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We reexamine the work of Goelat al, who considered a chiral model for the nucleon based on the linear
sigma model with scalar-isoscalar scalar-isovector mesons coupled to quarks, and solved it using the coherent-
pair approximation. In this way the quantum pion field can be treated in a nonperturbative fashion. In this work
we review this model and the coherent pair approximation, correcting several errors in the earlier work. We
minimize the expectation value of the chiral Hamiltonian in the ansatz coherent-pair ground-state configura-
tion, and solve the resulting equations for nucleon quantum numbers. We calculate the canonical set of nucleon
observables and compare it with the Hedgehog model and experiment. Using the corrected equations yields
slightly different values for nucleon observables, but does not correct the large virial deviatiormimtieéeon
coupling. Our results therefore do not significantly alter the conclusions of Getedde
[S0556-282(99)03219-1

PACS numbse(s): 12.39.Fe, 11.30.Rd, 14.20.Dh

I. INTRODUCTION terms of the effective quark and sigma magse®t the
model makes quite respectable predictions for a host of had-

It is widely believed that quantum chromodynamicsronic propertiegmass, magnetic moments, sigma commuta-
(QCD) is the fundamental theory underlying strong interac-tor, pion-nucleon coupling constard fyy), and axial vector
tion. Regrettably, reliable first-principles calculations of had-coupling constantd,), as well as weak and electromagnetic
ronic structure and reactions based on QCD are still som@yrm factorg.
time off. Nevertheless, simpler QCD-motivated phenomeno-  Another criticism of this approach, however, is the ap-
logical models have been proposed which preserve the inyroximate treatment of the pion, whose very light mass ar-
portant property of chirall symmetry but sgcrifice confine-gues for a quantum, as opposed to mean-field, treatment.
ment. Familiar examples include Skyrme-Witten modéls  However, treating light strongly coupled fields is in general
and hybrid chiral-soliton models such as those of Goekegifficult as perturbative methods are unreliable. In part to
Harvey, Grimmer, and Urbang¢?2] (GHGU), Kahana and  aqdress such issues, the coherent-pair approximation was de-
Ripka[3], Birse and Banerjefd], Birse[5], Fiolhais, Goeke, yeloped by Bolsterl[9] and used by GHGU to treat pions as
Grummer, and Urbang6], and othergsee Ref[7]). true quantum fields nonperturbatively. Besides the nonper-

Such approaches, in particular Rp4], argue that spon-  tyrpative inclusion of quantum pionic degrees of freedom,
taneous symmetry breaking of the QCD Lagrangian giveginother advantage is that one need not invoke a hedgehog
rise to an effective chiral Lagrangian of the Gell-Mann—gansatz for the pion field. Specifically, the permutation sym-
Levy sigma-model form involving explicit quark, scalar- metry of the quarks induces the space-isospin correlations in
isoscalar mesofsigma, o), and pseudoscalar-isovector me- the pion field. The results reported by GHGU, however, were
son (pion, 7) degrees of freedom. There is no longer somewhat dissappointing when compared to the generalized
confinement in the model, and nucleons appear as bourgbdgehog ansatz approaf] with the principal problem
states of a three-quark system. The bound states of the modgbing an apparent lack of self-consistency in the pionic sec-
have been solved in mean field using the “hedgehog” an+or. we find this approach promising, and in this work revisit
satz, which assumes a configuration-space-isospin correlghe hybrid chiral model of Goeket al, correcting several
tion for the pion field,7=f , and for the quarks. One draw- errors in the hope that better self-consistency and a more
back to this ansatz is that it breaks both rotational and iSOSpifhvorable phenomen0|ogy will resu't_ F0||owing the ground_
invariance (although the “grand spin’K=1+J remains breaking work of GHGU, we minimize the chiral Hamil-
conservegl requiring some projection onto physical states attonian with respect to the coherent-pair Fock-space ansatz
the end. Considerable attention has been given to the prolground-state configuration, then calculate nucleon properties,
lem of projection in the calculation of observab|[&3. and compare with other chiral models.

In spite of this drawback, the model is quite successful at For completeness and ease of comparison the organiza-
predicting baryon properties. Constraining the pion mass antion of this paper closely follows that of GHGU. We present
decay constant with experimental values, the model containthe starting Lagrangian and the major intermediate results,
but two additional free parametefwhich can be written in  refer the reader to the original paper for details, and note
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where our results differ from those of GHGU. Where appro-
priate, we will give the corresponding GHGU equation ref-
erences. We present the background theory in Sec. Il, a sum-
mary of the coherent-pair approximation results in Sec. lll,

the variational equations in Sec. IV, the derived nucleon - A . 5 37
properties in Sec. V, the numerical results in Sec. VI, and our —gy (NIBE(N) +iBysT- 7 ]uAr), )
summary and conclusions in Sec. VII. We find that the cor-

; S . where a and B are the usual Dirac matrices. In the above
rected equations do not significantly alter the results origi-

nally reported by GHGU, and the problems with self- expressiony, &, and 7 are quantized field operators, with
vf; appropriate static angular momentum expansions

A(r) = 3{P,(N2+ V&N P+ P () 2+ [V

UG, 7Y+ BTN (—iaV)(r)

consistency in the pionic sector persist. When compared wit|

the hedgehog model, the coherent-pair approximation sho HGU, Egs.(2.11, (2.17, and(2.13],

systematically smaller mesonic contributions to the nucleon d3k

observables and the energy denfsities, which is probably re- a(r):f S0 (K et (ke rekerik,
lated to the poor pionic self-consistency. [(27)°2w,(K)] 5

Il. CHIRAL QUARK-MESON MODEL

We begin with the chiral model Lagrangian of Gell-Mann 7 (r)=
and Lesy [10] but with explicit quark degrees of freedom.
(Discgssio_n of how such a form may be argued from QCD X[allr)rl]VT(k)_'_(_)m+Wéll_—r\Tl]V(k)], (6)
are given in Refs[1] and[5].) After chiral symmetry break-
ing, inducing a pion mass, the Lagrangian can be written
[GHGU, Eq.(2.1)] as

™ 0 Imw

2 12 o 1 1/2
Jdkk{m} 2, Ji(kn)Yin(Q)

U= 3 GrlnimudEE R R, 0

LO)=igpb+ 3 (3,6045+0,7 ")
where [njmw) and [njmw) form a complete set of quark

+g$(€r+iy57-~%)fp—2/{(€r,%), ) and antiquark spinors with angular momentum quantum
numbers and spin-isospin quantum numbers, andw, re-
with spectively. The notation is slightly altered from that of

GHGU in that isospin labels appear as superscripts and spin
o \? i o oo ”. labels appear as subscripts. The corresponding conjugate
U, )= Z(‘T tat—v) —f.mio, (2 momentum fields have the expansid@HGU, Eqgs.(2.14)
and(2.18)]

where the carat denotes a quantum fiéldis the pion decay
1/2

constantm_, is the pion mass, and, g, and\ are constants . o w,(K) - -
to be determined. In the standard scenario spontaneous sym-Pg(f)=iJ dsk[m [e'(ke ™ —e(kjetr],
metry breaking generates masses for the quark and sigma 0 )
fields and the linear sigma term, which breaks the chiral
symmetry and generates the small pion mass which would be
zero otherwise as the Goldstone boson of the theory. The. (2742 (= w (K"’ . atwt
vacuum then has a unique nonvanishing scalar field expectan(r):'h} fo dk K 2 } %}N H(KD)Yim[&m (k)
tion value:
= (5)™al (k). ©)
ou ) oU
a_; =0=m=0, —=0=00=1,. 3 Here&(k) destroys ar quantum Witlr}Nmomenturﬁ and fre-
ar A

quency w,(k)=(k>+m?)2 and ai™(k) destroys a pion

i % i — (K2 21172 ;
Then the three undetermined constants in the original La¥Vith momentumk and correspondingy = (k“+mz) "~ in

grangian can be written in terms of the three effectivelSOSPin-angular momentum stafiam;tw}. For convenience
masses:my= — goo, m2=)\2(303—v2), and mf,=>\2(<fc2) one constructs the configuration space pion field functions

—1?) 7 needed for the subsequent variational treatment by defining

We take the experimental valuds.=93 MeV andm_. the alternative basis operators
=139.6 MeV, leavingg andm,, as the only free parameters
which must be determined. The additional parameters intro-
duced by the coherent-pair approximation are constrained by
minimization.

Introducing the conjugate momenta, one formally con-where ¢ (k) is the variational function. Taking this over to
verts the Lagrangian density to a Hamiltonian densityconfiguration space defines the pion field functjGHGU,
[GHGU, Eq.(2.10] into Eqg. (3.11]

b= [ akieaoamn, 10
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k2 £(k) isospin={11}, |Pi%), is constructed by operation of
h(N=5- f dk (k)]ﬂ?“(r) 11) (—)™bI~" upon|PY). Sequential such operations appro-

priately contracted are assumed to close, yielding a recur-
In the following only thel =1 value is used, and the angular rence relation forf,, namely,
momentum label will be dropped.
m+wb1 W|POO> (14)
Ill. GROUND-STATE CONFIGURATION ANSATZ L .
A contracted second application gives

The ansatz Fock state for the nucleon is taken to be
[GHGU. Eq.44.23] > birPin=Tb|PY), (15)

|NT3‘]Z>:[0‘(|n>®|P8>)T3JZ+B(|H>®|Pb)Tr&JZ 5
1 where the spin-isospin multiplicity i =(2L+1)(2T+1)
Y([8)®|PD))r,5]12), (12) =9, and where closure is forced by associating the vacuum
, . ) . guantum number multipion state uniquely Wirtﬁg). The
where|3) is the coherent sigma field state with the propertycoherence is determined by the parameatetefined by
[GHGU, Eq.(3.7)]. (X|5(r)[=)=0(r), and|Pg) (|P1y))
are pion coherent-pair states to be determined. The normal- (b1":b1"|P)=x|P). (16)
ization of the nucleon state require€+ g2+ y?=1. The
permutation symmetric form of the $2)XSU(2)XSU(2)  Here |P) can be eithedP3) or |P}) and x=Lab=9ab
quark wave functions imply that the source terms in the pionserves as éas yet fre¢ coherence parameter and the symbol
field equations will induce an angular momentum-isospingl*:h1" indicates the coupling to a scalar-isoscalar. Inserting

correlation for the pion field. Thus, since the pion is an is- these into Eqs(13) and(16), we obtain the recursion relation
ovector, the only allowed angular momentum of the pion[GHGU, Eq.(4.11)]

will be I =1, so in the treatment to follow only tHe=1 term

of the pion field expressions Eq®) and(9) is retained. We x(2n+1)
remark at this point that the different treatments of the sigma nt1= "= Tns 17)
(classical and pion(quantum fields introduce chiral viola- (L+2n)

tions of an uncontrolled nature which can only be tested by Avhich can be solved to giVEGHGU, Eq.(4.12]
full quantum treatment. T

One constructs a pionic coherent-pair state with quantum x(2n— 1)1 (T —2)1
numbers of the vacuum as follo8]. Consider the scalar- f = = —fg, (18)
isoscalar coherent state (L—2+2n)!!

P8>:2 [b}T.b}T] 10), 13 wheref is given by the normalization qu>. Thea andb_
~ (2n)! parameters can be expressed as functionsfodm the nor
malization of|P1). We obtained values for the functidig,
where the double-dot notation refers to spin-isosfiie.,  a(x) andc(x) (b is determined frona) different from those
{m,w}) scalar contractions. A coherent state with spin-of GHGU. We find

1[ (105+ 45x?+ x*)sinhx— (105+ 10x?)x coshx | *? 19
a0 =3 — (15+ 6x?)sinhx + (15+ x?)x coshx ’ (19)
_1, — (945+420¢*+ 15¢*) sinhx+ (945+ 105¢*+ x*)x coshx |2 -
cx)=3 (105+ 45+ x*)sinhx— ( 105+ 10x)x coshx ’ (20
and

fo2=(L—2)112% 1 L coshix), (21)

with y=x2 and
_(L+1y 9 (1) -
X=—%5 ¢9y—5— 2%/ ax (22)

which should be contrasted with GHGEBgs.(4.13), (4.21), and(4.22)]. In addition we found that we needed another factor
for the | P}) matrix element of the four-pion terfimplied summation over repeated indiges
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(Pilblbjbsb,| PT)=81d(x)?, (23
where greek subscripts include both spin and isospin,d{ryl is given by

1[ (7560+ 3465¢*+ 165¢*+ x8) sinhx — ( 7560+ 945¢*+ 18x*)x coshx | /2
(105+ 45x%+ x*)sinhx— (105+ 10x%) x coshx

dx) =3 (24

IV. FIELD EQUATIONS Ox=(2V2B+57y)IV3. (31

The total energy of the baryon is given by ) ] ]
The function ¢,(r) is obtained frome¢(r) by the double

folding
EB: BTS‘]Z

fwd3r:ﬂ(r):BT3JZ>, (25)
0

— ’ ’ 12 ’
whereB=N or A. The field equations are obtained by mini- bp(r)= fo w(r,r)g(rr'=dr’, (32
mizing the total energy of the baryon with respect to varia-
tions of the fields{u(r),w(r),o(r),¢(r)}, as well as the ,.h
Fock-space parametefa, 8, v} subject to the normalization
conditions. The total energy of the system is written as

2 (= . .
B w(r,r')=;fo dk KRw(k)j(kr)ji(kr). (33
EB=47TJO drr2&g(r). (26)

For fixeda, B, andvy, the stationary functional variations are
We find the following result for the energy density which expressed by

differs from GHGU, Eq(5.3). The differences can be traced

to different results for coherent-pair matrix elements. Writ- %
ing the quark Dirac spinor as 5{ fo dr r3{&(r)—3e[u?(r) +v*(r)]—2kppy(r)}| =0,
(12w u(r) 2w (34)
lﬂl/z)m( )= v(r)G.7 ) X2 mé (27)
where the Lagrangian parameteenforces the pion normal-
the energy density is given by ization condition
1(do|? N 2 292 2 *
Ee(N=z|==| +—=[o(r)=—v]"—m_f_o(r) 8wf d(r)dy(r)r2dr=1, (35
2\ dr 4 g o p
dv 2 du . . .
ju(r)| ==+ =v(r)|—v(r) 5= and the Lagrangian parameterfixes the quark normaliza-
dar r dr tion
+gcr(r)[u2(r)—v2(r)]} -
4wf drr?[u?(r)+v3(r)]=1. (36)
2 2 0
+(Nz+X) + 5 ¢%(r) o G :
r Minimizing the Hamiltonian yields the four nonlinear
+(Nw—x)¢>§(r)—aé(a+b)u(r)v(r)¢(r) coupled differential equations

212 2422 2 2\ A2 4
+AYx+2xN+ 81 a“ac+(B°+ y7)d7]} d(r) $=—(ga+s)v(r)—Eaé(a+b)g¢(r)u(r),
+ NN+ X)[o(r) — v2]3(r), 29) r 3

whereN , is the average pion numbgEHGU, Eq.(5.12)] dv 2 2
- Fv(r)—[ga(r)—s]u(r)+ §a5(a+ b)go(r)v(r),

N,=9[a’a’+(B*+y%)c?], (29)
and wheres takes the following values for nucleon or delta d’o 2do 2 ) 5
quantum numbers: arz = 7 ar  Mafat3glut(n) —vi(n)]
Sn=(58+42y)IV3, (30) + 2 (N, +X) d%(r) o (r) + N[ a?(r) — v*]a(r),
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d2d>_ 2d¢ 1 x) ) \F
T2 rar Freents 1_N_w mZe(r) Eay(n)=-2g(a+b)¢(rju(rv(nay/z, (49
2 2
+ 1+Ni [o?(r)—v?]e(r)+ I)\\l_{X2+2N7TX By 1) =Epg(r), (46)

Eg,(r)=0. (47)

The E,4(r) functions for a delta are the same, except for

+81[ a”a’c?+ (B + y*)d?T}¢(r)

o K
—N—W(a+b)g5u(r)v(r)—N—w¢p(r). (37)

2v2
Eqp(r)=—2g(a+b)p(rju(r)v(r) —,
with eigenvalues: and k. These consist of two quark equa- v3
tions foru andv whereo(r) and¢(r) appear as potentials,

and two Klein-Gordon equations with(r)v(r) and[u?(r) _ 5
—v?(r)] as source terms. The boundary conditions are, for Eqy(r)=—29(a+ b)d)(r)u(r)v(r)‘/—g,
r—o,

which expresses the difference in tideterms[Egs. (32)—
(33)] appropriate to nucleon and delta respectively.
0, (39 : o
In the above expressiongy(r) is given by

do du_

2 )\2

and, forr—oe,
+ Lo (N =V PP=mif o(r)+Uo

lido
Eo(f)zz{a
[r(gf,—e)"*+(gf,+e)T*Nu(r)—r(gf,+e) (1)
+AX2H(r)+3go(r)[u?(r) —vA(r)]

=0,
dv 2 du 2 .2
(2+2m r+mir2) ¢(r)+r(l+m,r)¢'(r)=0, (39 3 u(n)| gy T V) =) g |~ Xmze(r)
ro’(r)+[o(r)=f,1(1+m,r)=0, +NX[o?(r) = v?]$3(r), (48)

which has one sign in the first equation different fromwhereUo=m2[f2—m?2/(4\?)]. This can be rewritten as
GHGU, Eq.(5.18. The field equations are solved for fixed
coherence parameter and fixed Fock-space parameters,
{a,8,7}. Then the expectation value of the energy is mini-
mized with respect ta, 3,7} by diagonalization of the “en-
ergy matrix,”

Eo(r)= %[0’(r)]2+ N2X2p(r)*+3go(r)[u(r)®=v(r)?]

2 2
+ o= 224 o a(n2-12]

H,. HaB Hay a @ ey Cf a2 22 )
Hos Hpgs Hg, || B|=E| B]. (40) mef Lo(r)—f ]+ AX[o(r)“=f7]1é(r)
Ha7 H.BY H77 Y Y _2xm§T¢(r)2, (49)

Each H entry of the matrix is related to a correspondingynich shows an explicit rapid decay ass .

density,E(r), as follows: We solve this set of equations in the same iterative man-

" ner as GHGU. The iteration procedure is implemented as
H :47Tf r2E,4(r)dr (41  follows. For fixed values ok and «, B, and y, the above
af af ' L . L . R

0 differential equations with the corresponding boundary con-
_ _ ditions are solved by using the same numerical package

and analogously for the other entries. Thgy(r) functions  (coLsys[11]) as used in the original GHGU paper. Then the
for a nucleon are energy matrix is diagonalized and the minimum eigenvector
chosen. These solutions are then mixed with the previous

— 242 2y 2 2 4
Eaalr) =Eo(r)+18a%¢p(r) +9a"A“(2x+9¢%) ¢™(r) solution and repeated until self-consistency is achieved. The

+9a2\2[02(r)— 2] A(r) (42) procedure is started with an initial guess. We used the so-
' called “chiral circle” meson field formg4], but we found
E. (1) =E~(r)+18c242(r) + 9\ 2(2xC2+ 9d2) 4 (r f[hat t_he actual starting point does not matter, provided the
pa(1)=Eolr) (1) (2x )40 iterations converge.
+9c?\ [ a?(r) = v?]¢?(r), (43
V. NUCLEON PROPERTIES
5 In this section we review the several nucleon observables
Eqp(r)=—2g(a+b)p(rju(r)v(r)—, (44) S ; ey
V3 which will be calculated from the solutions arising from the
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procedure described in Sec. IV, noting differences from Nucleon and Delta Mass
GHGU where they occur. From the electromagnetic current Coherence Parameter Dependence
operator 1800.0 ‘
e = (s + 5 ma) i+ 63aﬁ&aa#:ﬁﬁ’ (50 1250.0 |
one derives the charge and magnetic moment densities fo
the neutron and proton; < 12000
2
@ [}
pp(r) s o J1 5, L, 4 2 jis00 | .
- = +vo)+ B9 s (u+vo)+ 5
4 2 1100.0 ® .
¥ §(U2+V2)— 3% (51) LSS
polt) 12, . 4 19%%.0 10 20
= — + JE——
ame Pz TV 344 x
1 > FIG. 1. Dependence of chiral nucleon and delta mass with re-
+2 — Z(U2+vd)+ = } 592 spect to the coherence parametgr using g=5 and m,
73l )T 39 62 T omev.
pof1) _ U (54a2+2,6’2+'y +32287) g”””=4wmziaﬁ(a+b)fwdrr3¢(r) (57)
4e 2My "3v3 0 ’

+L2(9a2+x)(432+ ¥?) ¢?, (53 which is in agreement with GHGU, Ed6.15. Using the
72% pion source term, one can obtain an alternative form of the
7NN coupling constant,

#oll) TV e gt L2 3
Ame - 81 ﬁ 27 By gﬂ-NN_47Tf drr g 1—Oa +_B2 50
2My 817
Xooe s (002 X) (47 Y07 (54)
72%° ’ 42
g1 Ay |unv(r)
which differ from GHGU[Eqgs.(6.6) and(6.7)] for the mag-
netic moment densities. The axial-vector to vector coupling 5 A ) )
ratio is given by[GHGU, Eq.(6.9)] —4mA aﬂfo drr ﬁ(ﬁb)[“ (r)—f51¢(r)
9a 3 4 2 2y 43
gv—2 NJ,= T3 R 2«#7 Yamo+ 5376 7rg + 5 (@%b+2b%a+ac’) ¢’(r) |, (58)
— bod%e|: NJZZ%Taz %> (55) :Nhich differs from GHGU, Eq(6.14), by a factor of 3 in the
ast term.

_ ) The o-term was not calculated in GHGU, but is an im-
from which we find portant quantity in that it measures the degree of chiral sym-
metry breaking. For the linear sigma model considered here,

ga L[S 25 22 this quantity is given by
gv—477f drr <3a+ ,8+ >7 By )
owN=477fwmf,J’ drro(r)—f,]. (59)
8 do 0
X (u2—v2/3)+ —apB(a+ b)d—¢ , (56)
3v3 r For a review of this quantity, see R¢f.2].

which differs with GHGU[Eq. (6.10] in the first term. Fi-
nally, the 7NN coupling constant can be calculated from the
pion field or the pion source term. Using the pion field form, As mentioned earlier, the chiral quark model of the
one has nucleon has two free parameters once the pion mass and pion

VI. NUMERICAL RESULTS
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TABLE |. Energy contributions to coherent-pair nucleon using Quark Wave Functions and Meson Fields
g=5 andm, =700 Mev. (All values are in MeV). Self-consistent
solution evaluated using a coherent parameter vataé. The de- T T

tails of this solution are discussed in the test.
1.0 u(r) ]
Quantity Nucleon Delta ‘S’i(;)ma(r)
Quark eigenerergy 150 219 — plon(t)
Quark kinetic energy 1124 975
Sigma kinetic energy 304 268 0.5 b
Pion kinetic energy 236 185
Quark-meson interaction energy —675 —318
Meson interaction energy 84 114
Baryon mass 1073 1224
Nucleon-delta mass difference 140 oor
decay constant are fixed at their experimental values. One
can choose the free parameters to be édhenass and the _g5 . .
meson-quark coupling constang, For comparison with 0.0 10 ) 20 3.0
GHGU and to illustrate the systematics of the model, for the
results to follow, we fix these two parameters o, FIG. 2. Quark wave functions and meson fields using a coher-
=700 MeV andg=5.00. ence parameter of=1 with g=5 andm,=700 MeV.

First consider the coherence parameter. Figure 1 shows
the baryon(nucleon and deljaenergy as the coherence pa-

rameter is varied. As was similarly shown in GHGU's Fig. 1, yard deviation at the location of the peak of the pion field
there is a clear minimum in the region 0¥ 1 with a corre-  compared to a 20% downward deviation for the hedgehog
spondingN . =0.43. Table | shows the various energy con-mqdel.

tributions to the baryon mass. Table Il gives the values of the  Next consider the nucleon physical properties. Table Il
derived parameters determined by the minimization procesnows the results for several nucleon observables compared
dure. The values found are in good agreement with thajith the projected hedgehog model of BirEs] and with
found by GHGU(self-consistent caseven though a differ- - experiment. For those nucleon quantities calculated by
ent coherence dependenehich shows up in thel-term  GHGU, our results are nearly identical despite the differ-
term in Eq.(29)] was used. This is expected, however, sinCegnces in several quantities noted previously.

the fourth-power pion self-interaction energy makes a rela-
tively small contribution to the total energy. The nucleon-
delta mass difference is found to be about 150 MeV. Figure
2 shows the quark wave functions and the meson fields fol
thex=1 case, and Fig. 3 shows the pion field and its derived
kinetic-energy density functionp,(r). All of these quanti-
ties are little changed from those reported by GHGU. We,, | —— pion(r) _
have examined the fate of the initial “chiral circle,” where — Phi_p(n
the sum of the squares of the meson fields is constant. Fo
the self-consistent coherent-pair model we find a 40% down-

Pion Fields

TABLE Il. Numerical values of various parameters for the
coherent-pair nuclon with a coherence parametexsfL andg
=5, andm, =700 MeV after self-consistent minimizatioiN/A 05t .
means “not available.)

Quantity This work Goeket al.[1]

Mass(GeV) 1.073 1.08

a 0.820 0.82

B 0.379 0.38 00 .

o 0.429 0.43 0.0 1.0 . 2.0 3.0

Pion eigenvaluec (GeV) -0.173 N/A

Quark eigenvalue (GeV) 0.150 0.14 FIG. 3. Pion field shown with kinetic-energy pion field function

N, 0.43 N/A ®,(r), using a coherence parameter>of 1 with g=5 andm,
=700 MeV.
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TABLE lll. Observables for the coherent-pair nucleon with a coherence parameterlofind usingn,= 700 MeV andg=5. Magnetic
moments are in nuclear magnetons. The charge radius is in fm. For comparison, the results from the projected hedgehog mofte] of Birse
are also presented.

Coherent pair Hedgehd®]
Quantity quark meson total quark meson total Expt.
(r?) eh-proton (fM?) 0.533 0.023 0.556 0.39 0.16 0.55 0.70
{r?) chneutron(fmM?) 0.019 —0.023 —0.004 0.09 -0.16 —-0.070 -0.12
{1 proton 1.53 0.18 1.71 1.74 1.13 2.88 2.79
{ ) neutron -1.13 -0.18 -1.31 -1.16 -1.13 —2.29 -1.91
?—A 1.07 0.39 1.46 1.11 0.75 1.86 1.25
\%

m’TT
Irnzyr [EC. (59)] 0.25 0.93 1.0

2M
gonn ;“_'\;lf [Eq. (60)] 1.11 0.24 1.35 1.16 0.379 1.53 1.0
Sigma term(MeV) 88.9 94.0 ~45+5[12]

In comparing the predictions of the coherent-pair modelated in two ways first using the pion field its¢Eq. (59)],
to those of the hedgehog model, we find that the quark conand, second, using the pion source tdiey. (60)]. In the
tributions to each observable are roughly similar; howeverhedgehog model Birse found that both methods gave roughly
the pion contributions are significantly smaller, a featurethe same value, but in the coherent-pair approximation the
consistently seen throughout. This is somewhat surprisingwo methods give very different results. This large difference
given the fact that both approaches attempt to solve the the two, supposedly equivalent, ways of calculatingy
nucleon problem from the same starting model, albeit withwas noted already by Fiolhaist al. [6], who studied the
very different methods and resulting different model param-generalized projected hedgehog model and compared with
eters. Quantities such as the sigma commutator which desther models including GHGU. In Fiolhagt al. the differ-
pend on the sigma field are quite similar to that of the hedgeence ing_yy calculated from the pion field and the pion
hog model, both giving a sigma commutator of roughly 90source terms along with the value expected from the
MeV. The small pion contributions to the calculated observ-Goldberger-Treiman relation provide a virial measure of how
ables seems to be the coherent-pair approximation’s princivell the self-consistency condition in the pion sector is met.
pal phenomenological shortcoming. The Fiolhaiset al. relation for the fractional virial deviation

Consider the nucleon charge radius squared. For this
hedgehog model the pion’s contribution to the proton’s
charge radius squared is roughly 40% that of the quarks; , o1 av
while for the coherent-pair approximation the pions contri- gonn—Omn (1089 7NN~ Gann
bution is only 4% that of the quarks. The small pionic con- A= g% +2 (1 Og)gGT + g ' (60)
tribution is compensated for by a slightly larger quark con- NN S mNN SN
tribution leaving the total proton charge radius squared very
close to that calculated in the hedgehog model, but still aboulhereg,,y is the source-calculated val{iEg. (60)], g/

20% that of the experimental value. _ is the field-calculated valufEq. (59)], g4y is the average
The situation is similar for the magnetic moments. Thegs these two, andgiLN is the value expected from the

quark contribution to the magnetic moments is about _thGGoIdberger-Treiman relation:

same for both models, but for the hedgehog model the pions

make a contribution to the proton magnetic moment which is

65% that of the quarks, while for the coherent-pair approxi- o1  Mna

mation the pionic contribution is only 12% that of the ngN:f a (61)

quarks. The smaller pionic contribution to the magnetic mo-

ments results in magnetic moments roughly 60% that of the

empirical values. The factor of 1.08 accounts for the effects of explicit chiral
For the case of the axial vector coupling constant, wesymmetry breaking. Using the coherent-pair approximation

again find that the quark contributions in the two models argesults of GHGU, Table Ill of Fiolhaigt al. reports a frac-

similar, but the mesonic contribution in the coherent-pairtional virial violation of 173%. This should be compared

model is only half that of the hedgehog model. In this casewith 51% for the mean-field hedgehog model of Birse and

this actually helps in that the hedgehog model predicts to®annerjee, and 6% for the generalized projected hedgehog

large a value for this quantity. model of Fiolhaiset al. Using the values in Table IlI, we find
Finally we consider therNN coupling constant calcu- a fractional virial violation of 149% which is a little better
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Coherent Pair and Hedgehog Models Coherent Pair and Hedgehog Models
Kinetic Energy Densities Quark-meson Energy Densities
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¥ — —- HH Sigma hi — —- HH Quark-Sigma
£ ——- HH Pion £ —— - HH Quark-Sigma
z g
[ c
5 a
o] >
§ 5.0 g _7.0
2 5 /
i /

/
/
/
/
/
/
e
-12.0 .
0.0 0.0 1.0 2.0
0.0 1.0 2.0 ¢ (fm)

r (fm)

FIG. 4. Comparison of kinetic-energy densities for the hedgehoqorFlG' 5. Comparison of quark-meson interaction energy densities

. 27 - the hedgehog model and the coherent-pair approximation using
model and the coherent-pair approximation using a coherence p%'coherence arameter of 1 with a=5 andm. = 700 MeV
rameter ofx=1 with g=5 andm, =700 MeV. P 9 7 '

] . well. While the issue is being investigated further, we sus-
than that previously reported, but still shows a clear anthect the problem with self-consistency as revealed in the

substantial problem with self-consistency in the pion sectorjgrge fractional virial violation to be the principal difficulty.
One must question why this should be so. That the two Another useful comparison is shown in Figs. 4 and 5,
models should give such different pionic contributions is awhere the energy densities for various terms are shown for
bit puzzling, as the starting model is the same and both emygth the hedgehog model and the coherent-pair approxima-
ploy a self-consistent mean-field type approach which minitjon. Again there is a systematically smaller contribution to
mizes the energy. In comparing the quark wave functiongach term in the coherent-pair model than in the hedgehog
and meson field solutions in the two models one finds, nofodel. Yet the total energies of both solutions are roughly

surprisingly, that the quark wave functions and sigma fieltthe sameg1070 and 1120 MeV, respectivgly
are nearly identical in the two models, but, though the pion

field function in the coherent-pair approximation is smaller
by a factor of about 2 from that found in the hedgehog
model, this cannot be the source of the discrepancy since the
pion field in the coherent-pair approximation is normalized
but the magnitude of the pion fielftreated as a classical In this work we reexamined a linear sigma model of the
field) in the hedgehog model is determined by the sourcenucleon using quarks and sigma and pion mesons as the
terms. The magnitude of the pionic contribution to any quanfundamental degrees of freedom. To solve this model we
tity in the coherent-pair approximation is determined by thehave employed the coherent-pair approximation following
Fock space coefficientay,3,y} and by the various coherent the work of Goekeet al, correcting several errors. We
functions{a,b,c,d}. With the minimized solution around  solved the model using a Fock space ansatz, treating the
~1.0 the mean number of pions in the coherent-pair approxisigma field as a classical field and treating the pions as quan-
mation case iN,=0.43, which apparently yields the small tum fields using the coherent-pair approximation of Bolsterli
pionic contributions to the various baryon observables. A9]. We neglect vacuum effects and center-of-mass correc-
comparison of the magnitude of the pion field resulting fromtions. Despite the several corrections to the work of Goeke
the hedgehog model with the normalized field arising in theet al, the numerical solutions we find are very close to those
coherent-pair model would imply an effective number of presented in their original paper, as are all the calculated
pions about three times greater in the hedgehog model. Aucleon observables. We find that the calculated nucleon ob-
preliminary search of the parameter space to see if somservables are reasonably close to experiment, but, in the case
other parameter set may correct this deficiency was not suof electromagnetic quantities such as charge radii or mag-
cessful. We have examined the model up to a coherenaeetic moments, the pionic contributions seem too small when
parameter ofx=2.25. Larger coherence parameters do in-compared to that of other chiral nucleon models such as the
deed give rise to greater pionic contributions to the variousHedgehog model of Birse and co-workég#s5]. The origin
nucleon observables, but at the expense of greater energy afkthis difference is not fully understood, but probably arises

VIl. SUMMARY AND CONCLUSIONS
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