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Introduction "'“"*’?

Island of inversion:

An island of inversion is a region of the chart of nuclides that contains isotopes
with a non-standard ordering of single particle levels in the nuclear shell
model. Such an area was first described in 1975 by French physicists carrying out
spectroscopic mass measurements of exotic isotopes of lithium and sodium.

e Centered at neutron-rich
isotopes of five elements —— e O 1Py,
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11Li, 20C, 31Na, 42Si, M
and 64Cr.
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e Also called “islands of shell
breaking” associated with the
magic neutron numbers 8§,

14, 20, 28, and 40.
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The Nilsson diagram for protons or neutrons around N = Z = 20 with quadrupole deformation
from the HFB calculation using the D1S force
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Shell-model and nuclear shape
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MCSM — Hubbard-Stratonovich (HS) Transformation

+ “time” slices of

X 1 Ny
e—BH _ [e—AﬂH]

+ HS transformation
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+ one-body Hamiltonian
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R. L. Stratonovich, Dokl. Akad. Nauk SSSR 115, 1097 (1957)
[Sov. Phys. Dokl. 2,416 (1958)].
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MCSM — Generation Process for Basis
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MGCSM — Generation Process for Basis
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MGCSM — Generation Process for Basis
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MCSM Bases

MCSM bases
MCSM dimension: the number of bases.
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MCSM — Restoration of Symmetry

(1) A spurious center-of-mass motion
2+ (0)) Pi i |@D (o))
) (o)) Py |8® (o))
: ; j> (Q'(U)|HP1{4K|‘I’(U)) (q”(a)|H'Pj\IJK|‘I’(U)>
2™ () Py |9 (0))
20"+ (o)) B |8 (5))
ﬁ, — ﬁ + :Bc.m.f{c.m.
A P2 1 ., 3
H — “MA 2p2 Y
A 2J +1 c.m. 2AM+2 w’R zﬁw

Pix = / dQ D" () 2= ¢y ¢i17-

872
D. Gloeckner and R. Lawson, 1974

Ring & Schuck, “The Nuclear Many-Body Problem™,
Springer



Introduction &) THXEZ

Monte Carlo shell model

Dimension of H matrix for MCSM

Standard shell model
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Monte Carlo shell model T. Otsuka et al., Prog. Part. Nucl. Phys. 47, 319 (2001)
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The Extended Kuo-Krenciglowa (EKK) method

e a version of many-body perturbation theory
e starting from a bare nuclear force to derive an effective
interaction designed for a given model space (for example, the sd

or sd-pf shells)

Problem of the KK method: divergence of the perturbative
expansion for a model space composed of more than one
major shell.

The EKK method has overcome this difficulty by resumming the

perturbative series so that one can avoid the divergence.

— The resummation is performed with a formula similar to the
Taylor expan- sion but in the operator form.

— One can avoid the divergence by choosing an appropriate value of
the ‘origin’ of the expansion, without changing the result, as long
as the summation of the series converges.

N. Tsunoda, K. Takayanagi, M. Hjorth-Jensen, & T. Otsuka, Multi-shell effective
interactions. Phys. Rev. C 89, 024313 (2014)
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EEdflinteraction andits single-particle energies

The first application of the EKK method was carried out for the study . : . .
of the nuclei around the island of inversion, as described in ref. *. We This interaction has been derived via the

outline here how the effective interaction for the shell model calcula- | €Xtended Kuo-Krenciglowa (EKK) method,
tion was constructed. from the fundamental chiral-effective-

The YEFT interaction proposed by Entem and Machleidt**>* was taken field-theor EET) interaction bv Machleidt
withA=500 MeV, as the nuclear forcein vacuum mentioned above, up eld-theo Y (X ) teractio Y eid

to the next-to-next-to-next-to-leading-order (N3LO) inthe YEFT. It was and Entem stemmin g from quantum
then renormalized by the V,,,, approach’* with a cutoff of |[Ch romodynam ics (Methods).

Avowc=2.0 fm™, in order to obtain alow-momentuminteraction decou-
pled from high-momentum phenomena. This treatment helpsto gener-
ally improve the convergence of the many-body perturbation theory
calculation, whichisinthis case, the EKK method. The EKK method was
thenadoptedinorderto obtainthe effective NNinteraction for the sd-pf
shell, by including the so-called Q-box, which incorporates unfolded

effects coming from the outside of the model space®, up tothe third | The contributions from three-nucleon forces

order andits folded diagrams. As the single-particle basis vectors, the . . . .
eigenfunctions of the three-dimensional harmonic oscillator potential (3NF) are further included into this effective

were taken as usual. On top of this, the contributions from the Fujita- | NNV interaction, where the 3NF represents

Miyazawa 3NF were added in the form of the effective NN interaction. ffects of virtual itati to the A ticl
The Fujita-Miyazawaforce* represents effects of the virtual excitation CHECts O Virttal excitations to the A particle,

fromanucleon to a4 baryon by pion-exchange processes. It hasbeen | that is the Fuj ita—Miy azawa force (Methods) ‘
discussed and included inmany works, for instance>®*~’. While the 3NFs ’

may contain other terms, the Fujita—-Miyazawa force is considered to The present effective interaction, called
produce dominant contributions to binding energies, as shown, for |EFEJf1 ] is thus constructed

instance, in ref. ». Furthermore, its major and important roles have
recently been clarified also from the viewpoint of the YEF T interaction®®.
The other terms are still under discussions with variations of their
strength parameters amongdifferent YEFT approaches, and their effects
are expected to be small with respect to the present issues. We thus
retained the Fujita-Miyazawa force in evaluating contributions from
the 3NFs, but other 3NFs will be discussed later.
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The effective NNinteraction for the sd-pfshell was thus constructed,
and was named the EEdfl interaction. There are seven single-particle
orbits in thesd-pfshell. Their single-particle energies are determined
by thefit, asstated in the main text. We note that only the single-particle
energies are fitted and the interaction between valence nucleons in
the sd-pfshell is derived as mentioned above. Because of the isospin
symmetry, a proton orbit has the same energy as the corresponding
neutron orbit except for the Coulomb contribution, whichis assumed
tobe equalto all protonorbits (foragiven nucleus) as usual. The values
of the seven single-particle energies were determined so as to repro-
duce observables such as the ground-state energies of N < 20, the 2]
level of *°Ne, **Mg, **Si, and the excitation energies of several states of
*'Mg. The fit was not like a y*-fit but was done so as to reproduce basic
patterns of these observables. The single-particle energies of the 2p, ,
and 1f;, orbits are constrained by the GXPF1 values™’, as described also
in ref. *. We note that no structure data of neutron-rich exotic nuclei
with N>20were used in this fit.
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The EEdfl interaction and the single-particle energies attached to
it were thus constructed. It has been extensively applied to a variety
of cases: many experimental data other than those used for the fitare
described well, as one can find not only in Figs. 3, 4, but also in the
results shown in refs. 7,

As stated in the main text, the single-particle energies need to be
refined from the original EEdf1 values. In the present work, we shift them
by the same amount, Ac. We first investigate, for each isotopic chain, 0.50]
which nucleus becomes the dripline as a function of Ae. As shownin
Extended DataFig. 1, the original values of the single-particle energies - | |
(Ae=0) are too low, and the calculated dripline appears too far from 7
the experimentally observed location in the Segré chart. By increas-
ing the A¢ value, the dripline is shifted to smaller N values, that is, to
lighter isotopes (Extended Data Fig.1). The driplines were assigned
experimentally to *'F and **Ne very recently®, suggesting the range
Ae=0.82-1.17 MeV. Regarding the chain of Na isotopes, a preliminary
report indicates, with one event, that *’Naisbound®. The nucleus *Na
is known to be bound®°. If the dripline is on *Na, Ac =0.82-0.87 MeV is
obtained (dark pink belt in Extended Data Fig. 1). As it is very unlikely
from empirical systematics that *Na isbound, we exclude this possibil-
ity. Wethusadopt Ac=0.82 MeV, the lower boundary of the range. This
range, 0.050 MeV, is the uncertainty of this study and limits, for instance,
the precision of the one-neutron separationenergy;itistoosmalltobe
visiblein Extended Data Fig.1. The **Mgisotopeis known tobe bound?,
and the predicted dripline of Mgisotopesis **Mg (Extended Data Fig. 1).

2.00

1.50 A

1.00 A

Ag (MeV)
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' - - . . ° ° Y .
® Exp Coulomb Pairing Decomposition of the interaction

SPE I Rest (such as quadrupole)
— Total WM Monopole A given effective NN interaction, v,,, scatters a pair of nucleons in
a 0- single-particle orbits j, and j, into a pair of single-particle orbits j; and
. “ Ja, conservingtheir total angular momentum/and parity . The isospin
_50- Tisrelevantalso,butis omitted here. This process is expressed by the
{ T so-called two-body matrix element
) 102 | S Gy rdy 3T WOl dy 3T )

' UNN = Umono TV pair * Urest

-100-
| Ne T
s 550
C %: 0 |
5 Monopole term:
"' _s0-
2/ +1)J. .4 )" oy o4 5 1™
-100. V™G ) = 2, 2+ 1)<y ody 3" Oy s 3] ’
2, (2/+1)
15002 T
d 0 e Pairing term:
501 C . T o
Usrdz 3™ = 0NNy = Umonoldy oy 3J™ =07).
-100-
1501 g T Therest interactionis given by:

8 12 16 20 24 28 32 Urest = UNN~Vmono ~ Upair
N
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@® Exp. EEE Coulomb M Pairing

SPE B Rest (such as quadrupole)
- Total W Monopole

? 0 We calculate the ground-state energiesrelative to that of the °O nucleus
' “ and compare them to experimental data (Fig. 4). A good agreement

0 is seen in each panel. Although the NN interaction was derived as

100 | F T . described above, the single-particle energies with respect to the O

b . inert core were fitted as free parameters for the original EEdfl Ham-

'_ iltonian* (Methods). In principle, the single-particle energies can be
50- derived, but more studies are needed to achieve an accuracy compa-
e rableto that of the effective NNinteraction. The validity of these fitted

values has been confirmed by comparison to anumber of experimental
data not only of energy levels but also of electromagnetic properties
or spectroscopic factors***~*2, Although the derivation of the effective
NNinteraction does exhibit a certain ab initio aspect, this fit prevents
us from calling the present calculation fully ab initio.
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Ground-state expectation value of the 3NF for the Ne and Mg isotopes.
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Prospects

Here we have described a mechanism for the dripline of atomic
nuclei, to which both the variation of the shape deformation and the
combined-monopole effect contribute. Although this mechanismis
not very sensitive to details, the agreement with a variety of experi-
mental data and the ab initio nature of the effective NN interaction
enhance the reality of the mechanism. The patterns of the monopole
and rest effects in Fig. 4 have been observed in other regions of the
Segré chart”, and their combination, naturally and robustly, gives us
the present dripline mechanism, inwhich the EEdfl interaction provides
their precise magnitudes. It is remarkable that the driplines of F, Ne
and probably Naisotopes are described within a single framework of
EEdflinteraction, despite the large structural changes observed. The
excited states are described also, including the recent data for *°Mg.
As a general outcome, this work proposes two dripline mechanisms:
one with asingle-particle nature and the other with shape deformation
(the collective mode), as shown in Fig. 2b, ¢, respectively. These two
mechanisms are complementary, and may appear alternatively asZ
increases. For instance, the mechanism in Fig. 2b may return for the
magic number Z=20. Theinterplay of single-particle versus collective
aspects hasbeenstudied in many facets of nuclear structure*~°, and s
nowshown to be crucialalsoto thedripline. Including intermediate situ-
ations, itisof greatinterest where and how these two mechanisms arise
as Zchanges as well as how one can observe them experimentally, for
example, by measuring ellipsoidal deformation of the nuclei towards
driplines. Therelation between fission and the present mechanism s
of interest as the limiting case of the dripline in heavy nuclei.



