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1 Introduction 

Effects of crural symmetry breaking (CSB) and in pa.rticu1aT dynamiC5 of 
Nambu-Goldstone bosons have "been studied for a long time even before the 
discovery of QCD [1]. 

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 {3J and only the loop cut-off problem and :nu­

merous phenomenological coefficients of ECL reI.llind that this is an effective
 
theory, not yet deducible from the first principles of QCD.
 

What is the relation of confinement tochir&1 physics? At first sight two 
phenomena are not directly connected. This is explicitly so in the instanton 
model of chiral vacuum [4,5}, whereinstantons do not bear confinement [6) t 
but create zero modes [7J whi~ are necessary· for the quark condeDSate [8] 
and a fortiori for CSB [9,10J. At the same time there i5 a coincidence of chir.al 
and deconfiningphase transition temPeratures in lattice calculations Ill], and 
some attempts exist {12] to 6:plainthe fact in the framework of the instauton 
modd. . 

At present th~ are two disconnected approaches in quark physics, which 
tna.t confinement or chiral dynamics.. The last approach usesECL aud chiral 
perturb8.tiOIl. theory, where the notion of confinemeat is a.bseut (2,3]. More 

. miCI'f)8(;opic among models of this type is the iast_ton gas or liquid model . 
[4,51. This model yields microscopic chiral dynamics of -quarks and produces 
EeL with coefficients whichue ca.lculable withiB the model. However quarb 
aze deconfined and gauge invarianee 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 
se-called relativistic potential model (RPM) {131, where chiral effects are dis­
regarded fully and all mesons including Nambu-Goldstone bosou are treated 
as hound state of qq interacting via. linear potential. 

Recently a moregene~ approach has been used {or the qij system (for a 
review see !14J), starting from QeD Lagr.a.ngian, where due to confinement a 
string was shown to appear for nonzero orbital momentum L, while .at small 
L one has RPM. In this way in {15J "RPM has been derived from QGD. 

But chira.l as well as spin effects have been disregarded in {15]. 
In this paper we start to consider systematically chiral and confinement 

effects OD the same footing. To this end we consider QeD vacuum as consisting 

--~-------- ­
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of instantons A~} plus confining configurations B JJ • Instantons create zero 
modes, which after being rpixed 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 role. 
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 Bli strongly modifies [17}: logarithmic infrared 
divergence disappears, and the charge freezes at large distances [17} 

41I' 
a.(R) ~ boln~ (1.1) 

(AqCD)l 

where m is the lowest excitation mass of the order of 1 GeV. As a consequence 
!f(p) in the renormalized instanton action Sm.t = ;(;) does not grow at large 
p and the instanton density converges [IB} 

dp dp 811"2 , ..3 

-d(p) = -conat[--J2Nee-~ (1.2) 
~ ~ ~(p) 

Thus confinement stabilizes the instanton size p at some relatively small 
value p f"V Po, 

Po -- ..!- -lGey-I·-O.2jm (1.3) 
m 

This value is slightly less than obtained in the instanton liquid model [5,10], 
where the size of instantGn is fixed by instanton interact.ion at p ::::::: 0.3im. 
The important point here is that now Po depends on fundamental properties 
of the QeD V8(:Uum ra.ther 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 EeL 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 [I9}. It appears that indeed the chiTal scale AcSB -­

p-l and the scale of confinement, coinciding with average size of a ha.dron 
AqC1" are different and one may disentangle in some cases two dynamics. In 
particular the chiral mass in the limit ACSB <: A QCD 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 quark mass ­
constituent quark mass. 
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Thus the latter contains three ingred.ients~ (i )current (or Lagrangian) mass, 
(ii) chiral mass, (iii) string mass. In magnetic moments or spin-dependent 
forces exa.<--tly this constituent mass enters. 

Another interesting aspect of the interplay between dUral (instanton) and 
confining dynamics is the problem of double role of pion - as a Nambn­
Goldstone particle or as a bound state of quark and antiquark. We obtain an 
expression for the qq Green'sfunction which contains both chiraJ. and confin­
ing effects (i.e. the string due to nonperturbative gluons and pion exchanges) 
and is an extension ()f our earlier result [14,20] where only confinement was 
taken into account, and of earlier result of .[16, 21] where only cbiral 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
Mated (parametrically a Nambu-Goldstone pole a.t m = 0 and qq pole at 
m o "J .;u). We Sh9wexplicitly that the second type of pole at me ( a "quark 
model pole") 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 mo. This is in agreement with the scenario sugg~ by 
Georgi and M:anohar 119]. 

The paper is organized as fonows.. . 
In section 2 we study the quark propagation in the instantonic vacuum in 

presence of confining background Bp • Methods of multiple scattering theory 
in 4d are widely used and the framework of the Dyakonov and Petrov ap­
proach flOJ is modified to indude BIJ.' In this modification aU exp~ons are 
manifestly gauge covariant in contrast to the original ones of IIO]. 

Meanwhile we have justified in Appendix A the a.ccuracy of the uSuany 
done approximation - lteeping only zero mode in the quark Green'5 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 Bp • It isshowl1 that the shift 6A is ~ 40Mel' 
and satisfies 6A· p <: 1, thus making all the method of {IO} applicable also for 
the realistic inclusion of confining field. 

In section 3 we are applying another a.pproach using a specific effective 
action suggested in [21-24} to calculate chiral effects for any number offlavours. 
To this end a. new simple derivation of the effective action is given in Appendix 
C, which takes into account Bp • In the same section 3 we consider interpla.y 
of chiraJ. and confining effects in the exarnpl~ of the quark chiral mass and 
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explicitly show that these eft'ects can be disentangled when their ranges are 
much different. 

.The case of two flavours is considered in Section 4. Bosonization method 
of [211 is slightIymodified by confinement. One obtains here the same "gap 
equationn for the chiral mass as for Nt = l. 

In section 5 based on bosonization results of the previous section we deduce 
EeL 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 F11 , which is 
a modification ot that of [10,21] due to confinement. In section 6 we consider 
the qij 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-violatmg mechanisms are made. 

The last section 1 is devoted to summary and an outlook. 

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 QeD 
va.cuum contains in addition to the gas of instantons and antUnstantons 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 gauge invariance and confinement ~ 

present explicitly. 
We start with the ansatz for the W£UuIn 

N 
A,,{z) = E. A~)(z) + B,,(z) (2.1) 

'=1 

where N = N+ + N_ is the total number of instantons and antiinstantons 
in the 4-volume V, A~) is the fieldoC (anti)in5tanton in the singular gauge 
and B,,(z) is the background confining field which ensures the observed string 
tension a through its field correlators < F#J'(z)F,\q(Y) > etc. [25]. Note that 
the instanton gas does not provide nonzero string tension,therefore the known 
value of (7 ~ O.2Geyt. fixes the normalization of the background field Bw 

We define as in [12 t 26} the total quark Green's function 5, "free" Green's 
function So and the quark propagator S(i} in the j-th (anti}instanton field: 

S:: (-iD(A) - im)-l, S(I) :: (-iD(B + A{i» - im)-l, (2.2) 
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So = (-iD(B) - imt1 
, 

We also introduce a complete set of real ~igenvalues A~:) and eigenfunctions 
u~) on a. given center i: 

So that SCi) can be written as 

(i) _ '" u~)(z}1t~)+(y) (2.4)S - LJ (i) • 
f1. .- ~mAn 

with the definition 
ti == So - SCi) (2.5) 

one can write tIle exact equations for the total quark propagator S [26] 

S = So - L:Qilt , (2.6) 
i,/t 

Qik = ti6ik - tiS;} L Qj1: (2.7) 
j::I.i 

Eqs.(2.6)-2.7) are exact for the th~ given decomposition of the gauge field 
in (2.1). One can now make an approximation for ti using the fact that the 
sum oycr large values of n in (2.4) is close to the "free" Green's function 
So(:t,y), since An ..... ff, n ..... PIJ at large nand p'l. >< Biw >. Thercfore one 
can approxima.te ti by a finite sum 

(2.8) 

In what follows we shall often keep only the lowest term n = 0, A~i) ~ 0, this 
approximation was exploited in a series of papers [lOt23,24]: 

(i) (i)+ 

S(i)( ) _ S ( ) Uo (X)Uo (Yl
x,y - ox,y + (i) . (2.9)

AO - 1m 

w~ study the accuracy of the approximation (2.9) in Appendix A. We show 
thrrc that the omitted terms are of the order of O(mp) as compart'd to lowest. 
mod(~ contribution. Another importallt topic concerns the shift of eigcnvaJ­
ncs ,\~i), defi!led in {2.3-2.4}, due to the background fidd B~. \Vc argue in 
Appendix B t that this shift is in:-;iguinl.llt for t ~lC It~ahstic values of gluonic 
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condensate and instanton radius p. In particular, {~1i»)1 is or the order of 
(30 - 40MeV)2 and therefore" does not spoil the approximation (2.9). 

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

8(z, y) ; 8o(z,y} - E u~)(~)(im - i + V);;~fiiU~}+(Y) (2.10) 
i,~;n,m 

where we have defined the matrices ~fi1, Vnm,il 

Anm,ii = e5i1:6"",..\~} (2.11) 

Vnm,iJr ; Ju~)+(z)( -iD(B} - im)u~)(z)d"z (2.1Z) 

by definition Vnm, (i = Ie) == 0 . 
The form (2.10) coincides with that used in [10], when one keeps in the 

sum only 11. :::;; m = 0, '\0:::;; o. 
In the rest of this section we shall calculate the quark Green's function S 

averaging (2.10) over vacuum configurations B,s and (anti) instanton positions 
and orientati.ons. 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 a.pproach [21-24J, where the notion of the effeetive action is 
introduced from the beginning. The new element which we shan obtain in this 
section is the gauge covariant form of the quark propaga.tor with confinement 
taken into account. 

For the latter and for the averaging over B~ and A~) one must define a 
physical gauge-invariant quantity associated with 8(X,31) (which itself is not 
gauge invariant). 

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

GHL(Z,y) =< trrS(z,r)r+(y,z} >~)fB,. (2.13) 

Here tr is a trace over color and Lorentz indices, r =75,757",1,7# etc., and 

~(g,z) = Pezp ig J: BI'(z)dz~ (2.14) 

The integral in (2.14) is taken along the straight line connecting z and y- this 
is the remnant of the heavy quark Green'5 function. 

The angular brackets in (2.13) denote averaging over fields B II, A~l defin~ 

as fonows. 
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N d4Rf.i} . 

< O(A~) ,Bso ) >A~),B,,= f i!! l'dnid1L(B)O(A~) ,B~) (2.15) 

where Rt. is the position of (anti)instanton, OJ is its color orientation, and 
dp.(B) is the standard integra.tion measure for the field B~, the specific form 
of it is not needed for our purposes. 

The total gauge transformation fox the field A~ 

(2.16) 

can be conveniently split into a homogeneous on~ for A~) and inhomogeneous 
for B~ 

A~> ~ U(:r)At>U+(:r) (2.17) 

B#,(z) ~ U(z)(B~(:r) + ~8~YU+(z) (2.18) 

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

A(i}(Z) = g·l(i)ot (2.19)
~ • ~ ~ I 

where A~) is the standard singular gauge form [7,27] 

-(i) _ ~_ _ rJi) p'l 
(2.20)A~ (x) - 9 '1a~v(x .ti')" (z _ ,R(il)2[(Z _ R<il)2 + p2] 

It is clear from (2.17) that under global' gauge transformation V the con­
stant ma.trix Oi is simply "rotated" 

(2.21 ) 

We now turn to eigenfunction u~>. Under gauge transforma.tion it transforms 
as 

u~l(z) ~ U(z)u~>(z) (2.22) 

To make gauge depen4ence in ~~> explicit, we write it in the form 

u~)(z) =+(x,Hi»Oi<Pn(X - Hi» (2.23) 

where 
(2.24) 
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and ep,. is the form ofsolution in the singular gauge, e.g. !orthe (anti}instantol' 
zero-mode solution one has [7,28] 

'Po(z) = <p(z)~;"', 

1 P . %"1'711 ( ){}cp z .= ;- (:1:2 +(2)3/2 <t/Z2 2.25 

with v;". = ~eam(;l) and a, m spin and color SU(2) indices, and + and ­
referring to th~ instanton and antiinstanton zero mode respectively. 

Since +(z, Hi» transforms as 

(2.26) 

one can satisfy (2.22) imposing on ~ the transformation law consistent with 
(2.21) 

n. -.. U(R<i»Oi {2.27} 

It is clear now that Vnm,.. (2.12) is gauge invariant, while S(z,y} in (2.10) 
transforms in standard way: 

(2.28)
 

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

( 1 ~)" = ~iJl + {DiJl(R<.·),Hlc),OitOIl},~,Ic .. ofo.ne tipe (2.29) 
im + V un Pi.ll(R<I),R<II),n.,O.),I,~ of dilf. types 

where it k of one type means both i and Ie are instantons or both antiin­
stantons and we have used notation im = im -.\0. Following the same line 
of reasoning as in [10} we obtain the following equations for D, P wh~re W~ 

suppress arguments for simplicity 

Pill =_1-V....!- ­
im im 

!!...fcrRi)dn'..!-~' x 1 D'l 
2V 1i1h" 1 - iiOO ' 

(2.30) 

D:L =- N { trRJ)df!'..!-V.. 1 P'L ... 2V J 1 im '} 1 ­ i~ , ­ (2.31) 

Several comments are in order. First, ~j and Dij 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 ~j and Dij are defined not to contain 
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(infinitely many, in principle) returns to the centers i,i, and those should be 
accountEd for separately (note that (2.29) accordingly is a precise definition 
only for paths without returns). 

This i.s done introducing the factor 

00 

(1 _lrM)-l == E(im.6ya (2.32) 
u=O 

where itr"b is the amplitude of returning to the center only once, 

6 == D.(d-i), Ji.i), Oi,Oi) (2.33) 

Second, averaging over aU R<;),O; with j i: i,k is assumed in Da,Pile. This 
can be factorized out only· in the limit Nc -+ 00 and this limit is assumed 
everywhere below. 

It is convenient to factorize explicitly the dependence on 0 in Da, l'iA: 

D. =v~.".(nt)mv~JAnl)vpV~ (2.34) 

Pa == v:m(ot)nwJ:,Ov (2.35) 
+ + icVile == vQ.m~O. >-~vOv (2.36) 

From (2.34) one concludes that the 6 does not' depend on i in (2.33) and is a 
gauge-invariant quantity (Nc -+ (0), if one exploits the fact that it is diagonal 
in spin indices a,l3(cf(2.25» 

== !T,. (D..(·nli) nli) O. n.» ­6 2 uZl', Lt' .' It 01', - (2.37)Q 

1 + ..= 2T"atlam(ni)nw~v(Oi)VPVpcr == 
1 .. 

== 4Tr"~,, . 

(2.38)
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and obtain equations not containing m any more 

pI: =::-~ + !ViidR})Jil: (2,.39) 

if! = I ~riidIt.;) rl: 

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

S (ji_ 2N. 
pc - VN 

c 
(2.40) 

Using (2.39) it can also be written as 

1 
e = 

1 N 
4{ 2V lYe eSPe("ltik Vii) + (2.41 ) 

+ 0(2:N)2e2tr(VVlf)} 

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

Spe("ltikVki ) == Spe f d4zcrz'~ R(Ie)ip+(z - R<i»)~(R(i) Z)iD<I?(z, R(k) x (2.42) 

xip(z - R(k») . ip+(z' - Rk)iJ!(R(k), z')iD<I?(z', Rti»)ip(Z' - R(i)) 

We note thai dile , rle and ViA: as well as ([i1:, Jilt. , ~i-iA: are gauge covariant 
and transform as 

In contrast to that {) and e are gauge invariant, as can seen in (2.37) and 
(2.42). 

The measurable physical quantity associated with f, d is the heavy-light 
Green's function GHL 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 Di1: and F ik 

are defined without returns to the centers i and k and therefore the returns, 
i.e. factors like l-:mC' should be inserted in (2.10)). 

< GHL(X,y) >B,A(i)=< q,(y,x)fSo(x,y)f > ­

N (1 fJ, 
- 2VNt: im + 1 - imh) 

x < fcP(y,x)f<ji(x",,: Ri)if?(x, Ri)cP(Ri,y)<ji(y - Ri) >B,R. 
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- <":Nc)2(1_lim6 f (2.44) 

x < r~(y,%)r~(z - R.;).(z, Rt)da(R.;,R,).(~,y)tPU- R,,) >B,llw.~ 

+(mst. - 4ntiirut.) 

-(;;Ncf'(l-~m6t 
x < r~(y,z)r~(z -~).(%,R.;)Jile{Ri,Rl).(n.c,lI)~J1-~) >B'''-1,R, 

-(in8t. - antiinst.) 

When the field B~ is put equal to zero, .one comes back to the situation 
studied in {10]. In this case it is useful to work in the momentum space and 
one obtains asm (10) 

ip+M(p) 
S(P) "'< GH£(P) >= Y + M2(P) (2.45) 

with 
EN 2-'(P)M(P) = 2VNt:II 'P (2.46) 

aDd the .equationfor £. ("consistenci equatioD",which one can call also the 
. "gap equation") obtaiasfrom (2.40) puttingall.= 1, 

4VNc J dip M2(p) = 1 (2.47)
N (2..)4 Jl2(p) + p2 

This is the equation (36) of ref: [10) .in the 1imit m - o.
 
The corresponding partition function can be written as (21]
 

ZQCD(N, =1) =conn f D,pD¢+ezp[- f(~~.1/1+(P)(P- iM(P»?/J(P)] 

(2.48) 
Note that the resulting theory of massive quarks with the chiral mass M(P) 
is Dot gauge invariant, as is dearly seen in (2.48). This serious defect is cured 
in (2.44) whiCh is Cuny I~uge invariant, but the notion of the quark Green's 
fJmctioD S(P) andtbecmralmass can not be madegange invariant i1l contrast 
to Gill.- . 
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Method of effective action -the· case of one flavour 

In this section we adopt another procedure - the method of effective action 
suggested in [21-24J. 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 'Tn --.. 0, i.e. the partition function Z f'V m-NN,. Therefore we give a 

different derivation in Appendix C and check at each point the accuracy of 
physical approximations. In particular we show in Appendix C that there is 
no divergency for 'Tn -- 0 and that leading term in the limit mp ~ 1 is the 
same as obtained in [24] when BIJ = O. 

As shown in Apper~dix C the QCD partition function for quarks in the field 
(2.1) can be written £IS (in the limit m -.0) 

ZQCD = I D1/JD"p~ Dp.( B)eJd"xvjiiJ(B)'Pj X 

N, v 
X < It IT (2im[ - f d\r't/Jtibu~i)(x) rd4yubi)+(y)'ifht'!(y)) >R"I1, (3.1) 

f=11=1 

Here f refers to the flavour (total number of flavours is N f ) the meaning of 

2imf is explained in Appendix Ceq. C.B, and u~i)(x) 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 Nt = 1 in this section and the 
case of Nt = 2 in the next section, 

The case of N: = 1. 
In this case the averaging procedure over Ri , ni factorizes in (3.1) and one 

can introduce a two-fermion vertex (to stress the analogy with [21] we keep 
notations of that p~per) . 

Y± = I d~dni f 1/J+(x)iDu~i)(:z:)crx I cPu~i)+ (y)iD1/;(y) = 
r • 1 . A =JdR(I/)-;-(x)iDrj5(x - ~)2(1:;:'Y5)~(x,~, y)ep+(y - ~)iD1/;(y)dyd:z: (3.2) 

where q>( x, Ri , y) == q,(.c, Rd4>/~, y) 
Following (21] we introduce identically integrations over A-;-., A_, r .....T _ to 

obtain 

ZqCD = Jt Dp.(B)D,wD"pT }'oo dA+ r d.A_joo df+ /00 df_expli'l (3.3) 
-00 27r J-00 27r -00-00 
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,( - r_
W = a-zt/J+iDt/J + iA+(Y+ - f +) + iA_(Y_ - r -) + N+ In Vf+ + N_ln V! 

Integrating over I'+, r _ by the steepest descent method in the thermody­
namical limit N± - 00, V .- 00, ~ =CORst." one obtains 

· dA+ dl . + ­
ZQCD = Dp,(B) 21[" 21r Dt/JDt/J ezpW (3.4)f 

W = N+ In i~;r - N+ + N_ln i~-V - N_ + / ~zt/J+ibt/J + iA+Y+ + il-.Y_ 

The integation over dl+dA_ can be a1~ don~ by the steepest desCent 
method when N± is large 121]. 

Before doing that we integrate over t/J, t/J+; using notation 

Y± = 1/J+1 
=F 75 y± . 1/.1 (3.5)
2 

we obtain 

(3.6) 

(3.7) 

(3.8) 

where Tr means trace over coordinates, color., and Lorentz indices. Integrating 
DOW overdA+dA_ one finds A+,l_ in the extremum of (W' + W") to satisfy 
equations 

r-;+= Tr{Y+Y_.L( -/)2 + Y+Y_~+.\_)-l} (3.9)
""+ . 
N_ . - -. A2 - - . -1
l_ = Tr{Y+Y_A,+( -D + Y+Y_A+A_) } 

For N+ = N_.= ~, one finds '-+ = A_ = 2~c' where E satisfies the"gap 
eqnation~. . 

N = ( EN )2Tr( _ Y+Y-) . 
2 2VNc . --02 + Y+Y_(2~,>2 (3.10) 

Since according to· (3.2), (3.5), one has for Y:b 

Y:i- = I dR.iiDqJ(z - R.i).(z,~·,Y)iP(y - R.)iD (3.11) 
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the r.h.s. of (3-10) and hence e is gauge invariant {only closed "contours" of 
.(z, Rs, 1/) enter under the sign of Tr). 

In case when B,. =0, ~ =), iJ -- 8, (3.n) reduces to 

Y±(z y) =f~eip(a-V}(W±(P»2 . (3.12)
'(221')4 . . 

and (3.10) becomes the same as (2.41) 

2

f d!'P. M (p) 4V2Vc - 1 (3.13) . 
(2r)4:y + M2(p) N ­

with M(p) given by (2.46). 
Now back to the case BIJ =P O. We integrate in (3.4) over dJ..+d)L first, 

replacing in IV the )..± by their extremal values (3.9) We obtain the effective 
action for quarks in the form (NJ = 1) 

ZqCD = canst / DJI(B)D1/JD1/J+ezp / dxdy'fjJ+(::c)[iD ·6(x - y) +iM(z, y)]tt'(y) 
(3.14) 

where the nonlocal mass operator is 

EN f . ­M(x,y) = 2VN d&iDtp(x -~)~(z,Jt,y)tp+(Y-R)iD (3.15) 
c 

and e 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 nnder gauge transforma.tions 
l\1(Z, y) changes as . 

(3.16) 

1\f(x-, y) as given by (3.15) is what one may caJl the chiral mass operator. 
Inclusion of background field B~ makes it gauge covariant, but now M(x, y) is 
dependent on the confining forces, more explicitly, M(x, y) contains the field 
B,.. and therefore depends on the string which connects qua.rk 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): 

< GHL(x,y) >B= JDt/JDT/J+Dp,(B)t/!(Y)fP(y,x)'lj;+(x)er/J+(D+M)>!> = (3.17) 

= tTc( ~(y, x)(iD + iM);;) 
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We have neglected additional qq pairs (quenched approximation or large Nc 

limit). Using the Feynman-SChwinger representation [14J (3.17 can be rewrit­
ten as 

where 

tP.z(z,y) = P(e-·(M~-I:F)~%(:r, y)), K = I: z2~A) dA, J:,F = ~cr,",F~1I (3.19) 

M
and the ordering opera.tor P ensures the proper ins~rtion of the mass operator 

2 into the phase factor ~,z(x,y) where th~ subscript z refers to the contour 
of ~z taken along the quark path. 

In (3.18) the ~eld B#J enters if and the closed contour C formed by the 
straight line a.no the quark pa.th between x and y, as shown in Fig.I, 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: 

(3.20) 

where 8M 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 
aDd expand it in powers of the mass operator: 

(iD + ali);; = (iD);; - (ib);~d4uiM(tL, v)trv(iD);; (3.21) 

+(ib);:~cruiM(u, v)et4v(iD);/cJ4tiM(t, w)cJ4w(iD);';' - ... 

The nonlocality of M(x, 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 Iz-kr.ly-~~ 
at (Ix - .R:I, Iy - .R:! ;:» 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 th~ 

confinement radius Rc - 'o.5fm for lowest states or larger than Rc for excited 
states. 

Therefore we have to distinguish' two cases. 
i)p ~ Re. In this case the nonlocaJ.ity of if is strongly influenced and interre­
lated with the dynamics of the string - one cannot separate effects of chiral 
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symmetry braking (the chiral mass M) aDd coniinemeut. 
ii)p < Re. In this case we can effectively replace in (3.15) +(:r,~,,I) by 
9(z, 11) and hence rewrite if as 

M{~,y) =+(z,1I) f M(p)eip(--y) (~:)4 (3.22) 

Furthermore we can neglect nonlocality of M (z, 11) on the scale of (z - 11) RcfV 

and replace the operator M(z, 1/) by 

M(:t:,y) ~ 6(% -y) f d(z - y)M(z,y) =5(z - y)M(O) (3.23) 

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

2 uS< GHL(Z,1/) >= tr(ID - iM(O» f dsDze-K-,M (O)e- (3.24) 

where the effects of CSB.and confinement are separated. The first produced 
the chiral mass M(O) which enters instead of cur~nt 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 

< qq >M= itr < (-iD - iM);; >B (3 ..25) 

In the case B~ = 0 (3.25) reduces to 

. (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~ =1= 0 one should calculate the original expression (3.25) which can 
be rewritten with the help of (3.24) as 

<ijq >.&1= - < 10" trMDze-K.,pc(z:,z) >a (3.21) 

where the contour C in .,pc 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 r.onfinement radius Rc (the case ii) 
above ), then the effects 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 qq 
system (wave functions and masses) one can use the inequality p <: Rc and 
keep only M(O) instead of M(P) in the first approximation in Green's function; 
in computing < qq > on the other hand one should keep dependence M(P) 
and can neglect in the first app~oximation effects of confinement. 

" The case or two flavours 

In the general case of Nj flavours in the effective action in (3.1) there enters 
a WJ vertex {2~4] 

N 
y* = (- )NJ JtJ4R.idfli jI]l!tl'z,¢jiDu(i) f tJ4YU(i) (y)iDtPj(Y) (4.1) 

Integrating over dO i for N j = 2 and taking the limit Nc -+ 00 one obtains 

(4.2) 

where 
(4.3) 

and 
K(z,y~R) = iDtp{z - R).(z,R,y)tp+(y - R)iD (4.4) 

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

The difference in our case,_ also in the 'Bp =0 case of [21,28}, is that our 
interactioll is nonlocal with nonlocaIity of the order of p - size of instanton. 
In addition, in contrast to [21,24] tbetenn (4.2) is gauge invariant and taltes 
into account efi'ec:ts or confinement. 

The cJl'ective partition function similarly to (3.4) is given by (up to unessen­
tial factors and replacing i1.s: -+ g*, R -+ U 

ZqCD- f dg+ Jdg_D1/JD1/J+ezpW2 

(4.5) 
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One can introduce as in [211 the 2 x 2. flavour matrices r; , r; = (T, i), a = 

1, ...4, and use the identity 

(4.6)
 

One can exploit the Bubbard-Stratonovich tranfonnation and write ZqcD 

through additional functions La, Ro [21] to obtain 

ZQCD =f Dp(B)dg+ I dg_1 Dt/JI!t/J+.oLaDRaexpfV~ (4.7) 

W2 =-N+lng+ - N_lng_ + f cI'z[,pjiD't/J,+ 

+g+L~(z) + g_R~(z) + 2g+LG(z)J~(x)+ 

+29-~(z)~(x)} 

where 
J±(z) = (T;)/,(J±(z))/g (4.8) 

The effective action W:z contains both fermionic degrees of freedom 1/1,1/1+ 
and bosonic La' Ra, and global parameters g+, g_. Integrating over D1/1D1/1+ 
we get a fully bosonic effective action 

e-W(L,R) = f dg+dg_e-N+lng+-l'-lng_+J~y(g+L:(y)+g_R~(Y»expX; (4.9) 

x = I d t (iD.. 2~+tK ) (4.10) 
11 e 2g_RK iD ' 

where L = LaT;;, R= RaT;;, and e.g.{LK)zy = JL{u)K(z,y,u)du. 
We shcill now study following [21} the phenomenon of CSB using variables 

La, Ro. We shall look for the condensate of L4:' R..., namely introducing 

o:(z) =Lt(z) +14(z), (4.11) 

we show that 

< 0: >'1= 0, < L4 -14 >=< L i >=< ~ >= 0 (4.12) 

Since t and it transform under SUL(N,) x SUR(N,) as 

t~UL·tU:, R-+URRUt (4.13) 

the nonzero value of < (T > signals eSB. . 
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.l'he insertion oC(4.U) , (4.12) into (4.10) yields 

.x =T-rlft( - iJ1 +~9-172lf1) (4.14) 

tio~:::~~'::f~~~~:~ steepest descent method yie1dB equa. 

8W ~+~ . p.
-8:::; 2 Va-- 2u9+9-Tr( jp 2KJ} = 0 H·15)

a . - ·+g+~tr 

8W N~ V tTl J(2 
8g:J: = + Ii: - ~ - ~s.Tr( -f1l+ g...g;...cr1(2) =0 

From (4.15) we find that tID = -v!J~ ad 

gt N 
~a:TT( -iP+!liatF) ::+2:" (4.16) 

Comparing with the gap equation (3.10) we see that <TO = ~ (ODl'DOrm.aI­
ization differs from that of [21J, note also misprints in numerical coefficieD.ts 
in Eqs. (27-29) of [21J). 

We can now again define the quark effective action if we insert in W2 in 
(4.7) the extremal values or Le,~,g+,g- found above. 

We obtain as before the effective action (3.14) when we express tT(l and 9D 
in terms of c. 

Thus the one-quark situation in case of .N, = 2 is the same as in the .case 
N, = 1: the effect of CSB is to create the dUral quark mass. 

This is true howeve-r only in the approximation (4.12) when all the effects 
of bosonization reduce to the creation of nonzero 0'0, and no boson exchanges 
(quantum boson fields Le , Rc) are allowed. In the next section we shall discuss 
these effects and derive effective chiral Lagrangian with confinement taken. into 
account. 

Effective chiraI Lagrangian and quark. 

We are now in position to calculate the "bosonic" effective Lagrangian 
W(L, R) in (4.9), inserting there extremal values of g+ = g_ = 90 and 
< U >= 0'0, 

namely 

(5.1) 
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To parametrize the quantum bosonic fields in L,R we introduce as in {21Jthe 
forms 

1, _. 1 +0' + l1UV R= iDA1 + 0' - '1 VU+ (5.2)
-10'0 2 ' v 2 

where U= ezp(i1ri'Ti), V =ezp(iO'iTi) ,i = 1~2,3. The eight bosonk fields 
1r'j, 0',,0", " correspond ioeight field L., Re,. =1, .;....... 
. lusertion of (5.2) into (4.9) yields 

W(L,R} =::,.Jtt4z(~(z) + ,,2(Z»- (S.3) 

7'?' In{ib + i(l + (7+ 'l)UVM+ + i(1 +0" - '1)VU+M-l 

where M±:= Ai~ and it isde1inedin (3.1S) and Tr is taken over coordi­
lUltes,color and Lorentz indices.. ODe should keep in mind that terms linear 
in iieldBshould'be suppressed smce they vanish due to the steepest descent 
ceadi1ioB., yielding < 11>=<1rj >=< (7; >= o. 

It isiDairactiveto expand the e1fedive action (5.3) in 1f"h 0'j,0"-, 11 and toind 
the conespoudiDcquadratic terms yielding masses Of mesollL 

For piOllS this procedure looks like 

-W{.)=Trls(ID+a-UM;.+ifrit_) = 
Tr 1.(iD+iM+A) =Tr la(iD+iM) +Tr((iD +iM)-la~ (5.4) 

__ iTr[(ib+ iM)-lA(iD+ iM)-lA} == (-W(I) + W(2) +~S». 

where 
A =i(eiff -l)M+ + i(e-JiT-l}M_,JIi == M+ +M_ (S.S) 

The first term,W(l), contains DO pions and describes 'COntribution of qij .pairs 
interacting with -baCkground field B", thequat'k being alrea.dy m~ve due to 
appearence of dUral mass AI. . 

The Be<:ODd and third term, wt2) and W(3) are depicted in Fjg~2 (a) and 
(b) respectively. 

Expanding in (t..4) A in powers of 1r,; and. keeping only quadratic terms one 
obta.ius 

+ W(2)(1r) +W(3)(1r) = (5.6) 

If::" ,...(k)wlI(k')N(k,k') 
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where 

N(1c,1c') =='iTr{ib~iMiM(.+k') + m:iUiM(k)_ib~iMiM(.'}] 
and. 

- eN! iia­< ziM(k)ly >== 'lVNf: K(z,y,u)e d1l; M(O) = M . 

It is <easy to see in (5.6) and ~ show it explicitly in Appendix D.tW for 
1r" =const Le. for Ie = Ie' = 0 the sum in the BqDal:e bradrets -OD. the r.h.s.. of 
(5.6) vanishes, signalling vanishing of the pion mattS, as it should be for<the 
spontaneous CSB with zero current quark masses. 

A similar analysis fOr other mesons can be done and resu.lU ate -sim.ilaEto 
those of [21I . We note that masses of all meso~ other than 1ft , do not va.uish 
and are of the order of typical hadron mass. 

We turn now to the final topic of this section; effective chiral LagrangiaD. for 
pions. In this case we integrate out all meson degrees of freedom exept thai 
of the pion~ since pion is the lightest particle dominating at small momenta. 
From (5A) we obtain 

W(lI') = -Tr In(iD + iMUs) (S.7) 
where 

Us =V 1 - 15 + U+1 +1'5 = e~rns (5.8)
2 2 

The expression (5.7) reduees to the ehiral Lagrangian obtained in [21,16] 
when M -+ M(O) and B~ --+0, so that iD -+ iB. 

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

The aI"ective acnOQ (5.7) describes quark pairs (integrated out) propagat­
ing in the confining gluon field B~ and the chiralfield U5 - the remaining 
degrees of freedom - those of pions (1ri) and gluons (B,.). 

We can coWp&le (5.7) with the standard chiralLagrangian (2,3] 

W.!!{r) = ~ 1d'zTr4A. + ~ Jet'zEavJHTr~,'L,AA + ... (S.9) 

where 
A,. ::;::. U~ia,.U. 

Comparing (5.6) and (5.7) with (5.9) we deduce the~J1for the pion 
decay constant F1l • To this end one should a.verage in ZqcD (4.7) over fields 
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B1lt which in the leading Nc order results in averaging over B~ the effective 
action W(1r) (5.6-5.7). Since N(k, k') includes trace over coordinates, one has 
< N(k,k') >B= (21rr6(k +k')N(k), and N(k) = k2N o(k). Fmally comparing 
(5.6) to (5.9) we have 

1 
"iF; = No(l. = 0) . (5.10) 

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

Correlation functions and the double nature of pion 

Our starling point now is the QCD partition function where we keep quark 
and meson degrees of fredom (in addition to B~). To obtain it , we integrate 
(4.7) over dg+dg_, which effectively reduces to illSertioD into W2 in (4.7) 9+ == 
IJ- = 90· We obtain 

f 14 '" ~ 1-"Y5"W(L,R,tt'> = a-zc-z'T/Jj(z}[iD+ i(l+ t1 + '7}UV--M+ (6.1)
2

rr+ 1 + "(5 ~ N f ~ 2 2+(1 + t1 -'1)Vu '-2-M1t"cr1P,(z'}+ 2V a~x(O"(x)+ '1 (x» 

where U, V are given in (5.2). 
We DOW can calcula.te the qij correla.tion function 

(6.2) 

nr(:r,y) = j f D+iDp(B)e-W(L,R){Tr(S(z,y; fJ, B)rS(Y,x,t!, B)r)­

(6.3) 
Tr S(%,z~.,B)Tr S(Y,1fi.,B)} 

Here W(L~R} is the effective action (5.3); ~i(X) i = 1,2, ...8 denotes the 
set of meSOD variables; u(x), 7](x), 0"4(Z), 1r4(x). S(x, y; 4>, B) is the quark 
propagator in the external field Gf mesons {~} and confining gluons {B~}. ~ '. 

~ 1 - "Ys ~ 
S(z,,;.,B) = liD + i(l + (1 + 11)UV--M+ (6.4)

2

+i(l + CT - ,,)VU+ 1 ~"Y~ Aftl 
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Two contributions in eq. (6.3) ate shown iaFig.3a,b,. we shall call them ODe 

(quark) loop and two-(quark) loop respectively. This howtn'5 i1I: somewllat 
misleading since the action W(L,R) coaespoucm to the superposition of aay 
number of quark loops , &iDee 

W(L,B) = -Tr ms-1 + ~ f atz(~(:I:) + '1~z» (6.5) 

Therefore our terminology refers cmly to the iuterior of the amy bmt:.irets 
in (6.3) with understanding that these graphs should be iniegratecl with. the 
weight shown in (6.3). Now we discuss the result of i.ntegrati()Jl of diagrams 

..	 (a) and (b) of Fig. 3 over bosonic fields in (6.3). To this endweetpaud 
W(L, R) ~W(.i) in powers of cit up to the quadratic terms {.21]. 

W(••) =:1dz d-y .i(~).ci(Z1 y)c).(lI) (6.6) 

The term £i gets contribution from two diagrams depicted in Fig. 2{aJJ). 
For the case of pions .c. can be read off from (5.6). For small values of 
momenta the Fourner transform ~(k = 0) plays the role of meson mass. As 
~ discussed in section 5 contributions to L.r(k=, 0) of Fig. %(a) and (b) 
cancel each other establishing in this way the Goldstone theorem. One can. 
easily see that .4(x, y) do not depend on Nc (since also M doesu.ot depend 
on Nc ). On the other hand, 

N rI (- = - < F > 'nat'" 0 ,IV.)	 (6.1)V 8~2 
2 
Ie, 

Since W(Cb) """ ~ "J Nc' the exchange of a meson yields correctionJ)(I/Nc} 

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

g~g ,... ~ - O(N;1/2)	 (6.8) 

Hence the contribution of the diagram Fig.3{b) is O{N; . ~) = O(Nc ) just as 
that of the diagram Fig. 3{a). This is in contrast to the situation "..ith glu'On 
exchanges for the diagram of Fig.4, which contributes O(N;· ~'l) = O(N~) ­
this is the so-called. OZI snpressed diagram, just as the diagram" of Fig. 3(b). 
However in the vector and tensor channels the latter does not exist (tensor 
mesons a.ppear in the liNe corrections, see [21,241) and therefore in these 
channels OZI suppression can be explained by the smallness of the diagram 
FigA. At the same time, in the scalar and pseudoscalar channels th.ere 1S no 
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SUppMSSionsiD~ the diagram ofFig~3(b) provides for the ~plitude'1'ougbly 
the ameamount as the OZI allowed diagram of Fig. 3{a). This concl~on 

oIno OZI suppression in .scalar and pseudoscaJ.a.r channels has been obtained 
before in (29} using another arguments. 

We now tum to the important question about the double role of the pion 
- 88 the Goldstone particle and as the qq bound state. Our present formalism 
is a mnvement· setting for the study or this question and we shall actually 
have in mind aD scalar and pseudoscalar particles (to be compared later with 
vector &1ld tensor particles). 

Let us siari with the effective action (6.1). It contains both quark and 
meson degrees of freedom, but here they enter not on equal footing. Quarks
tP".,pi are supplied with ·kineticterm and are respectable quantum field­
theoretical quantities. In contrast to that meson fields .i enter as auxiliary 
fields, they do not possess kinetic terms and should be considered as e~'temal 

fields to be .a.verqed out with the given weight. When one integrates out 

quazks, one obtaiDsaneffective chUa! Lagrangian as in (5.7-5.8), where t~ 
dUral pion field now inherits the kinetic term and the full QFT status. But 
in doing that (integrating out quar~) we averageo~ all qUark structure of 
the·pioo and "see only its.chiral fac~"4 Quantitatively both faces of the pion 
are given by (6.3), or diagrams Fig.3(~!b). While the diagram of Fig.3(a) is 
the usual one considered in quark models, the diagram Fig.3(b) is pertinent 
to the dUral degrees of·ueedom - it contains.the chiral propagator (~);~. 

Now in the limit of large Nt: the diagram Fig. 3{a) will contain only gluon 
(B-,) exchanges and provides only poles at p2 =m:(n)~ n = 1~ 2.... The chua! 
propagator (.c..);: provides a ·pole at r= !'1l; for pioD m~ = O. How these 
two types ()( poles coexist? 

For pion when y is smaIl, p2 <: .8;2~ p-2 the situation is relatively simple. 
In this region Guly the diagram Fig. 3(h) has the pole and it is dominant. 
When; increases and is close to the pole m~, th~ same pole· appears in 
L:t(P). This is the signal that the expansion in powers of +i done in (6.6) and 
considering the diagrams of Fig. 3{b) is meaningless - the BoUon afthe meson 
mus is not useful when it is strongly p - 4ependent and even has a pole at 
p2 = m~. Formally, the diagrams Fig.3(b) acquire a pole at. m;~ so that the 
sum of contributions or Fig.3a and Fig.3b according to (6.3) can be written 
as 

(6.9) 
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where 1I"~O)(k) is the contribution of the quark loop of Fig.3a.. 
Now N(k) can be written as (in the limit p -- 0) 

N(k) = C + M~(O)1J'AO)(k) (6.10) 

The "quark model poles" appear in 1I"~O)(k) • 

71'(O)(k) = 
5 

,\~ 
k2 + 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 = 0 
due to N(k -- 0) = iF; . k2 survives. Thus the Goldstone theorem manifests 
itself in our case, as it should be since chiral symmetl"y breaks spontaneously. 

7 Conclusions and outlook 

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

On one hand. illstantons 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 '.:oniined in the model, 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 a.pproach, in which 
quarks, gluons and Goldstone bosons can be treated simultaneously on tht: 

fundamental level. The basic effective action is given in (5.:> i a.nd can be useO:l 

for diagrammatic expansion in powers of Goldsi;one exchau6e:s or integratmg 
over all bosonic fields, in particular when there is an extremum (;orrespondin~ 

to a selfconsistent bosonic .field of solitonic type. 
The latter might be important for baryons. 
In the limit when confining configurations va.nish we come ba.ck to the 

effective crural Lagrangian obtained earlier [211,[301. 
The framework suggested in the paper can be used ior the calculation.s 

of all effects where crural physics and confinement are both important. A 
systematic quantitative study is planned in subsequent publications. 
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r.-e captioas 

Fig. 1. G:raphical representation of the heavy-light ·Green's function,
 
eq.(3.t7)., The straight line from :z to 11 corresponds to the heavy-quark path,
 
theligbt-quarkpath is typicaUy .away at a distance of Be ft,I lim from the
 
he,avy quat.
 
- ·ne dUral musiDsettion {5eCA>nd t6Ul in Eq. (3.21» is shown neu the
 
iDst.antori position Be with noDlocalityof the order of p"'" 0.2 Jm.
 

VJI•.2. Grapbical representation of twotennsin the effective action (5.4). 
Part (a)coaesponds to W(2) and part (b) ·toW(3), solid lines denote quark 
propagator tiD + iMJ-l, broken lines - emitted pion field 1t'j·uom expansion 
of .6 ~ Eq. (5..S}. 

Yag. 3. Gr.a.pbic:a1 representation of the qq correlator nr(z,y), Eq. (6.3). 
FiB. 3a correspmdato the"one-loop term" (firstteml insidetbe cur~y brack­
• of (6.3.», while Fig.3h coaesponds to thefttwo-loopterm:" (second term 
iDsideth.~ .attly. brackets). Broken line denotes the boson propagator which 
appeaDwben one-expands S(z,z,.,B)jn powers of •• 

Fig. ~. The OZI violating two.-:gluon excllance diagram obtained from 
~8ioD·ia B. o£·ttre two-loop term oCEq. (6.3.). 



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(i)(X) in the unitary gauge, which was 
found in [31}. 

1 +;5 I - 15 1
G(x,y) = (iD

4 

- im)a.-- + iaD
4 

'-2- + imu(x,y) (A.I)
2 

where u(x, y) is the contribution of zero modes 

u(x,y) = Uo(x)ut(y) (A.2) 

while .:1 (x, y) is the Green's fundion of scalar particles in the instantonic field 
in the unitary ga.uge 

(A.3) 

One can obtain expansion of Ll in powers of m [32,29] in the singular gaug"e 

~(x,y) = <p-1/2(x)~(x,y)</>-1/2(y), </> = 1+ P: (AA) 
x 

- I I 2 (r_X)(T+Y)' 2 
~(X'Y)=:;72{( )2+P 2( )2 2l+ 0(m) (A~5) 

'!:11" x - Y x ,x - y y 

Consequently one has for G(x, y), x"'" y - P 

I 
G(x, y) = -:-u(x, y)(1 +O(mp) (A.B)

1m 

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

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

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

Thus mp <:: I is also accuracy of our approximation in (3.1). One can see 
that for a typical instanton size p ~ O.2/m, u, d and s quarks satisfy condition 
mp ~ 1, while for c quark this is already violated and all effective actions 
considered below are not applicable for the c quark. 



.A.ppeocrlX B 

Shift ofeigenvalnes due to background Bp 

We study eigenvalues in the field of one instanton A" plus background B"" 
which are to be fOUlldfromthe equation (12]: 

[-(8,. - ig(A,. + B",»2 - go-(E(A + B) +B(A +B»]CPn = ~'Pft (B.l) 

where A: = ;~~ ~ while E~j are co1orelectric and ~lormagneticfields 
respedively. 

Let us concentrate OD. the shift of the zero eigenvalue which we shall eval­
uate by perturbation theory 

(B.2) 

where 6V is to be read off from eq. (B.l) and is due to B,. ¥- o. One can 
extract the phase £actor out tpn., as is done in (2.23) and the rest is equivalent 
to the wave function in the Fock-Schwingergauge for B p; 

(B.3) 

In 6V there are three terms: (i) linear in B", (ii) quadratic in B"" g2B~ 

(iii) proportional to E+B. Due to. symmetry reasons only quadratic term 
contributes t06~. 

We have 

Iil
2 

= 2g
2 J: ~1r~ = (B.4) 

=21 J: (l~d;r' 10'" a{u)a{u')duvdu~.< F"p(u)F.;,,.{u') > 

Here we have introduced fol' an estimate the averag~ value of < F(u)F(u') > 
which at u = u' should be less or equal to the gluonic condensate of {33}: 

~ < F;"F;" >= O:Ol2GeV' (B.5) 

Taking into account that < F(u)F{u') > falls oft' at distances lu - u'l ~ 

T, == O.2Jm [34), one can compute the integrals in (8.4) to obtain 

6l' ~,18 a. < rr >< O.OO15Gev· (B 6). -



29 

In getting upper bound on the r-.h.s. of (B.6) we use the fact thai part of 
gluonic condensate should be due to instantons and in our case only that part 
of < r r > enters in (B.6) which is due to confining background Bt". Bena 
we have average shift of the zero eigenvalue < 16~1 >S 4OMeV. This is small 
as compared to p-l ~ IGev , and therefore I~~lp < 1. 
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Appendix C 

Derivation of the effective action (3.1) 

'WE' start with the general' form of the partion function for the quarks of 
flavour! = 1, ...N, in the field (2.1) 

Z = CO'/1st f Dj.L(B)Dl/JD'l/;+exp - f 1/JiS-It/J,dx (C.1) 

where the action of gluonic field is included in DJ.L(B). 
We now transform B-1 in (C.l) to make explicit contribution of zero modes 

N 
C:, -1 - ·il BA 

"'AA(i) . . _ 5-1 + ~[(S(i»-1 8-1J ... = -tv - 9 - 9 LJ - trn - 0	 LJ - 0 (C.2) 
i=1 

Using (2.5) and (2.8) after some algebra one obtains 

N K	 ~ 

S-1(Z, y) = S;1(x)6(z-y)+ E E Sol(x)tt~)(z)(im-j-V)ii,]nqU~i)+(y)Sol(y) 
..=1 ft,q=O 

(C.3) 
where matrix elements of V are 

(CA) 

It is f".asy to check that iuverion of 8-1 given by (C.3) yields (2.10). 
For n = q = 0 u~i) has a definite chirality and therefore VOO,ii = -im. 

Hence, keeping only ZeTO models in (C.3)t as it is don~ e.g-.in [21-24J, one ob­
tains a term 0CU~-A) in 8-1 in (C.3) which was not present from the beginning 
in (C.2) 

The reason for this apparent pa.radox can be identified as an improper 
omission of terms with n t q i= O. Indeed, matrix elements VU,"i and VUl,ii are 
of the order of O(~)! since eigensolutions of {2.3}· with n =1= °have no definite 
chirality and have nonzero matrix elements even in the limit m = O. 

The;efore (im->'- '(;r)~ _ (det(im-i-V»-1 is finite for m - O,.xo _ 0, 
and this fact resoives the appa.rent paradox occurring in derivation in [21, 24). 

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

Z = C01Ut f DJl(B)Dt/JDt/J+ezp(-!tlJiSo1"p,dz)exp !£dxdy (C.5) 

where 
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One can notice that JJ:.tk dy contains fmnioDic· oper:atoa of1h.e .typ.e: 

f1/1j(z)S;1(z)t4:1(z)dz == .t1(f) (C~1) 

Due to aDticommutativity oft/Jj the product ..~i){f)y(.:)(n ......h•. 
Therefore in expansion ofezp£ only finite Dumber oCteana svvives.. Namely, 
if we for simplicity keep only zero modes, n = q = 0 in (C~6) ·then ORe caa 
write. 

ezpJUhdY =Nii"(t - 9~i)(f)(im - ie - Vj-l9t)+{!») (C.8) 
i,J 

This form coincides with that obtained in [21'-2.4]. Our derivatioa which. has 
used (C.3) is more direct than prosented in [24]. Eq. (C.S) aIsocoincides with 
the form originally suggested in [21] up to a change imf -+ (im -10 -.V)oI. 
This overall factor can be taken out to redefine & normalization of the partition 
function and one comes to (3.1). 

One can also show that nonzero modes can be neglected since the ratio 
(im ~ ).n - V)~/(im - AO - V)ol is of the order O(mp). Namely foY the 
two-channel situation, n = 0,1 one has 

4 

( " _' _ V )-1 .- im - Al'- Vll (" \ V';' )-1 _ 2im - ~ 
1m A 00 - d A ,1m - A - 11'- (C.9)

et detA 

Now take into account that At f'V Vn f>oJ p-l, while m and ..\0 are much smaller 
(see Appendix B). 
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Appendix D 

Study of the pion inverse propagator, N(k, k/} in (5.6)
 

""!~ first prove thatN{k = k' = 0) = O. From (5.6) one has
 

1Tr [N(O,O} = -2 A liM + AIM AI. M) = (D.1)
iD+iM iD+iM -iD+iM 

= !TrL' ---;::-_l_M ~ 1 D} = 
2 iD + iM -iD + iM 
1 1 1A A 

= -Tr( D + D}
4i -ill

A + iM iD 
A + iM ..., 

Consider the tranformatioD of inversion P of all coordinates, x~ -. 
-z"" BjI --Bf/." 

From (D.l) one can see that under P transformation N(O,O} changes sign. 
Therefore, when N{O,O) is integra.ted over all gluonic fields and is a number, 
it should vanish 

(D.2)
 

From the invariance properties of the vacuum with respect to the shift of
 

f 
coordinates, one can deduce that < N(k,k') >B written as 

'k '1:" 1 1< N(k,k') >B= du du'e' u+a < 2Tr[iD + iMim(u)6(u - u')+ (D.3)U 

+ .AI. m(u) . AI. m(u'») >B 
1.D+trn -:'l.D+1.M 

where 
£N 

< xlm(u)ly >= 2VN K{x,y,u), (DA) 
c 

has the property 

(D.5) -. 
Expanding now N(k) and again using illvariancc of the vacuum we get 

(D.6) 

Finnaly we report in this Appendix the calculation of < N(k, k'} > B iII the 
limit p -t O. \Vc have for t.he first term in (5.6) 

]V(l) =< ~tr Jd:r. dy du (D.7) 
~ 
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-ei(eH/}us(%,y,B)2~c iDtpbJ -u)4l{y, u,z)~+(z - u)iD >S" 

When p -+ 0, both z and 11 tend to u and one C81l replaee S(z, 1M B) -+. 

S(u, u; B}. Integration over D(z - a) aDd (1/ - u) yields 

(0.8)
 

Analysis of the second te~ on the r.h.s~ of (5.6) yields in the limit" '-0 

N(2) = ! du dw ei.h+a'. < it,. 8(111, u; B)M(O)S(U, 1V; B)M{O) >s (0.9) 

Finally we can rewrite the sum Nel ) + N(%) as 

< N(k,lc'} >s= N(l) + N'2l = (D.IO) 

= (2z")46(k + k')c01Ut + M Z(O)1l5(k») 

This justifies eq. (6.10) used in the ten 
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