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SU(3) symmetry in the triaxially deformed harmonic oscillator
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An anisotropic harmonic oscillator Hamiltonian can be brought into invariant form under SU(3) transformations
by applying nonlinear transformations to the oscillator bosons. The classification of the single-particle levels
based on this covering group predicts magic numbers for the triaxial oscillator. It is shown that when the
deformation || is not too large, the physical operators are approximated by the group operators. Estimation is
carried out for the alignment of orbital angular momentum in a triaxial field.
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I. INTRODUCTION

The eigenstates of a many-body Hamiltonian are obtained
by projecting the total angular momentum, total nucleon
number, parity, etc. from the Slater determinant, which
consists of the products of the intrinsic single-particle wave
functions. Usually, such an intrinsic single-particle state is
determined self-consistently within the approximation which
is due to a suitable truncation of the single-particle basis. We
adopt the triaxially deformed harmonic oscillator model to
approximate the intrinsic single-particle Hamiltonian instead
of such self-consistent solutions. Our main aim is to find a
general classification scheme for the intrinsic single-particle
wave functions for the case of triaxial deformation, in order that
we can distinguish which single-particle level is lower than the
others, and which kind of energy degeneracy in single-particle
levels exists.

We have extended Elliott’s SU(3) model [1] to axially
symmetric deformed shapes, namely, the superdeformed
bands, the hyperdeformed bands, and the highly deformed
bands [2], where the original harmonic oscillator boson is
replaced by a product of new bosons according to the rational
ratio which approximates a given oscillator strength. The
boson transformation introduced in Ref. [2] is inappropriate
for the triaxial case, since all the harmonic oscillator states
are not exhausted. We encounter the difficulty that the new
boson number becomes fractional, and that there appears a
degeneracy of the vacuum. In the present paper, we propose
a new type of nonlinear transformation in order to avoid the
degeneracy of the vacuum and in order to map all the oscillator
states onto an SU(3) representation. However, the projection
operator has to limit the eigenvalues of the new boson numbers
to physically allowed integral values. We apply our method not
only to the typical case y = 30° but also to 17° ~ 20°, which
has recently been investigated in Lu isotopes [3].

In Sec. II, the deformation parameters § and y are defined
from the triaxial deformed harmonic oscillator potential. In
Sec. III, new bosons for SU(3) are introduced in a general
manner. In Sec. IV, the special case of y = 30° is discussed.
In Sec. V, the relationship to recent topics regarding the case
y ~ 19° is discussed. In Sec. VI, the paper is concluded.
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II. THE DEFORMATION PARAMETERS

The harmonic oscillator Hamiltonian with three frequencies
wy, wy, and w,, where x, y, and z are the principal axes in the
body-fixed frame, is given by

H= ﬁpz-i-%(wixz—i—a)f,yz-i-wfzz). (1)
The deformation parameters § and y are related to the three
frequencies by
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where wy is the oscillator strength in the spherical limit with
hwy = 41A713 MeV, and A denotes the mass number. Here,
we choose the Lund convention for y. Within the region 0° <
y < 60° and for positive §, the inequalities w, > w, > w;,
correspond to R, < R, < R;, where R; describes the nuclear
radius in the k direction (k = x, y, z). On the other hand, for
negative 8, the inequalities w, < w, < @, hold corresponding
to Ry > R, > R;.If we assume § to be small and take only its
first order in the Nilsson potential, Eq. (2) reduces to

[6)
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wy = Wy |:1 + g(x/gsiny + cos y):| ,

wy = wy |:1 + g(—\/gsiny + cos y)} , 3)

(1-Feosr)
w, = wy 1—?005)/ .

The volume conservation condition w,wyw, = @y} is satisfied
by Eq. (3) up to the first order in §, and its square, i.e., a)g, is
satisfied by Eq. (2), also up to the first order in §. In the present
paper, we adopt the parametrization given by Eq. (3) rather than
Eq. (2) as a model of triaxial deformation. Here, we remark

that § is the same as 8, in Bohr-Mottelson’s textbook [4].
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The harmonic oscillator boson operators c,i and ¢, k =
X, Y, z,1n a triaxially deformed field are defined as

X =— I2M (C X9 Px =
n " .

YT Mo, (cy+ey), py=i

Z:_”ZM (C c), pr=

Suppose that the three frequencies w,, w,, and w, have an
irreducible integral ratioa : b : ¢, i.e.,

D et + e
) X x)s

GRS NC)
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Wy = awg,, ©®y, =bwgy, ;= cwg. @)

We express the eigenstate of 71 = c,fck as
(™

Then the eigenvalues and elgenfunctlons of H, for fixed
ratio of a : b : ¢, are described by a set of quantum numbers
(nx ’ n ¥y nz):

Ini)) = I0> (6)

a+b+c
T |nx»ny’nz>)
= Esh|nx» nyv”z))s (7)

Hin,, ny, ng)) = hog <Nsh +

where the n; are the eigenvalues of the number operator 7i; =
c,ick, and n; integers > 0. The shell quantum number Ny, is
given by

Ng, = an, +bny +cn;. ®)

These degeneracies are already known and have been dis-
cussed in the literature by many authors [2,5]. However, there
has been no explicit discussion regarding the triaxial case in
connection with SU(3) symmetry.

From Eq. (3) follow the relations

wy + wy + w; = 3w, (9a)
Wy —

tany = v/3—————> 9b

v Wy + oy — 20, Ob)

25 . < +7r> Wy — W, 9¢)

——sin - )= c
343 4 3 wy + 0y + o,

Equation (9a) is used to determine wg, as
3
= w. 10
O = 0 (10

Equations (9b) and (9¢) express y and § in terms of a, b, and
c. For the case of an axially symmetric deformation where
wy = wy, Bq. (9¢) determines § uniquely corresponding to the
ratio wy : w,. In the triaxially deformed case, different ratios
wy : Wy : w; can yield the same value for the parameter y.
Thus, for a fixed value of the parameter y, Eq. (9b) yields a
relation among a, b, and c. Once a set of a, b, and c is given
consistent with this relation, Eq. (9¢) will give a distinct value
for the parameter §.
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III. NEW BOSONS FOR SU(3) AND THE EIGHT
GENERATORS

Now, we consider the general case of an integral ratio of a :
b : c. To construct an SU(3)-invariant expression, we express
the harmonic oscillator boson ¢k, k = x, y, z, Eq. (4), in terms
of an m-fold product of new bosons s,,, for positive integer m,
by requiring

sjnsm = mc,tck and [sm,sjn] =1. (11

Here, we remark that m represents an integer a, b, or c
introduced in Eq. (5). First, we consider the case m = 2. Using
a procedure analogous to the Holstein-Primakoff transforma-
tion for spin operators, we introduce new boson operators s,

and sl through the relation ¢ = (q1 + g2/2) /%5252, where
iy = s;sz. The coefficients ¢q; and g, are determined from
Eq. (11). Then, it follows

(2%, ¢l = (s))? (12)

1
RV, e b NaGES DR

Similarly, for the case of m = 3, we find new boson operators
s3 and sg from Eq. (11) as a triproduct,

1
V33 +2)(A3 + 1)

(s3). (13)

C =

From Eq. (13) it follows that 7i3 = S§S3 = 3c,tck. Thus, the
general form of the new bosons s,,, for any positive integer m,
is given by

mo1 -172
q=Pﬂﬁm+ﬂ ()"
r=1

T, +1) 17
~[arim] e 00

where 71, = s,Lsm. Equation (14) satisfies the conditions given
by Eq. (11), and Eqgs. (12) and (13) correspond to the cases
m = 2 and m = 3 in Eq. (14), respectively.

The transformation defined by Eq. (14) differs from the
transformation introduced in our previous paper [2], where the
new bosons are constructed from the product of the original
bosons. In this paper, the original bosons are constructed
instead from the product of new bosons as seen from Eq. (14).
Thus, there exists a unique vacuum, which is annihilated by s,,
as well as c;. However, since the harmonic boson operators c;
are replaced by the mth power of new boson operators s,,, the
many boson Fock space, which is generated by operating s on
a common vacuum, will include unphysical states other than
the eigenstates of the original Hamiltonian. In dealing with
these unwanted many boson states, the projection operator

wamm=mm0 (15)

is necessary to project out the physical states. It is straightfor-
ward to show P2 = P,,. The normalized physical states |n,,)
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are projected out from the Fock space basis |m):

Py lm)
= Tl e
with
my = ) (17)
N

where |0) is the vacuum common to both Egs. (6) and (17).
Setting m = a, b, or c in Eq. (14), we determine s,, sp, and s,
for a given ratio a : b : ¢, and obtain for Ny, = n, + n; + n,
in Eq. (7).

The nine operators that commute with the Hamiltonian H
are given by

sjlsa sgsa sgsa

G)= | sisy shsp sls |- (18)

SoSe s,ﬁsc sise

These nine operators form a basis for the algebra u(3) as
generators of the group U(3). Removing the singlet operator
sgsa —i—sgsb —l—sisc, the remaining eight operators form an
algebra su(3), which generates the group SU(3). From the
matrix element G, (u, v = 1, 2, 3) given by Eq. (18), we find
the Casimir operator for the single-particle states. From the
definition of A,

Ay = V3(G oy — 8,,1/3),

the second-order Casimir operator is obtained as

C =Tr(AA)
=2(Ag + tp + Ac)(Ag + Ap + A+ 3). (20)
With the help of the notation (A, i), which labels SU(3)
irreducible representation, the expectation value of C becomes
2A(A 4+ 3) with A = n, + np + n. and u = 0.

The SU(3) group reduces to the subgroup SU(2) x U(1).
There are three alternative sets of generators corresponding to

subalgebra su(2) [6]. For example, one such subalgebra su(2)
is given by

=7, +np+ e, (19)

I — Ap + Ay I — i(Ay1 — Ap) I — Axn — Ap
l - —’ 2 - —’ 3 - —7
2V/3 243 23
2n
and U(1) is generated by
As3
Y, = —. (22)
1 NG

With the use of Eq. (18), Egs. (21) and (22) are explicitly
expressed as
1 i it i
I = YGslsp + spsa), b= 5(sksy — s)sa), 03

I; = %(sgsb — slsu), Y, = %(2SISC — s;fsa — sgsb).

Elliott [1] has found that the quadrupole operator commutes
with the spherical Hamiltonian, which is defined by

4
10, = /5[ Y2y 0.) + ba' P2y (0, 6,)] /00, 24)
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where byt = 1/(M2w§), and (p,6,,¢,) in momentum
space corresponds to (r, 6, ¢) in configuration space. This
quadrupole operator does not connect +2%w, excitations, i.e.,
it is equivalent to an exact quadrupole operator within an N
shell. We will make the following substitution for Eq. (24):

X=X y—=9y, z—=7Z
_ _ _ (25)
Px = Px» Py —> Py, Pz Pz
with
Inb} | R
F=—i)=2(sf —s52)y  Pr= | —(s!+s2),
5 (a8 P 2b3( ot Sa)
o w
y= 7(sb+sb), by =1 2_b(2](5b_5b)» (26)

= —i— (6! —s.), p;= [—(G]+s.).
¢ ! 2 ¢ ¢ 2b(2) ¢

We also adopt the usual definition for the orbital angular
momentum operator £ (k = x, y, z),

ht, =xpy, — ypx, etc. 27

After the substitution of Eqgs. (25) and (26) into_Egs. (24)
and (27), we obtain a new set of group operators Q, for g =
0, =1 and £2, and ¢, for k = a, b, and c:

QO = ZSISL. — Slsu - sgsbv
O =7F E[SC(S(I * 5p) + el F 51,

~ 3

Qi2 = \/;[sjsa — SZS[; + (SJ;SI; - SZSL,)], (28)
1

V2

i, = —(sgsa + slsb).

O = —I[s](sp £ 52) + s, F s,

Here, we used the definition of . = (¢, +if,) / /2. In con-
trast to Elliott’s case where 2w, excitations are excluded,
the operators given by Eq. (28) exclude +2hwy;, excitations.
Again the commutation relations among the eight operators
defined by Eq. (28) are closed, and they commute with H. The
oscillator Hamiltonian A is invariant with respect to the group
SU(3) which is generated by these eight operators Q, and Z,,.
The following relations hold:

QO = 2ﬁc - ﬁa - ﬁb!
0s+ 05 = V6(Ry — Ap).

Here, we remark that Q¢ = 3Y;, and O, + Q_, = —2/615
[see Eq. (23)].

The Casimir operator in Eq. (20) is also expressed in terms
of the generators in Eq. (28) as

C=%0-0+3C-0. (30)

(29)

There are three kinds of bilinear combinations of generators
given by Eq. (28), which are expressed in terms of the number
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operators:

1. 1 - - X
Zﬂi + B(QzQ—z +0207)

g +7p\ (g +Ap
() ()
05+ (02 + 0
= QAe — Ag — Ap)> + 6 (g — Ap)° (31b)
3l 4+0-0,)— (010-1+ 0-101)
=3[4n. (g, +np + 1)+ 2, +7p)] . (€219)

Equation (31a) is also derived from Eq. (23) as 112 + 122 +
1} and is related to the reduction of the SU(3) group to its
subgroup SU(2) x U(1). The group U(1) is generated by Q,,
while the representations of SU(2) are labeled by integral or
half-integral numbers (7, + 7i;)/2, as seen from Eq. (31a).
Equation (31b) results from our choice of the principal axis
in Eq. (29). Equation (31c) is related to operators Qg and
(02 + O_»)/v/6. The linear combinations of @, and .,
ie.,

£r=0u +V30e (e =04 —V30y),  (32)

become lowering (raising) operators for the value of (Do) to
(0o) F 3. The operator 0, describes the excess of quanta in
the ¢ direction (z direction) compared with those in the a-b
plane (x-y plane). The operators &, + &_ and n4 + n_ shift
an oscillator quantum from the ¢ direction into the a-b plane
by three units and vice versa, because of the commutation
relations

[0, £x] = =384, [Qo, na] = 314 (33)

These operators are also lowering and raising operators for
(0> + 0_»)/+/6 by one unit, namely,

|:Q2 +0,
V6
|:Q2 +0.,
V6
Since (0> + Q_z)/\/g equals /i, — i, the operators &, + &_
and n4 + n_ shift an oscillator quantum from the a direction

(x direction) to the b direction (y direction) by one unit, and
vice versa.

JEr + §j| =—(& +8&),
(34)

,n++n:|=n++n.

IV. TRIAXIAL DEFORMATION OF y = 30°

In this section, we consider the special case of y = 30°,
where tany = 1/+/3. For this case, Eq. (9b) reduces to

a+c=2b, (35)
and Eq. (9¢c) gives
_ 3«/§(a —0)
= Natbio (36)

From Eq. (35), it follows that typical examples for the ratio
a:b:care3:2:1,4:3:2,and 5 : 4 : 3. Then, Eq. (36)
yields the deformation § ~ 0.866 for 3 :2: 1, while § ~ 0.577
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for4:3:2and § ~ 0.433 for 5 : 4 : 3. If more complex ratios
are chosen, the least common multiplier (L.C.M.) for a, b, and
¢ becomes larger, while the corresponding § becomes smaller.
Theratioa : b : ¢ = 1:2: 3 corresponds to an oblate nuclear
shape (wy < w, < w;), while the values of the L.C.M. and the
absolute value of § are the same as for the prolate case with
a:b:c =3:2:1. The value of |§] ~ 0.866 seems to be
very large but is within the region where ? and a)z in Eq. (2)
are non-negative.

Choosing the simplest case, namely,a : b: c =3 :2: 1 for
y = 30°, the shell energy Eg, in Eq. (7) and shell number Ny,
in Eq. (8) become

Egq =hog(Ngy +3),  Ngy =3n, + 2ny +n,. (37)

The relation wg, = wy/2 is deduced from Eq. (10).

With the help of Eq. (14), we construct new s bosons,
namely, s3 defined by means of a triproduct for the c, boson,
and s, defined by means of a biproduct for the ¢, boson [both
sy and s3 bosons were previously determined in Egs. (12)
and (13)]. The vacuum for the s3 boson is the same as for the
¢, boson, and the vacuum for the s, boson is the same as for
the ¢, boson. However, since the original harmonic oscillator
bosons ¢, k = x, y, are expressed in the form of triproducts
and biproducts of the new bosons s, m = 3, 2, a projection
operator is needed that projects out the states corresponding
to the eigenvalues of the s, bosons and their boson number
operators, namely, the multiples of 3 for the case of s3 and the
multiples of 2 for the case of s,. These projection operators
are obtained from the general expression, Eq. (15), as

P3_1+e ’”—i—e ’
3 (38)
1+el7ﬂlz
Pp=—
2

The eight generators in Eq. (28) can be rewritten as
0y = 26‘16‘: — S§S3 — s;sz,

3
Qi1 = :F\f[ [(s3 £ 52) + c.(s] F 5D,

0= f [sls3 — sisy = (shsy — s1s3)], (39)

iy = —[cj(sz +53) + ¢ (s F )],

V2
.= —(SZTS3 + sgsz).

The diagonal number operators given by Eq. (29) be-
come Q() = 2i, — i3 — i, and Q2 + Q,Z = «/6(ﬁ3 — fn).
The Casimir operator in Eq. (20) becomes 2(7i3 + 7ip +
AR + Ay + Az + 3).

In Table I, we summarize the classification of the single-
particle states for the case of a triaxial shape for y = 30°
and a :b:c = 3:2:1 for the shells Ny, < 8. Also listed
in Table I are the values for the operators (Qg), (O +

_»)/4/6, and (C). The states |) are the states defined
by Eq. (16) in terms of the quantum numbers ns,n,
and n,. The total number of levels for Ny, = 6m, 6m +
1,6m+2,6m+3,6m+4, and 6m +5 with integer m
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TABLE 1. Single-particle eigenfunctions of O, and
(024 0_5)/6 for y =30°and a :b:c =3:2:1
with 0 < Ny, < 8.

Ny ny na n. (Qg) (024 0,5)/V6 (C)
0 0 0 0 0 0 0
1 0 0 1 2 0 8
2 0 2 0 -2 -2 20
0 0 2 4 0
3 3 0 0 -3 3 36
0 2 1 0 -2
0 0 3 6 0
4 3 0 1 —1 3 56
0 4 0 —4 —4
0 2 2 2 -2
0 0 4 8 0
5 3 2 0 -5 1 80
3 0 2 1 3
0 4 1 -2 —4
0 2 3 4 -2
0 0 5 10 0
6 6 0 0 —6 6 108
3 2 1 -3 1
3 0 3 3 3
0 6 0 —6 —6
0 4 2 0 —4
0 2 4 6 -2
0 0 6 12 0
7 6 0 1 —4 6 140
3 4 0 —7 —1
3 2 2 —1 1
3 0 4 5 3
0 6 1 —4 —6
0 4 3 2 —4
0 2 5 8 -2
0 0 7 14 0
8 6 2 0 —8 4 176
6 0 2 -2 6
3 4 1 -5 —1
3 2 3 1 1
3 0 5 7 3
0 8 0 —8 -8
0 6 2 -2 —6
0 4 4 -4 —4
0 2 6 10 -2
0 0 8 16 0

is given by 3m? +3m + 1, Bm + D)(m + 1), Bm + 2)(m +
1),3(m + 1)%, (m + )Bm +4), and (m + 1)(3m +5), re-
spectively. The relations (Qo) = —Ng, + 3n, and (Qg) =
2Ng, — 3(n3 + ny) require that (Qo) starts from —Ng, and
increases in steps by 3 up to 2Ny, but 2Ny, — 3 does not
contribute since n3 + n; is always unequal to unity. This differs
from the case of the spherical harmonics. From Table I we
derive, by taking into account the spin quantum number, a
new sequence of magic numbers 2, 4, 8, 14, 22, 32, 46, 62,
and 82. These numbers are still meaningful even when the
¢ - § term exists, since the single-particle expectation value of
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¢ - 5 vanishes for triaxial field and does not contribute in the
first-order perturbation treatment.

To introduce the realistic operators, we substitute Eq. (4)
directly into Eqs. (24) and (27). First we substitute Eq. (4) into
Eq. (27) and obtain the following expressions:

, ] \/? \/E fol
= E E — ; (Cycz +cycz)
s
+ E + ; (CyCZ + Cycz) ’
ly, = %|: <\/§— \/g) (cxc; — CICI)
() e ete]
a
(-G
P b xty yex/ |-

These operators satisfy the same commutation relations as
the group operators given in Eq. (28). If we set a =b =
c¢=1 in Eq. (40) and replace ¢, and ¢, by s3 and s»,
the operators £ go over into the operators ¢ in Eq. (39).
However, in the general case, Eq. (40) does not commute
with H and connects with levels outside the Ng, shell.
As seen from Eq. (40), the first term in £x(k = x,y, 2)
disappears for the spherical case Sa =b=c=1), where
we can make one component of ¢ diagonal, for example
£,. On the contrary, in the triaxial case, no ¢; commutes
with H, and its expectation value by the state |n,ny,n;))
defined in Eq. (6) gives ((ny,ny,n |li|n., ny,n;)) =0,
which demonstrates the quenching of orbital angular
momentum [7,8].

Now, we compare the diagonal matrix elements of £ - £ and
£ - £. From Egs. (28) and (40), we get

o

<na7 nba nC|Z : Z|n(l7 nba nC>
= 2(ng +np +ne +ngnp +npne +neng),  (41)

where |n4, np, n¢) is defined by Eq. (16), and ((ny, ny, n;|€ -
Uny,ny, nz)) = ((€2)) + ((€3)) + ((€2))with

= (2+5) (n+3) (n+3) -5
()= (E+2) (mr3) (m+5) -5 @

e =(5+2) (n+5) (n+3) -3

For the purpose of an explicit application of our dynamical
SU(3) model to many-body systems with triaxial deformations
along the line of Elliott’s SU(3) model, we need to investigate
whether the expectation values of (¢ - £) and (O - Q) approx-
imate the expectation values of the exact operators ((£ - £))
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and ((Q - Q)). Comparing Eq. (41) with ({¢ - £)), we see that
for given values a, b, c, the three coefficients of the boson
numbers must add up to the common factor 2 in Eq. (41). We
find that both expressions coincide with each other only when
b/a = 1and c/a = 1, which corresponds to the spherical case,
i.e., 8 = 0. Therefore, the deviation of b/a 4+ a/b,a/c + c/a,
and ¢/b + b/c from the factor 2 indicates the quantitative
measure of the approximation. For example, for the case of
a:b:c =3:2:1,Eq. (42) becomes

({(ng,ny,n |l -Lny, ny, n;))

1 1 4
= (2 + 6) nyn, + (2 + 5) nyn; + (2 + §> N Ny

3 1 11 1
+ 2+Z ny + 2+§ ny + 2+E nz+§,
(43)

whose coefficients of n,n, and n, show large deviation from
the factor 2.

On the other hand, for y =30° and a:b:c = 4:3:
2(6 = 0.577), we introduce a new boson s4 as a tetraproduct
for c,,

1

= 4 44
NS TE T A “4)

Cx

where 714 = slu. As for the other two axes, the ¢, boson is
replaced by an s3 boson, and the ¢, boson by an s, boson.
In this case, Ny, = ngq + n3 + np, wshn = wp/3, <Q0) =2n, —
ny —ns, and (Q2 + Q_»)/~/6 = n4 — n3. Equation (41) be-
comes

(n4, n3, na|€ - L\ng, n3, ny)
= 2(n4 + n3 +ny + nan3 +n3ny +nonyg),  (45)
while Eq. (42) becomes

({ny, ny, n |l - £ln,, ny, ng))

1 1 1
= <2+ E) nyny + (2+ 6) nyn; + (2+ E) n Ny
+(2+ ! + 2+1 + 2+1 + )
24) ™ g)" 3)" T 16

(46)

Compared with Eq. (43), all the coefficients in Eq. (46) are
close to 2, and we may assume that the realistic operators ¢ - £
can be simulated by £ - £.

In Table II, we show the classification of the single-particle
states for y =30° and a :b:c = 4:3:2, together with
(00), (02 4+ 0,)/+/6, and (C). Here, we note that Ny, = 1
(= n4 + n3 + ny) is not allowed in this scheme, as ny4, n3, and
ny are multiples of 4, 3, and 2, respectively. Again, though
(Qo) changes in steps by 3, some levels that exist in the
spherical harmonics case do not exist here. We see that the
energy degeneracy in Table II (L.C.M. = 12) becomes smaller
than that in Table I (L.C.M. = 6). For Ny, = 6, for example,
seven levels are degenerate in Table I, while only three levels
are degenerate in Table II. This is because of the impossibility
of partitioning certain of the shell numbers Ny, into three large
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TABLE II. Single-particle eigenfunction of Q, and
(02 + 0_5)/v/6 for y=30° and a:b:c =4:3:2
with 0 < Ny, < 12.

Ngo ns ny ny (Qo) (024 02)/vV6 (C)
0 0 0 0 0 0 0
2 0 0 2 4 0 20
3 0 3 0 -3 -3 36
4 4 0 0 —4 4 56
0 0 4 8 0
5 0 3 2 1 -3 80
6 4 0 2 0 4 108
0 6 0 —6 —6
0 0 6 12 0
7 4 3 0 -7 1 140
0 3 4 5 -3
8 8 0 0 -8 8 176
4 0 4 4 4
0 6 2 -2 —6
0 0 8 16 0
9 4 3 2 -3 1 216
0 9 0 -9 -9
0 3 6 9 -3
10 8 0 2 —4 8 260
4 6 0 -10 -2
4 0 6 8 4
0 6 4 2 —6
0 0 10 20 0
11 8 3 0 -11 5 308
4 3 4 1 1
0 9 2 -5 -9
0 3 8 13 -3
12 12 0 0o -12 12 360
8 0 4 0 8
4 6 2 —6 -2
4 0 8 12 4
0 12 0o -12 —12
0 6 6 6 —6
0 0 12 24 0

integers. In this case, the magic numbers are predicted to be
2,4,6,10, 12, 18, 20, 30, 36, 46, 54, 68, and 78.

From ((n,, ny, n |€2|ny, ny,n.))(k = x, y, z), we can esti-
mate the direction of alignment in the state |n, ny, n;)). As
seen from Eq. (42), ( (E,% }) becomes maximum in the k direction
with minimum n;. When two or three n; take a common
minimum value, the direction of the maximum alignment
depends on the magnitudes of b/a +a/b,b/c + c¢/b, and
c/a+a/c. As the relation of a > b > c(a < b < ¢) holds
because of Eq. (5), ¢/a 4+ a/c becomes maximum, resulting
in the maximum alignment along the y axis. For example,
fora:b:c = 4:3:2and Ny, = 6(= 4n, + 3n, + 2n.),the
maximum alignment is along the y axis for the [n, = 1,n, =
0,n, = 1)) state, and the next to the largest is along the x
axis. For the |[n, =0,n, =2,n, = 0)) state, the maximum
alignment is along the x axis, and the next to the largest
along the z axis. For the |n, =0,n, = 0,n, = 3)) state, the
maximum is along the y axis and the next to the largest
along the x axis. In the oblate case (@ : b : ¢ = 2:3:4), the
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alignment is obtained by exchanging the x axis and the z axis.
Thus, the maximum alignment is now along the z axis for the
|ny =0,n, =2,n, =0)) state, while there is no change in
the direction of maximum alignment for the other states in the
oblate case.

We can also determine the direction for the maximum
value of fi(m =4, 3, 2) for the |ng4, n3, ny) state. Similar to
((Ei)), (Efn) becomes maximum in the m direction with
minimum 7,. When two n, take a common minimum
value, a common maximum value occurs in both directions.
For a:b:c =4:3:2 and Ny, = 6(= n4 + n3 + ny), the
direction with the maximum (551) is along the s3 axis (y
axis) for |ny = 4,n3 =0,n, =2) (corresponding to |n, =
2,n, =0,n, = 1))), along the s4 axis (x axis) and along the
sy axis (z axis) for |ny =0, n3 = 6,n, = 0) (corresponding
to |ny =0,n, =2,n, =0))), and along the s3 axis (y axis)
and along the s4 axis (x axis) for [ny =0,n3 =0,n, = 6)
(corresponding to [n, = 0,n, = 0,n, = 3))). As for an(m =
4,3,2), the direction of maximum value is the same for
both oblate (n,, n3, ns) and prolate (n4, n,, ny) cases, as seen
from Eq. (45). For the |n4 = 0, n3 = 6, n, = 0) state, both
alignments, along the s4 axis (x axis) and the s, axis (z axis),
are the same and do not differ from the result of the realistic
oblate state [n, = 0,n, =2,n, =0)).

Similar to the case of orbital angular momentum £, we get
the realistic quadrupole operators Q, for g = 0, &1, £2.

QO:l|:<c/—%)(ciz+cf)+<6'+%)(2ﬁz+1)
2 c ¢
1/, 1 VLR P
(e 2) a3 (e 1) en
1, 1 AP
2<b_—)(Tz—i-c)—E(b+E>(2ny+1):|,
lexlﬁ 7 = —— ) clel + )
A Jae o
<ClC )
7 (Ve - )
ety
1 1
T (O
(v m) e (v

clci —CyCz)

1
l7> 2y + 1)

F2|~Va'b — ! (CTCT—i—c c)
Jap ) TN
1 .
+2 ( a'b’ m) (Cicy - Cxclv)]v (47)
a

where a' =3a/(a+b+c), b =3b/(a+b+c), and ¢/ =
3c/(a + b + c) are deduced from Eq. (10).
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We compare the diagonal part of Q - @ and Q - Q for the
caseofa:b:c =4:3:2,

(na, n3,n2|Q - Olna, n3, na)
= 4(ni + n% + n%) + 6(ng4 + n3 + ny)
+2(n4n3 4+ n3ny + nany), (48)

and

<<n)m ny, nz|Q ' Q|nxv ny, ”z))

49\ , 2 25\ ,
(4+96>nx+4ny+<4+24> n;
91 1 8
1 1
+ 2+]2 nyny + 2+6 nyn,

17 415
2— —. 49
+( 36) 576 “49)

Almost all the coefficients in Egs. (48) and (49) are close to
each other. Thus, by comparison between Eqs. (45) and (46)
and between Egs. (48) and (49), we infer that the operators
Q and ¢ are approximated by the SU(3) group operators O
and £.

To extend our treatment to the many-fermion problem, we
need the help of the projection operator, P = P, P, P.. For
example, the many-body quadrupole operator is defined by

Q, =Y (iIPO.P|j)e]e;. (50)
ij

where the suffixes i and j represent the boson state which
is specified by (n,, np, n.), and ocT(ozj) denotes a fermion
creation (annihilation) operator for the state i (). It is obvious
that if we replace P by 1, we have 0 - Q = C — 3 - £, and
the expectation value of the many-body Casimir operator
C is 2[A% 4+ A + u? 4 3(A 4 w)] for the SU(3) irreducible
representation labeled by (&, ) [1]. Such an ideal SU(3) limit
realizes an aspect similar to the interacting boson model (IBM)
in the axially symmetric limit [9].

V. THE OTHER TRIAXTALITY

While our discussion is based on the parametrization of
Eq. (3) as was mentioned below Eq. (3), a) becomes negative
when ¢ is larger than a positive cntlcal Value 8¢, and w)zc
becomes negative when § is smaller than a negative critical
value 87. These critical values are derived from Eq. (2)
depending on the value of y.

Recently, the triaxial strongly deformed bands were ob-
served in Lu isotopes, where y is estimated to be around
18° ~ 20° [3]. When tany = +/3/5, which corresponds to
y ~ 19°, Eq. (9¢c) gives 2a + ¢ = 3b. The simplest ratio for
a, b, and c is then 4:3:1, and § ~ 0.99, which is larger than the
critical value 87 ~ 0.79. In the prolate case, the next candidate
isa:b:c=5:4:2with § ~0.72 and L.C.M. =20. In
the oblate case, we obtain theratioa : b :c = 1:2: 4, where
L.CM. is 4 and § ~ —1.13, whose absolute value seems to
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be quite large but is still within the limit of § ~ —1.32.
The other candidate in the oblate caseisa:b:c = 3:4:6
with 8 ~ —0.61 and L.C.M. equal to 12. When tan y = +/3/4,
which corresponds to y ~ 23°, Eq. (9¢) gives 3a 4+ 2¢ = 5b.
As long as L.C.M. is less than 30, we cannot find any ratio
within therange 87 < § < 87 for both the prolate and the oblate
shapes. When tany = J3 /6, which corresponds to y ~ 16°,
Eq. (9¢) gives 5a + 2c = 7b. Again, as long as L.C.M. is
assumed to be less than 30, we cannot find any ratio within
the range of 8" < § < /. The energy degeneracy between the
prolate and oblate shapes disappears in all the cases discussed
above.

We discuss now the case of y ~ 19°. Although the absolute
value of § (6 ~ —1.13) is large, we consider the oblate case
ofa:b:c =1:2:4, as the L.LC.M.(=4) is small. In this
case, ¢y is replaced by an s, boson and c; by an s4 boson.
Then, Ng, = ny +no + nyg, oy = wo/2, {(Qo) =2n4 — ny, —
ny, and (Qs + Q_z)/\/g = n, — ny. Equation (42) gives

<<nXa ny, nzw : E|”x; ny, nz))

1 1 9
= (2+ 5) nyny + (2+ 5) nyn; + (2+ Z) n;ny
11 1 11 13
+ 2+§ ny + 2+§ ny + 2+§ nZ+B.

(S1)

We see that the coefficients of the boson numbers n, and n,
and their product n,n, in Eq. (51) differ significantly from 2.
The magic numbers in this case are 2, 4, 8, 12, 20, 28, 40, 52,
70, and 88.

Next we consider the oblate case of a :b:c = 3:4:
6(5 ~ —0.61). In this case, a new boson s¢ is introduced for c,
in the form of the sixfold product in Eq. (14), i.e.,

1

= V6(is + D(fig + D(s £ 3) (e + Dag + 5)

(s6)°.

(52)
Here, g = SgSG, and Ny, = n3 + ng4 + ne, wsnh = 3wy /13,

(Qo) =2n6 —n3 —ng, and (Q2+ 02)/v6=n3 —ny.
Equation (42) becomes

C;

<<nx’ ny, nzw . K|”X7 ny, nz))

1 1 1
= (2—}-5) nyny + <2+6) nyn; + (2—{—5) N Ny
7 1 1 3
+ 2+—24 ny + 2~|—§ ny + 2+§ nz+—l6.

(53)

All the coefficients in Eq. (53) are close to 2. In Table III, we
summarize the classification of the single-particle energy level
for this case. As seen in Table III, the states for N, = 1, 2,
and 5 do not exist, since n3 is a multiple of 3, n4 is a multiple
of 4, and n¢ is a multiple of 6. Although the L.C.M. is 12,
as it is for the case of y =30° witha :b:c = 4:3: 2, the
level degeneracy in y ~ 19° is less than the level degeneracy
for y = 30°. For example, only two levels belong to Ny, = 6
(three levels in Table II), and four levels to Ny, = 12 (seven
levels in Table IT). The sequence of magic numbers in Table I1I
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TABLEIII. Level degeneracy and the single-particle eigen-
function for0 < Ny, < 12attany = \/§/5 witha:b:c=3:
4 : 6 (oblate case).

No  ns ng ng (Qo)  (O2+05)/V6 (C)
0 0 0 0 0 0 0
3 3 0 0 -3 3 36
4 0 4 0 —4 —4 56
6 0 0 6 12 0 108
6 0 0 —6
7 3 4 0 =7 -1 140
8 0 8 0 -8 -8 176
9 3 0 6 9 3 216
9 0 0 -9 9
10 0 4 6 8 —4 260
6 4 0 —10 2
11 3 8 0 —11 -5 308
12 0 0 12 24 0 360
6 0 6 6 6
0 12 0 —-12 —-12
12 0 0 —-12 12

is 2, 4, 6, 10, 12, 14, 18, 22, 24, 32, 36, 40, 48, 56, 60, 72,
and 80.

We can infer the direction of the largest alignment from the
calculation of ((6,%)). For the level n, =n, =0andn, = 1in
the Ng, = 6(= 3n, + 4n, + 6n;) shell, the largest alignment
is found to be along the y axis, and the next to the largest
along the x axis. For the level ny =2 and n, =n, =0, the
largest alignment is along the y axis and the next to the largest
is along the x axis. Similar estimates can be carried out also
for f%(k = 3,4, 6) as SU(3) operators.

For the prolate case of y ~19° witha:b:c =5:4:
2(8§ ~ 0.72), a new boson s5 is introduced for ¢, in the form
of a fivefold product in Eq. (14),

1

N 5, (54
N SN TS (R AR

Cx

where, 75 :s;rss. Here, c, is replaced by an s; bo-

son, and ¢, by an s lgoson. Subsequently, Ny, = ns +
n4 +ny, wg = 3wo/11, (Qo) = 2n3 —ns —ny, and (Qr +

0 _5)//6 = ns — ny. Equation (42) becomes

((nx,ny,n |€-Llny, ny, n;))

1 1 9
= (2 + %) nyny + (2 + 5) nyn; + (2 + 1_O> N Ny

2+ 2V 2+ WY (24 L)+ 2
40) ™ a0) " 10)" 7" 80

(55)

The coefficients in Eq. (55) are better than those in Eq. (51),
but worse than those in Eq. (53) because of a larger §. In
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TABLE IV. Level degeneracy and the single-particle
eigenfunction for 0 < Ny, < 11 at tany = V3 /5 with
a:b:c =5:4:2 (prolate case).

Ng ns ny ny (Qo) (024 0)/v/6 (C)
0 0 0 0 0 0 0
2 0 0 2 4 0 20
4 0 4 0 —4 —4 56
0 0 4 8 0
5 5 0 0 -5 5 80
6 0 4 2 0 —4 108
0 0 6 12 0
7 5 0 2 -1 5 140
8 0 8 0 —8 -8 176
0 4 4 4 —4
0 0 8 16 0
9 5 4 0 -9 1 216
5 0 4 3 5
10 10 O 0 —10 10 260
0 8 2 —4 —8
0 4 6 8 —4
0 0 10 20 0
11 5 4 2 -5 1 308
5 0 6 7 5

Table IV, the classification of the single-particle energy levels
is summarized. As seen in Table IV, the states N, = 1 and 3
do not exist, since ns is a multiple of 5, n4 a multiple of 4, and
ny a multiple of 2. We can infer the direction of the maximum
alignment from the expectation value of E,%. For the level with
ny =0,n, =1,andn; =2in Ny, = 6 (= 5ny +4n, + 2n;),
the largest alignment is found to be along the x axis, and
the next to the largest along the y axis. For the level with
ny =ny, =0 and n, = 3, the largest alignment is along the
y axis and the next to the largest along the x axis. This is
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also inferred from the SU(3) group operator space. The shell
energy is a little smaller than for the oblate case of 3:4:6. The
sequence of magic numbers in the prolate case (Table IV) 2,
4, 8,10, 14, 16, 22, 26, 34, 38, 48, 54, 66, and 74 differs from
that in the oblate case (Table III).

VI. CONCLUSION

We have introduced new bosons corresponding to the
integral ratio of three frequencies for a harmonic oscillator
potential, by means of a nonlinear transformation that realizes
the SU(3) group as a dynamical symmetry group and leaves
the anisotropic harmonic oscillator Hamiltonian invariant. In
other words, we have constructed a set of operators of SU(3)
as a covering group, and all oscillator states are embedded in
the SU(3) representation bases. The vacuum is the same as for
the original boson, but the new boson numbers in the physical
states are restricted to multiples of integral coefficients.

Since various combinations of integral coefficients are
allowed for a fixed y, we have tested several cases with
different L.C.M. for the integral coefficients. According to
increasing L.C.M., |§| becomes smaller and the level degen-
eracy decreases. We have shown that the physical operators
Q and ¢ are approximated by the group operators Q and £,
as long as the absolute value of § is not large. As examples,
we have considered two cases: tany = 1/+/3(y = 30°) and
tany = +/3/5(y ~ 19°). For the former case, both prolate
and oblate nuclear shapes have a common |§| and L.C.M.(=
6 or 12), while for the latter case the oblate nuclear shape has
a smaller L.C.M. (= 4 or 12) than the prolate nuclear shape
(L.C.M. = 20).

Shell closures are predicted by the sequence of magic
numbers depending on the deformation parameters § and y.
For the realistic operator ¢, we can estimate the direction of
orbital angular momentum alignment.
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