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Similar considerations for other processes all giving
results in agreement with (14) as well as results con-
cerning strange and unnatural-parity trajectories will
be published elsewhere.
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structed by Baacke, Jacob, and Pokorsky,'! which is
symmetric under ¢<># and therefore decouples the
odd-spin states, gives Eq. (4c).!?

1 T, Baacke, M. Jacob, and S. Pokorsky, Nuovo Cimento 624,

332 8969}3~ her hand. th itad cructed in Ref. 2 § We gratefully acknowledge very illuminating dis-
n the other hand, the amplitude constructed in Ret. or . . . .

my— mp has CP= —1 natural-parity states, and as a consequence ~ CUSSIONS with H. Harari, M. Kugler, and H. J. Lip-

the p and A. trajectories appearing are not degenerate. kin.
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A nonrelativistic model of hadrons as N-fermion bound states is proposed. It is concerned with the
relative motion of the subparticles and the intrinsic spins of the fermions; the dependences on center-of-
mass and internal variables (isospin, hypercharge, etc.) are separated out. Eigenvalue equations for the
total angular momentum, parity, and mass are written down, with the requirement of invariance under
the Born reciprocity principle applied to the relative coordinates and momenta. Ladder operators con-
necting different states are derived and are used to construct all solutions from a ground state. The solu-
tions for three-fermion bound states are applied to baryonic resonances, yielding mass formulas for N*,

Yo*, and Y* resonances.

I. INTRODUCTION

HE study of bound states of an arbitrary number
of fermions is an imporant one since nuclei, and
possibly also mesons and baryons,'™® are composite
structures of more elementary fermions. The problem
is a difficult one, since the binding mechanisms are
either very complicated or completely unknown, and
the many-body problem, even with known interactions,
is hard to handle.

Our purpose is to investigate a model in which the
dynamics is dictated by the Born reciprocity princi-
ple.*7 Several authors have treated reciprocity-invari-
ant wave equations. Yukawa8 has introduced reciprocity
into nonlocal fields, while Takabayasi’s quadrilocal
model® is reciprocity-invariant, because the invariant
binding potential in his model is the (34-1)-dimensional
harmonic oscillator with U(3,1) unitary symmetry. The
difficulty arising within the relativistic treatment is
that the states are either not normalizable or that they
possess infinite degeneracy.!® Yukawa and Takabayasi
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introduce a subsidiary condition to remove this de-
generacy, while Shin,® in an attempt to establish a
connection between a reciprocal wave equation and the
theories of Nambu!! and Kursunoglu,? reduces the
problem to one in a one-dimensional mathematical
space.

The same problem does not arise in a nonrelativistic
treatment, since in such a framework reciprocity in-
variance leads to compact unitary symmetry. One has
to assume, however, that the Born reciprocity trans-
formations* for the spatial coordinates and momenta do
not change in the nonrelativistic limit. This is not ob-
vious, since reciprocity transformations introduce fun-
damental lengths, which could make reciprocity in the
nonrelativistic limit meaningless. If this is the case,
““nonrelativistic reciprocity” is to be understood to mean
a harmonic-oscillator type of binding mechanism. The
application of a nonrelativistic model to nuclear or
elementary-particle physics is limited and requires justi-
fication. The reader is referred to the literature for a
discussion on the feasibility of nonrelativistic ap-
proaches'® and for pertinent models on baryons! and
mesons.
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We intend to construct and examine the consequences
of a nonrelativistic model of N fermions, where the in-
ternal parameters obey the assumed nonrelativistic
limit of the Born reciprocity principle. In Sec. II,
center-of-mass motion will be separated out; eigenvalue
equations for the relative variables will be studied in
Sec. III. In Sec. IV, we will construct ladder operators
connecting possible states. The solutions to the eigen-
value equations will be obtained in Sec. V, and applic-
ability of the model to elementary particles will be
examined in Sec. VI.

II. KINEMATICS

For a system of NV subparticles, there are N indepen-
dent momenta and N canonically conjugate position
vectors, obeying

[pima" 1= —id;6mn, (1)

where m, n=1, 2,---, N, and 7, j=1, 2, 3.
Alternate descriptions are possible through linear
transformations
kia= Lampl_m ,
3= Lo,

@

where o, =0, 1, 2,---, N—1, and summation over
repeated indices is implied. The transformations have
to preserve the canonical commutation relations

[k ]= —id:8°. ©)
Then, we have

Lem/8n[ pm on]= — b omnLam]/Bn
and
LumL’Bnamn= szmL'ﬂm= aaﬁ_

Thus, Eq. (3) is satisfied provided that

L'=(L 1T, 4)
To separate out the center-of-mass motion, we impose
L'm=¢ and L'*"=y,/c, 5)

where ¢ (#0) is a constant, and u,=m,/3_ . m, is the
fractional mass of the nth subparticle. Now, we have

k¥=c Z pim=cP;,
1 (©6)

0— PR -
Vi == ;l.n.’k]'"—_)(j,
c " ¢

where P and X are the center-of-mass momentum and
coordinate, respectively.

The remaining 3(V—1) pairs of variables k., y,°,
with 7, s=1, 2,---, V—1, are then relative variables,
obeying

[kiry = —idiom. O

The choice of the relative variables is not unique.
Since Eq. (5) imposes 2N conditions with the introduc-
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tion of one parameter, the transformation L has NZ
—2N+1=(N—1)? undetermined constants. These are
the parameters of the (V—1)-dimensional linear trans-
formations existing among the possible sets of relative
variables:

k/i&r:Asrk',r’

y".s= Aler i (8)

where A’=(A"!)T to preserve the canonical commuta-
tion relations.

We will call a function of these relative variables
reciprocity-invariant,” if upon the simultaneous replace-
ments, d.k;"— v:"/d, and y,”/d, — —d.k;" (no summa-
tion over 7), the function is not altered. The d, are
constants, associated with the rth degree of freedom,
needed to make the reciprocity-invariant quantities
dimensionally uniform.

The requirement of reciprocity invariance in a given
representation of the relative variables ensures reci-
procity invariance in another representation only if the
transformations connecting the two representations are
themselves reciprocally invariant. The group of these
transformations is a subgroup of the (N —1)-dimen-
sional linear group. Consequently, the requirement of
reciprocity invariance eliminates a number of otherwise
possible representations.

III. EIGENVALUE EQUATIONS

In the study of the bound states, we would like to
select a representation in which the operators, corre-
sponding to the basic physical observables—total angu-
lar momentum, parity, and mass—are diagonal.

These operators have to satisfy the following require-
ments:

(a) They must be scalars, to yield scalar eigenvalues.

(b) In order to be simultaneously diagonalizable,
they have to commute mutually with each other.

(c) Reciprocity invariance is required as a basic
postulate.

(d) Invariance under rotations for both integral and
half-integral spins, i.e., invariance under SU(2), is
required.

(e) They can depend on internal quantum numbers,
such as isotopic spin or hypercharge, but this depen-
dence has to be separable from dependence on spatial
variables.

To arrive at the total angular momentum, spin-orbit
coupling will be used; that is, we take the total, relative
orbital angular momentum to be

Lij=20 Li =32 (yi'ki —yi"ki"); )

next, we couple subparticle spins according to

Siy=2 Si™, (10)

where the S;;™ are components of the spin of the mth
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subparticle, and finally, we add total orbital and spin
angular momenta:

Jii=Li+S;. (11)

The eigenvalue equation for angular momentum is,
then,

JY)=3J i) [¥)=(L*+2L-8+8%) |[¢)
=jG+Dly). (12)

We also require that

PlY)=1l¥), (13)

where P and p (==1) are the parity operator and its
eigenvalue, respectively. Both Eq. (12) and Eq. (13)
satisfy conditions (a)-(e).

Now, we look for an equation of the form

Kly)=fn)y), (14)

where K is an operator satisfying the requirements
(a)-(e), and f(M) is a real function of the mass of the
compound state.

The simplest reciprocity-invariant quantities in the
relative variables*™ are

Lyr=3[ki "k 430y /d ']
and the total angular momenta
Lij= (ki —yi'ki).

The operator K in Eq. (14) will have to be constructed
from these quantities coupled with operators in spinor
space; for simplicity we will only consider operators
that are not higher than bilinear in ¥y and k. Such oper-
ators, corresponding to our coupling scheme, are

(15)

r=y T, (16)
A=L;S;=2L-S, (17)

and
52=%Sij5ij- (18)

If we take a linear combination of these, Eq. (14)
becomes

(A+BT+CA+DS?) |¢)= f(M) |¥), (19)

where A, B, C, and D, according to condition (e), can
depend only on internal quantum numbers.

In Eq. (16) we took I' to be the sum of the diagonal
operators I';;". This choice corresponds to normal modes
of oscillations for the (V —1) harmonic oscillators. There
is only one representation of the relative variables in
which T will be of this form; a reciprocity-invariant
linear canonical transformation on these relative vari-
ables will introduce cross terms in I' of the form T';;™"".

The operators =T, Q=12 Q;=A, and Q=52
mutually commute; therefore, they can be simulta-
neously diagonalized:

Tly)=v[¥), (20)
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Ly)y=10+1)|¥), (21)
Aly)=sly), (22)
Sty)=s(s+1[¥). (23)

Equations (20)-(23), together with Egs. (12) and
(19), yield the formulas

JGH D) =10+ 1)+ 6+s(s+1) (24)
and

f(M)=A"+By+C'5+D's(s+1), (25)

where A’, B, C’, and D’ are the eigenvalues of 4, B, C,
and D.

IV. LADDER OPERATORS

If each member of the set of mutually commuting
operators Q (=1, 2, 3, 4) satisfies the relation

[ka U]= Uor, (26)

where U is an operator and wy is a function of the @’s,
the operator U will be a ladder operator between two
different states, for

(QlcU"' UQI«) [‘/’a>= Uwi |¢u> ’
Q.U 5‘pa>= (Qkal+wka,) U'Hba> ’

where Q" and w,’ are the ath eigenvalues of @, and ws,
respectively. Thus U|¢.) is again an eigenstate of Q,
with eigenvalue Q. +wia, unless U|¢q)=0.

We solve Eq. (26) for all possible U by means of
commutator algebra. Since one of the operators in Eq.
(19) is that of N—1 three-dimensional harmonic oscil-
lators, we investigate first the effect of the raising and

lowering operators for a harmonic oscillator. Let us
define

d(r) yi(r)

(ki(”:l:i )
V2 dn’
The commutation relations of these operators are found
from Eq. (7):

(Z,‘r:t =

(27)

Lar,a,T]=8:8"

and (28)
Leia;]=[a:* 0t ]=0.
In terms of these operators, we have
Li=1i(ai~a " —a;"a™), (29)
and
a"at =3 e ta 43
Fiir= = P} (30)

d,? d,?
with no summation over the indices » and 7. Then,
air+air'+% \'r_'_i

- 2
=Z )
v d,?

m=r=3 Tu=3

- Py 31)

(32)
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Q=A=LySy;,
Q=52=15,S;.

(33)
(34)
Now, we have

[Qex]=tar%/d,?,

[Qz,ak'i:];— 2iLya7F —2a; = 2ic, = —2a,",

[Qs,ar7%]= 2iSra,7+=2ie, ",

[94,ak’i:|= 0.
The ax™* alone are not solutions of Eq. (26), because
their commutators with @, and ; contain new operators.
If, however, there exists a set of operators, which, to-
gether with the Q, forms a closed commutator algebra,
then it is possible that one or more linear combinations
of these operators will satisfy Eq. (26). To generate

such a set, we find the commutators of each new member
with the Q;:

[Quermt]=Fcr+/d.2,
[Q,6xm]= 2iLiiLipar s —26,74= 2idy ™= — 2,7,
(9,007 ] = 2iS ;L a0 = 2ihy"*,
[Q4c+]=0,
[:Ql,ekri:l= :I:ek’i/dﬁ ,
[Q,ex )= 2ihy ™= —2¢;7%,
[Qs,ec™% )= 20T ;jSjar = —2ihyr+=2i frr= —2ih, "+,
[Q4em]=0,
[Qudi*]=+di/d,2,
[Qo,dk™x]= 20 Li;L;1L1ma,™=—2d)7%.
The operator Li;L;iLiman™* is expressible in terms of

lower-order operators. If we define L;=2e;xLjr, or
L;j= e;jxLx, then

LiLj= —08ul?*+LiL;,
and
LiijkLkl = - 61:”:14}(:[41 - 2iLlL1+ eilchk—*— i6i1L2
= —16uL*+(1—L2)Ly—2iL;L;.
Thus,
[Qu,di™ ]= 2120574 2i(1 — L2) "4 4d = — 2dy
= 20y (L2 —2)+ 2icim=(5— [2)+ 6dy7=,
[Qs,dx™=]= 2iSi;L 1L 1m@m = 20,7 s
[Q4,di™+]=0,
(@)= £hr+/d,2,
[, l7 = 2ivgrs —2hyr |
(s, ]= 20J 1S 1L tm@m ™ — 2407+ = 2iq) "+ — 2ivg ™% |
[Quhm]=0,
(D, )= fur=/d,?,
(R, fim+]=2igirs—2 7,
[Qs, frr=]= 20T 1T 1S tm@m ™= — 2iqmH=2ig, = —2iq, 7%
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[Qfir+]=0,
[Ql’vkri]= :i:'uk'i/d,2 ,
[Q0,07% = 247(L2 — 2) -+ 2i™=(5 — L)+ 60,7,
[Qs,0x =] = 20T 1;Sj1Ltm Lnn@n ™+ 2e;7%(2 —L?)
— 20k (5 — L2) — vt = 24w, 7+
+ 264742 — L2) — 2ihy (5 — L?) — 8vi7%,
[Q,7]=0,
(@ ]=£qi"*/d?,
[Qe,qi™* ]= 20+ —2¢47,
[Qs,qx" )= 26T 1;J ;1S 1mLnn@n™= — 25w+
=20l = — 20w,
[Q4,q:7]=0,
[Quer*]=Fg*/d,?,
(9,80 )= 215 —2g,7%,
[R5,84 = — 264752 — J2) -+ 23 fur (5 — J2)
+ sgkr;i;_zitkrﬂ: ,
[Q4,8:+]=0,
[Q,wir=]=dw,™*/d,2,
[, ]= 2 fim#(L2 —2)+ 2iqur(5 — [2) + 6wa™,
(93,2005 ] = 20T 43 1S tmLmnLnptty™ 4 2 fu (2 — L2)
—2igur (5 — L.2) — By = iyt
2752 — L2) — 2igy(5 — L) — 8y,
[Qwe+]=0,
[Ql,tkrijz d:tk'i/d,? ,
[Qo,fx7E]= 24z, 7+ — 217 s
(9672 ]= — 22— J%)+ 2igur(5— J2)+ 8L+

— iz,
[Quti+]=0,

[Qz:+]=%2,7+/d,?,
(o207 ]= 284 (L2 —2)+ 2t +(5 — L) +62:7=,
[Qa,5:7¢ )= —20,75(2— J2)+ 2itw,74(5 — J?)
=28 (2— L) —2it,7 (5 —L?),
[Q4z:7£]=0.
The set of 12 operators found, together with the Q,
forms a closed algebra. If we exclude the operators a;"%,

cx™, and di™*, the resulting subalgebra is also closed.
The linear combination of the remaining operators,

Urt=er™ N+ fiha+ge N+ himturt qu o+ 174,
F o Ev w2,
then satisfies
[Ql,Ukr:t]-_— =+ Uk'i/d,2= Uk’iwl; thus w1= 4 l/dr2 y
(3%)
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and

(9, Us+]= e[ — 2N+ 2(L2 —2)wy 1+ far=[ — 2No+2(L2 —2)vo ]+ gi"=[ — 2\s+ 2(L2 —2)v3]
+ hkri[z":}\l - 2# 1+ 21«(5 '“Lz)lllj‘*‘ Qk'iEZ‘i)w - 2p2+ 21(5 —L2)V2]+ tk'i[Zi)\a —2/13+ 21(5 —L2)V3]
0+ 2+ 60y ]+ wi [ 2ipet 6w 22" 2ipat-6vs )= Ui ws,
provided that
=2+ 2(L*—=2)pp= Aoz,
2ihp— 2o+ 20(5— L2)v o= p o2, (36)
2iupt6v,=vuws, p=1,2,3.

These nine equations have three solutions:

(1) @2=0, Np=(L*=2rp, pp=3ivy;

(D) w=141+4L) 2= Ly, Np=5(Le—Dvp, wp=3i0—Ls)vs; (37
) we=1—(144L)12=L_, N=3(L_—4)vp, ppr=%31(6—L )vp.
Furthermore,

(25, U= 5[ —2(2 = TNy 22 = L2)wy - fer# (2004 26(5 — TN+ 2(2— L2)ws I+ g [ 2o+ 8\a+ 2(2— L2y ]
It = 2ih = 2(2— ) — 20(5 — L2)wy 4 g+ — 2idat 2ipn+ 2i(5 — T2)us—2i(5 — L2) 5]
7] — 20N 2ig - 8us — 20(5 — L) JH- 0] — 2iu1 — 891 —2(2— J2)v5]

+'wk'i[ —2ius+2iv; —8vo+ 21(5 —JZ)V;;]'*- Zk'i[ —2ips+ 2’iV2]= Ui *ws.

Equating coefficients results in nine equations: (2) we=Ly
—2(Q2=J)Ns+2(2—L2)p1= N3, (@) U wy=—Ly, ni=(J2=2s, va=3ivs;
2N+ 26(5— TN+ 2(2 — L2)va = Ao, 2(J7—2)
2ikat 8ot 2(2— L2)vy=hyon, B Ust wn=lymlyy m=m e

bt 21)\1 il 2(2 —Jz)ya - 21(5 -—L2)V1= M1w3 ,
—2iNe+20p1+20(5 — T p3—21(S5— L)wo=pows, (38)
—2iNg+2tpo+8us—21(5 — L2)vs= psws,

Vo= —%’L(]+—6)V3,
(C) Usi w3=L+—J_.,
2(J2—2)

-—21:}1.1-—81'1—'2(2—]2)1/3:1110)3, n= V3 (]__;é—Z)
— iyt 2iv1—8pat 20(5— T2)vs = vocos, 2+J-
—2tps+2ive = viws. =—3y; (J-=-2),
These equations have to be satisfied simultaneously vo=3i(6—J 3.
with the conditions imposed in Eqs. (37). With the 2) eI
substitution of X\, and u, in terms of », into Eqgs. (38), @) wo=L-
one arrives at the following solutions: (@) Uz ws=L_, vni=(J2—2)vs, ra=3irs;
(1) w2=0 . 2(J2-2)
b) Us: wsy=J,—L_, »n=
() Us: wi=0, ni=("—2s, vs=3ivs; (®) Us: wa=Js P
(b) Us: ws=14(14+4J2)12=], va=1i(6—J,)vs;
2(J2—2) 6t © Us: wy=J_—L_,
V1= vy, ve=31(0—J1)vs;
24-J. 2(J*-2)
s pi= vy (J_%—2)
(©) Us: wy=1—(14+4J2)12=7]_, 24J_
2(J2=2) S =—3u; J-=-2),
= =2
= ) va=1i(6—T_)vs.
=—3u; (J-=-2), Finally, we have

ve=2i(6—T )vs. [2,Ur*]=0, ws=0. (39)
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TasLe 1. Tabulation of the operators U;~Us.
(Uy)ir*
(Uy)ir* (Ua)it* J#1 j=1 (Ug)im* (Us)it*
2(J2—2)(L2—2)ps 2(J2—=2)(L2—2)ws (Li—4)([J2—2)ws
N (J2=2)(L2—2)w; =3(L2~2)vs  3(L+—HU—2)ws s —
2+J4) 2+J-2) 2+74)
N 3(LE—2)w 3(6—J)(L2—2)vs  3(O6—T ) (L2—2)vs &(L2—2)vs $i(L—4)s Li(Ly—4)(6—J 1)vs
As (L2—2); (L2—2)ps (L2—2)v; (L2—2)v; 3 Li—4ws 2(Li—dvs
61(J2—2)vs 6i1(J2—2)vs i(J2—2)(6—Ly)vs
e 3i(J2—2)vs —_— e E— —9%v; 1i(J2—2)(6—L)vs —_—
@+J) Q@+7.) @+74)
73 —9u3 —3(6—J4)vs —3(6—J-)vs —12v3 —3(6—Ly)vs —1(6—J4)(6—Ly)vs
M3 3iV3 31’1/3 31.113 SiV3 %1(6“L+)V3 %1:(6'—‘L+)V3
2(J2—2)ps 2(J2—2)w; 2(J2—2)vs
”n (J2=2)vs —_— —_— —3vs (J2=2)vs —_—
@+J4) 2+7-) @2+74)
v2 3iv; 21(6—J )vs 1i(6—J v 4ip; 3ivs 3i(6—J)vs
(Ug)ir
(Ug)im* Ui (Us)ir* Jj#1 j=1
(Ly—4)(J2-2) (L-—4)(J2-2) (L-—4)(J*=2)»
N7 HL-~4) (2w Rl — (L~
2+7.) @+J9 @+J-)
A2 1i(Ly—4)(6—T )v3 3i(L_—4)v; (L —4)(6—T)vs L1(L-—4)(6—T )vs 2i(L_—4)v;
A HLi—Drs $(L-—4)rs $(L-—4)vs F(L-—Dw; 3(L-—4)s
i(J2—2)(6—Ly)vs 2(J2—2)(6—L_)v; 1(J2—2)(6—L_ )vs
wm _ 3(J2—=2)(6—L_)vs _— B — —3i(6—L)ws
2+7J2) 2+74) @+J-)
H2 —3(6—J)(6—Ly)vs —3(6—L )vs 1(6—TJ)(6—L )vs —1(6—=J)(6—L )vs —2(6—L-)vs
3 3i(6—L1)vs 31(6—L-)vs 31(6—L )3 36— L )vs $i(6—L-)vs
2(J2—2)ps 2(J2—2)v; 2(J2—2)w;
2 (J2—2)v3 —_— ————— —3vs
2+72) @+J4 @+J-)
v2 3i(6—J_)v; 3ivs 31(6—J v 1i(6—J _)vs 4iv;
The coefficients of the corresponding nine solutions Now,
U+~Uo are listed in Table I; the effect of these operators [24,5:]=0
on eigenstates is shown in Table III. LR l™
Constructing ladder operators from the members of [2,5m]=0,

the whole algebra, i.e., with the inclusion of the three
operators ax"¥, ¢;™*, and dx"*, will not produce new
solutions, since the coefficients of these terms in the
ladder operators will have to be identically zero to
satisfy Egs. (26).

The ladder operators constructed so far are the only
linearly independent vector operators that can be gen-
erated from Euclidean three-vectors of the 6(V—1)-
dimensional phase space. One can easily construct tensor
operators by taking the product of two or more of the
operators UsUs.

All of the operators Ui~U,s commute with Q; there-
fore, they do not produce spin flip of the subparticles.
However, one can generate another closed commutator
algebra by starting from the basic elements of spinor
space, the S;;™.

For this purpose let us define

Sim=ZeirSi™;
then
Si=2m Sim=3%€i1Sik.

[9,Sm]= —2ie;jL;Sim= —2E™,
[Q0,S:"]= —2ieiuS;Sim—28im= — 2iF m—25;m
[@,Em]=0,
[2,Em]=0,
[Qs, Em]=2iS;L-S™—2{L,S-S™»—2iL,L-S™
+2iS;mL*+-2E;™
=2iQ;"—2iGy™—2iN ;"4 2iS;"L*+2E;™,
where Q;7=S;L-S™ G»=L;S-S™ and N;m=L,L-S™.
[Q4,Em]= —2iQim+-2iS;"L-S,
[Q,Fm]=0,
[Q,Fim]=0,
[Qs,Fi™]= —2iQ;"4-2iS;"L-S+2E;™,
[Q4,F]= —2iS:S- S+ 2iS;(S?—2)+4F ;™

= —2iH "4 2iSm(S2—2)+4F ™
[QI;Gim] =0 1)

[92)Gim]= 0’
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[Qs,Gim]= 2’l:€ijijSkS .Sm= 21K y [Qly T{m]: 0 )
[947Gim:| =0 ’ [92’Tim]= 0 ’
[@,H:m]=0, [Qs,T ™= 2iG;™L-S —2iN (82 —2) —4T im+2iW ;i

[2,H"]=0,

[93,[1.”"] = —'2‘I:K,'m ,

[Q4,H,-”‘:|= 0 )

[2,K"]=0,

[Q,Km]=0,

[9s, K= 2iH (L S+L?) — 2iG,m(L- S+ 82)+2K
[94>Kim] =0,

[2,N:m]=0,
[92,2\71'7”]: 0,
[Qg,[\/v{m] = 2i6,‘jijSkL . Sm+ 2i61jkaLszSk'"+ 2]\7{"‘

= 21/R,m+ 2’LT,'"+ ZAV,"” ’
where R;"= eijijSkL -S™ and T;m= eljkLiLzsj'Sk"‘.
I:Q,;,N,'"‘:]: 2T m—2N,;™,
[ﬂleim]: 0 )

[921Qim]= 0 ’

[Qa,Q.'m:l = — 2’l:€,~jijSI;L . S"'+ ZielijiLijSkm-i- ZQim
= —2iR"+2iV;"4-2Q;™,

[24,0im]= —2iVim—20Q;m,

[QI,R‘J"] =0,

[2,R™]=0,

[Qs,R"]=2iQ;m(L2+L- S+ 1)+ 2iN (1 —L- S —S?)
=2V »=2T "+ ZieijkelanjSkLlSnSpm
FARm=2iQ:(L*+L-S+1)
+2iNm(1—L-S—5?) —2V;m—2Tm

+2iW;»+4R;™,

[Qu,R™]= —2iWm—2R:m,

[94, T{m] = - 216,"”11 . S+ 21:Nim(52 b 2) +4Tim 5
[Qly Vim]= 0 ]

[Q2v Vim:l =0 )

[Qs,Vim]=2iH ;»—2iQ,(S*—2) —4V " —2iW ™,
[QsVi™]= —2¢H"L-S+2iQ,"(S*—2)+-4V ™,

[QI,W{”‘] =0,

[QQ,Wim] =0 ’

[Qs,W " ]=2iV;»(L-S+ L2 —2)42Q.(S*—2)

—2G;L-S—2iR;(S?—2)+2iK;"L-S
+2Nm(S?—2) =2V ™,

[Q4,Wim]= —2iK,"L- S+ 2iR;"(S*—2)+4W ™.

The operators S;», E;», F,™, Gi™, H;», K;", N;™, Qi™,
R Ty Vi, and W™, together with the Qi, form a
closed algebra. Two kinds of subalgebras exist: The
smaller is composed of the elements G;™, H;™, K;™, and
Q, while the larger is made up of the operators G;™,
Hm™ K™ N;™, Qim, R™ T V™, W™, and Q. Since
the larger type of subalgebra contains the corresponding
smaller one for given 7 and m, we can form a linear com-
bination of the nine operators (excepting the Q) of the
larger subalgebra and examine the effect of the exclusion
of S;», E;®, and F;™ later. The linear combinations

Um=Gmp1tHi™pat Ki™py+ Nio1+Qimoe+ Ri™o3

+Timri+Virrot+Wimrs

satisfy
[Ql, U,’m]= Ui’"w1= 0 Wlth w1= 0 5 (40)
[Q,Uim]=Ui"w;=0 with ws=0, (41)

[93, Ui"':'= Ui’"w3= Gim[ —21(L . S+ Sz)p3+ 21L . ST1 —2L S73]+H{”’[2i1’2+ 21(L . S+ Lz)ps—ZL . ST3]
+ K ™[ 2ipy—2ips+2ps+2iL- S7s ]+ N[ 201+ 2i(1 —L- S — 5?) 03— 2i(S2 — 2) 714 2(S2—2) 73]
F+Qi™ 2024+ 2i(L24-L- S+ 1)a3—2i(S?— 2) 79+ 2(S2 —2) 5 ]+ R™[ — 2io2+ 2i01+ 403 — 2i(S2—2) 73]
+Tm[2i0y—203—471—2i(S?+L-S+2) 73 ]+ V[ 2igo— 203 —4 79+ 2i(L- SH L2 —2) 73]

with

—2i(L-S+5%)p3+2iL-S71—2L- Srs=wsp1,
2i79+2i(L- S+ L2) p3— 2iL- S75=w3p2
2ipy—2ipe+2p3+2iL- S73=wo3p3,
20142i(1—=L-S—82)¢3—2i(S2—2) 7,

+2(S2—2)r3=wzo1,
209+ 2i(L24L-S+1)03—2i(S2—2) 7,
+2(S2—2)r3=w;02,

—2i0242101+ 403 —21(S2—2) 73= w303,

2401 —203—41,—2i(S?+L-S+2) 3= w37y,
2i09—203—479+2i(L- S+ L2 —2) r5= w37,
2i03—2iT9+2iT1—213=w373,

(42)

+ W[ 2i03—2ite+2iT1— 273 ],

and

[Q,Uim]= Uimws=Gi™(—2iL-S7))+Hm(—2L-S1,)
4+ Km(—2iL-S73)+ N[ — 2014 2i(S2—2) 1]
+Qi"[ —20242i(S?—2) 12 |+ Ri"[ — 203
+2i(S?—2) 13 ]+ Ti(—2i01+471)+ Vim(—2igo+47,)
W (= 2iost4rs),

with

—2iL-St,=w4p,,
—20,+2i(S? =) 7ro=wio,,; ¢=1,2,3. (43)

—2io+41,=waty,
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Tastg II. Tabulation of the operators Uio—Uns.

(Un)im
(Ur0)i™ 7#0 (Ur2)im Uira)im
P1 —i(A425%)ps/JT + —i(A+25%)p3/J - —iAT1/S+ —(A/S)(S4++2524+A)73/T &
P2 1(A4+2L2)p3/JT + 1(A+2L2)ps3/J - —iAT1/S4 (A/SP(A+2L2—S)13/T &
Ps3 p3 p3 0 —i(A/SPTs
o1 0 0 —1i(4—S)n —3(@4—S4)(S++2524-A)7s/T 4
o2 0 0 —3@E—-S)n —3@—=5)(S+—A—=2L)7:/J
a3 0 0 0 —3i(4—S)7s
" 0 0 - —i(S4 4252 0) /T4
T 0 0 71 i(A+2L2—S)7s/T +
T3 0 0 0 73
(U14)im Us)i™ (Ure)im Ui

7#0 s#0 s#0 7#0, s#0
o (A/S D) (S t25*B)ra)T iAr/S- (/S (S+25+8)re/T 4 —(A/S)(S—25* 4 Byra)T
p2 (A/S)(A+2L2—S)73/T - —iAT1/S- (A/S_)(A+2L2—S )73/T + (A/S-)(A+2L2—S )73/ -
P3 —i(A/S4)73 0 —i(A/S )73 —i(A/S )3
o1 —3(4—54)(S++25*+A)73/J - —3(@E-S)n —3(@—S)(S-+252+2)73/J + —3(4—5)(S-+25*+A8)73/J -
o2 (A=) (SamA—2DY7s/T-  —hi@—S)m  —3@—S)(S_—A—2INrs/l,  —3@E—S)(S_—A—2L%)rs/J_
o3 —3i(4—S4)7s3 0 —3i(4—S)73 —3i(4—S_ )73
" — iS4 2524 A)re /T - . —i(S_+2524 D)/ T —i(S_+282+A)re/T -
T2 i(A+2L2—S,)rs/T - 71 i(A+2L2—S)r3/T ¢ 1(A+2L2—S_)73/J -
T3 T3 0 T3 T3

The solutions of Egs. (43) are

(1) ws=0, a,=7,=0, and the p, are arbitrary;
(2) we=14+(1+45%)12=S;, p,=—2i(L-8/S})7,,
o =%i(Ss—4)7e; (44)
(3) wa=1—(1445)"2=S5_, po=—2i(L-§/5 )7,
(S-#0), o,=3i(S-—4)7,.
Substituting into Eqs. (42) for the three cases, we
obtain

(1) wy= 0

(a) w3=0, p1=ps, p3=0; this case is trivial,
since the corresponding operator commutes with all four
Q.

(b) U102 w3z= ]+?£0, = '—Zl(L S+SQ)/J+p3 y

pe=2i(L-8+ L)/ 1ps;

(C) Un: w3=]_?f0, P1= —21(LS+SQ)/]_p3,
p.=2(L-S+L12)/J_ps.
(2) w4=S+
(a.) Ui w3=—S+, T1=T2, Tg=0;
25242L-S+5,
b) U: w3=J4—S_, mi=—i———73,
I+
2L-S+2L2—S,
Tz'—‘i—‘—ﬁ—ﬂ's;
Iy
(C) U14I w3=J_—S+, (J_¢O)
25242L-S+5.
T1=—————73,
J_
2L-S+12—5,
Ty ={———T3.

J_

3) ws=S_#0
(a) Uis: w3=—S__, T1=T2, T3=0;
2524-2L-S+-S_
) U wstJe—S_, m=—i— 14,
I
2L-S+4-2L2—-S_
Tym iy
Iy
(C) U17: w3=J_—S_, (]_;50)
2524-2L-S4-S_
Tl=—i__ T3,
J_
2L-S+42L2-S_
ro= iy,
J_

The eight nontrivial solutions Uy—Usz are listed with
their coefhicients in Table II, and their effect on eigen-
states is shown in Table III.

For ladder operators constructed from the members
of the whole algebra, the coefficients of the operators
Sim, E;m, and F;™ have to be zero to satisfy Egs. (26);
thus they are identical with Uyo-Uty;.

V. SOLUTIONS OF EIGENVALUE EQUATIONS

The operators Qi (k=1, 2, 3, 4) defined in Sec. IIT are
the only ones entering into the eigenvalue equations,
but they do not comprise a complete set of mutually
commuting operators. As a result, the states satisfying
Egs. (20)-(23) are degenerate. Let us consider, then,
additional operators that commute with the Q; and
among each other, in order to narrow down the repre-
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TasLe III. Properties of the U operators.

’ ’ ’

w w2 w3 w4 ALi(G+D] A(M?)
U= +1/d,*? 0 0 0 0 +B'/d,?
(Us)ir* +1/d,* 0 2(41) 0 2(j+1) +B'/d2+2C' (j+1)
(Us)sr= +1/d,? 0 —2j 0 —2j +B'/d2—2C'j
Uy +1/d,? 2(0+1) —2(1+1) 0 0 +B'/d*—2C'(I+1)
Us)ir= +1/d,? 2(1+1) 2(5—1) 0 2041 +B'/d2+2C' (1)
(Ue)ir +1/d,? 2(+1) —=2(j+1+1) 0 —25 +B'/d2—2C"(j+I+1)
(Unir* +1/d,? -2 2 0 0 +B'/d.*+2C'l
(Us)i* +1/d,? -2 2(G+14+1) 0 2(7+1) +B'/d.*+2C' (j+1+1)
(Ug)ir* +1/d,? —2 —2(j—1) 0 —2j +B'/d.2—2C'(j—1)
(Uro)sm 0 0 2(5+1) 0 2(j+1) 2C°(+1)
(Un)im 0 0 —2j 0 —2j -2C'j
(U1z)im 0 0 —2(s+1) 2(s+1) 0 —2C’(s+1)+2D'(s+1)
(Uig)s™ 0 0 2(5—s) 2(s+1) 2(74+1) 2C'(j—s)+2D'(s+1)
(U14)im 0 0 —2(j+s+1) 2(s+1) —2j —2C"(j+s+1)+2D'(s+1)
(Uis)i™ 0 0 2s —2s 0 2C's—2D's
(Ure)i™ 0 0 2(j+s+1) —2s 205+1) 2C'(j+s+1)—2D's
(Urg)im 0 0 —=2(j—9) —2s —2j —2C'(j—s)—2D's

sentations and to examine the nature of the arising
degeneracy.

Third component of total spin: J3=J12 [Eq. (11)].
The degeneracy is an expected one, since the eigenvalue
Js of this operator merely specifies the spatial direction
of the compound spin. Specifically, the operators (U)s™*
and (U);s™ (see Table IIT) leave j; unchanged, while the
combinations (U);"*==1(U).™* and (U)1"%i(U).™ will
raise (lower) 7;. We can also require, then, that

Tsl¥)=js|¥). (45)

N—1 occupation number operators: N™=a;V+a; (M,
Since the operator ;=T is a linear combination of these
with unequal coefficients, no degeneracy arises. From
Egs. (20) and (30) the eigenvalue is given in terms of
the occupation numbers as

nr+§_
y=E——. (46)
rod2?

N subparticle spins (S™)2. The subparticles are fer-
mions; therefore, these operators have unique eigen-
values ($) resulting in no degeneracy.

N—2 asymmetric linear combinations of the S™-S».
The corresponding degeneracy is related to the N—2
degrees of freedom of spin direction of the subparticles,
consistent with Eq. (10), and it always arises whenever
more than two angular momenta are added together.
The superscript 7 of the operators Ujo-Uyr in Table
IIT corresponds to this degeneracy.

N —1 orbital angular momenta: (L7)%. The eigenvalues
of these operators are not unique, although they can
take on only the values

l=n,, n,—2, n,—4,---,1 or 0 (47)

thus, for given #, any interchange of two or more I,
consistent with Eq. (47) leads to a degenerate state.

N—3 asymmetric linear combination of the L7-L¢. The
arising degeneracy is analogous to the one due to the
Sm.8r discussed above, since it arises from the addition
of more than two orbital angular momenta and cor-
responds to the V—3 degrees of freedom of orientation
of these angular momenta consistent with Eq. (9).

In order to find the solutions we will look at two
distinct cases:

(1) N even. Taking |¢o) to be the ground state, we
require that

T [yo)y =% 22(1/d.*) [0y =3(1/d% [¥0),
where (1/d?) =>_(1/d,?),

L2[Yo) =AlYo) =S2|Y0) =T3|¢0) =0,
(S™2yo)=11¥0),

and
PI‘//0>= I'//0>

That is, our ground state is of positive parity with
compound spin j;=0 [Eq. (24)] and [from Eq. (25)]
fM)y=A"+4B' /.

|¢o) is of the form

[Yo)=n"3N14(dydy - - dy)~**p exp(—y:yi"/2d,*) | ua)

where ¢ is a normalized eigenstate of the operators 4,
B, C, and D, yielding eigenvalues 4’, B/, C’, and D’, and
|#o) is a normalized asymmetric combination of N-fold
direct products of two-spinors, satisfying

S2IM0>= Sg[u0)=0
and
(S™)?2| uo)=4% | uo).
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With the help of the ladder operators found in Sec.
1V, all other solutions can be generated from this ground
state.

Since the operators U;-U, are of negative parity
and change the total occupation number by one unit,
while Ui~U,7 are of positive parity and leave the oc-
cupation numbers unchanged, with the choice of posi-
tive parity for the ground state we have the condition

p=(—1)n. (48)

It should also be noted here that the operators Uiy
Uy; annihilate the ground state, although Uj; is the
ladder operator that, in general, is responsible for the
allowed transition As= Aj= 41, Al= Ay=0. To achieve
such a transition using the ladder operators of Sec. IV,
one has to use the product of three of them, e.g.,
(U2)5™(Ur3)s™(U4)3™ [Yo)-

There exist, however, special ladder operators that
are good only for single states. If we write Eq. (26) in a
modified form, namely,

[Q0U]=Uwi+6; with 6¢)=0,  (49)

i.e., with 6, an annihilation operator for a certain state,
then any solution of Eq. (49) will be a ladder operator
if acting on that state. The operator (Uj):"=a(S™
+iF™+H ™) (see Sec. IV) is such a solution for the
ground state, since

[Ql,([jo)imjs O’
[2,(Uo)i™]=0,
[Q;;,([/vo)im:]‘—: a( —2iE+ 2Q,m—2SlmL S
+2iE™—2iK ;™)
=w3(Uo)i™+ 63,
where 0;]¢0)=0 and w;=0,
[94,([]0) imjz a(——ZzFl"'-—ZS,’"-}- 2H ™
—28,7(S?2—2)+4iF;™)
= 2a(S,~"‘+ iF "+ H ;™) —2aSmS?
=2(Up)i™—2aS:mS?=wy(Uo) ™+ 04,

where 04]¢¥o)= —2a5;"S?|¢¢)=0 and ws=2.
Example: N=2.
[Yo)= (rd)="¢ exp(—yiy:/2d*) | uo)

=gl G0-0G]

(2) N odd. Since the lowest possible spin now is %,
there are two types of ground states |¢o)., satisfying

F|¢0>:§:=%(1/d2)[¢0>ﬂ::
L2|go).=Al¢0)o=0,
S*Yo)x=%¥o)s,
Jslo)e==£5Vo)s,

(S™¢Yo)e=¢1¥0),

PlYo)s= ]¢0>i-

with
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The ground states are therefore of positive parity, with
compound spin 3, and with

JM)=A"+3B'/d+1D',
having the form

|¢0>:{:= 7l'_3‘v/4((l1d2 cee dN_l)—.’i/2¢
Xexp(—yi"yi'/2d,) | uo)x

where ¢ is again a normalized eigenstate of 4, B, C,
and D, and |uo)4 are normalized spinors, satisfying

52|u0>i=%|u0>:&’

Ss|uo)e=£%|uo)s,
and
(S™)* o) s =% | t0) 4.

Example: N=3. We can choose

e SO0

-(EE-GRE]

[Wo)e=m4(d1d2) 3% exp(—yi"yi"/2d,2) | tho) 4.

VI. APPLICATION TO ELEMENTARY PARTICLES

In this section we will investigate the mass formula,
Eq. (25), for groups of elementary particles and re-
sonances. Under a ‘“group” we will understand the
collection of particles of the same internal quantum
numbers: isospin and hypercharge. We will examine
mass formulas for f(M)=M and f(M)=M>.

Since Eq. (25) has four undetermined constants A’,
B, C', and D', the results of the theory have to be
partially empirical, for, in any group of elementary
particles and resonances under consideration, these con-
stants will have to be determined from experimental
values of particle masses. The eigenvalues v of the
operator I' also contain undetermined constants: the
fundamental lengths d,. On the assumption that the
mesons are made up of two, and the baryons of three
subparticles, i.e., if there are three degrees of freedom
of relative motion for mesons, corresponding to one
fundamental length d, while there are 2X3 degrees of
freedom for baryons, corresponding to two fundamental
lengths d; and d,, one arrives at a total of four undeter-
mined constants for mesons: A’, B'/d?, C’, and D,
and five for baryons: A’, B'/d:®, B'/d,?, C’, and D'.
Consequently, one will have to use experimental mass
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TasLE IV. Quantum-number assignments and resulting masses for nuclear resonances.
M?(theoret)  M?2(expt)®
Symbol Vid ! s ) 7 N2 n (BeV?) (BeV?)
N 3t 0 ) 0 0 0 0 (0.88) 0.88>
N'(1470) 3 0 3 0 2 0 2 2.12 2.16
N(1518) ¥ 1 3 -2 1 0 1 (2.33) 2.33b
N (1550) 1 1 3 -2 0 1 1 (2.40) 2.40P
N (1680) 3 1 3 -7 1 0 1 2.78 2.82
N (1688) 5t 2 3 —1 2 0 2 (2.86) 2.86°
N'(1710) t 1 3 -2 3 0 3 292 2.92
N (2190) I 2 3 6 4 1 5 481 4.84
N (2650) [T 5 3 2 5 2 7 713 7.02
N (3030) [3-Te 6 3 -7 6 3 9 9.25 9.18
A(1236) 3+ 0 3 0 0 0 0 (1.53) 1.53v
A(1640) 3 1 3 -5 1 0 1 2.60 2.69
A(1920) I+ 3 3 3 3 1 4 3.81 3.80
A(2420) 1+ 5 3 2 5 1 6 5.79 5.86
A(2850) [32+7Te 8 3 -9 6 2 8 8.09 8.12
A(3230) [19/2%] 10 3 —14 8 2 10 10.43 10.40

M?=[0.7184-0.620%,+1.340%,—0.09054-0.217s(s+1)] (BeV?)

a From A. H. Rosenfeld et al., Rev. Mod. Phys. 40, 77 (1968).
b The mass formula was based on these values.

¢ Quantities in square brackets are suggested values; they have not been established experimentally.

values of four mesons and five baryons in any group
to arrive at the masses of the other members of the
group.

The determination of these constants is not unique,
since it depends on the assignment of the quantum
numbers #., /, s, and & for the particles from which
these constants are determined.

These quantum numbers have to satisfy the following
conditions:

(a) Eq. (48): p=(—1.
(b) The total spin 7 of each particle satisfies
[l—=s| < j<Il+s
from the theory of addition of angular momenta.
(c) s=0, 1 for mesons,
s=13, 3 for baryons,

since S is the vector sum of two or three %
respectively.

(d) For a three-dimensional harmonic oscillator

spins,

L=n,,n,—2,n,—4,---, 1 or 0
therefore, for mesons
l=n,n—2,n—4,---, 1 or 0;
for baryons,

h=ny, ne—2,n1—4,---,1or 0,
lo=mny, no—2, ny—4,---, 1 or 0,
with
[h—1| <IShL+,,
since L=L;+L,.

(e) The quantum number & is given by [from Eq.

(24)]
o= j(j+1) =10+ 1) —s(s+1).

The general procedure is, then, to select the necessary
number of particles for the determination of the con-
stants within a group, to find all possible combinations
of quantum-number assignments satisfying the above
conditions, to find the constants for each, and to check
the resulting mass formula for the other members of the
group.

In carrying out this procedure, we found no apparent
agreement with the choice of f(M)=M. With f(M)
= M2, the mass formula is still inapplicable to mesons,
but for groups of baryon resonances, there ismore than

TaBLE V. Quantum-number assignments and
resulting masses for ¥o* resonances.

M?(theoret) M2(expt)®

Symbol 7 I s & m me n (BeV?)  (BeV?)

+ 0% 0000 (1.24) 1.24b
A(1405) ¥ 1 3 -2 1 0 1 1.97) 1.97°
A(1520) 3~ 1 3 -2 1 0 1 (2.31) 2.31b
A’(1670) 3= 1 3§ -5 0 1 1 (2.79) 2.79®
A'(1690) ¥~ 1 3 =2 0 1 1 (2.86) 2.86
A(1815) 5t 2 3 2112 3.39 3.30
A(1830) 5 3 3 —4 3 0 3 3.48 3.34
AQ21000 = 3 3 02 1 3 4.46 4.41
A(2350) [$t1°4 3 4 2 2 4 5.54 5.52

M2=[1.155+0.777m+1.3271:+0.023540.113s(s+1) ] (BeV?)

s From A. H. Rosenfeld et al., Rev. Mod. Phys. 40, 77 (1968).

b The mass formula was based on these values.

¢ Quantities in square brackets are suggested values; they have not been
established experimentally.
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one possible assignment scheme, each giving satisfactory
results for the entire spectrum.

It appeared to be reasonable to select those assign-
ment schemes that yielded, at least in the higher-lying
resonances, approximate equipartition between the two
independent harmonic oscillators. With this condition
imposed, we found that the Ny;* and N3,5* resonances
can be fitted with a single-mass formula. This is not
surprising on the basis of quark theory, according to
which, both of these groups of particles are made up of
the same kind of subparticles. On this basis one would
expect a single mass formula to hold for the ¥¢* and
Y 1* resonances as well. We found this not to be the case,
although the corresponding constants in the mass for-
mulas are not drastically different. In particular,

B B B
-—+

—= =2.104 BeV?
a2 d? d)?

for the Y¢*

=2.033 BeV? for the V¥,
as compared with 1.96 BeV? for the N* resonances. If
B is of the order of unity, these values correspond to a
fundamental length of the order of 10~'% meters.

The selected assignment schemes, the mass formulas,
and the resulting masses for nuclear resonances are
listed in Table IV, for Y¢* resonances in Table V, and
for the ¥1* in Table VI.

For the Z¢*, E1/2*, and Q¢* groups, the number of
known resonances is not sufficient for the determination
of mass formulas.

In the schemes of all the groups of particles considered
above there are holes, that is, possible states for which
there are no established resonances. These states for
nuclear resonances for #n;=1, #,=0, and for n;=n,=1
are listed in Table VII. Asindicated there, seven of these
fifteen states can be identified with resonances reported
by the CERN group (Donnachie e ¢l.1%) and not in-
cluded in Table IV.

VII. DISCUSSION

Although the motivation for this work has been some
observed regularities in the squared masses of hadron
resonances, we would like to stress that the application
of our model to hadrons was not the primary objective
of this paper. Whether or not the model has anything to
do with hadrons, the problem of an arbitrary number
of independent harmonic oscillators with broken U(3)
symmetry remains an interesting one.

It should also be pointed out that the material con-
tained in Secs. I-IV is in no way dependent upon the
value of the spin of the subparticles; therefore, these
sections are applicable to bound states of bosons as
well.

The application of the model to fermions has to be
with the use of the Pauli exclusion principle. For our

16 A. Donnachie, R. G. Kirsopp, and C. Lovelace, Phys. Letters
26B, 161 (1968).
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TasLE VI. Quantum-number assignments and
resulting masses for ¥1* resonances.

M?(theoret) M2(expt)®

Symbol il s 8 momon (BeV?)  (BeV?)
z it 0 3% 0000 (1.42) 1.42b
Z(1385) ¢+ 0 3 0 00O (1.92) 1.920
z(1660) 3~ 1 § -2 1 0 1 (2.76) 2.76°
$(1690) [F1 & 3 10 1 2.84 2.89
(17700 4 1 3 3 0 1 1 (3.13) 3.13v
z(1910) 5 2 3 —-1 2 0 2 (3.65) 3.650
z(2030) + 2 § 6 1 1 2 4.05 4.12
2(2250) [ 3 % 9 2 1 3 4.98 5.06
z(2455) [$t1 4 3 12 2 4 6.00 6.03
z(2595) [$1 5 3 -9 3 2 5 6.71 6.73
z(1616)¢ [ 1 1 % 1011 2.60 2.61

M?=[1.2954-0.8731,+1.1601,4-0.0176+0.167s(s+1) ] (BeV?)

a From A. H. Rosenfeld ef al., Rev. Mod. Phys. 40, 77 (1968) ; with the
exception of (1616).

b The mass formula was based on these values.

o Quantities in square brackets are suggested values; they have not been
established experimentally

d Reported by D. J. Crennell et al., Phys. Rev. Letters 21, 648 (1968).

model the application of the Pauli principle is not
straightforward. As was pointed out in Sec. III, in one
particular representation of the relative variables the
operators I';;” (and, therefore, the N7) will be diagonal.
This representation is obtained from the coordinates
and momenta of the subparticles by a unique canonical
transformation that separates out center-of-mass
motion, i.e., a transformation that satisfies Eqgs. (5)
and (6). Since all elements of this transformation matrix
are not given, it is not known in what way individual
subparticles enter into a given harmonic oscillator, i.e.,
what the association is between subparticles and har-
monic-oscillator quantum numbers #, and /,. It is our
intention to study this problem in the future.

TaBLE VII. Some low-mass resonance states of the model
that do not correspond to established resonances.

A/IZ a Mzb
Vid l s 5 nm ne n (BeV?) (BeV?)
I 1 1 0 1 141
- 1 ¥ =2 1 0 1 168
1 2 3 2 1 1 2 266
3 1 3 1 1 1 2 275
3 0 % 0 1 1 2 28 285
3 2 3 6 1 1 2 295
1 1 3 =2 1 1 2 302 307
3 2 3 -3 1 1 2 311
H 1 3 3 1 1 2 332
H 0o 3 0 1 1 2 349 347
5 2§ -1 1 1 2 358 366
3 1 3 =2 1 1 2 367 374
3 1 3 -5 1 1 2 39 393
3 2 3 -6 1 1 2 403
3 2 3 -9 1 1 2 430 423

;l(iomputed from th%r{)\asif(gmula of Tai{ble IV.
esonances reported by A. Donnachie, R. G. Kirsopp, and C. Lovel
Phys. Rev. Letters 26B, 161 (1968). PP, an ovelace
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In applying our model to baryon resonances, we
found good agreements with experimental values by
assigning known resonances to possible solutions of
the theory. As pointed out in Sec. VI, however, it
would also have been possible to obtain fairly good
agreements for different assignment schemes. We selec-
ted the ones shown in Tables IV-VI on the basis of
simplicity and equipartition among the independent
harmonic oscillators. These conditions seem reasonable,
although there are a few exceptions to the latter even
in our assignment schemes, and, therefore, it cannot be
considered absolute. It would be necessary to know a
much larger number of resonances in each group to be
able to test a given assignment scheme or the model as
a whole.

The number of missing resonances in the model, al-
though not unreasonably large compared with the num-
ber of established ones, is of concern, because there are
some states corresponding to fairly low masses, and one
would think that such resonances, if they existed, could
not have easily escaped attention. However, if one could
apply the Pauli exclusion principle to the quarks within
the model, some of the states would be forbidden; thus,
a possible state in our model could either correspond to
a resonance yet unknown, or could be excluded by the
Pauli principle or other applicable conditions that have
been ignored. It is interesting to note in this respect that
in all of the ¥* resonances of Tables V and VI the quan-
tum number / is maximal. Such a condition, if it existed,
would eliminate a large number of states that do not
correspond to known resonances.
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The results of Sec. VI were obtained by taking
f(M)=M?in Eq. (25). There is no a priori reasons for
selecting either M or M? in Eq. (19). If an eigenvalue
equation exists for M, one exists also for M2. Since we
are not familiar with the exact dynamics of the problem,
the one we select to be the eigenvalue of a reciprocity-
invariant operator has to be dictated by empirical
considerations.

Mesonic resonances apparently cannot be fitted by
our model. Since baryonic resonances decay via the
emission of mesons, it has been suggested! that, per-
haps, the more fundamental members of the meson
family can be considered as the agents of the excitation
and deexcitation of baryonic resonances. If so, these
mesons would not be associated with bound-state
solutions, but with the ladder operators of Sec. IV,
which establish transitions between baryonic states.
However, the question of which mesons are more
“fundamental” than others remains to be answered.
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