PHYSICAL REVIEW C

VOLUME 37, NUMBER 2

FEBRUARY 1988
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Explicit construction of Dyson, Holstein-Primakoff, and Schwinger representations for random-
phase approximation phonon operators is given within Lie algebraic framework. It is shown that
these representations emerge as exact boson realizations of quadrupole collective algebra, but the
enforcement of SU(6) symmetry involves important constraints embodied in definite nonlinear con-
ditions imposed on random-phase approximation phonon amplitudes. The constructed Schwinger
representation could be employed to provide alternative approach to the interacting boson model
parameters, avoiding standard procedures of mapping the shell-model SD subspace into the sd bo-

son space.

I. INTRODUCTION

An important role in the microscopic approach to nu-
clear collectivity is played by the concept of the
random-phase approximation (RPA) phonon, which is
defined in the fermion space.! It is often useful to map
RPA phonon operators into the boson space.! In partic-
ular, in connection with the success of the interacting-
boson model (IBM) (Refs. 2 and 3) as “new phenomenol-
ogy,” and with attempts to give a microscopic founda-
tion of the IBM,>~¢ it is of interest to study the mapping
of RPA quadrupole phonon operators onto the boson
space spanned by the s and d bosons of IBM.

The Holstein-Primakoff quadrupole boson representa-
tion, which presents a boson representation in a closed
form, has been obtained for Tamm-Dancoff phonon
operators in the so-called SU(6) approximation.””® For
the generalized coordinates and momenta g¢,p, the
Holstein-Primakoff representation (HPR) has been intro-
duced heuristically.>!® In fact, no complete analysis of
the consequences from the enforced SU(6) symmetry has
been done and not all SU(6) enforcing conditions were
stated explicitly; thus some constraints on the ampli-
tudes have been overlooked. The point is in the
difficulty of guessing the SU(6) enforcing conditions in
the case of RPA phonon operators. On the other hand,
there are well known advantages of the RPA over the
Tamm-Dancoff approximation (TDA): (i) The RPA
treats ground and excited states on an equal footing, and
(i) the RPA properly treats the inherent symmetries
(spurious states are separated from the physical ones).!!!

These reasons provide motivation for a detailed study
of a microscopic derivation of HPR and a Schwinger
representation (SR) of the quadrupole collective RPA
phonon operator. We will also consider the Dyson rep-
resentation (DR). It should be noted that our derivation
differs from the traditional method of boson map-
pings.'12

Our approach differs from the procedure utilized in
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Ref. 13 in the fact that we are using exact realizations.
We introduce the quadrupole RPA phonon operator in a
standard way, and following the approach of Jolos,
Janssen, and Dénau,” '° we enforce the closure of the Lie
algebra (cf. Secs. II and III), referred to as quadrupole
collective algebra (QCA). We show that this algebra is
isomorphic to the SU(6) Cartan-Weyl canonical algebra.
The apparatus of classical Lie algebras seems to be ideal-
ly suited for our purpose. We construct explicitly the
microscopic Dyson, Holstein-Primakoff, and Schwinger
representations and show that they occur as exact boson
realizations of the QCA, provided definite constraints
are fulfilled [SU(6) enforcing conditions]. In addition to
the SU(6) enforcing conditions modified with respect to
the previous TDA case due to the presence of backward
going amplitudes, we deduce a new set of restrictions
which should be fulfilled by the amplitudes of RPA pho-
non operators. If we neglect the backward going ampli-
tudes, i.e., if we consider the TDA, these additional con-
straints convert into trivial identities. These new restric-
tions should be verified in comparison to data, as it has
been done previously for Tamm-Dancoff phonon opera-
tors.!* The microscopic derivation of the DR, HPR,
and SR, presented in this paper, is by no means a
straightforward generalization of the TDA case.

At the same time, advanced microscopic nuclear mod-
els (such as nuclear field theory,!” the quasiparticle pho-
non model,'® and boson expansion theories!”!®) are
based instead on RPA phonon operators, not on TD
ones. Hence the obtained microscopic realizations can
be (and were) used'® to construct the “SU(6) limit” of
microscopic nuclear models based on pairing plus
quadrupole-quadrupole interactions.

Keeping only the quadrupole collective degree of free-
dom, it is possible to separate out a part of the Hamil-
tonian which is expressed in terms of the QCA, which
consists of RPA phonon operators and their commuta-
tors. In this way we explicitly construct microscopic
SU(6) Hamiltonians in the DR, HPR, and SR. In par-
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ticular, substituting the SR of QCA generators into a mi-
croscopic Hamiltonian with a separated quadrupole de-
gree of freedom, we can obtain the IBM Hamiltonian,
with the microscopic expressions of the parameters that
appear with different boson structures.!” This method of
obtaining the IBM from the microscopic point of view is

an alternative to the standard approach.’~%20-22

II. OUTLINE OF THE PROCEDURE

It is well known that for the SU(6) Cartan-Weyl
canonical algebra?’ there exist the DR and HPR. They
have been explicitly constructed in Ref. 24. For the
quadrupole collective algebra (QCA), associated with
SU(6) boson symmetry, the DR, HPR, and SR have been
investigated,?>2® but not on the microscopic basis.

To obtain the microscopic DR, HPR, and SR we per-
form the following steps.

First we introduce the RPA phonon creation and an-
nihilation operators® !¢
Q=13 1¥j)

Ji

ATGiom — (=1 rg2l A G 2—p)]

(1)

Generally, the RPA operator is denoted Q;,;, where A
denotes multipolarity, u denotes z projection in the labo-
ratory system, and i is the label of the solution of RPA
dynamical equatlon (i =1 corresponds to the collective

solution). 4' and A4 denote two- quasiparticle creation
and annihilation operators,
A'Gisw =3 Gmj'm' |2u)a),a},,. (3)
mm’

AGj52—p)=3 (jmj'm'|2—p)a;,a, , (4)
mm’
where a }:,, and a;, are quasiparticle creation and annihi-
lation operators in the spherical basis, respectively.

In the second step we introduce the generating state’
with the ansatz?’

[0), (5)

|a)=exp

: t
*
> a2,uQ2yl
pu=-2

where | 0) is the vacuum for RPA phonons, not for TD,
as in Ref. 27,

Qz;u |0>=0 . (6)

Q=17 2[\11 A (i 2u)— )2 “¢ jj ;2—p)] . Now we study the matrlx elements of the operators
Dot sz, and [Qz,an] between the generating
(2)  states (5). They read?
|
(—1)m
(@ Qyila)=(0] |0+ 3 3 —7')—{["'[[Qu,QTl],QTZ],--~,QT la, a}’
——lrl ..... :
2
Xexp| 3 a0, a’>, (7
T==2
—1)m 2 ,
(a|Qlla)= <‘Q*+ 3 3 ‘m,’ [ 100 Qb @, Yoy, [exp| 3 @ |fa),  ®
mulv'l ..... : =2
<a|[Q2,ul’Q;vl]|al) < [Q;uQ ]+ 21 2 (—n,” [”'[[Qy’Q:]rer]’QfZ]!" QT ] Tll arm
m=17,...,
2
xXexp| ¥ a0, a'>. 9
T==2

On the right-hand side (rhs) of Egs. (7)-(9) the notation Q. and Q' stands for Q,,; and Q1 ,, respectively.

As it turns out, the multipole commutators of the RPA-phonon operators contain not only the operators Q,,; and
Qz,u but the noncollective roots Q;,,; and Q1. also [cf. Egs. (16)—(18)].

The general RPA solution for creation and annihilation operator has the standard form!'¢

Ol =13 WA TUf ) — (I 4 A5 A =gl
Oy =1 3 [V A Gj's ) — (= D H83 AT A —p)]
J]
with

AN =3 (mj'm' | Apda),al,,.

mm’

A A== 3, (mj'm’ [ A—p)a) iy |

mm’

(10)

an

(12)

(13)
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with the closure relations

S [ — oo =28, ,

Ji’

E [\I/;}i,q)l‘ \PM q)kl ] 0

i Jy+i,—A
z( gy MM QM )=8, 8, —(—=1)"T2TTs L,
J]J, .12]2 1111 JaJ2y J1J2 JiJ2 1y 72y

The inverse transformation reads
ANGj ) = b WHOL +(— 10, L, (14)

AGj'h—p)= E\PA’QA_#,H—I)”“(D"‘QT (15)

Using Egs. (10)-(13) and the anticommutation relations for quasiparticle operators a J-J'm »dy,, We obtain the expres-
sions for commutators appearing in Egs. (7)-(9).
The single commutators are

[QM.,QWO,] Bar BBy~ 2 2 BUlsAu W=D 12020 4 D220 + D2 ApA'Y | Agizg)

Ay
]1]2]|
Ag A A A Ay N
A groio A Moo g Ai
X ¥, ul( N {jz i f1l_ (-1 J,sz)j’lf, lfz Jt |’ (16

[0} @ 1= 2 2 BUULAE =1 1A+ 1) 22R+ 1DV Athgpa | M’

i M
Ao A A A oAy N
Moio g Ai 0 A+2g Ao gy ofo 0 A
P .1 . . “1 <D . 1Y} . . —1 Y 17
Ol R AINT {]l J1 2 (=0 =¥, JaJy [11 J1 )2 }( ) } an
where
B(jih)=3 (mj'm' | Muda), (=1 ™, . (17a)
mm'

We also need the commutator

[BG1jsMe) Q5,1 1=V502A+ 112 S (2vip | A'n’) lg{w S (—1)1

Muit

k A 2 (_I)K A’ \1,21
jz j,l jl i Jadh

2 A A
T 1 S L
J2 J1 Ji| N 1ah
(-1 MoA 2 M, g2t
N

2 A N
+1. L @M (18)
J2 Jv J1 | N Jan

Using expressions (10)—(18), one obtains, in a straightforward way, double commutators which appear in (7)-(9)
Let us write only one double commutator in order to illustrate terms which are included and left out in the SU(6) mi-
croscopic boson model of Ref. 9,

.1
7y

H (= DY Qo 3 (1)

.
J1
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[Qh s [Qais @ sy 1]
=3 3

fljzj’lj; kA" i

[0+ DA+ 1245+ D21+ 1)]'72

N Y
X A=) O o [k A A kY (=1 T G A
oAy k

><<Q“, M

Mofog )i’ \yAi” A A g roog it QMi"
Jllz\yjljlezj'zwj'l §+( n Qi \Ph!zwj Jl\y.lz.lz J,Jz)
AR

A A o
— A—p A | kA B A g—pag | ki Y(— 1) TRy A
AA kK
t @ oghi N gA N —p o hi A
X(Q}”“’ flfch |11w12!2w1112 +(=1) ”Q}t"—#"i"q) 00(1)1 LI ot

1(—1 )L’+k+ko+k (7»0/1.

x(—l)j"_j‘

RS D ) O 7

LAVE I 1Y PR 29 Mol 1Y

oA | ki) (— DY HAN —p'Ap | kk)

ji ¥

Ani,
- A ( . \PAI \POO l:q)kx
)1 Qe Vij, ¥y Vi o i

i
\l’ OO(DA i’ q)}»ll ))
J1Jz J1y 1212 Ji/2

— (=DM AN —p'Ag—po | ke I(—1) FoTHo( n_pAp | ki)

X (=1 H(—

A —u"nt Aoig Al At
+(—1) Qk”—u"i"q’m;q)

It is seen that even if we set Ag=A=A"=2 and
ig=i=i'=1, i.e., restrict our consideration to the com-
mutators among the RPA quadrupole collective opera-
tors, there are the terms with A’’s£2 and/or i"’41 which
“scatter” out of quadrupole collective subspace due to
summation on the rhs of Eq. (19). These terms are re-
ferred to as ‘“‘scattering terms.”

However, if we enforce A" to A”’=2 only, and " to
i"=1, ie., if we neglect the “scattering terms,” the ex-
pression significantly simplifies. In this case the double
commutators are approximated by the terms which do
not lead out of the RPA quadrupole collective subspace.
This approximation will be referred to as ‘“‘scattering”
approximation. In this way the original, untractable

R VER S .
Jv—iy . 010 g, Ai Y
1) l l ]2 J1 }\0 (QA'”“" 1112(1)];!1 ]]szjz;;
ANk
D) (19)
J /,12 1212 ’
T
algebra SO(2Q) closed by two-fermion operators

{aa, a’a’,a%a}, will be restricted to a tractable but en-
forced SU(6) Lie algebra, i.e., SO(2Q2) DSU(6).

If the scattering approximation is imposed, the double
commutators appearing in expressions (7)-(9) can be (cf
Sec III) expressed as linear combinations of @, and
QZrl Therefore, the set of operators

(0,,01,10,,0} 1.12,,0,,1.12}.2} 1} (20)

constitutes a closed algebra. It should be pointed out
that the operators (20) generally do not close an
algebra—the closure was enforced by neglecting scatter-
ing terms. Here we have introduced the notation
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Q#,QL, labeling quadrupole collective operators associ-
ated with the “scattering” approximation.

In the following step we shall impose the condition
that the operators (20) form a Lie algebra. This will be
referred to as Lie algebra enforcement. We will show
that in this case the set of 35 operators

(Qu0510,,0] 1} (pp1o=0,%1,£2)

forms an algebra isomorphic to the SU(6) Cartan-Weyl
canonical algebra.?2%2® This algebra is referred to as
quadrupole collective algebra (QCA).

The two requirements together, the “scattering” ap-
proximation and Lie algebra enforcement, are referred to
as the SU(6) approximation. We w111 show that in this
case the commutators [Q,Q] and [Q ,0 ] vanish.

Employing SU(6) approximation the infinite series in
(7)-(9) terminate at the double commutators and we
shall obtain closed expressions for the matrix elements
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(a]Q,la"), (a] Ql la'), and (a| [Q#,QT,] |a') in
terms of a, and their derivatives 3/da,,.
In the next step a, and d/3da, will be mapped into

quadrupole boson creation and annihilation operators

+ d
a#—>b“, E—)b” .

Upon this replacement we shall obtain mlcroscoplc
Dyson boson realization for Q#,Q and [Qu,Q ]-

In the following step, using the microscopic DR we
shall derive the microscopic HPR and microscopic SR.
Alternatively, we shall derive the microscopic HPR
directly, by performing a co Tplete analys1s of the en-
forced QCA closed by {Q“,Q [QM,Q ]}. Having ex-
plicitly constructed the microscopic HPR of the QCA in
a straightforward way, we construct the microscopic SR
of this algebra.

III. QUADRUPOLE COLLECTIVE ALGEBRA IN TERMS OF RPA QUADRUPOLE PHONON OPERATORS

AND RPA-SU(6) -

ENFORCING CONDITIONS

Imposing the SU(6) scattering approximation, we can present the double commutator (19) in the compact form

2
[Q;',[Q;uQLO]]=2 2 (QZL"C#'MLOAJ"+Q#"Dl-"##o“”)’
w2

(21)

with
Corpp = Eo Cx EK (2u'2p0 | K ) 2p""2p | Kk ), 22)
D= 3 D 3 1P (=i’ | Ko Qi | K)o (1P g2 | K)o 2| K], 2
B
— 25 _ J1—J1 ). . o _ .
Ce=% 2 (U7 Tl Ji 209,V W, W =0, 0, B D), 24)
FRVEYRTR) 2 2 K
j2 i
Ji=iv ).
De=% .2,.;(—1) Ja v 2 (\Iljljz\pfxll\ylzlz(pl’].’;_d)jlqu)fllflezj;q)fllf;)- 25)
J1Jyd s 2 2 K

Here, ¥ and @ stand for ¥*! and ®?!, respectively. In
obtaining Egs. (21)-(25) we have used the relations'®
A _ i —ApA i — ' — A ghi
Wh=(— 1)~/ N o= (1)~ Aok, (26)
Let us write the expression for another double com-
mutator,

[Q,,[Q,,2;, 1] ..

¥
Hpgup' + Qu"D W

-23(Q,-C
<

27

If we consider the Tamm-Dancoff phonon operators, i.e.,
by neglecting the backward going amplitudes ®, from
Egs. (17), (21)-(25), and (27) there follows

[0}.0},1=12,.0, 1=0,

Du;mou =0,
(ehre.0Mn~of,

[e.re.0f1~0,

and in Egs. (7)-(9) the infinite series terminate at double
commutators. In thls case we easily obtain exact boson
realization of | 7hrD,[Q,“ '1™} in the form of
the DR. As for CKD, it exactly reproduces the corre-
sponding quantity C, given in Ref. 14.

The case of RPA phonon operators is more complicat-
ed because RPA phonon operators do not automatically
commute [see Eq. (17)], and the double commutators
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contain both Q and QT terms [cf. Egs. (21) and
(27)]. There is no apparent termination of the infinite
series in (7)-(9) and, therefore, the exact boson realiza-
tion does not emerge in a simple way as it does in the
Tamm-Dancoff case.

On the other hand, we can directly check that the DR
and HPR should exist as particular solutions for the
commutation relations satisfied by {Q#,QL,[Q“,QI,]}.
The main point is to derive conditions under which the
DR and HPR occur as exact realizations of QCA. This

will also result in the microscopic expression for N, the

quantum number associated with the linear Casimir
operator of the SU(6) group.>*1°
We have started with the set of operators

(@i Q1o [Qai> @ i @t iy B Qi @iy

corresponding to the algebra SO(2n). Applying the
‘“scattering” approximation, this set of operators was re-
stricted to a smaller set,

(0,,0110,,0] 112,.0, 1.12},0] 1} . (28)

Now we apply the Lie algebra enforcement: We re-
quire that the operators of the restricted algebra (28)
satisfy Jacobi identities. In this way we obtain a number
of constraints imposed on the RPA amplitudes ¥ and ¢
(cf. the Appendix):

m

WjnK)=2 (=17 70 1P %=
J

(29)
for K =1,3 and any {j,j,};
W (12 K)=0 (30)
for K =0,2,4 and any {j,j,};
Dy =0 (K =0,1,2,3,4), 3D
C,=C,=o0, (32)

Cy=C,=C,=C (K independence of C¢), (33)

where Dy and Cy are defined by Eqgs. (25) and (24), re-
spectively.

The constraints (29)-(33) will be referred to as RPA-
SU(6)-enforcing conditions. In the Tamm-Dancoff case
(®;»=0) the relations (29)-(31) are automatically
satisfied. In the RPA case these conditions are nontrivi-

1 ~
’ ’—E[Q;’Q;]JM lO) ‘ ’:% <
Hol ot

1—1 3 u'2py | IM ) 2p2u, | IM >C(5u,u5#0u6+5“,“05
Kol ot

al. The most intricate point is to establish Dy =0. This
is a crucial step in the microscopic derivation of the DR,
HPR, and SR.

We note that up until now ¥ and ® are assumed to be
the solutions of standard RPA equations. However, the
task of determining ¥ and ® could be reformulated, tak-
ing into account the constraints (29)-(33) which lead to
a system of dynamical linear equations for ¥,® and fre-
quency , coupled with the nonlinear RPA-
SU(6)-enforcing conditions.

In the Appendix we show explicitly that, due to (29)
and (30), there holds

tel.el1=0, [0,.0,1=0. (34)

We stress that all these relations stem unambiguously
from the corresponding Jacobi identities (cf. the Appen-
dix). The enforcing RPA-SU(6) conditions (29)-(33) are
essential for our microscopic derivation of the DR and
HPR for RPA phonon operators. On the other hand,
these relations resolve some of the problems appearing in
Ref. 9: The difficulties of Ref. 9 were that the relation
K, =L, was not shown, and that the boson number N in-
cluded terms which should exactly vanish as required by
Jacobi identities. Now, by substituting the expressions

Pyp=3Wy—®y) g;y=1(¥j+ @)

into the expressions for the quantities K; and L; of Ref.
9, we obtain

K1=C1—2D1, L1=CI+2D1 .
From D; =0 [Eq. (30)], there follows K;=L; and

2 1 1
N =Int K =Int 73 =Int cl- (35)

It should be noted that relations (34) and (35) have
been proved to hold exactly if the SU(6) enforcing condi-
tion is assumed; we do not use the RPA assumption that
the number of quasiparticles in the ground state is small.

We can easily show that the quantities Cy, C,, and C,
are related to the norm of the two-phonon state,

1 ~
V—E[QLQ;]JM 10),
where |0) denotes the vacuum of Q,, 9, [0)=0. By a

straightforward derivation, we obtain, for the two-
phonon norm,

S o | IM )22 [IM )02, [1Q,,01 1.} 110} +1

)=1-C,

’
Hitg
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i.e., C takes into account, on the average, the Pauli prin-
ciple.

We note that in view of Eq. (34) the enforced RPA
phonon operators commute and therefore odd momenta
do not contribute to the two-phonon norm; thus C; and
C; should not contribute, in agreement with Eq. (32).

RPA-SU(6)-enforcing conditions lead to essential
simplification of the algebra (28). By virtue of Eqs (34)
and (35), the commutators [Qu,Q“ ] and [Q”,Q# ] drop

out, and we are left with the set of 35 linearly indepen-
dent operators,

(0,,01.10,.0! 1} ,

which is just the number of operators corresponding to
the SU(6) algebra.

Using Egs. (31)-(33) the double commutators (21) and
(27) can be brought into a simple form:
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[QZ' Q> Qlo 1= CB#I#QZO + CS#MOQZ' ’

[0,,[0,,0] 11=—C8,, 0,—C8

;moQ#’ .

Therefrom, we have

[lg..el11e,.0i11=cs,l10,.011-cs,10,.071.

(38)
Here we have used the relation
> § (2u2v| Kx){2A2p | Kk)
K =0,2,4, k=—K
=7(8,18,,+8,.8,,) -

Now we turn to the microscopic derivation of the DR of
the QCA.

1IV. MICROSCOPIC DYSON REALIZATION FOR THE QCA

Let us now insert the commutation relations (35)—(37) into the rhs of Egs. (7)-(9).

From Eq. (7) we get

(a | o, |&’)=<5 Q, exp ézaTQT E’z’>=<6 exp
which can be written in the form
(@|Q, |a'>=—£—;(a [a') .
Similarly, from Egs. (8) and (9) we get
@lefla)=(0| oL+ 3 51k, Ja + 351
T -

(@lte,ollia)=(0| 0,01+ 3 55

In order to sxmphfy (41) and (42), let us determine the
effect of Q,,, Q“, and [Q#,Q Jon |0). In Sec. VII, we
will show that the QCA is isomorphic to the SU(6)
Cartan-Weyl canonical algebra; Q, are raising genera-
tors, Q# are lowering generators, and [Q,,0Q,] are
lowering generators for v>pu and belong to a Cartan
Abelian subalgebra for v=p.

Previously, we have considered the RPA vacuum (6):
0,10)=(0|Q} =0. When we replace the RPA quad-
rupole phonon operators {Qz;szy]} by {Q”,Q },
which belong to the SU(6) Lie algebra, as it is natural
[because of QCA =SU(6) isomorphism] to replace the

(@a|Q] |a

"oa,

T=-=2

{1_

(@|[g,.0l11a)= |8

L10,.011 Q.o

2

S ag.lo, @), (39

T=-2
(40)

2
[[Q“,Qfl] sz ](11'1‘112 } exp 2 arQr a,> ’ (41)
T=-2
2
exp| ¥ a0, a’> . (42)
T==2

-
original phonon vacuum |0) by the highest weight state
of the totally symmetric irreducible representation of
SU(6). This is a straightforward group-theoretical
identification of the state |(~)). As a consequence, we
have

0,10)=(0]Ql=0, (43)

(0][0,,071=8,(0] . (44)

Using (37), (43), and (44) we transform the relations
(41) and (42) as follows:
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In this way we have obtained closed expressions for
the operators of the QCA in terms of a and 9/9da:

d
Q= da,
f : 3
Q#aa#—Ca#TZE_ a’aa, ,
t_, 0 | _cy 9
[QIJ’QV] S#V f_—2 ‘ra Cav aa#

Making the replacement
d

a,—bl, Pl P
"

we obtain Dyson boson realization for the RPA phonon
operators

QER—_—bu
t t t
JPR=b [1—~C > b.b, ] ,

[0,.0!

T t
C>b,b, ] —vab#
Let us introduce

N=Int |—

as the integer nearest to 1/C.
Now we present the DR in the standard form'

PR=b,, 45)
2
JR=b! 1—717 ) bibf’, (46)
T=-=2
1
[Q,,011PR=5,, |1 _zzb*b — bl @

V. MICROSCOPIC HOLSTEIN-PRIMAKOFF BOSON
REALIZATION FOR THE QCA

Using the microscopic DR (45)-(47), it is easy to

derive the HPR. To this end we employ an orthogonali-
zation procedure with the transformation operator**26

0= [ [N—%blbv]!/N!J“z.

In this way we obtain

QIHPR —OQIPRG ~'=b] p%l , (48)
QHPR=6QDR6_1= [I—E b (49)
H I N n?
[Q,,,QI]“P“:s,WN—f—%bIb,‘ : (50)
with
N=3Sblp,

This presents the desired microscopic HPR for RPA
phonon operators and their commutators.

It should be noted that there is also a direct
method'>?° of deriving the microscopic HPR for the
simplified QCA given by commutation relations
(36)—(38). Following the method of Refs. 12 and 29, we
introduce the ansatz

Qp_bf'i_ EX-rpabrbp 4

PO

+ 2
TP191P292

Q#=b#+ EX(S)tb b b+

Tpo
Tpo

(5) t
XTPl 1Pz‘72b"bl’1b”1bpzb +

and calculate the coefficients order by order. In this way
we obtain

2
t_pt Gyt N 1IN
Qu=bu=buy y=bug |y | ~
n 172
_pt i (2n =301 | N bt 1__&
”n=0 nnn N u© N ’
and, analogously,
172
N
Q,= 1—7\; b#.

In this way the HPR was obtained in the Tamm-Dancoff
case, i.e., for the simplified QCA (¢=0).!

VI. MICROSCOPIC SCHWINGER REALIZATION
FOR THE QCA

Schwinger boson realization for RPA phonon opera-
tors is directly obtained from the Holstein-Primakoff
realization (48)-(50) by replacing

N—3blb,—s's,
A

+
b,

1 172
1_7\,—%1;}1“ ] —N-17gls

where s and 4 Z denotes creation operators for s and d
bosons, respectively.
In this way, we obtain

i o —172
QiR =d sN~'"?, (51)
_t .
Q;SLR =S dyN 172 ’ (52)
1
(0,0 F*= o S——"d,,d,, : (53)

Schwinger boson realization is associated*®?® with the
interacting boson model (IBM).2~* In the present
framework this representation is particularly convenient
for establishing the one-to-one correspondence between
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the QCA and Cartan-Weyl canonical algebra,
(001 [0, QL N} (Hi, Eo} -

VII. ISOMORPHISM BETWEEN THE QCA
AND CARTAN-WEYL CANONICAL ALGEBRA

In order to complete our derivation of boson realiza-
tions, we have to establish isomorphism between the
QCA and Cartan-Weyl canonical algebra
(CWCA).2»?428 This isomorphism was used in obtaining
relations (43) and (44). Furthermore, establishing this
isomorphism enables us to clarify the Lie-algebraic
meaning of Q, Q This is also important for under-
standing why the SU(6) algebra appears as the dynamical

algebra associated with the quadrupole degree of free-
dom. ,

In order to express one-to-one correspondence be-
tween the QCA and CWCA, it is necessary to introduce
a correspondence between indices utilized in both alge-
bras. In the QCA index u denotes the projection of
L =2 angular momentum in the laboratory system. In
the QCA e also need the combined index {uv} related
to [Q,,0 ] Takmg v>u we have two types of commu-
tators, [Q”,Q ] and [QV,Q ]- In the CWCA there are
k =P indices related to the Cartan Abelian subalgebra
(k=1,...,5) and five simple roots (8=1,...,5), and
v indices which specify the raising operators connected
with nonsimple roots (y =6, ...,15). We take the fol-
lowing unambiguous convention for the correspondence

{u} =tk =B}, (wl{r}:

|
m -2 —1 0 1 2
k=B 1 2 4 5
and
Y 6 7 8 9 10 11 12 13 14 15
10i +j 23 24 25 26 34 35 36 45 46 56
[

For a given y we first determine the corresponding i  Thus,
and j using Table (b), and then we assign i —lepu, 12
Jj — l<>v, using Table (a). [05Q)1=—rr(B)H . (55)

First, we establish the role of Q, and Q# as raising
and lowering operators, respectively. To this end we are ] t
going to use a standard commutation relation for the  From Eq. (55) it follows that Q, and Q, can be

SU(6) CWCA,>26:28
[Ex,E_,]=r(a)-H.

Using (51) and (52), or directly (53), we have
tim Lte gt
[9.,,0,.]1= N(s s—d,d,) .

Using the root system of the SU(6) CWCA from Ref.
28, we obtain

s's —dld,=121(B)H

with {u}<—{B} [cf. Table (a)]. Here, r() are five simple
roots of the SU(6) CWCA and H={H,] are the ele-
ments of the Cartan Abelian subalgebra:

le (sts—dT_szz),

1
2v6

1
Hy=—>=
2T 6v2
H3=%(sTs +d,d_,+at d_,

(s's+d',a_,—2d" d_)),

—3dld,) , (54)

= (s's+d'od_,+d" d_,+did,—4dld,),

4\/15

1
H5=671—6(STS +dt,d_,+dl d_,+dld,

+dld,—5dld,) .

identified with the raising and lowering generators of the
SU(6) CWCA:

172

1 3 bibs
:
‘/12 s'd,=Eg—Qp= I—T b,
=s'a,N-172, (56)
t 172
szbx
t t
Wd s=FE 3<—>Qﬁ b, 1———N—
=dIsN-12 . (57)

Using relatlon (38) we see that diagonal commuta-
tors [Q#,Q ] vanish. Therefore, they must be linearly
related to the elements of the Cartan Abelian subalgebra
of the SU(6) CWCA,

H=MH', (58)
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where
H,
H,
H=1":
H;

subalgebra of the QCA are

[2_,.07,]
H'=N : (59)
[2:.0]]
The explicit form of M matrix can be easily found
with the help of Egs. (54), (58), and (59):

1
—_— 0 0

2V'6 0

1 1
_——— S —— 0

6V2 3v2 0

M= _1_12_ _% % 0 (60)

__1r 1 1 1

415 V15 15 Vs
I 1 1

6V'10 6V'10 6v'10 6V10 6V10

Thus, there is also a one-to-one correspondence,

(H,}—{N[Q,,0}1},

Using Eq. (53) for v>pu, we have
[N[Q,, QL (N[Q,, Q] D 1=4(dd, -

Using the root system of the SU(6) CWCA, we get, for
any values {uv} (Refs. 26 and 28),

sdld,—dld,)=—t(y)H,

where {y}<{uv}.

Therefrom 1t follows that N[Q#,Q ]Jr N[QV,Q ]
and N[Q, Q ] play the roles of raising and lowermg
generators in the QCA, respectively, corresponding to
the nonsimple roots

1

?Zde =E,~N[Q,,0}]1=blb,=d}d,, (62
——=dld,=E_,~N[Q,,001=blb,=dld, . (63)

\/12

Relations (56), (57), (62), and (63) are of the type
SR=CWCA-QCA=HPR=SR .

Thus, by use of relations (56), (57), and (61)-(63), we
have established the isomorphism {QCA}«<—{CWCA].
It is easy to check that other commutation relations of
the SU(6) CWCA are satisfied too.

We have shown that the operators QZL and [Qu,QI]
for v>pu are the lowering generators. Therefore, the re-
sult of these operators acting on the highest weight state
(0| is zero [Eqgs. (43) and (44)]. On the other hand, the

f

operators | Qu,Q x| belong to the Cartan Abelian
subalgebra and thus the highest weight state |0) is their
eigenstate.

In fact, the highest weight state for the totally sym-
metric irreducible representation of SU(6) is a vacuum of
b bosons, |0)=|0),. From Egs. (50), (57), and (63) it
then follows that

(01 Qh=,¢0|b) [1-

172
F1 o
N - b

~ <0|bTb =0, pu#v
tq_ 1b VO
(OI[Q#,QV]—l L0150 u—v.
Thus, | 0) is the zero-energy state of the free Hamiltoni-
an.

The consequence of our proof that Q, and Q}: are the
raising and lowering operators, respectively, correspond-
ing to the simple roots, is a group-theoretical
identification of the generating state (5): this state is, in
fact, the SU(6) coherent state.2>2%30.31

Let us also mention a simple interpretation of rela-
tions (31), (34), and (35) in analogy with the CWCA.
Relations (34) and (35) are associated with the vanishing
commutators between the raising and lowering genera-
tors corresponding to simple roots ([Eg,Eg]=0). The
vanishing of DK,D#,WOun, Eq. (31), is associated with the
fact that raising and lowering generators do not mix on
the rhs’s of commutators of the CWCA ([Hy,E 4]
:rk(a)Ei|a| ).

VIII. BOSON IMAGES OF OPERATORS
B (jj;2u) AND B (jj;00)

Finally, we have to determine the boson images of the
operators B (jj';An), defined by Eq. (17a). These opera-
tors enter, on an equal footing with RPA phonon opera-
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tors, into model Hamiltonians and in other physical
operators. Therefore, we have to construct their boson
images too.

Our starting point is the ansatz (A6). We have to

determine explicitly the coefficients X, (j,j,;LM). To
this end we calculate the commutators
[B(j,j;LM),Q) ] by using Egs. (A15), (A16), and (36).
We obtain the relation

X, U1 LM)+8,, 3 X (i 1j; LM)=NV'5(2L +1)"2(2uLM | 2v)S'*(j,j;L) ,
<

where we have used Int[1/C]=N. The quantity S *(j,j,;LM) is defined by Eq. (A4).
Taking diagonal matrix elements, 4 =v and summing over p, we obtain 3,X,,,(j j,;LM). Thus, finally we obtain

X, js LM)=NV'52L + D"V2(2uLM |2v)S'*)(j, jy; LM) —

In particular, for L =0 we obtain
va(.ll]Z’Oo)—Na 5] s (2]1 +1)~ 172

X1 2 ,,, +<1>}]J ). (65)

For physical applications of direct interest, we have
the operators B (j,j,;2M) and B (jj;00). The latter is
proportional to the quasiparticle number operator [cf.
(17a)]

B (jj; 00)—(2]+1)“/2za]m Qjpy - (66)

Using (A6), (50), and (65), we obtain
J

’

.., jl+j' jl .]
X, (j1j2;2M)=5N(2u2M |2v>§,(—1) ) 2

It can be easily checked that the diagonal part of
X,,(j1j;LM) for L =2,4 does not contribute to
B(j,j;;LM). Then, we can write Eq. (A6) in the factor-
ized form

B (j iy LM)=58"%j jp;L)b] X b))y, L=2,4 (69)
where the tensor product is defined as
(b}XB,)ppy =3 (2p27 | LM )b} (—1¥b,_, ,
pT
and we have used the HPR of [Q,Q*] given by Eq. (50).
We note that the expression (69) is a generalization of

the boson image of the operator B (jj;LM) in the case of
a single-j shell.!*

IX. CONCLUSIONS

We have explicitly constructed microscopic Dyson,
Holstein-Primakoff, and Schwinger realizations for the

5,
””N?z—%/; S (9,49 (64)
[
B(jj;00)=(2j+1)‘V2§(\I’fj'-}-d)fj.)f_é_zbib, ,
and comparing with (66) we have
za,m ,m_z(wz +9%,) ﬁ blb, . (67)

T==2

Thus, in the case of SU(6) enforced symmetry the quasi-
particle number operator is proportional to the number
operator of quadrupole bosons.

The physical significance of the operators B (j,j,;2M)
stems from the fact that they enter the quadrupole mo-
ment operator and generate quasiparticle-quadrupole
phonon interactions in microscopic nuclear models
based on pairing plus quadrupole-quadrupole force.!>!¢

From (64) we have

(W) ¥+ @) @ SNQ2u2M | 2v)S‘H(j,jy;2) .

1})_

(68)

!

RPA quadrupole phonon operators. Using as a starting
point the standard RPA quadrupole phonon operators,
we enforce these operators and their commutators to
close the Lie algebra—the QCA. Due to the presence of
backward going amplitudes ®, the derivation becomes
rather complex. The analysis performed on the corol-
laries steming from Jacobi identities showed that
simplifications appear in a nontrivial way and at a price
of a set of constraints on the RPA quadrupole phonon
amplitudes. In terms of these operators and their com-
mutators, the QCA comes out directly in the canonical
form. Thus, for our purposes of explicitly constructing
the SR, HPR, and DR, the RPA quadrupole phonon
operators turned out to be a natural and suitable repre-
sentation.

In conclusion, we have constructed—in the frame-
work of the RPA—three types of boson images of all
elements {Q#,Qv,[Qu,Q ]JB} needed for an SU(6)
Hamiltonian expressed in terms of bosons. Using the
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Schwinger realization of the above elements of the QCA,  proach is under investigation and preliminary results are
we shall obtain the interacting boson model (IBM),2~*  encouraging.'®

while using Holstein-Primakoff realization we shall ob-
tain the truncated quadrupole phonon model (TQM).!%!? The authors express their gratitude for useful discus-
Thus, the obtained microscopic realizations provide a  sions to B. Barrett, A. Faessler, D. Janssen, R. V. Jolos,
new microscopic foundation of the IBM, alternative to F. Doenau, E. Nadjakov, E. Mandova, T. Marumori, L.
the traditionally employed approach.* An advantage of N. Mikhailov, V. Y. Ponomarev, D. J. Rowe, V. G.
this approach is that the total boson number N appears  Soloviev, T. Tamura, V. V. Voronov, and V. G. Zelevin-
as a microscopic quantity (35). The efficiency of this ap-  sky.

APPENDIX: DERIVATION OF SU(6)-RPA-ENFORCING CONDITIONS FROM JACOBI IDENTITIES

If we assume that the SU(6) “scattering” approximation is valid, the commutators (16)—(18) can be written in the
following compact form:

[Q4,0) 1=8us— 3 Bijs LMIVSQL + 1) 2uLM | 2p0)S ~(j jp5L) (A1)
J1i LM
[0].0].1=5 3 BUijn;LM)2u2pe| LM [1—(— DEIW (jpj L) — 1)1 2 (A2)
Jyi LM
[B(j1jnLM), QL 1=V52L + DV2 3 (u'LM | 20" ) {Q S j; L) +(— ¥ Q [ 1+(—DEIW (i L)}
<
(A3)
with
(£): Jiti 2 L
S <1112;L)=§(—1) 2 L, (DY, 0 0, (A4)
. j+ir 1 2
W(Jlfz;L)=;(—1) 2 L g, [PV (AS)

By comparmg commutation relatlons (21) and (A3), we observe that the B-tensor operators commute with Q opera-
tors in the same way as the [Q,Q ] commutators, i.e, B’s should be linear combinations of [Q,Q I’s. Also taking into
account (A1), we introduce the following ansatz for B operators:

B(j1inLM)= 3 X, (jj3; LM)8,,~[Q,, Q1) . (A6)
d

Jacobi identity for operators @,b,¢ will be denoted [@,b,2]=0. Let us now consider the Jacobi identities (i) (iii) as
follows.

) [B iz LM), Q)L Q1 1=[[B (j,j5;LM),Q} 1,01 ]
+I1Q5,071.B (i LM)]+[[Q1,B (1, j2; LM, Q1 1=0 .
Utilizing (A1)-(A3) and the commutator
[B(jijy;L'M'),B(jj; LM)]=(—DE 2V 2L +1)(2L" +1)

oL J1 J, L
J1tJ, S RVl L+L'—L"
c (= B -
X L%” 811!2( 1) (]1]2)L M )( 1) Lu LI J’]
-y v Jj2 L’
J1+7, YL Vil L"M"
—Sf'lfz(_l) B(jajL"M ){L" L j, Comim »

we can represent this Jacobi identity in the form

2 YUusLMp,v|jij; L' M)B (jijy;L'M")=0 , (A7)
JisL M
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where

Y (G LMpav | 34 LM =5VS(2L + DV2S G, js LYW (it L (= 1) 2 (—1)E —1]

X 3 A[(2uLM | 2u" Y 2—vL'M" | 2u" Y(—1)"]—[p=v]]

n

+V52L +1)V28 7y LW (o L[ 14+ (= 1DE]

X 3 {[(2vLM | 20" )(2—p"L'M" | 2u)(— 1 | —[u=2v])

u

+5(=DFL +1)2 3 QL+ D)V [(—=DE —11(2u2v | L"M")

L"M"

X{L"M"LM |L'M") {(—1% L

v Jj2 L o
J1+72 TN
LI Lu j!l ( —1 ) W(J ]J 1 ’L )8]2112
j» J2 L” Pt
oL (=1) W(jyyL )8].”.l . (A8)

The symbol [u=2v] means that in the expression in parentheses to the left the index u should be replaced by v and

vice versa.

[[B 1 LM),Q L0 1+1101B (i L), 1=11B,0] 1,01 1-[[B,0!1.0} 1, uev

and the third group of terms originates from the double
commutator

(0], Q). B (j1jyLM)]

when we use commutator
[B(j1jy;L'M'),B(j j,;LM)]

written above.
In order that the identity (A7) be valid, it is necessary
that

Y(jijos LMo, v | j1j2; L'M')=0 (A9)

for any set of indices
{JijsLM,u,v|jijs;L'M'} .

We see from (A8) that if we take L’ to be even and L to
be odd, then only the third group of terms in (A8) is
different from zero. If, moreover, we take L’ to be equal
to zero, we obtain (A9) in the form

10¢2u2v | L —M Y(—= DX "MW (j j,;L)

) )

- P
J1J1 Jal2

X8, . —
W2 |4/ 2j 41 V2j,+1

J

[

for odd L values (L =1,3) and any set {j,j;u,v|j1j2}-
We see that if j| =/ =j,, but j,5j5, then we deduce
1
102u2v | L —M Y(—1)E "MW (j j,;L)————==0
V2j,+1

for odd L values and any {j,j,;u,v}. We can always
take such values satisfying pu+v=—M that the
Clebsch-Gordan coefficients are different from zero.
Hence, we infer that W(j,j,;L) must vanish for odd
momenta L =1,3 and any {j,j,} pair of a single particle
set of quantum numbers

W(j,jy;L)=0, (A10)

and hence relation (29) in the text has been proved.

Let us now take L to be even and L' to be odd. In
this case the first group of terms in (A8) gives zero, and
the third group of terms does not contribute because,
due to the factors [(—1)F'—1] and [(—1)!"—1], there
appear W (j,j,;L) for odd L, which, in accordance with
(A10), is zero. Only the second group of terms contrib-
utes to the lhs of (A9). In the case L = even, L'= odd,
(A9) reads

V5L +1)V28 15 LW (jp L2 3 [ 2vLM | 20 ) 2—p” " L'M" | 2u)(—1)*"
-

Let us set L =0; then (A11) gives

—(2uLM | 2u" ){(2—u"L'M’' | 2v)(—1)*']1=0. (All)

2V'58 i L YW (12 01— (— DE (2 —vL'M' | 2u) =0 .
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There are two possibilities:
(1) §7)jjL)=0,
(2) W(jj;0)=0.

If we assume S'~)(j1j3;L')=0, we come to the con-
clusion that [Q#,QI]=8M, i.e., the single commutators
(A1) reduce to a ¢ number. We prefer to go beyond the
RPA so that we have to choose the second possibility,
ie., W(j;j,;0)=0.

Let us now take the set of indices

L=2, M=1, uy=-2, v=1, L'=3, M'=-3.
In this case (A11) reduces to

— 108715 3IW (12 (= 1)5V30=0 .
Using the same reasoning as above, we infer

Wi(jij.;2)=0. (A12)
Let us now take the set of indices

L=4, M=0, u=—-1, v=2, L'=1, M'=0.

J

[B(j1jpsLM), Q) 1=V52L + D2 3 (2u'LM |20 )S' 7 (j j; L)QL

n

As a result of (A1) and (A15), we find that the double
commutators [QT,[Q,Q*]] contain only QT terms,

[0/:10,,0), 11=2 3 Cpippuu Qi » (A16)
<

where C#';mou” is given by Eq. (22).

On the other hand, if we use (A3) instead of (A15) for
the commutator [Q#,Q}:0 ], a straightforward calculation

gives

(012,10} 11=2 3 [Cpipyer @b + Dy Qi
2

(A17)

where D, " is given by Eq. (23). The comparison of
(A16) and (A 17) leads to the result

Du'wou”=0 for any p'w,pp,u’’ .
From the definition for the D matrix (23), we then have
Dy =0, K=0,1,2,3,4. (A18)

In this way the relation (31) is proved. Thus, the rela-
tion (A18) is a direct corollary of relation (A14),

(i) [Qy,Q,,Q} 1=0.
Using the relations (27), (34), and (A18), we obtain

2,’ Qu“(C#'#ouu” = Cppgr =0,
u

In this case (A11l) reads
1

=1/ a Y . . 1
2v5V/9s! ’(jljz;O)W(mm)(—1)57:1=o
From here we conclude
W(jij,;4)=0. (A13)

Therefore we have shown the enforced vanishing of
W (j,j,;L) for even values of L and thus the validity of
relation (30) has been established:

W(jj;L)=0, L=0,2,4. (A14)

From (A10) and the explicit form (A2) of the commuta-
tor [Q;,QI,], it follows immediately that [QZ,Q:], and
also [Q,,Q,], vanish if the Lie algebra enforcement is
imposed. Thus (34) has been proved.

The consequence of relations (A3) and (A14) is that
the commutators [B,QT] do not contain Q terms, but
only Q' terms:

(A15)

ie.,
Crrngun = Cpupgey for any p'spo,p, " .
Using (22) this gives
S Cl(— DX =11 322 | Ki ) 2pe2p’” | K} =O0.
K K
(A19)

values— {p', o 1"’}
— 1,1} —we obtain

Taking two sets of pu
={1,0,2,—1} and {—1,1,

C,—C;=0, C,+4C,=0.

Thus, we have obtained the relation (32),
C,=C;=0.

We now turn our attention to the third Jacobi identity,
(i) [[Q,.071[0.,0710l1=0.

Using relations (21), (27), and (A 18), we obtain

3 08 3 (CopueClrege = CpmeCiee

€

+ Cmge Cpfee’ - Cpfge Cvuee’ )=0,
i.e.,
2 ( C-rpyecvege’ - Cprve Cgues’
€
+ vage Cpres’ - Cpr§ecvpes’ )=0 (A20)
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for any set u,v,7,p,§,€'.

Using definition (22), we get a simple selection rule for
indices in each term appearing in (A20): the term
CopysCupys can be different from zero only if

at+y=a'+y’,
B'+8'=B+6.

(A21)

For a+y=B+8=0, from (22) it follows that C,g,;
has the form

CaByS ='(moCo+m2C2 +m4C4 )R ) (A22)

with the integers my,m,,m, satisfying the conditions

0 if a#£5B,

Mot t M= N1 R ifa=p

(A23)

and R is a real constant. The condition follows from the
orthogonality relation for Clebsch-Gordan coefficients in
definition (22) [cf. the relation below Eq. (38)].

For a+y=B+68+0, the expression for Copys takes
the form

Capys=(m3Co+miCoR" .

The integers m 3, m satisfy the condition

, , 0 if a#p,
m2tms=11/R ifa=8.

On the basis of definition (22), we can represent identi-
ties (A20) in a more transparent form by taking different
concrete {u,v,7,p,&,€'} sets. For the series of five sets
{0,—1,1,2,0,0}, {2,2,0,1,—1,0}, {2,0,2,2,1,—1},
{2,2,0,—1,1,0}, and {-—1,0,1,0,0,0}, we get, respec-
tively,

(C4—C,)(14Cy+10C, —24C,)=0 , (A24)
(C4—C,)(1Cy—10C, +3C,)=0, (A25)
(C4—C,)2C,+5C,)=0, (A26)
(C4—=C,)(14Cy+25C,—39C,)=0 , (A27)
(14Cy+15C, +6C,)(14Cy+10C, —24C,)=0 .  (A28)

Physical meanings have positive real C values. Hence,
(A26) implies C4,=C,. On the other hand, from (A28)
stems 14C,+10C,—24C,=0. Therefrom, we obtain
Co=C,=C,=C, i.e., Egs. (33) have been shown. All
other relations—(A24), (A25), and (A27)—are automati-
cally satisfied.
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