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Introduction

The region of the nuclear chart where
neutron-rich nuclei with N ≈ 20 show various
exotic features that are incompatible with the
N = 20 shell closure is known as the “island of
inversion” [1]. In this region, the ground states
of nuclei exhibit dominant contributions from
intruder orbitals due to a significant reduction
in the energy gap at N = 20 between the sd-
and fp shell. Over recent years, this region
has garnered much attention within the nu-
clear physics community, both for understand-
ing shell evolution away from the stability line
and for the development of sophisticated shell-
model interactions.

The keys to understanding the N = 20 shell
closure and its transition into the “island of in-
version” region lies in analyzing the evolution
of neutron orbitals or particularly the single-
particle states representing them. Significant
effort has been made to explaining the proper-
ties of nuclei in this region using phenomeno-
logical interactions. However, to understand
these properties starting from the 2N and 3N
nuclear forces or from ab initio effective inter-
actions have been extremely challenging [2].
In the present article, we have investigated
the evolution of single-particle states in the
N = 21 isotones to understand the evolu-
tion of N = 20 shell gap through ab initio
effective interactions. These effective interac-
tions were derived from realistic nuclear forces
nonperturbatively using the In Medium Sim-
ilarity Renormalization Group (IMSRG) ap-
proach. Additionally, we discuss the collective
properties, intruder contributions, and multi-
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particle-hole excitations associated with these
single-particle states in detail.

Formalism
In the IMSRG approach [3], the Hamil-

tonian in the large Hilbert space is evolved
through the flow equation given by

dH(s)

ds
= [η(s), H(s)] , (1)

where ‘s’ is called the flow parameter and η(s)
is known as the anti-hermitian generator. This
generator η(s) performs the necessary unitary
transformation to obtain an effective Hamilto-
nian for the chosen model space. The Hamil-
tonian in the second quantized form is ex-
pressed as

H = E0(s) +
∑
ab

fab(s){a†aab}

+
1

4

∑
abcd

Γabcd(s){a†aa
†
badac}.

Here E0, fab, and Γabcd represent the zero-,
one- and two-body terms of the Hamiltonian,
respectively, and are normal ordered with re-
spect to an ensemble reference state. To make
the computations tractable, the Hamiltonian
is truncated at two-body level but includes the
contributions of 3N forces through normal or-
dering. This is known as IMSRG(2) approx-
imation. By choosing an appropriate gener-
ator [2], the multi-shell effective interactions
(VS-IMSRG) are decoupled for valance space
spanning sd- shell for protons and sd- shell
with f7/2 and p3/2 orbitals for neutrons in or-
der to study the “island of inversion” nuclei.

Results and Discussion
We have shown some preliminary results of

the work in Fig. 1. The ground states in
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FIG. 1: Low-lying excitation spectra in N = 21 isotones.

N = 21 isotones are well reproduced from VS-
IMSRG interactions. The excited states are
also in good agreement with the experimental
counter parts. However, in contrast to experi-
mental data, the energy spacing between 3/2−

and 7/2− state in 33Mg is enhanced in VS-
IMSRG calculations. When the N = 20 shell
closure persists, the expected ground state is
7/2−, which is observed in the case of Ar to
Si isotopes. The appearance of 3/2− as the
ground state is a clear indication of the break-
down of the N = 20 shell gap in Ne and Mg.
The ground states in these nuclei are formed
by mixtures of normal and intruder or multi-
particle-hole (npnh) configurations where the
intruder configurations dominate. The proba-
bilities of 2p2h excitations in Ne and Mg are
64% and 82%, respectively, while the ground
state in Si is dominated by normal configu-
ration or 0p0h excitations with a probabil-
ity of 76%. In the N = 21 isotones, we
have studied both positive and negative parity
single-particle states, their systematics, and
the probabilities of multi-particle hole config-
urations involved in them.

The deformed natures of the single-particle
states are addressed by calculating the E2
transition strengths that connect them, along
with their quadrupole moments. The VS-
IMSRG results suggest deformed ground
states in the Ne and Mg nuclei located in the
“island of inversion” region, consistent with
experimental observations [4]. Nuclear mag-
netic moments provide direct insights into the
composition and single-particle structure of

the wave functions. Additionally, we have
analyzed the ground state magnetic moments
and their evolution as we approach to the “is-
land of inversion” region. It can be noted that
the E2 strengths and magnetic moments are
calculated from the E2 and M1 operators that
are consistently evolved through the IMSRG
framework. Hence, the E2 and M1 observ-
ables are calculated using bare charges and g-
factors of protons and neutrons, unlike tradi-
tional shell model interactions where effective
charges and g- factors are used. All the re-
sults will be presented and discussed in detail
at the conference.
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