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Conﬁnmg conﬁgixrations Le introduced into the si&hdud lnsttmton vac-

uum inodel. This drastically improves theotetical properties of the vacuiin:

instantoit size density d(p) stabilizes at p ~ 0.2fm, all chital effects are for-

mulated ih a gauge-invariant way and quarks are conﬁne& An inteiesting '

interplay of chiral and cohﬂmng dynamics is observed; for the tealistic val-

ues of paratneters the Georgi-Manohar picture emerges with chiral radius

" B ~ p ~ 0.2fm much less than confining radius K, ~ hadton radius ~ lfm

In the limit Rx < R, the chital mass M.(p) is unaffected by confinement
and can be takern int the local kmit M (p = 0), '

Differesit types of effective chiral Lagrangiatis (ECL) are obtained. coritalii-

ing all or a part of gluon, yuark and.Nambu-Guldstone-meson fields, The

ECL are manifestly gauge~invatiant and in the lhmt of no glion fields coincide
with those found previously.

The ptoblem of the double role of the pion - as a Uoldstone meson of b &
qg system I8 briefly disscussed tising conﬁmng ECL with quarks; mesons aiid
ghions.
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1 Introduction

Effects of chiral symmetry breaking (CSB) and in particular dynamics of
Nambu-Goldstone bosons have been studied for a long time even before the
discovery of QCD [1]. v

The effective chiral Lagrangian (ECL) has been introduced [2] before the
notion of quarks appeared in physics. Nowadays ECL and chiral perturbation
theory is a powerful method [3] and only the loop cut-off problem and nu-
merous phenomenological coefficients of ECL remind that this is an effective
theory, not yet deducible from the first principles of QCD.

What is the relation of confinement to chiral physics? At first sight two
phenomena are not directly connected. This is explicitly so in the instanton
model of chiral vacuum [4,5], where instantons do not bear confinement [5],
but create zero modes [7] which are necessary for the quark condensate [8]
and a fortiori for CSB [9,10]. At the same time there is a coincidence of chiral
and deconfining phase transition temperatures in lattice calculations {11}, and
some attempts exist [12] to explain the fact in the framework of the instanton
model. o . .

At present there are two disconnected approaches in quark physics, which
treat confinement or chiral dynamics. The last approach uses ECL and chiral
~ perturbation theory, where the notion of confinement is absent {2,3]. More
microscopic among models of this type is the instanton gas or liguid model
(4,5]. This model yields microscopic chiral dynamics of quarks and produces
ECL with ccefficients which are calculable within the model. However quarks
are deconfined and gauge invariance in the resulting ECL is violated. This
of course is the price for keeping only instantons and disregarding confining
degrees of freedom in the vacuum. The first approach is exemplified by the
* so-called relativistic potential model (RPM) [13], where chiral effects are dis-
regarded fully and all mesons including Nambu-Goldstone bosons are treated
as bound state of ¢ interacting via linear potential.

Recently 2 more general approach has been used for the gg system (for 2
review see [14]), stariing from QCD Lagrangian, where due to confinement a
string was shewn to appear for nonzero orbital momentum L, while at small
L one has RPM. In this way in [15] RPM has been derived from QCD.

But chiral as well as spin effects have been disregarded in [15].

In this paper we start to consider systematically chiral and confinement
effects on the same footing. To this end we consider QCD vacuum as consisting
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of instantons A‘(,“) plus confining configurations B,. Instantons create zero
modes, which after being mixed and shifted due interaction give rise to CSB,
chiral quark mass and ECL, as it was shown in the instanton liquid model in
(10,16]. :

Confining background, superimposed on instantons, plays double roie.
First, and very important, it strongly modifies instanton density d(p) at large
instanton size p. This stems from the fact that charge renormalization at
large distances in presence of B, strongly modifies {17]: logarithmic infrared
divergence disappears, and the charge freezes at large distances [17]

4
a(R) % ——mr (1.1)
s Ri4m?
bﬂln(hqcn I
where m is the lowest excitation mass of the order of 1 GeV. As a consequence
g*(p) in the renormalized instanton action Sy = 94,"(!-:—)- does not grow at large

p and the instanton density converges [18]
dp _dp 82
0 = et

Thus confinement stabilizes the instanton size p at some relatively small
value p ~ py,

const| ]""e_;”h (1.2)

Py ~ % ~1GeV~ '~ 0.2fm (1.3)

This value is slightly less thau obtained in the instanton liquid model [5,10],
where the size of instanton is fixed by instanton interaction at p = 0.3fm.
The important point here is that now py depends on fundamental properties
of the QCD vacuum rather than on model- dependent properties of instanton-
instanton interaction. Second, confinement introduces important dynamical
effects in calculation of all chiral effects, e.g. in calculation of the coefficients
of ECL. In what follows we write a new ECL modified by confinement which
is manifestly gauge invariant. Here one can see explicitly how two dynamics,
chiral and confining, interplay and in particular one can check some provisions
of Georgi and Manohar [19]. It appears that indeed the chiral scale Agsg ~
p~! and the scale of confinement, coinciding with average size of a hadron
Agcp, are different and one may disentangle in some cases two dynamics. In
particular the chiral mass in the limit Acsp € Agep becomes a local operator
dependent only on chiral dynamics. On larger scale the chiral massive quark
interacts with antiquark via a string and this creates a new gquark mass -
constituent quark mass.
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Thus the latter contains three ingredients: (i)current (or Lagrangian) mass,
(ii) chiral mass, (iii) string mass. In magnetic moments or spin-dependent
forces exactly this constituent mass enters.

Another interesting aspect of the interplay between chiral (instanton) and
confining dynamics is the problem of double role of pion - as a Nambu-
Goldstone particle or as a bound state of quark and antiquark. We obtain an
expression for the ¢ Green'’s function which contains both chiral and confin-
ing effects (i.e. the string due to nonperturbative gluons and pion exchanges)
and is an extension of our earlier result [14,20] where only confinement was
taken into account, and of earlier result of [16, 21] where only chiral effects -
have been considered. One can visualize there two possible type of poles, as
suggested in [19] when one expands in pion field, and their position is sep-
arated (parametrically a Nambu-Goldstone pole at m = 0 and gg pole at
m, ~ /7). We show explicitly that the second type of pole at m, ( a "quark
model pale”) exactly cancels in the expression for the total Green's function,
and only Nambu-Goldstone pole survives, while new poles of unified dynamics
appear heavier than m,. This is in agreement with the scenario snggested by
Georgi and Maxnohar [19).

The paper is organized as follows

In section 2 we study the quark propagation in the instantonic vacuum in
presence of confining background B,. Methods of multiple scattering theory
in 4d are widely used and the iramework of the Dyakonov and Petrov ap-
proach [10] is modified to include B,. In this modification all expressions are
manifestly gauge covariant in contrast to the original ones of [10].

Meanwhile we have justified in Appendix A the accuracy of the usually
done approximation — keeping only zero mode in the quark Green’s function
in the field of a given instanton: we show that omitted terms are of the order
mp < 1 as compared to the contribution of the zero mode. Another important
estimate in Appendix B concerns the shift of the zero mode eigenvalue due to
the presence of confining field B,. It is shown that the shift 6] is < 40MeV
and satisfies 8\ - p < 1, thus making all the method of {10} applicable also for
the realistic inclusion of confining field.

In section 3 we are applying another approach using a specific eflective
action suggested in [21-24] to calculate chiral effects for any number of flavours.
To this end a new simple derivation of the effective action is given in Appendix
C, which takes into account B,. In the same section 3 we consider interplay
of chiral and confining effects in the example of the quark chiral mass and
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explicitly show that these eflects can be disentangled when their ranges are
much different.

The case of two flavours is considered in Section 4. Bosonization method
of [21] is slightly modified by confinement. One obtains here the same "gap
equation” for the chiral mass as for Ny = 1.

In section 5 based on bosonization results of the previous section we deduce
ECL for quarks, pions and B, and also for pions and B, only (after integration
over quarks).

We also obtain here and in the Appendix D an expression for F,, which is
a modification of that of [10,21] due to confinement. In section 6 we consider
the ¢ Green'’s function and discuss contribution to it from confinement and
Nambu-Goldstone modes. Here the double face of pion is discussed and some
remarks on the OZI rule and OZI-violating mechanisms are made.

The last section 7 is devoted to summary and an outlook.

2 Quark propagation in the instantonic vacuum with
the confining background.

In this Section we shall extend the method of [10] to the case when the QCD
* vacaum contains in addition to the gas of instantons and antiinstantons also
some confining configurations, using mostly the method and notations of ref.
[10]. Our goal is to write the quark propagator and effective action in the
one-flavour case in the form where the gange invariance and conﬁnement are
present explicitly.

We start with the ansatz for the vacaum

Au(2) = £ 4D(=) + Bu(2) (21)

where N = N, 4 N. is the total number of instantons and antiinstantons
in the 4-volume V, Af"') is the field of (anti)instanton in the singular gauge
. and By(z) is the background confining field which ensures the observed string
tension o through its field correlators < F,,(¢)Fy(y) > etc. [25]. Note that
the instanton gas does not provide nonzero string tension,therefore the known
value of o = 0.2GeV? fixes the normalization of the background field B,.
We define as in [12,26] the total quark Green's function S, "free” Green’s
function Sy and the quark propagator S in the i-th (anti)instanton field:

§ = (~iD(A) - im)!, S = (~iD(B + AY) ~ im)™, (2.2)
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So = (~iD(B) - im)7},
We also introduce a complete set of real eigenvalues M) and eigenfunctions
u{’) on a given center i:
—iD(B+ ANl = 3l 1<i< N;0<n< oo (2.3)
So that S can be written as

(%) (i)+

) . UYn (z)ul* (y)

e (2.4)
with the definition o

t:=So— S (2.5)

one can write the exact equations for the total quark propagator S [26)
S= SO - ZQik ) (26}
ik .
Qa = tiba — ;577 3 Qe 2.7
A i

Eqs.(2.6)-2.7) are exact for the the given decomposition of the gauge field
in (2.1). One can now make an approximation for t; using the fact that the
sum over large values of n in (2.4) is close to the "free” Green’s function
So(z,y), since A, ~ \/p?, n ~ p, at large n and p? 2>< Bfw >. Therefore one
- can approximate t; by a finite sum
K o) (2pud*(y)

t(z,y)=- 3%

n=0 AS:) —1im

(2.8)

In what follows we shall often keep only the lowest term n = 0, ,\{;’) = 0, this
approximatiou was exploited in a series of papers {10,23,24]:
() (i)+
: Y ESIN )

S(')(z’ y) = So(z,y) + ‘—o—%i_—(“y. (2.9)

Ay —im
We study the accuracy of the approximation (2.9) in Appendix A. We show
there that the omitted terms are of the order of 0(mp) as compared to lowest
mode contribution. Another important topic concerns the shift of eigenval-
ues AD defired in (2.3-2.4), due to the background field B,. We argue in
Appendix B, that this shift is insignicant for the realistic values of gluonic
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condensate and instanton radius p- In particular, (4\‘(,"’)1 is of the order of
(30 — 40MeV')? and therefore does not spoil the approximation (2.9). :

Insertion of the separable form (2.8) into (2.7) yields the following solution
for S: : '

5(z,y) = So(z,9) ~ T u(z)(im ~ A+ V)71 4ull () (2.10)

tkinm

where we have defined the matrices A ity Vim ia

Anmie = SixbnmAL) (2.11)
Vit = [ uP*(2)(=iD(B) — im)ul®)(z)d*z (2.12)

by definition V,,,,, (i = k) =0 .

The form (2.10) coincides with that used in [10], when one keeps in the
sumonlyn=m=0, X =0.

In the rest of this section we shall calculate the quark Green’s function S
averaging (2.10) over vacuum configurations B, and (anti) instanton positions
and orientations. We shall follow here the direct approach of [10], which makes
explicit the appearing of the chiral mass of the quark, while in the next sections
we follow another approach [21-24], where the notion of the effective action is
introduced from the beginning. The new element which we shall obtain in this
section is the gauge covariant form of the quark propagator with confinement
taken into account.

For the latter and for the averaging over B, and Aff] one must define a
physical gauge-invariant quantity associated with S(z,y) (which itself is not
gauge invariant). .

The simplest quantity is the Green’s function of one light and cne heavy
quark in the limit when the heavy mass is infinitely large.

Gai(z,y) =< tr[ S(z,y)T¥(y,z) > 40,8, (2.13)
Here ¢r is a trace over color and Lorentz indices, I' = 75, 157, 1, 7,4 elc., and
&(y,z) = Pezp ig /: B,(z)dz, (2.14) ‘

The integral in (2.14) is taken along the straight line connecting = and - this
is the remnant of the heavy quark Green’s function.

The angular brackets in (2.13) denote averaging over fields By, Ag" defined
as follows. ;
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- N J¢RO) . ]
<049, B,) > 41 5 = / 1_11 -—V—dﬂ,-dp(B)O(AE),B,,) (2.15)

where R; is the position of (anti)instanton, §); is its color orientation, and
du(B) is the standard integration measure for the field B,, the specific form
of it is not needed for our purposes.

The total gauge transformation for the field 4,

Au(2) = U@)(Au(a) + 8,0* (2) (2.16)

can be conveniently split into a homogeneous one for A{¥) and inhomogeneous
for B, . _
A - U(2)ADU*(2) (2.17)

By(z) ~ U@)(By(z) + S0,V (=) (2.18)

From(2.1) and (2.17-2.18) ome returns back to (2.16). The color orientation
for AlY can be made explicit using

A(z) = AP (2.19)

where fiff) is the standard singular gauge form [7,27)

iy 2 .
A (z) = Eﬁa,,y(x - RY), PO fz — RO E 7] (2.20)

It is clear from (2.17) that under global gauge transformation U the con-
stant matrix §; is simply "rotated”

- U (2:21)

We now turn to eigenfunction u{’). Under gauge transformation it transforms
as

u(z) - U(z)ul(=z) (2.22)
To make gauge dependence in u{) explicit, we write it in the form
ul)(z) = ®(z, RN)Qp(z — RY) (2.23)
where - . .
®(z, RY) = Pezp(ig [ B,dz,), (2.24)
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and ip,, is the form of solution in the singular gauge, e.g. for the (anti)instantoi
zero-mode solution one has {7,28]

‘Pﬂ(z) = ¢(2)‘”¢*¢m

P TuTs ‘
| (=) = - (z, Y~ (2.25)
with vZ, = 2e®™(},) and o, m spin and color SU(2) indices, and + and -
referring to the instanton and antiinstanton zero mode respectively.
Since ®(z, R) transforms as

&(z, RY) — U(z)®(z, ROU(RY) (2.26)

one can satisfy (2.22) imposing on §1; the transformation law consistent with
(2.21) )

& — U(RHQ, (2.27)
It is clear now that Vi, (2.12) is gauge invariant, while S(z,y) in (2.10)
transforms in standard way:

S(z,9) — U(=)S(z, »)U*(v) (2.28)

and Ggy (2.13) is gauge invariant. We do now a drastic approximation as in
[10] to keep in (2.10) only terms with » = m = 0, and the lowest eigenvalue -
. Ap. In accordance with {10] we define

1 Da (R, B® Q;,Q),1,k . of one tipe
) lm

P Pu(RO,R®, Q. )i,k of iff. types (220

(
where i,k of one type means both i and k are instantons or both antiin-
stantons and we have used notation i = im — Ay. Following the same line
of reasoning as in [10] we obtain the following equations for D, P where we
suppress arguments for simplicity

1 1 N PO | 1
Pa=~Var — on [ERUQ—Vy x g——Dp (230)
1
Dli = —W‘[({*R‘J dﬂ, " :gmﬂi (2'31)

Several comments are in order. First, P; a.nd D;; can be considered as prob-
ability amplitudes for a quark to travel from a center i to a center j with all
possible centers being on its way. Both P; and D;; are defined not to contain
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(infinitely many, in principle) returns to the centers i, j, and those should be
accounted for separately (note that (2.29) accordingly is a precise definition
only for paths without returns).

This is done introducing the factor

(1 - imb)™ = 3= (imb)" - (2.32)
2=0
where 716 is the amplitude of returning to the center only once,
6 = Dy(RY, RO, Q;,9,) ' (2.33)

Second, averaging over all RU), Q; with j # i,k is assumed in Dy, Ps. This
can be factorized out only in the limit N, — oo and this limit is assumed
everywhere below. :

It is convenient to factorize explicitly the dependence on § in Dy, Py

D = v}, (0 )i (U )orp¥s; (2.34)
Py = 03 (U Y 1,20 (2.35)
Vi = 03 (U ) V5 Q0 (236)

From (2.34) one concludes that the § does not depend on i in (2.33) and is a
_gauge-invariant quantity (N, — oo}, if one exploits the fact that it is diagonal
in spin indices a, 8(cf(2.25))

5§ = -;—Tra(D.-.-(R(", R(i_), 2,Q)) = (2.37)

1 N

= ET"«:":m(ni)wd:»'(ﬂi)Va”n =
= %Trydf, .

" The color trace appearing in the last equality in (2.37) signals the gauge
invariance of §. We are interested in the limit m — 0, therefore we introduce
the reduced quantities d, f, 7 where dependence on i and {!— is made explicit,

PN N

Neﬂr/‘h}’v Ne lfic’
Wik = PR o= .
NV e (2.38)

(1 — imbd)
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and obtain equations not containing m any more

Ft= T4 ff/ide(j)Jik ' (2.39)
Ik = /Vide(i)fik

The fundamental role in the chiral mass generation is played by the so-
called ”consistency equation” [10] which in our notations is

w 2N
Using (2.39) it can also be written as
1 1. N
E = Z{QVIV ESPC(V;'_]CVH) + (241)
+ Gy Vel (VVV)}

The first term in (2.41) can be written explicitly:

Spe(VisVii) = Spe [ d*zd*2d*RPG*(z - R))®(RVZ)iD®(z, RY x (2.42)
x@(z = R®) - g*(2' — Ry)B(RP®), 2)iD®(2', R)g(2' — R(3))

We note that d*, f* and V¥* ag well as &%, f*, V* are gauge covariant
and transform as

(%, VE &%) — URO)(f*, Vv JEU+(RE) (2.43)
In contrast to that § and £ are gauge iﬂva,ria.nt, as can seen in (2.37) and
(2.42).

The measurable physical quantity associated with f, d is the heavy-light
Green'’s function Gy and we use (2.10), (2.13), (2.29) to write it in the form
similar to that of Eq.(40) from [10] (we remind the reader that D* and F*
are defined without returns to the centers ¢ and k and therefore the returns,
i.e. factors like ;——, should be inserted in (2.10)).

< Gri(z,y) >pav=< ¥(y,2)['So(z,y)L > —

N, s
WN.\im 1= ims’
x < I'®(y,z)T'p(z = R;)®(z, R;)P(R;,y)B(y — Bi) >,



A

- o = (2.49)

x < I'e(y, z)I'p(z — R:)2(=, Ri)du(Ri, Ri)(Re, v)P(y — Ri) >B.R.R,
+(mt — antiinst.)
21
. (2VN ) (1 - iv’h&f
X < N»(y,z)rga(z — R)®(z, R.)fuRi, Ra)®( R, y) Py — Ri) >B,8.1:
-(mst — antiinst.)

When the field B, is put equal to zero, one comes back to the situation
studied in [10}. In tlus case it is useful to work in the momentum space and
one obtains as in [10]

S(p) ~< Cru(p) >= ;—f%%% (2.45)

with

= VN, *#*(p) (2.46)

and the equation for £ ("consistency equation”, which one can call also the
~"gap equation”) obtains from (2.40) putting all # =1,
4VN. ; d'p M3(p)
=1 2.47
v e+ (247)

Tlns is the equatzon (36) of ref. [10] in the limit m — 0.
The corresponding partition function can be written as {21]

ZacolNy =1) = const [ DYD¥*ezpl- [ SEH ()G - MOWG)]
' (2.48)
Note that the resulting theory of massive quarks with the chiral mass M(p)
is not gauge invariant, as is clearly seen in (2.48). This serious defect is cured
in (2.44) which is fully gauge invariant, but the notion of the quark Green’s
function S(p) and the chiral mass can not be made gauge invariant in contrast
to Ggy.
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3 Method of effective action -the case of one flavour

In this section we adopt another procedure — the method of effective action
suggested in [21-24]. One can prove [24] that this method yields the same
Green’s function as in the more direct but tedious method of [10], which we
have used in the previous section.

The proof given in [24] contains intermediate formulas which are diverging
for m — 0, i.e. the partition function Z ~ m~¥¥r. Therefore we give a
different derivation in Appendix C and check at each point the accuracy of
physical approximations. [n particular we show in Appendix C that there is
no divergency for m — 0 and that leading term in the limit mp <« 1 is the
same as obtained in [24] when B, = 0.

As shown in Appendix C the QCD partition function for quarks in the field
{2.1) can be written as (in the limit m — 0)

Zacp = [ DYDY Du(B)el ©=viiDEN;

LAY . .
x < [I TI(2im; - /’d“rvdz}’iﬁu,()')(z) [d4yug‘)+(y)il\)~¢=f(y)) >roa (3.1)
f=ti=l
Here f refers to the flavour (total number of flavours is Nf) the meaning of
2imy is explained in Appendix C eq. C.8, and uf,i)(::) is defined in ({2,23) and
we did not specify the difference between instantonic and antiinstantonic zero
modes, which should be kept in mind in (3.1).
We now consider systematically the cases of Ny = 1 in this section and the
case of Ny = 2 in the next section. )

The case of N, = 1.

In this case the averaging procedure over R;,§; factorizes in (3.1) and one
can introduce a two-fermion vertex (to stress the analogy with [21] we keep
notations of that paper) C

Y. = [dRd®; [y*(2)iDul) (2)d'e [ d'ul)" (y)iDy(y) =
r e 1 R .
= | dRy (e D@(x — R,-)E(l;'ys)@(:c, Ri,y)¢*(y — R)iDy(y)dydr (3.2)

where ®(z. R, y) = ®(<, R:)P'R;,y)
Following {21] we introduce identically integrations over A ,A_,T..T_ to
obtain

B . B ce [ dA dA_ o0 o)
Zgep = [ Du(BIDwDy™ [ T2 [~ 2= [* dr, [T dU_expW  (3.3)

- 27r o 271
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T, T

W = [dag*iDy +iA(Ye —=T4) + A (Y. -T_) + Niln - v +N_ In <

Integrating over I',T_ by the steepest descent method in the thermody-
namical limit Ny — oo,V — oo,lv‘-,* = const., one obtains

d, d)
Zgcp = [ Du(B)~ 5 DY Dy ezpW (34)
W=N,In iV N,+N_l iv_'v N_+ j dizytiDy + i Y, + Y.

The integation over dA,d\_ can be also don¢ by the steepest descent
method when N is large [21].
Before doing that we integrate over ,2/"; using notation

Y, =yt 12 :F75Y ) (3.5)
we obtain
Zoon= [ D (15*)“’A+ ‘”"ezp(W' +W), (3.6)
N
w =N,ln MV—N++N_@W-N_ (3.7)
: tY-H\«r
hdet('“ o ) (3.8)

Trin(-D? + 7, 7_2,.),

where T'r means trace over coordinates, color, and Lorentz indices. Integrating
now over dA,dA_ one finds A;,A_ in the extremum of (W' + W”) to satisfy
equations

% = Tr{V, VA (~D% + 7,7 A,2_)"} (3.9)
% =Tr{¥, Y0 (-D* + ¥, P A0)")
For N, = N_ = %, one finds Ay =Al = 27',—”‘, where £ satisfies the "gap
equation” S ,
¥ TR
2 ‘2VN, ~-D? 4+ ?'*?—(i':'%i)’
Since according to (3.2), (3.5), one has for ¥y,

Y. = [dRiDg(z - R)¥(=, Ri,y)o(y ~ R)iD (3.11)

(3.10)
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the r.h.s. of (3.10) and hence ¢ is gauge invariant (only closed ”contours” of
®(z, R;, y) enter under the sign of T'r).
In case when B, =0, =1, D — 3, (3.11) reduces to

Vies) = [ G opm)f @1

and (3.10) becomes the same as (2.47)
d'p M¥p) 4VN. _ -
[ G R s M) N (3.13)-

with M(p) given by (2.46).

Now back to the case B, # 0. We integrate in (3.4) over dX.dX_ first,
replacing in W the A, by their extremal values (3.9) We obtain the effective
action for quarks in the form (N; = 1)

Zqep = const [ Du(B) DDy exp [ dedyy* (z)iD-6(z - y) +iM (=, 9l (v)
(3.14)

where the nonlocal mass operator is
N - i} A
M(z,y) = ,fv-ﬁ [ dRiD@(z — R)%(z, Bi)§* (v - R)ID  (3.15)

and ¢ is to be defined from (3.10).
Note, that the effective action in (3.14) is now gauge invariant in contrast

to (2.48), since from (3.15) one deduces that under gauge transformations
M(z,y) changes as ' '

M(z,y) - U(z)M(z,3)U* () (3.16)

M(z,y) as given by (3.15) is what one may call the chiral mass operator.
Inclusion of background fieid B, makes it gauge covariant, but now M(z, y) is
dependent on the confining forces, more explicitly, M(x,y) contains the field
B, and therefore depends on the string which connects quark with antiquark
{or with the string junction in baryon).

To study this dependence more explicitly consider again the heavy-light
Green’s function, calculated with the help of (3.14):

< Gr(z,y) >p= [ DYDY+ Du(B)y(y)®(y, x)yt(z)e* P+ = (3.17)

=tr( 8y, 2)(iD +iM);;)
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We have neglected additional g§ pairs (quenched approximation or large N,
limit). Using the Feynman-Schwinger representation [14] (3.17 can be rewrit-
ten as

< Gai(2,y) >p=< tr(iD - iM) [ dsDze ¥4, (y,z)8(y,z) >p  (3.18)
where ’
v.(z,y) = P(e"m"E")Q,(z,y)) , K=f zz(A)dz\ IF= —cr,,, w (3.19)

and the ordering operator P ensures the proper insertion of the mass operator
M? into the phase factor ®,(z,y) where the subscript z refers to the contour
of &, taken along the quark path.

In (3.18) the field B, enters M and the closed contour C formed by the
straight line and the quark path between = and y, as shown in Fig.1, together
with insertions of the mass operator.

The dynamics in (3.18) is defined by the Wilson loop with mass insertions,
shown in Fig. 1, which obeys the area law:

< (2, 1)8(y,2) >=< W(C) >~ ezp(~Su -0) (3:20)

where Sy is the minimal area of the contour C with mass insertions. Eq.
(3.20) means that a string is formed between light and heavy quark trajectories
and this string is influenced by the insertions of the mass operator.

' To understand better these insertions one may look at the quark propagator .
and expand it in powers of the mass operator:

(iD + zM)zy (zD)zy ~ (iD); d*uiM (u, 'v)d‘v(tD),y (3.21)

+(iD)ld ui M (u, v)d v (i D)} d M (t, m)d‘w(tD)"

The nonlocality of M(z,y) as can be seen in (3.15) is of the order of the p -
average size of (anti)instantons (the integrand in (3.15) behaves as ]z_—IE.”FT;T—’EF
at (lx — R, |ly — Ri| > p). At the same time the average size of a hadron
in (3.18) - the width of the contour C in Fig. 1 - is of the order of the
confinement radius R, ~ 0.5fm for lowest states or larger than R, for excited
states.

Therefore we have to distinguish two cases.

i)p > R.. In this case the nonlocality of M is strongly influenced and interre-
lated witb the dynamics of the string — one cannot separate effects of chiral
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symmetry braking (the chiral mass Nl) and confinement.

ii)p € R.. In this case we can eﬂ'ectwely replace in (3.15) ®{z, R;,y) by
®(z,y) and hence rewrite M as

M(z,3) = 8(z,3) [ M(p)e"#'ﬂ’(—f,f? (3.22)

Furthermore we can neglect nonlocality of M(z,y) on the scale of (z—y) ~ R,
and replace the operator M(z,y) by

M(z,y) = §(z —y) [ d(z - y)M(=,3) = é(z - y)M(0) (3.23)

Introduction of (3.23) into (3.14) yields now a gauge-invariant expression with
constant chiral mass and eq.(3.18) assumes the form

< Gui(z,y) >= tr(iD — iM(0)) fdsDze‘K"‘M’(o)e""s (3.24)

where the effects of CSB and confinement are separated. The first produced
the chiral mass M(0) which enters instead of current mass, and the latter
ensures the string dynamics between the now massive light quark and heavy
antiquark. We conclude this Section with discussion of the quark condensate.
From (3.14) we have

< §g >u=itr < (=iD —iM);} >5 (3.25)
In the case B, = 0 (3.25) reduces to

<qq >u=— [(ZW pﬁj%(?) o (3.26)

where M(p) is the Fourier transform of (3.15) when ® = 1, and is the same as
in (2.46). We note that the form (3.26) coincides with that given in [10,21].

When B, # 0 one should calculate the original expression (3.25) which can
be rewritten with the help of (3.24) as

<ggo>u=-—-< ‘[: trMDze‘Kdzc(::-,z) >jg (3.27)

where the contour C in 9 is a closed trajectory of the quark, to be integrated
over in Dz. From (3.26) one can notice that the integral is effectively defined
by the distances of the order of the radius of instanton p. When this radius
is assumed to be much smaller than the confinement radius R, (the case ii)
above ), then the effecis of confinement are unimportant and give only a small
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correction to (3.26). Thus we have two different situations: in computing ¢
system (wave functions and masses) one can use the inequality p < R, and
keep only M(0) instead of M(p) in the first approximation in Green’s function;
in computing < §g > on the other hand one should keep dependence M(p)
and can neglect in the first approximation effects of confinement.

4 The case of two Havours

In the general case of Ny flavours in the effective action in (3.1) there enters
a 2Ny vertex [21,24] .

Y= (-)" [ &R0 fﬁl / dzyiDu® [ d'yu(y)iDy;(y) (4.1)

Integrating over df); for Ny = 2 and taking the limit N, — oo one obtains

= [ d*RdetJ.(R) (4.2)
where
(Je(R))py = ] dzdyy} (z) (1 F 1)K (2,3, R)¥%,(y) (4.3)
and .
| K(z,y,R) = iDg(z - R)®(z, R,y)¢*(y ~ R)iD (4.9)

- The interaction (4.2) is reminiscent of the tHooft determinantal interaction
[7], and can be also compared to the similar term deduced in [28].

The difference in our case, as also in the B, = 0 case of [21,28], is that our
interaction is nonlocal with nonlocality of the order of p — size of instanton. .
In addition, in contrast to [21,24] the term (4.2) is gange invariant and takes
into account effects of confinement..

. The effective partition function similarly to (3.4) is given by (up to unessen-
tial factors and replacingidy - g:, R—u

Zaon [ ds+ [ ds-DyDy*ezpiy

W; = [{ z ¥ th/r;(u) + g.det,(u) + g_detJ_(u)}du (4.5)

-NJny,, N_ing._
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One can introduce as in [21] the 2 x 2 flavour matrices 7], 77 = (7,i),8a =

1,...4, and use the identity
| (72 e = =2 e e
One can exploit fhe Hubbard-Stratonovich tranformation and write Zgcp
through additional functions L,, R, [21] to obtain
Zgop = [ Dp(B)dg, [ dg- [ DYDY*DL.DReezpWy . (4.7)

W= —N,lng, ~ N_lng_ + /d‘z[¢}il§¢f+
+g+ L3(2) + - Ri(2) + 29+ La(2) T3 (z)+
+2gRu(2)J%(2)]
where
£(@) = (1) 14(J£(2)) 14 (4.8)

The effective action W, contains both fermionic degrees of freedom ¥, %+
and bosonic L,, R,, and global parameters g,,g_. Integrating over D¢D1/I+
we get a fully bosonic effective action

e~ W(LR) _ / dg.dg_ e~ Nilng,—N_ing_+[d*y(g, L] (y)+¢-R’(v))exp X (4.9)
_ iD 29, LK
X =lIn det ( 2g_ﬁ.’K ib 9 (4.10)

where L = Lsr7, R = R,r], and e.g.(iK),,, = fI:(u)K(z,y,u)du.
~ We shall now study following [21] the phenomenon of CSB using variables
L,, R,. We shall look for the condensate of Ly, Ry, namely introducing

o(z) = Ly(z) + Ry4(2), (4-11)
we show that
<o>#0,<Ly-Ry>=< L; >=< R; >=10 (4.12)
Since L and R transform under SU(Ny) x SUg(Ny) as
L - U, LU, R—UgRU} (4.13)
the nonzero va.luj: of < o > signals CSB.




19
t'he insertion of (4.11) , (4.12) into (4.10) yields
X =Trin(~-D* + g,9.0°K?) (4.14)

Theim.egraﬁonoverdg‘,. _do via the steepest descent method yields equa-
tions for determination of g} gm P

aw g +9- K3 .
ow _ _ = 415
8a 2 Va-209.9 Tr D? + g.+g_¢r31(’) 0 ( )

3W N, Vo K?

— - —~ P =0
8. =t [: 2% 4 95Tr{ -D2+ g+g-a‘K’)
From (4.15) we find that gg = -#3, and
ZATrH——F ) N (4.16)

Biagan -tz

Comparing with the gap equation (3.10) we see that oy = 2% (our normal-
ization differs from that of [21], note also misprints in numerical coefficients
in Eqs. (27-29) of [21]).

We can now again define the quark effective action if we insert in W, in
(4.7) the extremal values of L,, R,, g4, g- found above.

We obtain as before the effective action (3.14) when we express oy and gy
in terms of €.

Thus the one-quark sitnation in case of Ny =2 is the same as in the case
Ny = 1: the effect of CSB is to create the chiral quark mass.

This is true however only in the approximation (4.12) when all the effects
of bosonization reduce to the creation of nonzero oy, and no boson exchanges
(quantum boson fields L,, R,) are allowed. In the next section we shall discuss
these effects and derive effective chiral Lagrangian with confinement taken into
account.

5 Effective chiral Lagrangian and quarks

We are now in position to calculate the "bosonic” effective Lagrangian
W(L,R) in (4.9), inserting there extremal values of g, = g. = go and
< T >= 0y,

namely

eN _ 2N

N, T ¢

G000 = — = {5.1)
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To parametrize the quantum bosonic fields in L, R we introduce as in [21] the
forms

- 1 1
L= wn—t—?—zUV , k= ,'09__'*1;__’1;/1]+ ; (52) .

where U = ezp(imn;) , V = explio;r;) ,i = 1,2,3. The eight bosonic fields
iy 0i; 0,7 correspond to eight field L,, R,, a =1, .4.
" Imsertion of (5.2) into (4.9) yields

W(LR) = 52 [ @2(o(z) + n(2))- (5.3)

Trin{iD + i1+ 0+ HUVM, + i(1 +o —n)VUM_}

where My = fll?l and M is defined in (3.15) and T'r is taken over coordi-
nates, color and Lorentz indices. One should keep in mind that terms Linear
in fields should be suppressed since they vanish due to the steepest descent
condition, yielding < # >=< n; >=< 0; >=0.

It is instructive to éxpand the effective action (5.3) in m;,0;,0,7 and to find
the corresponding quadratic terms yielding masses 6f mesons.

For pions this procedure looks like

-Wix)=Tru(iD+UM, +iUM_)=
Tr In(iD + sM + A) = Tr In(iD +iM) + Tr((iD +iM)7A)-  (5.4)
—%Tf[(ib +iM)AGD + iM)A] = (~WD 4 WO 4 W),
Whem 3 - z. -~ - -~ -
A=i(e™ - 1)M, +ile™ - DM_M=M,+M_ (5.5)
The first term, W(!), contains no pions and describes contribution of ¢ pairs
interacting with background ficld B,,, the quark being already massive due to
appearence of chiral mass M.
The second and third term, W2 and W are depicted in Fig. 2 (a) and
(b) respectively.
Expanding in (5.4) A in powers of «; and keeping only quadratic terms one
obtains . :
: W"’cx) +WOE) = (5.6)

[ @ x.(k)w,(k’)N(k k')
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where
1 1 - o1 NS TS
N(k, k) = =Tr{—x——ciM(k + ¥) + —=——c iM(k)———=iM (¥’
*, oty el T v dssl e w7 .
and
Y eN duge . N(O) =
<z1M(k)|y>—m [E@ g uwe™du; MO)=M.

It is easy to see in (5.6) and we show it explicitly in Appendix D that for
7. = const i.e. for k = k' = 0 the sum in the square brackets en the r.h.s. of
{(5.6) vanishes, signalling vanishing of the pion mass, as it should he for the
spontaneous CSB with zero current quark masses.

A similar analysis for other mesons can be done and results are similar to
those of [21] . We note that masses of all mesons, ether than #;, do not vanish
and are of the order of typical hadron mass.

We turn now to the final topic of this section; effective chiral Lagrangian for
pions. In this case we integrate out all meson degrees of freedem exept that
of the pion, since pion is the lightest particle dominating at small momenta.
From (5.4) we obtain

W(x) = ~Tr In(iD + iMUs) (5.7)
where 1 14
Us=U 2”’5+U+ 2"5 = g (5.8)

The expression (5.7) reduces to the chiral Lagrangian obtained in [21,16]
when M — M(0) and B, — 0, so that iD — id.

In the form given in (5.7) the gauge invariance is seen explicitly (for that
the factor ®(z, R,y) should be kept in M as is given in (3.15)).

The elfective action: (5.7) describes quark pairs {integrated out) propagat-
ing in the confining gluon field B, and the chiral field Us - the remaining
degrees of freedom — those of pions (7;) and gluons (B,).

We can compare (5.7) with the standard chiral Lagrangian [2,3]

F? N. '
Wers(m) = 7 [ 2TrAM, + 5257 [ et TrAadadyhihe + ... (5.9)
where
A, =U"i0,l.

Comparing (5.6) and (5.7) with (5.9) we deduce the expression for the pion
decay constant F,. To this end one should average in Zgcp (4.7) over fields
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B,, which in the leading N, order results in averaging over B, the effective
action W (=) (5.6-5.7). Since N(k, k') includes trace over coordinates, one has
< N(k, k') >p= (2x)*6(k + ¥')N(k), and N(k) = k’No(k) Finally comparing
(5.6) to (5.9) we have

—F2 No(k=0) (5.10)

When B, is absent, we come back to Eq.(68) of [10]. For details see Appendix
D.

8 Correlation functions and the double nature of pion

Our starting point now is the QCD partition function where we keep quark
ard meson degrees of fredom (in addition to B,). To obtain it , we integrate
(4.7) over dg.dg._, which effectively reduces to insertion into W; in {4.7) g, =
g = go. We obtain ' ’

W(L,R, %)= / d'zd'z'y} (z)iD + i(1 + 0 + n)UV bt 5 7 2% (6.1)

+(1+e -n)VU+1 e

Mg eethel@’) + 5 / &'z(0*(z) + 7’(z))
where U,V are given in (5.2).
We now can calculate the g correlation function
I(z,y) =< $* ()T} (WT(y) > (6:2)
where T' = 1,95, 7,4, Yu¥5) O The result is .

o (z,y) = -;- j D®,Du(B)e W LR Tr(S(z,y; ®, B)['S(y,z,®, B)T)—

(6.3)
Tr S(z,z:®,B)Tr S(y,¥; ®, B)}

Here W(L.R) is the effective action (5.3); $;(z) ¢ = 1,2,...8 denotes the
set of meson variables; o(x),7(z),04(x), 7a(x) . S(z,y;®,B) is the quark
propagator in the external field of mesons {$} and confining gluons {B,}.

S{z,y, &, B) = [zD+:(1+a+n)UV Bt L5 7 o8 (6.4)

+i(l + o = VU 1—%-"—"151]-‘
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Two contributions in eq. (6.3) are shown in Fig.3a,b, we shall cail them ane
(quark) loop and two—(quark) loop respectively. This however is. somewhat
misleading since the action W (L, R) corresponds to the superposition of any
number of quark loops , since

W(L,R) = ~Tr InS~' + g; [ dz(o?(=) + 7¥(2)) (6.5)

Therefore our terminology refers only to the interior of the curly brackets
in {6.3) with understanding that these graphs should be integrated with the
weight shown in (6.3). Now we discuss the result of integration of diagrams
(a) and (b) of Fig. 3 over bosonic fields in (6.3). To this end we expand
W (L, R) = W(®;) in powers of ®; up to the quadratic terms [21].

W(2) = [ 4z dy 82) iz, 0)B)  (69)

The term L; gets contribution from two diagrams depicted in Fig. 2(a,b).
For the case of pions £, can be read off from (5.8). For small values of
momenta the Fourner transform L;(k = 0) plays the role of meson mass. As
we discussed in section 5 contributions to L.(k = 0) of Fig. 2(a) and (b)
cancel each other establishing in this way the Goldstone theorem. One can
easily see that £;(z,y) do not depend on N, (since also M does not depend
on N.). On the other hand,

N _ g2
12
Since W(®) ~ ¥ ~ N, the exchange of a meson yields correction 0(1/N,)

- in other words one can tell that the coupling constant of a quark to the
meson

< F2 >y~ O(N,) (6.7)

oy B .
Joud ~ 7 ™ O(NV%) (6.8)

Hence the contribution of the diagram Fig.3(b) is O(V7 - 3-) = O(V.) just as
that of the diagram Fig. 3(a). This is in contrast to the situation with gluon
exchanges for the diagram of Fig.4, which contributes O(N? - N,) = Q(N?) -

this is the so-called QZI supressed diagram, just as the dxagra.m of Fig. 3{b}.
However in the vector and tensor channels the latter does not exist {tensor
mesons appear in the 1/N. corrections, see [21,24]) and therefore in these
channels OZI suppression can be explained by the smallness of the diagram
Fig.4. At the same time, in the scalar and pseudoscalar channels there is no
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suppression since the diagram of Fig.3(b) provides for the amplitude roughly
the same amount as the OZI allowed diagram of Fig. 3(a). This conclusion
of no OZI suppression in scalar and pseudoscalar channels has been obtained
before in [29] using another arguments.

We now turn to the important question about the double role of the pion
- as the Goldstone particle and as the g bound state. Qur present formalism
is a convenient setting for the study of this question and we shall actually
have in mind all scalar and pseudoscalar particles (to be compared later with
vector and tensor particles).

Let us start with the effective action (6.1). It contains both quark and
meson degrees of freedom, but here they enter rot on equal footing. Quarks
¥y,4} are supplied with kinetic term and are respectable quantum field-
theoretical quantities. In contrast to that meson fields ®; enter as auxiliary
fields, they do not possess kinetic terms and should be considered as external
fields to be averaged out with the given weight. When one integrates out
quarks, one obtains an effective chiral Lagrangian as in (5.7-5.8), where the
chiral pion field now inherits the kinetic term and the full QFT status. But
in doing that (integrating out quarks) we average over all quark structure of
the pion and "see only its chiral face”. Quantitatively both faces of the pion
are given by (6.3), or diagrams Fig.3(a,b). While the diagram of Fig.3(a) is
the usual one considered in quark models, the diagram Fig.3(b) is pertment
to the chiral degrees of freedom ~ it contains.the chiral propagator (L;);)

Now in the Limit of large N, the diagram Fig. 3(a) will contain only gluon
(B,) exchanges and provides only poles at p* = m?(n),n = 1,2.... The chiral
propagator (L;);; provides a pole at p* = m; for pion m} = 0. How these
two types of poles coexist?

For pion when p? is small, p? € R3?2, p~? the situation is relatively simple.
In this region only the diagram Fig. 3(b) has the pole and it is dominant.
When p? increases and is close to the pole m2, the same pole appears in
L;(p). This is the signal that the expansion in powers of ®; done in (6.6) and
considering the diagrams of Fig. 3(b) is meaningless — the notion of the meson
mass i8 not useful when it is strongly p — dependent and even has a pole at
7> = m?. Formally, the diagrams Fig.3(b) acquire a pole at m?2, so that the
sum of contributions of Fig.3a and Fig.3b according to (6.3) can be written
as

n(k) 3 (k) ~ =, i (k) (6.9)

Oy 2 N(k)
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where rgo)(k) is the contribution of the quark loop of Fig.3a.
Now N(k) car be written as (in the limit p — 0}

N(k) = C + M¥0)x") (k) (6.10)
The "quark modei poles” appear in 7r§°’ (k) ,

\ .

s (k) T k2 +4'm.§ (6'11)
One can see in (6.9) (at least in the limit p — 0, i.e. for kp < 1) that "quark
model poles” {6.11) exactly cancel, and only Nambu-Goldstone pole at k = 8
due to N(k — 0) = }F? - k* survives. Thus the Goldstore theorem manifests
itself in our case, as it should be since chiral symmetry breaks spontaneously.

7 Conclusions and outlook

We have shown that the QCD vacuum with confinement and topologicai
charges can be adequately described by the model, in which confining config-
urations are added to instantons.

On one hand. instantons are stabilized by confinement, and become more
dilute, so that they can be properly treated in the instanton gas approxima-
tion.

On an other hand, quarks and gluons are -onfined in the modei, and un-
physical features of the instanton gas or liquid model, where quarks propagate
freely, are now absent.

Therefore in this paper we have obtained a realistic approach, 1n whick
quarks, gluocns and Goldstone bosons can be treated simultaneousiy on the
fundamental level. The basic effective action is given in (5.3 and can be usesi
for diagraminatic expausion in powers of Goldsione exchanges or iniegrating
over all bosonic fields, in particular when there is an extremum corresponding
to a selfconsistent bosonic field of solitonic type.

The latter might be important for baryons.

In the limit when confining configurations vanish we come back te the
effective chiral Lagrangian obtained earlier {21],[30].

The framework suggested in ihe paper can be used for the caiculations
of all effects where chiral physics and confinement are both important. A
systematic quantitative study is planned in subsequent publications.




‘Figure captions

Fig. 1. Graphical representation of the heavy-light Green’s function,
 q.{3.17), The straight line from x to y corresponds to the heavy—quark path,
 the Light-quark path is typically away at a distance of R, ~ 1fm from the
heawy quark.

The chiral mass insertion (second term in Eq. (3.21)) is shown near the
instanton position R; with nonlocality of the order of p ~ 0.2 fm.

Fig. 2. Graphical representation of two terms in the effective action (5.4).
Part (a) corresponds to W(? and part (b) te W), solid lines denote quark
propagator (D + iM}~!, broken Lines — emitted pion field x; from expansion
of A, Eq. (55).

Fig. 3. Graphical representation of the g§ correlator I'(z,3y), Eq. (6.3).
Fig. 3a corresponds to the "ene-loop term” (first term inside the curly brack-
.ets of (6.3)), while Fig. 3b corresponds to the "two-loop term™ (second term
juside the curly brackets). Broken line denotes the boson propagater which
appears when one-expands S5(z,z,®, B) in powers of ®.

Fig. 4. The OZI violating two—gluon exchange diagram obtained from
expansion in B, of the two-loop term of Eq. (6.3).
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Appendix A
Quark Green’s function in the instanton field

In this appendix we remind the reader the expansion of the quark Green’s
function g in the pure instanton field A®)(z) in the unitary gauge, which was
found in [31].

P s 1+ ..o 1—75 _1__ ‘
G(z,y) = (iD - im)A 3 +i:AD 3 + imu(z, y) (A1)

where u(z, y) is the contribution of zero modes
u(z, y) = u(z)ug (y) (A.2)

while A(z,y) is the Green’s function of scalar particles in the instantonic field
in the unitary gauge

(=Di + m*)A(z,y) = 6z - y) - (A3)
One can obtain expansion of A in powers of m (32,29} in the singular gauge
A(z,y) = ¢ (z)A(z,y)p7(y) , d=1+ ‘ﬁ; (A9)
~ 1 1 5 (T-z)(T4y) 2
A(I,y) - 42_2{(1 __ y)z + P Iz(z - y)zyg} + G(m ) (A-S)
Consequently one has for G(z,y),z ~y~p
1
Glz,y) = 1,—777:11(2, y)(1 + 0(mp) (A.8)

This can be compared with the spectral decompositicn (2.4), with the result
that the contribution of the nonzero modes is finite for m — 0.

Now we can see the physical parameter of expansion in the ansatz (2.9)
used here and earlier papers [10,21~24].

One can state that the omitted terms in {2.9) are of the order myp (since
mx and my which can also appear effectively enter our expressions for quark
propagator or effective action at distances z,y < p).

Thus mp < 1 is also accuracy of our approximation in (3.1). One can see
that for a typical instanton size p ~ 0.2fm, u,d and s quarks satisfy condition
mp < 1, while for ¢ quark this is already violated and all effective actions
considered below are not applicable for the ¢ quark.
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Appendix B ¢
Shift of eigenvalues due to background B,

We study eigenvalues in the field of one instanton A, plus ba.ckgrouﬁd B,,
which are to be found from the equation [12):

[~(8s ~ ig{Au + B,)? - 95(E(A+ B) + B(AS B))lpn = Xpn  (B1)

where AS = %11.,,;,%;;; 5 while E, B are colorelectric and c;)lormagnetic fields
respectively.
Let us concentrate on the shift of the zero eigenvalue which we shall eval-

uate by perturbation theory
63 = (pobV p5) (B2)

where 6V is to be read off from eq. {B.1) and is due to B, # 0. One can
extract the phase factor out ¢, as is done in (2.23) and the rest is equivalent
to the wave function in the Fock-Schwinger gauge for B,,;

Bu(z) = [ a(w)du,Fulu) , ofu)=> (B.3)

In 5V there are three terms: (i) linear in B, (ii) quadratic in B, , ¢°B?

(iii) proportional to E + B. Due to symmetry reasons only quadratic term
contributes to 62,

We have
=29% [“ ;’:P:. f; (B.4)
= 29’ F (lid:z)a a(u)a(u )duvdu, .< Fy,(u)F.;.“(u') >

Here we have introduced for an estimate the average value of < F (u)F(v') >
which at u = u' should be less or equal to the gluonic condensate of [33]:

2 < FuFp >=0012GeV*  (BS)

Taking into account that < F{u)F(u') > falls off at distances |u ~ /| ~
T, = 0.2fm [34], one can compute the integrals in (B.4) to obtain

FILE™ %5:- < F°F® >< 0.0015Gev* ’ (B 6)

™
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In getting upper bound on the r.h.s. of (B.6) we use the fact that part of
gluonic condensate should be due to instantons and in our case only that part
of < F*F* > enters in {B.6) which is due to confining background B,. Hence
we have average shift of the zero eigenvalue < |§A] >< 40MeV . This is small
as compared to p~! a2 1Gev , and therefore |6X]p < 1.
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Appendix C
Derivation of the effective action (3.1)

We start witk the general form of the partion function for the quarks of
flavour f = 1,...Ny in the field (2.1)

Z = const [ Du(B)DYDy*exp — [ ¢} S oydz (C.1)

where the action of gluonic field is included in Dy(B).
We now transform S~ in (C.1) to make explicit contribution of zero modes

N . s N .
§ = ~ib-gB-gY AY —im=5"+ L[(SV) - 57 (C2)
=1
Using (2.5) and (2.8) after some algebra one obtains

S z,y) = S;‘(z)é(z~y)+§ 'f? 85 (z)uld (2) (im— A=V ) gL 2wl (1) S5 ' (v)
0

=1ng=
(C.3)
where matrix elements of V are

Vogii = [ 6l (2)(=iD(B) - im)u{(z)dz (C4)

It is easy to check that inverion of S~! given by (C.3) yields (2.10).

Forn=g=20 ug') has a definite chirality and therefore Voo = —im.
Hence, keeping only zero models in (C.3), as it is done e.g.in [21-24], one ob-
tains a term 0(52—) in §~ in (C.3) which was not present from the beginning
in {C.2) )

The reason for this apparent paradox can be identified as an improper
omission of terms with n,g # 0. Indeed, matrix elements Vy,;; and Vig;; are
of the order of 0(%). since eigensolutions of (2.3) with n # 0 have no definite
chirality and bave nonzero matrix elcments even in the limit m = 0.

Therefore (im — A~ V);! ~ (det(im — A - V))~! is finite for m — 0, — 0,
and this fact resoives the apparent paradox occurring in derivation in [21, 24].

Insertion of (C.3) into (C.1) yields

Z = conat [ Dp(B)DYDy* exp(~ [y} S5 sdz)exp [ Ldzdy  (C.5)

where

N , . - ‘
£=- ‘!-: vilz) Zl 2.;56"(2)"51’(3)“"!— A=V )inatd (1)S5 (1) ¥ (v) (C-6)



a
One can notice that f Ldz dy contains fermionic operatars of the type:

[4F @55 ()l (2)dz = ¥ (f) (C.7)

Due to anticommutativity of ¢} the product ¥ (f)¥{)(f) vanishes.
Therefore in expansion of ezpL only finite number of terms survives. Namely,
if we for simplicity keep only zero modes, » = g = 0 in (C.6) -then one can
write. .

NN, . . . .
exp [ Ldzdy = - ¥ (N(im - Ja - ) # (£) (C8)

This form coincides with that obtained in [21—24] Our derivation which has
used (C.3) is more direct than prosented in [24]. Eq. (C.8) also coincides with
the form originally suggested in [21] up to a change img— (im - X = V)ad.
This overall factor can be taken out to redefine a normalization of the partmon
function and one comes to {3.1).

One can also show that nonzero modes can he neglected since the ratio

(im = X, — V)3}/(im — Ay — V)¢ is of the order 0(mp). Namely for the
two-channel situation, n = 0,1 one has

(im-3=V)pd = AT i j =B h (o)

Now take inta account that Ay ~ Vu ~ g7}, while m and Ay are much smaller
(see Appendix B). '
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Appendix D
Study of the pion inverse propagator, N(k,k') in (5.6)
We first prove that N(k = k' = 0) = 0. From (5.6) one has
L M+ M—1 M= (D1
iD+iM 1D+zM —iD+iM )
1 "
M = ! —Dj =
iD+iM —iD+iM
1 1 - 1 .
= =T = D+ — D
7 Shram Tipyan)
Consider the tranformation of inversion P of all coordinates, z, —
-z, , B, — -B,.
From (D.1) one can see that under P transformation N(0,0) changes sign.

Therefore, wher N(0,0Q) is integrated over all gluonic fields and is a number,
it should vanish

N(0,0) = %Tr[

1
...-2—T

< N(0,0) >5=0 (D.2)

From the invariance properties of the vacuum with respect to the shift of
coordinates, one can deduce that < N(k k') >p written as

< N(k,K) >p= [ du du'e™+#¥ < Tr{ im(u)é(u — u')+ (D.3)

zD M
+ m(u) ! m(u')] > |
iD+im —iD+iM B
where
<zlmlu)ly >= g Kz v, (D-4)
has the property .
< N(k,k') >p= (zﬂ‘ k + k' )N(k). (D.5)

Expanding now N(k) and again using invariance of the vacuum we get
' N(k) = K2No(k). (D.6)

Finnaly we report in this Appendix the calculation of < N(k, k") >p in the
limit p — 0. We have for the first term in (5.6)

N =¢ %tr/(;‘z dy du (D.7)v



PG o, B)i%lv}-v—iﬁgﬁ(y - u)&(y,u,2)@*(z — u}iD >p

When p — 0, both = and y tend to u and one can replace S(z,y;B) —
S(u, »; B). Integration over D(z — u) and (y — u) yidds

N = (2x)%(k + k')const . (DB

Analysis of the second term on the r.h.s. of (5.6) ﬁelds in the Iimit p -0

N® = [ du dw e+ < %:r S(w,w; B)M(0)S(x, w; B)M(0) > (D.9)
Finally we can rewrite the sum N + N(2) as

< N(k,k'} >p= N 4 ¥& = (D.10)

= (27)*6(k + K')const + M ©)as(k))
This justifies eq. (6.10) used in the text.
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