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We formulate the particle conjugation operation and its convenient realization as G parity in
the framework of several chiral soliton models. The Skyrme model, the Skyrme model with vector
mesons, and the chiral quark model are specifically treated. The vector and axial vector currents
are classified according to their behavior under G parity. In the soliton sector particle conjugation
constrains a priori ambiguous orderings of operators in the space of the collective coordinates.
In the Skyrme model with vector mesons and in a local chiral model with an explicit valence
quark this classification scheme provides consistency conditions for the ordering of the collective
operators appearing in the 1/No corrections to the nucleon axial charge and the isovector magnetic
moment. These consistency conditions cause the corrections obtained from an ordinary perturbation
expansion to vanish in the context of the collective quantization of the static soliton configuration.
This conclusion presumably applies to all local efFective chiral models.

PACS number(s): 11.30.Er, 12.39.Dc, 12.39.Ki

I. INTRODUCTION

In this paper we shall discuss some theoretical con-
straints on the vector and axial vector current matrix el-
ements of the nucleon predicted in various kinds of chiral
soliton models (for review articles, see [1,2]). One might,
at 6.rst, think that this is a subject which has been com-
pletely exhausted. However, there are, at least, two re-
cent problems, (i) the "too small gg problem" [1] and (ii)
the "proton spin puzzle" [3], where such considerations
appear crucial. These problems involve current matrix
elements which are of subleading order in an appropriate
perturbation approach to the collective Hamiltonian de-
scribing the nucleon. As such, they turn out to involve
operator ordering ambiguities. Symmetries such as iso-
spin invariance do not seem to be able to offer guidance
on this question. Here we point out that particle con-
jugation symmetry can, as it does in ordinary field the-
ory, provide operator ordering restrictions. For example,
charge conjugation invariance requires the @ED interac-

T T—T
tion to have the ordered form 2

eA~

Recently, the very interesting observation has been
made [4—9] that the too small value of the neutron P
decay constant g~ predicted in many chiral soliton mod-
els might be dramatically improved by including 1/Nc
corrections. This seems satisfying both because it agrees
with the quark model result [10] in which gA should be-
have as (Ac +2)/3 so sizable corrections are expected and
because the corrections fit the pattern expected from uni-
tarity constraints on pion-nucleon matrix elements [ll]
(which imply that the structure of the leading and next-
to-leading order terms is identical). In spite of these
pleasing features we will see that the imposition of proper

VcL 1
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(g~~r g —g ~„~r g ),

ordering constraints requires that these 1/Nc corrections
vanish in certain chiral soliton models.

Actually, a different problem with these corrections has
already been noted [12]. The equation of motion for the
pion fields, which yields the PCAC (partially conserved
axial vector current) relation, is derived from the static
energy functional of the soliton. This functional is of
the order N~ without any subleading corrections. Thus
this equation of motion cannot account for 1/Nc correc-
tions in the divergence of the axial vector current. The
pion field develops a Yukawa-type tail whose amplitude
is, due to PCAC, proportional to g~. This allows one to
not only compute g~ by direct integration of the axial
current but also from the large-distance behavior of the
pion [13]. The latter, however, is completely determined
from the classical equation of motion and hence does not
contain the 1/Kc corrections. Therefore it has beeri con-
cluded that these corrections violate PCAC by about 30%
[12]. This problem was circumvented by elevating the
derivative of the axial current including the corrections
to the equation of motion via PCAC [12,6]. However,
this treatment is not completely satisfactory since it has
not proven possible to derive the so constructed equation
of motion from an action principle.

We shall, for simplicity, work in. a theory with just the
two lightest quark flavors present. The relevant currents
at the quark level are the vector and axial vector ones of
both isoscalar and isovector types:
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where q represents the quark field. Notice that all of
these operators are Hermitian. In dealing with the charge
conjugation of objects with definite isospin transforma-
tion properties, it is often useful to define the concept
of G parity [14]. Technically the G parity reflection is
defined as charge conjugation followed by a rotation of
angle vr around the y axis in isospace. This corresponds
to a unitary operator Q = e' 'C. Since the G parity
of the pion is minus one, the G parity classification pro-
vides a tool to determine whether the number of pions
emerging &om a decay process is even (G parity= 1) or
odd (G parity= —1). By construction the G parity is
a conserved quantity for interactions which are invariant
under charge conjugation and isospin rotations. For the
current operators in (2) we have

g (V„,V„,A„,A„) g = (—V„,V„,A„, —A„) . (2)

In chiral models the pions are incorporated via the
nonlinear realization U = exp(i7r 7 / f ) where f = 93
MeV denotes the weak pion decay constant. Since m —+
—m under the G transformation we simply have

(3)

II. G-PARITY CONSTRAINTS ON THE
CURRENTS IN THE SKYRME MODEL

In order to introduce the relevant background and no-
tation we start with the simple Skyrme model, defined
by the Lagrangian [17,13]

One should bear in mind that in all quark soliton models
the quark fields are functionals of the chiral field so their
behavior under conjugation is determined from that of
U.

This paper is organized as follows. In Sec. II the be-
havior of the symmetry currents in the simple Skyrme
model under G-parity reHection will be studied. This
will be generalized to models with vector mesons in Sec.
III. In Sec. IV we will erst discuss the particle conjuga-
tion in the framework of quark soliton models and then
apply these results to the 1/Ã~ corrections to g~ and
pv.

Actually the problem of ordering ambiguities in soliton
models was already discussed by Tomboulis [15] in the
case of a two-dimensional field theory. Also in that ref-
erence symmetry arguments (Poincare invariance) have
been employed to resolve operator ordering ambiguities.
However, we will mainly be concerned with form factors
at zero momentum transfer and hence do not introduce
collective coordinates for the boost of the soliton. Rather
we are interested in ordering ambiguities for the collective
coordinates associated with internal symmetries.

l: = —tr (O„UB"Ut)
4

tr ( [B„U,B„UtI IB"U, 0"U"]),
where e is the only free parameter.

The static soliton configuration of the Skyrme model
is given by the celebrated hedgehog Ansatz

Up(v ) = exp[i+ i F(r)] (5)

2 I s 1B = — drF'(r) sin F(r) = ——F(0). (6)

Integer baryon numbers thus correspond to the boundary
conditions E(0) = n7r with n being a positive or negative
integer. In this context it should be remarked that in
topological soliton models E,~ diverges as one deviates
from this boundary condition. Obviously, one crosses
from the baryon to the antibaryon sector by reversing the
sign of the chiral angle F(r) since not only the baryon
number but also the baryon number density acquires the
opposite sign.

In order to project the soliton onto states with good
spin and isopin one introduces time-dependent collective
coordinates parametrizing the corresponding rotations.
Because of the symmetry of the hedgehog Ansatz the ro-
tations in coordinate and isospace are equivalent. Hence
one approximates the time-dependent solutions by [13]

(7)

The collective coordinates are contained in the SU(2) ma-
trix A(t). From the defining relation (3) we observe that
the G operation corresponds to the reversal of the sign
of the chiral angle E ~ —E while keeping the collec-
tive coordinates, A(t), unaltered. According to (6) this
indicates that in the soliton sector the G-parity transfor-
mation actually corresponds to a particle conjugation.

A more transparent parametrization of the collective
coordinates and their time dependence is given in terms
of the adjoint representation matrix D g and the angular
velocity 0:

Z

D b
——-tr (r A7bA ) and At —A = —v . A.a 2 a |94 2

which introduces the chiral angle F(r). Substituting this
Ansatz into the Lagrangian (4) yields minus the classical
energy functional E,~. The soliton configuration is then
obtained by minimizing this functional. In the Skyrme
model the baryon number current is identified [13] with
the topological current which classifies the mappings of
type (5) with the boundary condition E(r)', 0. The
baryon number associated with a given chiral angle, F(r),
is obtained as the spatial integral over the time compo-
nent of this current:

The collective Lagrangian associated with the isorotating
hedgehog (7),

For a two-dimensional model operator orderings were con-
sidered in [16] with regard to internal syrnrnetries. L = —E,i+ 20. A,
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TABLE I. The structure of the symmetry currents in chiral soliton models, the power of the
leading term in an 1/Kc expansion as well as the behavior of the radial functions under sign
reversal of the chiral angle and their G-parity.

Current

VO

y0
ya
ya
A'.'

Structure

Vi(r)
Vg(r)e, , t,i, Ji, /n

V, (—r)D pe, /n' = V, (r)I /n'
V4(r)e;, i,r,D"~i,

0

&(~c)
0

—1
0
1

G parity

A.
Ao
A,

(Ai (r) ti,, + A2 (r )i,i, ) J, /n
A, (r)e,, i,r, (D, , Jg) /n'

(A4(r)6, , ~ As(r)i, i, ) D,

—1
0
1

defines the moment of inertia o. , which again is a func-
tional of the chiral angle I" (r). Here we should stress
that the classical mass as well as the moment of inertia do
not change when the sign of the chiral angle is reversed,
i.e., when one goes from the baryon to the antibaryon.
Furthermore both quantities are of the order N~.

In the process of quantizing the collective coordinates,
the spin operator is identified as the quantity canonical
to the angular velocity 0:

BIJ= =o. O.

For what comes later it is important to note that the spin
operators act as right generators in the collective space:

[J,A] = —,'Ai :. [J;,D s] = ie;i, D ,.

Because of the invariance of the static soliton under com-
bined rotations in coordinate and isospace the isospin is
related to the spin via the rotation

I = —D bJb. (12)

This restricts the possible eigenstates of the collective
Hamiltonian

J' J(J+ 1)H =E,)+ = E,)+
20! 20.'

to those with total isospin I = J. Since the isospin oper-
ators correspond to the left generators one may replace

: —4I Jb (14)

For explicit expressions of E,j and n in various Skyrme-
type models the reader should consult [2] and references
therein.

in the subspace I = J =
2 as a consequence of the

Wigner-Eckart theorem. We therefore do not need any
further specification of the nucleon or antinucleon wave
functions in the collective space.

Various static nucleon properties are obtained from the
matrix elements of the vector and axial vector currents
(2). These correspond in the Skyrme model to the sym-

metry currents which couple linearly to external gauge
fields introduced in Eq. (4). The currents are then given
in terms of the chiral 6eld and its derivatives. Next the
rotating hedgehog configuration (7) is substituted and
the angular velocity is eliminated with the quantization
prescription (10). As the moment of inertia, n is of
the order N~ it is obvious that each such substitution
reduces the order of N~ by one unit. Finally the cur-
rents are obtained as combinations of collective operators
whose coeKcients are radial functions which depend on
the chiral angle, I"(r) These co. mbinations are displayed
schematically in Table I. Note that due to the static na-
ture of the soliton configuration the time (p = 0) and
spatial (p = i) components of the currents behave difFer-
ently. Actually the form of currents displayed in Table I
is the most general one at leading order in 1/Nc once
proper account is taken of the rotational symmetries in
coordinate space and isospace as well as parity. Addi-
tionally one might have a time component for the axial
singlet current Ao ——Ao(r)i J. However, Ao(r) = 0 in
Skyrme-type models. We have defined the isospin part
of the generator of the isoscalar currents to be 1/Kc.
The proper normalization of the electromagnetic charges
is guaranteed by I d rVi (r) = 1 and I d rVs(r) = n
The explicit forms of the radial functions Vi(r), . . . , As(r)
may readily be extracted from the review articles [1].

We have also listed in Table I, the possible sign change
of the currents when one replaces E —+ —I" in the explicit
forms of the radial functions. According to our discussion
above this sign change should represent the G parity of
the appropriate current. In every case, this is seen to
agree with (2) in the underlying @CD theory.

It is important to note that in the transition from
the classical objects D b and 0 to the quantum oper-
ators D b and J there can be ordering ambiguities in
cases where the product of two operators is required.
Such products appear for the time components of the
isovector-vector current Uo and the isovector-axial vec-
tor current Ao. For the former there is no ambiguity
because [D i„Ji,] = 0. For the latter we must choose a
symmetric ordering to preserve the Hermitian nature of
the current. Using the substitution (14) shows that ma-
trix elements of A& vanish between nucleon states. This
has the desired consequence that the G-parity-violating
form factor GT (q ) in the Lorentz covariant decomposi-
tion of the matrix elements,
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(N'~A„~N) = u(p') G~(q )p„+ q„+ &&„q zs —~(p), qi = p„—pg
G.(~') G~(~'),

is zero in the Skyrme model (cf. Appendix C of Ref. [18]).
If we had incorrectly chosen a diR'erent ordering for the
operators, Az would not have vanished between nucleon
states and a nonzero Gz (q ) form factor would have re-
sulted, violating G parity. This provides an illustration
of the connection between proper operator ordering and.
G-parity invariance. At this stage we see that a symmet-
ric, or Hermitian, ordering of the collective operator is in
accordance with the G-parity symmetry.

Returning to the discussion of Table I we again stress
that when going from the baryon to the antibaryon sec-
tor, i.e. , P ~ —E, the symmetry currents acquire a sign
according to their G-parity quantum numbers. This just
reflects the fact that the number of pions (as measured by
the power in which F appears) is either even or odd for
a given current. Of course, all extensions of the model
should maintain this property. Furthermore, operator
ordering ambiguities of a current, which may occur at
higher order in the 1/Xc expansion, have to be resolved
in such a way that the phase acquired under F ~ —E
is determined by the G-parity quantum number of. the
current.

This prescription has a fruitful application for the
axial-singlet current, which is especially interesting in the
context of the proton spin puzzle. Not long ago it was
proposed that an axial-singlet current of the form

A„= ic tr (UB

UNSUB„UNSUB

Ut) = ic tr (p„p„p ) (16)

[resulting from an additional term in (4)] would lead to
a nonvanishing matrix element between proton states
[19]. The anti-Hermitian pseudovector p„ is given by
p„= B„((t+ (tB„(with ( denoting a root of the chiral
field, i.e. , U = ( . The reversal F'++ Fcorrespond—s to
( e+ (t and thus p~ ~ —p~. It is then obvious [21] that,
unless the current (16) vanishes identically, it contradicts
the G-parity symmetry, cf. Table I. Let us see, however,
how an improper ordering can lead to a nonvanishing re-
sult. As p& ——p„r is a vector in isospace, (16) can be ex-

pressed as 2ie b p„p„p which vanishes as long as the p„
are considered. to be classical objects. Under the canoni-
cal quantization (10) the angular velocity A which is con-
tained in po, is replaced by 2/n . Then one is tempted
to replace e i„Oi,O, by e i„Ji,J,/(n ) = iJ /(n ) . This
in turn would yield a nonvanishing axial-singlet current

A, = F'(r) sin F(r)r"

0 Ob
J Jb Jb J+

2 O2 O2 O2 O2

causes the axial-singlet current to vanish, in agreement
with its G-parity transformation property. Note also that
expression (17) is of order 1/K& and thus not of leading
order in the 1/%c expansion.

Thus the studies in the simple Skyrme model indi-
cate that an Hermitian ordering resolves the ambigui-
ties, which occur in the transition from the classical to
the quantum level, in agreement with the constraints im-
posed by the G-parity symmetry.

III. INCLUDINC VECTDB. MESONS

It is well known that the inclusion of vector mesons
improves many predictions of the simple Skyrme model.
The too small value of g~ is slightly increased but the
problem remains. Therefore one is naturally curious
about possible order 1 corrections to the leading O(Nc)
expression for A,. (see Table I). In this section the G
parity of the currents in the model with vector mesons is
studied. It is shown that if an arbitrary operator order-
ing were to be allowed then order 1 corrections to both
g~ and the isovector magnetic moment, p~ would ap-
pear to exist. However, such contributions are seen to be
G parity violating and hence must be eliminated by an
appropriate operator ordering.

In the presence of vector mesons the situation is more
involved not only because the static energy functional,
E,~ contains these additional fields but also because field
components, which vanish classically, get excited by the
collective rotation (7). At this point we will not present
the detailed structure of the Lagrangian we are consider-
ing. Its form has already been proposed a decade ago [20].
Also the static soliton configuration has been constructed.
[21] and the fields induced by the collective rotation have
been computed [22]. These allowed for a reasonable de-
scription of static baryon properties even in the three
Aavor model [23]. Here we rather wish to discuss the
G-parity properties of the currents. In addition to the
pseudovector p„, which is defined after Eq. (16) we need
the isovector-vector U~ = (tB„(—B„((t.Obviously n„ is
even under G parity. The vector meson fields are most
conveniently parametrized in terms of

4z 2c
r Vi(r)r . Jr, (17)

However, (17) is suspicious on a priori grounds since it
changes sign on E m —E, in disagreement with the re-
quirement that A,. have positive G parity. We note that
the Hermitian ordering

B@ = M~ + P~ ——vp.
2g

(19)

The coupling constant g is determined from the decay
width of the process p ~ vrvr. As the isoscalar-vector Beld
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u is odd under G parity no definite G-parity quantum
number can be attached to R~. The isovector-vector field

p~ possesses the same quantum numbers as v„. In terms
of these quantities (and the field tensor for the vector

I

meson fields) the symmetry currents of the model under
consideration are displayed in Eq. (2.12) of Ref. [23].
There are many terms so we will explicitly display here
just two representative ones for the axial vector current:

m2~ tr — R„~ — ~R„

e„p tr — R"p~p + p"p~R —p R~p ~ ~ R p~p + p"p~R —p R~p (20)

Here m~ denotes the vector meson mass while the cou-
pling constant pq can be determined from anomalous de-
cays like u ~ vrvra [21]. Since g& is given by the matrix
element of J' d r 2A& between proton states with spin
projection +2 we only need to consider the spatial com-
ponents A, . In order to discuss the G-parity properties of
A, , we need both the static as well as the excited vector
meson fields. The static hedgehog Ansatze read

1
(dp f' = —(d P

2g
and p, (v) = e;I, iI, (21)

G(&)

gP

while all other field components vanish. The equations of
motion for the radial functions w(r) and G(r) as obtained
from minimizing the classical energy functional are, in
general, nonlinear inhomogeneous differential equations.
The source for w(r) is of the form Vj(r) (cf. Table I)
while G(r) e;I, rj, tr(7 v;). Hence u(r) changes its sign
under the reversal F ~ I" but G(r—) does not. Thus
we find that again the transformation I" —+ —I" gives the
proper G-parity quantum number. Upon the collective
isorotation (7) we have not only p, (v') -+ A(t) p; (v') At(t),
but, as already mentioned, additional fields are induced

and

C'(r)
~i = ~,~I,0~rI,

2g

po
——A(t)~ [(,(r)A+ (,(r)(i A)i])A (t). (22)

2g

It is important to remark that the ordering between A(t)
and A (~ 2/n ) is completely arbitrary because they are
considered to be commuting c-number quantities. The
radial functions (i(r), (2(r), and 4(r) solve linear inho-
mogeneous differential equations which serve to extrem-
ize the moment of inertia, o. . The classical fields act as
inhomogeneous parts in these equations. Hence one can
deduce the behavior of the induced fields under I" —+ —E.
It turns out that (i(r) and (2(r) are even while 4(r) is
odd, in agreement with G parity of these fields. These
results are summarized in Table II.

TABLE II. The behavior of the vector meson radial func-
tions under I" —+ —I' and the G-parity quantum number of
these fields.

It is, of course, not surprising that the behavior of the
vector mesons under F ~ —F coincides with their G par-
ity as the underlying Lagrangian possesses this symmetry
and the vector mesons couple according to their isospin
and spin quantum numbers to the currents displayed in
Table I.

Now we are completely equipped to discuss possible
ordering ambiguities for gA and their eventual resolution
by demanding the proper G-parity behavior. We will see
that up to next-to-leading order in the 1/Nc expansion
no contradiction to the G parity symmetry appears as
long as we consider all fields to be classical objects. Be-
cause of its isoscalar character the u meson does not con-
tribute in the first term in Eq. (20), which is "nonanoma-
lous" (i.e. , no e symbol). It is thus obvious that this term
is odd under G parity just as the isovector-axial vector
current is supposed to be. For the anomalous term the
situation is somewhat more involved. One can convince
oneself that for this term the proper G parity is obtained
only when R is odd, i.e. , only the u meson is allowed.
Since we are taking p = i, one of the three remaining
indices has to be associated with the time coordinate.
Let us first assume that this is attached to the ~ 6.eld,
which is classical. The p's are classical as well because
only their spatial components contribute. Thus the total
contribution from the anomalous terms to A, is classical
and no ordering ambiguities appear when the timelike
coordinate is assigned to the cu meson. This, of course, is

nothing but the leading order part of A; in the 1/Nc ex-
pansion. It contributes to the radial functions A4(r) and
As(r) in Table I and has been studied in detail [22,23].
What happens when the w field is spatial? In that case
the contribution of the anomalous term to A,. contains
two powers of 0 since one of the two p's contains a time
derivative. Hence this term is of next-to-next-to-leading
order in the 1/Nc expansion and is commonly neglected.

A next-to-leading-order term can be obtained only
when the isovector part of R is considered and the an-
gular velocity is treated as an operator in the collective
space. Let us see how this comes about. A straightfor-
ward calculation assuming the apparently natural order-
ing indicated in (22) leads to

g~ = pi dr[rI' (G+ (i)sinP(y) 1670 I
A 9

E m —I"
G parity

—((i+(2)»n +]
f 7-s

(23)
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tr —AO3At ~ z tr —A J3 At

N N

4o,~ 12m~
(24)

where the matrix element with respect to the nucleon
state is indicated. Classically the trace in (23) vanishes
identically. However, if one replaced As by Js/n this
would no longer by the case. Instead one would find, by
using (ll) and (14),

models. We therefore divide the present section into two
parts. In the first one we set up the chiral quark model for
both the nucleon and the antinucleon sectors. We derive
a prescription to transform the quark spinors between
these two sectors [cf. (33)]. In the second part this is
applied to the investigation of the behavior of the 1/N~
corrections to g~ and p,~ under F —+ —F. Technical
details of these studies are presented in Appendix A.

The chiral quark model [26,27], the simplest chirally
symmetric model to contain quark solitons, is defined as
the sum of the nonlinear O.-model Lagrangian with a pion
mass term

However, this result cannot be taken seriously since the
integrand in Eq. (23) has the incorrect transformation
property when going from the nucleon to the antinucleon.
According to Table I the integrand should be odd under
F + —F but it is even as can be observed from Table II.
Physically g& g 0 implies that the decay amplitude for
the P decay of the antineutron is different in magnitude
&om that of the neutron. This, of course, contradicts
our present understanding of physics. Hence we conclude
that the collective operators have to be ordered such that
(23) vanishes identically.

Here we have just considered two terms of the complete
axial vector current in the vector meson model. The
above arguments, however, apply as well to all terms
in (2.12) of Ref. [23]. Furthermore one may conduct
the same studies for the isovector-vector current in this
model. The spatial components of this current give the
isovector part of the magnetic moment p~. As expected,
the leading order in the 1/Nc expansion is free of ambi-
guities and agrees with the G-parity constraints. At the
next-to-leading-order ambiguities for the collective oper-
ators occur. Again the improper behavior of the radial
part of the matrix element under F -+ F forces one—to
arrange these operators so that the 1/Nc correction to
p~ vanishes.

The lesson we learn from studying the symmetry cur-
rents in the vector meson model is that matrix elements
which are different from zero only because of the com-
mutation relations (ll) but vanish classically are likely
to violate the G-parity symmetry. In that event those
matrix elements should be discarded.

IV. CHIRAL QUARK SOLITONS

2 m2 2

l:„i = —tr (B„UO"Ut) + tr (U+ Ut —2) (25)

and a valence quark field 4 ~ in the background of the
chiral field U:

E, =4„&(iP—mU") 4 (26)

Here the mass m = gq f represents a convenient
parametrization of the coupling gq between the valence
quark and the chiral Geld. In this model the eventual ef-
fects of sea quarks are assumed to be represented by the
kinetic term in (25). It is also obvious that the model is
formulated locally.

Again we employ the hedgehog Ansatz (5) for the pseu-
doscalar fields. For this static configuration the Dirac
equation becomes an eigenvalue problem

h(F)4 i = e„ i4'„ i

which defines the Dirac Hamiltonian

(27)

h(F) = a .P + Pm cosF(r) + i Psv' . i sinF(r) (28)

as a function of the chiral angle F(r). This Dirac Hamil-
tonian commutes with the grand spin

7G=l+ —+—
2 2

and the parity (II) operators. Thus the eigenstates are
classified by G+'"' where II;„t refers to the intrinsic parity,
which is defined via II = II;„t(—1) . The construction of
these eigenstates is described in Appendix A.

The eigenvalue e ~ turns out to be a functional of F,
as does the total classical energy:

E,) = E„) + sgn(B)Ace (30)
The results found in the vector meson model make

us suspicious about the recently discovered 1/Kc correc-
tions to g~ and p, ~ [4—9] since they are related to the issue
of operator ordering. Especially, it has been noticed that
both the vector meson addition and the quark addition to
the nonlinear o. model similarly describe short-distance
corrections to the pion cloud. This is true both for the
problems of the neutron-proton mass difference [24] and
the matrix element of the axial singlet current [25].

Unfortunately the effect of the reversal F —+ —F is not
as clear in quark soliton models as it is in purely mesonic

I

2, sin2F am,F" = — F'+ + m sin—F —sgn(B)r2 f2

with

E„~ = 2+f f dr r F' y 2sin K+ 2m (1 —cosI')

The sign of the baryon number has been included in order
to accommodate the hole interpretation of the Dirac the-
ory. In a moment we will see that this relative sign is also
obtained by requiring that the nucleon and antinucleon
possess equal masses.

The soliton is computed by solving the Euler-Lagrange
equation for the chiral angle,

~ ~

~

dO
&P (sinF —ipse . mcosF) 4

4m



J. SCHECHTER AND H. WEIGEL

self-consistently. For the boundary condition E(0) = —7r

the bound valence quark state of the self-consistent solu-
tion is found in the G '"' = 0+ channel. We denote the
corresponding eigenvalue and eigenfunction by e+

&
and

4+
&, respectively. On the other hand, when assuming the

boundary condition E(0) = 7r, a strongly bound quark is
only obtained in the 0 channel with eigenvalue e

&
and

eigenfunction 4
&

This, of course, reHects nothing but
the fact that the parities of the nucleon and the anti-
nucleon are opposite. In fact the self-consistent solutions
for the nucleon (E(0) = —vr) and antinucleon (F(0) = vr)

are distinguished by different overall signs of F(r) and
the eigenvalues of the bound quarks, i.e. , 6 ]: E',].
Thus, because of the inclusion of the factor sgn(B) in

(30), the classical masses of the baryon and antibaryon
are identical.

Actually, the self-consistent solution for the antibaryon
can easily be obtained from the one for the baryon by
noting that

6(—E) = /th, (E—)J with Q = gt = iPp, . (32)

The transformation Q commutes with G' but has nega-
tive parity. This implies for the eigenvalues and eigen-
states of the Dirac Hamiltonian

and

I~, G+): Iv, G+) = &le, c+),
where p labels the particular eigenstate. Details of the
transformation (33) in terms of the radial parts of the
quark wave functions are given in Appendix A. We will
make extensive use of this transformation when compar-
ing the currents for the nucleon and antinucleon. How-
ever, we erst have to perform the projection of the chiral
quark soliton onto states with good spin and isospin. For
the nonlinear 0. model this is straightforwardly achieved
by substituting the rotating hedgehog (7) into the defin-
ing equation (25). This yields the mesonic part of the
moment of inertia:

8'
n = f dr—r sin E,

which obviously is identical for the baryon and the an-
tibaryon. In order to compute the quarks' contribution to

we employ the cranking method [28]. Then the quark
spinors are rotating in isospace, which adds the Coriolis
term (1/2)a A as a perturbation to the Dirac Hamil-
tonian (28). The energy eigenvalue acquires a change in
second-order perturbation, which (due to isospin invari-

]

ance) may be written as e„) -+ e ~ + (1/2)n A . Here

&c ~ - l(pl~slvai&l'

p, gva] val P
(35)

denotes the quarks' contribution to the moment of iner-
tia of the nucleon. As [j', 7;.] = 0 one Ands that n [E]
changes sign under the transformation (33), o. [

—F]
[E]. Taking into account that (35) represents a per-

turbation to valence quark energy, which enters the total
energy with the overall factor sgn(B), the total moment
of inertia

n' = n' + sgn(B)n' (36)

is seen to be invariant under E ~ —E. This guaran-
tees equal masses for the baryons and antibaryons in the
presence of rotational corrections.

In the context of the cranking method the induced
components of the valence quarks are computed in a per-
turbation expansion in powers of A. This will serve to
make the discussion of the particle conjugation proper-
ties of their contribution to the currents more transparent
than in a variational approach [29]. In order to be con-
sistent with the expansion for the energy we require the
first-order expression for the cranked wave function:

k = A(t) ( 4'~a) + —) 4'p & . (37)
1 . (p~v . A~val)

2
p, oval

Uj, (A„) = —f'tr (—((p„( r. ( r„())
&a

+ gn(B) @crank'7p( fs) @crank ~

2

The interesting part is, of course, the one which is due
to the quarks, especially the spatial components [Q,
n;(0.;) v- /2]:

The isospin matrices m carry unit grand spin and are
positive under parity. Thus ~)M) E 1+ for F(0) = +n.

We now turn to the discussion of the currents in the
chiral quark model. These are again sums of mesonic
and quark parts. As they are the Noether currents of
the underlying theory the overall factor sgn(B) is carried
along for the quark part:

). (val~~,
~
p, )

&val &p,
p, oval

p gv'Rl &val &p,

(39)

In this expression we have temporarily adopted the ordering between D p and 0 suggested by the form of the
perturbed wave function (37). In the framework of the chiral quark model the 1/Xc corrections to g~ and pv, which
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were recently discussed in various similar models [4—7,9], correspond to the replacement 0 -+ J/n in the ordering
of (39).

To obtain g~ we calculate the integral j d rA&. The contribution f'rom the next-to-leading order involves the sum
over the grand spin projection (in which the energy eigenvalues are degenerate):

) (val, +lasr|, IIz, 1M, ~)(p, 1M, ~lr,. lval, +) = 8„+—I„+e i„P P

The signs appearing in the state vectors label the intrinsic parity. The upper (lower) sign refers to the nucleon
(antinucleon) sector. We refer to Appendix A for the actual computation of these matrix elements and the definition
of the integrals on the right-hand side (RHS). Since these matrix elements are proportional to the antisymmetric e

tensor the appearance of the commutator [D g, J~] is obvious [see (11)]when replacing the angular velocity by the spin
operator. Taking account of this prescription one Ands for the axial charge of either the nucleon or the antinucleon

(0) (i)
gA g~ +g~ —

9 f~
sinFI Nc z (vallr, lp)(plasr, lval)—sgn B val as'-s val +

&val &p,
p oval

(41)

where the 1/Nc correction, g&, is represented by the term proportional to 1/n . We should remark that (41)
corresponds to a spin-up proton or a spin-up antineutron which each give the same matrix element of D33. Note that
the overall sign differs in the two cases. Similar calculations give, for the isovector part of the magnetic moment,

pv = Iz~ + p~ = f M—iv drr sin I'(o) (~) 3 ~ 2

9 7C

iNc i . (vallriljz)(y,
l
[r . cx, as]7. 2lval)—sgil B M~ val r ~ cK, as rs val +-

&val &p,@oval
(42)

Here the e tensor, which again causes the appearance of the commutator (ll) in the next-to-leading term, originates
from the definition of the isovector part of the magnetic moment y,v =

2 (v' x V ).
We have computed these matrix elements in the chiral quark model numerically. It turns out the next-to-leading

order is only about l./10 of the leading order. Thus these terms are more strongly suppressed than in the Nambu-
Jona-Lasinio (NJL) model. This is apparently due to the fact that the chiral angle in the chiral quark model has
quite a large extension yielding a larger moment of inertia.

Now we can investigate these expressions with respect to their behavior under particle conjugation. This is made
simple by noting that we just have to apply the transformation (33). Since J'n, = —n, Q and Qa, = a, Q it is obvious
[noting the factor sgn(B)] that the leading order terms transform properly in agreement with Table I: i.e. ,

F—+—F
(val, +lasrslval, +): (val, —la37slval, —),

(val, +I [r n, as] rslval, +): —(val, —
I [r n, as] r3lval, —).

(43)

(44)

Since the transformation g does not afFect the isospin structure of the matrix elements it is obvious that the matrix
elements involved in the terms describing the 1/Nc corrections transform in the same way:

(y, ,
—lrilval, +)(val, +lasr2lp, , —); (y, , +I7.ilval, —)(val, —lasr2lp, +),

(v +lrilval, —)(val +I [r ' n aslr2lp —) &
—(I +lrilval -)(»» —

I
[r n a.] r2lp +).

(45)

In Appendix B we present an additional argument, which
is based on the completeness of the eigenstates of the
Dirac Hamiltonian, for the transformation relation (45).
Now the G-parity violation of the 1/Nc corrections be-
comes clear: The energy denominator in these terms
changes its sign when going from the nucleon to the
antinucleon. Thus the 1/Nc corrections transform oppo-
sitely to the leading order contribution, i.e., incorrectly.
We therefore conclude that the ordering ambiguities con-
tained in the formulation of the quark currents (39) have

gz =0(1) and

This can be achieved by demanding a Hermitian ordering
prescription:

1 (DiJ, +JDg).
20!

(47)

I

to be resolved in such a way that the 1/Nc corrections
to g~ and pv vanish:
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For this ordering each of the two subleading terms in
(38) vanishes in the nucleon subspace after performing
the sum over the grand spin projection (40). Since

Eyb~ (D~s J~ + J~Dos) = —sI~eJgsj (Js J~' + J~' Jg) = 0 (48)

d rA,'= sgn(B) —) (halo, lval)f . (vail~. &lp)
2 Evaj 6p

p, gva1

+ C.C.

'"'"-(B) ' ) '-""l"'(.l-.l-l)
2o.

p, oval

+H.c. , (49)

is invariant under E ~ —F. This result indicates that
the induced part of the quark current behaves properly
under G parity if there happens to be no ordering ambi-
guity and the leading term in the 1/Nc expansion van-
ishes.

V. SUMMARY AND CONCLUSIONS

We have formulated the particle conjugation operation,
and especially its convenient realization as G parity, in
the framework of chiral soliton models. We specifically
treated the usual Skyrme model, the Skyrme model with
vector mesons and, as the simplest example containing
quark fields, the chiral quark model. The prescription
for G conjugation in the solitonic sector is simply to re-
verse the sign of the profile function I' (r) ~ I"(r) while—
leaving the collective coordinates A(t) unchanged.

the required result (46) is obtained.
It is seen that the pattern obtained in the vector meson

model is repeated in the chiral quark model. As already
noted we are considering a local formulation of the chiral
quark model. Nonlocal eAects, as e.g. , the blocking of
transitions to negative energy states in (37), associated
with the inclusion of levels other than lval) in the defi-

nition (26) may cause difFerent expressions for gz and

p& . We will comment on related studies [5,7] below.
To avoid confusion, we should remark that there is

no practical problem in the chiral quark model with too
small g~. In fact, g~ comes out slightly too large in
this model, although the problem can be resolved [27] by
complicating the model a bit. However, the structure of
the chiral quark model is, for present purposes, the same
as other quark soliton models.

I et us conclude this section by commenting on the G-
parity behavior of the axial singlet current in the chiral
quark model. This has been noticed some time ago to
account for the proton spin puzzle fairly well [25]. When
the isospin part of the generator Q; reduces to a unit
inatrix, the first term on the RHS of (39) is easily ob-
served to vanish. Furthermore no ordering ambiguities
occur in the second and third terms because the D ma-
trix is replaced by the unit matrix. The radial part of
the matrix element between nucleon states of the axial
singlet current,

It was found that requiring the correct particle con-
jugation properties for currents could resolve operator
ordering ambiguities which greatly acct the results of
a number of interesting calculations. These ambiguities
occur in the transition from the classical to the quantized
formulation in the space of the collective coordinates.

In the basic Skyrme model we noted that a Hermitian
ordering of operators in the collective space was required
to guarantee the vanishing of a G-parity violating axial
current form factor. The same ordering also guaranteed
the vanishing of the G-parity violating matrix element of
an axial singlet current of interest in connection with the
"proton spin puzzle. "

In the Skyrme model with vector mesons we investi-
gated possible corrections down by 1/Kc to gg and pv.
These turned out to vanish to ensure G parity conserva-
tion. Generally speaking, our studies indicate that ob-
jects which vanish classically due to G parity should also
vanish in the quantized formulation.

In the chiral quark model the situation turned out to
be somewhat more involved because the quark states are
not eigenstates of the particle conjugation. Having set up
the formulation for the antinucleon we were able to show
that the next-to-leading order 1/&c corrections to g~
and p~, which are nonzero for the ordering suggested by
the Ansatz for the cranked quark fields (37), behave oppo-
sitely to their leading order counterparts under E m —E.
From this we concluded that the operator ordering in the
space of the collective coordinates should be arranged so
that these corrections vanish. It should be stressed that
this conclusion follows immediately after (39) without
reference to the quark wave function phase convention.
This is because the identities n, (o';)j = ~go.;(o';) and
[g, w] = 0 immediately show that the leading and next-
to-leading order piece of the quark currents in the 1/N&
expansion transform oppositely. Since the leading order
has the correct G-parity behavior this type of next-to-
leading order corrections should actually be absent. This
can be accomplished by adopting the Hermitian ordering
prescription (48) when going from the classical to the
quantum level.

The results we have obtained in the chiral quark model
are based on an ordinary perturbation expansion which
is essentially equivalent to the cranking procedure of
Ref. [29]. Using a somewhat different expansion scheme
for the Dirac operator including the Coriolis term the au-
thors of Refs. [5,7] obtained a somewhat difFerent result
for the 1/Kc correction to the axial charge

inc . (vallri
l p) (p, lo.sr2lval)—sgn B sgn e„ 50

3cx &val &pp, oval

Although this result deviates from the correction in (41)
only slightly numerically it is obvious from our discussion
that (50) transforms properly under the particle conju-
gation due to the additional factor sgn(e„) [30]. It should

We are grateful to C. Christov for painting out this differ-
ence to us.
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be remarked that the treatment of Refs. [5,7] is not itself
&ee of ordering ambiguities, which, for example, manifest
themselves in the violation of the PCAC relation. Fur-
thermore expression (50) cannot be obtained from the
ordinary perturbation expansion or the cranking proce-
dure of Ref. [29]. It seems to us that a number of open
questions remain as to the validity of (50). The discussion
of these goes beyond the scope of this paper, nevertheless
our considerations on the particle conjugation symmetry
favor the results of Refs. [5,7] over those of Refs. [4,6].
The latter are essentially identical to (41). Stated other-
wise, the considerations concerning the particle conjuga-
tion symmetry rule out the results of Refs. [4,6] while no
definite statement can be made on those of Refs. [5,7]. As
the models [5,7] contain nonlocal effects they are some-
what diferent from the chiral quark model considered
here.

The considerations presented in this paper seem to ex-
clude the emergence of 1/N~ corrections to g~ and pv
in the context of the collective quantization of the static
soliton configuration when performing a "classical" ex-
pansion in the angular velocity 0 in local models. This
suggests that the incorporation of pion fluctuations oK
the soliton is important in order to obtain nonvanish-
ing corrections. Such a treatment seems quite appealing
since it has been shown to solve problems [31] related to
the fact that the current algebra relations cannot be cor-
rectly described within the collective quantization of the
static soliton [32].

A preliminary version of this paper has been submitted
elsewhere [33].

Here C~M, , denote the SU(2) Clebsch-Gordan coeffi-
223 t2 23

cients. The subscripts J and I indicate spinors in coor-
dinate and isospace, respectively.

Treatment of the nucleon

The quark state which is bound in the chiral back-
ground field E(r) resides in the G = 0 channel and
possesses positive parity when the boundary condition
E(r = 0) = —tr is chosen. In terms of the grand spin
states (Al) this valence quark state is parametrized as

~ ig+(r) ~0-,'00) ~
~val, +) = (A2)

The radial functions ge(r) and f0(r) are obtained by
diagonalizing the Dirac Hamiltonian (28) and identify-
ing the state with the energy eigenvalue in the interval
—m & e+& & m as the valence quark. Technically the
diagonalization is achieved by constraining the system to
a spherical box of finite radius D and imposing certain
boundary conditions at r = D. Here we demand that
the upper components of the Dirac spinor (A2) vanish at
r = D. For more details on the numerical treatment we
refer to Ref. [34].

The matrix elements relevant for the classical parts of
the axial charge and the isovector part of the magnetic
moments are easily obtained to be

(val, +~~o3+s~~val, +) = —f der g0 (r ) ——f~+(~r)
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In order to evaluate the perturbated wave function due
to cranking we need to compute the overlap matrix el-
ement (p, ~rt ~val, +). The isospin matrix r~ carries unit
grand spin and positive parity. Thus nonvanishing ma-
trix elements exist only when ~p) belongs to the 1 chan-
nel. These states are parametrized as

APPENDIX A: EXPLICIT SOLUTION TO THE
CHIRAL QUARK MODEL

In this appendix we present the explicit form of the
eigenfunctions of the Hamiltonians h(E) and h( —E) for
the nucleon and antinucleon, respectively. The Hamilto-
nian h(E) is given in (28). Also the expressions for the
axial charge, g~, the isovector part of the magnetic mo-
ment, p&, as well the corresponding "would-be" 1/K~
corrections g& and p, & are made exphcxt.(x} (~} ~ ~

Although only states with grand spin G = 0 and G = 1
are relevant in the framework of the chiral quark model,
it is helpful to define general eigenstates of the grand spin
operator G' (29):

f3 83 rnZ3

~ljGM) = ) C, ) C,'", . ~lm) ~-,'Bs)g~-', is)l. (A1)

( g,-„( )l2-', 1M) )
p, lM, —) =

( f;„(r)~1-,'1M) )
( ig;„(r)I0-', 1M) )

+
I

(-f2-„(r)~1-,'1M) )
(A4)

The corresponding eigenvalues of h(E) are denoted by e„.
Furthermore M = —1, 0, 1 refers to the projection of the
grand spin G = 1. Again we refer the interested reader
to Ref. [34] on details on the numerical evaluation of the
radial functions gi+„, , fz+ The boundary . conditions on
these radial functions are such that the upper component
of the spinor (A5) vanishes at r = D in order to avoid
finite size isospin violations [35].

It is then straightforward to compute the matrix ele-
ments relevant for the axial charge and isovector part of
the magnetic moments, which are discussed in Sec. IV:
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(p, 1M, I~—, IvalI, +) = -'S„+ (r,'. —7; )b. '0M
even for finite D.

The classical parts of g~ and pv are given by

—V21 biM+ V 27 8 (val, —I(T373Ival, —) = —
3 drr f() (r) —

3g() (r) ],

1
II +I 3 ~ls M —) = + ~"~-iM+rg'~iM,

3 2

(A5)

(Ag)

8i
(val, —

I
[r c)., 03) r),Ival, —) = —b3|, drr fo (r)go (r) .

3

{val, +
I
[r n, (T3] rt,

I p, 1M, —)
Under the cranking perturbation the valence quark state
(A8) couples to the states in the 1+ channel

+ 12 21

3g2 1~ ++7 ~1M

The coefFicients S+, I+, and B+ are given as integrals
over the radial functions defined in Eqs. (A3) and (A5):

( g,+„~( )~It-, IM) f
lp, 1M, +) =

(—f,+„( )~g-,'iM) J

)f'ig2+„(r)
I
1-,'1M) )

g f,'„(r)IO-,'1M) )
(Alo)

go (")g2 (r) + f() (r)f (r)

3go+ " g

—fo (") f2„(r) + if 2f~„(r)
g

TT g0 T 4 T +
I

+f0'(~) 4g2„(~) —vgg, „(r) ).

(A6)

) (vali +I 3 (Tbl)rlLM(ii ) (p 1Mi I&j lval +)

The summation over the grand spin projection yields

dr"' g() (r)g,+„(r) + f() (r)f,+„(r)

«r'f»0 (r) f2', (r) —go (r) [g2'„(r)

—~2gi+, (r)0
B„= dr go r 42+ r + 2,+ r

+fo (~) gg'. (~) —g2gi„(~) )

(All)

Their eigenvalues are denoted by e+. Again the lower
components are constrained to be zero at T = D. The
isospin structure of the matrix elements (A5) remains un-
altered when we transfer them to the antinucleon. How-
ever, the coefFicients S+, I+ and B+ are replaced by

P P
S+L+ e3)„—, (A7)

) (val, +I [7 n, fT3] Tyler, 1M, —)(y, , 1M, —I7~lval, +)

When the summation over the grand spin projection is
performed these integrations have to be substituted for
their analogous expressions in Eq. (A7).

Using the explicit representations (A2), (A5), (A8),
and (Alo) the transformation (33) corresponds to

+ +
P P

= -S+B+e3g, .

go (r) ~ —fo (r)
» (r) ~ fi+ (r)
g2 (r) ~ —f2' (r)

fo"(r) ~ go (r)
fi (r) ~ -»(r)

f2 (") ~ g2 (").
(A12)

2. Treatment of the antinucleon

For the boundary condition Ii (r = 0) = a the parity of
the bound valence quark gets reversed. Thus this state
is member of the 0 channel:

~'g,-(r) Il-,'oo)
q

lvai -) =
I

E f;(r)lo-,'oo) )
(As)

The corresponding eigenvalue of the Dirac Hamiltonian
(28) is labeled e„). As the transformation Q in Eq. (32)
exchanges upper and lower components of a Dirac spinor,
we now demand the lower components of (AS) to vanish
at r = D. This makes possible the comparison with (A2)

Numerically we have verified that the self-consistent
solution reverses its sign (I" ~ I') when we —alter the
boundary condition from E(0) = —a to E(0) = a. Fur-
thermore the computations confirm the transformations
e„) + —e„& and e„~-—e+ for the eigenvalues of h(E).
The transformation properties for the wave functions
(A12) are regained up to an overall, irrelevant phase.
This phase may, of course, be different in the grand spin
zero and one channels.

APPENDIX B: COMPLETENESS ARGUMENT

Using the results from Appendix A the transformation
relations (43) and (45) are easily verified. In terms of the
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integrals over the wave functions these transformations
are expressed as

and

S'+L+ w S„L„and S+R+ ~ —S„g„
(no sum over p). (BI)

(val, +[ [r cz, os] rs[val, +) = —) 8„+B„+.

The validity of the relations (43) and (45) is also nicely
con6rmed by making use of the completeness property of
the eigenstates of the Dirac Hamiltonian. Prom that one
can deduce

(val, +[crsrs~val, +) = —) S„+I„+

This indicates once again that the matrix elements in-
volved in the subleading order of the I/N~ expansion
transform identically to those of the leading order when
the sign of the chiral angle is reversed. We should men-
tion that we have confirmed the identities (B2) numeri-
cally for both boundary conditions F(0) = +m.
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