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Abstract

With the increase in density anfl/or temperature of the mat-
ter, being in the quark-gluon plasma phase, the suppression
of the instenton-~induced effects takes place., At some critical
parametera the chiral symmetry is restored. In this first order
transition the massive quasipartic les - valona - are substitu-
nearly : W N
ted hyhmaasless quarks and gluons, while the "instanton liquid"

dissociates into "instanton molecules" with zero topological

charge.

1. Introduction

This is the third in the series of pepers devoted to instantone-
induced effects in QCD. In the first two we have discussed the
structure of physical vacuum [j] and hadrons [E] . In this paper
we consider the finife density and/or temperature matter. We
show below thet at low density ( comparable to that of ordinary
hadrons ) the matter can be considered in first approximation as
congisting of quasiparticles with the instanton-induced effective
mass, With further increase in matter density the phase transi-
tion takes place in which thé chiral symmetry is restored. In
this puinﬁ the "instanton liquid" is breaking into "molecules"
~ronsisting of iﬁstantan-antiinatantun bound pair. At still larger
density the instenton-induced effects rapidly decrease and become
unimportant.

This scenario is not, af.cnurse, completely new, so some dige
cussion of earlier works is igprder here, The idea that asympto=-
tically dense matier is nearly ideal gas of quarks and gluons
was suggested soon after the discovery of asymptotic freedom by
Collins and Perry'[j} » The perturbative calculations of its
rroperties were done, see e.g. references in reviews [4,5] .

Tn [9,4] it was suggested that instantons are suppressed in mat-
ter and that this phenomenon is important in the transition region,
More detailed investigations were done in papers [5,10-121.

Quite separate branch of investigations is comnected with
sonfinement effects studied in lattice approximation. It was
predicted in [E] that at some temperature Teonse Y218 property
oI the QCD vacuum is completely lost, Recent Monte~Carlo calcu=
lations [T] have indeed observed such tramsition., The comnection

between the confinement effects and the instanton physice remains
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unclear, To lerge extent the existence of two separate scales,
suggested in [8) and discussed in detailes in [1,2], allows one
to consider these iypes of effects separately. For exampl-, this
ides provides the natural explanation of the approximate additi-~
vity of "valons" inside the ordinery hadrons, Presumably the mat-
ter of comparable density can be considered in similar way.
However, the chiral symmetry breaking ( discussed in[ﬁJ )
is the collective effect of the "instanton liquid" and it is
connected not only with the propertiies of the individual instan-
-1/4

ton ( gc} but with instanton separation ( R~n

% Jas well,

g0 in fact the "large scale physics" entershere. Nevertheless,
encouraged by the reasonable results obtained in [ﬁ], we consi-
der below the restoration of the chiral symmetry which takes
place at some line on density-temperature plane. The question
cen be asked about the relation of relevant parameters T, ;...

. B to that of the deconfinement transition.

Although little is known about confinement, these two transi-
tions seem to be different for they depend on quark masses in
different way, say only one transition remains in gluodynamics,
The order of the transition seems to be different too, we find
the first order trensition and deconfinement is probably the
second order transition [6,7] .

We are not certain which transition happens at larger demsity.

If n which we consider as more natural possibility,

chir * “conf
there are the following three phases of matter ( in the order
of increasing density ): the hadronic gas, the plasma of "valonsj
the plesme of "perturbative" quarks and gluons.

Let us note now one difference between this paper and [1,2].
There we have considered effects previously much discussed by

other authors ( on the one-instanton level), so we have omitted
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the derivation of relevant formulae, confidering only averaging
over instantons and applicetions, However, in the case of the
nonzero density and/or tempereture the results of different

authors are contradictory. Let us meke therefore some introduc-

tory comments here,
The qualitetive effect of the matier on the instantons was
first considered in [9] ( see also [4]). The conclusion was that
the Debye screening makes the char%e to be never large, so the
lerge scale instantons ( @ivergent in vacuum ) are not dangerous.
lore detailed investigations were performed by Abrikosov [10),
Corvalho [111 s Baluni L?E] and Gross,Pisarsky and Eaffe[5] . They
8ll have observed the instanton suppression, hﬁwever at more quan-
*itative level there are essential differences between their results,
In the case of zero temperature degenerate quark gas

with chemical putentialiﬂi the following set of results are sug-
gested:

1 = Tg-ggz/ﬂ?%‘l'(j(f‘*) g/q (<i [11] (1)
exp(-q;g?ﬁ) ek X )2
exp(- 2N, ¢'A7) all gM fi2] = &
1+ of dg) e [1°] (@

Where the given factors should be incerted in the ordinary ine
stanton density, .

As we show below, none of these results is wvelid in strict
sense, The method of calculation leadinz to (1) is correct
but some errors seem to be present in the original work, so

the coefficient is different. Qther calculations (2-4)

E
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are done for fermion determinant in the instanton

blem itself has no direct physical meaning be-

field. The pTo
y or temperature obviously affects the

cauge the nonzero dengit

Belavin
instanton itself, 80O the calculations with the original Be

Polyakuv—Schwartz-Tyupkln golution can not be justified.

b
still it is interesting to have such result, which can be

congidered at least qualitatively. The methodicel part of

i i 2
such calculation is rather inatr uctive too., 1In section

i of
guch calculation is made, it 18 based on the evaluation

1itude in forward direction

for quark and
the scattering amp

The method of calculation is much more

gluon on the instanton. ‘
y other authors. In the li-

gimple and general then thew used b
es with (2)

miting case considered previously it agre
while in (3) the expl

are erroneously omitted.

iecit misteke is found: the zero modes

So, this question is more or less

ttﬂ.eﬂ.. It is gratifying to see that indeed all forms of

m. g

K ¥

" 11 ueially the aceount LOr ... . -
Mi.m:mt selrconsistunt. M._ 5

feedbdck conserves the aign of the effect.

i low
This statement is demonstrated in section 3, where the

i b
asnsity end/or temperature plesme 18 congsidered just by

interesting ob-
expansion in powers of ﬂ, or T . The very

that these iwo quite different calculations

gervation here is

[1] 1ead to olome velues of the constituent

made in
o 0% accuracye Analogous calcula-

quark mass, being 200 Mev with 2

tion for " constituent gluon" have pro

once more thatb they do not exist.

4 we come to discussion of the phase transition

In section

6

duced zero MASS, indicating

in which the chiral symmetry is restored. The basis of our
discussion is the nonlinear equ&f%n of consistency for the
value of the gquark condensate. This equation was alréﬁy con-
gidered in [ﬁ] for the physical vacuum, and now we discuss
what happens with its solutions as far as the instanton dnesity
ig suppressed by matter, Another possible approach is from
the superdense phase side, it is based on the consideration
of the instanton-induced atiraction in scalar quark- antiquark
channel leading to the instability at certain instanton density.
Both spproaches agrees that the transition takes place if the
instanton dénsity is reduced by the factor of 2, but we are
not able at the moment to say at which exactly parameters of
matter it takes place. The estimates basefon the extrapolati-
on of(t?) and naive picture of valon overl@p in space point
toward density of the order of  §+3 fermi™ = FL220 My -

Effects connected with instantons in the superdense phase
are discussed in section 5 , The absense of quark condensate
makes €or messless quarks) the existence of separate instantons
impossible. However, the instanion-antiinstanton molecules
with zero topological charge can still exist, and we estimate
their. contribution. Asymptotically it falls as f1,$h3} or very
gtrongly.

Some discussion of the results is made in section 6. In
particular, we briefly consider the question whether i% is
possible to observe the phase transition in question in

experiments with heavy-ion high-energy collisions.



2. Instanton determinants in matter

We start this section with brief introduction into the

general formaliem, describing the field theory at finite

density and/or temperature, More detailed discussion, in par-

ticular of the diagram matic methods of the pertubation theory,

can be found in reviews [#,5] for the QCD case.

The statistical sum £

functional integral

Z: SQJA; DY DV ep(Syut S; )

STH

where éD (9

- dx fdx(é,,

§54L) b

potential and temperature. The integration is done over fields

can be defined by the general

(5)

4 fdx,,ﬁx W(c@ tpd +im)¥

. /44, and T are the chemical

FL“ ( or ifg Y ) which are periodic ( or antiperiodic )

on the imeginary finite "time" interval [0, 1/T]

. Note that

at /4,73q 0O we obtain the ordinary field theory in Euclidean

space-time, For definiteness, let us give here our notations,

namely the connection between Euclidean (E) and Minkovsky (M)

fields

o R
E v M
g -
‘PM: .

(6)

Note that the opposite sign of A}" &s compared to coordinates
is needed in order not to change the sign of 3 in ,0/,,
Integration over the fermions leadsto standard Mattew=Salam

expression

s f@@u exp( Symt S )
b dete( D+ palf, *im)

(7)
o=
et

We remind that the temperature enter j%f via the boundary con-
ditions, and the field Hf* is present in the covarianmt deri-
vative. It is useful to separate the vacuum effects from those

of matter as follows

-

ASepy = S Tp) - Sep (oo p0) = budef Drrbeiv -
- ﬁﬂﬁktlkﬁchij

We remind that AS,y conteimall the effect of the matter omly

at zero temperature, at the nonzero one the matter contains slso

gluons which are accounted by the further integration over 4
The standard perturbative calculation of the determinant

is the summation of loop diagrams as follows

Seg= 2 (—’fff@ "5& )@r)"/?ﬁ (x )f'fﬁ (8)

Here the factor 1/n is shown expliecit ly, all the rest factors
for the n=-point polarization operator f1 My .. M, Bre given by
ordinery Feynman rules, We also remind that at nonzero ,H_ the
integration over Dq is done over the line F%f‘ﬂﬁi , and that
the nonzero T ch%ges this integration into summation over the

discrete Matsubara frequences (Pq)u: JTT'(th '?'),

o



momentun
The inte!mtian over loopnin In, . M, CBD be done as follows,

There are n poles with identical residue, so the factor 1/n is
canseled and the whole series can be absorbed into the full

Green function in the field A; ag follows (E'Pz.'-: m§+ Pl)
3
A Sy .—..jdpn(fp).ﬁ.,w( |
: o o (9)
(@) 2E, (Eq"", ) 4
N(E) = (exp(EL )+ 1)+ (exp(ELr) 1)
5

This expression has very transparant physical meaning: one sums

up all quarks and antiquerks with their thermodynamicel weights,
multiplied by the forward scattering amplitude over the external

field A M defined as

T 0pp": Sd"x d'y E;A (x}ﬁ/er(x,yM/y)xWrr) (10)

xx'

Here xp;f’}are the ordinery Dirac spinors with momentum p end

polarization A normalized as Elf:ﬁ+ﬂ. Using the equation

of motion

~ A '
(id+ A-m)Sty) = dny)
(11)
the mmplitude can be further simplified -
(12)

Te T o= foedy Te[(psmtid-m)S ()]

Of course, this expression can also be derived directly from

reduction formulae,
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Our discussion above was based on the perturbatiss theory,
but the results look so general that they can be generalized to
fields of arbitrary intensity. The new nonperturbative phenomenon
that should be added here is the appearance of bound states in

strong enough fields. They should be added to the sum ever states

in (9) as follows

3
» n '/En J..,-f- J%H(E‘p).“

énd, of course, to be included in the Green function., In the

(13)

> [

case of the instanton field, to which we now proceed, such bound
siates are the t’Hooft zero modes. Their contribution was ignored
in E}D,'IE], which is incorrect.

1t should also be noted, that the transparent expressioms (9)-
{12) correspond, of course, to Minkovsky momenta B“ .The calcula=-
tions with instantons ere, on the conirary,done in Euclideen space.
In order to overcome this difficulty Baluni [42] has used rather
compliceted Penrose’ method to continue the instanton formulae to
ordinary Minkovsky space. We think that this continustion is not
in fact needed, for it is easier to work from the beginning in
Euclidean one,

For massless guarks the explicit Green function in the inst-

anton field is lnown from the work [1‘5] .

,.Il‘.
T
Stxyd =~ — )

e[ Sh i S ayidz + O ()

!
+ Slxy)+ (14)
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* S ﬁ(ﬂ(’m)(f—gf) + ﬂ/xy)ﬁy(%’;)

-y e GO T K Y, T ex Yy Hey®- 972y ?
: 4w [(1+ §x%)(1+ §7y? )] "

4(xy)
(14)

iR % « AFFT sdiyay Y g R
e T anaaet L AT

Here A is the Green function of the scalar particle, snd %
is the t’Hooft zero mode., All expressionshere correspond to the
8o called singular gauge in which the field ﬁfl fall at X-eo
rapidly enough so that the scattering amplitude makes sense,

Now let us substitute these expressions into ( 12 ) and
calculate the scattering amplitude of the quark on the instenton.

The largest term is o(1/m) due toc zero modes, It looks gin-
gular in the chiral limit m+0 but one should remember that the
averaging over the instanton density should also be done, and it
is itself proportional to mnf, where Hf is the number of flawours.
S0, Tiar Hf=1 the result is finite and it is just the effective
interaction found by t’Hooft in his classical paper, However,
this term gives zero contribution fo (9) for the quark chira-
lity is flipped, while the determinant is cormectesd with the
diagunalfin quark pnlariz&tiun)part of the scattering. Evidently
that this amplitude should contain one extirs power of m , and
the total effect vanishes for massless quarks,

This conclusion is, in some sense, the trivial one: for
single instenton in massless theory zero modes lead to zero

contribution in the "empty" perturbative vacuum as
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well as in the quark-gluon plasme. However, as discussed in[1]

in greater details, instantons are nuf separated in the physicel
vacuum and due to their interaction with antiinstantons the chiral
symuetry is spontaneously broken. In this case the role of the
quark mess is played by some effective mass proportional to the
quark condensate, being nonzero in the chirel limit, It is then
clear that the same should be true for quark-gluon plasma of
small density, while for large density plasma (in which the chi-
ral symmetry is restored)the separated instantons can not exist
indeed. These phenomena we discuss below.

Let us mow return to scattering amplitude on the instamton
which is diagomel in chirality. It is physicelly clear that
after the averaging over instentons is made no Lorentz freme
ie preferable and therefore the amplitude can not depend on the
guark momentum g%ﬁ but its square {?2 o In Minkovsky spacé on
the mass shell of the massless quark afLU, In Euclidean
space it corresponds to only one point, the origin, and in fact
it is tﬁe only one we need to obtain the result, The cmleunlations

become than very simple. With the use of

Xy tPX ' A
Yip) = (d% e? %X 2, 2iv2 gl }‘?2 74

(15)
Alp.p') = j};f‘ird*}e;’wwmw e Yrie/p*
we Tfind the scattering emplitude in gquestion
e T‘:?;’fﬁp): 8T2Q* N, (-1+2) = 870K, s

FEpin
()
p . i 24
E“J;g e



Two terms in this expression correspond to the contribution
of zero and nonzero modes, respectively. Hote that
they just reflect the number of chiral components entering into
the calculation.

The zero modes were erroneously omitted by Baluni [52], and
his result coincides with that of nonzero ones. Note, that our
result also corresponds to that of Corvalho [ﬁ1] { see (2)),
but it is obtained only for g/‘i >» 1 and the resulting coeffici-
ent of N;gzﬂ!( equal to un:ity!) was in fact expressed as rather
cumplicateh integral evaluated numerically. In our notations,
the method of Corvaelho corresponds to direct snalysis of ex-
pression (10) in momentum representation. It was shown by V.F.
Dmitriev that in coordinate representation this cal culation is
more simple and the result can be obtained analytically, the
result is the same.

In the nonzero termperature case there are physical gluons,
which also scatter over the instantons. Formally thﬁa effect
comes from the integration over fUi by the saddié-pnint me-
thod which alsc produces the determinant of all fluctuwations
around the instantons., The formula (9) is then generalized in
obvious way: one should add gluons with their thermodynamical
weight and scattering amplitude. We do not discuss this in de-

tails and give the result for the amplitude

4 o
Te -2, = 167%¢ N,
(i
télouy
and for complete effective action

iy = =80, ¢° (18)

(17)
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AT )= (B[ 50N | &'k, sr]os
efeplep(Pr) 1 ep(l2)s eplf)-1

The three terms here are. of course, the contribution of querks,

antiquarks esnd gluons of the matter. my, comperison of this result

with that cf [5] will be done below. So, we have completed

the calculation of the instanton determinants in matter,

However, a8 already discussed in the introductiom, tidis
problem is strictly speaking unphysical, for matter also affect
the instantons and this point was not taken into account, For-
mally there are no reason to consider the original Belavin-Polya-
kov=-Schwartz-Tyupkin sclution in matter, What one should do ie
to find the effective Lagrangian (7) for sny field ﬂf1 and
than to look for the saddle point of _gﬂ-r SE# , not Sy, alone,

In other terms, in the equations of the fields
- : - .
@MGV*JV (19)

¥

one should include also the current ; induced in matter
by the field of the fluctuation, So far this problem is
solved only i¢m the limit of low density matter (to be conside=-
red in the next section) and n=0,T nonzeroc ( see below),
Let us also note that fhe results of Corwvalho |}1] imply
that in the cese of very dense matter ( or mM¢>»1, more accura-

tely ) this current cen be written in linear approximation

Jw= (dy M, (6y) Auly) (20)
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where [] v is the ordinary polarization operator calculated
in perturbative theory, see e.g. @.5]. However, even in this

case the problem is difficuli to solve.

Fortunately, in the case of zero M but large /| one

can go somehow further, Harrington and Shepard [|4] have found
the instanton-iype solution with periodic boundary conditions

called "caloron". It looks like follows {95 ;J,TT)

Al T, D 9,17

(21)

” (fj A ngslz(zaz)/(chzaz ~ cos 261 )

At %Y T << {1 it beccmes the ordimary imstamton but with

the radius

ff:?/("f"" 92_'?“3‘/3) (22)

The further calculation of determinants in this field wes resent-
1y performed by Gross, Pisarsky and Yaffe [5] so that quantum
fluctuations around the caloron are also known. The result

looks as follows

dnig)=dnly), exp[- O (%+ %)), @
X exp [h;{zﬁfﬁg’)(?’ + Ne/6 - Npl6 )]
AlB¢) = on e en)’
A B (‘MJEJ‘ ( } &) (ﬂ =a}
=+ ; D ; o C.C12E9
s e i [1+ 0.585069")

Note that the given explicit expression for JQ{bfjls Jjust nu-

%JE
mericel extrapolation with high enough accuracy, 0{10'5Jf5].
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Note also that the part not commected with A(p¢') coinsides

with that found above (18), and that proportional to Al6g')
is the effect of the instanton deformation on quantum level,
The classical effect of the deformation is represented by the
change in parameter g (22) to be important in what fellows,
We discuss in more details the limits of small =mnd large 7T
below, and here only comment that the instanton deformmtion
by matter can not be neglected compared with effects given

by (18). Still the effect is qualitatively the same: instantons

&re suppressed by matiter but with &ifferent demping factor,

2:Low density end/or tempereture plasms

The words "low density" in this section mean the matter
with energy density of the order of thet inside ordinary hadrons,
As discussed in details in [2] » it is in some sense low &s
compared to that of vacuum fluctuations, There exist arguments
that the instanton-type fluctustions are not strongly affected
inside hadrons, and therefore it should be so in the infinite
matter of comparable density., If so, the instanton-induced
effects in this case can be considered by expansion in powers
of matter parameters, J/M end T ,

Of course, in thie density region we are near the decon-
finement transition, Still it was argued in [2] that even
for the masses of hadrons these effects are not very important,
although they are of course responsible for the very existence
of haedrons. Presumebly this is also true for the energy of
the matter with comparsable density, althnug%oig%flnement

effects are more important near the transltion in further

derivatives, say compressibility or heat capacity,

17



Let us start with the cese of zero density and low temperature,
in which the results of [5] can be used. Expanding (23) with the
account of difference in caeloron and instanton radii (22) one
finds the following correction fﬂétor

i J;’ZTZS?zM[/g o 0‘/}‘%"’} (24)
Interesting phenomenon is the cansellation of terms connected with
gluons, while the quark part is the same as for undeformed instan-
tons ( aee (18)), )

1ith our delta-function approximation for the instanton density

we can easily find the following instanton-induced correction to

the thermodynamicel potentiel of the metter
e 2l 2
AR = SN T T 45N, (25)

We rTemind thﬂi ,LE ==-pV where p is pressure and V is volume, so
inatﬂntﬂﬁs in matter reduce ite pressure. 5
Similar.galeulaticn in.the case of zero temperature and low

densitj.cah-he made by the direct expansion of fhe general exp=-
regsion (5) in ﬁowers of M , as it was suggested 53 Corvalho

[11] e It 18 easy to see that the first dérivﬂtive vanishes
and the second is equal to

%‘*"’Jz/

M o

B

= < Jdxdy 17, (x50 -

[Ji“ Slxy) Y, S(9, %) ]

Note that these calculations are done at /H=D, B0 in contrast

with calculations of section 2 the undeformed instanton is used,
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Here the averaging means over the vacuun state and the propaga-
tor Sfﬁi)is the exact one, In the instanton epproximeation this
can be calculated explicitly using the results of [/6]for (., .
( note that they should be multiplied by 2/3 in order
to have the true result, see discussion in [E] }. One more com=

that zero modes are crucial for such calculetions, - with-

ment is
‘out them one finds completely unreasonable results with the non-
conserved external vector current ( say, electric charge ). The

following expression is useful here [/4 ]!
2¢'3 [&+4g’ & d (27)
Xty -y = =
Sd(—.—:)@w(’f yz0)= /

Jf"*ﬂ*?ﬂ ﬁmﬂg e 49 4
which leads to the following correction to the thermodymamical

potential

AR = _ég:/u’;\/ e (28)

First, this result disagrees with that by Corvalhe (1)even
corrected to 2/3 mentioned above., Second, the result also dis-
egrees with (18) by the factor 3/4 Again, the deformation of
the instantons changes the result quantitatively but not quali=-
tetively.

Now, some more general discussion of these results is in
order. We have argued in [EJ that the structure of ordinary
hadrons in terms of quasiparticles, the valons, is reasonable.
Phese valons seems to enter in edditive way in many hadronic
properties like messes, cross sections etc, Is it also reasona=
ble to describe the low density end/or temperature matter in

such texrms 7
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In order to unswer this question we should compare the re-
sults obtained above for the instanton-induced carractic:ﬁs with
the model consgidering the matter as some plasme of massive
constituenis, Expanding in power of masses up to the first

order in 'm2 one finds:

2 ¥ e 2 -2
Rwor )= - TTWE) _ F17 Wt T &), Yo TR,

HE 180 12 (29)
YAl A !1?;" &z‘% ;_Vf '
fz ' PRI i o i =3
CfHTLGJ" 27¢ : 4x? £

By the identification of the mass corrections with (25,28) one

can obtain the following velues for the "effective masses"
¥,
- 7 -

mir b 2@{(2”{'/%) m? R 0

- {30)
')

My = 2T (3nc (2w )%
In this connection let us remind also another value of the ef-
fective quark mass which entersthe instanton density and was

; s . _
found in {HJ?tc be equal to Meff= QE}%{}Q,ﬁﬁh} , 1t is wvery
interesting that all three expressions, although different,
are all numerically close: with our values for n.y o they
are equal to 170, 210, 240 Mev respectively for ﬁﬁg,ﬁﬁﬂﬂJH%T.
It shows that the model of additive ( noninterascting ) consti-
tuent quarks makes sense as some approximation, although it is
not exact,

Another interesting point here is zero value of the "consti=-
tuent gluon" mass., It does non mean, of course, that gluoniums
are very light, Omn the contrary, as it was shown in £éi} our
model for QCD vacuum leads ito rather heavy gluonic states due
to strong instanton-induced gluon-gluon interaction., The meaning
of this result is that " comstituent gluon" picture is wrong.

20

4.Restoration of the chiral symme txy

We have discussed in [1] that instanton-entiinstenton inter-
&ction leads to spontaneous breakdown of chirsl symmetry if their
density is large enough. As far as instentons are puppressed in

matter, the chiral symmetry is restored,
Let us start with the low density end, In this phase our

mein object is the equation for the selfconsistent value of
the gquark condensate zfq"d'-}‘)) « This equation was considered
in [1] where we have estimated the velue of {F$> in vacuum,
Now our problem is to make more detailed analysis of its de-
pendense on the instanton density,

We remind that the quark condensate determines the instan-

ton density because of zero fermion modes, due to which it is

proportional to ( Mrﬁ = - 2?)’2{'0‘3‘!’?32/3).'
V.
(M 9) 7 (Mgg&1) @

In the opposite limit Mgﬁtf 221 the fermionic determinant
approach unity, while the dependense at M;ﬁi§~1 is not accu-
rately known, As far es it is not very essential, at Fig.1

we have plotted this determinant as th{N?/? ), with both 1i-
mits being correct. Let us write down the instamton density
in the following way:

ﬁ __t_z]_ (mi S’r+ Hﬁ'? f()

N(Tp)=n Flrpm) L T migr Mg)

where we have included the factor F(T,/uz' describing the
insvanton suppression by matter &nd Mé is me:['f in vacuum,

The selfconsistency equation is the following one:
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-F¥D = 2N (T, 1)/ Moy (83)

At Fig.1 we have plotted the dependence of both r.h.s, and
l1.h.s. of thie equation on #ﬂwa » The curves (1) and (2) cor-
respond to suppression factor values F=1 ( or QCD vacuum )
and For1/2, In the former case there exist three soluiions
for the equation (33%the trivial pne (W¥)=0, sad two nontrivial ones
corresponding to'the ground state ( the true vacuum )} and
another unstable one, At F, only two solutions remain ang with
further suppression of the instentons only trivial golution
is posasible, This is the typical picture of the mean field ap-
Proximation known for many sysiems in physics.

Interesting result is that the transition turns out to be
of the first order with finite jump of the (@YD at n, . .
Yoreover, instead of decreasing its value even incfeases as
compared with the vacuum velue. This is because the role of
the cﬂndehsate in the instanton density is very great
&t realistic number of flavours N.=3,

The equation (33 suggests that the case Ne=1 is singular
for in this case the condensate decreases Proportional to
the instanton number, This is natural because in this case
there is no phase transition for there is no symmetry other
than U(1) to be viclated, end this symmetry is violated at
any density of the matter, So, with Nf=1 We are slwgys in the

| i ;
%alon''phese with nonsero mess, decreasing with increasing =u,T.
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Now a few words about the approach to the transition from
the chirally symmetric phase, As discussed in [ﬁ] ( see referen-
ces therein ) the symmetry breaking manifest itself as the techi-
on pole developing in the Green function for the scalar @Q. pair,
Our numerical estimate for the kernel of the corresponding Bethe=-
Solpeter equation gave Z(PJ_“_- QEXP(-Zpgc)where the instability
condition looks as ZPJ)_Z. Again one cen see that reduction in the
instanton density by the fector of two makes the instability impos=
gible a; all pair momente F} .

Now, what are the numericel values of the critical parameters?
The simple-minded picture of geometrical valon overlap leads
to prediction that the critical energy density should be about
one order of magnitude larger than inside hadrons, The applicetion
of the demping factors (29 ) and ( 23) give, respectively

D, 21 272 (4f T=0 ); T hip =160 Mev (if n=0) (34)

We think that further account for instanton-instanton interaction
will lead to some clustering of instantons and metter so that they
can shere the space more effectively and transition paraneters be

shifted to somehow larger values.

-

5. High density and/or temperature plasma

This section is devoted to discussion of the instanton-in-
duced effects in the asymptotically hot or dense matter, where
they are essentially reduced in magnitude . compared with these
in physical vecuum., In this case instantons with dimensions
smeller than 9; become +the main ones, with radii of the
order of 1/T . or 1X/H « This is, for example, evident from
(22). As a result, the barrier penetration factor exp(-8J1 /g%)

contains g(1/7 ) and not gig ), as suggested in [9,4].
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Starting with pure gluodynamics at high T we may explicitly

calculate the instanton contribution besed on the expression (23)

Al = 2fdn(giﬁojexp [ ezf'z(zalic+%fj)+ nts+ )] “‘#ﬁiﬂ

_ﬂt high enough temperature the main contribution is connected
with small instentons so that their interaction can be neglected.
The situation is different in the case of more than oﬁgi:izﬁﬁ
flavour, in which the absense of chiral symmetry breaking 'in high
density phase leads to zero density of separated instantons, We
remind that it is due to different chirality of zero modes QEJ?;
due to which the instanton density is proportional tc the pPro-
duct of quark masses, explicitly violating the chiral symmetry.
The nonperturbative effects are then connected with instanton-
entiinstanton peirs with zero topological ( and axisl ) charge,
In this case Hf quark pairs emitted by the instanton are absorbed

by the antiinstanton., The corresponding amplitude is proporticmal
to

a

A2 g 1S ~ 1f@-)° )

in power .Hf. S50, the density of such pair can be written as foi-

lowa:

oy = an,(s,2)dn, 5,z )exp (S, (8.5.27))

_ . 3 ,__,EN = Z (33
Smf @-E}Eﬂf":j—? .,t)é/l{i* 2)

where tinﬂ and other notations are as in [1] . The integral over
-2
(fﬁi) 15 strongly cut-off, One can call this phenomenon the cone

finement of the topological cherge by massless fermionae
2y

Note that such ideas in somehow other context were discussed
in the work [13].

The contribution of Bmﬂll.(gmg)%is uncertein because of "core"
type effects, see [1), so it is rather difficult to estimate the
coefficient, S5till, by dimensional reasons, the final result looks

ae follows

A
Q\QPMZ = cah5{~/? L

[T}P,H, 1/.?1‘)(

%Htﬁf;”ﬁ 4
) 38

and similarly in the case T=0, M#0 by the substitution T- M ,

: point of the
Summerizing, the instanton effects above the . restoration of chiral
simmetry are dropped very rapidly.

6. Summerv and discussion

The main conclusion of the present work is essentially the

same as in[§,4], nemely: instantons are suppressed hy high den-

gity and/or temperature matter, This phenomenon is now understood

in somehow greater details, although some questions remsin open,
The second importent point follows directly from the central

idea of the present series of pepers, which in short can be sum=-

marised in such way: instantons in vacuum are small, Correspon=-

dingly, their suppression is shifted towari{ higher temperature
and density region than, for example, suggested in [51 .

We also suggeet that the suppression of instantons results
in separate phase trensition ( inconnected with the deconfinement
one ) in which the chirel symmetry is restored. The unexpected
result is that this transition seems to be of the first, not of the

second order.,

The contribution of the instantons both in low and high density

limits are estimated, so the qualitative picturz is to some extent

completed. Still more theoretical calculations are needed to make

it more quantitative,

25



The last quesiion we are going to discuss is whether these
pienomena cen also be observed experimentally, in high-energy
collieions of heavy ions in particular, The relevani energy
densities are of the order of 10:20 of that inside nuclei. So,
with energy (in Gev) per nucleon in CM system of comparable
order we have ( due to Lorentz contrasction ) the nesessary éner-
gy densiiy. The question however remeins what part of this ener-

gy can be transfered to the thermsl one in the collision. This

in turn depends on the intensity of the interaction between quarks

and gluons.

Previously ( see e.g. [4]} this question was considered at
perturbative level. However, as shown in the present work, the
main effects which produce leading correction to the asymptotic
freedom (=free propagation of quarks end gluons ) are ithe nonper—
turbative effects of the instanton neture, The key parameter here
is gc s the typical instanton dimension, and Qc*:: 1/600 Mev.
However, in some channels numerical enhansement factors lead to
essentially larger scale of the scale=breaking effects. In par=
ticular, for gluons in 0" and 0~ channels we have shown in [2 ]
that the asyptotic freedom is vioclated at{hrgﬁﬁﬂ Gev, At such
invarient collision energy of the gluon pair they can be effecti-
vely scattiered, at larger ones they just "go through" each other
@m'acatter at small angles, This considerstion pose some limit
on the highest temperature available in laboratory to be about
400~-500 Mev, which is higher than the transition parameters
considered above, Another consequence is that Landau model for
badronic collisions should not be valid above the ISR enmerges [4].

Experiments with EpItnlliaiuns at SPS will soon put this predic-
tion under experimental test.
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Figure caption

Grafical solution of the equation (33) for the selfconsistent
value of the quark condensate, the s0lid and the dashed curves
correspond to its r.h.s., while the streight line represent the
l.h.s8. So, the crossing points are the solutions. The solid

curve correspond to the critical value of the instanton damping

factor ( about 0.5 ) and the point marked by "C* is the critical :
value of the condensate, The dashed curve corresponds to the vac= - (?v} (G,WS)
wum velue of the instanton demsity, the relevant solution is i
marked by "V'., For smaller damping factors than 0.5 the chiral

symmetry is restored,
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