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With both three-nucleon force and continuum coupling included, we have developed a self-consistent 
ab initio Gamow shell model within the Gamow Hartree-Fock (GHF) basis obtained by the realistic 
interaction itself. With the chiral two-nucleon N3LO and three-nucleon N2LO interactions, the Gamow 
shell model has been applied to the mirror systems of Z = 8 neutron-rich isotopes and N = 8 proton-rich 
isotones, giving good agreements with data in binding energies, dripline positions and excitation spectra. 
The GHF calculated that the 0d3/2, 1s1/2 and 1p3/2 orbitals are resonances. The resonance states and their 
interplay with nonresonant continua play a crucial role in the descriptions of nuclei around driplines. 
Excitation spectra and Thomas-Ehrman shifts observed can be better described when both three-nucleon 
force and continuum coupling are considered in calculations. The three-nucleon force and continuum 
coupling produce a combined effect on the Thomas-Ehrman shift, e.g., for the 1/2+ resonance level of 
19Na. The calculations help the understandings of related nuclear astrophysical processes.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
1. Introduction

The approximate charge independence of the strong interaction 
results in a good symmetry in excitation spectra between mir-
ror nuclei. However, it was found that in some mirror nuclei the 
symmetry is broken significantly. Historically, the mirror symme-
try breaking was considered to arise from the Coulomb energy 
purely. The difference in Coulomb energies between the excited 
state and the ground state (g.s.) results in different shifts of energy 
levels, called the Thomas-Ehrman shift (TES) [1,2]. The change in 
Coulomb energy is due to the change in the spatial asymptotic be-
havior of nuclear states [1,2]. Theoretical investigations [3,4] com-
mented that the residual nucleon-nucleon (NN) interaction may 
also contribute due to the extension of wave functions. Indeed, 
the profound reordering of levels in the mirror pair 16N-16F was 
observed, and explained by taking into account the continuum ef-
fect [5].

In the historical example of the 13C-13N mirror pair where TES 
was observed [1,2], the first excited state in 13N is an unbound res-
onant state above the threshold of the 13N proton emission. There-
fore, when discussing the TES, the accurate treatment of asymp-
totic behaviors of wave functions of weakly-bound and unbound 
nuclei is crucial. The Gamow shell model (GSM) [6,7] is a pow-
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erful tool to describe the asymptotic behavior of wave functions. 
It presents the coupling to the continuum at basis level by using 
the complex-energy Berggren basis [8], and many-body internu-
cleon correlations occur via configuration mixing, arising from a 
direct diagonalization of the complex GSM Hamiltonian. Using the 
Berggren basis, the complex coupled cluster [9,10] and the com-
plex in-medium similarity renormalization group [11] have also 
been proposed for nuclear many-body calculations with the con-
tinuum coupling included. The GSM has been further developed 
with realistic two-body nucleon-nucleon (NN) interactions [12–16].

The asymptotic behavior of a nuclear state is mainly deter-
mined by the strong interaction acting between nucleons. The im-
portance of the three-nucleon force (3NF) has been realized in 
nuclear structure calculations [10,17–31]. For example, 3NF can 
provide a repulsive contribution to binding energies in oxygen iso-
topes, which resolves the overbinding problem and reproduces the 
dripline position [10,18,22,23,28]. The Z = 8 oxygen isotopic chain 
and its mirror-reflected N = 8 isotonic chain provide remarkable 
cases of interest, at the interface of light- and medium-mass re-
gions. The proton-magic oxygen chain is one of the best labora-
tories to test advanced many-body methods. 25,26O which locate 
beyond the neutron dripline have been found in experiment, with 
26O barely unbound with two-neutron separation energy of only 
−18 keV [32]. As mirror partners of oxygen isotopes, proton-rich 
N = 8 isotones have drawn particular interests in nuclear structure 
and nuclear astrophysics. Recent experiments show novel phenom-
ena in their masses [33,34] and excitation spectra [35–37]. These 
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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nuclei play a vital role in nuclear reactions that affect stellar nu-
cleosynthesis, such as the 17F(p, γ )18Ne reaction in hot CNO cy-
cles [38] and 18Ne(2p, γ )20Mg reaction for bridging the waiting 
point in the rp-process [39]. Furthermore, proton-rich N = 8 iso-
tones provide us with an arena to probe the mirror symmetry. The 
mirror asymmetry can be more significant in nuclei near driplines, 
because loosely-bound and unbound resonance states have large 
spatial spreads in the wave function.

In the GSM calculations, usually the Woods-Saxon (WS) poten-
tial was adopted to produce single-particle (s.p.) Berggren basis, 
with the WS parameters determined by fitting experimental s.p. 
energies. Then, the numerical results would depend to a certain 
extent on the detail of the parameterization. In the multi-shell 
case, such a fit is even difficult due to the lack of experimental data 
of cross-shell s.p. energies. To avoid the parameter dependence, 
the complex-energy Gamow Hartree-Fock (GHF) method [12,14,16]
was used to generate the Berggren basis. This also leads to a more 
self-consistent ab initio calculation because the basis is produced 
by the realistic interaction itself instead of a parameterized WS 
potential.

2. Theoretical framework

The intrinsic Hamiltonian of the A-nucleon system reads

H =
A∑

i=1

(
1 − 1

A

)
p2

i

2m
+

A∑
i< j

(
vNN

i j − pi · p j

mA

)
+

A∑
i< j<k

v3N
i jk , (1)

where pi is the nucleon momentum in the laboratory, and m is 
the mass of the nucleon. The two-nucleon (NN) interaction vNN

takes the chiral potential at next-to-next-to-next-to-leading order 
(N3LO) by Entem and Machleidt [40], and the 3NF v3N chooses the 
chiral interaction at next-to-next-to-leading order (N2LO) which 
was established in [17]. Due to heavy demanding in computation, 
the inclusion of the explicit 3NF renders many-body calculations 
impossible. Therefore, we transform 3NF into a normal-ordered 
form, and neglect the residual three-body part, which indicates 
that a normal-ordered two-body (NO2B) approximation of the 3NF 
is taken. It has been shown that the NO2B 3NF can well describe 
the 3NF contribution in nuclear structure calculations [20].

With the realistic interaction including the Coulomb potential, 
we perform the complex-momentum (complex-k) GHF [11,12,14]
calculation for 16O to generate the Berggren basis which consists of 
bound, resonant and scattering states. 16O is chosen as the core in 
the present many-body GSM calculation. With the normal-ordering 
approximation, Hamiltonian (1) can be written as

Ĥ = E0 +
∑
pq

[tpq +
A∑

r=1

(V NN
prqr + 1

2
W 2B

prqr)] : â†
pâq :

+ 1

4

∑
pqrs

(V NN
pqrs + W 2B

pqrs) : â†
pâ†

qâsâr :,
(2)

where â†
p (âp) is the particle creation (annihilation) operator on 

the p-th basis orbital. The operators are in normal-ordered prod-
ucts with respect to the chosen reference state, indicated by 
colons. The Hamiltonian is composed of zero-body, one-body and 
residual two-body parts. The zero-body term E0 is a constant, de-
scribing the energy of the reference state. The one-body term in-

cludes the particle kinetic energy t = p2

2μ with μ = m/(1 − 1
A ), and 

the normal-ordered one-body part from NN and 3N interactions. 
The two-body term, − pi ·p j

mA , which arises from the center-of-mass 
(CoM) motion, is incorporated into V NN in practical calculations. 
The normal-ordered two-body part of the 3NF is defined by
2

W 2B
pqrs =

∑
h∈hole

V 3N
pqh,rsh, (3)

where V 3N
pqh,rsh stands for antisymmetrized 3NF matrix elements. 

The sum runs over all hole states in the core nucleus in the HO ba-
sis. We see that the normal-ordered 3NF contributes to both one-
and two-body interactions in Hamiltonian (2).

The one-body part of Hamiltonian (2) can be considered as the 
motion of an independent particle in the Hartree-Fock (HF) field, 
with the single-particle Hamiltonian given by,

hHF
pq = tpq +

A∑
r=1

(V NN
prqr + 1

2
W 2B

prqr). (4)

The HF equation can be solved in the HO basis, giving real-energy 
HF eigen solutions including one-body HF potential [11]. To de-
scribe the resonance and continuum properties of HF basis states, 
the HF single-particle Hamiltonian is written in the complex-k
space, as

〈k|h |k′〉 = h̄2k2

2μ
δ(k − k′) +

∑
αβ

〈α| U |β〉 〈k |α〉 〈
β

∣∣k′〉 , (5)

where 〈α| U |β〉 is the one-body HF potential which is obtained 
by solving the real-energy HF Equation (4), while 〈k |α〉 is the HO 
basis wavefunction |α〉 expressed in the complex-k space. Eq. (5)
gives the GHF basis which contains bound, resonance and contin-
uum states. In numerical calculations, the GHF equation is solved 
using the Gauss-Legendre quadrature discretization scheme [12] in 
the complex-k plane with a deformed contour L+ which encom-
passes resonance states. We find that 35 discretization points are 
sufficient to make calculations converged [15,16,41]. Details of the 
GHF solution can be found in [11,12,14].

Within the GHF basis obtained with choosing 16O as the ref-
erence state, we transform the chiral interaction matrix elements 
from the HO basis to the GHF basis for many-body GSM calcula-
tions. This can be achieved by computing overlaps between the 
GHF and HO basis wave functions [42]. In practical calculation, 
we take the HO basis at hω = 14 MeV with 13 major shells (i.e., 
e = 2n + l ≤ emax = 12) and limiting e ≤ 6 for 3NF. To expedite the 
convergence of calculations, the chiral NN interaction is evolved 
to a low momentum scale λSRG = 2.3 fm−1 using the similarity 
renormalization group (SRG) [43,44].

The GHF calculation gives that the 0d5/2 orbital is bound for 
both neutron (ν) and proton (π ), while 0d3/2 and 1p3/2 are res-
onances. The ν1s1/2 is bound, while the π1s1/2 is a resonance. 
Therefore, the d3/2, p3/2 and π s1/2 partial waves are treated in 
the complex-k GHF basis, while all other channels are represented 
in the real-energy discrete HF basis to reduce the model dimen-
sion and computational task. Due to the high centrifugal bar-
rier of the partial waves bearing l ≥ 3, their influence on wave 
function asymptotes is negligible [41]. Therefore, the f7/2 chan-
nel is approximated within the real-energy HF basis. Finally, the 
active space for the present GSM takes ν{0d5/2, 1s1/2, d3/2 reso-
nance plus continuum, p3/2 resonance plus continuum, 0 f7/2} and 
π {0d5/2, s1/2 resonance plus continuum, d3/2 resonance plus con-
tinuum, p3/2 resonance plus continuum, 0 f7/2}.

We use the many-body perturbation theory (MBPT) to construct 
the GSM effective Hamiltonian for the chosen model space. In de-
tail, within the GHF basis, single-particle energies (SPEs) for GSM 
are obtained using the so-called Ŝ-box folded diagrams [45], while 
the GSM effective interaction including the NO2B 3NF is derived 
using the Q̂ -box folded diagrams [15]. The Ŝ-box is by definition 
the one-body part of the Q̂ -box [16,46]. The Ŝ-box and Q̂ -box
folded-diagram method has been extended to the complex-k space, 
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which includes effects from the continuum and core polariza-
tion [15,16]. The complex-k basis space is nondegenerate. There-
fore, we use the nondegenerate EKK method [47] to process the 
Ŝ-box and Q̂ -box calculations [15,16]. Due to the dramatic growth 
in the number of the GHF basis states with continuum partial 
waves included, the Q̂ -box folded diagrams are calculated up to 
the second order, while the Ŝ-box folded diagrams are up to the 
third order. In our previous work [16], it has been shown that the 
Ŝ-box up to the third order and Q̂ -box up to the second order of-
fer the good descriptions of nuclear states. The continuum effect 
enters into the model through both the effective interaction and 
active model space. With the SPEs and interaction renormalized, 
the effective shell-model Hamiltonian can be rewritten as

Ĥeff =
∑

p∈valence

εpâ†
pâp

+ 1

4

∑
pqrs∈valence

(V NN
pqrs + W 2B

pqrs)
effâ†

pâ†
qâsâr,

(6)

where εp stands for the SPEs obtained by Ŝ-box, and “eff” indicates 
the shell-model effective interaction renormalized to the valence 
space by the Q̂ -box including the NO2B 3NF.

The complex-symmetric GSM Hamiltonian (6) is diagonalized 
in the model space using the Jacobi-Davidson method in the m-
scheme [48]. Due to the presence of the nonresonant continuum, 
the matrix dimension grows dramatically when adding valence 
particles, which is a challenge for diagonalizing in the complex 
space. Therefore, we allow at most two valence particles in the 
continuum, which can give converged results [15,16,49].

3. Results

Fig. 1 shows the calculations of g.s. energies (upper panel) and 
one-neutron separation energies (lower panel) for neutron-rich 
17-28O, compared with experimental data or evaluations. In order 
to see the effects of the 3NF and continuum coupling, we have also 
performed conventional real-energy shell-model (SM) calculations 
within the real-energy HF basis, with the same chiral interactions 
as those used in GSM. It is seen that the real-energy SM calculation 
based on the NN interaction gives overbound energies compared 
with data, and calculated one-neutron separation energies deviate 
significantly from data as well. It cannot give the correct position 
of the oxygen neutron dripline. The inclusion of 3NF improves re-
markably the real-energy SM calculation, reproducing the dripline 
position at 24O. The inclusion of the continuum coupling (i.e., the 
GSM calculation) improves further the results in both binding en-
ergies and separation energies. The continuum effect becomes sig-
nificant beyond the dripline 24O. The real-energy SM calculation 
with 3NF but without the continuum gives that 26O is more un-
bound than 25O, which disagrees with experimental data. The GSM 
calculations with both 3NF and continuum included give the cor-
rect unbound properties of 25O and 26O, showing that 25O is more 
unbound than 26O.

As shown in the lower panel of Fig. 1, 25,26O neutron separation 
energies are well described in the GSM calculations, better than in 
the real-energy SM calculations. In both calculations, 3NF is in-
cluded. Experimental binding energies and neutron separation en-
ergies for 27,28O have not been available, but take the evaluations 
(AME2020) [50]. The GSM calculation with 3NF included gives 
that 26O is stable against one-neutron emission, which is consis-
tent with experiment, while the real-energy SM calculation with-
out the continuum included shows that 26O is unstable against 
one-neutron emission. The experiment observed a two-neutron 
emission in 26O with a very small separation energy S2n of only 
-18 keV [32]. The present GSM calculation provides S2n = −86
3

Fig. 1. 17-28O g.s. energies (upper panel) with respect to the 16O core, and the one-
neutron separation energies Sn (lower panel). “NN” and “NN+3N” indicate calcula-
tions with NN-only and NN plus 3NF interactions, respectively. The experimental 
data of 17-26O have been available collected in AME2020 [50], while 27,28O take the 
evaluations [50].

keV, while the real-energy SM calculation with 3NF included gives 
S2n = −2.12 MeV which is significantly different from the datum 
of −18 keV. The GSM calculation predicts that 28O should have 
no one-neutron emission, but two-neutron and four-neutron emis-
sions are allowed.

In Fig. 1, we have also included the valence-space IMSRG (VS-
IMSRG) calculations [51] without the continuum effect considered. 
The results are very similar to the real-energy SM calculations 
(indicated by SM:NN+3N in Fig. 1). The complex coupled-cluster 
(complex CC) calculation takes the continuum effect into account, 
but with a density-dependent effective 3NF used [10]. From these 
calculations compared, we should conclude that both 3NF and 
continuum coupling are important in the descriptions of weakly-
bound and unbound nuclei.

The ν0d3/2 orbital is a resonance, which plays a special role 
in the resonant states of isotopes near 24O, particularly in odd-
neutron oxygen isotopes around the neutron dripline. For example, 
the GSM calculation gives that the 3/2+

1 excited state in 23O is 
dominated by a single-particle excitation from ν1s1/2 to νd3/2, 

with a calculated spectroscopic factor (SF) 
[22

Og.s. ⊗ νd3/2
]3/2+

of 
0.95. The unbound 25O resonant ground state has the odd neu-

tron occupying the νd3/2 orbital, with a calculated SF 
[24

Og.s. ⊗
νd3/2

]3/2+
of 0.95. With the νd3/2 resonance and continuum con-

sidered, the GSM calculation provides that the excitation energy 
(Eex) of the 23O 3/2+

1 state is 4.45 MeV, which agrees well with 
the datum of 4.00(2) MeV [52], while the real-energy SM calcula-
tion gives Eex = 5.67 MeV. The GSM can also well describe the 
experimental one-neutron separation energy of the 25O ground 
state, see Fig. 1.
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Fig. 2. Similar to Fig. 1, but for N = 8 isotones and the one-proton separation en-
ergy (Sp). Experimental data for A ≤ 20 isotones have been available [50], while 
evaluations [50] are taken for 21Al and 22Si.

As mirror partners of the oxygen isotopes with respect to 
N = Z , proton-rich N = 8 isotones are somewhat different on ac-
count of the presence of Coulomb interaction. Here, the Coulomb 
repulsion results in a low particle-emission threshold, while the 
additional Coulomb barrier hinders the diffusion of proton wave 
functions. We show in Fig. 2 the calculated g.s. energies and one-
proton separation energies for N = 8 isotones in the GSM, com-
pared with real-energy SM calculations based on the same chiral 
interactions. Similar to the Z = 8 mirror partners in Fig. 1, real-
energy SM calculations with NN-only lead to overbound g.s. ener-
gies. The overbinding is significantly improved by including 3NF, as 
shown in Fig. 2. We notice that the difference is small between the 
SM and GSM calculations when 3NF is included, see Fig. 2, which 
indicates a weak continuum effect in the isotones. This is because 
in proton-rich nuclei the Coulomb barrier weakens the coupling to 
the continuum. Starting from 19Na, the odd-proton N = 8 isotones 
become unbound with proton emissions. This is well reproduced 
in both SM and GSM calculations with 3NF included. The un-
bound property of 19Na makes 20Mg a Borromean structure, which 
is required for the successive proton capture 18Ne(2p, γ )20Mg to 
bridge the waiting point in the astrophysical rp-process [39].

22Si is an interesting nucleus for which the experimental mass 
has not been available, but the evaluation has been given in [50]. 
Current experiments by indirect mass measurements gave very 
different estimations of the 22Si two-proton separation energy, 
S2p ≈ −108(125) keV in [34] and S2p ≈ 645(100) keV in [53]. 
The SM calculation [21] suggested that 22Si is a candidate of two-
proton decay, while the GSM calculation with a phenomenological 
potential [54] gave a weakly bound 22Si. The present GSM calcula-
tion predicts a two-proton separation energy of 674 keV for 22Si. 
High-resolution experimental direct measurements are required for 
the possible proton-dripline nucleus.

As mentioned above, the TES phenomenon that may happen in 
mirror nuclei is a reflection of different asymptotic behaviors of 
states [1,2]. Therefore, the continuum coupling would play a role 
in TES. For this mass region which we are investigating, the ex-
periment [36] has observed a pronounced TES in the 1/2+ excited 
state between the mirror partners 19Na and 19O. The SM calcula-
tion with an empirical interaction [4] has analyzed this TES, show-
ing a requirement of readjusting interaction matrix elements to 
reproduce the observed TES. Here, we investigate the 3NF and con-
tinuum effects on the TES, in the framework of the self-consistent 
ab initio GSM with the chiral interactions used above. Fig. 3 shows 
the excitation spectra of the mirror partners 19Na and 19O. Calcu-
4

Fig. 3. Excitation spectra of A = 19 mirror partners, 19O and 19Na. “NN” and “3N” 
indicate calculations with NN-only and 3NF included, respectively. Dashed levels 
present SM calculations without continuum included, while solid levels give GSM 
calculations with continuum included. Shading indicates the resonance of the 1/2+
TES state with width (in MeV) given below the level. Data are from [55] for 19O
and [36,55,56] for 19Na.

lations with NN-only results in a 3/2+ g.s. instead of the exper-
imental 5/2+ g.s. for both 19Na and 19O. When 3NF is included, 
the correct ordering between the 5/2+ g.s. and 3/2+ excited state 
is obtained.

For the proton-rich 19Na, we have also performed a calcula-
tion with the Coulomb interaction excluded, because the Coulomb 
energy difference is considered to be the main factor leading to 
the mirror symmetry breaking in excitation spectra [1,2]. Indeed, 
we see that in Fig. 3 a good mirror symmetry appears in the ex-
citation spectra if the Coulomb interaction is excluded. This also 
indicates that effects from the charge symmetry breaking (CSB) 
and the charge independence breaking (CIB) [57] are small. When 
the Coulomb potential is included, the 19Na 1/2+ energy drops 
significantly, while the spacing between 5/2+ and 3/2+ levels re-
mains nearly unchanged (see Fig. 3). The 19Na 1/2+ state has 
almost a pure proton (0d5/2)

2(1s1/2)
1 configuration. The lack of 

a centrifugal barrier in the 1s1/2 orbital causes the leakage of the 
wave function, and leads to a smaller Coulomb repulsion energy 
compared with the 5/2+ and 3/2+ states, thus makes a drop of 
the 1/2+ level.

As mentioned above, 3NF is important to reproduce the cor-
rect ordering between the 3/2+ and 5/2+ states (see the second 
column from the right in 19Na). The 3NF does not seem to sig-
nificantly affect the 1/2+ level in the real-energy SM calculation 
(dashed), but in fact it increases remarkably the spacing between 
the 1/2+ and 5/2+ states, which means an increase in the 1/2+
excitation energy with taking the 5/2+ state as the ground state. 
The 19Na g.s. and excited states are bound in calculations with NN-
only, while they become unbound when 3NF is included, see also 
Fig. 2. The GSM calculation with 3NF included gives very narrow 
resonances of 19Na 5/2+ g.s. and 3/2+ excited state, which agrees 
with the experimental estimation of a narrow resonant g.s. [56]. 
The experiment [36] showed a resonant 1/2+ excited state with 
a width of 0.10 MeV. Therefore, the continuum effect should be 
significant in the 1/2+ state. Indeed, we see that the continuum 
coupling lowers significantly the 1/2+ level in the GSM calcula-
tion, which makes the calculated excitation energy closer to the 
datum [36]. The calculated width of 0.28 MeV also agrees reason-
ably with the experimental width of 0.10 MeV [36]. We see that 
the complex-energy GSM calculation well describes the observed 
TES in the 1/2+ state, in which both 3NF and continuum play im-
portant roles.

Fig. 4 shows the excitation spectra for another pair of mirror 
nuclei of 18O and 18Ne in which the TES was observed experi-
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Fig. 4. GSM calculations with NN only and with 3NF included (3N) for the mirror 
partners of 18O and 18Ne, compared with data [35,55].

Fig. 5. GSM calculations of spectra with 3NF included, for the mirror nuclei 22O and 
22Si. The experimental data of 22O is from [55].

mentally in the excited 3+ state [35]. The resonant 3+ state plays 
an important role in the key reaction 17F(p, γ )18Ne of stellar ex-
plosions [35]. The presence and its property of the 3+ state can 
change the reaction rate. Indeed, the calculation well shows the 
TES in the 3+ level. The GSM calculation gives a resonant 3+ state 
with an almost pure proton 0d5/2 ⊗ 1s1/2 configuration in which 
the 1s1/2 orbital is a strong l = 0 resonance. The compressed spec-
tra are significantly improved when 3NF is included in calculations.

In Fig. 5, we predict the excitation spectra of the mirror part-
ners 22O and 22Si. 22Si is predicted to be the proton dripline of 
the N = 8 isotonic chain. There has been no excited state observed 
in 22Si. Our calculation gives that 22Si has a bound g.s. but un-
bound resonant excited states. In the g.s. the six valence protons 
outside the 16O core occupy mainly the 0d5/2 orbital which is 
bound, while in excited states one or two valence protons are ex-
cited to the 1s1/2 orbital which is a resonance. The s1/2 orbital has 
no centrifugal barrier due to l = 0, thus the wave function of the 
state containing a significant s1/2 component can more spread in 
space, which leads to a TES in the level. Indeed, we see that all the 
calculated 22Si levels given in Fig. 5 show TES. This predicts an in-
teresting candidate for future experiments, with multiple low-lying 
TES levels in a nucleus.

4. Conclusions

With both three-nucleon force and continuum coupling in-
cluded, we have developed the complex-energy ab initio Gamow 
5

shell model with a core. The Berggren representation is used for 
the Gamow shell model, which presents bound, resonance and 
nonresonant continuum states on equal footing. The Berggren basis 
is generated by the complex-energy Gamow Hartree-Fock method 
using the same interaction as that used in the Gamow shell model. 
Starting from the chiral two-nucleon (N3LO) and three-nucleon 
(N2LO) forces, the realistic effective Hamiltonian of the Gamow 
shell model is established using the many-body perturbation the-
ory (named Ŝ- and Q̂ -box diagrams) in the complex space. For 
neutron-rich Z = 8 isotopes and proton-rich N = 8 isotones, the 
shell model chooses 16O as the core, and takes the model space of 
{1s1/2, 0d5/2, 0d3/2, 1p3/2, 0 f7/2} and plus their continuum partial 
waves of the resonances in the Gamow shell model. For shell-
model calculations, the three-nucleon interaction is approximated 
to two-body level by the normal-ordering method.

Z(N) = 8 isotopes (isotones) have been investigated. We find 
that the calculations with two-nucleon interaction only cannot rea-
sonably describe binding energies, nucleon separation energies and 
excitation spectra. The inclusion of three-nucleon force can signif-
icantly improve the calculations. For example, the calculation with 
three-nucleon force included can give the correct ground states 
of the A = 19 mirror nuclei 19O and 19Na. The inclusion of the 
continuum coupling improves further the results. The 26O (e.g., its 
one- and two-neutron separation energies) is better described in 
the calculation with the continuum effect considered. With both 
three-nucleon force and continuum coupling included, the dripline 
positions can be reproduced.

The Thomas-Ehrman shift observed in the excitation levels of 
mirror nuclei was suggested mainly due to different Coulomb en-
ergies between states. In the states containing a significant s1/2
component, the wave functions can more spread in space due to 
no centrifugal barrier of the l = 0 orbital, and the continuum cou-
pling is strong. Indeed, the Thomas-Ehrman shift was observed 
mainly in excited states around or above the threshold of particle 
emission, in which the continuum effect can be significant. In 19Na, 
the Gamow shell-model calculation with both three-nucleon force 
and continuum coupling included gives a resonant 1/2+ excited 
state, which agrees with data, and the observed Thomas-Ehrman 
shift is well described. For this 1/2+ state, three-nucleon force 
and continuum coupling produce a combined effect on its Thomas-
Ehrman shift. In more detail, the asymptotic behavior of the wave 
function of a weakly-bound or unbound state is accurately treated 
in the Gamow shell model, but the final result also depends on the 
energy which is affected by the three-nucleon interaction.

As a prediction, we have investigated excitation spectra for the 
heavier mirror partners of 22O and 22Si. In 22Si, all the calculated 
excited states are unbound with proton emissions. They contain 
the significant s1/2 component, and hence the Thomas-Ehrman 
shift is seen in the low-lying excitation levels of 22Si. This pre-
dicts a special case with multiple Thomas-Ehrman shift levels in 
one pair of mirror nuclei, which would be interesting for future 
experiments.
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