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The dependence of the E2 matrix elements on isospin projection 7, is linked to the conservation of the isospin
symmetry. To study this conjecture, we calculated the B(E2:2* — 0%) rates for the even-even T = 1 mirror
nuclei with 42 < A < 98 within nuclear density functional theory, employing the generalized Bohr Hamiltonian,
and carrying out angular momentum projection. We demonstrated that collective effects are crucial for describing
experimental data near the N = Z line without invoking explicit beyond-Coulomb isospin symmetry-breaking
corrections. We also determined the B(E2J) values for odd-odd T, = 0 nuclei "*Br and "®Y in doubly blocked
configurations. We discussed the requirements for accurately describing isobaric analog states and emphasized
how current theoretical results should be interpreted within the study of isospin symmetry across isospin triplets.

DOI: 10.1103/5wkc-7gmf

I. INTRODUCTION

The studies of nuclei in the vicinity of the N = Z line offer
unique opportunities to test nuclear models and the degree
of isospin-symmetry breaking in nuclei. In N ~ Z nuclei, the
large overlaps of neutron and proton wave functions enhance
the T = O part of the neutron-proton (np) interaction, a driver
of nuclear collectivity. Indeed, some of the most collective
low-lying nuclear states are found along the N = Z line in the
A ~ 80 region [1].

A key driver for studies of nuclei around N = Z is the
dependence of nuclear structure effects on isospin [2-5].
In members of an isobaric multiplet, isobaric analog states
(IAS) exist in isobars with different isospin projections,
T, = # The IAS are structurally very similar, with any
small differences in wave functions attributed to the effect
of isospin-breaking interactions such as those of electromag-
netic origin. In particular, isobaric triplets with 7 =1 and
T, = 0, 1 (isotriplets) have been an active area of studies of
isospin-related effects since a detailed spectroscopy (energies
and transition strengths) is experimentally possible for all
three members of the isomultiplet.

This is especially the case where the two T, = %1 isobars
are even-even nuclei and the 7, = 0 isobar is an odd-odd
system. This is because, in the odd-odd N = Z isobar, the
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T =0 and T = 1 states compete at very low excitation en-
ergy. Indeed, it is only in the odd-odd N = Z nuclei with
T =1 ground states that the nuclear ground state has T >
|T;|. During the recent years, isotriplets have been the target
of experimental studies [6—10] focusing on the variation of
“analog” B(E2) transition strengths with T, i.e., the tran-
sitions between the T = 1, J7 = 2% excited states and the
T = 1,J™ = 07 ground states. Probing the variation of B(E2)
rates across isotriplets is the focus of this theoretical work,
a study that enables the investigation of possible structural
variations along the isotriplet.

II. GENERAL CONSIDERATIONS

In the limit of pure isospin symmetry (i.e., in the absence
of isospin-breaking interactions), there are exact predictions
for the variation of analog transitions matrix elements with T
that come directly from the isospin formalism. These rules
originate from the fact that nuclear current density can be
separated into an isoscalar and isovector part [11], which
allows the extraction of isoscalar and isovector components of
matrix elements. (Strictly speaking, the E2 transitions, which
are of main interest in this study, depend on the distribution
of the nuclear charge density p., rather than the proton den-
sity p,. As discussed in Ref. [12], o, is obtained by folding
pp with the nucleonic charge distributions. Additional correc-
tions come from the effect of center-of-mass projection. We
estimated these corrections to have practically no effect on the
quadrupole moments and B(E?2) rates, considering the typical
experimental uncertainties. Therefore, in the following, we
base our discussion on the proton density.)

For a set of isospin-conserving (T — T') analog transitions
within a multiplet, the variation of the proton E2 matrix

Published by the American Physical Society
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element with 7, can be written as [13]
My(T,) = 3[My — M T.], (H

where M, and M are the isoscalar and isovector components,
respectively. Thus, in the limit of isospin symmetry, the proton
matrix element should be linear in 7, along the isomultiplet.
Conversely, any observed deviation from linearity must imply
a breakdown of the IAS isospin purity. For isotriplets with
T, = 0, =1, the measurement of the three B(E2)s, which are
proportional to |M,,(]})|2, is sufficient to test this rule, by
looking for deviations from the predicted linear behavior.

The linearity test requires three high-precision transition-
rate measurements, and this limits the availability of high-
quality data. Below A = 50, such an analysis has been carried
out in Ref. [8] where it was demonstrated that the decom-
position (1) works fairly well. However, two recent results
for heavier nuclei have indicated deviations from linearity.
First, a recent analysis of B(E?2) rates in the A = 70 isotriplet
("°Kr, "Br, 7°Se) [6], with the B(E2) for "°Kr around 60%
larger than that of °Se, and the value in the odd-odd "°Br sig-
nificantly reduced. They suggested that shape variation across
the isotriplet could be a possible explanation. The second in-
stance is the unexpected behavior in the B(E2) measurements
in the two members of the A = 78 isotriplet [1], "8Sr (7, = 1)
and 8y (T, = 0), where the B(E2) in "3Sr is around 50%
larger than in the N = Z system ’®Y. While the proton-rich
member of the isotriplet, 787, still remains to be measured,
the continuation of a linear trend across the isotriplet would
result in highly asymmetrical B(E2)s between the even-even
Mirrors.

Experimental studies of nuclei near the N =Z line
cannot be quantitatively interpreted in terms of the isospin-
conserving frameworks, as this symmetry is explicitly broken
by the electromagnetic interactions. But the opportunity is
there: detailed experimental information can shed light on
the mechanisms of isospin symmetry breaking. The impor-
tant questions to ask in this context are (i) Is the theoretical
description of the electromagnetic effects near the N = Z line
sufficiently precise? (ii) What data contain signatures of the
isospin-symmetry breaking interactions beyond the Coulomb
force? (iii) What is the role of isospin in forming low-lying
states of the isotriplet?

Let us first comment on point (i). Even if the electro-
magnetic interactions in nuclei are significantly weaker than
the strong force, their detailed impact on nuclear structure is
highly nonperturbative [14,15]. Within a variational approach,
such as the nuclear DFT employed in this study, the Coulomb
force is fully accounted for. Consequently, near the N = Z
line, the deformed single-particle energies and wave functions
of neutrons and protons will usually differ. As a result, the
deformation properties of the 7, = 4=1 members of isotriplets,
which are essential for the B(E2) transition analysis, may or
may not be similar depending on underlying configurations.

The Coulomb force is predominantly a combination of
isoscalar and isovector terms with a weak isotensor compo-
nent. Therefore, it contributes to and defines the slope of the
linear trend (1), and also induces weak departures from the
linear behavior. The Coulomb force is also believed to im-
pact other components of nuclear interaction, such as pairing

[16]. For instance, to accommodate the experimental odd-even
mass staggering, the effective proton and neutron pairing in-
teractions in atomic nuclei differ [17]. Since nuclear low-lying
collective modes are strongly affected by pairing [18-20], one
expects to see isospin-violating effects in the structure of 2+
states and £2 matrix elements.

III. STRUCTURE OF IAS IN ODD-ODD NUCLEI

The standard approach to describing paired odd-A nuclei
is within the so-called blocking approximation, whereupon
a single quasiparticle is created atop an even-even quasi-
particle vacuum. Within the quasiparticle pairing theory,
such as Bardeen-Cooper-Schrieffer (BCS) or Hartree-Fock-
Bogoliubov (HFB), this corresponds to the occupation
probability of one single-particle state becoming equal to
one and that of its canonical partner becoming equal to
zero, and to the total energy increased by the corre-
sponding pair-breaking contribution [21]. The corresponding
independent-quasiparticle wave function in a canonical-HFB
representation can be written as

/
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where o represents space-spin quantum numbers of a blocked
state (e.g., its Nilsson labels) and 7ty represents its isospin
projection n or p, uy,, and v,, are canonical occupation co-
efficients, & represents canonical partner state of state «, and
|0} is the single-particle vacuum. The prime symbol indicates
that the product runs over one-half of the states, customarily
denoted by « > 0, that is, the partner states @ are excluded
from the product. Evidently, for 7o = n or p, state (2) repre-
sents the state of an odd-N or odd-Z nucleus, respectively.

Similarly, one would think that states of odd-odd nuclei can
be approximated by blocking one proton quasiparticle in state
app and one neutron quasiparticle in state &on, i.e.,

!’
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where the selection of the blocked partner state &p, charac-
terized by an opposite projection of angular momentum on
the axial symmetry axis, aims to model the J, = O states in
odd-odd nuclei.

The doubly blocked states (3) can form a useful basis to
describe odd-odd nuclei. Therefore, in the self-consistent the-
ory, the total energy contains neutron and proton pair-breaking
energies corrected by contributions from the proton-neutron
interaction between the blocked particles.

When approaching the N = Z line, however, things get
complicated. Consider the hypothetical T = 1,7, = 0 IAS
state in an odd-odd nucleus with N = Z obtained by acting
on the ground state of an even-even 7, = F1 nucleus with the
isospin ladder operator 7'

Wins(T = 1, T, = 0)) = —=T4 |V o(T = 1, T, = F1)).

“

L
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To gain insights into the structure of the IAS state in the
single-particle (s.p.) basis, we assume that the underlying
Hamiltonian is isospin invariant, which implies that the s.p.
proton and neutron wave functions are identical. By taking
the isospin ladder operators in the usual form

~1—

T_ = Z(aapaom + a;pa&n)s (5)

and approximating |W._.(T =1, T, = :Fl)) by the quasipar-
ticle vacuum |WF ) = 1, (u, + vfraltam)w) one obtains
(22]

H (uf, +vialal))0)

atFan,ap

T=1
[Wias) = Zuap Van S

2 : T=1
- uan apSa

H (g, + val,al)l0), (6)

at#an,ap

where

1 Tt T
ﬁ(a%aan +a,,a5) @)
represents a time-even proton-neutron pair with 7 = 1. We
note that the equality of two forms of |Was) given in Eq. (6),
which reflects the analogous equality in Eq. (4) is based on
symmetry of the occupation factors v, =v} and vy, = v} »
in the T, = =1 mirror nuclei.

By inspecting Eq. (6), one concludes that the IAS wave
function is not a product state associated with a doubly
blocked even-even vacuum (3) but rather a coherent super-
position of the blocked 7" = 1 proton-neutron pairs atop the
even-even quasiparticle vacua. However, the contributions
from individual components are weighted by factors ucfpv;rn =
UgyVqp» 1.€., they are peaked around the corresponding neu-
tron and proton Fermi levels. It is now clear that by taking
a symmetrised combination of the double-blocked states (3)
at the Fermi levels, we obtain not a complete IAS (6) but
only its dominating component. Note that in the absence of
pairing, the sum in Eq. (6) will be reduced to only one term
associated with the valence neutron level « occupied in the
T. = 1 nucleus (v}, = 1) with the proton level « being empty
(ul, = » = 1) (the opposite holds for the 7; = —1 system).

A similar interpretation of IAS T = 1 states in odd-odd
N = Z nuclei has been offered by the iso-cranking approach
[23,24] based on the so-called false vacuum situated midway
between the vacua of even-even 7, = %1 neighbors.

T=1 _
S,T =

IV. THEORETICAL MODELS

This section summarizes the theoretical approaches em-
ployed in this work. While they are all based on nuclear DFT,
they differ in how the low-energy B(E?2) rates were extracted
from intrinsic self-consistent densities.

A. Generalized Bohr Hamiltonian

To describe quadrupole collective excitations and de-
termine the values of B(E2:2" — 0%), we utilized the

generalized Bohr Hamiltonian (GBH) [25-27], which en-
compasses the rotational and vibrational motion associated
with quadrupole deformations (8, y). The general form of the
GBH is given by

Heot = Toip + Trt +V (B, ¥), (8)

where

N 1 1 4 |7
Tvib=—2—W 5 a| B EBV)/ dp
_aﬂ<ﬁ3\/EBﬁy>ayi|
w
—1 0 \/7 in 3y )B 0
T asmay | o\ S G IBey |9
13 \/7 in(3y)B 0 9
+E y ESIH( }/) BB 14 s ( )

_1 23: Q)
frot =3 < 4By (B. y)B? sin® (y — 2k/3)’

(10)

where V (8, y) is the potential energy of the nucleus, By (k =
1,2, 3) are three components of the rotational moment of
inertia, Bgg, Bg,, Bg, are components of the quadrupole vi-
brational ineria tensor, and J; denotes the k-component of
the angular momentum in the nuclear body-fixed frame. All
inertia (mass parameters) are parametrized in terms of the
Bohr deformations 8 and y. In Eq. (9), we used the short-
hand notation: w = BggB,, — Bzy and r = B.B,B;. The six
mass parameters used in the GBH have been systemati-
cally obtained via the cranking approximation [28,29] from
constrained HFB calculations for each nucleus under consid-
eration following the procedure of Refs. [30,31]. It is worth
noting that the rotational and vibrational inertia strongly de-
pend on pairing [20,27].

The constrained HFB calculations were performed in the
basis of 16 major oscillator shells using the HFODD code
[32-34], version (3.08h), at every point in the (8, y) de-
formation plane. A step size of 0.05 in the 8 deformation
parameter and 6° increments in the y deformation parameter
adequately cover the (B, y) plane to allow reliable energy
spectra and the reduced B(E?2) transition probabilities to be
obtained. To account for the neglected time-odd mean fields,
this work follows the common practice [35-37] of uniformly
rescaling the inertia by a factor of 1.3. We demonstrate the
effect of this approach, citing both scaled and unscaled sets
of results; however, the full adiabatic theory must ultimately
be employed, as in Ref. [38], which will be addressed in a
forthcoming publication. We refer the reader to Ref. [27] for
further discussion on the GBH.

B. Quadrupole collectivity for axial states

We also performed calculations using the computational
scheme given by a representation of wave functions and fields
on the real-space grid in cylindrical coordinates. Here, the
code SKYAX [39] was used to obtain the collective potential

064311-3
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energy surfaces (PES) and collective inertia along the axi-
ally symmetric quadrupole deformation path. Together with
an interpolation into the triaxial y direction, this provides a
microscopic determination of the Bohr Hamiltonian (8)—
(10) in axial symmetry and allows for the computation of
quadrupole correlation corrections to the ground state and
low-lying excitations [26,40]. Approximate angular momen-
tum projection is then performed within the topologically
adapted Gaussian overlap approximation (topGOA) [40—43].

The starting point for topGOA is the raw PES V(8)
which is the energy of a mean-field state |®g) constrained
at quadrupole deformation 8. The rotational moment of iner-
tia O o< By and the quadrupole collective mass Mg o< Bgg
along the quadrupole deformation path are computed within
the self-consistent cranking approximation [44].

A mean-field state |Pg) is not an eigenstate of B but em-
bodies some spurious quadrupole fluctuations. The effect of
these fluctuations on the energy is called zero-point energy
(ZPE) which has to be subtracted from the raw PES V(8)
before computing the true collective fluctuations. The ZPE-
corrected PES can be written as

V(B) =V(B) — (Ezpe.p + EzpE rot), (11
where
2+ 17
EZpE ror = <2®—mj)g(<13)/2), (12)
3,9,
Evep = P [~ g((12)2) (13)
B

fol dx n(x? — 1)’ =D
fol dx en®*=1)

The important ingredient is the factor g(n) which determines
the relative contributions of the vibrational ZPE correction
Ezpg g and the rotational ZPE correction EzpE ro. It has been
derived within the topGOA [41,43]. Tests for simple nuclei
and schematic models have shown that Ezpg .o is a good
approximation to angular momentum projection for J = 0 for
medium-heavy and heavy nuclei.

The numerical representation in terms of oscillator func-
tions as in HFODD or on a coordinate-space grid as in SKYAX
makes little difference if the precision of the calculations is
high. There is, however, a basic difference in the handling of
pairing space in both codes. The solver HFODD uses a high
pairing cutoft (about 60 MeV) in the space of quasiparticle
energies. The solver SKYAX deals with a smaller cutoff, 5-15
MeV above Fermi energy, and the truncation is made in the
space of natural orbitals, see, e.g., [39,45].

g(n) = (14)

C. Angular momentum projected DFT

As an alternative way to determine the values of
B(E2:2% — 0%), we utilized the code HFODD, version
(3.280), [32-34] to perform systematic nuclear DFT calcula-
tions for all even-even T = 1 mirror nuclei with 42 < A < 98
with axial symmetry enforced, followed by the exact angular
momentum projection (AMP) [46]. For these calculations, we
increased the proton and neutron pairing strengths by 20%

relative to the original UNEDF1 parametrization to account
for the effects of the Lipkin-Nogami approximate particle
number projection [46].

To this end, we performed a series of HFB calculations
constraining the quadrupole moment Q5 on a grid with a
step size of 0.5 b. After identifying local energy minima on
the grid, we carried out unconstrained calculations to find
prolate, oblate, or spherical HFB solutions. We then used
AMP to project each solution onto good angular momentum
I and determined the B(E2) rates from the initial and final
projected states. The minima can be characterized using either
the dimensionless Bohr deformation parameter 8 or the proton
intrinsic quadrupole moments Q»¢(p), which are convention-
ally linked as follows:

&% 5
B =4 “;Zj;)” = 32—@@0@), (15)

where R = 1.2A'/2 fm.

We paid particular attention to the isotriplets with A = 70
and A = 78. To calculate odd-odd N = Z nuclei, we first
constrained the particle numbers without blocking to ob-
tain the axial false quasiparticle vacua. Then, we broke the
time-reversal, signature, and symplex symmetries and used
the z component of the isoscalar angular frequency vector
of iw, = 0.001 MeV to quantize the single-particle angular
momenta along the axial symmetry axis.

As previously discussed, the IAS is a coherent su-
perposition of blocked T =1 proton-neutron pairs, with
contributions from different states peaking around the Fermi
surface. To identify the states at the Fermi surface, we ex-
amined the ground states of the closest isotopes (isotones) to
the odd-odd nuclei. We connected them to the Nilsson labels
of the single-particle neutron (proton) states to be blocked.
For neutrons (protons), we then selected states with positive
(negative) z-projections €2, of angular momentum, ensuring
that the total angular momentum projections summed to zero.

We note that the doubly blocked states obtained in this
way break the signature symmetry, allowing both even and
odd angular momenta to be projected from the intrinsic states.
However, since the signature operator simply exchanges the
blocked neutron and proton quasiparticles, the even and odd
angular momenta form the 7 = 1 and 7 = 0 rotational bands,
respectively. Finally, the doubly blocked HFB solutions were
converged and projected onto good J =0 and J =2 an-
gular momenta. This allowed for the determination of the
B(E2 : 2% — 0%) values for individual two-quasiparticle (2-
qp) states (3) of odd-odd N = Z nuclei [1].

V. RESULTS AND DISCUSSION

This section discusses our findings. We first present the re-
sults for even-even 7' = 1 mirrors within the mass range 42 <
A < 98. Next, we discuss the A = 70 and A = 78 triplets.

A. Global analysis of T = 1 mirror nuclei

Medium-mass nuclei with N & Z are known to ex-
hibit strong coexistence effects with spherical, prolate, and
oblate configurations competing energetically at low ener-
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0) (MeV)

E - E(B=

FIG. 1. HFB potential energy curves, obtained with UNEDF1,
projected on I = 0 as functions of quadrupole deformation g (15)
for the even-even T = 1 mirror nuclei (solid lines: 7, = 1; dashed
lines: T, = —1) considered in this study. Mass numbers are marked.
The energies are normalized to the energy at the spherical shape. The
thicker lines show the results for A = 70 and A = 78.

gies [47,48]. Figure 1 shows the potential energy curves for
even-even mirror nuclei with 42 < A < 98, projected onto
angular momentum / = 0, obtained using the UNEDF1 EDF.
According to the calculations, many nuclei are predicted to
have shape-coexisting minima. The largest oblate deforma-
tions are expected for the A = 66 and A = 70 systems, while
the largest prolate deformations are calculated for the A = 74
and A = 78 nuclei.

The potential energies for 7, = 1 mirror nuclei are gen-
erally very similar when normalized to the spherical energy.
Small deviations, due to the Coulomb interaction, are ob-
served at large deformations, where the energy of the 7, = —1
(proton-rich) system falls slightly below that of the 7, =1
partner, which has a smaller atomic number and Coulomb
energy. This small shift in total energy results in slightly larger
values of || in T, = —1 mirror partners. Despite the small
shifts, shape changes between mirror pairs are unlikely, given
the overall similarity between the potential energy curves. In
particular, the oblate and prolate minima are separated by
~1 MeV in the A = 70 mirror pair, which contradicts the
suggestion of [6] that "°Kr should be prolate and °Se oblate.
We estimated the B(E?2) transition probabilities based on the
predicted energy minima.

Figure 2 presents the results obtained for the B(E?2) using
the GBH and AMP models. Enhanced collectivity is observed
in this region of the nuclear chart, and indeed, we see that
the GBH calculations, which account for shape mixing, yield
better results and demonstrate overall satisfactory agreement
with the experimental data across the entire region of interest.
For AMP, which does not incorporate shape mixing, we dis-
play our results separately for each minima observed in Fig. 1.
As the AMP calculations fall short in comparison to the GBH
and are unable to describe the B(E2) in nearly spherical nuclei
around shell closures, only results for deformed minima are
presented. For nuclei with 74 < A < 84, the HFB calculations
predict two minima: one nearly spherical and one highly de-
formed. Experimental data indicate enhanced collectivity in
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FIG. 2. B(E?2) values for the even-even T = 1 mirror nuclei with
42 < A < 98, compared to the experimental data [1,6-8,49-52], in
(a) full scale and (b) reduced scale. Filled symbols indicate the
T, = 1 nuclei, while open symbols represent the mirror partners with
T, = —1. Experimental values are shown as stars with error bars.
The GBH UNEDF1 predictions are marked with squares. The AMP
UNEDF] predictions at prolate and oblate shapes of A < 84 nuclei
are marked with up-pointing triangles and down-pointing triangles,
respectively.

this region and, therefore, significant deformations. However,

considering only the prolate-deformed minima, AMP yields

B(E?2) values well in excess of experimental data. This indi-

cates that the spherical-deformed shape mixing may play an

important role and that the GBH approach—which accounts

for the distribution of shapes—provides a better description.
In all cases, the difference

AB(E2) = B(E2,T; = —1)— B(E2,T; = +1)  (16)

is positive. This is to be expected, as the mirror nuclei have
very similar equilibrium deformations and the 7, = —1 nu-
clei have larger electric charges. By comparing the results of
GBH and AMP, one observes that AB(E2) frequently varies
between the two models. For heavier systems around A = 82,
this is due to the effects of shape coexistence, as discussed
above. For the lighter mirror nuclei, such as A = 62, this is
attributed to closely lying weakly deformed prolate and oblate
minima.

To complete the overview of GBH results, Fig. 3 presents
predictions for the energy of the first 2% states compared to
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FIG. 3. The energies of the lowest 2% states in even-even T = 1
mirrow partners. The GBH UNEDF1 predictions (squares) are com-
pared to the experimental data (stars) [10,53,54]. T, = +1 nuclei are
marked with filled symbols and 7, = —1 nuclei are marked with open
symbols.

experimental data. The agreement between experiment and
theory is very good for 54 < A < 86. Theory overestimates
E(2}) values in the remaining cases. This aligns with the pre-
dicted B(E?2) values for the A < 54 mirror nuclei, suggesting
reduced quadrupole collectivity compared to the experiment.
The energies of E (ZT) states in the mirror partners are very
close, with the 7, = —1 E(2) energy generally being slightly
lower. The largest deviations from the isospin symmetry are
observed for A = 58 and A = 70.

B. The A =70 and A = 78 isobaric triplets

As we aim to investigate the variation of B(E2) across
isotriplets, we will specifically focus on the A = 70 and A =
78 triplets, where deviations from the linearity test of Eq. (1)
are observed or anticipated.

As shown in Fig. 2, B(E2) values can be influenced
by collective effects that extend beyond the single-reference
mean-field picture. To illustrate this point, Fig. 4 shows the

UNEDF1

EzpE (MeV)

FIG. 4. The zero-point energy corrections Ezpg and Ezpg o for
the A = 70 and A = 78 isobaric triplets.

ZPE (11) for the A =70 and A = 78 isobaric triplets. The
rotational correction Ezpg o 1S zero at the spherical shape,
increases rapidly at moderate deformations, and then levels
off. The difference of Ezpg oy between spherical and deformed
minima exceeds 4 MeV; thus, this represents a significant
correction to the total energy. This correction is automatically
included in the AMP potential energy curves of Fig. 1. As
discussed in Refs. [44,55], the rotational ZPE should be sup-
plemented by the vibrational counterpart Ezpg g. This quantity
peaks around the spherical shape and reaches a value of about
1 MeV at large deformations. The resulting total ZPE Ezpg
increases with deformation and lowers the deformed configu-
rations by 2-3 MeV compared to the uncorrected calculations.
The difference in Ezpg between the mirror partners is small
and steadily increases with deformation. We note that the
zero-point correction to the quadrupole moment is zero as
this quantity is used to generate the constrained collective
trajectory [44].

For the analysis of M,(T;) (1), it is imperative to ad-
dress the physics of the odd-odd N = Z (T, = 0) nuclei. As
discussed earlier, the collective degrees of freedom play a
crucial role in accurately describing quadrupole strength near
the N = Z line, making the GBH formalism the preferred
method for describing nuclei in this region. However, the
extension of the GBH model to odd-odd nuclei that involve
decoupled proton-neutron pairs still needs to be developed.
We conducted double-blocked calculations using the AMP
procedure to gain insights into the B(E2) strengths of the
T, = 0 isotriplet partners. This method notably falls short in
describing spherical nuclei but is, in principle, well suited for
describing deformed nuclei such as "°Br and Y.

The IAS in the odd-odd mirror nucleus is represented by
a superposition of the blocked 7' =1 proton-neutron pair
excitations; see Sec. II and Eq. (6). To analyze this problem,
we first computed the B(E2) matrix elements for several 2-
gp states near the Fermi level in the oblate configuration of
"0Br and the prolate configuration of 7®Y. Figure 5 shows the
corresponding Nilsson diagrams. It is evident that the main
contributions to the IAS wave function (6) are expected to
arise from [310]1/2, [301]3/2, and [404]9/2 states in "°Br, as
well as from [422]5/2, [301]3/2, and [431]1/2 states in 73Y.

Figure 6 shows the values of M, forthe A = 70 and A = 78
isotriplets considering the same shape for the even-even mir-
rors. As discussed earlier, the notable difference between the
BH and AMP results for the even-even mirror nuclei indicates
shape mixing. As shown in Fig. 1, the A =70 nuclei are
expected to be oblate, while a coexistence of closely lying
spherical and prolate shapes is anticipated for A = 78. The
M,, values for "°Kr, °Se, and "®Sr align with these expecta-
tions. The M, values in the 2-qp states of the T, = 0 isotriplet
members show a significant spread. This is due to the different
intrinsic quadrupole moments of associated Nilsson levels,
which give rise to different quadrupole polarizations. We also
highlight in Fig. 6 the linear trend set by the two 7' =1, T, =
+1 nuclei. The different quadrupole polarizations cause the
spread of predictions for the odd-odd N = Z nucleus relative
to the linear trend. As none of the 2-qp states uniquely cor-
responds to the IAS, as discussed in Sec. III, deviations from
the linearity rule (1) are expected.
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Single-proton energies (MeV)

FIG. 5. The Nilsson proton diagrams for "Br (top) and Y (bot-
tom) obtained using the UNEDF1 EDF and plotted as a function of
the total intrinsic quadrupole moment Q,,. (The neutron diagrams
are quite similar; therefore, they are not shown.) Although the wave
functions are strongly mixed in many cases, the asymptotic quantum
numbers [Nn, A]S2 are provided as in Ref. [47] to simplify the identi-
fication of individual levels. The vertical lines mark the false-vacuum
equilibrium quadrupole moments of A =70 (QM" ~ —3.2b) and
A =78 (QNin ~ 7.5b) isotriplets.

The known or extrapolated ground-state spins and parities
of the odd neighbors of ’Br and 7Y are 5/2~ and 5/2%,
respectively. This appears to be adequately supported by the
Nilsson diagrams in Fig. 5, where the Nilsson levels [303]5/2
and [422]5/2 are located near the Fermi levels of N or Z = 35
and N or Z = 39, respectively. However, for these two Nilsson
levels, the departures from linearity shown in Fig. 6 either
overestimate or seem to underestimate those visible in the
data.

As Eq. (6) suggested, a multireference mixing of several
doubly blocked states should be performed to test whether
the IAS hypothesis better aligns with the data. However, our
attempts to carry out such a calculation have failed because
the resulting energy mixing matrix elements turned out to
be strongly perturbed by the self-interaction terms and sin-

-1 0 1 715
(a) ¢ [321]1/2 A=70
16 o [404]9/2
14 % o [413)7/2
L 2
12 $ 301132
310]1/2 .
10 *
% expt. i’
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E o |L® cBH ¢ [303]5/2
= Ky 0By 70Ge
5 3UT(b) o 431]1)2 A=T8
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> 28 B12]3/2 ¢ 4221572 ¢
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|
19 }[431]3/2
16
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FIG. 6. The values of M,(E2) computed with HFB + AMP us-
ing the UNEDF1 EDF for (a) A =70 and (b) A = 78 isotriplets,
compared with experimental data [6]. Different values for the 7, = 0
nuclei correspond to various 2-qp states near the Fermi level.

gularities [46] of the UNEDF1 functional. The search for
well-adjusted, spectroscopic quality, and self-interaction-free
functionals is actively pursued [56-58]. However, the existing
infrastructure is still insufficient to address the B(E2) rates
in the IAS of odd-odd nuclei, and the detailed assessment of
potential deviations from (1) must wait.

VI. CONCLUSIONS

Our theoretical work shows that nuclear DFT describes the
reduced transition probabilities of 7 = 1 even-even mirrors
without explicit beyond-Coulomb isospin symmetry breaking.
However, agreement with data is only achieved when ac-
counting for the enhanced collectivity close to the N = Z line
by employing a suitable model—in our case, the generalized
Bohr Hamiltonian. Although simple angular momentum pro-
jection can reproduce data when the potential energy surfaces
have well-defined deformed minima, it struggles with shape
coexistence and small deformations close to shell closures.

The DFT results come with a caveat. Although no explicit
beyond-Coulomb symmetry breaking exists, collective effects
depend on the effective pairing strengths, which differ for
protons and neutrons due to the asymmetry between corre-
sponding shell structures across the nuclear chart. Thus, in
DFT, differences will always exist between mirror nuclei aside
from different Coulomb repulsion.
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We discussed which state of the odd-odd nucleus is most
suitable for isospin physics studies of isobaric triplets. The
true IAS consists of a superposition of doubly blocked 7 = 1
proton-neutron pairs atop the even-even quasiparticle vacuum.
Our numerical results indicate that double quasiparticle block-
ing close to the Fermi surface, without mixing, does not lead
to the “linearity rule,” and the corresponding B(E?2) values
vary significantly depending on the deformations and slopes
of the Nilsson orbitals. Regarding the linearity rule, we want
to emphasize what follows.

(1) While shell model calculations, commonly used to in-
terpret B(E2) data in isobaric triplets, produce results
within the exact isospin symmetry regime, they lack a
nonperturbative description of the Coulomb and shape
polarizations, which are integral parts of the nuclear
DFT;

(2) No shape change is expected between T = 1 even-
even mirrors with 42 < A < 98, but shape and con-
figuration mixing is a crucial aspect that future DFT
implementations need to address;

(3) Analyzing isospin symmetry-breaking from the linear
trend set by the 7, = 0, +1 members of the triplet can
be misleading;

(4) Currently, no DFT studies accurately describe the
N =Z,T =1 1AS. The existing infrastructure is not
sufficient to capture the complex physics of odd-odd
nuclei. Specifically, there is a need for multi-reference
calculations using self-interaction-free functionals.

Although not addressed in this study, future research on
odd-odd N ~ Z nuclei should consider that the neutron-
proton overlaps are also anticipated to promote the prevalence
of np-pairing correlations. The competition between isovector
T =1 and isoscalar T = 0 np-pairing modes remains a key
question in nuclear structure physics, and presents nuclear
theory with many challenges, see, e.g., Refs. [59—63] and
references therein.

Within the (quasi)local density approximation to nuclear
DFT with pairing, principles of the approach have been laid
down in Ref. [64] but have never been implemented or tested
so far. The principal difficulty here, which has not yet been
widely realized in the previous studies of the np pairing, is that
such pairing implies the proton-neutron mixing [65,66] in the
particle-hole channel. Indeed, for any quasiparticle vacuum,
the density matrix p and the pairing tensor x are linked to
one another by the expression p — p> = kk* [21]. Therefore,
the presence of the three types of pairing, k.., kpp, and K,
implies, in general, a nonzero proton-neutron mixing o,, in
the density matrix. For nuclear matter, this aspect will be
addressed in a forthcoming publication [67].
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