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Abstract. The non-linear chiral quark—meson U (3) x U(3) model is solved using the Tamm-Dancoff inspired
approximation which is described in an earlier paper [Phys. Rev. D 58, 034003 (1998)]. The resulting system of
15 coupled non-linear differential equations self-consistently determines all quark—meson coupling constants.
Also the obtained solutions for quark and meson fields are stable and physically acceptable. As the zeroth
approximation of a more refined structure they were used to calculate SU(3) baryon octet magnetic moments
and axial coupling constants with baryon state vectors containing valence quarks only, at this primordial
level. The results are very promising, so possibilities to pursuit more sophistication and improved physical

input is indicated.

PACS. 12.39.Ba, 12.39.Fe

1 Introduction

The Tamm-Dancoff inspired approximation (TDIA) [1]
was applied some time ago to the chiral quark—meson
model based on the SU(2) linear o model [2,3]. The re-
sults are comparable to those obtained using the hedgehog
Ansétze [4-7]. That is to some extent understandable as
both methods lead to similarly looking sets of equations
for meson solitons (fields). All details of the TDIA are de-
scribed in [1]. It is well known that the Tamm-Dancoff
method [8] is a better approximation than the perturba-
tion theory, so it is a natural environment within which
one dares to attack more ambitious problems, with many
more degrees of freedom.

In [1] the two-flavor linear o model was used as a trans-
parent example for the application of TDIA. Recently
the three-flavor meson U(3) x U(3) octets were investi-
gated [9-11] and it has been stated [10,11] that the linear
o model with three flavors works much better than what
was generally believed. As regards the differences with the
non-linear version, in the linear ¢ model one can treat
both scalar and pseudoscalar nonets simultaneously. The
scalars are the chiral partners of 7, 0, etc. and the analysis
strongly suggests that they, like the pseudoscalars, are gq
states [10,11]. Such theoretical conclusions made the TDIA
approach quite attractive as in that approximation mesons
(solitons) naturally appear, in the lowest order as gq states.
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In TDIA one works in the Heisenberg picture [12], expands
field operators in the free field creation and annihilation
operators and then truncates the expansion usually at the
t = 0 level (¢ being the usual Mandelstam variable). That
leads automatically, after truncations at the ¢ = 0 level,
to meson fields (soliton phases) which depend on bilinear
combinations of quark/antiquark operators only, i.e. to gq
structures. (The richer meson—quark structure is discussed
in the last section concerning extensions and refinement of
this basic model.)

The chiral quark/meson U(3) x U(3) model under con-
sideration has the familiar form which was used previously
when the SU(2) model [5,6] was enlarged by cranking in-
volving intrinsic flavor space [7]. The system of non-linear
differential equations obtained here bears some similarity
to the systems obtained by using hedgehog Ansétze [5-7].
It has been argued that the linear o model [10,11] and its
close relative the quark—meson model [7] might capture the
essential features of QCD in the low energy region, while
being easier to handle than the complex exact quark—gluon
theory. The TDIA treatment of the U(3) x U(3) quark—
gluon model thus might give some physical insights in the
baryon structure.

The lowest order TDIA leads to the coupled system
of 15 non-linear differential equations and 21 boundary
conditions for meson octet pseudoscalar and scalar profile
functions. That problem is completely solvable, as will be
outlined below. The strengths of the quark—meson cou-
plings are self-consistently determined by the system. Al-
though the chiral bag formalism for quarks and mesons
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is used here [1,13] the spherical cavity approximation for
quarks in principle can be dropped. That would lead to
a larger system of equations but it would also mean that
q®> # 0 level is reached. At this level more sophisticated
renormalization-group dependent coupling constants and
baryon wave functions would be required. This kind of
improvements are envisaged as a further refinement of
the model.

The structure of this model [1] presented in the next
two sections is very transparent and all of its features are al-
ways discernible. One can see directly how the approximate
baryon states, made of valence quarks only [14,15], perform.
In order to do that one calculates the matrix elements of the
(approximate) Heisenberg operators. Matrix elements at
the g2 = 0 level are evaluated using meson profile fuctions
obtained by the numerical procedure explained in Sect. 4.
As in TDIA the isospin (and hypercharge) and spin are
separably conserved, the solutions are used to calculate
magnetic moments and axial-vector coupling constants for
the baryon octet in Sects.5 and 6. The results discussed
in Sect.7 indicate the need for richer structure (s5 pairs
etc.) of baryon state vectors [16] and for the inclusion of
exchange current corrections [17].

2 Model formalism

TDIA has been already described in some detail else-
where [1]. Here we give some particulars concerning the
quark linear ¢ model and TDIA approximation. The La-
grangian in which the linear 0 model is embedded in the
bag environment has the well known form [1,6,19]

L=LyO+ Lingds + L +U(X)]O. (2.1)

Here all pieces, except for the symmetry breaking Lgp one,
are U(3) x U(3) invariant [3,7,11] i.e.

1 ,— —
ﬁw - 9 (w'yualﬂ/} - 3;11/}7’%) s
Lint = g@(aa +imays) A%,
1
L, = 3 (04040,04 + O 1 0ums) (2.2)

1 1
U(x) = —§u2 (o2 +72) — 1/\2 (02 + 772)2 + LsB -
Here (0%, n*, a = 0,1,...,8) are (scalar, pseudoscalar)
U(3) nonets [9-11]. The symmetry is broken in a minimal

way by the vacuum expectation values of the U(3) scalars
o and ¢ [11]
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That leaves pseudoscalar (scalar) masses in the correspond-
ing U(3) nonets degenerate at this level of approximation.
Multiplet splitting is however partly implemented by as-
signing different quark—meson coupling constants in L;;
(see Sect.3 below). The pseudoscalar 7, and scalar o,
nonets enter in the interaction U(x) term (2.3) as follows:

02 = agag + agag + a82 +rTRT + Kk RT
+196% + kO60 + 0% + (2,

2 =qatr” ot —|—7702 + K"K~ +K Kt
+KOKY + KOKO 4 % + /2. (2.4)

The interaction with the quark field ¢ = (1, d, 5) is deter-
mined by the standard U(3) A; matrices:

Ta\ = ag Ay +ag A\ +ajhs + kT A5 + kAL
+K0\g7 + KON + o Ags + (A
T =7 AL + 7 AL + 700+ KT + K™\

+EKONg; + KONE + 00 s + 1" \og s

a=0,1,2,...,8. (2.5a)
A = \/g (V2ro+2s) .
Ags = @(Ao—ﬂ)\g), o = \/21,
A5 = \/E(Ai +i);) (4,5 =1,2,...,7). (2.5b)

The standard variational procedure leads to the coupled
system which contains 20 equations of motion, eight linear
boundary conditions and 18 derivative boundary conditions
involving quantum fields. However as the system retains
a lot of symmetry in TDIA this gets reduced to a smaller
set of c-equations. The above mentioned set of equations
(i.e. g-equations) is listed in Appendix A. Here we sketch
the TDIA procedure and list the non-linear system of c-
equations which will be solved numerically.

The field operators ¥, o, and 7, appearing in (2.2)
and in Appendix A are expanded in terms of the free field
operators retaining only lowest (i.e. leading non-trivial con-
tributions). What follows is the U(3) x U(3) generalization
of the Ansétze used in [1]. The “driving” Anséitze are the
ones for the quark fields. For the massless u and d fields
one uses

c_ No fo fre
¢W‘¢m[Cwm%)Xb

rop, f
(a7) go ft et
" ( 1fo Xid g -

fOZjO(%)7 go=n (%»

2j0(wo)j1(wo)]_l .

(2.6)
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The SU(3) flavor symmetry is explicitly broken by as-
suming that the s-quark has a mass ms; # 0, with the
corresponding Ansatz

5= G | o7, ¥
()i
o= 0 (%57,

1

E(m,R) = = w? + (msR)?,
Ng (wWim)
N2 _ 0 m
m) = T N om) Ve
Mg jo(Wm ) j1 (wem ) R2
Np = Jo( E?jl( ) (2.7)

Here the indices ¢, f and p denote color, flavor and spin re-
spectively.

The incorporation of m # 0 in the model structure is
discussed in Appendix B. Boundary conditions involving
quark fields [see (A22)—(A38)] determine (by use of the
Ansétze (2.6) and (2.7)), the Ansétze for the meson fields.
This matching then automatically produces mesons “made
out of quark pairs”, as suggested in the o model analysis [9—
11]. One needs for pseudoscalar fields, for example,

= Trj (T) (b;-f,dd;:r’,ﬁ + d bfn u) XIrL]'Xm/ (28&)

+7T;_ (T) (bfr:r,dbc?”n’, - dCT, dc ) Xm (UT) Xm'
K" =K[(r )(b“T A S )xfnlxm/ (2.8b)
+KJ(T) (bm s m/ o dfnT udin s) Xm (UT) Xm/

+bef dch d)

n= 775(7")\/5 <<b:nTud1ch a

(d:n ub;@ U + dm d m’ d)) Xjnlxm’

0y (r )\}5 ((06d b + 05 b a)  (280)
(] i + ) 5, 4)) X (7)o
n =) (BT i) ey b ) X Lom (280)

(1) (V5 B = i sl <) X (0F) X
Both scalar (7, K5, 1s) and pseudoscalar (m,of, 0,07
etc.) components of the pseudoscalar mesons are induced
by the boundary conditions. The scalar parts formally cor-
respond to physical “mesons” while the pseudoscalar ones
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are connected with the solitons. The solitons contribute to
the baryonic current matrix elements as shown in Sect.5
below. All those are just U(3) x U(3) generalizations of
our earlier U(2) based results [1]. For scalar fields, scalar
and pseudoscalar contributions are reversed. All these mix-
ings are a consequence of the transformation properties
of the bilinear combination of creation/annihilation op-
erators [15, 18]. Everything is again driven by boundary
conditions which require the following:

a‘ars (T) (birldbfr:n/,u +

ay = ag,(r (bcTubfn atdeh e, )} Do, (2.99)

af = dfnT’,ﬂdfn,J> Xh X, (2.92)

brrjsbm u dgj’,ﬂdfnj) Xin]-xm’ (29C)

i () (Bt o = i b ) X (07) o
bt b o i ey ) X Lo (2.90)

() (bl adid 5 = de, b ) X (07) X'

0205(7“)\}5 ((b;jubfn u-i—b b d)
(df,j oo+ e, d)) oo, (2.9€)
¢ ={(s(r) ( o sOms s + chf sy, ) Xlem/ ) (2.91)

Therefore s states (solitons) contribute to the baryonic
matrix elements.

The system of g-equations, which are listed in Ap-
pendix A, is in TDIA transformed in a system of differential
c-equations. The operator equalities are expressed through
the Ansétze (2.6)—(2.9). They are then sandwiched between
suitable states. An example can be found in [1], (2.16).
In addition we show here the treatment of the non-linear
moo term which appears for example in (A23). Our simple
Ansétze give a non-vanishing contribution for only a few
of the intermediate states |s;). With

(fl=Ad, li)=la,
(flmaa®|i),
one obtains
(flmtoa®|i) =

(0[bG o7 [51) (5110 [52) (52]0bj, 1[0)

= (0]bg .7 |s1) (s1]0%|52) (s2] 0% (1) X}, LXms
bfnTl f1 bfnmfzblca eT’ |O> = U?(T)Xjnl 1Xb6f2,e’7

<O|bde “Is1)(s1]0” |$2><32|bm1 £10)

= 02 ()X, 1Xb5f2,e' (01857 [s1) (s1]0 () xh, xoms

bel e |0)

ms, f3 m4,f4 ml f1

= Ug (T)X;rng 1Xm1XIn1 1Xb5f2,e’5f4,f1 )
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ct J
)Xmebm f5b;167f5 ms, f’a|0>

(M)Xh (07) Xy Xy Lom X, 15

<0|bde p( )Xjns (O-f
=3- 7r1‘;(7")og2

5f2,€'6f4,f16f5,f3567f5 (2'10)

= 3wy (1) o (r)X} (07) X00 pa.cr 8. 11O Ot -

One ends with the profile function m,(r) (2.8), o4(r)
(2.9¢) and with some Pauli matrices and spinors. In this way
all the creation (annihilation) operators from the Ansétze
and Appendix A can be contracted and one ends with the
system listed in the following section.

3 Leading order in TDIA

As outlined above, in TDIA the model at the lowest oreder
(i.e. at t = ¢> = 0) leads to a system of coupled ordinary
non-linear differential equations and boundary conditions.
This non-linear system contains scalar (7s(r), Ks(r), ...
ap s(r), ks(r), ...) and pseudoscalar (m,(r), K,(r),

)

ey

kp(r), ...) profile functions (2.8) and (2.9):
Doﬂ's + )\27T5¢1(7“) = 0, Dlﬂ'p + )\27Tp¢2(7“) =0 (31)
DoKy+ N Kp1(r) =0, D1K, + N2 K,¢p2(r) =0, (3.2)
Dons + )\2775¢1 (r)=0, Diny + )‘277P¢2(T) =0, (3'3)
Don, + Nn,¢1(r) = 0, Dinj, + Nnp¢3(r) =0 (3.4)
Doagss + XNags¢2(r) =0, Doks + N rsda(r) =0,
(3.5

Dikip + Ay (r) = 0 (3.6)
Dyo, + )‘2(05 - fw)(bQ(T)

+)‘2 ( f2+ vac_ﬂ2> fﬂzov
Do(s + A (Cs - Cvac) ¢3(7‘)

+ N (f24 e — 17) Grac = 0. (3.7)

Here ¢1(r), ¢2(r), ¢3(r), Do and D are defined by
D1(r) = 6+ (33 + AKT 40+ + A7)

+12 +f2+ 2.

%(os—f}r)% 2 4+, (3.8)
3(r) = 2K2 + )" + 262 + (G — Cuac)® + 1% + f2,
d2 d
Do gat i
2 2d 2
Di=gat e e
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Some additional explanations concerning the functions
¢2(r) and ¢3(r) are given in the following section. Through
derivative boundary conditions the equations are connected
with the quark radial functions f;(r), g;(r), i.e

dragss(R) = gaoNoo [f6 — 98], _p »
Oris(R) = gxNo,m [fmfo — gmgoll,—pr
p(R) = 9«No,m [fm90 — gm foll,_g
r0s(R) = goNoo [f6 — 0], —p »
0rCs(R) = 9c N [f = G |, -
. ms(R) = — g=Noo [ f5 +90]|T R
Or 7T;U(R) — 9= No,02fog0l,_p
Ky (R) = — g Nom [fmfo + gmgoll,_g
Kp(R) = — gx No,m [fmgo + gm foll,—p
Oyms(R) = — gnNoo [f6 + 90|, _p »
Ornp(R) = — gy No,02fog0l,_p
Ony(R) = = g Nonw [£5 + 9] |, _ -
1y (R) = = 9o Non.m2fmgml,_ g (3.9a)
Here we have used the abbreviation
N;; = JQVZ;JE i,j=0 or m. (3.9b)

The additional quark—“meson” connections are due to the
linear boundary condition (A2), i.e

Jo (1 — gnp N2 (3.10a)
+ (gaoao/le + 9o (05N2 - f‘n’) + gKHSNP) =0,

_g7r7TpN1 _gKKpNn)

(1 + grmpN1 + gynpNo + g K, N, (3.10b)
+Jo (9a00/s N1 + 9o (0sN2 — fr) 4 gukisNy) =0,
1+ grrpNp (3.10¢)

= Jo (9o fr + gxms N1 + gyns N2 + g KsNy)
Jo (1 + gukpNy) (3.10d)
= (9o fr— gnmsN1— gynsNo — gx K Np)
I (¢ (Cs = Cuac) + 9x265N,; )

+ (14 gym), +2K,N, ") =0, (3.10e)
9c (G = Guac) + u265 N, !
= Jm (gym), + 2K,N P = 1) (3.10f)
1+ go26p,N, " (3.10g)
= Jin (9¢Cuac + gyl + 92K N Y
T (1 + g2k, N 1)
= T (9cCoac— gl — 92K N, ) (3.10h)
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These are algebraic relations in which all the functions as
for example Jy, m,(r), Ks(r) are evaluated at r = R. Here
Jo, Jms Nn, Np, N1, Ny are the following combinations:

_ %

gm

Jo=2, Jp =20, 3.11a

0 fO " fm ( )

1+ NZNg 1+ NZNg

N, =4/ —%L=" N,=,/—"2- (3.11b

\/ 1+m/E P 1-m/E (3-11b)

N—<1+1> Ny = (3.11¢)
' V2 RV, ’

4 The numerical procedure

The numerical procedure is analogous to the one used by [1].
It relies on the code COLSYS, the collocation system solver
developed by Ascher, Christiansen and Russel [20]. How-
ever, one should keep in mind that here one deals with a
much larger system, which contains many novel features,
and which stretches COLSYS to its upper bounds.

The symmetry breaking parameters assume the follow-
ing values:

my = 140MeV, fr =92.6MeV,
mi =494 MeV, frg =113MeV,

ms = 125MeV, R=5GeV ™" (4.1)

The parameters p and A from U(x) (2.2) were selected
by the requirement that all the profile functions appearing
in (3.1) vanish at infinity. In TDIA all differential equa-
tions listed in Appendix A, but (A17) and (A19) fulfill that
requirement. In TDIA (A17) and (A19) have the form

Dyos + )‘2(03 - fﬂ)¢2(’r) + mifw =0 (42)
2m2 fK - m2 f'n')
D s+)\2 s — Gvac +( K z 207
oG, (Cs = Cvac) @3(r) NG
(4.3)
with the notation introduced in (3.2).
Using (2.3), the requirement
O'S(OO)ZO, Cé(OO)ZO
leads to the conditions
2 2
o (2 2fk — fx) 2\ _ . 2
>\ < 2 2 + lu - m7r 9
2k — fr)?
N(2fk — fx) (fﬂ2 + % + u2>
= (2mi’fx —me’fx) (4.4)

p? =—1.29525-10"2 GeV?, X\ =9.95484.
Asbefore [1] all meson functions were assumed to vanish

at infinity. Generally speaking this means that

¢ — ¢—¢(VEV), ¢(c0) —0. (4.5)
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Table 1. The quark—meson dimensionless coupling constants

gM  go gr 9K 9y 9y’ YGag Yk 9¢
10.7 40 7.8 40 31 15 39 105

Here for some fields ¢(VEV) = 0. The coupling con-
stants gpr (M =m, 7, ...) in (2.2) are connected with the
linear boundary conditions (A2) which in the leading order
in TDIA give the set (3.4). This cannot be satisfied by an
universal coupling constant g which figures in (2.2) and
one encounters, as it was found before [1], some dynami-
cal symmetry breaking. In the beginning of the numerical
procedure one has to introduce some reasonable gy; val-
ues. In the same way one also starts with the usual values
for wy and wy, [1]. After the meson fields (their profile
functions) have been determined, one introduces that into
the linear boundary conditions (3.4) which determine the
coupling constants gps. The new values of gp; are used
in solving the system of the non-linear differential equa-
tions (3.1) and the derivative boundary conditions (3.3).
Such a self-consistent procedure is repeated (usually about
5000 times) until full agreement up to the prescribed toler-
ance is achieved. The stability of the system depends on the
values wy and w,, which are changed accordingly during
iterations. The U(3) x U(3) model determines all coupling
constants gjs leading to the values shown in Table 1.

In the earlier approximations [1,21] they were either
overdetermined, or undetermined, so one had to revert
to some educated guesses. The situation is presented in
the following table, Table 2. Thus it seems that only the
U(3) xU(3) model provides a fully self-consistent picture. If
one started with some foolish initial values, say g, = 103, a
larger number of already mentioned iterations would lead
to the results shown in Table 4.1. The model g, value
is, interestingly, close to the estimated value in [17]. The
corresponding w values are

wo =2.0; wy, =2.28. (4.6)
In Fig. 2 the radial dependencies of r2¢%(r) (¢ = m,, K,
05, ap,s) are plotted. As can be seen from Figs.1 and 2
the function corresponding to scalar fields (7202, 7"2a(2)’5)
are much smaller than the contributions associated with
pseudoscalars (m, and K,). The smallness of the scalar
contributions seems to agree with the baryon—meson inter-
action being dominated by pseudoscalar mesons. Moreover
the o5 presence seems to be better established than the
ag presence.

Table 2. Determination of coupling constants

No. of No. of No. of
Model diffrential  coupling linear Ref.
equations constants equations
U(2) 3 3 4 [1]
U2) xU(2) 6 6 4 [20]
U@3) xU(3) 13 8 8 This work
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Fig. 1. Mesonic distributions r2¢? (r) outside the quark—meson
boundary R (R > 5GeV™1)

20x10°°
15x107®
10x10°

5x107° |\ Os

10 15 20 25 30 35
R [GeV']

Fig. 2. Mesonic distributions r2¢? (r) outside the quark—meson
boundary R (R > 5GeV '), magnified

All model fields are described in the Furry bound state
picture [22]. The field operators (2.6)—(2.9) are expanded
in terms of the bound state fields (i.e. profile functions)
which are solutions in the non-operator sense, of the system
(see Sect. 3) of unquantized equations.

As one has solved the complex coupled system (3.1)—
(3.5), which contains both non-strange and strange profile
functions, one can say that u, d, 7 etc. profile functions
“feel” the presence of the s-quark dynamics.

5 Magnetic moments of the octet baryons

The general form of the model’s vector current is
Jink = Jono + Tevm (5.1)

= Pyt %u) + frim [M(0" 7)) + 01(0 o)) -

Its normalization is determined by the boundary con-
ditions

—iyt i = g(oq +imays) A,

(0" mn)ivs = =5 A 50, (5.2)
(augm)ﬁu = —gwmw,

which lead to

ST _ o TH _
udpnm,o = Mwdpm,m =

_fklmlz % (Ul +i77l75)/\m¢ . (53)
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The quark and meson fields calculated in Sect.4 are
introduced in the expression for the magnetic moment [14,
23]:

- %<BT\/d3r<r><jEM)|B 7). (5.4)

Here |B 1) are the usual octet baryon states [14,15].
The quark contribution to the magnetic moment is

Rbag
% (Bt |/ 3r 1
X {w (2/\3 + 2\/§)\8> 7“&] 1B1). (5.5)

For example the quark contribution to the magnetic
moment for the proton is

@ _ 1 oo s
Hp =§<pT|/O d*r r

2 - 1- 1-
X [Swuvltwu - 5%7"% - 3%7“%] |p T> )
R
Wt
(w/2) -
jo(w) + ji(w) — 2jo(w)j1

(5.6)

[SSI )

(3/8) sin 2w + (w/4) cos 2w
(w)/w

(5.7)

The proton state vector is listed in Appendix C.
Formally it looks like a standard bag model result [14,
15,23]. However the quark radial functions fy, go etc. satisfy
the model system of equations which was given in Sect. 3.
Thus wg(wy,) has the value (4.6).
The meson contribution is determined by meson solitons
(i.e. the respective s- or p-states in (2.8) and (2.9)):

o0

pM)

=SB [ @ Tenn). B, (658)

Rpag

The meson vector current appearing in (5.1) can be
written as

oy = i@t otnT — a9t
HKTOFK™ — K=O*K™) +i(af 0"ay — ag 0"ag)
H(kTOHRT — kO RT) 1. (5.9)

Thus the meson contribution to the magnetic moment
has the form

M) = 1<BT| d3r {rx

2 Rbag

XV [ (o 7) Xt obifes |} 1B 1) (5.10)

i rxt L (o 7) ko]

Here ¢® refer to the meson operators 71, K etc. appearing
n (5.9). Using the identities

! ~ 1/2 «
x‘l‘/g(a-r)xi‘/g V4 ZC/(;WH c(—1)ott
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(rx V), =ilL., (5.11)
one arrives at the compact form
ph = —am 3 01/204#1/2” 11242;1“/21,(_04)(—1)&
a,b,o
. 1 > 2 a b .
x(B1l: |35 r2dr ¢ (r)eb(r)| 1 [B1).
Rbag

(5.12a)

Here the summation goes over all flavors appearing

n (5.10). The quantities ¢* are the products of profile

functions and operators from (2.8). For example
¢! (r) = mf ()b} b,

wd7p,u

(5.12b)

Spin indices denoted by Greek letters are used only
in general expressions and the connection with our meson
functions is the following:

mey, mep, nev, nev.

It is immediately obvious from (5.10) and (5.11) that
the scalar fields ag, %, ... do not contribute. When one
employs the baryon wave functions [14,15] one has to eval-
uate matrix elements of the combinations containing 10
quark operators. For example

ot ~ —uAtaBiaA B

Pt I(=m"m")lp 1)

_ Eabc&ﬁgé 0 d ATdBTdA Tde ct 0
=15 (OJufdiufus, ,uL 1'10)

<O|UTdTU\LUATdBTdm/U L/UaTde CT|O>
b
<O|u°dbuTuATdBTdm,u ude f T|0>

+ (O[S db uguAldBT A uButtd ust o) } . (5.13)

Here the shorthand notation u§ = b, etc. was used. A
simple program takes care of the evaluations of the expres-
sions like (5.13). After the C-G coefficients from (5.12a)
are calculated one finds for the proton

() _ 187
P 23
X / rPdrrt (r)m,) (r) —|—/ r*drm) (r)mh (r)
Rbag Rbag
_on r2dr ’/Tﬁ(?“). (5.14)
3 JRuug

An earlier result [23], based on the model which had
many features in common with ours, was

o0
/ r2dr 7r12) (r).
Rbag

() _ Am 1l

1
» 3 3 (5.15)
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As explained in Appendix C this difference is connected
with the fact that we are using field operators (2.8) for
mesons. Those operators appear in (5.10) in normal order-
ing.

In the same way one can calculate magnetic moments
for all octet baryons. The results are presented in the last
section below. The ones corresponding to the “‘semiclas-
sical” alternative (5.15) can be found in Appendix C.

6 Axial vector coupling constants

The axial-vector coupling constants ¢4 and g% (k = 1,2,
., 8) are determined by the matrix elements of the axial-
vector currents at this level of approximation:

Ak
?1/)

J,f” = Py*s
2 L L
- \/;[(8/ UO>7Tk - 00@“%) + (8I Ok )To — O'/C(auﬂ'o)}

— dklm [(8"01)7rm — (Tl(au’ﬂm)] 5
kilm=1,2,...,8, (6.1)

and

Sp__
Jo

= Pyiys 5 ¢
a=0,...,8.

[(8H0a)ﬂ'a - Ua(auﬂ'a)] )

(6.2)

One calculates the matrix element
gi=(B1 |/d3rJ75l’3(r) IB1), n=0,...,8. (6.3)

The procedure is entirely analogous to the one used to
calculate the magnetic moments in the preceding section.
(For example the meson part analogous to (5.13) contains
matrix elements of 10 quark operators.) The final expres-
sion contains the quark (Q) and the mesonic (M) pieces, i.e.

9A =94+ 94 M (6.4)
where more properly one should have written g% ,,(q? = 0)
for example. This is the consequence of TDIA at the zeroth
level as explained in introduction (see [1] also).

With B= B = p one finds

J (wo) + i (wo)

9 Q= ! (6.5a)
’ 3 j§(wo) + 33 (wo) — 2jo(wo)j1(wo)/wo ’
IAn = 243 {/:dB?” [1p(r)os(r)(os(r) = fx)Drp(r)]
+ % /Rbf [mp(r)ag 5 (r) —ag,s(T)DWp(T)]} ,
(6.5b)
3 _ 51 J (wo) + 47 (wo)
940 = 33 R(wo) + 2(wo) — Ziolwo)irwo)fwo OO
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4 | 5
3

i27 _
ga,.m = 3{3

x/d3r[
R

bag

(6.6b)

Tp(r)os(r) = (os(r) = f2)Dmy(r)]

— 5 [ el - a8,s<r>an<r>]} ,

Rbag

78 (wo) + 73 (wo)

s _ 1 a
9407 3 76 (wo) + j7 (wo) — 2jo(wo)j1(wo)/wo ’ (672)
gi,M _ ?n (6.7b)

{ r)ot(r) — (os(r) = fz)Dnp(r)]
Rbag

- d3r
+3/R

bag

[mp(r)ag s (r) ag,s(T)Dﬂp(T)]} 7

with D =d/dr 4 2/r.

The matrix elements of the strangeness changing
PCACs, which appear in the semileptonic decays, lead
to similar expressions. The quark contributions have the
general form

_ 1 .
Tifsq = (BIE7 55 O + Xe)0|B),

(B|ultsA|B"YNo Ny,

{ [ [y P imioen)]
_% /OR r2dr [Mﬁ (wm )1 (wO)} }

The baryon states are as follows:

(94)B,@ = (6.8a)

B=p, B =4,
B =% B=A,

B=n,
B =E5". (6.8b)

The corresponding mesonic parts are for A —p+ e~ + D,

(94)ar f;—“ﬁ
~ 3y o' (r
{3/Rd 1K, (), (r)
— (04(r) — f2)DE,(r)] (6.9)

_ / T ()L () — ks (1) Dy ()]
Rine

bag

%2 /R & [y (r)i, () —ns<r>2>wp<r>}} :

bag

D. Horvat et al.: Quark-meson SU(3) model in a Tamm-Dancoff inspired approximation

for Y~ - n+e +0,
i

9

x{ oodgr [
Rpag
—(0s(r) = f=)DKp(r)]

) ‘/1:0(137“ [np(r)KL (1) — Ks(r)Dny(r)]

bag

- 0037" ral . (r
2 [t K, )ah. ()

bag

—I—/ &Br
R

bag

(QA)M =

Ky (r)og(r)

(6.10)

— ao,s(r)DK, (r)]

[mp(r)ris(r) = f@s(r)Dﬂp(T)]} ;

for - 2 A+e +1,

4T
6v6

x{ Ood37" [

Ruag
—(os(r) —

- /Oodsr [1p (1)K (1) — K (1) Dy ()]

Rbag

—3/ &Er [
R

bag

(QA)M -

Ky (r)og(r)

fr) DK (r)]

K, (T)aé),s (T) — @o,s (T)DKP (7")]

+2 [ & [K
Rbag

- (Cs (T) -

&r [ (r)w(r) -
Rbag

+3 / &Br
R,

bag

Cvac) DI, (1)

+6 ks (r) Dy (r)] (6.11)

[mp(r)rs(r) = ns(r)pr(r)]} -

The corresponding numerical results can be found in the
next section.

7 Results and conclusions

Our model formalism in TDIA at the lowest level of approx-
imation is used for the evaluation of the magnetic moments
and the axial-vector coupling constants of the non-strange
and strange baryons.

The baryon magnetic moments are determined by quark
(@) and meson p™) pieces. As the flavor SU(3) is broken

only by mg # 0, the quark piece has a contribution coming

(Q)

from the u, d quarks py*’ and a contribution coming from
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the s quark ,qu). The meson pieces depend on the pion

soliton ,ung) and the kaon soliton ,u(KM). Their values are
@ =1.886, pl@ =1.695, (7.1)
pM) = sn r’dr w2 (r) = 0.027, (7.2a)
3 Ruag
ui" = Sic/ r2dr K2(r) = 0.020. (7.2b)
3 JRius
The full expressions ug = ,ug + u]g are
po = Hg + (7.3a)
2
pn = =56 = (7.3b)
1
pa=—gnd =K, (7.3¢)
2 1 1
_80.l o, u 7.3
e+ = ghe + gHs +RK (7.3¢)
4 1
po-=—oud + 5nd, (7.3f)
9 9
1 1 1
Q M M
= —us+— (M + = , 7.3
H30A \/glu’o 3 (M 2”}{) ( g)
2 4
pzo = —=pui — —pf — i, (7.3h)
9 9
1 4 .
H=- = §MOQ - §M(§2- (7.31)

In Table 3 the model values are compared with experimental
results. Signs are predicted correctly, but overall agreement
is not satisfactory although at this level of approximation
where no other refinement of the models is applied one can
be quite pleased with the results. Moreover the predicted
value does not depend on the details of the model as shown
in Table 4.

Although both quark @ and meson M phases were
calculated in a model which includes s quarks, only the
simplest “valence” proton state vectors (C2) were used.

Table 3. Baryon magnetic moments

Baryon Je) 1Y 7 Bexp  Ap %
p 1.886  0.027 1913 2793 46
n —1.257 —0.026 —1.284 —1.913 49
A —0.564 —0.020 —0.584 —0.613 8
X0 0.607  0.010  0.617 - -
XA 1.089 0021 1.110 1610 45
byl —0.650  0.000 —0.650 —1.160 78
ot 1.864  0.020 1.884 2458 31
=0 —1.172  —0.020 —1.191 —1.250 5
=" —0.543  0.000 —0.543 —0.651 20
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Table 4. Proton magnetic moment
Model J7%s) M I Ref.
U(2) 1.886 0.037 1.923 [1]

U(2) xU(2) 1.886 0.018 1.904 [21]
UB)xU(3) 1.886 0.027 1.913 This work
Table 5. Diagonal axial-vector constants
Constant gg@ gﬁ,M) ga Experiment Ag %

9% 1.110 0.184 1.294 1.267 2
9% 0.666 0.111 0.777 0.280 178
9% 0.666 0.111 0.777 0.579 34

Table 6. g5 calculated in various non-linear models

Model gin gi’]u' g?q Ref. Ag %
U(2) 1.110 0.146 1.246 [1] 1
U(2)xU(2) 1.110 0.146 1.246 [21] 1
UB)xU(3) 1.110 0.184 1.294 This work 2

The same “valence” approximation [14,15] was used for
the other baryon state vectors so this is precisely the place
where one could start refining the model. This should be
(and will be) done because this would invoke the strange
component in the proton without which one cannot ad-
dress the problem of the axial anomaly or nucleon strange
form factors.

The s-quark admixture in the non-strange baryon state
vectors would pick up additional contributions from quark
and meson fields calculated in TDIA. That would change
both the theoretical expressions for the magnetic moments
and for the axial-vector coupling constants. However, from
the point of view of the present work, that would require
a substantial addition to the model.

A very similar conclusion follows from the investigation
of the axial-vector coupling constants. The evaluation of
the “diagonal” cases (6.5), (6.6) and (6.7) are summarized
in Table 5. It seems reasonable to assume that the dis-
crepancies are again caused by the too poor structure of
the proton state vectors. It is usually stated [16] that s
quark admixture in the proton state vector must be im-
portant. However, the prediction for the isovector axial-
vector coupling constant g3 is very good. This seems to
be some general characteristic of the chiral models which
are constructed to satisfactory reproduce g/;=!. Moreover
the present non-linear, non-perturbative approach seems to
work somewhat better than some simple expansions which
might lead to too large g/=*.

The enlarged U(3) x U(3) model seems to predict some-
what worse values for g% than earlier attempts. However,
the results shown in Table 6 are not significantly different.
The present value is about 3% too large. The g% values
are more model dependent, as seen in Table 7. The small
difference shown there is due to symmetry breaking. In
the U(2) x U(2) case [21] the 7w and 7 fields were non-
degenerate. In the present approach the m and 7n are de-
generate. That was done in order to limit the number of
non-linear equations (see (2.2) and (3.1), and Appendix A)
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Table 7. ¢4 calculated in various non-linear models

Model g%yQ g%yM 9% Ref.
U(2) xU(2) 0.666 —0.008 0.658 [20]
UB)xU(3) 0.666 0.111 0.777 This work

Table 8. g4 in semileptonic decays

Decay (9a)e  (9a)m ga exp. Ag %
A—=>p+e +0e —0.758 —0.059 —-0.817 —-0.718 14
YT = nte + e 0.206 0.016 0.222 0.340 53

Z7 - A+e +v. —0.253 —0.029 —0.282 —0.250 13

to some reasonable level. The differences in the symmetry
breaking does not have a significant influence. The present
value is only 18% larger than the older [21] estimate.

As shown in Table 8 the calculated g 4’s, for the semilep-
tonic decays (6.9), (6.10) and (6.12), seem reasonable in
the two cases. All signs are correctly predicted, the abso-
lute magnitude of the A-decay constant is 14% too large,
the X-decay constant is 53% too small and the =~ -decay
constant is 13% too large. One cannot learn more from
those results than one has already learned from Table 5.
Here, as in Tables 5-7 the meson phase contribution is no-
ticeably smaller than the quark phase contributions. This
might look as a support for the simple quark models [14,15].
However, our model, which contains the spherical cavity as
an essential ingredient, might be biased in that direction.
Thus in the future one should attempt to solve a model in
which a quark bound state does not need a bag.

In its present form this non-linear self-consistent model
shows interesting features. For example the 7 and K con-
tributions (see Fig. 1) are considerably larger than the o
and ag contribution. One is tempted to conclude that this
reflects the fact that in baryonic processes the presence of
scalars was hard to detect. Generally speaking the model
offers stable and physically acceptable [9-11] solutions.

In this model the complete problem with u, d and s
quarks and two meson nonets has been solved in
TDIA. Quite complicated non-linear operator dynamics
has been reduced to the highly non-trivial, but solvable,
non-linear system.

All model dependent quantities, Tables 3-8, have ac-
ceptable orders of magnitude. All relative signs for p and
ga are correctly predicted. The discrepancies with the ex-
perimental magnitudes reflect the exploratory character of
the present TDIA solution. They might be connectable to
the too simple description of the baryon state vectors [16]
and to the absence of exchange current corrections [17,25].
A future development of the TDIA based solution might
lead to better predictions also in the context of multiquark
states [26] built in the TDIA formalism.

Appendix A

The equations of motion and boundary conditions for the
quantum fields ag(z), KT (z), ¥(x), ... are

i’y“@ud) = 07 ms = Oa (Al)

- if)/uﬁ#d)b:]{ =9g(0q +imas5) )‘aw|r=R ’

00t ay + Nay
(8“@5) Ay = —
9,0 af + Naf

(0"ag ) . =

qg—
- TW\B

(2 +7+p?) =0,
5 PRy

(02 +m2+p%) =0,

)
r=

)
r=

9,0"ad + Naf) (02 + 72+ p®) =0,

(@38) i, = — L2

0, 0" KT + N2kt
(0"K7F) = —
0, 0"k~ + N2k~

(0"7) fi = =

?
r=

(02 + 2+ p%) =0,

gi
§¢>\I5

)

(2 +7+p?) =0,

9—\—
Sony|

0, 0" k" + N?K° (aﬁ + 724 ;LQ) =0,

(9"K°) i, = = SN

)

r=

8ﬂa“ﬁ + \2k0 (O'g + 724 /LQ) =0,

(0740) 7 = -

0,0"0 + Mo (03 + 724 u2) +m2fr=0,

(9"0) iy = = U Aox

%E)\&w‘r:fc ’

)
r=

0,0+ N2 (o2 + 72 + 1i?)

V2

)

(0"Q) iy = — GUAGe|

0, 0" + A2m~
(07 ) s = —
0,07t 4+ A2mt
(0"7") i = —
8,0"7° + X>70
(0"7%) = —

0,0" K+ + N2 K

—~

N

(02 4+ 72+ 42) =0,
99— -
5¢1A1275¢‘T:R )
(02 + 72+ 1) =0,
9.

Sgntmy|

02 472+ p?) =0,

T
(

0% 4 u? 4 p?) =0,

+

N g—.
(8"K+) Ny = — §¢I>\Z5W5¢’T:R ,

0,0" K~ + N°K

(aﬂKi) ny = —

(24 4u?) =0,

9—.\—
9iN ‘ ’
27//1 4575¢ —R

(A19)

(A20)
(A21)
(A22)
(A23)
(A24)
(A25)
(A26)
(A27)
(A28)
(A29)

(A30)
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0" K® + N2 K° (02 + 72 + 4?) = 0, (A31)
(0" K°) i, = — giugﬂw\?:}% : (A32)
Ou0" KO + N2KO (02 + 72 + ) =0, (A33)
(K)o, = = Ldirgsy| (A34)
00"+ N (o2 + 72+ 1) =0, (A35)
@ )i = — TN (A36)
9,0"n + N2 (o2 + 72+ p?) =0, (A37)
0"y i, = = SNt | (A38)
Appendix B

The finite s-quark mass mg (2.7) plays a role in the numer-
ical solutions of the complex system (3.1)—(3.4). From the
model structure (2.1)—(2.3) one expects the divergence of
an axial-vector current which is consistent with PCAC [2].
However the finite s-quark mass in the bag environment
leads to a consistency question. For a 4 + i5 component of
an axial-vector current

TP = g 5 VO - \/5[(5“00) mr — 00 (0" 7k)] ©

—I-\/g [(0*or) mo — o (0Fmp)

*dklm ((aMO'l)’/Tm — 01(8“7rm))] é,
k,l,m=0,1,...,8, (B1)

one finds the following contributions inside (6 = O(R))
and outside (© = 1 — O(R)) the quark-meson boundary:

NoN,,
an (fme +gm90)ms o )

a/L(ngjk)s—wave =

a/L(J]ECﬁk)s—wave = ﬁKc(T)mi(fK’é )

NoN,

5 m
a/t(JQ‘,Lk)p—WaVB - (fmgo + gm fo)ms .

BTt W Jpmvave = VIR fic|
k=4+1i5.

Outside this one has the canonical PCAC form [14, 15, 25].
Inside that can be expressed only via quark functions f;, g;.
Although our model does not impose any direct conditions,
it seems reasonable to expect that the outside and inside
phase should be equal at the boundary, thus ensuring the
validity of PCAC in the whole space. Indirectly this is
also connected with the derivative conditions (A22)—(A38)
and (3.3).

Introducing the model determined functions f,,(R),
fo(R), gm(R), go(R), Ks(R) and K,(R) and using (4.1)
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and (4.6) one finds a reasonable consistency. The corre-
sponding pieces in (B2) are numerically equal, at r = R,
within 9% accuracy. It should be also mentioned that
wo and w,, in (2.8) are not arbitrary parameters. As de-
scribed in Sect. 4. their values are determined by the sys-
tem (3.1), (3.3) and (3.4).

Appendix C

Reference [23] has constructed the meson phase (soliton
fields) as a continuation of quark densities. In our formal-
ism their result [23] is reproduced if one does not employ
the normally ordered electromagnetic current (5.1). In the
present formalism the normal ordering leads [27,28] to the
vanishing vacuum matrix element of the current (5.1).

Without normal ordering the pion field densities ap-
pearing in (5.13) can be written as

ot~ uATdA,dBTuB

— ATdBTdA (SAB At

/U/ mnm

u /

T~ dATuA,uBTdB,

:_dAT BT A/d +5AB dATdB

mnmn'

(C1)

The additional terms appearing in (C1) are sandwiched
between proton state vectors:

1) = = [uffdus — utdifus] o).

cabe _
(1] = (0= v |ufdhuf — wfdhug] (C2)
One finds

2 1
(1 |(5i5d;‘jd§)|p 1 = 20Oy + géwﬂ(su’TwT 3

3
AB At B 1 5
<pT |(6M V/U/ U )|p T> 36M’V/6/L'~|,,V~L + géu’yléu/T,VT.
(C3)
Using
1/2p 1 2pn «
pM = 4RZC1/0141/2# 1{34;1//2U(_a)(_1)

1 o0

<5 [ rar e men)| (C4)
2 Rbag

one eventually arrives at the result

ar 5 [ 9
53 /Rbag redr m(r). (C5)

When this is added to the result (5.14) one obtains the

value given by [23]
M_4n.(2+5>/00
3 Rbag

ty, = 3 r2dr 77127(7“)
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Table 9. Baryon magnetic moments
Baryon po pAP™ P pBE R
p 1.886 0.027 1913 0.050 1.936 2.793
n —1.257 —0.026 —1.284 —0.050 —1.307 —1.913
A —0.564 —-0.020 -0.584 -0.030 -0.594 —0.613
X0 0.607  0.010 0.617 0.020 0.627 -
XA 1.089 0021 1110 0.043 1.132 1.610
2T —-0.650 0.000 —0.650 -0.007 —-0.657 —1.160
ot 1.864 0.020 1.884 0.037 1.901  2.458
=0 —1.172 —-0.020 —1.191 -0.031 —-1.203 —1.250
= —0.543  0.000 —0.543 —0.004 —0.547 —0.651
in 11 [ 9
=53 . redr mp(r). (C6)

Using the TDIA model values for the profile functions ,,

Ky

etc. one does not find a significant numerical difference

between the expressions (5.14) and (C6) as summarized in
Table 9.
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