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Abgtract

We argue that in physical QCD vacuum the "instantom liguid"”
develops with the instanton density dﬂ/df’-: ne 5@-57‘) where
9-::1/600 Nev and K8 10™% Gev4, corresponding to empirical
value of the glucn condensate. Such paremeters lead to chiral
symmetry breaking and give {W ¥ >=1.10"% Gev- and gquark ef-
fective mass =200 Mev, which is very reasonable., It is shown
that factorization works well for quark condensate but isg
strongly violated for gluon one, No place is seen for first
order transition in externsal field, while the instanton-indu-
ced charge rencrmelization is in agreement with strong coup-
ling expansilcn., Imporitant to a2ll thet is that instantons oceu-
py only sbout 1/20 part of the spece, so they are not deformed
t00 much, This can be iraced to the presemce of light quarks,
80 such property is absent in gluodynamics and lerge Nc case,

being therefore very different from real QCD.
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1. Introduction

The main problem of strong interaction theory ls that of
vacuum gtructure. The studiee of last several years have
ghown that it ie very complicaeted medium filled by strong
nonperturbative fluetuations of quark and gluon fields.

Their semlclassical ireaiment is based on the famous topolo-
gically nontrivial solution of Yeng-Mills equations found by
Belavin, Polyaskov, Schwartz and Tyupkin E1] s the a0 called
instanton. In enother clasmlical paper by t’Hooft ]_2] the pre—
exponént has been calculated, and the ingtanton physice was
open for applications.

Callen (jr.), Dashen and Groams [3] have considered wide
renge of ingtanton-induced effects, connected with U{1} prob-
lem, chiral aymmeiry bresking, cherge renormalization sic.

In their later works they have coneidered instantons in exter-
nal field {4] in which they have found firet order phase
trengition, end compared the instanton~induced renoi:m_alization
with strong coupling expaneion [5] + They have systemstically
used the so ¢alled dilute gas approximation. However later
studies ( see for exemple[6) ) have shown that its validity
ip more restricted then agsumed by CDG, therefore some results
become questionable.

The works by Shifmen, Veinghtein and Zakharov [7,8] have
pointed in the same direction. They have coneidered the effect
of guerk and gluon condensates on the inetanton density. Their
conclugion is that the effects under consideratibn are very
strong sid to speamk about instantons with radii lerger them §, =

1/500 Mev 1g mesningless for they are deformed %too much,



The main problem of the instanton calculus isg the gtabili-
zation of rapidly growing density dn/i¢ at some critical
value gi and the calculation of the structure of resulting
"ingtanton ligquid"., This problem is very complicated and re-
mains open so far,

The very importent aspect of this problem, which we discuss
in the present paper, is the connection between ¢ and SLq;
If the former is larger, the instantons "are melted" in physi-
¢al vacuum and do not exist as well defined objects. In the
opposite case one s8till hes some liquid, not gasz, but &t least
made of well defined constituents = the instantons. Our know-
ledge concerning ordinary condencedmatter tell us that both
posgibilities may happen to exist, depending on the dynamical
details. .

Using some theoretical counsiderations and the empirical
velue of the gluon condensate we argue in this paper that FC
is much smaller than assumed by previuos works: ¢ = 1/600
Mev ~ 1/6 A . It has very important consequences.

Pirst, instantons occupy rather small fraction fa1/20
of thé space and therefore are deformed reasonably weakly.
Therefore, calculations with instantons are spro-
ximate but atill valuable.

Second, @ introduces new important scale in the theory,

Tc
different from the confinement length R, » = 1/200 Mev. As
a result, one can spesk ebout two different components of
vacuun andé hadronic structure. In the first case it is the
"instanton liquid” and more long-wave fluctuations, leading

to confinement and not discussed in this work, For hadrons

these two componets are the constituent querks and hadrons,



0f course, these two components are not completely indepen=
dent. In particular note, that Boont is close to instenton se~
paration in the "instanton liquid", and long-wave fluctuations
considered now in lattice stud;ea as some closed electric
strings can, in principie be also treated as scme collective
excitations of the "instanton liquid-,

Below we discuss chiral sgmmetry breaking along this line.
¥We remind the reader that for more than one quasrk flavour it
can not happen at one-instanton level and some medium with
finite density of instantons and entiinstantons is needed in
order to produce it, We show that our parameters are suffici-
ent for this purpose. Moreover, the esleulated values for
quark condensate and effective quark mass turns out to be in
agreement with what is known phencmenclogically. The rather
nontrivial fact im the so calied factorization property, also
reproduced with our parameters, which tells us tha{ the quark
condensate is very homogeneous in space-iime, On the contrary,
quantities connected with single instantons like the gluon con-
densate (Cﬂfv )z are very ingomogeneous and for them
factorizetion is strongly violated. This prediction is not
tegted so faw,

In this and the next paper we show that the picture of two
componenta is in agreemeni with vast phenomenology of vacuum
and hadronic stiructure. Move deep question is about the physi-
cal reasons of vacuum "diluteness", reflected in smallness of
-packing fraction £ mentioned ebove, We suggeat that the an-
swer is connecte@ with the presence in real QCD of zeveral
light quark flavours, whi@h are known t¢ suppress instantons,
For example, reducing the masa of the strange quark mBz150 Hev
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to zero makes f to become two times emaller, Going in the op-
poaite direction and increasing the quark masses we rather
goon found no smsll peremeter f and have to conclude that in
pure gluodynamics the physical picture of vacuum and hadrons
is completely different. The samé conclusion is alsc valid
for large N limit - Es] . So, the imaginary worlds invented
to make the theory simpler are mot omnly far from reality, but
also more compliceted as far as instenton~-induced effects are
considered., And we argue below, that such effects in fact do-
minete in many aspects of sitrong interactions.

Row we come 10 more detailed description of the contests
of the present work, comnected entirely with vacuum structure.
The guestions conserning hadrons and superdense matter are
discussed in its second part as separste publication,

The introductory section 2 collecte known formulae about
free‘instantons, while their interamction is discussed in sec-
tion 3. We give brief discussion of relevent effects such as
dipole forces between instanton and emiinstanton [37, inter-
action with querk and gluon condensates[?.B] and of less clear
core effects. The conclusion is that in general we have some-~
thing similer to that common for ordinary molecules: weak
attraction at large distances and strong repulsion at small
~ ones. Driven by this analogy, some "instenton liquid" is pro~
ffposed, discussed in pection 4., In small scale it has some
" gtructure, presumably close to best packing one = 4-dimensio-
pal cubic latiice with alterati ng instantons and antiinatants*

ons, Using es input the empiricel value of the gluon cénden«
sate [9] we find the following parameters

n= 8107 Gev? ¢, =1/600 Mev ~1/3 fermi

6

B e e
" T T T AR IR



Th.e next section 5 is deveted to the problem of spontaneous
chiral symmetry breaking, in which we found that prameters
given above correspond to 4‘?5")::—10'2 Gev’ and quark effective
mass about 200 Mev, which is very reasonable, More compliéated
vacuum average values of other ox;erators are briefly discussed
in gection 6,

Section 7 contains the comparizon with two well known papers
by Callan, Dashen and Gross [4,5]. We have found rather small
vacuum permeabdbility M 4 1,4 and therefore no place for first
order phase transition in the external field [4] . As for the
comparizon with strong coupling expansion, we find that cur
parameters of instenton density give effect even in better ag-
reement with [13] than originsl resulte of the work [5]; insteed
of crossing of two curves, the st\rong coupling and instantone
induced ones, the latter turns juat in the proper place.

Section 8 is devoted to brief discussion of the imaginary
worlds with different quarks end the number of colours. Very
strong effect of the strange quark mass, observed in [:25] ’
is explained by the instanton suppression by fermion determinant.
It is explained that gluodynams: end multicolour QCD seem to
be rather different from the real caae aa'fa.r es8 insianton-in-
duced effects are considered.

The work is summarized snd some discussion of open gquesiions

is made. in section 9.



2.-Free instantonsg

Thie section ig introductory in chare;cter end containe
known formulee to be used below.

The word instantons is uged for particular solution of
clagsical Yang-Mills equations, found by Belavin, Polyakov,
Schwartz end Tyupkin [1] « This solution correaponds to Eucli-~
dean space~time rather than Minkovsky one, for it describes
in semiclaesical way the probability of tunneling thrlgh
some barrier ifni%]é%figuration space between topologlcelly
different classical vacueas

Simple way to find this solution and even extend it to
wider class with arbitrary topological number wss suggested
by t'Hooft [14] «Let ug gtart with the following anzatz

A:\ : ﬁ;v?"&‘¢ (1)
- 3., dvo . q _ - ome 79
M )7 M e 0 Ty O

Simbola 47[;..' correspond to SU(2) colour group, as1,2,3 and
it¥s meaning and properties cah be found in {27 + Yang-Mills
equations sre fulfilled if 0 ¢ =0 and this equation has

the obvious solution

n Q?
= + _
? 1 é {I'E,-)e {2

interpreted as n instantone in points Z. . The nal cage gives

the feollowing one-instanton cenfiguration:
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2 A (x2),9f
'9- C(x-2P[(x-2)+ ¢

A/‘j (x) = (2
which ig the inetanton in the =0 ¢alled singular gzauge. The
gingularity in the instanton centerq in (3) is pure geauge, but
it allows to have strong decreas:f\g‘:t X900 « This in iturn mskesa
expressions like "gecattering on instanton™ mesningful.

Solution (2) is the sum of independent terms (3) only for
widely separated centers as compared to a,‘. y but it turms out
thet the action is exsetly n _times the sction for (3). So,
in a sense inetantonas do not intersct.

However, there exists also other class of solutionse with
’-'-{:,, changed to "Z/:,, the s0 called sntiinstantons. The in-
teraction between instanton and aentiinatenton is present and
we discuss it in the next section.

The caleculation of the preexponent has been made in classi-
cal t'Hooft paper [2] . His result is ueually formuleted ]
ap the snalog instanton gas with the following density

dn(g,z) = dz % d,(9) F

2N,
do(?} - CNC 311'?) EXP (_ an? (4

5o §7) )

6 ex {~1.68Nc)
Cve = “F2 1) T (Me-2)!

The coupling constant g{g} ie § dependent, end such dependency
can be taken [10 ] with two loop aeccuracy[16] :



81 . g f/L
T - bbu(x) + g“g"{sm) w7 ﬂ/sm))
(5

g "H*N_ ZM : g': ?’?-?IVCZ ””,c Af
The number of flavoursa Nf should be teken egual o 3, and in
the presént work one mey completely ignore heavy c,b... quarks.
Anothexkomment ia that the congtant in (4) corresponds to
Pauli-Villars regularization scheme, and if one like 1:0 use
another one he ghould change it to CN = CN (n /A )8
We also remind relation of A  parameters: A, = Az = 23 A
:vﬂ.'l?)\":}Mm, where Ag‘ 4"," are popular in the theory of hard
processes and AN,,, in lattice studies. Modern data on short
distance physice including deep—inelastic scattering end
heavy quarkoniuma imply that A, is of the order of 100 Mev,
but the uncertainty is still rather large, say 50%. Still in
thia work we use A =100 Mev in numerical estimates.
contected with
The fector F in (4) ig not so far explained. It is the
B8O calied. fermion determinant, which introduces new important
: plysics connected with light quarks and instentonas. It bas
been first discovered by t’Hooft [2] that there exists non-
trivial solution of the Buclidean Dirasc equation for masslees
quark in the ingtanton field, the so cmlled zero mode
L ~ A
Wi = L fanteg]* EE) (105
_ Vixze ' T2

L (6)
X = const , Z+X =4

BRI SR DB ARE R HE D ORI R 0 AN R v

I TN " S e
' TR A A



Because of this the fermionic determinant det( D) is zero,
together with the instanton deneity. The nonzeroc amplitude
ig then the production of Nf peirs of qua._rks, s0 the instan-
ton ten be considered as some vortex with 2N4 quark legs.

An attempt to close them in loop:nf(;ﬁgi%aiﬁz ‘}—’ is
right-handed and ¥ - left-handed. Only the violation of
¢hiral symmetry may help here, elther explieit: in form of
quark mage in:ertion, or spontaneous in form of gquark conden-

sate. The latter possibility we discuss later, and in the

former case factor F in (4) is equal to

F= I_E!"f(mtf)

L3y x (1 + xx+.. ) XKl

16)

1]

(T}

_;:5._;.24. ' AW/

[
(S

§ (%)

where Xz W@ . The first term in small X case was found by
t*Hooft [2] , the second — by Carlitz and Creamer[12] , the
large X 1limit is given according to the work by Novikov et al

[10—1, previous calculation by Andrei and Gross ]:17] was incorrect.

At Pig.1 we have plotted resulting instanton density in
the cases with abgent 1ight u,d,s quarks. In next sec-

tione we discuss how the interaction changes this dlstribution,

11
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2« Instanton interactiong

Qur starting point ie the change in the instanton action
dne to externsl weak field G‘v

217 (&)

AS = T Ny B
Thig fomul%has been first derived by ¢DG [3] , and later
SVZ [8] haye proposed more simple its derivation.
It is evident that only antiselfdual field give the
nonzerc contribution to (8), so at this level no interec-

tion beiween instantons is present.
It ie then easy to find the interaction of separated in-

stenton-antiingtanton pair with zadi ¢. §L3]:

32

where R/.. ig distance between centers, and Tg is matrix of

v £ )
as = - Moo Tue Ty RRe

relative orientetion in colour space. Note, that the interac-
tion is of dipole-dipole type.

It is also essential that rather large numerical factor
appears in (9}, The maximum is reached for some orien-
tation and ia (96112/3”[??}-’/}2") y while for "random"
T;fi'-i‘ it ig three times smaller. Anyway, instantons inter-

act strongly at rather large distances

R =~ (zo'o f’?’)‘/" 2(3*135)y (10)

12
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Another application of the formula (8} has been proposed
by SVZ [8] + Let us congider smail gize instanton in QCD
vacuum. The average squere of Long-range field in it is phe-
nomenclogically known from their mnelysis ofwcharmonium le-

vels ( see [9] and references therein }:

((36“,)2} ~ 0.5 Gev? (1

the
This quentity called, gluon condensate will pley an important

‘role in what follows.
Expending the probability change due to (&) onme has the

following correcfion to instanton dengity

¥,
dg) = dile) (1 + %%’ (g6 )y ) P

Note thet it deviates from CLI?) at ¢ as small as 1/1+1
Gev. Under certain assuptions ( ratherquestionable, in fact )
they have exponentiated correctiom (12). This give their
eptimate for upper bound of the instanton radlius 1/500 Mev
as the point where correction becomes comparable with the.
initisl action.

Another importent work of SVE [T] deals with the effect of

quark condensate
- -2 2
(F¥) =~ - 10 Gev'™ (13

on small size instentons. Related questions will be discus-
ged in sectlon 5 , and all we want to sgay now isg that the

guark massee in (7) should be substituted by effective ones

13



"’rl("f"f’>9 : (14)

Mlﬁ (g )= m -
Both effects considered 1egd to atrong growth of the ingtan-
ton denaity with f « The corresponding curve is shown st
Pige1 « Unfortunately, this approach ia valid only for small
enough ingtentons.

It is physically clear that such growth shold be stabilized
by some sffect of repulsion. The genersl resgon for its exls-
tence is sleo inown since the firet CDG work [3] : close in-
stanton-antiinstantor__};_pair means wesk fields and their account
leads to double couni;ing- The more detamiled discussion of
such effects cen be found in works [18] . Still the explicit
introduction of collective coordinate with the meaning of in-
stantm;émtiinstm-foh"separation ( the dipole moment of the
topological charge ?) énd quantum ¢alculation of corresponding
effective potential is missing. . -

In works {6, 193] some model-dependent herd core was iﬂtI'D?
duced and its effect on instanton-induced effects was discue-
sed. For example, the choice of Ilgenfritz and M¥ueller-Preus-
ak:eg:i[GJ-is the following

R o ¥y > Qz—z
u(R)‘{oo RT ¢ o8¢ (15)

1{ has the virtue that the free parameter in it 4 1is dimen-
sionleas, s0 at least no new scale in introduced by hand.
Its value they have tried to fix from large R, limit ( to
be discussed ,inm-ﬂ. sso}:ion } and Gell-Mann-Low function

L L UIGTIIRT, L DL TR RCT TR ey e [ L T AT TR R TR T
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{ to be discussed in section 7 ). Both coneiderations point
toward rather large ¢ , of the order of 200. It means

that core is essentisl at distances
- i,
R< [ag?p?]™~ 17¢ ©

Note that it is comparable with (10}, which is probably not
ccagional. It ig importent, that some numerical parameter
9/ R ¢4 comes into play here, to be utiliced below.

The introduction of core has answeréd aome questions
posed by SVZ [9] . They have pointed out that artificial
cut-off over ingtanton asize viclates some gene'ral relations,
in perticuler that given by %trace anomaly for energy-momen-

tum tenwmor

2
s ..3_5_’;2 (96}1) (M

Calculations with the cut-off give identical results for
both parts of this equation up to factor (b/4). Since this
factor 1s proportional to Nc, it becomes plgnificent in dis-
cussion of larg_e N, limit. |

However it tume out that consistent calculatione with
core [6,13] automatically give correct relation (i7). It
meeng that it was just artifesct of cut-off, not the lntrin-
slec difficulty of instanton calculus.

In summary, instenton interaciion resembles those for
ordinary molectles : they are weak end attractive at large

distances and stroﬁgly repuleive at emall onese

15



T LR RN R e

4. Ingtanton ligquid

The analogy between the instanton interactions and that
of ordinary molecules suggests the following plcture: at
high enough density one has closely packed liquid rather
then free gas. Unfortunately it is very difficult to find
from first principles the properiles even of ordinary li-
quide, to say nothing sbout the instanton ones The calcula~
tions with some convenient core shape discussed above are
the example of such approach.

In this work we have chosen another tectics: we discuses
first empirical facts about QCD vacuum and - +$ry ito find
some small parameter, giving some hope for success of future
analitical calculations.

Qur firast object is the gluon condensate (11) « Its
physicel nature was not important in the discussion of pre-
ceeding section. Now we make strong assumption that it is
cauged by our instanton liquid.

Since each instenton contributesto it fixed amount J2W?
one éan find directly the totel instanton density in such
liquid

t'hﬂ’__ nmihlt- ]

2
c =N, ‘6':?«85,1)?: 8-107% cevt  (18)

More sceptical reader may say that at least it can not be
lérger.

From this nusber 5VZ in their old work [20] have estimated
the typical instenton radius to be 1/170 Mev. However, they
have used free gas dengity, which ih fact is strongly mo-

dified by interaction. Our point hewe is that in fmet it is

16
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much smaller and only due to this one can spesk about ingtan-
tons as mesningful objects.

Even in such cege and even if instenton interactions are
known, the calculation of the properiies of ingtanton liguid
1g Tather difficult problem. The account for global ingten-
ton stimulation by average field, 'mes 1% was done in (12), 1s
not possible for instantons, which themselves dominate in
such fielde. The instenton probebility depends on the positions
end properties of neighbouring sntiinstentons, end the diffi-
ctlty lyes in multiplicity of configuretions. For orientation,
one can take one of them, which seems reasonable. |

Consider for example the mogt simple one, being close to
m?gt denge packings cubic 4=-dimentionsl lattice with alterating
instantons and sntiinstantons ( the NeCl structure }. Of course
we do not propose ingtanton cristell with long range order,
but think that at small scsle such model is not too far from
reality. We also freeze‘{the ingtanton radius to be inaslde the
small intervel ¢, tag with Agec g, .

A1l which ig left is the integration over relative orienta-
tion in colour space. Performing this for dipole-dipole in-
teraction we find the correction to instenton density

dn ?—¢ & (19
h, = 24p e [ 6T R, Rs) 4
< exp| =2 (_1_9
-? dg ?‘< P 92 4? VAZ/N RZ g‘”cl:g)

Note that it is a kind of selfconsistency equation because
the denpity enters glso - the exponent. Solving this equati-~
on one finds N (¢ ) for our model, and assuming density (18)
one obtaine then the criticel radiua @, ( for 4¢= & ):

€ =~ 1.6 Gev™ '~ 1/3 fermi (20)

The resulting instanton distribution is shown at Fig.1.

In order %o give some impression about numbers involved
let us note, that for each neighbour pair {exp (-a8)> =
~ 2.4 or not so large effect. However, there are 8 neighbours
and in totel this is an increase by the factor 800. 8till one
ghould remember that the absolute probability of barrier pe-
netration exp(-Se) = 10~° e=d in fact it is not modified too

17



much.

Of course, the model is very naive. In addition, the total .
normalization is uncertain due to large power of A involved.
H&%ver, the dependence on €c in (19} is so strong that thia
parameter is defined with good accuracy, Presumaebly not worse
than 20%. The mbaclute density of instanton liquid is aiffi-
calt to calenlate, but we can rely here on (18).

In what follows we use the simplified instanton deneity
in the form

dn . n.o(g- %) (21)

ag
where paremeters M, , ¢, are given in (18,20). This provides
the poesibility to discuss multiple ingtanton-induced effects
on much more simple and quantiteiive level than it wee done
before. ‘

It ig also interesting, that more heavy calculatione with
the core teken in form (1%) with paremeter @ ~200 fitted to
ﬁ function give rather similer distribution.

The very important festure of this result is the following.
The so called packing fraction f defined in [3] ag

f: ZI(::..}")dn g JTzn(f,v ~ 1/20 (22)

( 2 for ingtantons plus antiinstentons and Wﬁbﬁ for 4-volume)
is rather small: only about 1/20 part of the volume im occu~
pied by instantons. We have still liguid, not ges, but made
of well defined constituents, which are not deformed too much.

The question iz natural here about the physical origin of
this parameter. First, it is due to the fact that ( 9,15 )
contain lerge numerical factors of geometrical origin. The .
power of JI from angular integration ceansels in (22} and the
cendidate can be the number of space-time dimenesions d=4. It
ig interesting in thias connection, that in P-dimensional mo-
dels consldered so far instantons are "melted".

But there is other effect, to be discuseed in next section
and connected with light quarks. They are effective in instan-
ton suppression and Nf=3 is alego importent for thiaz parameter.

18
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5. ghiraﬂézmmetgx bresking
and theAquark condenagate

It is well known now that due to emellness of light quark
magses ( for u,d,s guerks spproximately 4,7, 150 Mev ) the
strong interactions posess nearly exact chiral symmetry. In
physeical vacuum it is spontaneously broken, and as the result
the Goldstone mode - the pion - is massleas, not?ﬁucleon.
The explicit menifestation of the breeking is the nonzero
quark condensate, the vacuum sverage of F , Tor it ai-
rectly connects right and left handed querks.

Tt hes been discovered by tHooft [2 ] that instentons do
important thinge with light guzrks, namely produce Nf pairs
of them. In Buclidean formuletion this is seen =s zero modes
(6), reaspectively the propagetor of quark can be written' as

Strg) 2 BOLGls) v STy @

where S’ is noneingular at wm-0. The instanton density given
in section 2 ig proportional to m, so in the case of one fla-
vour guark immediately obtains the effective mass, violating
the chiral symmetry [3] .

Things are not so simple at Nf larger than 1.The ingtanton
generated vortex with 2Nf legs has the following structure
in flavour indiges

V—je.&u“' (ow "/’va: (6 ore wé,('__.%) (24)

Kote that apper indices correspond only to right-handed spi-
nors, end lower ones correspond to left-handed ones.  So, the
rotation of only right-handed quarks affects only one &<
and the determinant sppesrs. This ig nontrivial for U(1) but
not SU(Nf) part of the rotation. Therefore, only this subgroup
of chiral symmetry is violsted directly. So, we have gqualitatl
ve explanation for Weinberg U(1} problem '[ﬂl, but not to

19
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breakdown of chirel symmetxy, This problem is open at one-in-
stanton level.

It has been suggested in [3] that such phenomenon can be
explained if ingtantons and antiinstantons are close enough,
The idea is thet in this case attraction in scalar quark-an-
tiquark channel may become so sirong that chirally symmetric
vacuum becomes unstable and the quark condensate appears.

Ag always for spontaneous symmetry breaking, the question is
gquantitative and cen be enswered only by explicit calculation,
So, it is intergg?ing to check whether our parameters deter~
mined above can do the job.

We do not give here details of the relevent formulee for
they are present in well known work [3]. We only remind the
logics of their derivation, First, iteration of Bethe~Salpeter

kernel J (p) » as always give
S = Z/(1-Z2] (25)

and if for some momentumﬁ??' of the quarke-antiquark peir
2(p)>/ then the instability ( bound state )} take place.

The diagrama for 2. are constracted from t’'Hooft vertexes
with 2Nf legs, Two of them is the quarkeantiquerk pair under
consideration, all the rest should either be absorbed by the
antiinstanton or closed in loops. As mentioned above, in lat-
%er‘case the resuit is proportional to quark mess, Obviously,
thié calculation is made in chirally symmetric vecuum without
the condensate and quark effective mass: we are going to prove
its instability. So, one should ﬁse in the instanton density

N /hj (N,ﬁ;_?c instead of gy , snd write down all fermionic

factors expllcltely. Interesting, that 1t turns out that the
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largeat contribution is obtained if the strange quark is clo-
sed in loops while one of remaining light quarks is trsmnsfered
to antiinstanton, The resulting expression is

Llp) = %%W”c 8¢ JOplapse)> Lkexp-2pg) (26
wis ﬂk#f%)
where exponrnent is some approximation forx ps}ﬁz of some compli-
cated integral ( see [}] for details ), What is important, it
is really larger than unity for small P and the ingtebility
is present,

This conclusion was slso made in [3] but in fact the diffe~
rences are significant, The packing fraction (22) present in
(26) was not so small in [3] and with their paremeters the
instability appesared at P as large aaé.zl\ + There is empi-
rical argument againat it, to be discussed in next section:
quatrk condeﬁsate is very homogeneous in space~time. So, our
instebility only at small P is wellcomed,

The second problem is to calculate the numerical calue of
the condensate, Now we return to physical asymmetric vacuum
and write the melfconsistency condition for LEYY es
o ~ _ Zhc
Myle) — Mg (se)

It was considered in [3,12 | and follows directly from the

e D :—ZJ (27)
propagator (23) in the instenton field:
With our simplified instanton density (21) this integrael

equation become a pair of algebraic ones aund Irom {27) ana

{14) both the condensate and effective maas can be found:
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% .
Py = - (3he)® . _ I-iDz Gev?

I Ge
" ) (28)
Mey (¢c) = 27g. (.‘:_f) o~ 200 Mev
The clessical result of PCAC is (see e.g.[9])
H 2 .
{F¥Y = - M_-_ ~ o I.6~10262v3 {29

2(”«"'““)

Another estimate ias provided by heavy-to-light quark matching
proposed in [9]

#¥> = - g (96D 7 O oo

where M is some large mags. If this formula is extrapola=-
ted to some intermediate mass, say 200 Mev, one has bp> =
& 0.6 1072 gev>. ‘

In the sum rules for W ¢ mesons [97] end baryons [21) aome
four-fermion operators enter, which wers reduced to (ﬁ‘*?" by
factorization hypotheses ( see below )} and results egain agrees
with (¥%) of the order of 10~2 Gev-. The author recent work
[22]) deals with hadrons, containing one heavy quark, like B
e son, IG,AG baryons. In this case (‘T’V’) enters directly, end
egain the results with such (¥} are reasonable.

The physics connected with quark effective mass we are going
to discuss in the sacond part of the work, but only note here
that the result (28) is agreable as well.

)Here small "current" masses enter beca:ée explicit symmet-

ry violation leads to axial current nonconservation. The spon-
taneous violation is accounted by the existence of pion.
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Let ug also note here, that quark effective maes is small
in the acale {c» cheracteristic %o instantons. This is some
reflection of the fact, that instantons alone are not able
to produce it end they are produced rather at scale equal to
ingtanton-antiinstanton separation R~3¢ . The smallness
of () in turn leads to rather dilute instenton liquid. We
see once more the gelfconsgistency of the picture proposed.

Cloging thie section we mey say, that both quark conde-
neate and quark effective mass, calculated in our parametriza-
tion of the instanton liquid, are found to be in reasonable
agreement with empirical values.

‘
6. Vecuum sversge values of other operators

Inspired by the results reported above we proceed to cal-
cuwlations of vacuum averages of more compicated operaters in
our plcture, and their comparison with empirical facts. The
latter come mostly from 5VZ2 sum rules anelyged in {9,21,22)

There are algo three theoretical proposals made in [9] for
egtimation of vacuum avereges : ingtanton gas, factorization
with vacuum intermediate state, heavy-to-light quark matching.
Kow we are going to discuse their consistency and comnections
with our results.

As for inegtanton gas estiﬁates, the whole our work can be
congidered as the development of this idea on more detamiled
and¢ quantitative level. As the example of the results, appea-
ring on this basis, let us give the expression given in [9]

1pra8c g & ¢
<5{ G,uv GVG 66'/' > ] .
g ——2—. ~ 09 Gev?

C(9G60) > 597

(31)

However, numerically result is rather largs as compared to [9)
for we use much larger scale for VS’: .

For the mecond propoesl mentioned above, the factorization,
the situation is not so simple. Let us illustrate it by two
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relstions for operators (? éf:]lf, (“T'.‘f")z being the complete
squares, For them the factorization with vacuum intermediate

state reads as follows:

Gen) > = (e )y
@~ e )

where we have neglected numerically small factorized contribu-
tion of crossing channels ( other pairing ).

In general, our picture of the instanton liquid does not
imply relations of such kind. Moreover, smallness of packing
fraction (22) ~means rather ;‘_nhomogeneous vacuum, in which
gimple relations like (32) should be strongly violated., The
explicite caleulation for instantons give all averages to be
proportionsl to n, , and not to (n‘:}2 as suggested by (32).
It is rether simple to calculate ((2 G;J*) in our picture:

<(3qu)l')/<(96}:u)z) - ';_j'g%q ~ 3.6 Gev? (33

which is indeed essentially larger than <(§G;.,)2), entering
relation (32). So we conclude that for gluonic operators the
factorization hypothesis of 5V [9] ig in contradiction with
our results., In principle, effect of higher order gluomic ope-
rators on charmonium levels can be studied and therefore this
conclusion can be tested, but it is not done so far.

However, the anmalogous calculation for {( ".a}')z) gives :
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(FP¥)) . 1 ~
CFy > T SIS

-2 3
_3 o Gev
(34)

which is indeed very close to what is predicted by the factori-
zation relation (32). Strong difference in numerical coeffieci-
ents ere caused by the fact, that fermion Zerc mode, unlike
(}G;,)z , are normalized %o unity.

The conclusion, that for quark condensate factorizetion
works well is slso in agreement with our discugsion in the
preceeding section, where we have shown that such condensate,
in contrast to gluon one, is formed at distances of the order
of instenton separation and is rather homogeneous.

' We have olso noted above, thet phenomenoclogically factoriza-
tiom works well for (¢ [9]ena NA[21,227] where F¢)? is
present, snd also for B — type mesons with heevy quark[22],
where its first power appears. Moreover, in the discussion &g
SVa [9] of vector mesons mixing 1% is suggested thet such fac—
torization 1s velid with acturacy of the order of 1/20. Our
result (34) , of course, supports it only on order-of~-magnitude
level, So, &hat can be the origin: of so high accuracy ?

Strictly spesking, one should calculate both parts of (32)
with similar accuﬁacy in order to answer this question, with
more detailed kmowledge of the instanton configurations. How-
ever, one may at least iry some model, for exsmple the cubic
instanton-antiinstanton lattice discussed in section 4, The in-
terference of zerb modes of instantons ( right-handed ) and
the antiinstentons ( left-handed ) produce the condensate.

What is observed ia that it is vexry  homogeneous in space
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between instantons, on the level of 15-20%, but is changed of
the order unity ingide instantons which, however, occupy only
1/20 part of the volume (22). Introducing some fluctusiionas of
instanton size and positions, one obviously finds smaller inmho-
mogenuities, Although we have not done it explicitely, we sug~
gest that high accuracy of factorization for quark condensate
can be explained in our, rather dilute instanton liquid.

The last point of this section is the mo called heavy-to-
light quark matching [9] , used for order-of-magnitude esti-
mates of =zome vacuum averages, We have already given such re-
sult for the quark condensate (30), which for reasonable intere
mediate matching mass mt:200 Mev gives values 2=3 times smaller
. than empirical and our values of ¢Pv> . Another important re-
sult obtained in the same way in [23], it deals with the opera-
tor tgq:G;,, ,:,t‘W important for applications to bargons
[21) as well as for hadrons with heavy quark [22] . The result
of [23] is

: - ! jra8ca £ ¢ .
(96, Gt Y D = - SO Gy Gpy Bpa )
(35)
"~ - .E(_i ___‘L:.E ~ -—I.g=10-26¢v5
5 M

where we have substituted My=200 Mev and our value (31), At

the same time direcf estimation in instanton calculus gives

(‘F"l’?(&/g:) .’3---3'10'2 Gev’, so the agreement is reasonsble,
Summarizing this section we may conclude, that factorization

is valid for guerk condensate but not for gluon one in our

picture, The first stafement is very nontrivial and ita agree=

ment with date is encouraging. The second prediction is new,

but so far not tested experimentally.
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6., Phase transition in external field

and charge renormalization
In this section we discuss the connection hetween the propos-

ed picture of QCD vacuum end two well known works by Callan {(Jr)
Dashen apnd Gross concerning phase transition in external field
L4] and comparison of the instanton-induced charge renormaliza~
tion with strong coupling expension fS] . The baslis of both
works is the discussion of vecuum permeability M in the in-
stanton anslog gas, which is treated by the Onzager method for
dipole intermctionsa.

Tet us stert with the comparison of the underlying instanton

density. At Fig,1 we aschematicelly show by ddtted lines this
quentity in three cases according o CDG work. They  are:
{a) the mo called dilute phase, presumably existing inside the
vpag”; (b) the instability point, where derdvative dE/d&®
changes sign; (c) the end of the CDG curve, presumably corres-
ponding to "meron ionization®. It is seen, that the curve (b)
is rather close to our instanton density, which is however
corresponding to zero field case, or physical vacuum., We there~
fore conclude that further growth in instanton demsity from
(b) to (c) is questionable, as well as phese itransition of the
first order claimed by CDG, The explicii’. account for core in
[6] bas lead to the same comclusion,

Another way to see this is to calculate the permeability

: .
/‘4(2) : 1 + 7 de -gj;, {%) (36)

ﬁith our parameters it-is ‘very cloge to unity, mx1 4, so0 there

.
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is no need to use approximations of Onzager type, importaent
only for strongly paremagnetic media M 1. Then there is
nce place for phase transition to be developed.

St111: the instanton-induced permeability is important effect,

and it can be considered as & type of charge renomalization[ﬂ;

4 = Gt (3) M (2) 57

The standard way to look at it is provided by Gell-Mann - Low

function defined as f£ollows -

(9) d b
- i%l = 077«{ ) (38)

A% Fig.2 we heve plotted this function versus charge in lattice
regularizq.tion. Dashed curves marked AF and SC corresgpond res-
pectevely to asymptotic freedom [16 ] and strong coupling [13].
The curve marked CDG is what is found in [5] y while the so-
1id line corresponds to our results with instanton density es
shown st Fig.1.

The importent difference between two last curves is that the
first one crosses the 3C curve, while the second one turns in
the proper place., Alsc imporiant, that apcording to cDG the
crosging point lyes completely insighey_ﬂva?igfity of t;n.e éalcula-
tion, This was so suspicious, that, f_or example, n.n the work -
[6] the core parameters were found in order %o prevent
such crossing.

Let us note iu this connection, then in their later work

‘ Ilgenfritz, Eazskov and Mueller-Preussker [24] claim that the

28
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instenton-induced renormaslization behaves in fact as shown
at Pig.2 by the dotted curve without crossing with 3C one,
end even with some similarity with it.

However, unlike the logarithmic effects,power corrections
are not the umiversal charge renormalization and depend on
the particuler physical quentity one is interested in., VWhat
is calculated in E24] ig essentislly the three-gluon vortex

renormalization constant

2(¢)=1+ 1;27, 92@)][1 —-Ek(ry)Td” (39)

Note that it is of second order in large parameter (3”/37 ,
that is why it atarts at much smaller g ~ 0.9 or extremely
small scale §~ Sfaﬂm7~100&y However, it remsins still unclear
in what physical process cen this affect be seen.

There are also many other definitions of the charge, =8y
clagsical'force between static charges", but one should compa-
ve the one used in lattice theory: the coefficient of ﬂ%:t]z
term in effective mction. The CDG permeability indeed correse
ponds to it.

Closing this section we conclude, that CDG phese transition
ig very guestionmable from our point of view, while the compari-
son with atrong coupling regime becomes even better.

8, Changing querk masses and'Nc

Tn order to simplify real QCD theorists have invented some
imaginary worlds with different querks and the number of colo-
urs Nc' In this section we briefly discuss some of them, in
perticular: (1) the effect of the strange gquark mess; (ii)

gluodynemics without light quarks; (41ii) multicolour QCD.
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Transition to the case in which strange quark mmas msc'i 50
Mev goes to zero was rather thoroughly discussed by Novikov
et al [25] « They have calculated derivatives of the gluon
condensate over quark mass at its zero value

d(( G"v)‘)f ST
dm é

M0

i

{40)

A LY zZ 2 2
4¢960) )| . 36( )z,(_f\?
olim wo 6 Ly '
Here A is the normalization point which appears because
2 .
mg;ro  at M0 limit.
Both derivatives ere positive, so the condensate increases

with gquark mass. Substituting here m, one findas

(g6r)y,> % (960 ) P ()

Expansicn in 1/mq. is also possible, and it shows that with
further growth of mg to infinity the change in gluon condensate
is smeller. Therefore, the authors of EZ5] have concluded that
in gluodynemics the condensate is 2-3 times larger than in
real world, In this comnection it is interesiing that recent
¥Monte~Carlo simulastions for gluodynamics with N c=3 f see refe~

rences and discussion in [26]) have given very large value

<(¢9 G )2)]’ﬂodymH.'cs ) (li t02) bev” (42)

but the theoretical uncertaities are much larger than given
statigtical errer.
Now, whét iz the physical reason for so strong effect of

fased on
the quark mass? Our answer is,the instenton nature of the con-
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densate, and the instanion dengity is effectively suppressed
by the quark determinant. For the effect of the siramge quark

mags one finds

<(?Gq )?> . <§S>gcz
’_____di,_/"—'il——— ~ — ~ L

(357 92 - 3ms [ov? (43)
<(ﬂ G:u)z>;¢a€ ’ $ y

in good sgreement with (41). It means, that if strenge querk

to be massless, instanton density dis two tlimes smaller.' It

is very instructive to obgerve this fact in connection with
our discussion in section 4 of the origin of small packing
fraction f. Let us also add, that with m =0 the chiral sjym-
metry breaking by the mechanism discussed in section 5 becomes
questionable, We therefore conclude, that even such operation
as putting mg to zero may significently change the physics

of QCD.

Now let us look in other direction 'and increase u,d quark
messes in order to discuss gluodynamice, This theory is now
intensively studied in its lattice formulation in "theoreti~
cé.l laboratoryt by Monte-Carlo gimulation.

It is not easy to extrapolate from our picture of QCD va-
cuum to thai of gluodynsmics., Obviously, the abgence of small
fermionic ‘fact-o.r F in ‘(4) increases the instenton den-
aity, but other factors like (gn )3'4‘ suppress small instantons.
Still our estimates show that small parameter £ (22) hardly
is present in gluodynamics and therefore the whole instenton

languege as applied to it becomes queatioﬁable.
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Now we pags to multicolour Qcéfﬂdiscussed in many theoreti-
cal papers, It was suggested that Nc=3 is in some gense large
number and Ncmpao Limit is close to reality. Some facts like
relatively nerrow resonances provide some support to it.

However, as emphésized by Witten [27] s this limit hardly

can be smdth for instanton-induced effecte. Iater it was dis-
cussed in papers[28,29]. The basis of the discussion is the
free instanton density (4), Fortunately, large factors(Nc)Nc
cansel emong themselves and what is left can be written as

dh s AR & A
E‘-g— o EXP[NC (2.91 + ]Te" &‘gnw 3 &'!Am)] (44)

At NC going to infinity all fluctuations for which the brack-
et in (44) is negative are completely suppressed. According to
[28,29]it is always negative in Pauli-Villars regularization,
but charge sign in lattice one, 80 physics depends on scheme
uged¥ The resclution is thet in fact one has to use two-=loop
expression for the charge, not one-loop one, in order to answer
this question. This was done in (44) and the point where the
fluctuations are not suppressed exists, it is §,= ﬂ/&/4~?ffﬂ-

What happens in this point depends on instsnton intermetion
and is not clear. The core in form (15) leads to density stabi-
lization, However, on more general ground[ﬁoj the gluon conden-
sate <(36;,)2>oc N: which can not be reproduced by finite at
Nc-aao instanton density [29] « Most possible, instantons are
completely "melted"™ in multicolou; QCD, in contrast with real
case.

Some phenomenclogical observations, pointing to the same di-
rections, were given by Novikov et al [25] . For example, all

mixings are small in 1/NC » but in some cases they are not smell.
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They propose that new mass scales enter and their ratioc can
compete with Nc. We propose %o relate these scales with diffe~
rent instenton-induced effects and, finally, with fE:1/600 Mev
which is much smaller tham 1/4A . As explained above, this
difference of ¢ and 1/A  becomes much smaller in N —? &
limit and, presumably, "all hadrons are alike" in this case.

In conclugion, ocur real world turna out to be'very different
from various imeginary ones, invented by theorists to make their
life simpler, What is found in our work, in some sense the real.
case is the beat one.

.8' Conclusiona and discugsion

The mein conclusion from the present wbrk is that the compo-
nent of the QCD vacuum of instanton nature is dominsnt in pro-
ducing so important its characteristice as the gluon and-quark
condensates., We definitely has some instanton liquid, nof 288,
Still it tufb:gggher dilute liquid so that the constituents -
the insteantons - are not deformed toc much, As & result, one
has spproximste but valuable method of calculatioﬁs. It pre-
dicts definite aumerical valuee for different vacuum proper-
ties, Two of the results: the value of the guark condensate
and the factorization of its square are already known empiri-
cally, and the agreement is very encoursging. Among other non-
trivial predictions not tested so far we may mention strong
violation of factorization for gluonic operstors.

The existence of small paremeter - the packing fraction (22)~
is not understood completely. We feel fhat light quarks are im-
portant here. In this connection it is important that even tur-

ning the strange quark mess o zero may significanly change the
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numbers involved by the order of unity, and transition to
gluodynamics leads to compleiely differeni physica, The rapid
convergence of Monite-Carlo simuiations for gluodynamics alsc
auggests the absence of scales, essentially exceeding A .
However, as we argue in this and forthcoming workas, such scale
does exist in real world,

The same‘concluaion can be repeated in connection with mul-
ticolour QCD as well., The limit Hceao is not so harmless ope-
ration as it was assumed by many thecrisis, and in studying it
we go rether far from realistic case H0=3. )

Comparing our results with those of oiker authors, in par-
ticula:?%allan. Dashen and Gross, we obmserve that our instan-
ton density is generally much smaller and shifted to smaller
instenton dimensions. As a result, oui value of vacuum permea-
bility is not far from ualty and there is no place for the first
order transition claimed by them, At the same time the charge
renormalization becomes even in better agreement witk strong
coupling results, for so large effect is not needed empirically.
Qur discussion is more guantitative, in particuler in discussion
of quark effective mass we find reagonabie numerical value Mch
was not done previously. The same comment is walid for several
yacuum averages of diffsrent operators.

0f course, & lot of questions remains open. The most genersal
problem is the explicite calculation of core~-type effects and
its role in formetion of, "instanton liquid”.

It is & pldbure to thamk V,L.Chernysk, V.F.Dmitriev, 1.B.
Kuriplovich, A.I.Veindtein, V.I.Zakharov, M.A.Shifmen for ml-
tiple discussions snd useful criticizm.
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Figure captions

1., Instenton demsity dn/dg ( Gev5 } versus instanton radius
L g gev™! ). Free instenton density is given for gluodynamics
by the dashed curve., Solid curve marked SVZ correspond to
works [7,8] with the account of quark snd gluon condeunsates.
The three dotted curves correspond to CDG work [4] for:(e)
dilute phase, (b) instability point, (c¢) meron ionization,
The histogramm is ocur approximetion as discussed in the text.
2, Charge rencormalization presented as Gell-Mamn - Low func-
tion versus charge g in lattice regularization, Two dashed
curves marked AF and SC correspond to asymptotic freedom [16]
and strong coupling [13] respectively. The dash-dotted curve
correspond to the work of CDG [5] , the dotted one to [24],

and so0lid one to our work,
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