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Abstract: Parameter-free theoretical predictions based on a dual shell mechanism within the proxy-
SU(3) symmetry of atomic nuclei, as well as covariant density functional theory calculations using
the DDME2 functional indicate that shape coexistence (SC) based on the particle-hole excitation
mechanism cannot occur everywhere on the nuclear chart but is restricted on islands lying within
regions of 7-8, 17-20, 3440, 59-70, 96-112, 146-168 protons or neutrons. Systematics of data for
even-even nuclei possessing K = 0 (beta) and K = 2 (gamma) bands support the existence of these
islands, on which shape coexistence appears whenever the K = 0 bandhead 02+ and the first excited
state of the ground state band 2] lie close in energy, with nuclei characterized by 05 lying below
the 21+ found in the center of these islands. In addition, a simple theoretical mechanism leading to
multiple-shape coexistence is briefly discussed.

Keywords: shape coexistence; proxy-SU(3) symmetry; covariant density functional theory

1. Introduction

Shape coexistence (SC) is the term used to describe the situation in which in an atomic
nucleus the ground state band and another band lying nearby in energy possess similar
energy levels, but radically different structures, for example, one of them being spherical
and the other one deformed, or both of them being deformed, but one of them exhibiting
prolate (rugby ball-like) deformation and the other one showing oblate (pancake-like)
deformation. First proposed in 1956 by Morinaga [1], in relation to the spectrum of °O, SC
has been observed in many odd [2] and even-even [3,4] nuclei, recently receiving intense
experimental attention [5] since more cases become accessible through novel radioactive
ion beam facilities.

It has been believed over the years that shape coexistence can occur practically ev-
erywhere across the nuclear chart, despite the fact that experimental examples have been
appearing to cluster into islands on the nuclear chart, as seen, for example, in Figure 8
of the review article [4]. However, it has been recently proposed, within the framework
of the proxy-SU(3) symmetry [6,7], that SC can occur only within the proton or neutron
number intervals 7-8, 17-20, 34-40, 59-70, 96-112, 146-168 [8,9], which form certain hor-
izontal and vertical stripes on the nuclear chart. Furthermore, recent covariant density
functional theory (CDFT) calculations using the DDME2 functional [10,11] suggest that
SC arising from nucleon particle-hole excitations occurs only within certain islands on the
nuclear chart, the islands themselves lying within the stripes predicted by the proxy-SU(3)
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symmetry. In particular, islands of neutron-induced SC, in which SC is due to particle-hole
excitations of protons, caused by the neutrons, as well as islands of proton-induced SC,
in which SC is due to particle-hole excitations of neutrons, caused by the protons, have
been found, in addition to islands in which both particle-hole mechanisms are present
simultaneously [10,11].

In the present work, after a brief review of the proxy-SU(3) and CDFT predictions,
we consider new systematics of data that support these findings. In particular, it is shown
that even-even nuclei with experimentally known K = 0 bands [12], as well as nuclei with
experimentally known K = 2 bands [12], form islands on the nuclear chart, within the
stripes [8] predicted by the proxy-SU(3) symmetry. Furthermore, it is shown that even-even
nuclei in which the first excited state of the ground state band, 2+, and the first K = 0
bandhead, 05, lie close in energy, making these nuclei good SC candidates, also form islands
on the nuclear chart, in agreement with the stripes predicted by the proxy-SU(3) symmetry.
In addition, a qualitative mechanism giving rise to multiple SC [13,14] is briefly described.

2. Harmonic Oscillator (HO) and Spin-Orbit (SO) Magic Numbers

Magic numbers have played a major role since the infancy of nuclear structure. The
first set of magic numbers introduced in nuclear structure was the set of the magic numbers
2,8,20,28,50, 82, ..., which gave rise to the shell model [15,16]. It has been understood that
these magic numbers rise from the three-dimensional isotropic harmonic oscillator (3D-HO)
magic numbers 2, 8, 20, 40, 70, 112, 168, ...[17-19] with the addition of the spin—orbit
interaction [15,16], which is small up to the sd shell, but modifies the composition of the
HO shells beyond this point. More recent experimental evidence [20] led to the distinction
between the HO magic numbers 2, 8, 20, 40, 70, 112, 168, ..., which are valid everywhere
in the absence of any spin—orbit interaction, and spin-orbit (SO) magic numbers 6, 14, 28,
50, 82, 126, 184, ..., [20,21], which are valid in the case of strong spin—orbit interaction
everywhere. It is clear that the shell model magic numbers are a mixture of these two sets,
starting with HO magic numbers in light nuclei and ending up in medium-mass and heavy
nuclei with SO magic numbers.

3. The Dual-Shell Mechanism

A dual-shell mechanism [8], based on the interplay of the HO and SO shells have been
recently introduced, predicting the existence of specific regions in the nuclear chart, in
which shape coexistence (SC) can occur.

From the conceptual point of view, the dual-shell mechanism is based on the fact that
the shell model magic numbers are known to be valid only at zero nuclear deformation,
or close to it. When nuclear deformation comes in, the shell model magic numbers are
not valid anymore, as one can see in the standard Nilsson diagrams [22-24], in which
the change of the nucleon (proton or neutron) single-particle energies as a function of the
nuclear deformation is depicted. The Nilsson model [22,23] consists of a three-dimensional
HO with cylindrical symmetry, to which a spin-orbit interaction is added. Despite its
simplicity, it has been extremely helpful for decades in analyzing experimental data. Away
from zero deformation, one can see in the Nilsson diagrams that the large gaps appearing
above shell model magic numbers at zero deformation deteriorate quickly, while new magic
numbers appear and disappear with increasing deformation. The appearance of new magic
numbers has recently attracted considerable attention, both from the experimental [20] and
theoretical [25] viewpoints.

From the algebraic point of view, the dual-shell mechanism is based on the SU(3)
symmetry of the Elliott model [26-29], prevailing in light nuclei up to the sd shell, and the
proxy-SU(3) symmetry [6,7], proved to be a very good approximation valid in medium
mass and heavy nuclei [21,30]. The dual-shell mechanism predicts that SC can be obtained
only when the proton and/or the neutron numbers, Z and N, respectively, of a given
nucleus, are within the intervals 7-8, 17-20, 34-40, 59-70, 96-112, 146-168. While the right
borders of these regions are the well-known HO magic numbers [17,18], the left borders, 7,
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17,34, 59, 96, 146 form a new set of magic numbers (called the SC magic numbers in this
work), determined by the condition that the quadrupole-quadrupole interaction within the
HO and SO schemes become equal [8,9]. Actually, the intervals just mentioned represent
regions in which the magnitude of the quadrupole—quadrupole interaction (expressed
through the second-order Casimir operator of the relevant SU(3) irreducible representation
(irrep) [7,31,32]) coming from the SO shell exceeds the one coming from the HO shell.

In more detail, in Ref. [8] the third set of magic numbers (the SC magic numbers) has
been determined using the eigenvalue of the second-order Casimir operator of SU(3) [19,31]

Co(A ) = A2+ 12 + A +3(A+p), 1)

where A and y are the Elliott quantum numbers [26-29] characterizing the (A, j) irreducible
representation of SU(3). The Casimir C, is known to be proportional to the quadrupole—
quadrupole operator QQ [26-29], as well as to the square of the collective deformation
variable B [7,33]. For the protons (or the neutrons) of each nucleus, we have two possibilities:
The (A, u) irrep coming from the HO picture, or the irrep coming from the SO picture (see
Table 1 of Ref. [8] for ready-to-use irreps). The need to use the highest weight irreps has
been emphasized in Ref. [7] and fully justified mathematically in Ref. [32]. The SC magic
number occurs at the point at which the SO Casimir, or equivalently the QQ interaction or
the B deformation variable, exceeds the corresponding HO one. Apparently, this point is
related to the onset of deformation [34-36].

If the neutron number N of a given nucleus belongs to one of the above-mentioned
intervals, we say that this nucleus exhibits neutron-induced SC. As we shall see below, this
is the kind of SC occurring in the Pb and Hg isotopes around the Z = 82 shell closure [4],
as well as in the Sn and Te isotopes around the Z = 50 shell closure [3]. In the first case, SC
occurs in the interval N = 96-112, centered around N = 104, while in the second case, SC
occurs in the interval N = 59-70, centered around N = 64.

If the proton number Z of a given nucleus belongs to one of the above-mentioned
intervals, we say that this nucleus exhibits proton-induced SC. As we shall see below, such
a case occurs, for example, in the light (with N < 92) Sm, Gd, and Dy isotopes. SC is
expected in this case just below N = 92 and within the interval Z = 59-72, centered around
Z = 64.

If both the proton and the neutron numbers of a given nucleus lie within the above-
mentioned intervals, we say that in this nucleus SC is both proton-induced and neutron-
induced. As we shall see below, this happens, for example, in the Sr and Zr isotopes in the
region Z ~ N =~ 40.

The regions of the nuclear chart in which SC is expected according to the dual shell
mechanism are shown in Figure 1. The colored regions possess proton or neutron numbers
in one of the intervals 7-8, 17-20, 3440, 59-70, 96-112, 145-168. The horizontal stripes
correspond to the proton-induced SC, while the vertical stripes correspond to the neutron-
induced SC.
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Figure 1. Regions in which shape coexistence can appear, according to the dual shell mechanism of Section 3. The colored regions possess proton or neutron numbers

within the intervals 7-8, 17-20, 34-40, 59-70, 96-112, and 145-168. The horizontal stripes correspond to the proton-induced SC, while the vertical stripes correspond
to the neutron-induced SC. Adapted from Ref. [8]. See Section 3 for further discussion.



Symmetry 2023, 15, 29

50f 14

4. Experimental Evidence for the Shape Coexistence (SC) Magic Numbers

This third set of magic numbers is not entirely unheard of. In the authoritative
review on nuclear magic numbers of Ref. [20] based on experimental evidence, new gaps
corresponding to magic numbers have been identified in N = 6, 16, 32, 34 (see [20], p. 667),
which are very close to 7, 17, 34 of the third set of magic numbers mentioned above. In the
very recent review of the evolution of shell structure in exotic nuclei [25], the new magic
numbers N = 16 and N = 34 emerged when using central and tensor forces in actual
nuclei. We see, therefore, that the first three members of this new set of magic numbers
have already been well established, from both the experimental [20] and the theoretical [25]
viewpoint. For easy reference we shall call them the SC magic numbers, taking advantage
of the fact that they correspond to the left borders of the regions in which SC can appear [8],
while the right borders are the HO magic numbers.

Empirical evidence for the next two members (59, 96) of the SC magic numbers comes
from the parabolic behavior observed when plotting certain energy levels vs. N. Parabolas
in plots of specific nuclear states in even nuclei, such as the 2;" and 4;" states of the ground
state band (gsb) [25,37], or the Z;F band-head of the 7 collective band [38], vs. the neutron
number N have been known for a long time. The parabolas are bordered by the usual shell
model magic numbers.

Parabolas also appear when plotting the 05 states of even nuclei, usually considered
as the band-heads of the relevant 81 collective bands [3,4], vs. N. However, in these cases,
the parabolas are bordered by new sets of magic numbers. 0, states in the Sn isotopes are
bordered by N = 60 and 70 [3], while 05 states in the Hg and Pb isotopes are bordered by
N = 96 and 112 [4]. In Ref. [8], it has been shown that these are regions in which SC is
expected to appear, bordered on the left side by SC magic numbers and on the right side by
HO magic numbers, according to the terminology introduced above.

Over the years some subshell closures, such as Z = 34, 40, 64 have received consider-
able attention [3,4]. Within the framework described above, 34 is a member of the third
(SC) set of magic numbers and 40 is a member of the set of HO magic numbers, while 64 is
the midshell of the SC candidate region 59-70.

The empirical support for the members of the SC magic numbers discussed above,
invites further consideration of the physics underlying them. This task will be undertaken
in Section 6.

5. Islands of Shape Coexistence in Covariant Density Functional Theory

Before considering further experimental evidence in favor of the formation of islands
of SC, it is worth examining what microscopic methods could say in comparison to the
parameter-free symmetry-based predictions of the dual shell mechanism. In this direction,
covariant density functional theory [39-45] calculations using the DDME2 functional [46]
have been performed [10,11] using the code of Ref. [47], in which a finite range paring
force [48,49] has been taken into account in its default value. The main results are shown in
Figure 2. Two islands of neutron-induced SC are seen close to the magic numbers Z = 82
and Z = 50, within the neutron regions in which the parabolas mentioned in Section 4
are observed. In addition, two islands of proton-induced SC are seen close to Z = 64 and
Z = 40 discussed in Section 4 while an island located near N = Z = 40 corresponds to
nuclei in which both neutron-induced and proton-induced SC are active. All islands lie
entirely within the horizontal and vertical stripes predicted by the dual shell mechanism.
Further discussion is deferred to Section 9.
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Figure 2. Islands of shape coexistence found through covariant density functional theory calculations,
as described in Section 5. Islands corresponding to neutron-induced SC are shown in yellow, islands
due to proton-induced SC are exhibited in azure, while islands due to both mechanisms are shown in
green. The stripes in which SC is allowed according to the dual shell mechanism are shown in grey.
Adapted from Ref. [11]. See Section 5 for further discussion.

6. Islands of K = 0 and K = 2 Bands

A systematic collection of experimental data from the ENSDF database [12] for the
collective K = 0 and K = 2 bands in even-even nuclei throughout the nuclear chart has
been performed.

In Figure 3 are shown the nuclei in which well-developed excited K = 0 bands appear,
also listed in Table 1. All even-even nuclei up to Z = 84 and N = 126 have been considered.
104 nuclei are included, fulfilling the following requirements: (a) In Ref. [12] these bands
are denoted as § bands, or quasi-f bands, or K = 0 bands. (b) At least two levels of these
bands are known experimentally.

In Figure 3, the regions in which shape coexistence is expected according to the dual
shell mechanism, i.e., 7-8, 17-20, 3440, 59-70, 96-112, are also shown for both protons and
neutrons.

We see that almost all nuclei with known K = 0 bands fall within a horizontal (proton)
or vertical (neutron) zone, while the few exceptions touch the borders of these zones.

This fact raises several comments and questions:

(1) The appearance of experimental K = 0 bands within certain zones cannot be
accidental. It is understood that searches for K = 0 bands [50] have been performed over
the years in other regions as well, with no K = 0 bands been identified.

(2) K = 0 bands are seen within proton-induced coexistence zones (horizontal zones),
as well as within neutron-induced coexistence zones (vertical zones).
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(3) The nature of K = 0 bands has been disputed in recent years by Sharpey-Schafer [51-53]
and others [50,54]. The present study might lead to additional insights in relation to their
nature.

number of protons

TTTT]

18| 22| |26 so| |sa| a8 [a2 [a6| |so| |sa| [s8[ [e2] [es| 70| [74| [78] [s2

number of neutrons

Figure 3. Nuclei with well-developed K = 0 bands (blue boxes), also listed in Table 1, are given on the
proton-neutron map including the stripes within which proton-induced (yellow) or neutron-induced
(azure) SC can be expected. Based on data taken from Ref. [12]. See Section 6 for further discussion.

In Figure 4 are shown the nuclei in which well-developed excited K = 2 bands appear,
also listed in Table 2. All even-even nuclei up to Z = 84 and N = 126 have been considered.
164 nuclei are included, fulfilling the following requirements: (a) In Ref. [12] these bands
are denoted as y bands, or quasi-y bands, or K = 2 bands. (b) At least two levels of these
bands are known experimentally.

Table 1. Nuclei with experimentally known [12] well-developed K = 0 bands, also shown in Figure 3.
For each nucleus, the angular momentum L of the highest state known in the K = 0 band is shown.
Based on data taken from Ref. [12]. See Section 6 for further discussion. The nuclei in which the
energy difference E(05) — E(2{") is less than 800 keV are shown in boldface and are depicted in
Figure 5. See Section 7 for further discussion of them.

nuc. L nuc. L nuc. L nuc. L nuc. L nuc. L nuc. L
SAr 16 0zy 12 124Xe 4 102Gd 2 l66yp 10 7ew 12 180pg 6
OAr 12 %Mo 2 126Xe 4 154py 12 1%8yp 4 78w 22 182pg 8
40Ca 8 12\ 2 132Ce 4 156Dy 10 170yp 18 1827 4 184pg 6
2Ca 12 MRy 4 Bice 2 18Dy 8 17vp 14 By 4 186pg 6
44Ti 4 110Pd 6 146Ce 6 IGODY 4 174y'b 4 186W 4 1%Pt 2
%Ge 10 2pd 4 MSNd 8 2Dy 28 1%yp 2 05 g I8Hg 20
70Ge 8 110Cd 6 150Nd 6 166Dy 2 l78\[b 4 1740s 6 186Hg 28
2Ge 6 "?’cd 8 Nd 4 156 Fy 22 18Hf 4 70s 6 1%%Hg 22
2Ge 6 cd 2 Sm 16 158y 4 1OHf 4 70s 6 1%Hg 6
72Se 2 4gn 30 154Gm 6 160Er 2 172Hf 4 1800s 6 184pp 8
76Kr 2 Hégn 14 2Gd 10 162Ey 2 AHf 26 1820g 6 186pp 14
%Sr 18 18gn 12 1%¥Gd 10 164Ey 10 Y7oHf 10 1860s 10 185pp 14
8BSy 6 2Te 18 19°Gd 14 166Fy 12 78Hf 6 1900s 2 194pp 6
%Zr 6 H8Xe 4 18Gd 6 168Ey 6  180Hf 14 19205 2 19%pp 8
Bzr 12 Xe 4 90Gd 4 170y 22 1w 6 7pt 8
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Table 2. Nuclei with experimentally known [12] well-developed K = 2 bands, also shown in Figure 4.
For each nucleus, the angular momenta L, and L, of the highest even and odd states known in the
K = 2 band are shown. Based on data taken from Ref. [12]. See Section 6 for further discussion.

nuc. L, L, nuc. L, L, nuc. L, L, nuc. L, L, nuc. L. L, nuc. L, L, nuc. L, L,
BAr 8 84zr 6 21 1pd 8 13 1BiCe 8 7 ¥py 8 7 6Hf 2 5 80s 6 7
40Ca 13 8Mo 2 5 18pd 4 5 1Nd 4 3 py 22 25 I8Hf ¢ 5 1¥00s 10 5
%BFe 4 3 Mo 2 5 2cd 10 11 ¥Nd 4 3 ©py 18 17 VOHf 4 3 120s 10 7
2zn 6 7 102zr 4 3 MWTe 6Nd 4 5 Dy 14 9 IZHf 6 5 180pt 4 9
7Zn 8 Wpne 4 3 T 6 5 18Nd 6 5 %Dy 4 5 MHE 4 5 18py ¢ 7
“Ge 8 02Mo 6 Maxe 20 136Sm 14 156Er 14 15 YfHf 8 7 1Bpr ¢ 7
66Ge 10 W4V 18 17 M6Xe 6 138Ssm 8 7 B8Er 10 7 8Hf 14 15  18pt 10 9
8Ge 4 7 1Mo 18 17 18Xe 14 11 18Gd 22 160Ey 2 13 B0Hgf 20 15 18pr 24 3
NGe 8 5 108\Mo 12 11 120Xe 28 5 M40gqd 8 7 12y 12 11 YOW 4 3 pt 6 5
68Ge 14 Wpnoe 4 5 12Xe 14 15 1M0xe 13 14gr 18 21 VoW 4 5 192py g 7
0S¢ 14 0Ry 8 9 12xe 10 21 MCe 4 5 16gr 14 13 18w 4 5 194py 4 5
74Ge 6 19 2Ry 10 11 12%Xe 8 7 MNd 6 3 8Er 12 7 Bw 6 7 1pt 8 5
7%6G6e 8§ 9 4Ry 8 7 1BXe 6 5 1Nd 4 3 g 18 19 1w 3§ 5 198py g
G 10 9 %Ry 8 7 2Ba 4 11 ¥2Sm 12 11 2Er 2 5 w12 5 18Hg 20
74Kr 7 18Ry 10 13 *Ba 10 11 Sm 6 7 10yp 2 3 Bw 12 5 1BHg 2 7
7Kr 8 9 MRu 14 15 1%Ba 16 9 12Gd 8 13 12yp 2 3 18w 4 180pp 8
7Kr 10 9 MRu 16 19 8Ba 14 9 Gd 6 7 164yp 4 13 120s 6 5 18pp 12
80Kr 6 7 1Ry 6 9 130Ba 10 5 15%Gd 12 15 %Yp 12 13 *0s 4 5 19pp 8
82Kr 4 5 1Ry 6 5 13¥Ba 12 7 18Gd 6 5 168yp 6 29 17%0s 4 5 1%po 6
84%Kr 10 18Ry 4 3 1%#Ce 32 10Gd 12 7 Yp 16 17 80s 4 5 198pp 4
80sr 10 21 1%pd 10 7 12Ce 4 3 2G4 4 3 12y 4 5 1805 6 9
826 20 9 1Wp4 8§ 5 128Ce 18 9 6Gd 4 5 1yp 4 5 805 6 7
84y 4 9 12p4d 10 13 BOCe 26 Bipy 6 7 176Yp 4 5 B0s 6 5
827y 13 pd 10 13 ¥2Ce 14 5 %Dy 12 15 156Hf 6 18605 12 13

78

0 -

66

El ||

o

=

o

gﬂ I

- W K=2+

i | o i ] RN

number of neutrons

Figure 4. Nuclei with well-developed K = 2 bands (blue boxes), also listed in Table 2, are given on the
proton-neutron map including the stripes within which proton-induced (yellow) or neutron-induced
(azure) SC can be expected. Based on data taken from Ref. [12]. See Section 6 for further discussion.
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The regions in which shape coexistence is expected are shown in the same way as in
Figure 3.

We see that most of the nuclei with known K = 2 bands fall within a horizontal
zone and/or a vertical zone, as in Figure 3. However, in the present case, there are a few
exceptions not touching the borders of these zones.

Comments (1) and (2) made on K = 0 bands apply also to the K = 2 bands. However,
in contrast to the K = 0 bands, the nature of the K = 2 bands as being collective gamma
vibrations has not been disputed [55].

It seems, therefore, that almost all collective K = 0 bands, as well as most of the K = 2
bands, fall within the borders of the regions proposed through the dual shell mechanism of
Ref. [8]. The remaining task is then to distinguish among these nuclei the ones in which SC
is observed from those in which SC is not seen. In this direction, in the next section, we
apply the criterion that the gsb and the excited K = 0 band should be close in energy, in
order to narrow down the islands seen in Figure 3.

number of protons
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42

38

30

26

22

26 30 34 38 42 46 50 54 74 78 82 86 90 94
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Figure 5. Nuclei with energy differences E(05 ) — E(2{") less than 800 keV (blue boxes), are given
on the proton-neutron map including the stripes within which proton-induced (yellow) or neutron-
induced (azure) SC can be expected. Based on data taken from Ref. [12]. See Section 7 for further
discussion.

7. Energy Differences of 0;' and 2;L

For all nuclei exhibited in Figure 3, in which excited K = 0 bands known experimen-
tally are shown, the energy difference of the 05 and 2;" states has been considered. The
energies of the 2T state of the ground state band, the 0" bandhead of the K = 0 (8) band,
and the 2" bandhead of the K = 2 () band, wherever known [12], are shown in Table 3.
Nuclei for which the energy difference E(05 ) — E(2;) remains lower than 800 keV are
shown in boldface in Table 1 and depicted in Figure 5 (see the last paragraph of this session
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for further discussion of this arbitrary choice). These are nuclei for which SC is expected
to appear since the ground state band and the first excited K = 0 band remain close in
energy. All nuclei in which the 0] and 2; states come close in energy lie within the stripes
predicted by the dual shell mechanism.

Table 3. Nuclei with experimentally known [12] well-developed K = 0 bands, also shown in Table 1
and Figure 3. For each nucleus, the energies of the 2 state of the ground state band (2;), the 0
state of the K = 0 () band (Og), and the 2% state of the K = 2 (y) band (2:7F ), taken from Ref. [12],
are shown in keV. The nuclei in which the energy difference E(05 ) — E(2{") is less than 800 keV are
shown in boldface and are depicted in Figure 5. See Section 7 for further discussion.

nuc. 2;' 02’ 2? nuc. 2;‘ 0; 23_ nuc. 2;_ 02{ 2?}" nuc. 2;_ 02{ Zj,'
S6Ar 19704 4329.1 18gn  1229.7 1758.3 156Er 3445 930.1 9305 184w 1112 10025 903.3
OAr 1460.8 21209 122Te  564.1 1357.4 158Er 1922 8064 820.1 186w 1226 883.6 738.0
OCa 52488 3352.6 18xe 3373 8304 9281 160Er 1258 8936 8544 1720s 2278 7583 9188
2Ca 15247 1837.3 120xe 3226 9087 8761 162Er 102.0 10872 900.7 1740s 158.6 5453 8462
4T 1083.1 1904.3 124%e 3540 12689 8465 14Er 914 12460 8603 1760s 1351 601.2 863.6
8Ge 1015.8 17545 1777.4 126Xe 388.6 13139 8799 16Er 80.6 1460.0 7859 1780s 1322 6505 864.4
DGe 1039.5 12156 1707.7 132Ce 3253 11584 8222 168Er 798 12172 8212 13890s 1321 7364 8704
2Ge 8340 6914 B4Ce 4092 15335 9657 17OEr 786 8909 9340 1840s 119.8 1042.0 9429
82Ge 13483 2333.6 46Ce 2585 1043.2 13819 106Yb 1024 1043.0 9324 180s 1372 1061.0 767.5
72Ge  862.1 937.2 48Nd 3017 9169 12489 18Yp 877 11552 984.0 100s 1867 911.8 558.0
7oKr 4240 7699 12217 1ONd 1302 6759 1062.1 70Yb 843 1069.4 11457 1920s 2058 956.5 489.1
%Gy 8149 1229.3 B2Nd 724 1139.0 172yp 787 10429 14659 178Pt 1703 421.0
%Sy 1442 2156 152gm  121.8 684.8 10858 174%Yb 765 1487.1 16340 18Pt 1532 4781 6775
%Zr 17505 1581.6 1545 82.0 1099.3 1440.0 176Yb 821 1139.0 12609 182pt 155.0 499.7 667.8
%B7r 12229 854.0 152Gq4 3443 6154 11092 78Yb 84.0 1315.0 184py  163.0 491.8 6487
1007y 2125 331.1 4G4 1231 6807 9963 168Hf 124.1 9421 8759 18Pt 1915 4715 607.2
100Mo 5356 6951 1063.8 19°Gd  89.0 10495 11542 'YOHf 100.8 879.6 961.3 196Pt 3557 11353 688.7
12Mo 2966 698.3 8479 198Gd 795 11962 1187.1 7?Hf 952 871.3 10753 !84Hg 3668 375.1
104Ru  358.0 9883 8931 0Gd 753 13257 9884 74Hf 91.0 8281 12268 %°Hg 4053 523.0 1096.6
10pd 3738 9467 9312 1©2Gd 716 1427.0 8640 '7°Hf 883 11499 13413 !8Hg 4128 8245
H2pq 3487 11255 813.6 ™Dy 3343 6606 1027.0 78Hf 932 11994 11746 "Hg 4163 12786
0cd  657.8 1473.1 1%py 1378 6756 8905 8OHf 933 1101.9 1199.7 '84Pb 570.0
H2cd 6175 12243 13124 Dy 989 9905 9463 W 156.7 937.1 186pp 655.0
lecd 5135 1282.6 10py 868 1279.9 9662 VW 1083 8433 10402 8Pb 7236 591.0
148n 12999 1953.3 12Dy 807 1400.3 8882 78W 1059 997.0 11104 '**Pb 965.1 930.7
116sn  1293.6 1756.9 16py 766 1149.0 8572 W 100.1 11358 12214 !%Pb 10492 11429

The emerging picture is simple and clear. The nuclei in which the 0] and 2" states are
close in energy can be divided into three classes:

(a) Nuclei in which only the neutrons belong to the intervals 7-8, 17-20, 34-40, 59-70,
96-112. These are nuclei in which neutron-induced SC is expected.

(b) Nuclei in which only the protons belong to the intervals 7-8, 17-20, 3440, and
59-70. These are nuclei in which proton-induced SC is expected.

(c) Nuclei in which both protons and neutrons belong to the intervals 7-8, 17-20,
34-40, and 59-70. These are nuclei in which SC is expected to be both proton-induced and
neutron-induced.

As an example, we assign to these classes all nuclei for which the condition E(0; ) <

E(2") is fulfilled, which appear to be the “core nuclei” around which islands are formed.

. 184,186,188,194 72
C: 82PP102,104,106,112, 35G€40-

(a) Nuclei with neutron-induced S
(b) Nuclei with proton-induced SC: %’2ng56,53.

(c) Nuclei with both neutron-induced and proton-induced SC: %8Ca20.

As a result, some nuclei which appear as border cases of SC from one viewpoint can be

core cases from the other viewpoint. For example, 96’Zng56,5g might appear as border cases
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from the viewpoint of neutron-induced SC, since their neutron numbers lie just outside
the N = 59-70 region, but they are core cases from the viewpoint of proton-induced SC
since their proton number does lie within the interval Z = 34-40. On the contrary, g%Gem
might appear as a border case from the viewpoint of proton-induced SC, since its proton
number lies just outside the Z = 3440 region, but it is a core case from the viewpoint of
neutron-induced SC since its neutron number does lie within the interval N = 34-40.

It should be noticed that the arbitrary choice of the 800 keV cut-off for the energy
difference E(05 ) — E(2{), although arbitrary, does not influence the conclusions drawn in
this section. Lowering the cut-off will make the islands formed around the “core” nuclei
having E(0; ) < E(2]") narrower while raising the cut-off by 200 keV, for example, will
make the islands formed around the “core” nuclei wider, but still lying within the stripes
predicted by the dual shell mechanism.

8. A Mechanism for Multiple Shape Coexistence

While in most cases reported in the relevant review articles [3-5], SC of two bands is
seen, multiple SC has been recently observed experimentally in 1'%112Cd, in which four
coexisting bands have been located [13,14]. We shall see that multiple-shape coexistence
can occur within the dual shell mechanism mentioned earlier in a simple way.

From the considerations made so far, it becomes plausible that in regions of moderate
or large deformation, both sets of magic numbers, the SO magic numbers (6, 14, 20, 28, 50,
82,126, ...[20]) and the 3D-HO magic numbers (2, 8, 20, 40, 70, 112, 168, ...[23]) should
play roles of comparable importance. This implies that in a given nucleus, the valence
protons or neutrons could be described in SU(3) either by the relevant SO irrep or by the
HO irrep. This leads to four possible combinations for protons-neutrons: SO-SO, SO-HO,
HO-SO, and HO-HO. In all cases, the stretched irreps (A, i) = (Ap + Ay, ptp + pn) [56] can
be used as a lowest order approximation. Given the success of the proxy-SU(3) symmetry in
predicting the B and <y deformation variables in much medium mass and heavy nuclei [7],
it is expected that the SO-SO combination would correspond to the ground state band,
while other irreps would correspond to other low-lying configurations. Since in most nuclei
four very different irreps result from these combinations (or three different irreps, if equal
numbers of valence protons and neutrons occupy the same shell), the structures of the
corresponding bands are expected to be quite different. Therefore, if some of them lie close
in energy, multiple SC would arise. It is clear that this simple mechanism can produce up
to four coexisting bands. Further work is called for in this direction.

9. Discussion

The present work accumulates evidence that shape coexistence based on particle-hole
excitations can occur only on certain islands of the nuclear chart, the main relevant points
listed here.

(a) Parameter-free predictions based on a dual shell mechanism within the proxy-SU(3)
symmetry indicate that SC can only occur within the nucleon regions 7-8, 17-20, 3440,
59-70, 96-112, and 146-168, which form horizontal and vertical stripes on the nuclear chart.

(b) Covariant density functional theory calculations using the DDME2 functional
suggest that SC based on particle-hole excitations can only occur on islands of the nuclear
chart lying entirely within the proxy-SU(3) stripes mentioned above.

(c) In parallel, nuclei with experimentally known collective K = 0 and/or K = 2 bands
also lie on similar islands of the nuclear chart located mostly within the proxy-SU(3) stripes,
indicating that a certain amount of collectivity is a prerequisite for the occurrence of SC.

(d) Choosing from the islands of c) only the nuclei in which the 02+ and 21+ states are
energetically close to each other, islands lying entirely within the proxy-SU(3) stripes are
obtained.

In other words, the above findings indicate that SC based on particle-hole excitations
can occur only on certain islands of the nuclear chart. These islands are characterized by the
presence of collective K = 0 and/or K = 2 bands, a fact indicating that a certain minimal
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amount of collectivity is needed for the appearance of SC. The islands get narrower by
insisting on the proximity of the energies of the 05 and 2] states. The islands determined
in this way are in agreement with the islands on which particle-hole excitations can occur
according to covariant density functional theory calculations. The islands also lie entirely
within the SC stripes determined by parameter-free arguments within the proxy-SU(3)
symmetry, using a dual shell mechanism.

Looking the other way around, parameter-free arguments based on the proxy-SU(3)
symmetry suggest that SC can occur only within horizontal and vertical stripes of the
nuclear chart, bordered by the nucleon numbers 7-8, 17-20, 3440, 59-70, 96-112, and 146~
168. Systematics of the appearance of K = 0 and K = 2 bands, as well as of the proximity
of the 05 and 2] states, suggest that SC can be expected on islands lying entirely within
the proxy-SU(3) stripes. This conclusion is corroborated by covariant density functional
theory calculations using the DDME2 functional, indicating that particle-hole excitations
can occur only within the same islands, lying within the proxy-SU(3) stripes.

The possible role of the pairing force should be mentioned at this point. Within the
covariant density functional theory calculations, a finite range pairing force [48,49] has
been taken into account in its default value, while no pairing force has been included so far
in the proxy-SU(3) scheme. The pairing force is known [48,49] to improve the agreement
between relativistic mean field predictions and the experimental values for the collective
deformation variable  (see Figure 4 of Ref. [49]). Although the parameter-free predictions
of proxy-SU(3) for B lie in general closer to the experimental values than RMF results (see
Figure 3 of Ref. [7], for example), it is clear that room for improvement through inclusion
of the pairing force in the proxy-SU(3) scheme does exist.

In view of the above, the proxy-SU(3) stripes represent a necessary but not sufficient
condition for the existence of SC. The stripes are narrowed down into islands by the
empirically seen necessary condition of having adequate collectivity and keeping the 05
and 2 states close to each other. These narrower islands are corroborated by covariant
density functional theory calculations using the DDME2 functional, which indicate that
particle-hole excitations are found only within these islands.

The above findings do not exclude the existence of SC in other regions, based on a
different mechanism. The present results regard SC based on particle-hole excitations, for
which a minimal degree of collectivity seems to be required.

The parameter-free proxy-SU(3) predictions mentioned above are obtained through
a dual shell mechanism, based on the collapse of the usual shell model magic numbers
away from zero deformation, where two sets of magic numbers can be considered, the
HO magic numbers occurring in the absence of any spin—orbit interaction, and the SO
magic numbers, prevailing when the spin—orbit interaction is strong. For a given number
of protons, i.e., within a series of isotopes, the competition between the SO and HO neutron
magic numbers leads to neutron-induced SC. Similarly, for a given number of neutrons, i.e.,
within a series of isotones, the competition between the SO and HO proton magic numbers
leads to proton-induced SC. Within a more general scheme, competition between the SO
and HO magic numbers can occur for both protons and neutrons, leading to multiple shape
coexistence of up to four different shapes.

10. Conclusions

In conclusion, both the dual shell mechanism based on the proxy-SU(3) symmetry and
covariant density functional theory calculations using the DDME2 functional suggest that
SC cannot occur everywhere on the nuclear chart, but is restricted within certain islands.
The existence of these islands is corroborated by empirical evidence for nuclei exhibiting
K = 0 and K = 2 bands and having closely lying 05 and 0;" states.

The predictions of a dual shell mechanism extended to both protons and neutrons for
the regions in which multiple shape coexistence can occur is a project worth pursuing, in
view of the recent experimental findings [13,14].
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