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Abstract: The concept of "SU(3) analysis" is proposed for the B(E2) anomaly based on various mechanisms repor-
ted recently. The B(£2) anomaly is analyzed in the SU(3) symmetry limit. According to the results of the analysis,
the SU(3) third-order interaction [LxQxL]® can generate the level-crossing phenomenon for any mechanism,

which is vital for the emergence of the B(E2) anomaly. Thus, this anomaly is found to be related with the SU(3)

symmetry. The B(E2) anomaly in “0s is also analyzed.
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I. INTRODUCTION

Understanding the deformations of nuclei and how
they change, whether continuously or abruptly, is one of
the fundamental problems in nuclear structure. Quadru-
pole deformations are the most significant. A geometric-
al model with deformation variables £ and y provides a
good description, where f represents the degree of devi-
ation from the spherical shape and y represents the angle
that describes the triaxial deformation. Fifty years ago,
the interacting boson model (IBM) was proposed [1, 2],
which is an algebraic model for describing the collective
excitations (deformations) in the nuclear structure. For
the simplest case, only the s and d bosons with angular
momentum L =0 and L =2, respectively, are considered
to construct the Hamiltonian, which features the U(6)
symmetry. Four dynamical symmetry limits exist: U(5)
symmetry (spherical shape), SU(3) symmetry (prolate
shape), O(6) symmetry (y-soft rotation), and SU(3) sym-
metry (oblate shape) [3]. Shape phase transitions between
different shapes can also be studied using this model
[4—18]. Thus, the IBM provides an efficient theoretical
framework to describe various deformations of nuclei and
their collective excitation behaviors, and it has a broad
impact in the field of nuclear structure.

Although the IBM is self-consistent for describing
various quadrupole deformations, some experimental an-
omalies appear to be indescribable by previous model
Hamiltonians, such as the B(E2) anomaly [19-22] and Cd
puzzle [23-28]. In the B(FE2) anomaly, the ratio
Eypp = Ey: [ Ey; of the energies for the 4], 27 states is
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greater than 2.0 (a feature for the collective excitations).
However, the ratio By, = B(E2;47 — 27)/B(E2;27 — 07)
of the E2 transitions B(E2;4} — 2}) and B(E2;2} — 07)
can be much smaller than 1.0 (a traditional signal for non-
collective behaviors), which cannot be possibly ex-
plained by previous theories on nuclear structure [19—22].
Regarding the Cd puzzle, the experimental data did not
confirm the phonon excitations of the spherical nucleus
[23—27], thereby questioning their existence [28]. Experi-
mentally, the B(E2) anomaly and Cd puzzle can occur in
adjacent nuclei, such as 7>77°Zn [29-31], and even in a
single nucleus, such as '"“Te [32, 33]. Therefore, they
may have a common origin.

Moreover, it was found that nuclei previously con-
sidered to have a prolate shape should be rigid triaxial
[34—36], making previous IBM descriptions not particu-
larly convenient. In such descriptions, the spectra of the
prolate (SU(3) symmetry limit) and oblate ( SU(3) sym-
metry limit) shapes are the same [3]. However, this mir-
ror symmetry cannot be found in realistic nuclei [37].

Therefore, it is necessary to further generalize upon
the existing models. Recently, an extension of the inter-
acting boson model with SU(3) higher-order interactions
(SU3-IBM) was proposed to resolve the aforementioned
various anomalies. In the SU3-IBM, by introducing the
SU(3) third-order and fourth-order interactions, the SU(3)
symmetry limit can describe both prolate (SU(3) second
Casimir operator —C,[SU(3)]) and oblate (C;[SU(3)])
shapes as well as various rigid triaxial shapes (combina-
tions of —C,[SU(3)], C5[SU(3)], and C2[SU(3)]), and even
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dynamical effects independent of the ground state. Thus,
the SU(3) symmetry plays a more important role.

Through detailed analysis, it was found that this mod-
el can better describe the collective behaviors of atomic
nuclei. In particular, it can describe the B(E2) anomaly
and Cd puzzle [38, 39]. Although the B(£2) anomaly can-
not be described by previous nuclear theories [19-22],
many possible explanations have been proposed in the
SU3-IBM and other extended IBM theories [40—48]. The
spherical-like spectra for resolving the Cd puzzle were
actually found in !°Pd [49]. The SU3-IBM can also be
used to explain the prolate-oblate shape asymmetric
transitions in the Hf-Hg region [50—52], to better de-
scribe the y-soft behaviors in Pt [53], to describe the
E(5)-like spectra in 32Kr [54], and to explain the unique
boson number odd-even phenomenon in '"-2%*Hg [55],
which was first reported in Ref. [51]. Furthermore, it can
well describe the rigid triaxiality in 'Er [56]. Recently,
the shape phase transition from the new y-soft phase to
the prolate shape was also reported, with '“Pd being the
critical nucleus [57]. These results have overturned our
traditional understanding of nuclear structure, as they
have captured nearly all shape patterns and provided new
collective patterns for describing various anomalous be-
haviors.

Based on previous studies [40—48], discussions on the
mechanisms underlying the B(E2) anomaly continue. To
date, many possible explanations have been proposed for
this anomaly. More fundamental discussions could clari-
fy certain key parts. We introduce the concept "SU(3)
analysis," which is applied to re-analyze the results ob-
tained in these studies within the SU(3) symmetry limit.
We remove the non-SU(3) symmetry parts of the
Hamiltonian to discuss whether the remaining SU(3)
symmetry part can have the B(E2) anomaly
(B(E2;47 — 27) =0). If this is the case, it may be the
reason for the emergence of the B(E2) anomaly in the ori-
ginal Hamiltonian. For the remaining SU(3) symmetry
part, we assume that the parameter in front of the SU(3)
third-order interaction [Lx Qx L] varies, and the par-
tial low-lying levels and values of B(E2;27 — 07),
B(E2;47 — 27) and B(E2;6] — 47) are analyzed. We
found three new results: (1) The interaction [Lx Qx L]
is critical for the SU(3) anomaly, (2) level-crossing with-
in the SU(3) symmetry limit is crucial for the SU(3) an-
omaly, and (3) not only the value of B(E2;47 — 27) but
also those of B(E2;67 — 4}) and B(E2;2} — 0})can be
anomalous (these values can be 0). Thus, SU(3) analysis
is a useful tool for identifying the real cause. We expect it
can be used in future discussions on the B(£2) anomaly.

II. SU3-IBM HAMILTONIAN

In the SU3-IBM, the U(5) symmetry and SU(3) sym-
metry limits are included (some bias towards the O(6)

symmetry may be also required). In the SU(3) symmetry
limit, the SU(3) second-order Casimir operator
—C,[SU(3)] can describe the prolate shape and the SU(3)
third-order Casimir operator C;[SU(3)] can describe the
oblate shape, which is the fundamental difference from
the previous IBM [52]. The rigid triaxial shape can be ob-
tained by the combinations of the square of the SU(3)
second-order ~ Casimir  operator ~ C2[SU(3)] and
—-G,[SU®3)], C5[SU3)]. Moreover, the SU(3) invariants
[Lx QOxL]? and [(Lx Q)Y x (Lx Q)P are necessary.
The Hamiltonian is as follows:

H = ang +BC,[SUB)] +yC3[SUB)] +6C3SU3)]
+n[Lx Ox L]+ Z[(Lx Q)" x (Lx 0)"]?
+&l?, )

where a, £, y, 0, n, {, and ¢ are fitting parameters;
fig=d'-d is the d boson number operator; Q = [df x 5+

e VT -
s'xd]® - T[d "xd]? is the SU(3) quadrupole operator;

and L= V10[d" xd]?" is the angular momentum operator.
The first four interactions determine the quadrupole
shapes of the ground state of the nucleus and the posi-
tions of the 0* states of the excited levels. The remaining
three ones are dynamical interactions and can be used to
change the features of the non-0" states.

The two SU(3) Casimir operators are related with the
quadrupole second- or third-order interactions as follows:

C[SUB =200+ %ﬂﬁ, )
CISUG = —5 V50 0x 01" - g[ix Ox1]®

)

For a given SU(3) irreducible representation (4,u), the ei-
genvalues of the two Casimir operators under the group
chain U(6) > SU(3) > O(3) are expressed as

ColSUB)] = A2+ 42 +ud +31+ 3y, 4)

C5ISUB)] = é(/l — QA+ +3) (A +2u+3). (5)

The SU(3) irreducible representation (4,u) can be re-
lated with the quadrupole deformation variables f and y
as

B=Bo /P +p2+ u+31+3p, (6)
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and
—), (7

where 3, is a scale factor.
For understanding the B(£2) anomaly, the B(E2) val-
ues are necessary. The E2 operator is defined as

T(E2) = ¢0, ®)

where ¢ is the boson effective charge. The evolutions of
B(E2;2t > 07), B(E2;47 —21), and B(E2;6! — 47) val-
ues are discussed.

II. SUG3) ANALYSIS

The B(E2) anomaly cannot be explained by previous
nuclear structure theories. However, in the extended IBM
with higher-order interactions, it can be described using
different approaches [40—48]. A key problem is to de-
termine whether these explanations are related with the
SU3) symmetry. Evidently, these explanations must be
considered in the SU(3) symmetry limit. To explain the
B(E2) anomaly in realistic nuclei, the boson number oper-
ator 7, is needed in some descriptions or the SU(3) quad-
rupole operator Q is replaced by the generalized quadru-
pole operator Q, =[d" x5+ s'xd]? +y[d' xd]?® (some

7
bias towards the O(6) symmetry means ¥ # —7). Thus,

for SU(3) analysis, the 7, interaction should be removed
(here a_= 0), and Q, is replaced by O again (here

7
X = —7). The non-SU(3) symmetry parts are removed.

If these operations are feasible, the SU(3) analysis exists,
which is important for understanding the emergence of
the B(E2) anomaly. This analysis has been ignored in pre-
vious studies. In this study, we demonstrate that it is crit-
ical.

The B(E2) anomaly implies that B, < 1.0 while
E4;» >2.0. These two quantities involve only 07, 27, and
47 states; therefore, they are important for the success of
any nuclear structure theories. This point is similar to the
magic number in atomic nuclei, which is only related
with the 0] and 27 states. It should be noticed that this
B(E2) anomaly was first theoretically reported in Ref.
[58], but it is not consistent with the experimental data re-
ported in Refs. [19-22], in which the B,, values are
much smaller than 1.0, even reaching 0.33. We found that
the B(E2) anomaly is a phenomenon as important as that
of magic numbers. If a theory cannot explain the B(E2)
anomaly, it is insufficient.

Through numerous careful calculations, we found that
the SU(3) cubic interaction [Lx Qx L] plays an import-

ant role in explaining the B(E2) anomaly. (Whether this
relationship is unique is still unclear). Thus, when dis-
cussing the problem, we let the coefficient # of this inter-
action change and analyze the characteristics of the B(£2)
anomaly.

IV. ANALYSIS RESULTS

A. First example

Next, we discuss the first example using SU(3) ana-
lysis. Fig. 1(a) shows the evolutional behaviors of the
partial low-lying levels as a function of # in the SU(3)
symmetry limit in Ref. [40]. This is the first successful
explanation for the B(E2) anomaly of realistic nucleus
100s. The boson number is N =9. In Ref. [40], the para-
meters are a = 302.4 keV, 8 =-30.09 keV, y =3.79 keV,
6=0.0 keV, n=-10.38 keV, £=0.0 keV, and & =18.66
keV. For SU(3) analysis, let @ =0. The ground state is a
prolate shape with SU(3) irrep (18,0). In that previous
study, the two SU(3) third-order interactions were con-
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n (keV)
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A 20} ! -
I
I
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I
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Fig. 1.  (color online) (a) Evolutional behaviors of the par-

tial low-lying levels as functions of #; (b) evolutional behavi-
ors of B(E2;27 —07) (blue real line), B(E2;4] —2}) (red
dashed line), and B(E2;6] — 47)(green dashed dotted line) as
functions of 5. The parameters were deduced from Ref. [40].
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sidered, unlike the two four-order interactions. From Fig.
1(a), we can see that when # varies from 0 to —20.76 keV
(the middle point n = —10.38 keV is the parameter used in
Ref. [40]), the red dashed line of the 4} state intersects
with that of another 4* state at n = —6.45 keV (the cros-
sover point is marked by the black circle, and the latter
ones are also the same). In Ref. [40], it was reported that
the 4* state in the SU(3) irrep (10,4) becomes lower than
the 4* state in the SU(3) irrep (18,0). In Fig. 1(a), we ob-
serve new features that were not observed in previous
studies. The 6] state intersects with the other 6* state at
n=-4.25 keV (green dashed dotted lines) and import-
antly, the 2} state intersects with the other 2* state at
n=-12.97 keV (blue real lines), all marked by black
circles. Therefore, we are reporting new results.

A key question, which has been noted but not em-
phasized in previous studies, is that the new energy spec-
tra still appear to be ordered and are similar to the con-
ventional ones. It seems natural to put the nuclei '7*Pt,
16817005 | and 'W with the B(E2) anomaly into the en-
tire isotopic evolutions (see Refs. [19—22]). However, the
B(E2) values suddenly change. This is a subtle point that
we would like to emphasize. The thin dashed line at the
middle (p=-10.38 keV) in Fig. 1(a) represents the en-
ergy spectra in the SU(3) symmetry limit discussed in
Ref. [40]. It can be seen that although level-crossing oc-
curs, the change in the positions of the energy levels is
negligible (compared with those at n = 0). Unless the se-
lected parameter is too large, the energy levels are still in
order. If the 7, interaction is added, the changes can be
less significant. This approximate mirror effect is inter-
esting and will be addressed in the future.

In the SU(3) symmetry limit, if two states belong to
different SU(3) irreps., the E2 transitions between them
must be 0. Fig. 1(b) shows the evolutional behaviors of
B(E2;2t —07), B(E2;4t —27), and B(E2;6' —4%) as
functions of #. Note that the B(E2;47 — 2{) anomaly
(here anomaly means that the E2 transition is 0) can ap-
pear when n<-645 keV. Note also that the
B(E2;67 — 47) anomaly can appear when n < —4.25 keV
and the B(E2;2{ —0f) anomaly can appear when
n<-12.97 keV. These anomalies are not mentioned in
previous studies. Importantly, we found that they really
exist in realistic nuclei, such as the B(E2;6] — 47) anom-
aly for ?Zn [29] and B(E2;2{ — 0}) anomaly for 'Os
[59]. We conclude that the B(E2;2} — 0}) anomaly in
160s is critical for understanding the reason why the
B(E2) anomaly occurs in realistic nuclei. The
B(E2;2{ - 0f) anomaly in '®Os has been discussed
within a general explanatory framework [60].

Clearly, SU(3) analysis is a powerful technique to un-
derstand the B(£2) anomaly. Within the SU(3) symmetry
limit, the level-crossing phenomena can occur owing to
the [Lx Qx L]? interaction. If the two levels belong to
different SU(3) irreps., the E2 transition must be 0. This

case is different from the SU(3) corresponding to the ri-
gid triaxial description reported in Ref. [58].

B. Second example

Ref. [41] continued to use the rigid triaxial descrip-
tion. Here, we use '%0s for SU(3) analysis. The SU(3)
corresponding to the rigid triaxial description was repor-
ted in Refs. [61—63]. Then, it was used in the IBM to re-
move the degeneracy of the £ and y bands [64] and to de-
scribe the rigid triaxial spectra [65]. A key step is that
Ref. [50] analyzed the extended cubic (-consistent
Hamiltonian and found a new evolutional path from pro-
late to oblate shapes. This asymmetric shape evolution
was also analytically studied in Ref. [51]. In Ref. [58],
the B(E2) anomaly was first found theoretically by study-
ing the rigid triaxial rotor. Unfortunately, the authors did
not realize that realistic nuclei can exhibit such features in
practice. The main result in Ref. [58] is that, when the an-
gular moment L in the ground band increases, the E2
transitional values B(E2;L} — (L-2)}) really decrease,
but they initially decrease slowly, fufilling B,/, > 0.5.

For '%80s, the boson number is N = 8. The paramet-
ers in Fig. 2 , deduced from Ref. [41], are @ =22 keV,
B=96keV, y=27keV, §=03 keV, n=53keV, { =-45
keV, and £ =94 keV. For SU(3) analysis, let « =0. Fig.
2(a) shows the evolutional behaviors of the partial low-
lying levels as functions of # from 0 to 106 keV; the
middle point is the parameter reported in Ref. [41]
(n=53 keV). Note that the 47 state does not intersect
with other 4* states (red dashed lines), but the 6 state in-
tersects with one other 6* state (green dashed dotted lines
and black circle). As shown in Fig. 2(b), the
B(E2;47 —»2) value can be lower than the
B(E2;2} — 0}) value. Thus, the B(E2) anomaly exists and
results from the rigid triaxial rotor effect. However, the
ratio By, is 0.6 at the middle point, larger than the exper-
imental value 0.34. The fact that the rigid triaxial rotor ef-
fect can give rise to such a small By, value is a problem
that should be studied in the future. Clearly, the
B(E2;67 — 4}) anomaly results from the level-crossing
effect. Here, the SU(3) irrep of the ground state is (4,6)
(v = 35.6° according to Eq. (7)). Therefore, the B(E2) val-
ues are smaller than those in Fig. 1(b) if they exist. Re-
cently, Refs. [47, 48] reported that the small B(E2) anom-
aly can be found for the rigid triaxial rotor in the IBM-2,
which distinguishes between protons and neutrons. In the
SU3-IBM, protons and neutrons can also be distin-
guished, and more complex mechanisms can be found for
the B(E2) anomaly.

C. Third example

In Ref. [41], another group of parameters for
1880swas reported: @ =99 keV, =504 keV, y=3.5
keV, 6§ =0.55 keV, n=43 keV, {=-9.7 keV, and £ =26
keV. For SU(3) analysis, let @ =0. Fig. 3(a) shows the
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Fig. 2. (color online) (a) Evolutional behaviors of the par-
tial low-lying levels as functions of #; (b) evolutional behavi-
ors of B(E2;2f —»07) (blue real line), B(E2:4] —2) (red
dashed line), and B(E2;6] — 47) (green dashed dotted line) as

functions of #. The parameters were deduced from Ref. [41].

evolutional behaviors of the partial low-lying levels as
functions of # from 0 to 86 keV, and the middle point is
the parameter reported in Ref. [41] (7 = 43 keV). Clearly,
the 47 state intersects with one other 4* state at =23
keV (red dashed lines) and the 6] state intersects with
one other 6* state at 7 =30.1 keV (green dashed dotted
lines), which is larger than that of the 4* states at the
crossing point (two black circles). Thus, this B(E2) anom-
aly results from level-crossing effects. However, these
crossing effects may be complex. Thus, confirming real
crossing effects in experimental results requires more ex-
perimental data. If this is the case, the emergence of the
B(E2) anomaly may be an accidental effect. In Fig. 3(b),
the B(E2;47 — 27) and B(E2;67 — 4}) anomalies occur
simultaneously. The SU(3) irrep. of the ground state is
(2,4) (y =35.8° according to Eq. (7)); therefore, the B(E2)
values become smaller, if they exist.

When analyzing the B(E2) anomaly, both the ratio
By, and absolute value of B(E2;2} — 07) should be con-
sidered. If the nuclei '"?Pt, '%%!17°0s , and '°W with the
B(E2) anomaly are put in the isotopic evolutions [19—22],
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0- I‘ — —— -1 —— ——
0.0 21.5 43.0 64.5 86.0

1 (keV)
Fig. 3.  (color online) (a) Evolutional behaviors of the par-

tial low-lying levels as functions of #; (b) Evolutional behavi-
ors of B(E2;2{ —»07) (blue real line), B(E2:47 —27) (red
dashed line), and B(E2;67 — 4}) (green dashed dotted line) as
functions of 5. The parameters were deduced from Ref. [41].

the results vary continuously. This is also key for consid-
ering these spectra as collective excitations. Extremely
small B(E2;2} — 07) values imply a large effective
charge ¢, which may not be reasonable (see Ref. [52]).

D. Fourth example

In previous IBM versions, O(5) symmetry exists
when evolving from the U(5) to O(6) limits, which res-
ults in the crossover of the 07 and 0} states. When the
parameters slightly deviate, significant energy level ex-
clusion can occur [18]. This is important to confirm such
phenomena. Recently, in the SU3-IBM, similar results
were reported in Ref. [54]: it is a level-anticrossing phe-
nomenon.

Important new results were reported recently. In Ref.
[44], the SU(3) quadrupole operator O was replaced by
the generalized quadrupole operator Q,. We also take
105 as an example, settinga =0, 8= -25.0 keV, y=0,
6=0, n=-269 keV, (=0 , £=43.65 keV, and
x =-0.39. For SU(Q3) analysis, let X=—g. Here, the
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SUQ) irrep. of the ground state is (16,0) with prolate
shape. Fig. 4(a) shows the evolutional behaviors of the
partial low-lying levels as functions of # from 0 to —53.8
keV; the middle point is the parameter reported in Ref.
[44] (n =-26.9 keV). Intuitively, this evolutional behavi-
or is similar to those in Fig. 1(a). The 4} state intersects
with one other 4* state at n=-44.8 keV (red dashed
lines), and the 67 state also intersects with one other 6*
state at 7 =-29.4 keV (green dashed dotted lines). The
two crossover points are marked by black circles. This
means that this B(E2) anomaly is also related with the
SU(3) symmetry.

Note that the middle point shows a normal By, value
but is close to the anomalous region. This is interesting,
revealing a new mechanism for the B(E2) anomaly re-
lated with the level-anticrossing phenomenon. This new
mechanism was discussed in detail in Ref. [66]. It was
found that the B(£2) anomaly in the SU(3) symmetry lim-
it and the B(E2) anomaly along the transitional region
from the SU(3) symmetry limit to the O(6) symmetry lim-

5000 | O .
4000 |- 4 "o 1
~ | T T - 3:: S~ <
- -7 B e -y
%3000-“@’ 4, 3

0 I —
Okt e e e o]
-53.80 -40.35 -26.90 -13.45 0.00
1 keV)
a0} T ]
I
I
. 30 :
X .
oY 20t ! _
S |
Q .
10 | B
I
. (b)
1) S— - , , 1
-53.8 -40.35 -26.90 -13.45 0.00
n keV)
Fig. 4. (color online) (a) Evolutional behaviors of the par-

tial low-lying levels as functions of #; (b) evolutional behavi-
ors of B(E2;2] —07) (blue real line), B(E2;4] —2]) (red
dashed line), and B(E2;67 — 4}) (green dashed dotted line) as
functions of #. The parameters were deduced from Ref. [44].

itare closely related. These results can help further ex-
plain the anomalous small B(E2;27 — 07) value in '%°Os
[60].

A reasonable theory may be useful not only for ex-
plaining small By, values but also for considering nor-
mal B(E2;2} — 07) values in '7?Pt, 1%817°Qs, and %W and
for explaining the anomalous small B(E2;2} — 07) value
in '%6Q0s [59]. This is addressed in Ref. [60].

E. Fifth example

In Ref. [46] , a new mechanism at the oblate side was
reported. We also take '®Os as an example, where
=720 keV, B=-7.825 keV, y=2.636 keV, §=0,
n=15.1 keV, {=-1.09 keV, and £=36.87 keV. For
SU(3) analysis, let @ =0. Here, the SU(3) irrep. of the
ground state is (0,8) with the oblate shape. Fig. 5(a)
shows the evolutional behaviors of the partial low-lying
levels as functions of # from 0 to 30.2 keV; the middle
point is the parameter reported in Ref. [46] (p=15.1
keV). Note that the 2] and 23 states intersect with each
other at n=12.1 keV (blue real lines), the 47 and 43
states intersect with each other at n = 4.6 keV (red dashed
lines), and the 6] and 65 states intersect with each other
at n=2.5 keV (green dashed dotted lines). The three
crossover points are marked by black circles. At the
middle point, the By, value is infinity. This is interesting.
We also confirm that this B(E2) anomaly is related with
the SU(3) symmetry. This new mechanism is discussed in
Section V in detail.

F. Brief summary

The results in the aformentioned five examples
broaden our understanding of the B(E2) anomaly. Even if
the conditions that (1) the B(E2;2} — 0}) value exists and
(2) B(E2;47 — 27) is 0 are not satisfied in the SU(3) sym-
metry limit, the B(E2) anomaly may still appear.

If an explanation for the B(£2) anomaly can include a
SU3) symmetry limit, SU(3) analysis should be per-
formed. From the above examples and Refs. [40—47], we
provide a great deal of new results. There are some phe-
nomena that seem to have nothing to do with the SU(3)
symmetry but are actually related with it. This may be a
more complicated mechanism that requires further elab-
oration (see Ref. [66]). In SU(3) analysis, if no level-
crossing occurs but the B(E2) anomaly still appears, it
can be attributed to the rigid triaxial rotor effect. The case
in which no B(E2) anomaly exists in the SU(3) analysis
but the B(E2) anomaly appears when the d boson number
operator is added (which is almost impossible), or O is
replaced by Q,, is critical. A general discussion will be
provided with the extended Q-consistent Hamiltonian in-
cluding up to fourth-order interactions. In a previous
study [38], it was demonstrated that, for this extended
Hamiltonian, when y =0, that is, at the O(6) symmetry
limit, the B(E2) anomaly cannot occur. Thus, it is import-
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Fig. 5. (color online) (a) Evolutional behaviors of the par-

tial low-lying levels as functions of #; (b) evolutional behavi-
ors of B(E2;2f —»07) (blue real line), B(E2:4] —2) (red
dashed line), and B(E2;6] — 47) (green dashed dotted line) as
functions of . The parameters were deduced from Ref. [46].

ant to discuss the evolving region from the SU(3) sym-
metry limit to the O(6) symmetry limit.

For the first and fourth examples, the values of the
parameter # for the fourth-order interactions
[(Lx O)V x(Lx Q)P are 0. Thus, the evolutional beha-
viors of the B(E2) values in Figs. 1(b) and 4(b) are
simple. When these interactions are added, more com-
plex evolutional behaviors can be observed, which is in-
teresting. Although these interactions were studied with-
in the context of the rigid triaxial explanation [41, 46, 47,
58], many details were inadequate. For the second and
third examples, the sign of # is negative, and the evolu-
tional behaviors of the B(E2) values in Figs. 2(b) and 3(b)
become more complex (the evolution lines become
curved). However, they are still similar to the cases in
Figs. 1(b) and 4(b). For the fifth example, the sign of 7 is
positive, and the evolutional behaviors of the B(E2) val-
ues in Fig. 5(b) become more complex than those in Figs.
2(b) and 3(b). Thus, further discussion on the
[(Lx Q)Y x (Lx Q)P interaction is necessary to under-
stand the more complex B(E2) anomaly, for example in

72747 [29-31] and ' Te [32, 33].

V. FURTHER DISCUSSION

In this section, we further discuss the new mechan-
ism presented in Fig. 5 [46]. In Fig. 5(b), the changes in
the wvalues of B(E2;2; - 0f) (blue real Iline),
B(E2;47 — 2}) (red dashed line), and B(E2;67 — 47)
(green dashed dotted line) are similar to those in Fig. 1(b)
but exhibit more complicated behaviors. The key for
these behaviors is the introduction of the fourth-order in-
teraction [(Lx Q)" x (Lx 0)V]®. The effect of the SU(3)
fourth-order interactions on the B(£2) anomaly is com-
plex, and a detailed discussion will be addressed in the
future. Here, just the parameters reported in Ref. [46] are
considered. We can see that the fourth-order interaction
brings in new features.

In Fig. 5(b), when n=15.1 keV (the parameter used
was reported in Ref.[46]), B(E2;2} — 07)=0 while

2000 T T T T T T T T T

1600
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800

E (keV)

400

Y S A AR
0 20 40 60 80 100 120 140 160 180 200
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12 ——T—
10
~N
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Q
4}
2t
0k 1 ) L L 2 2 L ) ) 4
0 20 40 60 80 100 120 140 160 180 200
a (keV)
Fig. 6. (color online) (a) Evolutional behaviors of the par-

tial low-lying levels as functions of a; (b) evolutional behavi-
ors of B(E2;27 —07) (blue real line), B(E2;4] —2}) (red
dashed line), and B(E2;67 — 4}) (green dashed dotted line) as
functions of a. The parameters were deduced from Ref. [46]
(n=15.1 keV).
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B(E2;47 — 27) # 0. Thus, B/, = oo, which is a new result.
When n5=11.325 keV, B(E2;2} -07)#0 while
B(E2;47 — 21)=0. Thus, By, =0, which was reported in
a previous study. For both cases, B(E2;67 — 47)=0.
When n="1755 keV, B(E2;27 —»07)#0,
B(E2;47 - 27)=0 while B(E2;6]7 — 47)#0. When the
fourth-order interaction is introduced, any B(£2) results
may be obtained.

The evolutional trends are similar. Figs. 6—8(b) show
the evolutional behaviors of the values of B(E2;2 — 07),
B(E2;47 — 2}), and B(E2;6} — 47) as functions of a
when n=15.1, 11.325, and 7.55 keV. The evolutional
trends are notably different.

Fig. 9 presents the evolutional behaviors of the By,
values as functions of a for n = 15.1 keV, n=11.325 keV,
and 1 =7.55 keV. Other parameters were deduced from
Ref. [46]. In 8Os, By, =0.34. For p=15.1 keV, the
smallest value is 0.45. In Ref. [46], B/, = 0.53 was used.
In the following section, By, =0.45 is used for result 1

2000 T T T T T T T T T

0k 1 1 1 1 1 1 1 g

0 20 40 60 80 100 120 140 160 180 200

a (keV)

(color online) (a) Evolutional behaviors of the par-

Fig. 7.
tial low-lying levels as functions of a; (b) Evolutional behavi-
ors of B(E2;2] —07) (blue real line), B(E2;4] —2]) (red
dashed line), and B(E2;67 — 4}) (green dashed dotted line) as
functions of a. The parameters were deduced from Ref. [46]
but 5= 11.325 keV.

(black point). For n=11.325 keV and 7.55 keV,
By =0.34 exists (blue and red points) and is used for
results 2 and 3. For comparison, By, =0 is also used for
result 4 when 7 =7.55 keV, which is just the result of
SU(3) analysis on result 3.

VI. B(E2) ANOMALY IN '®80S

If the fourth-order interaction [(Lx Q)" x (Lx Q)"]©
is not added, the B(£2) values of each energy level in the
yrast band can gradually decrease as the angular mo-
mentum L increases [40, 58]. However, when this interac-
tion is added, this change becomes more irregular. This is
important for understanding irregular B(£2) anomalies.

Results 1-3 correspond to the three points (black,
blue, and red) in Fig. 9. Result 4 corresponds to the @ =0
point of the red line in Fig. 9. Let the energy of the 2}
state be equal to the experimental one in '®Os. The para-
meters of the four results are shown in Table 1 and the
fitting values are listed in Table 2. For results 1, 2, and 3,

2000 T T T T T T T T T

1600

1200

800

E (keV)

400

0 20 40 60 80 100 120 140 160 180 200

a (keV)

12 T T T T L T T T

10} / -
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2t / e

0 1 1 1 1 1 1 1 1 1 C

0 20 40 60 80 100 120 140 160 180 200

a (keV)

Fig. 8. (a) Evolutional behaviors of the partial low-lying
levels as functions of a; (b) evolutional behaviors of
B(E2;21 - 07) (blue real line), B(E2;4} —27) (red dashed
line), and B(E2;6] — 4}) (green dashed dotted line) as func-
tions of a. The parameters were deduced from Ref. [46] but
n=17.55keV.
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Fig. 9. Evolutional behaviors of the B4/, values as functions
of a for 7=15.1 keV (black real line), n=11.325 keV (blue
dashed dotted line), and n =7.55 keV (red dashed dotted line).
Other parameters were deduced from Ref. [46].

the energies of the 03 and 27 states increase. For results 1
and 2, the values of B(E2;8f — 6}) are larger. For result
3, the value of B(E2;6] — 47) is larger. Thus, these B(E2)
values are sensitive to the parameters. For result 4, the
results of the SU(3) analysis are shown. The irregularity
of the B(E2) values is clear when L increases. When 7, is
added, result 4 becomes result 3, which exhibits a better
fitting effect. Level-crossing is indeed a possible reason
for the emergence of the B(£2) anomaly. For a better un-
derstanding of the B(E2) anomaly in '®Os, more experi-
mental results are needed.

VII. CONCLUSION

In this study, we proposed a powerful technique for
understanding the B(E2) anomaly, namely the SU(3) ana-
lysis. By analyzing the examples in Refs. [40—47], new
results were obtained. Three of these results are particu-
larly relevant. First, the SU(3) third-order interaction
[Lx Qx L] is critical for the SU(3) anomaly. Whether
this relationship is unique requires further investigation.
Second, when this interaction is added, various level-
crossing phenomena can occur. The causes of the B(£2)

Table 1. Parameters of the four results for fitting '%%0s. The
unit is keV.

o B 4 U ¢ ¢
Res. 1 63.72 -6.23 2.33 13.37 -0.97 41.66

Res. 2 91.58 -10.73 3.62 15.53 -1.50 33.69

Res. 3 107.48 -20.41 6.88 19.70 -2.85 15.36
Res. 4 0 -13.52 4.55 13.05 -1.89 35.93
Table 2. Experimental and fitting values of the four results

for 18 0s. The unit of the energy level is keV whereas that of
the B(E2) value is W.u.. The effective charges of results 1-4
are 3.114 YW.u., 2.2825 YW, 2.823 VW, and 2.900
VW.u., respectively.

Exp. Res. 1 Res. 2 Res. 3 Res. 4
Eyy 341 341 341 341 341
Eyy 857 857 857 867 857
Egy 1499 1607 1586 1642 1898
Egr 2223 2342 2136 2103 2771
Eqor 2983 3522 3248 2960 4213
Eg; 261 380 521 276
Ep 424 463 575 461
Es+ 778 821 962 841
By 1057 1055 1064 1130
B(E2;2f > 07)  74(13) 74 74 74 74
B(E2:47 -27)  25(13) 33 25 25 0
B(E2;67 — 47) 16 16 50 27
B(E2;8F - 67) 57 49 11 0
B(E2;107 — 87) 2.8 2.8 22 14

anomaly in realistic experiments require more experi-
mental research. Searching for additional mechanisms for
the B(E2) anomaly also seems necessary. Third, not only
the value of B(E2;4f —»2}) but also those of
B(E2;67 — 4}) and B(E2;2} — 0}) can be anomalous.
The B(E2) anomaly in '®0Os was discussed. It is critical
to obtain more experimental B(E2) anomaly results.
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