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A variational quantum-field-theoretical approach to the chiral bag is presented in which the pion
field is described by a quantum-mechanical coherent state coupled to the bag by the interaction
Hamiltonian of the linearized cloudy-bag model. States with good spin and isospin quantum num-
bers are projected from variationally stable solutions. Techniques are explained in detail. The nu-
cleon is stabilized against collapse by incorporating the finite extension of the pions in the field. The
dependence of nucleon masses, bag radii, average pion numbers, and self-energies on the various pa-
rameters is investigated. The free parameters of the system are fixed by requiring the variational
solutions to have the proper nucleon energy and the proper pion-nucleon vertex. Bag radii of ~0.5
fm are obtained for certain parameter sets if A degrees of freedom are considered in the bag’s wave
function. For this and other features quantum fluctuations are shown to be important.

I. INTRODUCTION

There is at present a considerable interest in the study
of a variety of phenomenological models for baryons in
which quarks are coupled to meson fields.!~!3 This in-
terest is motivated by the belief that such models may
bridge the gap between the fundamental theory of strong
interactions, i.e., quantum chromodynamics, and the
best-known manifestation of these forces, i.e., the realm of
nuclear physics. There is hope that from the study of
these phenomenological models one can acquire a better
understanding of hadron properties at low and intermedi-
ate energies.

One of the most successful classes of chiral-invariant
models consists of chiral bag theories, in which the quarks
are, from the start, confined to a certain domain in
space.>~1?2 Other examples are given, e.g., by the o
models in which the binding of the valence quarks is to be
obtained as a result of the theory.!~*® In these and other
chiral-invariant approaches extensive use is made of clas-
sical or mean-field approximations for the meson fields
which usually violate spin and isospin symmetries. Only
in perturbational approaches of low order fully
symmetry-conserving treatments seem to be possible at
present. This is very unsatisfactory if one is interested,
for instance, in exploring the possibility of having solu-
tions for the nucleon with bag radii of 0.5 fm or smaller.
For these studies there is a need for nonperturbative and
symmetry-conserving theories, which are thus able to treat
strong meson fields. The purpose of the present paper is
to present such a theory. For this purpose the quark
structure of the mesons is suppressed in favor of treating
them as a separate field described by a coherent state. We
make use of well-established projection techniques in or-
der to extract quantum states with good angular momen-
tum and isospin quantum numbers. This quantum-
mechanical treatment involving the semiclassical coherent
states is motivated, on the one hand, by some success of
classical descriptions3_6 and, on the other hand, by the
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obvious need for the inclusion of quantum fluctuations.??

It has the interesting feature that the classical fields can
be extracted as expectation values of the proper
quantum-field operators between a variational solution of
a suitable quantum-field-theoretical Hamiltonian for the
whole system. This is in contrast to many recent ap-
proaches where the mesons are described from the start by
c-number fields>* for which one does not know how to
quantize properly.

The present approach is formulated by investigating as
a practical example some nucleon properties. We work in
the conceptual frame of chiral-bag models’~'? and adopt
the quantized Hamiltonian of the linearized cloudy-bag
model.!? The formalism stabilizes the bag against the col-
lapse'* caused by the increasing pressure of the pion field
with decreasing bag radius. This is done by assuming
pions to have a finite size, in a way similar to the one re-
cently suggested by Kam and Pirner.!> We evaluate the
effect of quantum fluctuations of the pion field by projec-
tions on good angular momentum and isospin quantum
numbers. It turns out that they are indeed quite impor-
tant and that they smooth the dependence of the nucleon
energy on the bag radius. Solutions with small bag radii
seem to be possible for certain choices of parameters and
after the inclusion of A degrees of freedom. These solu-
tions are self-consistent since they are obtained with a
proper vertex renormalization.

The paper is constructed as follows. In Sec. II the
Hamiltonian for the system consisting of a bag and a pion
field is derived and the finite size of the pions is incor-
porated in the interaction Hamiltonian. The variational
principle with a suitable trial wave function is presented
in Sec. III and the intrinsic self-energy of the nucleon bag
is evaluated. The angular momentum and isospin projec-
tions are performed in Sec. IV and the vertex renormaliza-
tion in Sec. V. The possible existence of “little-bag” solu-
tions is discussed in Sec. VI. Parts of this section have al-
ready been published in a Letter.!® A summary and some.
conclusions are given in Sec. VII. There are several ap-
pendices to present the technical details of the approach.
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II. THE HAMILTONIAN

A. The formalism with elementary pions

The Hamiltonian of the bag interacting with the ele-
mentary pion field is written

H=HMIT+H1r+Hcoupl s (2.1
where A Mt is the Hamiltonian of the MIT bag model,!’

A ] 1‘ «>
Ayir= [ d éz@,ma@(r)w 6, , 2.2)
a

with 6,=1 inside and 6,=0 outside the bag. The H,
denotes the energy operator of the free pion field,
A,=73 [ d*ko(k)a](k)g(k), 2.3)
J

and the quark-pion coupling term reads, in the linearized
version of the cloudy-bag model,!?

A~ i 2
Hcoupl= ? f dsrgqa(r
Here the pion field is given by its usual expansion

$;(0)=2m " [ d*k[20(k)]~"*[a;(k)e’*"
+aj(k)e =]

WsTa (DG (DA, . (2.4)

with
ok)=(k>*+m H1? . (2.5)

In Eq. (2.4) the sum extends over the three quark colors,
and A, is a surface 8 function at the bag’s surface. The
a}(k) create a pion with momentum k and Cartesian iso-
spin component j. In the representation of the complete
set of colorless baryonic bag states!? | B, ) the H MIT can
be written as

Hyir= 3 Ep, | B,){B, | (2.6)
n

with Ep being the energy of the states | B,). The in-
teraction H coupl has nondiagonal terms

P i
Hcoup1=2—f_ z |Bn )(Bn |
n,m

=3

X [ @t 28,0075 7 ofu(0) 6 (1)

XAs |Bp){B,| . @7

In the present paper we restrict the | B, ) to the nucleon
ground state | N) and the A isobar | A). This choice
takes into account to some extent the spin-isospin-flip de-
grees of freedom and has in addition the technical advan-
tage that the radial quark wave functions all correspond
to the lowest s state. In such a case one obtains (see Ap-
pendix A)

Hopp=i [ @k fr(k) 3 [X;(K)a;(k)—X J(k)a] (k)]

i

(2.8)

with
fr(k)=pg(k)[20(k)(2m)3]~1/%, (2.9)

where pg (k) plays the role of the Fourier transform of the
density of the pion source. For a bag with radius R one
has

Jj1(kR)
k)=3——7— .1
PR( ) kR (2.10)
which will in the following always be approximated!3 by
pR(k)ze——O.106R2k2 . (2'11)

The Hermitian operators X;(k) depend on the actual
choice of | N) and |A). For a nucleon with spin and

- isospin components s, t = _Jc > and a A with corresponding

components S,T = i , > one obtains

X;0=X ")+ X TV K)+X 7k + X TAK)

(2.12)
with
N 1/21/2
X" (k)—g,,NNZE(a k)“(TJ),,vs,v“ , (2.13a)
st S t
NA 1/23/2
X" (k) =gna >, 2, (8-K)g(T; )Trasrvsz , (2.13b)
st ST
N VRV N +
X™NK) =g an > > (STk), (T, 7 ]8sr (2.13c)
ST st
AA 3/23/2
zY"r (k)*-gﬂAAzz (=- kSS(e )TTSSTSST (2.13d)
ST S'T
Here the coupling constants are related through
8rAA=$EmNN » (2.14a)
8aNa=8ran=(5)"gunn (2.14b)
1 9 5
&nNN= 2f Q—19"° (2.14¢)

with Q=2.04. If there were no pions the g, yy should be
equal to goan=04mV2f yn/m. =725 GeV~! with
ferN =0.082. In the present theory, however, the g, ny
is not known a priori. It has to be determined by a proper
renormalization as described in Sec. V. The matrices o,
S, etc., are spin matrices and are explicitly given in
Appendix A. The operators VI, () and SgT (SST) create
(annihilate) nucleons and A’s with spin and isospin com-
ponents s,t and S,T, respectively. With Egs. (2.3), (2.6),
and (2.8) the Hamiltonian of the system is specified. In
the following we assume
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EN(R)=EA(R)= 3_£&
N(R) AlR)= R 3 7 BR R’ (2.15)
with B being the volume energy parameters. The term

Z /R accounts for the corrections to the quark kinetic en-
ergy from spurious center-of-mass contributions and con-
tributions from the quantization of the gluon field in a
cavity. As yet the coefficient Z cannot be reliably deter-
mined from more fundamental considerations. The total



2398

Hamiltonian depends on the bag radius R because of this
choice of Ey and of H y. In the MIT model the E, is
different from Ey due to the different residual quark-
gluon coupling, which is supposed to account for the
whole mass difference. Since we are presently interested
in the mass difference coming from the pion cloud we as-
sume E,=EFEy in order to avoid another free parameter.
This does not affect, however, our main conclusions con-
cerning the nucleon ground state.

B. Pions with finite size -

As is well known!*—and this will come out quite clear-

ly from the present variational formalism—the total ener-
gy of the bag coupled at the surface to the elementary
pion cloud is not stable. With decreasing bag radius R,
after a certain point the strength of the pion field in-
creases without limit, leading eventually to a collapse for
R —0. Recently several mechanisms have been suggested
to prevent this.!>!8=2° In the present approach we follow
the one proposed by Kam and Pirner'® which consists in
modifying the interaction Lagrangian density by taking
into account the finite size of the pions. For a real pion’!
the extension 77, of the ¢gg components, relevant for the
coupling, is related to the pion decay constant f, by?
Np=(4mf,)"1=0.17 fm. This relation, however, does not
directly apply to the virtual pions constituting the pion
cloud. Therefore, to be on the safe side, we consider a
range of 7, values

0.12<71,<0.4 fm . (2.16)

The results are to a large extent independent of the actual
choice of 7, within this range. The Hamiltonian density
which describes the pion-quark interaction—see Eq.
(2.4)—is then modified to the nonlocal form

=S

1 N N
ffé%?l%l(r)=§2 [ &G c+mys7agar—m)-

X8(r —R)P(7q) , (2.17)

with P(7) being the probability of finding a quark and
antiquark at a relative distance 27 in the extended pion.
We take it as a Gaussian, following Brodsky and
Lepage,??

2
12
Ne

P(n)=(my,2) "3 %exp | — (2.18)

For the technical evaluation of the modified interaction
Lagrangian it is convenient to replace the Bessel j, and j;
functions in the quark wave function

[ra
Jo R
q.,(r):T/—ZX_; " U, (2.19)
ijy R o°T B

by Gaussians. For =2.04 these expressions can be

J. N. URBANO AND K. GOEKE 32

found in Ref. 15 and are listed here for completeness,

2 2
.| Qr r r
Jo | g |=exp —C; X 1-C; |— J ,  (2.20a)
Q 2
. r r r
J1 R |I= exp | —C; x C, R (2.20b)

with C;=0.21, C,=0.80, and C;=0.59. Inserting this
into Eq. (2.17) one obtains (see Appendix B for details) the
modified interaction Hamiltonian density

%%%%1(1')=M(’)71,,R,r)%00upl(r) (221)
with
[ 77 271-3/2
M(n.,R,r)= |142C, 7”] J
2
c, | 1=
R
X {1 3 3
Nr r
21142C; | — —C, |—
+2C; R 1 LR
(2.22)
Finite Size of Pions
o L -
& S
~ — //'
. V4 :
= y /,/
08 |- // //
/s
|/ Etfective TN - Coupling
0.6 | / /,/ Correction
/
./ ——=-——" approx, 1 = 0.23 fm
04 // ——— approx,, 7, = 0.17 fm
/ — Ee
/
02 + [/
/
/
/
0.5 1 1.5

Radius of the Bag  (fm)

FIG. 1. The correction factor M (7,,R,r) of the pion-nucleon
coupling constant due to the finite size of the pion. Plotted are
the exact expression of Eq. (2.22) and the approximations to it in
(2.23). Thus the curves correspond to ges(R)/gnnn-
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For 1,—0 the M(n,,R,r)—1 and the elementary pion-
field approximation is recovered. For finite 7, the
M (n,,R,r) is r dependent. This dependence, however, is
so weak that on Fig. 1 the difference between the curves
with »=0 and r =R is not visible. In addition, for com-
putational reasons we simplify M (7,,R,r) by ignoring the
second term in Eq. (2.22). This approximation is a rather
good one as one can see at Fig. 1 as well.

Hence the effect of the finite extension of the pion
amounts altogether to a renormalized and R-dependent
coupling constant g.¢(R) to replace the g in the coupling
Hamiltonian (2.8) and (2.13),

21-3/2

N

8aNN—>8eff(R)=gnnn | 14+2C3 (2.23)

As one sees immediately, this coupling constant goes to
zero for R—0, which prevents the collapse of the nu-
cleon.

III. THE VARIATIONAL PRINCIPLE

A. The trial wave function

The nucleon model consists of a bag of quarks and a
pion field. The bag state | BN ) is assumed to have spin
and isospin z components both equal to 3. Since it is
coupled to the pion field, which also carries angular
momentum and isospin, it is not necessary for | BN) to
carry the quantum numbers of the nucleon itself, i.e., spin
and isospin 5. We assume the | BN ) to be a mixture be-
tween states with total nucleon and A quantum numbers
to be consistent with the vertices used in the interaction

- Hamiltonian:

| BN(a)) =cosa | Ny, ) +sina | At,) . (3.1

Here | N{,) and |A{,,) correspond to a nucleon and A
with one elementary charge and spin component +. They
are normalized to unity. The pion field is described as a
coherent state®?

|7(&)Y=N""exp | 3 [ dk¢;(k)a](k) |[0), (3.22)
J
with
N = exp (3.2b)

> [ d*k g k)g; (k)
j

and £(k) being the pion field amplitude (expansion coeffi-
cient) to be determined variationally. The coherent state
has the important property :

a;j(k) | m(&))=¢&;(k) | m(£)) . (3.3)
The product state
|&,a,R)=|m&)) |BN(a)) (3.4)

does not possess the spin and isospin quantum numbers of
a nucleon or of its isobars. These, however, can be ex-
tracted by means of the Peierls-Yoccoz projection tech-
niques!%2*
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| Wy, rr,(§,0,R))
Py Prr,|&a,R)
"~ [3 (&R [PxPr|&aR) |
KL

(3.5

whose details will be described in Sec. IIIB. The ap-
propriate variational procedure would be now to vary,
with respect to &, R, and «a, the energy of the physical
baryon

(&,a,R | HP,Pr | £,a,R )
(é;a’R |PJPT | é‘,a,R )

EJT(cf,',a,R): (3.6)
into its minimum. The variable R at the energy indicates
that it depends on the radius R of the bag chosen. Actu-
ally, because of technical reasons, we do perform such a
projection before the variation only with respect to R and
a, but will do a projection after the variation with respect

to &.
B. The intrinsic energy
The intrinsic energy E;,.(£,a,R) is given by
. {&a,R |H|Ea,R)
E‘ ) ’R = b b b b .
(6,0 R) =T O R [E0,R)

Since in this expression the fluctuations of the fields due
to spin and isospin are neglected the evaluation of the in-
trinsic energy corresponds to calculating the energy of the
system in a mean-field approximation. This is a point
worth noticing. Inserting Eq. (2.1) into Eq. (3.7) one ob-
tains

Einer(&,0,R)=E¥N(&,0,R)+ET"(£,0,R)
+EN(E,a,R) . (3.8)

Inserting Egs. (3.4), (3.1), and (2.6) into Eq. (3.8) one ob-
tains immediately

EM(&,a,R)=Ey cos’a+E, sin’a .

(3.7

(3.9)

Inserting now Egs. (2.3) and (3.2) into Eq. (3.8) and using
Eq. (3.3) yields

EM™ga,R)=3 [ d*k okl (kg k) . (3.10)
J

The interaction energy is similarly evaluated by using Eqgs.
(2.8) and (3.2)—(3.4). It yields immediately
Eip(&a,R)
=i [ d’k fr(k)
X 3 [{BN(a) | X;(k)| BN(a))§;(k)
J

—(BN(a)|X (k)| BN())£} (k)]

(3.11)

with fr(k) given by Eq. (2.9). The intrinsic state
|E&,@,R) is now obtained by Ritz’s variation of
E;...(&,a,R) with respect to £, a, and R. The variation of
the pion field corresponds to
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0 g (£a,R)=0 (3.12)
8E¥ (k)

or equivalently

w(k)E;j(K)—ifr(k)(BN(a) | X (k) | BN(a))=0. (3.13)

Since X (k) is Hermitian, one hence obtains for the varia-
tional solution, indicated by an overbar,

E (k)= fR((k) (BN(a)|X;(k) | BN(a)) .

(3.14)

The & (k) depends on R, although it is not indicated. In-
serting this into Eq. (3.8) we have

Ent(a,R)=~2E7"(a,R) (3.15)
with the total intrinsic energy of the system
Eine(@,R)=Ey cos’a+E sin’a + E e (a,R) (3.16)

and the intrinsic self-energy given by

ESE (a,R)
(k)
——fd3kfR S | (BN(a)|X;(k)| BN(a))|?.
J

(3.17)

The explicit evaluation of the matrix element in Eq. (3.14)
yields, with Eq. (2.12) and the matrices of Appendix A,

- f (k)

§J(k) (k) g,,NNG(a)k 813 (3.18)
with

G (a)=cos’a+ 8‘5/5 sina cosa + + sin’ct . (3.19)

The function G (a) can be considered as a renormalization
of the coupling constant g,y due to the inclusion of the
A degrees of freedom in the bare nucleon configuration.
A graph of G*(a) is given in Fig. 2. For the evaluation of
ESE (a,R) it now remains to perform the integration over
* k. This yields, using Eq. (B4) of Appendix B,

-60 -30 0 30 60

Mixing Angle a  (deg)

FIG. 2. The mixing function G¥a) [cf. Eq. (3.19)] determin-
ing the admixture of A degrees of freedom to the nucleon
ground state.
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Elslgr(a)R)= '—E:;tr(a R)

. Z(k)k4
= g”” o [CaPE 22 320

k2 4m,?

This is the intrinsic self-energy of the bag which the wave
function (3.1) acquires due to the couplmg to the pion
field.

Before we show some numerical results for the intrinsic
nucleon energy we discuss the properties of the pion field,
which arise from our variational procedure. The special
structure of the amplitude (3.18) is due to our special
choice of the bare nucleon configuration being aligned
along the z direction in both spin and isospin spaces. It
can equivalently be written as

f (k)

(k)
where g.nyy(a)=g,.xnG(a) is the renormalized coupling
constant. In our formalism the classical pion field ¢;(r) is
given by the expectation value of the quantized field

operator ¢j r) of Eq. (2.5) between the coherent states
(3.2):

¢;(r)=(m(&)| $;(r) | m(&)) .
This gives with Egs. (3.3), (3.21), and (2.9)

pr(K) '
W(N@z |okr; [ Niy)

eik-r__e —ikr d3k

Ei(kK)=i———gnn(a@)(Ni,|okr|Ni,), (21

(3.22)

¢j(r)=g,,NN(a) f

[20(k)]'? 87 6239
which can be simplified to
¢;(r)=igyn(a){Ni), |oV7; | NT)) Y(r) (3.24)
with
—m|r—r|
Y(n)= [ dr'pp(r) ] (3.25)

1 R — S
(intrinsic)
\\ ~——— MIT bag

————— Ny 0.25 fm
Ny = 0.17 fm

——= = 0.2 fm

Total Energy  (GeV)

0.5 1 1.5

Radius of the Bag  (fm)

FIG. 3. The nucleon energy vs the bag radius R is plotted for
the MIT bag model of Eq. (2.15) and for the intrinsic (nonpro-
jected) variational solutions (assuming a=0) using various pion
radii n,. The dotted curve, corresponding to point pions, shows
the collapse as R—0. The calculations are done with
B'4=0.125 GeV, g,yv=14 GeV~!, Z=1.75, and assuming
a=0.
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Number of pions (intrinsic)

Number of Pions

~~~~~~~~~~~ point pions

= = 012 fm

/ Ty= 017 tm
1 / B — Ny = 025 fm

05 1 15
Radius of the Bag  (fm)

FIG. 4. The average number of pions in the pion cloud of the
intrinsic (nonprojected) state as a function of the bag radius for
various pion size parameters 7,. See caption to Fig. 3 for the
parameter values.

where pg (r) is the Fourier transform of pg(k). This is the
usual?® expression for the classical Yukawa field produced
by a source of density distribution pg(r).

For the evaluation of the intrinsic energy the integra-
tions in Eq. (3.20) are performed numerically by means of
Gauss-Hermite quadrature. Assuming a pure nucleon
configuration of the bag, Fig. 3 shows some of our intrin-
sic energies for several pion radii in comparison to the
MIT-bag energy. For pointlike pions there is a local
minimum at R ~ 1.2 fm but the system collapses at small
bag radii. This collapse is avoided if one takes into ac-
count the finite pion size by using 7,50.

The effect of the finite size of the pions can also be
demonstrated by considering the average number of pions
in the cloud. This is given by

(&,a,R |N|&a,R)
(£, 0,R |&,0,R)

(@, R)= (3.26)

With
A~ 3

N=3 [ d*af®a;k)
j=1

(3.27)

(GeV)

Self-Energy

Self-energy  (intrinsic)

——— g = 7Gev"'

g = 14 Gev™'
............. g =21 Gev'

0.5 1 1.5

Radius of the Bag  (fm)

FIG. 5. The self-energy of the system, see Egs. (3.16) and
(3.17), for various values of the pion-bag coupling constant
g-nnv. The calculations are done with 17,=0.17 fm, B!/*=0.125
GeV, Z=1.75, and assuming a=0.

(GeV)

\ Intrinsic energy

Nucleon Energy

0.5 1 1.5

Radius of the Bag  (fm)

FIG. 6. The total intrinsic energy of bag plus pion cloud is
plotted vs the bag radius R for various mixing angles a. The
calculations are performed for 1,=0.17 fm, B'/4=0.125 GeV,
Z=1.75,and g,yy=14 GeV~1.

this yields immediately

3 —_— —
rela)=3 [ d*kEr®E;k) (3.28)
j=1
or
2 2 4
T 87NN pPrAK)K
nte(@)= o Gz(a)fdkm . (3.29)

For a=0 the N js plotted versus R in Fig. 4. In the
case of point pions one realizes that N diverges for
R—0. However, for finite 7, the N'™ tends to zero in
this limit. This feature is caused by the vanishing effec-
tive pion-nucleon coupling constant g.4(R) (see, e.g., Fig.
1).

Actually all results of those calculations depend on the
bare pion-nucleon coupling constant g,yy. Figure 5
shows that the dependence of the intrinsic self-energies on
g.nn is highly nonlinear. Figure 6 displays the effect of
the A admixture on the intrinsic energy: Apparently for
small R this is very pronounced showing the largest effect
for a=30" in accordance with the behavior of G*(a) in
Fig. 2.

IV. ANGULAR MOMENTUM
AND ISOSPIN PROJECTIONS

The states |Z,a,R) of the bag plus pion field do not
have angular momentum and isospin as good quantum
numbers both because of the general form for the bag
states and the pion cloud. Using the techniques of Peierls
and Yoccoz one can extract'®2* from these states the com-
ponents with good spin and isospin quantum numbers, as
indicated already in Eq. (3.5). For the present choice of
| BN(a)), having a good z component of J and a good 3
component of T, the total state has the properties

Jz |é_—’a:R)=S |§_‘,a,R), s=—;- ,
Ts|Ea,R)=t|EaR), t=7.

(4.1a)
(4.1b)

Referring to Eq. (3.20) one sees this easily for the isospin,
since the Cartesian third component corresponds to an un-



2402

charged pion. In the case of the angular momentum one
has to remember that pions have no intrinsic spin, and to
notice that the z component of the orbital angular
momentum can be written in k-space as proportional to
kyd /dk, —k,d /dk,. Therefore the pion cloud associated
with the variational solution & of Eq. (3.20) carries no an-
gular momentum along the z axis. Taking this into ac-
count the energy of the projected state (3.5) simplifies to

[ sinpdp [ sinfdBds(Bd Bk (a;BB)

E}g)(a)z T . T .~ > ] T ~
[ sinBdB [ "sinBdBdu(B)dy(Bin(a;BB)
4.2)
with the overlap kernels
h(e;B,B)=(EaR | HR,(BR,(B) |E,a,R) , (4.3a)
n(a;B,B)=(EaR |R,BR,(B) |E,a,R) .  (4.3b)

A. Norm overlap
Since we perform a projection after the variation of &
the pion field is assumed to be fixed by Eq. (3.20). The
operators R, () and R,(p) are given by
Ry(B)zRybag(B)Ry"(B)=exp[iB(J;,’ag+J;T)] )
Ry(B)=R3* (BRI (B)=exp[iB(T5* +T7)]
and they act on the entire system, i.e., bag plus meson

cloud. Their action on the state | BN(a)) is easy to
evaluate:

| BN(c;8B)) = BY*4(B)RS*(B) | BN ()

(4.4a)
(4.4b)

1/2 _
=cosa 3 d}{7,(B)d{},(B) | Ny )
st :
L0z 3 3/2 @
+sina > d31%(B)dn(B) | Asr) . (4.5)
ST

Since RJ(B)R7(B)|0)=|0) the action of the rotational
operator on the coherent state 7(£)) can be written as

| m(a;8B)) =RJ(BIRF(B) | m(E))

=N""2exp | 3 [ d*k E;(k)R,(B)
J

XRy(Baj(k) [|0) . (4.6)

The rotation around the y axis yields then

S [ d*kE (R, (Bla] (k)| 0)
J
=3 [ @k ER,~(Bkla/k)[0) @&
J

since it amounts to a change of the integration coordinates
from k to R k. If one denotes with [R,(5)];; the rota-
tional matrix in a Cartesian vector space, we obtain for
the pion field finally

RJ(BIRF(B) | m(E))
—N~12exp zfd3k§j(k;[j’,3~)a;(k) [0), (4.8
J
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with
Ei(k;B.B)= 3 [R2(B)];;E[R,~(BK] . (4.9)
;

Using the expressions (3.18) and Eq. (C1) of Appendix C
one obtains explicitly by first applying Ry“1 to k and
then taking the z component

G (a)(—k, sinB+k, cosf3)

_ ~ Sr(k)
§i(k;BB)=ig N (k)

><(——8j1sinﬁ+8j3cosg)(l—8j2) . (4.10)
With Eqgs. (4.5) and (4.8)—(4.10) the rotated bag-plus-field
state is now defined. It remains to evaluate the norm and
Hamiltonian kernels. The norm overlap is very simple:

n(a;B,B)=n,(a;BB)ngy(a; BB) 4.11)
with
npn(a;BB)=cos’ad(}31,,(B)d131,,(B)
+sin’adifz1(B)di%51,(B) (4.12)
and
n(a,BB)= exp[ NIy (a)cosBcosB] , (4.13)

with N{;. () being the average pion number of Eq. (3.30).
Altogether Eqs.(4.11)—(4.13) give the norm overlap. Fig-
ure 7 displays some norm overlaps at representative values
of R and a. Since the intrinsic wave function does not
show good positive parity the overlaps are not symmetric
around /2. For larger values of a they can become neg-
ative. The slope of the overlap shows that approximations
of Gaussian type are bound to fail. This sheds some un-
favorable light on semiclassical quantization procedures,
which all work in the small amplitude and therefore
Gaussian limit. By similar techniques one obtains the
overlap function for the particle number in the pion field:

" NT(a,R;B)=(Ea.R | N.R,(BRLB) | E,a,R )
=NTI..(a,R)cosBcosPn(c;BB) .

This can be used to calculate the number of pions

(4.14)

Norm Overlap

0.8

0.6

0.4

0.2

0.0

rotational angle g

FIG. 7. The norm overlap n(a,B,B=0) is plotted vs f3 for
the cases R=0.5 and 1.0 fm and ¢=0° and 60°. The parameters
used are B!4=0.125 GeV, Z=1.75, g.nv=14 GeV~!, and
7-=0.2 fm.
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Njr(a,R) in the cloud, which is associated to a projected
total state with angular momentum and isospin J and T,
respectively. Illustrative numbers will be shown in Fig.
11.

B. Hamiltonian overlap

The Hamiltonian overlap can be written as
h=hpy+h,+heupn. Using Egs. (4.5) and (2.6) one gets

hpn(a,R ;BB)
=[Ey(R)cos’ad731,2(B)d1}31,,(B)
+EA(R)sin’adi31 (B3, (B)Inq(a;BB)
(4.15)

and with Egs. (2.3), (4.8),
coherent states

and the properties (3.3) of

2403

hola,R:BB) = |3 [ d’k o(k)E}(KE;(k;BB)
j

X n(a;BB)npy(a;BB) (4.16)

or by a straightforward calculation, inserting Eqgs. (3.18)
and (4.10)

h,(a,R;B,B)=ET.(a,R)cosf3 cosfn(a;BB) .

The coupling term is obtained by inserting Eq. (2.8) into
(4.15) yielding

hcoupl(a3R ,ﬁﬁ)
=i [ d% fr(k) 3 (BN(a) | X;(k)| BN(a;8B))

J ~ ~
X [£;(k,BB) — £} (K)In 4 (;BB) .
(4.18)

(4.17)

The explicit evaluation yields

Beoupt (@, R 5 88) = E S (a, R)n 1 (3 8B)[ A 3,3 BB)( 1 +cosB cosB) — A3 (at; BB)sinB cosB

— A,,(c;BB)cosBsinB + A (a; BB)sinBsinf] .

The derivation and the functions A3z(a;[3’,/3" ), etc., are
given in Appendix C. Figure 8 shows some Hamiltonian
overlaps as representative examples. They have qualita-
tively a structure similar to the norm overlaps. In both
cases one realizes a strong dependence on the value of , a
feature which will have a pronounced effect on the pro-
jected energies. _

The evaluation of the integrals over 8 and B is per-
formed by means of a Gauss-Laguerre quadrature with 48
points in the range of 0 <8< #. Some results of the pro-
jections are displayed in Fig. 9 for the lowest three states
with I =T. There the quantity | a,r |2 is plotted which is
with Eq. (3.5) defined as

|&a)= 3 a;r|Yyr) » (4.20)
JT

Hamiltonian Overlap

—— R=10fm
~+=-R=05fm
—++= R =05 fm
-=-= R=10fm

- 0.8

288 8

0.6 '\‘_5 N
0.4 AN

0.2

0.0

-0.2

rotational angle g

FIG. 8. The Hamiltonian overlap k(a,B,8=0) is plotted vs
B for the cases R=0.5 fm and 1.0 fm and a=0° and 60°. The
overlap is normalized to h (o, =0,B=0)=1. The parameters
used are those of Fig. 7.

(4.19)

[

where |i;;) are the normalized projected states. Ap-
parently for a=0 the intrinsic state consists predominant-
ly of a nucleon, only 15% and less of a A, and all other
components are negligible. For a=60° the strongest com-
ponent is the A and the nucleon is about 20% only. The
curves show some variation with R.

Figure 10 shows the corresponding energies. The in-
trinsic energy is always surrounded on both sides by pro-
jected ones due to the sum rules

2
2 laJTI =1 N (4.21)
JTr
R percentage of projected components
01 (1/2.172) a= 60 8%
0z percentage of projected .\4‘ i : ’.(‘x/z 32 0¥
components N " g
0 P . 0z
N
0% \/'_"— 0%
. el (312_3/1)~ s Te-ellL ~(SZILSZZ)_

Radius of the Bag (fm) Radius of the Bag (fm)

FIG. 9. The percentage of the projected components con-
tained in the intrinsic wave function, i.e., | a;r | of Eq. (4.23) is
plotted for various (J,T) values in dependence on the bag radius
R. The left figure corresponds to a=0° and the right one to
a=60°. The parameters used are those of Fig. 7.
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FIG. 10. The projected energies E;r(a,R) are plotted for
a=0° (left figure) and a=60° (right figure) vs the bag radius R.
The intrinsic energy (dashed-dotted-dotted) is given for compar-
ison. Only (J,T) states with J =T are selected. The parameters
used are those of Fig. 7.

> e |*Esr=Eine - (4.22)
JT
Since in the present examples there is always one clearly
dominating component the intrinsic energy is closest to
the nucleon energy for a =0 and closest to the A energy at
a=60°. In both cases these energies basically agree at
larger R values where the influence of the pion field is
weaker. All numbers apparently are strongly dependent
on the value of a. In any case, however, the projected nu-
cleon state is the lowest one and is lower than the intrinsic
energy. This shows that the projection cannot provide a
mechanism against collapse, a fact which is confirmed by
the calculations. One should not be disturbed by the neg-
ative energy at small R and o =60° in Fig. 10. The values
of the free parameters are not yet fitted to experimental
data and no vertex renormalization has been performed.
Actually the average pion number in the projected nu-
cleon state is noticeably larger than in the intrinsic state.
This can be seen at Fig. 11 where the ratio of the project-
ed and nonprojected pion numbers is plotted. This ratio is
always larger than 1 and shows a strong dependence on o
and a somewhat weaker one on R. Thus the effect of the

pion cloud is largest in the projected nucleon.
!
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a = -60°

Ratio of pion numbers

L : !

05 1 15
Radius of the Bag  (fm)

FIG. 11. The ratio of average pion numbers in the projected
and intrinsic state. The values are given for various mixing an-
gles a in dependence on R. The curves show that the effect of
the projection is strongly a dependent. The parameters used are
BY4=0.125 GeV, g=17 GeV~!, Z=1.75, and 7,=0.17 fm.
The projection is performed on J =T =+

V. VERTEX RENORMALIZATION

The coupling constant g,yy of the previous sections
has not yet been fixed. Owing to the incorporation of the
finite size of the pions in the cloud and due to the angular
momentum and isospin projections the g, n» should not
be equal to the experimental

gl =7.25 GeV—! ., (5.1)

For elementary pions and if no A states are assumed in
the intrinsic bag state the connection is given by?’

gxvn{model | o-k; | model)

=go¥n(expt|okr; [expt) , (5.2)

where |model) means the projected model wave functions
used in this paper and |expt) means the structureless nu-
cleon state |5 5) used for the experimental analysis.
This can be written down explicitly, also in the case for
intrinsic A components, as

ghin =P (@)gmnn (5.3)

with

(&al P;MJP;"MT/?UPJMJPTMT |&,a){&a| P Pra, | &) ™!

pla)= (IM;, TM7 | 0,7, | JM;, TM7)

where J =T =M; =M=+ and

~ 172172 At
/Yij = E 2 (o; )ss’(Ti Ja® s Vs
st s't'
7 1721 pp3p At A
+ E zz(si)ss(Tj)TtasTvSt
st ST
172
7 1/23/2 A
+ 25 EE(Sf)ss(Tf)tTVI:Ssr
st ST

, 3210 At A
+% 2 2 (Z; )SS’(ej ) 178 570577 -
ST st

(5.5)

, (5.4)

r

We will restrict ourselves to i =z and j=3 since the ratio
p (a) is independent of the actual choice of indices i and j.
The operators of Eq. (5.5) are all tensor operators of first
rank. In case of axial symmetry the general formula for
the matrix elements of a tensor operator T, between pro-
jected states is with J, | ) =K, | ) given by?®

(¢ P}'M’TKyPJM | )
Jl

=(=""M| _ap u M (J'||Te||IY  (5.6)

with



32 VARIATIONAL QUANTUM-FIELD-THEORETICAL APPROACH ... 2405
T y=E VRt 5| T T gingat e B TRy B) ) (5.7
If one applies this to spin and isospin one obtains after some algebra
pla)=15— f dBsinf f dBsinBn . (a;BBd 1731, (B)d1/31,,(B){BN(a) | X,3| BN (a;8B))
+d 51 ,(B)d Y3 2 (B){BN(a) ’)?+3 | BN(a,88))
+d1/312B)d )31 2(B){BN(a) | X, | BN(a,BB))
+d 3 212B) 201 n(BY(BN(a) | X , | | BN(a,pp))] . (5.8)

Here, for example, the X +3 means that in Eq. (5.5)
for X the matrices o;, S;, S,Jr, 2, are to be replaced by
o4, S_,,, S+, 2, with, e.g., 2+—2 +iX,. The normali-
zation N; in Eq. (5.8) is given as

Ny= [ dBsing [ dBsinBd 3, 2B} 312 (Bn (a3 BB).
(5.9)

Inserting in Eq. (5.8) the | BN (a,B)) from Eq. (4.5) and
using the matrices from Appendix A yields the final ex-
pression for p (a) given in Appendix D.

One has to take into account that g,yy has been modi-
fied into an effective g.(R) due to the finite pion size
and that the p(a) depends on the g.¢(R) since this enters
in the evaluation of n,(a;8B). [See Egs. (4.15) and (3.31),
with g.yv replaced by getr-] Thus the equation for the
vertex renormalization reads explicitly
2 ] —322

model
87NN =8&nNN

14-2C3 R plag)=g7%y -
0

(5.10)

This is a nonlinear equation which has to be fulfilled for
the model state of the nucleon, i.e., at a bag radius R, and
a mlxmg factor a, where both correspond to the
mmlmum of the projected energy valley EjR(a) with
J=T=+

V1. SELF-CONSISTENT SOLUTIONS
OF THE NUCLEON

In the preceding section we described how to perform a
proper renormalization of the pion-nucleon vertex in or-
der to obtain the g, nxn. There are, however, two other un-
known parameters in the present model: the volume ener-
gy B and the center-of-mass and cavity correction Z, both
in Eq. (2.15). There are no reliable QCD calculations
which give precise values for these quantities and there-
fore they are here considered as adjustable parameters in
order to obtain a proper mass of the proton ground state.
Hence in the three-dimensional parameter space (i.e.,
8anN>B,Z) values varied such that the corresponding
minima @, and R, of the pro_]ected energy curve
E, 5 1,2(a,R), yield the proper gowy and the nucleon en-

f

ergy of 0.938 GeV. In practice the search is done by the
computer which looks for the zeros of the function

2 1 2
E\/212(00,R0) SNy
S (@avn,B,2)= | —— "o —1 expt

(6.1)

The results of this procedure are described in this section
as an application of the present formalism. Since the size
of the pions in the cloud is unknown, we perform the
searching for all values of n, between 0.17 and 0.3 fm.
The interesting feature which comes out is that for each

- there exist two sorts of solutions: one corresponding
to the MIT bag with a rather weak pion field, i.e., some
sort of cloudy bag, and the other corresponding to a small
bag of R~0.3—0.5 fm surrounded by a strong pion field.
The latter solution bears some similarity to the so-called
little bag.

For 17,=0.24 fm the properties of these two solutions
are presented in detall 1n Figs. 12—14. As shown in Flg
12 in both cases the (+,+) component is the largest one in

— 1f1p
& -~ Y3 N B a0
-= 55

60 . -7 . 60

Percentage of proj. components

N — | W b
20 X 20

02 04 06 08 1.0 1.2 02 04 06 08 1.0 1.2

Radius of the Bag (fm) Radius of the Bag (fm)

FIG. 12. The percentage of the projected components is plot-
ted for the little-bag solution and MIT-bag (cloudy-bag) solution
vs the bag radius R. The radius of the pion is assumed to be
N,=0.24 fm. The self-consistently determined parameters are
g-nn=13.59 GeV~!, B1/#=0.233 GeV, Z=0.587, ay=55.44",

Ro=0.412 fm for the little bag, and g,yv=7.871 GeV~},
B'4=0.124 GeV, Z=1.404, 0y=55.8°, Ro=1.185 fm.
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Projected Energies (GeV)

— 1l
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FIG. 13. The projected energies for the little-bag and MIT-
bag (cloudy-bag) solutions are plotted vs the bag radius R for
n-=0.24 fm. The intrinsic energy is also indicated by a dotted
line. For the MIT bag the intrinsic solution is very close to the
projected %, % solution. The parameters are those of Fig. 12.

the intrinsic solution, the (%,%) component, to which the
solution is optimized, is smaller than 30% in general.
This is due to the fact that the A-7 coupling is stronger
than the N-m coupling. The projected energies are shown
in Fig. 13. There the minimum of the little-bag solution
is well pronounced whereas the curve for the MIT bag is
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FIG. 14. The percentage of the projected components and the
corresponding energies are plotted vs @ for the self-consistent
radius R=0.412 fm corresponding to a little bag and a pion ra-
dius of 7,=0.24 fm. The intrinsic energy is given for compar-
ison and indicated by the dotted line. The parameters are those
of Fig. 12. )

rather flat. In the present model the latter solution ought
to be improved by mixing wave functions with different
R, from which, perhaps, also a description of the Roper
resonance could arise. The minima for the A resonance
are at slightly larger bag radii than for the nucleon, for
the little-bag solution the difference is about 0.2 fm.
However, in neither solution the experimental N-A split-
ting is reproduced. For this one probably needs a better
intrinsic wave function (see discussion below) and a prop-
er treatment of the one-gluon-exchange interaction. For
the little-bag solution the variation of the percentage of
projected components and of the energies versus « is given
in Fig. 14. Again one finds that the A minimum is at a
different a value compared to the nucleon minimum. For
small values of o the nucleon component dominates. At

= —25° the G (a) vanishes and hence also the pion field.
There the projected nucleon and A are degenerate. Furth-
ermore the percentage of the (%,%) component goes to
zero with diverging energy. Since for the little-bag solu-
tion the minima of the energies of the nucleon and the A
occur at noticeably different R and « values, one has to
conclude that, at least in the presence of strong fields, the
projections have to be performed before the variation.

Before we discuss the physical relevance of the above
model results and before we show some clear conclusion
we prefer to present some more details of the solutions ob-
tained for a range of 77,. The resulting radii of the bag
can be seen in Fig. 15 as a function of 7,. The dashed
parts of the curve, corresponding to the little-bag solution,
indicate regions of the parameters, where the self-
consistency condition can only be fulfilled to <5%. One
realizes that several solutions fulfill that. However, in
many aspects they are rather similar to each other and
need not be discussed separately. Apparently for little-bag
solutions we have 0.3 <R <0.5 fm depending on the
value of 7,,. The solutions with the weak pion field, here
called MIT solutions, all have a radius of R ~1.2 fm.

The values of the volume energy parameter B!/* for the

(fm)

0.8

0.6

Radius of the Bag R

Little Bag
0.4

0.18 0.2 022 024 026 028 0.3
Size of the pion 7, (fm)

FIG. 15. For a range of pion radii 7, the bag radii of the
self-consistent solutions are plotted. Two sorts of solutions ex-
ist: One, corresponding to a cloudy bag or an MIT bag with
R =~ 1.2 fm and small pion corrections (dotted line), and another
one with small-bag radii around R ~0.4 fm with a strong pion
field. The dashed parts of the little-bag curve indicate that the
self-consistency condition was only fulfilled to 5%. The param-
eters resulting from the self-consistency procedure can be ex-
tracted from the other figures.
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various solutions can be extracted from Fig. 16. Since
little-bag solutions are associated with small R they are
not very sensitive to a variation of B. Thus from the pure
minimization of Eq. (6.1) one would obtain in certain 7,
regions even negative values of B. In the present calcula-
tion they are suppressed by allowing only variations of B
with B/4>0.1 GeV. For small R, where it is applied,
this restriction has only little effect on the volume energy
(4/3)BR3. The little-bag solutions require for larger 7,
a B'/* around 0.22 GeV, a value which is also given by
Carlson, Hansen, and Peterson®®. The MIT bag shows a
B'* around 0.125 GeV close to the MIT value of De-
Grand, Jaffe, Johnson, and Kiskis®® of B1/4=0.145 GeV.

The little-bag solutions require a strong renormalization
of the coupling constant as one can see at Fig. 17.
Whereas for the MIT solution the g, vy is close to the ex-
perimental value of 7.25 GeV ™! the corresponding value
for the little-bag solution is about twice that much. This
effect comes only to 20% from the projection and to 80%
from the finite size of the pion, as is demonstrated in Fig.
18, where the p(a) is plotted. Actually the self-consistent
a values are about 66° for the large bag and between 50°
and 60° for the little-bag solution.

The values of Z of Eq. (2.15), corresponding to center-
of-mass and cavity corrections, are given for the self-
consistent solutions in Fig. 19. For smaller pion radii 7,
one needs negative values of Z for the little bag in order
to reach self-consistency. Here the two coexisting solu-
tions for the little bag show noticeably different values for
Z. As long as there does not exist a firm theory for Z one
has to accept it.

The average pion numbers for the self-consistent solu-
tions are shown in Fig. 20. The MIT bag has about 0.15
pions in the cloud, more or less independent of the pion
radius 7,. The little-bag solutions, on the contrary, show
a noticeable 77, dependence with values between 2 and 4.
A similar trend is seen from the self-energy given in Fig.
21, which for the MIT bag is rather small, about —0.3

Litte Bag

0.2

(Gev)

B
o
&

ol I

Phen. Energy Density
of the Bag

0.18 0.2 0.22 0.24 0.26 028 03
Size of the pion 7, (fm)

FIG. 16. For a range of pion radii 1, the fitted volume ener-
gy parameter B'/* is plotted for the little-bag solutions and the
MIT-bag (cloudy-bag) solution. The variation of B!/ has been
limited to values of B!/#>0.1 GeV. The dashed part of the
little-bag curve indicates a region where the self-consistency
condition cannot be fulfilled exactly but only to <5%. All
curves incorporate angular momentum and isospin projection on
the proton ground state.
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0.18 0.2 0.22 0.24 0.26 0.28 0.3
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FIG. 17. The pion—bare-nucleon coupling constant g,yy for
the self-consistent solutions as a function of the pion radius 7,,.
The dashed parts of the little-bag solutions indicate regions
where the self-consistency condition cannot be fulfilled exactly
but up to 5%. All curves incorporate angular momentum and
isospin projection on the proton ground state.

GeV, whereas it varies for the little bag between —1 and
—6 GeV. The pion number and the self-energy demon-
strate that the solutions obtained have indeed some
features presently frequently discussed:!> One corre-
sponds to the MIT bag with little pion-field correc-
tions,® 1112 and the other to a little bag with strong pion-
field corrections.”!©

It remains to discuss the physical relevance of our re-
sults. From fundamental points of view there are prob-
ably no basic objections against the parameters emerging
from our self-consistent procedure in case of the little bag.
However, the fact that we use a linearized Lagrangian is
inconsistent with the appearance of rather strong pion
fields. Thus one should take our results as a hint for the
possible existence of little-bag solutions but by no means
as a proof. If, furthermore, the mechanism to stabilize
the nucleon against collapse is not given by the finite size
of the pion, as it is assumed here, the behavior of the solu-

MIT Bag
=
o 0.9 /
Littie Bag
ittle.
_
08 | ——
Renormalization
due to Projection
0.18 0.2 0.22 0.24 0.26 0.28 0.3
Size of the pion .. (fm)
FIG. 18. The renormalization factor of the pion—bare-

nucleon coupling constant due to the angular momentum and
isospin projection. The values are given for the self-consistent
solutions as a function of the pion radius 7,. Dashed parts indi-
cate regions where the self-consistency condition can be satisfied
only up to 5%.
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FIG. 19. The center-of-mass and cavity correction Z of the
MIT-bag and little-bag energy is given for the self-consistent
solutions as a function of the pion radius 17, Dashed parts indi-
cate regions of 1), where the self-consistency condition can only
be satisfied up to 5%.

tions at small R may be quite different.

One could obtain some more insight into the properties
of both sorts of solutions, if one calculated observable
quantities as electromagnetic rms radii, charge distribu-
tions, magnetic moments, etc. However, even in the case
of the MIT bag solution we did not do it because of the
following reason: The present theory is a variational
theory and hence its results are as good as its trial func-
tion. In order to investigate the projection techniques we
restricted ourselves to trial wave functions axially sym-
metric in both spin and isospin space. The use of a more
general trial function, having, e.g., a hedgehog structure,
would result in a noticeably larger self-energy and hence,
in a variational sense, a better solution: a hedgehog corre-
sponds to assuming the three quarks in the spin-flavor
state given by (|ul)—|d1))’. Written in terms of
colorless baryonic states this yields the intrinsic bare nu-
cleon wave function:

S
4 \\
~..
3 N
=1
5
B 3 Lite Bag
=3 SS
S ~~.
2 N
S 2
<4
4
=z

MIT Bag (x5)

0.18 0.2 0.22 0.24 0.26 028 0.3
Size of the pion 7,  (fm)

FIG. 20. The average pion number of the self-consistent
little-bag and MIT-bag (cloudy-bag) solutions in dependence on
the pion radius 7, Dashed regions indicate where the self-
consistency condition can be satisfied only up to 5%. The
values of the MIT bag (cloudy bag) are enlarged by a factor 5.
There are in reality about 0.15 pions per nucleon.
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FIG. 21. The self-energy of the self-consistent little-bag and
MIT-bag (cloudy-bag) solutions as a function of the pion radius
M. Dashed regions indicate where the self-consistency condi-
tion can be satisfied only up to 5%.

1,2,3/2 1

|BN(hh))= 3, 3,

_V—K
7 K [2(21+1)]”2( )

X |LK;T=J,Ty=—K) .

A comparison of the intrinsic self-energy (3.20) at the
maximum of G*a) with the corresponding hedgehog
self-energy of Ref. 30 shows that one gains exactly a fac-
tor of 3 by using the hedgehog. [For a comparison one
should take into account that the pion source pgr(k) in
Ref. 30 differ by a factor of 3.] Furthermore it has been
shown®® that without projections the hedgehog configura-
tion minimizes the energy of the cloudy-bag Hamiltonian
and is therefore a much better trial wave function than
the present one, in which, for example, only neutral pions
are coupled to the quarks.  This is the reason why observ-
ables like rms radii, etc., have not been evaluated and why
we did not improve the approach by one-gluon exchanges.
This is also the reason why a comparison with the results
of other models is of limited value. However, the use of a
hedgehog configuration will complicate the projection
procedure, a problem which will be studied separately.

There is, however, one firm conclusion which can be
drawn from the present investigation and which is illus-
trated by Fig. 13 and particularly Fig. 22. Whereas for
the energy of the MIT-bag solution the effect of the pro-
jection is rather small this is not so for the little-bag solu-
tion. There the gain in energy is of the order of 1 GeV or
more. Thus an investigation of little-bag solutions
without projection on the proper quantum numbers, for
example, in a purely classical picture or using the
hedgehog ansatz, can lead to wrong results. Furthermore
the minima of the intrinsic and projected solutions are at
quite different R values from which one must conclude
that even a projection before the variation, i.e., a variation
with wave functions already projected on good J and T
quantum numbers, is required for a proper description of
little-bag solutions.
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Ny = 0.185 fm

“..._ intrinsic

(GeV)

projected

Little Bag

Nucleon Energy

projected

MIT Bag

02 04 06 08 1 1.2 1.4
Radius of the Bag  (fm)

FIG. 22. The energy of the little-bag solution and the MIT-
bag (cloudy-bag) solution is given for the pion radius 7,=0.185
fm vs the bag radius R. Actually only the minima of the +,~+
projected curves are self-consistent. The self-consistently deter-
mined parameters are g,yy=15.605 GeV~!, B/4=0.1 GeV,
Z = —3.00, ap=>50.89°, Ry=0.309 fm, and g,yy=7.67 GeV~,
B'4=0.125 GeV, Z=1.473, ay=66.55°, and Ry=1.157 fm for
the little-bag and the MIT-bag solution, respectively.

VII. SUMMARY, CONCLUSION, AND OUTLOOK

The present paper suggests a variational quantum-
field-theoretical approach (VQF) to the chiral bag which
is characterized by two properties. First, it is a variation-
al model working with field operators and assuming the
boson field wave functions to be coherent states. The
state of the quark-core (bag) is properly parametrized, in
the present case as a mixture between a bare nucleon state
and a bare A-isobaric state. Second, the approach is fully
quantum mechanical since the total object, quark core
plus pion cloud, is projected on good total spin and iso-
spin. The collapse of the nucleon is prevented by the fin-
ite extension of the pions.

The VQF approach is formulated here with the pion
field coupled to the quark core on its surface. It can be
extended, however, to include other interaction mecha-
nisms and other boson fields, e.g., the - and p-meson,
which, if necessary, can also be treated with a finite exten-
sion. The theory can also be applied to the chiral-soliton
models. It only requires, in addition, to approximate the
o field, which replaces the bag confinement, by a coherent
state and to parametrize the quark wave functions in a
way suitable for a variational treatment. Compared to the
usual treatments this would have the advantage that one
can introduce quantum corrections in a clear way. (While
this paper was revised, a paper by M. C. Birse [University
of Washington report, 1985 (unpublished)] came to our at-
tention, in which this projection formalism has been ap-

plied to the linear chiral o model.)

In this paper the VQF approach has been applied to the
energy of the nucleon ground state. For other properties
and for excited states as, e.g., the physical A or the Roper
resonance it might be advisable to use an intrinsic bare
nucleon state which is better suited and has more degrees
of freedom. A frequently discussed candidate for that is
the so-called “hedgehog” solution which implies a partic-
ularly structured pion field. It is actually no problem to
incorporate these sorts of states into the present formal-
ism. The theory can even be used to give a foundation for
the hedgehog, which has been investigated more in detail
in a separate publication.’® The use of such states intro-
duces triaxial components to the total wave function in
spin and isospin space. However the ensuring complica-
tions in the projection procedure are only of a technical
nature.

With a rather simple trial wave function the VQF
model has been applied to the ground state of the nucleon
with the result that two sorts of solutions exist, one corre-
sponding to the MIT bag with a weak pion field, i.e.,
some sort of cloudy bag, the other corresponding to a bag
with a radius of R~0.3—0.5 fm and a strong pion field.
Both solutions have in the present model the same right of
existence insofar as they yield the same nucleon energy
and the same pion-nucleon vertex. They do correspond,
however, to different values of the parameters B, g.yn,
and Z, which are treated as fitting parameters. Subject to
these parameters the present numbers should be taken as a
hint for the possible existence of little-bag solutions no
matter which radius of the pion is assumed. Of course, a
more conclusive theoretical evidence for little bags re-
quires aside from additional information on these parame-
ters a fully nonlinear treatment of the pion-bag interac-
tion. Furthermore, some more properties of the nucleon
such as rms radii and magnetic moments should be inves-
tigated using a better trial wave function. However one
point should be stressed about the present results. The lit-
tle bag appears as a self-consistent solution of our La-
grangian only if one takes properly into account quantum
corrections to the mean-field approximation by the
Peierls-Yoccoz projection technique. The present num-
bers suggest even the use of a projection procedure before
the variation.

In conclusion it is evident that basic and challenging
problems remain in the application of the present varia-
tional quantum-field-theoretical approach to chiral-bag
and soliton models. However the potentiality of the
model and the success of the first calculations justify con-
tinuing effort on both the conceptual and technical as-
pects of the theory. /
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APPENDIX A: ELIMINATION OF QUARK
DEGREES OF FREEDOM

This appendix derives Eq. (2.8), which to some extent
can already be found in Ref. 6. Because some of the for-
mulas are needed in another context in the present paper
the derivation will be given in detail.

Since we deal with nucleon and A states, which all have
the same orbital wave functions

| or
N Jo R
=— u
q(r)= vVar | [ar (A1)
Ay

the integration over r in Eq. (2.7) can be done separately.
Here Q2=2.04 and R is the bag radius. The normalization

2= ——03"“— (A2)
2R3 (Q—1)sin*Q
The Y, and 75 are taken in the representation
1 0 01
= s = (A3)
Yo 0 —1 ) Vs 10

Then the part of Eq. (2.7) proportional to a;(k) of the
pion field can explicitly be written as’

N
| 1/2> \/—1—8

fA1/2
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o] [or
R "'|'R
X (07 sin® cosp -+ 0}, sind sinp 407 cosd)

X 7; exp(ikr cos®)8(r —R) (A4)

if one performs the integration over r in a coordinate sys-
tem with the z axis aligned along k. The prime at the
spin matrices indicates that they refer to this coordinate
system.

Since we have

:AT2
% frzdrsim‘}dﬁmpjo

é foﬂd«‘) cosV sind exp(ikr cosd)=j,(kr) (A5)

one obtains with jo2(Q)=; Q) and jo(Q)j,;(Q)
=0"2sin?Q together with the N of Eq. (A2) an expres-
sion identical to (A4) being

Q j1(kR

where we have used ko,=o0-k. Thus the interaction
Hamiltonian can be written in the form of Eq. (2.8) and
Eq. (2.12) with, e.g.,

~ 3
D' }TNA(k)=<A1+/2 S o%k7d

+ \% + ~
N1/2>51/21/2V1/21/2 .
a=1

(A7)
Here | Ni,,) means a nucleon wave function with spin z
component equal to + and isospin 3 component equal to

< in a quark representation as, for example, given in Egs.
(B5) and (B7) of Appendix B of Ref. 27:

—1 {ulurdt+utuldt+dtulut+uldtut+dtutul+utdtul—2dlutut —2utdlut —2ututdl} ,

=1{dlutut+uldtut+ulutdt+drulut+utdlut+utuldt+dtutul+urdtul+ututdi} .

To transform Eq. (A7) to nucleon and A degrees of freedom, i.e., eliminating their quark structure, requires the spin and

isospin matrices in representations associated to total ¢,j =+ states and in mixed representations.

They are explicitly

given here since they are used several times in this paper: With j=1,2,3 or j =X,Y,Z we have

1 L
2 )

L s, 8.1 —i8;
(Uj)tt'=(7'j)tt'= 2 13, 7 : 72 ’
- 8j1+id;,  —8;3
1 _ 1
2 2
5 | = ()48, —18;2) 0
S, 5 ($)1728;3 —(£)72(8;,—i8;5)
(S =(T:; r= ’
ST L ()18, +i8;,) ($)1728;3
__% 0 (%)1/2(8j1+i8j2)
3 1 _ 1 _3
2 2 2 2
3 3853 TV3(8;,—i8;5) 0 0
E)rr=0))rr= T [7V3(8;1+i8)5) 783 (8;,—18;2) 0
- 0 (6;14+18;,) “%8j3 ';“/3(51‘1_’.81'2) )
__% 0 0 3(8;1418;,) —% i3
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Inserting these matrix elements and the explicit quark
wave functions one obtains the well-known formulas
[there should be a minus sign in front of the right-hand
side of Eq. (B12) of Ref. 27]:

(N{p | ZoirfINTp)
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with g, =Q/[6f(Q—1)]. These ratios are independent
of the particular choice of i and j. Inserting Eqgs. (A8)
and (A7), and its analogs for the other 3-quark configura-
tions considered, into Eq. (2.8) gives immediately Egs.
(2.13) and (2.14). Thus the coupling Hamiltonian with
bag degrees of freedom is known.

8aNN a _5 (A8a) As one can see from Eq. (2.13) we will always need in
8w  (Ninl|oir;|Nt,) 37 a the following the matrices ok, S'k, etc. They can be
! easily obtained from the above matrices by replacing
(AT, 20.7, Nin) 8j1—kyx, 82—k, 83—k, . (A9)
Brav _ AT N =22 (A8b)
&g 2| SiT; | Nip APPENDIX B: PIONS WITH FINITE SIZE
(A, | 20?7'1 ) If one inserts the approximations Eq. (2.20) into the
&ran _ _4 (A8c) Hamiltonian density #.oup(r) of Eq. (2.4) with point
8rq At 2:6; | Aty 2’ pions one obtains with g, =1i/(2f)
2C 2
H coupl(T) = ~—41T—R2g,,q exp | —2C; | = 1-C, Euaa 7%, 6 (1)8(r — (B1)
Inserting now Eq. (2.20) into the interaction Hamiltonian density with finite-sized pions, Eq. (2.17) yields after some cal-
culations
C, N2 _ C;
Hooai(7) —gﬂq?g(ﬂ'nﬁz) 23 u, fd3nexp —F[(r~n)2+(r—n)2]
a
. 1 & )2
X |0, (r+mn) -——Rz(r~17
40, (r—7) l*i—;(r—i—ﬂ) 75 (r)u,8(r —R) (B2)
which can be simplified to
C, N? 2C, 1
xod (r)=—g “— ()73 Ju, | d*nexp|— +—
coup! M R 4 T " a f R2 7],”2
2 2¢ c
X I—CIF aa-r—{—?n-rn'oa—ﬁaa'rn
><7'?$j(r)u,,8(r —R)exp | — R; r? (B3)

For the integration one needs now some symmetry proper-
ties which are frequently used also in other places in this

paper:

[ @nfPm.= [ d’nfndmm,=0, -
[ &nraPmi=5 [ d*nfPm?.

The explicit evaluation of the integrals yields then
0 (£) =M (11,1, R,P)H sopi(T) (BS)

with M (n,,R,r) given in Eq. (2.22).

APPENDIX C: ANGULAR MOMENTUM
AND ISOSPIN PROJECTIONS

This appendix derives Eq. (4.13). Since the matrices for
a rotation of the ordinary vector space around the y axis

will be used often we list them here for completeness
(i,j =x,y,zor 1,2,3)

cosB 0 —sinf3
R,(B)=| 0 1 0 )
sinB 0 cosf
(C1)
cosB 0O sinf
R,”'B=| 0 1 o0
—sinf8 0 cosf3

. This gives immediately Eq. (4.10) if one inserts (C1) into

Eq. (4.9) and selects due to the term k,8;3 of Eq. (3.20)
the proper components. For the evaluation of Eq. (4.19)
one needs
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N ~ 172 ~
(BN(a) | X;(k) | BN (a;BB)) =cos’a gaonn 2 A2 (B 7 (B oK)y as(T)1 /20
st

-+ cosa sinag ya

3/2 _
> dg{2/2(B)d%/xz/z(ﬁ)(ST'k)n/zs(TJT)1/2T
ST

172 _
+sina cosagran | > di {72 (B 7 (BYS K1 25(Tj)1 e ]
st

3 _
+sin’ag aa | 3 d312 (B0 (BNEK)1 /2501 o (C2)
ST

If one multiplies this with £7 (k) or £;( k;BB) one should keep in mind that afterwards one has to perform an integration
over d3k according to Eq. (4.19). However, both &7 (k) and £;(k;BB) are zero for j=2 and do not depend on k,. Hence
all terms of Eq. (C2) being proportional to k, and ;, do not contribute to the integral and need not be evaluated. Using
the matrices of Appendix A the rest can be written as

(BN(a) | X;(k) | BN(c;88)) =8 rynl A 320 8B)8; 3k + A 3 BBIS 3k + A 108808 1K, + A1 BBIS 1k ] (C3)
with
A3z(a;Bﬁ)=(cosza+ %\/5 sina cosa)d}ﬁl/z(ﬁ)diﬁ]/z(ﬁ)-l—( %\/5 sina cosa + % sinza)d%%]/z(ﬁ)d?ﬁl/z(ﬁ) , (C4a)
Asx(a;BB8)=(cos’a—+V2sina cosa)d /3 1, (BYd 1731,(B)
+(—$V6cosasina+ sV 3sin’a)d3)3, (B ,2(B)
+($V2cosasina+ % sin’a)d*/31,,(B)d131,2(B) , (C4b)
A(a;BB8)=(cos’a— V2 sina cosa)d /31 ,(B)d 1,2 (B)
+(—$V6sina cosa+ +V3sin’a)d1/31,2(B)d331,2(B)
+($V2sina cosa+ % sin*a)d1/31,2(B)d 321 2(B) (C4c)
A1x(aBB)=(cosa+ 3V 2sin’a)d /3 21 2BV V3 1312 (B)+(— 5V 6sina cosa+ 3V 3sin’a)d 3312 (B3 21 12 (B)
+(5V2sina cosa+ 5 sin’a)d {21, (B)d Y} 131 2(B)
+(—+V6sinacosa+ +V3 sinza)di_/fn1/2(B)d§§§1/2(§)
+($V2sina cosa+ % sin’a)d3}/31 2 (B)d37312(B) - (C4q)
Inserting Egs. (C3) and (C4) into Eq. (4.19) yields ‘
fr(k)
©

hcoupl(aaR ;BB-)=n1r(a;Bﬁ) f d3k——m‘

X[A4 3,(a;ﬁﬁ)k22 cosf3cosff— A'3x(a,ﬁﬁ)kx2 sinBcosf
— A1,(a;BB)k,? cosBsinB+ A 1 (a; BBk, sinBsinB+ As,(a; BB)k,] . (C5)

The integration over k with Eq. (B4) yields then Eq. (4.20).

APPENDIX D: VERTEX RENORMALIZATION DUE TO PROJECTION

The final expression for p (a) is
pla)= [ dBsing [ dBsinGn,(e;6P)
X {(cos’a+ V2 cosasina)[d 173 1,,(B)[d1731,2(B)]?

+(2cos’a—+V2 cosa sina)[dl_/lz/zl/z(ﬁ)]z[d}g Dk
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+(2cos’a— V2 cosa sina)[d 17512 (B)1d 321 2(B)T?

+(4cos’a+ $V2cosasina)[d Y} 21,2(B)d 3 212 (BT

+(4VZ cosasina+ L sin?a)[d 131 2 (B)d3 2 B 1 B3 2 (B)]

+($V2cosa sina+ 5 5 sin a)[d-l/z1/2(5)‘13_/12/21/2(3)][‘1{5%1/2(3 1/21/2 (B

+(+V2 cosasina+ + sin’a)[d 131 2 (BYd331,,BNd 1 51 2 (BY> 121 2(B)]

+(5 +v2cosa sma+

S sin?a)[d "} )21,2(BYd* 2 51 2B 1d

R 1B 1 (B} .
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