NR

)
b2

R. (10)

The value of h̄ωR becomes the reference for the excitation
energy of the relative motion. For 8He, this relation gives
h̄ωR = 17.2 MeV while the calculation gives 14.0 MeV. For
8C, h̄ωR = 13.0 MeV and the calculation gives 12.7 MeV.
From these comparisons, the estimated values of h̄ωR can sim-
ulate well the excitation energies of the resonances obtained in
two nuclei. These results support the picture of the excitation
of the relative motion in SDRs of two nuclei, namely, the col-
lective excitations of 4N . The obtained excitation energies are
also slightly lower than the estimated ones, which indicates a
deviation from the simple α + 4N two-body model.

B. Radii

For the comparison of 8He and 8C, we discuss the spa-
tial properties of the SDRs in two nuclei as well as the
ground states. In Table II, we list the various radii and relative
distances for 8He and 8C. The value of 4N is the root-mean-
square radius of 4N measured from the center of mass of 4N .
The value of α-4N is the relative distance between the center
of mass of the α core and the center of mass of 4N . Note
that, for resonances, the radius becomes complex numbers in
general [22,35], and we recently propose a general scheme to
interpret the complex expectation values for resonances [15],
in which the real part can be related to the physical interpreta-
tion. According to this scheme, we discuss the real part of the
complex radii in the present analysis.

In the ground states, it is found that the matter radius of 8C
is larger than that of 8He by about 0.28 fm. This difference
comes from the large proton radius (3.06 fm) of 8C than the
neutron radius (2.73 fm) of 8He. This is due to the Coulomb
repulsion in protons, which breaks the symmetry between
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TABLE III. Hamiltonian components of the ground 0+ states
of 8He and 8C in units of MeV. The values are measured from the
threshold energy of α + N + N + N + N .

8He (0+
1 ) 8C (0+

1 )

Total energy −3.21 3.32 −0.036i
Kinetic energy 60.31 48.90 −0.77i
α-N : central − 46.87 − 38.51 +0.55i
α-N : LS − 6.97 − 5.64 +0.10i
α-N : Coulomb 3.76 −0.04i
NN : nuclear − 9.68 −7.44 +0.16i
NN : Coulomb 2.25 −0.03i

two nuclei. In addition, the 8C ground state is a resonance
located above the α + p + p + p + p threshold energy. The
α-N distance in 8C (4.05 fm) is also larger than that of 8He
(3.56 fm). The radius of four protons (4p) is larger than that
of four neutrons (4n) by about 0.38 fm. Hence the ground state
of 8C is spatially expanded in comparison with 8He due to the
Coulomb repulsion, and in this aspect the isospin symmetry
is broken in the ground states of two nuclei. Note that the
amplitudes of the dominant configurations are similar be-
tween the ground states of 8He and 8C, indicating the isospin
symmetry [28], although their spatial sizes are different.

For the SDRs in two nuclei, it is found that two resonances
show very similar values in Table II, which is quite different
from the results of the ground states. In every component,
we can confirm a good correspondence such as between the
proton radius in 8C and the neutron radius of 8He and between
the radii of 4p and 4n. These results indicate that the isospin
symmetry is restored in the SDRs of two nuclei. This can
come from the common spatial structure of two resonances
as the collective dipole oscillation of 4N against the α core.
Note that the imaginary parts are larger in 8C than those of
8He for every component.

In the summary of spatial structures of two nuclei, the
isospin symmetry is broken in the ground states due to the
Coulomb repulsion. On the other hand, the symmetry is re-
stored in the SDRs, which indicates the different role of
the Coulomb interaction in the resonances. So far, we have
shown the cases where the radius of proton-rich nuclei can
be smaller than the mirror neutron-rich nuclei for the excited
resonances [15,35]. This is understood from the barrier effect
of Coulomb interaction in the excited states.

C. Hamiltonian components

According to the results of the radii in 8C and 8He, fi-
nally, we discuss the Hamiltonian components of the ground
states and SDRs in two nuclei, which are measured from the
threshold energy of α + N + N + N + N . In the interaction
components, we take a summation over four valence nucleons,
and the α-N interaction is decomposed into the central, LS,
and Coulomb parts, and the NN interaction is decomposed
into the nuclear and Coulomb parts.

In Table III, we list the Hamiltonian components of the
ground states of two nuclei. For 8C, the ground state is a
resonance and the Hamiltonian components become complex

TABLE IV. Hamiltonian components of soft dipole resonance in
8He in units of MeV. The values are measured from the threshold
energy of α + n + n + n + n. The absolute values are also shown.

8He (1−) Absolute

Total energy 10.81 −10.56i 15.11
Kinetic energy 43.45 −24.26i 49.77
α-N : central −21.24 +7.55i 22.55
α-N : LS −3.19 +0.15i 3.19
NN : nuclear −8.22 +6.00i 10.17

numbers. We compare the real parts of them with those of
8He because the imaginary parts are relatively smaller than
the real parts. In the comparison of two nuclei, there are
large differences in each of the Hamiltonian components; the
kinetic energy is 11.4 MeV, and the α-N central interaction
energy is 8.4 MeV. As well as the radii shown in Table II, these
results represent the differences in spatial spread in the ground
states of 8He and 8C. In the ground states, 8He is a bound
state and 8C is a resonance due to the Coulomb repulsion,
and then the valence protons in 8C become distributed more
widely than the valence neutrons in 8He. This spatial effect
reduces the kinetic energy of 8C from that of 8He. The magni-
tude of the interaction energy is also reduced in 8C because of
the increase of the amplitudes of the valence protons outside
the interaction region.

In Tables IV and V, we list the Hamiltonian components
of the SDRs in 8He and 8C, respectively. They are complex
values with non-negligible imaginary parts, which are larger
in 8C than 8He, and then we list their absolute values for
reference. In the absolute values, it is found that the individual
components are close to each other in two nuclei. The differ-
ence in the kinetic energies is 2.5 MeV, which is much smaller
than 11.4 MeV in the ground states. The difference in the α-N
central interaction energy is 2.0 MeV, which is smaller than
8.4 MeV in the ground states. The difference in the NN central
interaction energy is 0.6 MeV, which is also smaller than
2.3 MeV in the ground states. From these comparisons, it is
found that two SDRs show a similar structure and keep a good
isospin symmetry. This is the same conclusion as confirmed
for radii of SDRs shown in Table II.

In the overall analysis via the spatial properties and Hamil-
tonian components in two nuclei, the SDRs in 8He and 8C

TABLE V. Hamiltonian components of soft dipole resonance in
8C in units of MeV. The values are measured from the threshold
energy of α + p + p + p + p. The absolute values are also shown.

8C (1−) Absolute

Total energy 15.97 −12.02i 19.99
Kinetic energy 38.22 −27.91i 47.32
α-N : central −17.96 +10.03i 20.57
α-N : LS −2.83 +0.54i 2.88
α-N : Coulomb 3.20 −0.91i 3.32
NN : nuclear −6.51 +6.97i 9.53
NN : Coulomb 1.86 −0.75i 2.01
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retain the isospin symmetry, which is different from the
ground states. This result indicates that the SDRs in two nuclei
are in a common excitation mode of the collective dipole
oscillation of 4N against the α cluster core. In the future,
it would be interesting to examine this result allowing the
excitation of the α cluster, which can bring the coupling of
the SDR with the giant dipole resonance.

IV. SUMMARY

Recently, we have predicted the soft dipole reso-
nance in 8He contributing largely to the electric-dipole
strength [13,14]. This state is regarded as the collective dipole
oscillation of four valence neutrons against the α cluster core.
According to this result, in this paper, we investigated the soft
dipole resonance in the mirror nucleus 8C and discussed the
isospin symmetry in the mirror resonances of 8He and 8C.

The 8C nucleus is the unbound system and we use the
complex-scaling method to obtain the five-body resonances of
8C in the α + p + p + p + p cluster model. We successfully
obtained the dipole resonance of 8C with the excitation energy
of 13 MeV and a large decay width of 24 MeV. This resonance
has a similar property of the configuration mixing to that of
8He and then we assign this state as the soft dipole resonance.
This resonance can correspond to the dipole oscillation of
four valence protons against the α cluster core. The excitation
energy is reasonably explained in a picture of the excitation

of the relative motion between four protons and the α cluster
core.

We compare the soft dipole resonances in 8C and 8He with
several quantities. The spatial properties such as radii show
similar values between two resonances, while the ground
states do not show the symmetry in their radii. We also com-
pare the Hamiltonian components in two nuclei and the good
symmetry is confirmed in the soft dipole resonances. In con-
clusion, the isospin symmetry is broken in the ground states of
two nuclei, which comes from the Coulomb repulsion. On the
other hand, the isospin symmetry is restored in the soft dipole
resonances of two nuclei. This is because two resonances
are in a common excitation mode of the collective dipole
oscillation of four valence nucleons against the α cluster core.
The present analyses show that the appearance of the isospin
symmetry differs depending on the states of 8C and 8He.

The present theoretical prediction of the soft dipole
resonances in 8C and 8He would be examined in future exper-
iments [11]. It is also interesting to explore other candidates
of drip-line nuclei to investigate the isospin symmetry in col-
lective excitations.

ACKNOWLEDGMENTS

This work was supported by JSPS KAKENHI Grants No.
JP18K03660, No. JP20K03962, and No. JP22K03643. Nu-
merical calculations were partly achieved through the use of
SQUID at the Cybermedia Center, Osaka University.

[1] I. Tanihata, H. Hamagaki, O. Hashimoto, Y. Shida, N.
Yoshikawa, K. Sugimoto, O. Yamakawa, T. Kobayashi, and N.
Takahashi, Phys. Rev. Lett. 55, 2676 (1985).

[2] P. G. Hansen and B. Jonson, Europhys. Lett. 4, 409 (1987).
[3] K. Ikeda, Nucl. Phys. A 538, 355 (1992).
[4] R. Kanungo et al., Phys. Rev. Lett. 114, 192502 (2015).
[5] D. R. Tilley, J. H. Kelley, J. L. Godwin, D. J. Millener, J. E.

Purcell, C. G. Sheu, and H. R. Weller, Nucl. Phys. A 745, 155
(2004).

[6] A. A. Korsheninnikov et al., Phys. Lett. B 316, 38 (1993).
[7] Y. Iwata et al., Phys. Rev. C 62, 064311 (2000).
[8] M. Meister et al., Nucl. Phys. A 700, 3 (2002).
[9] M. S. Golovkov et al., Phys. Lett. B 672, 22 (2009), and the

references therein.
[10] M. Holl et al., Phys. Lett. B 822, 136710 (2021).
[11] C. Lehr et al. (SAMURAI Collaboration) (unpublished).
[12] R. J. Charity et al., Phys. Rev. C 84, 014320 (2011).
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[31] T. Motoba, H. Bandō, K. Ikeda, T. Yamada, Prog. Theor. Phys.

Suppl. 81, 42 (1985).
[32] Y. C. Tang, M. LeMere, and D. R. Thompson, Phys. Rep. 47,

167 (1978).
[33] J. Aguilar and J. M. Combes, Commun. Math. Phys. 22, 269

(1971); E. Balslev and J. M. Combes, ibid. 22, 280 (1971).
[34] T. Berggren, Nucl. Phys. A 109, 265 (1968).
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