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A previously developed method for computing the interaction energy of the two-nucleon system at short
distances in the static MIT bag model of confined quarks is extended to all isospin and spin channels
available to the two-nucleon interaction. The present study is restricted to spherical geometries and short
distances (separations less than about one F) to simplify the computation. The tensor component of the
interaction in the isosinglet and isotriplet channels is found to agree in sign with the accepted

phenomerological two-body tensor potential.

I. INTRODUCTION

In recent months the bag idea for quark and
gluon confinement has become increasingly appeal-
ing.!*? Attempts to explain confinement from first
principles in quantum chromodynamics (QCD)*"’
have suggested that two vacuum phases occur, the
stable vacuum having the property that it excludes
color-electric flux lines. Hadrons are then re-
gions of ordinary vacuum in which quark and gluon
fields may exist, the energy difference per unit
volume between the two vacuums being @ constant
B, which can be calculated from the color coupling
constant and renormalization scale in QCD. Dif-
ferences in some details are to be expected be-
tween the bag model as derived from QCD and the
MIT bag schemes of confinement. However, cur-
rent indications are promising that the general
picture of a hadron in the MIT bag model may well
result from a more fundamental theory.

As a phenomenological description of hadronic
structure, the MIT bag model must be tested in
confrontation with experiment. In this spirit we
have studied the two-nucleon interaction at short
distances in the static cavity approximation to the
bag, using the same parameters and approxima-
tions which gave good values for the masses and
other static parameters of various light hadrons.?
We found that in addition to accounting for a re-
pulsive core, the bag model gives a strongly at-
tractive interaction at intermediate range in the
channel I=0, S=1 with spin projection m =1
along the deformation axis.”!’ Here we report
results of a straightforward extension of the cal-
culation of Ref, 10 to all isospin and spin channels
available to the two-nucleon system. Since we are
mainly interested in a qualitative result, given
our present uncertainty in the precise nature of
confinement, we have for the sake of simplicity

confined our attention here to hadrons of spherical -

shapes. It was found in Ref. 10 that the six-quark
system assumes a nearly spherical shape for

short distances throughout the repulsive core and
out to distances of maximum attraction. In Fig. 1
we reproduce the deformation energy for the chan-
nel /=0, S=1, m,=1 computed for a general
three-parameter class of <hapes as described in
Ref. 10 and compare : ~ deformation ener-
gy for the same channet wita v..y »herical shapes
admitted. It is evident that only for 6 = 1 F does

a substantial deviation occur. (For spherical
shapes a “deformation” constitutes a shift in the
internal quark orbitals and a variation in the radi-
us.) Instead of using the variationally constructed
quark orbitals and gluon fields of Ref. 9, which
enter into the curve of Fig. 1, we may take the
exact solutions for the sphere,s' %1 the use of
which in any case results in only few-percent dif-
ferences in the field energies. Another advantage
of working with spherical geometries is that the
self-energy and zero-point energy may be treated
exactly as in Ref. 8, thereby sparing us the nec-
essity of estimating their behavior for nonspheri-
cal geometries.’

In Sec. II we summarize the principal formulas
needed from Ref. 10 and describe the computation.
In Sec. III we report and discuss the results.
Appendix A summarizes the computation of field
energies in the sphere and Appendix B and Table
II summarize the internal-symmetry “configura-
tion factors” for the various channels. The com-
binatoric results of Appendix B are of general in-
terest in calculations in the nonrelativistic quark
model as well.

II. REVIEW OF THE MODEL

We review briefly the key ingredients of the
model.?" 10

A. The configuration

The spherical cavity of radius R contains six
massless quarks, three of which are placed in a
“left” orbital and three in a “right” orbital. These
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FIG. 1. Comparison of deformation energies for the
two-nucleon configuration with I=0, S=1, m =1 with
the three-parameter cavity shape of Ref. 10 (triangles)
and strictly spherical cavities (dots).

orbitals are hybrids of the lowest-energy even-
and odd-parity free-fermion cavity eigenmodes.
The Dirac spinors for these orbitals

dim=4sm— \/:a_qu )

(2.1)
Irm=9qsm™* \/ﬁq}’m

are defined in terms of the S, ;, and Py, eigen-

modes!:

N jo(wSV/R )‘um -
Gsm= S . e iwgt/R >
i0+7j4(ws7/R )W
. . (2.2)
N Jilwpr/R)ALpy,
Apm= 4P e iwpt/R ,
T \iG iy (wpr/R) U p
where
3 .
Upm= _\7_2—_(‘2 - %0'1’0‘3)/R‘u,m (2.3)

and Uy ;5 =(}), Uoy;2=(}). The Up, are the m

=+13, j=5 odd-parity spinor harmonics. The axis
of separation is the z axis. As the parameter pu
ranges from 0 to 1 the left and right orbitals range
from a complete overlap to complete orthogonality.
The characterization of left and right can be seen
explicitly by computing the baryon-number density

q1 4. which shows a leftward shift as u increases.!®
The eigenfrequencies wg and wp are chosen so that
when 7 =R the linear bag boundary condition

QPG ==pq, (2.4)

is satisfied, where @ and B are the Dirac matrices.
Thus

ws =2,043, wp=3.204. (2.5)

The normalization factors are defined so that
J4'¢dv =1 for each orbital.

Corresponding to each orbital there is a cavity
fermion creation operator for the quark

b}écfmz bgcfm + mb;’cfm B
b},cfmzb;cfm—‘[ﬁb}’cfm ’ (2.6)
where ¢ and f refer to color and flavor indices.

An appropriate linear combination of products of
three creation operators b} forms a creation op-
erator for a proton or neutron of the desired spin
component in the right orbital—likewise for the
left orbital. To form a state with quantum num-
bers of the deuteron with spin projection m g3 =0

on the z axis, for example, the nucleon creation
operators thus defined are then combined as they
should be (in an obvious notation) as follows:

=[pE(tni(¥) +pE(¥mi (1)
+pL (kN +pL(Dnk(H]10) ,
(2.7

where N(u) is a normalization factor. As u var-
ies from 0 to 1 the state thus formed describes

a one-parameter path through configuration space
which characterizes the separation of two nucle-
ons. Because of the antisymmetrization of the
state (implicit in the fermion-operator notation),
the identification of the configuration with the two-
nucleon channel is unambiguous only when p=1
and the right and left orbitals are orthogonal.
Similar constructions can, of course, be carried
out for other two-baryon combinations which com-
municate with the desired channel. More general
configurations which include admixtures of these
states are not considered here.

The even- (odd-) parity channels have even (odd)
numbers of quarks in P orbitals. At u =0 the
even-parity channels have all quarks in the S; ;,
orbital and the odd-parity channels have five in
the Sy,, and one in the P;;, orbital.!> For general
u the configurations are not eigenstates of total
angular momentum J. It is tedious but straight-
forward to project out states of definite J for the
spherical cavity, but this has not been done here
for the sake of simplicity. The expectation value
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FIG. 2. Effective cavity angular momentum defined by

I U +1) = &2) for two configurations as a function of
the orbital mixing parameter u.

2 for the cavity as a function of p for two states
is shown in Fig. 2, computed as described in Ap-
pendix B. It is expected than an increased kinetic
energy of rotation at higher (2 will raise the de-
formation energy computed with the configurations
(2.7) compared with the deformation energy for a
state of a definite lowest value of J. Since p in-
creases with separation, the curves at larger
separation will be distorted, but at small values
of u this effect is unimportant.

The kinetic energy of the quarks in the cavity of
radius R is given by

Eq =[ns(k)ws +np(m)wpl/R , (2.8)

where ng(u) and np(u) are the average numbers
of quarks in the S and P orbitals, computed as
described in Appendix B. The cavity eigenenergy
for the P orbital includes, of course, the rotation-
al energy of that level. Thus the kinetic energy
Eg includes a centrifugal-barrier term for the
odd-parity channels (which have the lowest two-
baryon orbital angular momentum L =1,) How-
ever, our baryons are formed from quarks in the
lowest cavity eigenmodes and so have an impre-
cise center-of-mass position, Thus it is not pos-
sible to achieve a precise zero separation of the
centers of mass and no infinite centrifugal repul-
sion appears.

B. Gluon terms

The interaction energy for the quarks in a given
configuration is computed to second order in the
color cqupling constant. The procedure is detailed
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FIG. 3. Diagrams representing terms in the effective
Hamiltonian. '

in Refs. 9 and 10. Basically what is required is
to evaluate the expectation value of

Ho=J aviHl@E? + B -757, (2.9)

where the color-electrostatic fields are derived
from the quark current

JL=8:1q\ % .q: (2.10)
by solving Maxwell’s equations

VE®=J%, VxB*=J°, r<R’ (2.11)
with the bag boundary condition

PE°=0, #xB°=0, r=R. (2.12)

The relevant part of the quark field is

TABLE 1. (a) Values of reduced gluon multipole ener-
gies for the unit sphere and (b) values of terms appearing
in the field energy for the unit sphere with a=0.54.

(a)

Wgyy —0.176 Wgs 0,108 Wyy 0.430
Wpyy ~0.3350 Wg, 0.011a Wygy —0.0080¢
Wpys —0.067¢ Wgpyy 0.255Q Wyys —0.0940
(b)
Wyse: =—0.0475 Wyxy —0.020
Wysy —0.0475 Wex, 0.029
Wyps =—0.025 Wyxe —0.0253
Wyp, —0.047 Wexz 0.0
Wyspz —0.022 Wyx —0.002
Wyspy —0.044 Wgx  0.116
Wep 0.020 Egr 0.0
ws 2.043
wp 3.204
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q= Z (@ scfmbscim™ Apefmdpesm) « (2.13)

¢ f,

Thus the fields are bilinear in the quark creation
and annihilation operators and the interaction
terms H; are at most quadrilinear in these opera-

i

tors. The several resulting contributions to the
energy together with the fermion kinetic energy
are represented pictorially in Fig. 3. The total
field energy exclusive of the zero-point energy is
summarized by the following expression [See
(2.12) of Ref. 10]:

RE p=nswg +npwp +(Wys.Cs.+ Wys Cs.) + (Wip,Cpz T WipiCp1) + (Wysp,C sps+ WyspiCspr + WepCp)

+ [ Wigs + Wi x0)C 310 + (Wings + Wi x2)C xea + (Wi x + Wix)C x4

+ [(Wis = Wi x)C x10 + (Wirxe = Wi x2)C x20 + (W x = Wix)C xo] «

The seven terms have been grouped in order so as
to correspond to the first seven diagrams of Fig.
3. The self-energy contribution of Fig. 3(h) is
treated the same way as in Ref. 8. A general de-
scription of the terms in (2.14) follows. The sub-
scripted factors W are basic configuration-inde-
pendent gluon interaction energies. They are con-
structed by solving Maxwell’s equations for the
c-number quark currents formed from the various
orbitals and substituting the resulting fields into
expressions for the field energy. For example,
the current

jss =gq§5qs (2.15)
gives rise to the field Bsg which satisfies
VXBgs=Jss (2.16)

and the term Wys through

_[ [%(Ess)2 -T]ss'Ass]dV= WMSIG?OE + WMSLE;'EE s

(2.17)

where 5, and 52 give the spin coupling at the upper
and lower vertex of Fig. 3(a). The values of the
various terms for the sphere are given in Table

I and Appendix A, The subscripted coefficients

C and » are configuration-dependent and rise from
the evaluation of the expectation value on the given
state of the combination of quark creation and an-
nihilation operators implied by the diagrams of
Fig. 3. Thus, for example,

Cs:(ﬂ)=Z: (:b50° b5 b0\ bs 1) . (2.18)

Here color and flavor indices have been suppres-
sed. The values of the coefficients C for the vari-
ous channels are given in Appendix B and Table
II.

(2.14)

C. Deformation energy

The energy of the bag for a given configuration
is found by minimizing with respect to R expres-
sion ‘

E(u,R)=Eu,R)+EyR)+ ¥R%B, (2.19)

where the quark and gluon energy E » is given by
(2.14) and the zero-point energy is

Eo(R)=—Zo/R ’ (2.20)7

where Z,=1.84 has been chosen to give the cor-
rect masses for the p, N, and A2 From the point
of view of the static cavity approximation the
stable configuration is the one which minimizes

E with respect to both 1 and R. We find that in
all two-nucleon channels, the overall stable mini-
mum occurs for a finite value of u between 0 and
1. This is the end of the story as far as the static
cavity approximation is concerned; in all channels
we find semiclassical stable six-quark states,
consisting of two partially separated nucleons.
However, one expects large quantum fluctuations
in the two-nucleon c.m. coordinate just as in the
conventional potential model of the two-nucleon in~
teraction,

To study these fluctuations, it is necessary to
go beyond the static cavity approximation. What
is needed is a dynamical treatment of the collec-
tive motion of the system as a function of a few
parameters which characterize the gross distor-
tion of the system away from the point of semi-
classical equilibrium. If the kinetic energies of
the collective motion are small compared to the
internal excitation energies, the motion may be
treated adiabatically‘s—i.,e,, one allows the quark
and gluon fields to adjust instantaneously to each
small change in the collective coordinate. There
are four steps leading to a full dynamical treat-
ment of the collective motion. First, a collective
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TABLE II. Configurations factors, two nucleons. (a) I=0, S=1, mg=1 (cf. Appendix B).
(b) I=1, S=1, mg=1. () I=0, S=1, mg=0. (d) I=1, S=1, mg=0. () I=1, S=0. (f) I=0,
S=0. The overbars indicate repeated digits. For example, 42.6=42.666, . . .

(a) I=0, S=1, mg=1
3

' ut p W ut w pé
N 5 67 67 5
Nng 30 268 134 0
Nnp 0 134 268 30
NCg, . 428 298.6 85.3 0
NCg, -69.3 ~202.6 186.6 0
NCp, 0 85.3 298.6 42,8
NCp, 0 186.6 ' —202.8 -69.3
NCgp, 0 341.3 341.3 0
NCgsp, 0 1621.3 1621.3 0
NC, 0 597.3 597.3 0
NCysy 0 426.6 426.6 0
NCxy, 0 -85.3 -85.3 0
NCy, 0 -1109.3 -1109.3 0
5
NCyxzo 128 426.6 128
NCy.g 565.3 2112 565.3
NCy, 4 —-320 -1749.3 —320
NC, - 10 402 702 70
(b) I=1, S=1, ms=1
u ut p e p
N 8.3 55.3 8.3
Nng 416 166 8.3
Nnp 8.3 166 41.6
NCg, -49.7 21.3 0
NCs, 7.1 177 0
NCp, 0 21.3 —-49.7
NCp, 0 177.7 7.1
NCsp, 56.8 711.1 56.8
NCspy 69.3 1027.5 69.3
NCp 447 266.6 4.7
NCxz -35.5 14.2 -35.5
NCx, 4 -12.7 394.8 -12.7
NCxy —-88.8 ~1415.1 —-88.8
NCxz 4124 412.2
NCxig 583.1 583.1
NCxy -355.5 -355.5

NCy 39.5 467.3 95.8
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TABLE IL. (Continued).

(c) I=0, S=1, ms=0
2 3

Iz u u [ u U It
N 5 67 67 5
Nns 30 268 134 0
Nnp 0 134 268 30
NCs, -112 -501.3 101.3 0
NCs, 85.3 597.3 170.6 0
NCp, 0 101.3 -501.3 -112
NCp, 0 170.8 597.3 85.3
NCsps 0 1280 1280 0
NCspy 0 682.6 682.6 0
NCp 0 597.3 597.3 0
NCxzq 0 —512 —-512 0
NCx.4 0 853.3 853.3 0
NCxy4 0 -1109.3 —-1109.3 0
NCxz 437.3 1685.3 437.3
NCx. 256 853.3 256
NCxq -320 -1749.3 -320
NC; 10 457 856 85
(@) 1=1, S=1, mg=0
“0 “1 “2 “3 ”4
N 8.3 55.3 8.3
Nng 41.8 166 8.3
Nnp 8.3 166 41.8
NCs; 56.8 156.2 0
NCs, -99.5 42,8 0
NCp, 0 156.2 56.8
NCp, 0 428 -99.5
NCgsp, 12.7 316.4 12.72
NCspy 113.7 1422.2 113.7
NCp 447 266.6 443
NCxzq 23.1 380.7 23.1
NCx.q4 -71.1 28.2 -71.1
NCyxy —-88.8 -1415.T —-88.8
NCxz 170.8 170.8
NCx.g 824.8 824.8
NCxq -355.5 -355.5
NC, 46 ’ 527.3 108
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TABLE II. (Continued).

INTERACTION...

(e) I=1, §=0
p ut p ps pt u ué
N 5 67 67 5
Nng 30 268 134 0
Nnp 0 134 268 30
NCs, -26.6 -103.1 72.8 0
NCs, -53.3 —206.2 145.7 0
NCp, 0 72.8 -103.T —26.6
NCp, 0 145.7 -206.2 -53.3
NCgspg 0 824.8 824.8 0
NCsp, 0 1649.7 1649.7 0
NCp 0 597.3 597.3 0
NCxzq 0 -56.8 -56.8 0
NCx.4 0 -113.7 -113.7 0
NCyxy 0 -1109.3 -1109.3 0
NCxgz 266.6 1116.4 266.6
NCxig 533.3 2232.8 533.3
NCyxp -320 -1749.3 -320
NC; 0 334.3 435.3 45
(f) 1=0, $=0
“0 “1 uz “3 ”4
N 1 22 1
Nns 5 66 1
Nnp 1 66 5
NCs, 0 71.1 0
NCs, 0 142.2 0
NCp, 0 71.1 0
NCg, 0 142.2 0
NCsp, -5.3 124.4 -5.3
NCspy -10.6 248.8 -10.6
NCp 5.3 32 5.3
NCxzq -1.7 145.7 -1.7
NCxiq4 -3.5 291.5 -3.5
NCxy4 -10.6 —661.3 -10.8
NCxz 56.8 56.8
NCxip 113.7 113.7
NCxq -42.8 —-42.6
NC; 2 116.6 8

variable or variables (8) are selected. Second,

a deformation energy V(&) is computed as a func-
tion of this variable, Third, one must find the
kinetic energy K(6,6) associated with small rates
of variation of the collective variable. Finally,
the effective Hamiltonian K + V is quantized to ob-
tain the wave function in the collective variable.

1457

So far we have carried out only the first two steps
of this program.
To some extent the choice of collective variables
is arbitrary, provided they characterize a macro-
scopic property of the motion. Most arbitrariness
is removed once the kinetic energy is known. For
example, a change from a parameter 6 to a func-
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tion of the parameter f(8) results in a compensating

change in the kinetic energy.
We have continued to use the variable of Refs.
9 and 10, namely

6= 2\/_15(1 + u)zsp ’

T 14y
(2.21)
ese=J al Pas@)eav,

which was motivated in Ref. 9 as a measure of the
separation of the orbitals. Another choice with
perhaps more dynamical significance would be a
measure of the rms separation of two groups of
three quarks using the baryon-number density as
a probability measure. This is not a well-defined
quantity since the antisymmetrization of the wave
function mixes quarks among the orbitals. How-
ever, a rudimentary measure can be constructed
by computing the expectation value of

. e e e e ey
<B+rj+r3_r4+r5+rs) (2.22)

3 : 3
on the ordered state

‘l(;l' : ';6) =4 (;1)41: (;2 )qL(;3)CIR(;4)¢IR(;5)‘IR(;3) )

(2.23)
where
(1 +p)! %, (T) =q4(F) -V g o(T),
- - - 2.24
(1+ 1) 20(F) = q5(F) + Viigs(F) 229
Thus we might use
2 2
2 _g¥s turp” g 4u 2
v =7 1+“ 9 (1_'_“)228[’ ’ (2-25)
where zgp is defined above (2.21) and
rit=falagtav, ri=[abarav.  (2.26)

For the sphere »3=0.729 R, v, =0.787 R, z5p
=0.342 R. In Fig. 4 a plot of ¥ vs & is shown for
the state /=0, S=1, mg=1. The separation rate
in 7 is slower than that in § for small separations,
but they begin to approach each other in value at
larger separations., The function #(8) depends
weakly on the choice of channel since R(8), the
radius of the sphere, depends weakly on the chan-
nel.

The deformation energy is computed by calcu-
lating the energy of the bag constraining the col-
lective variable. This is easily done using the
method of Lagrange multipliers. One seeks a

stationary value of the variational expression
I(R,M,K):E([J.,R)—)\G(/J.,R) (2°27)

with respect to variations in R and p with X fixed.

T (fm)

0

0 3(fm) |

FIG. 4. Values of the rms separation # computed as
a function of the constrained separation parameter & for
I=0, §=1, my=1,

The values of the energy and separation at the
stationary points E(x) and &()) define a point on
the deformation energy curve. Because the energy
(2.14), (2.19), and separation (2.21) have a simple
dependence on R, the variational expression (2.27)
may be written

IR, p\)=c(n)/R+4%R*B —xd(1)R (2.28)

and the stationary points are given by the values
of u which satisfy

R¥(u)=c'(m)/Ad’ (1)

Ad(p) +n2d%(u) + 167Bc(p)]t /2
- 87B

(2.29)

for a given value of A. Results of the computation
are shown in Figs. 5(a) and 5(b) for the various
channels. They are discussed in the following sec-
tion.

III. DISCUSSION

The soft repulsive core seen in the even-parity
channels [Fig. 5(a)] is more repulsive in the iso-
triplet channel than in the isosinglet channel.?
Whether the additional repulsion is sufficient to
prevent the occurrence of a two-nucleon bound
state in the isotriplet channel in accordance with
experiment cannot be determined without a full
dynamical calculation. However, the fact that a
higher isotriplet energy is found throughout the
entire range is reassuring. In the spin-triplet
channel the deformation energy is found to be sub-
stantially higher in the state with m g =0 along the
separation axis compared with that of the mgs=1
state. In the conventional decomposition of the
two-nucleon potential
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FIG. 5. Interaction energy for the two-nucleon config-
uration in a spherical bag as a function of the constrain-
ed separation parameter § (a) for even-parity two-nucle-
on configurations, and (k) for odd-parity configurations
with rotational kinetic energy included.
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VI =Vi+ VGyG, + VS, + VESL, (3.1)

where G, and G, are the nucleon spinors, § and.L
are the total nuclear spin and orbital angular mo-
mentum, and

Syp =30y Pyp0ye Py =040, (3.2)

is the tensor operator (in our case 7y, =2); the
difference between the curves for ms=0 and mg
=1 is simply proportional to the tensor interaction
energy. This is shown in Fig. 6 for both even-
and odd-parity channels. The sign of V7 agrees
with that found in more conventional models.*
An attractive tensor term in the isosinglet channel
ensures the correct sign for the quadrupole mo-
ment of the deuteron. The sign of V’;’ also agrees
with that of the Yale, Hamada-Johnston, and
Paris potentials.* It should be emphasized that a
more quantitative comparison between the bag de-
formation energies in Fig. 5 and 6 and standard
two-body potentials is not possible without a full
dynamical treatment of the collective motion,
particularly in view of the flexibility in defining
the separation parameter 8. It is amusing that the
isosinglet tensor interaction vanishes at 6 =0.
This follows simply from the rotational symmetry
of the S=1 six-quark state with all quarks in the
Sy/, Orbital: It is an eigenstate of total J=S=1.
It is tempting to try to isolate the spin-spin
component Vi by subtracting an odd-parity curve
from an even-parity curve. Unfortunately, the
odd-parity curves include some effects of a cen-~
trifugal barrier (See Sec. IIA). Thus the term
v!in (3.1) must be regarded for the purposes of
our computation as having an L dependence. The
collective rotational kinetic energy associated with
the barrier need not have a simple L?/I(8) depen-

30 :
. Vl =1
20 T

ol oo™

E(MeV)
o

-10 V:‘O

0 8(fm) )

FIG. 6. Isotriplet and isosinglet tensor contributions
to the two-nucleon interaction energy derived from Fig.
5. \
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dence. Thus it may not be possible to isolate all
of the terms in (3.1), except in some approximate
sense.

There has been considerable interest recently
in studying the two-nucléon interaction in the con-
text of the nonrelativistic quark model.!*"!® This
traditional model has a distinct advantage in ease
of computation even if it is lacking in a fundament-
al theoretical justification. Liberman!’ has calcu-
lated the separation energy of two Gaussian clust-
ers of three colored quarks. In his model interac-
tions between pairs of quarks are given by a
simple harmonic-oscillator potential, partially
modified to correspond to a nonrelativistic reduc-
tion of a colored-vector-gluon exchange,!’

1/ 7 \*
Vii==XiA; [v(m) +€(MZZ) oi-cjvzv(m)] ,  (3.3)

where v(r) =k#?/2. Since the associated spin-or-
bit and tensor terms are omitted, his calculation
does not yield a tensor interaction. However, it
is amusing that there are qualitative similarities
between his results and ours. In both models in
the even-parity channel, the isotriplet combina-
tion has a more repulsive core than the isosinglet.
This effect is a consequence of the color-magnetic

- interaction between the quarks at short distances
and depends only on the expectation value
(=n;*x0;+0;) in the two states—not on the details
of the interaction. A greater repulsion in the ‘odd-
parity isosinglet channel compared with the iso-
triplet channel is also found in both models. Thus
it is likely that the broad dualitative features of
our results follow from the color-vector nature
of the gluon interaction.

In detail the results differ. We find a strong at-
traction in all channels which results from two ef-
fects: a strong color-electrostatic attraction
among three quarks forming a color singlet, and
a geometrical effect. The latter effect lowers the
energy when the boundary between two nucleons
is removed, since the cavity eigenenergies are
lowered when the fields occupy the larger region.
This latter effect is not present in the nonrelativis-
tic quark model. However, the color-electrostatic
attraction is present. Although Liberman’s com-
putation did not give a negative potential in any
channel (no deuteron), his results were based on
a variational approach; it may be possible to do
better with a more sophisticated trial wave func-
tion or a modification of the potential (3.3).

We should also mention a different approach to
the nonrelativistic colored-quark model discussed
in a recent note by Kislinger. He argues that a
semirelativistic treatment of vector-gluon ex-
change gives the correct sign for the spin-orbit
term in the two-nucleon interaction.!® The calcu-

lation is based on a simplified treatment of the
motion of the quarks within each nucleon, but the
result is amusing and the method deserves further
study and refinement.

In conclusion, we have shown that the deforma-
tion energy of the two-nucleon system in the MIT
bag model in configurations of various spins and
isospins shows a number of qualitatively desirable
features. In particular, the two-nucleon tensor
interaction has the proper sign. The even-parity
isotriplet channel is uniformly more repulsive
than the even-parity isosinglet channel.

A number of important questions remain to be
investigated. Obviously, an understanding of the
dynamics of the collective motion would permit
a more quantitative treatment of the interaction.
Following the same approach described in the
present work, other two-baryon channels may be
studied for indications of states bound with respect
to higher channels. Adiabatic mixing between the
AA channel and the NN channel can be examined.
This study is of interest in determining the amount
of a AA component present at short range in the
deuteron.!®
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APPENDIX A: GLUON-INTERACTION TERMS IN THE UNIT
SPHERE

1. Diagonal fields

For the sake of completeness we review the
evaluation of the various gluon-interaction terms
in (2.14). There are three currents required:

J§s =84 sy uds
J;P =g_q.FquP ) (A]-)
J§pe ! =gqsy.dp ,

where the fermion spinors are defined in (2.2).
The color dependence is given by an overall factor
of 1, which has been omitted. The currents J§g
and Jpp are static, but the transition current has
a frequency w =wp—ws. The field energy is to be
calculated in the approximation of degenerate sec-
ond-order perturbation theory,? i.e., for w? <« w,’
where w, is the lowest relevant gluon eigenfrequen-
cy. However, for the purposes of evaluating the
fields associated with the S-P transition it is con-
venient to solve the time-dependent Maxwell equa-
tions. Thus we must solve the static equations
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Vszs =-Jss, VXKSS =§ss ,
V'App==Jpp, VXApp=Bpp, (A2)
V2¢D =—Jgs +J2’P, _V¢D=ED
and the frequency-dependent equations
(V+0h)Asp=—=JFsp, VXAsp=Bsp, (A3)
(V+wt)psp==d%p, =Vogp+ivAsp=Egp
with boundary conditions at » =R =1,
PxBgs =F#XBpp=PxBgp=0, (A4)
7Ep=7Egp=0.

(Only the difference between the S-state and P-
state charge densities enters the computation be-
cause the state is a color singlet.?)

The diagonal currents and charge densities have
the form®

Iss =;XV[]‘15(E~;)] ,
Fpp =T X V[ j3p(0T2% = 220%* = £0°T)
+jp(0%z =20-1)], (A5)

Jes =Ipp=py + pp(3 22 - 27%),

1 =1 = T re >
'z‘_[(BPP'BPP =JpprApp)dV = WMon'tso'zs + Wyp.01°03

1 B. .-B J A —w 3.3 -1
zf(Bs s'Bpp =d 55°App)dV = Wys p,01°03" + Wysp.01°03 ,

éjEpde = Wsp -

The relationship to the reduced multipole energies
is given by

Wipe=K1013 3,3 = 1> Wp iy
+1(3013 2,3 =1 Waus,
WMPJ.':%KIII%%’%%) 'ZWPM!.

+3[B1]33, 2D Woue

X (33,5 -5 |10)Wgpy, (A8)
Wysp=2 (11 |55, 3034 | IDWepu s
W= (20] 34, 2 = DI Wyt Wy

The values of the reduced multipole energies are

. entirely in terms of “reduced multipole energies”.

where the scalar functions jis, jip, jsp, Py, and

p; can be found by a straightforward computation
from (A1) (See Ref. 9). The magnetic dipole and
octupole and electric monopole and quadrupole
decomposition is explicit in (A5), and (A3) can be
integrated numerically by standard techniques.

The dependence of the fields upon the quark spins
permits a net spin-flip or -nonflip contribution to
the expectation value of the second-order terms

of the type (2.17). Rotational symmetry relates
the spin-flip and -nonflip contributions to the ener-
gy from each multipole term. Therefore the gluon
interaction energies W in (2.14) can be expressed .

Thus in (2.17)
Wase= 11013353 =3 1*Wam ,
(AB)

1 11 11 2
Wys,=z1(11153,22) |*Wsyn »

In analogy with (2.17) we define

(A7)

given in Table I.
2. Transition fields

The (off-diagonal) transition currents and charge
density have the form

-
->

sp= (T - 37%60%)+ip(FG+ T~ r20)0%+ 720 X F,
: - A9
4=tz - 45 +T0¥), (49)

where the terms in the real functions 3y, ¢, and ¢
generate longitudinal and transverse electric
dipole fields and the term in 7 generates a mag-
netic quadrupole field. The solution of (A3) has
the form

A=A, A(EY | A(M)
A=A+ AM+ AN

=9,

(A10)
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where the longitudinal and transverse fields are
given in the covariant gauge by

o
AT = Z (wl‘;l 7 Vi, (W) (2 /7 = 30 -70°),

2= 2 a3, e/r = 3o+ 70%),
(A11)

A® —Z i BV xj (WinX,,

- —
) _ ) (oM
A “Z afj,(whr)X,
n

and where the vector spherical harmonics are

X, =FxV(z/r - 0-703),

X, =TxV(3e-rz/r -03),

(A12)

and the gluon eigenfrequencies are determined
by

) d .
j{(wln)zoy ]1(wf"):07 d—,r["’Jz(wg,,T)FO- (A13)

Equations (A3) are readily solved. The resulting
fields contribute to the two interaction terms de-
picted in Figs. 3(f) and 3(g). The interaction en-
ergy contributed by the orbital-preserving term
[Fig. 3(f)] can be shown to be

f(JSP sp—jgp'Asp)dV
=§f Bl Egp-Bl,-Bgpldv. (A14)

The orbital changing (off-diagonal) term [Fig.
3(g)] contributes

Wi=3Re _[ UspPsp— jsp ° Z‘sp)dV . (A15)

It is necessary to interpret the phases of J§,
carefully in (A15). In the spirit of degenerate
second-order perturbation theory, the frequency
w=wp—w, is ignored compared with the gluon
eigenfrequencies.® Thus the intrinsic time de-
pendence of the current J%, and therefore the
expression (A15) is ignored. The reality of ¥, ¢,
7, and ¢ in (A9) follows from the phase at =0 of
the quark eigenfunctions (2.2), which is dictated
by the left-right convention in (2.1). The re-
maining difficulty with (A15) lies in its apparent
gauge dependence. A simple calculation shows
that

Wi=13Re f (_Esp 'ESP ‘_ﬁsp '§SP_ 2"""’ESJ" 'KSP) :
(A16)

Thus the gauge-dependent terms vanish as w - 0.
For convenience we have simply dropped the last

term. Direct calculation in the gauge #+A=0
shows that the last term contributes less than
10% to W. In the same spirit a further ap-
proximation can be made. The contributions to
Wy and W can be classified according to trans-
verse and longitudinal multipole moments. The
longitudinal moments contribute only to the elec-
tric field. The transverse moments contribute
to both electric and magnetic fields, of course,
but these electric fields are smaller by a factor
of w/wo where w, is the lowest gluon eigenfre-
quency for the mode. Thus the contributions of
the transverse fields to ﬁsp"’ in (A16) are neg-
ligible (approximately’10%). Finally, one may
class1fy the Hermxtlan and anti-Hermitian terms
in ESP and BSP by inspecting (A9). We find we
may write

Wy = Wy + W)+ Wiyt Wy )0305
F (Wogy+ Wy JOL 5L,
EXL MXL 1 2 (A17)
Wi=Wex = Wyx)+ (=Wgy .+ Wy Joio]
+ (_WEXJ.+ WMXJ.)at '-6'; s
where the subscripts E (M) distinguish contribu-
tions from electric (magnetic) fields in (A14). In

terms of multipole moments

— 7 (0) ~ — 1 (0)
WEX_W1,03 WExz"’O; WExJ."Wu s

(A18)
Wyx= W{:Eo)’ Wyxe= W;g”: Wyxe= Wéi‘“ s
and
Wi.Eo) = I(%%% -3 I 10) |2WXE1 s
W{%= I(‘g—é% -z l 10) IZWXOL ’
Wi =4 |G D W o,
(A19)

The values of these terms are given in Table I.

APPENDIX B: INTERNAL-SYMMETRY FACTORS FOR THE
TWO-NUCLEON SYSTEM
1 Configuration factors
Given the normalized, antisymmetrized states

of the form (2.7) which characterize the separa-
tion of two clusters of three quarks forming two



nucleons, as the parameter p varies from 0 to1,
we wish to evaluate the expectation values of the
configuration factors!®

ng= (bgbs% np= <bI’bP> s

Cse=(:blo*Xbgb iy 1),

Cs,=(: 0I5 N+ bIG 2% :),

Cp=(:0}03 A% b 032, 1),

Cp =00 X% - DT ND, 1),

Cspe=2(: 050300 0 A% 1),

Cgp =2(: DT\, DG A% 2 ), (B1)

Cyma=2(:b}o3A% bl0n% 2 ),

Cyg=2(: b} T \%g b;'&*x"bp ),

Cya=2(: DINDDIND 1),

Cyeo=2(: LoD b0 A% 1 ),

Cyio= 2(: bEEAD DL E A1),

Cyo=2¢: bIABDIND 1),

Cp=—(:bINBBIND,: ).
Notice that the calculaiion of these expectation
values is a bookkeeping problem which is entirely
independent of the specific model for the colored
six-quark system or the spherical geometry.
These factors are also needed in the nonrelativ-
istic colored quark model, for example, where
‘the orthonormal states S and P are replaced by
even and odd linear combinations of right and
left orbitals. Since no simple and direct analytic
procedure for evaluating all of these coefficients
is known, a computer was used. The method has

already been described briefly in Ref. 10; it has
been extended to include all of the even- and odd-
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parity two-nucleon channels.

The results for all channels are summarized
in Table II. Each row of Table II defines a
polynomial in u, the coefficients of which are
given in the appropriate column. E.g., for the
channel I=0, S=1, m =1 the normalization poly-
nomial N is

N =5+ 67(u2+ p*)+5us
and (B2)
Csq=(42%+2985u2+ 854 p%)/N.

2. Angular momentum

The states (2.7) are not in general eigenstates
of the total angular momentum. The expectation
value of the total cavity angular momentum

‘J2=(iJ,)2 (B3)

i=1

is readily computed in terms of the expectation
values of the same fundamental operators that
entered into the computation of the configuration
factors above.!® The effect of the operator 3, J 3
upon a pair of quarks depends upon the orbital
assignments of the quarks ¢ and j. If they are both
P quarks

. s
J;+J;=-1-30%0%+2P],,

where the operator P§; permutes the spin as-
signments of the quarks. If they are both S quarks

3 -3,=-4+4PY,, (B5)
and if one is P and one S

3, 3,=-4 - 40303+ PY,. (B6)
Thus

Co(w)=(I? =5 BLb )+ (BIbpy— (:bibbIb, ) =1 (: DS 0%Db 0%, 1)

o+ 2(: b b PLbIb ) = (bbb )= 5 (: DLotbbho%h )+ 2 (b ib, PYbIb, 1)

—5(bloblbg )+ 3 bl PoLblbg ).

(B7)

The expression for C,(u) is also represented in Table II for each channel.
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