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THEORY AND PHENOMENOLOGY OT THE QCD VACUUM
1. INTRODUCTION

E,V.Shuryak

Institute of nuclear physics, Novosibirsk,

Abgiract

This preprint is the first of the series of papers devoted
to discussion of various properties of the QCD ground state,
the QCD vacuum, After preface ( section 1.1 ) we present ele-
mentary consideration of QCD in general and explain the nota-
tions ( section 1.2 )., Section 1.3 is devoted 10 general dis-
cussion of energy density caused by nonperturbative fluctuati-
ons. The last two sections 1.4 and 1.5 contain some introducto-
ry discussion of two main qualitative properties of QCD vacuum:

confinement and spontaneous breakdown of chiral symmetry.



1els Pﬂfﬂﬂe

The quantum chromodynamics ( QCD ) was discovered about a
decade ago and now it is widely considered to be the true fun-
damental theory of strong interactions.

Its short history clearly demonstrates the radical changes
taking place in character of modern science. kiost of important
results were obtained by groups of authors, bften simultencously
in different centers. Leaders appear from time to time, but are
soon overtaken by their muliiple followers, It is typical that
discovery and development of QCD, being among the most fundamen=-
tal achievements of modern science, is not so far marked by
llobel or other prizes, and it is even rather difficult to name
the laureats,

Considering the question more quantitatively, I will iteke the
present work as an example, The list of references ﬁontuins main-
ly "current literature" of last 3=5 yeurs, with earlier referen-
ces only to "classical works", Obviously, only some particular
topics are discussed and only some fraction of most important
papers is mentioned. S5till it contains about 600 works$]
with about 103 authors, not counting authors of experimenial
works. Probably no other field have ever gathered so many high
level theoreticians, and their collective work is impressgive.

With so large ensemble it becomes meaningful to consider

gome distributions. What 1s most striking, they are extremely

*}I feel uneasy when think that the number of good works missed
by some reason is also counted in hundreds, but hope that their
- authors will prescribe this only to my limited ability to read

and understand papers,



inhomozenecus. The obvious explanation to strong tendency for
clustering observed is Lhe interaction between the individuals
of atiractive type which, like gravity in Universe, gather them
in stars ond gelaxies, The typical acenario looks as follows:
gore attractive idea captures more and more people and after
gome critical mass we.find well formed cluster ( or "club" )
of pcople, with very intense information exchange inside it, in
the Torm of preprints, topical meetings etc.

‘The dréwbacl: of such process isthe fact that 1t soon becomes
vory difficult for a distant observer to tell what is going on
ingide such group, so for him i1t looks like some black hole.
inother defect of such irregular siructure is seen in time per-
spective, As scon as the progress becomes slower than criticel,
the cluster sud&hly expledes, with typically only small remnai.
Teft, As an eoxample to be considered in this work I may mention
Jhe instanton theory, exiremely popular ot late seventies, bul
recrly stopped around 1980,

Ghviously, scientific work can not be organized as that of
foctory workers, divided properiional to their productivity
hefcrehand with nothing kheing forgotten. However, sclentists
are not also a set of gold-diggers, Their final aim is hoped to
be some beatiful construction with its partswell fitted to each
other, so the information exchange between separate groups is
very important. Too much clustering is dangerous - remember ca=-
nonical example of the Babilon tower,

The main goal of the present work is to provide some overview
of various aitempts to understand the nonperturbative QCD. In

order to meke it readable I have included elementary introduction

with simplest examples, than comes brief discussion of mein ideas,

problems and results. Note, that no derivation of the results
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is made in the present work. It is not a texltbook, the pre-
sentation is very brief: it is a kind of status report,2xposing to
the reader genmeral ideas and Problems, asg well as rather large
list of references.

Another motivation is to emphasZe multiple connections beti-
ween QCD developments and more traditional physics., Twenty years
ago all hopes were connected with some "crazy ideas", but in
fact most of the methods use& in QCD have their analogs, say,
in theory of solids and ligquids,

In particular, discussion of the correlation function, measu-
red in various scattering processes, as well as their relations
to spectroscopy of elementary excitations is widely used in
this context - with obvious analogy to QCD sum rules, relating
correlators in QCD vacuum %0 hadronic speciroscopy.

Lattice formulation of QCD have many common points with the
theory of spin systems, while the numerical methods used for
its studies have been previously develouped for clacsicel mo=
dels of statistical mechanics.

An obvious method of investigation of ordinary matter is
its heating up to certain temperature.with measurementa of ther-
modynamical parameters, localisation of phase transitions etc,'
It is not easy to do so in QCD for neceéessary energy density is
very large, but now such investigations are planned with colli-
sions of heavy ions at ultrarelativistic energies.

Whatever particular method of investigation of some matter
is used by some individual, he feels common goals with others
studying the samé object ( say, nucleus, metal or liquid Heﬁ)
by different methoda, However, situation is similar in 4CD,

where the unifying concept is the problem of QCD vacuum struc-

ture.



Lt first sight, vacuum is rather exotic object for investiga-
tion. However, ihe experience of macroscopic physics shows that
good understanding of the ground state structure impli also na-
tural explenation for many phenomenological facts concerning
the execitations =~ superconduclivily theory being an example.

In the absence of good thecry of ground state the theory of
cxicitations io essentially phenomenological == with superfluid
Hei as a good example, ind, after all, field theory is just
the theory of coupled oscillators in different points, so the
quesgtion about its ground state wave function can be posed in
roather siraigiforward manner in lattice formulation of QCD,

Although the power of modern computational methods is very
impressive, I thinl: that hopes connecicd with their straightfor-
ward applications to QCD are very naive. It is hardly poasible
10 undersiand so complicoted matter as the QCD vacuum without
long: process of Lryin&jigesimplified models and their testing
usinz experimental factﬁ, as generations of physisisls did before
us, .o ore just at Lhe begimming of the story, and should not
be too proud Lo (OnSider only theoretical results,following
directly from the lLagrangian, but also telke inlo account many
{ conflicting ) experimental faocis, In shori, the way to Lheory
of the QCID vacuum inevivably goee through ites phenomenology -
explaining the title of this wori,

Finally, few remarks about the conients of other seclions
of the In:roducuiﬂnﬁ which may well be slkipped by more speciol-
ived reader. Ilenentary facts concerning (.D and some notaiions
are goven in section 1,2, while seotion 1,3 is devoted to preli-
minary discu.sion of energy density of nonperiturbative fluctua-
tions in QUD wvacuum., lbast two seciions 1.4 and 1.5 contain szome

aiscussion of confinement ond chiral symmetry breaking.
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1.2. Quantum chromodynamics

The modern theory of strong interactions, QCD, is quantum
field theory describing the interaction of a gset of fermions,
the quarks, with vector gauge fields which glue them Logether
in hadron=, therefore being called the gluonic ones, Theory of
such kind with nonabelian gauge groups were firsi suggested by
Yang and Mills [1.1] . The main idea is the principle of local
gauge invariance, which in electrodynamics means that phase of
the wave function can be defined in arbitrary way in any space=
time point. In nonabelian theories arbitrary phase is generali-
zed to arbitrary rotation in the group of internal uymmétry. It
is believed now that all interactions in Nature are of such
type.

Intérnﬂl éymmetry group of QCD is connected wilh the specific
quantum number of quarks, considered first in Refs.[1.2]and
later called "colour" by Gell-lann, There are three colours of
a quark, sco the group is SU(}}C.

The basic ideas of QCD are discussed in reviews [1.3] and
there is no need to repeat here, So, apart of some necegsory
notations, we only make some remarks about the main tendencies
of QCD development during its short history.

In condenced notations the QCD Lagrangian looks similar to
that of QED, namely ( Pad e, i)

Z:*;I(GLJE e, ;;E (‘L@:’i«' Mg ) g

F,i.) it %Y.
: ) terms of th
but in nonabelian theory field strength is expressed in“poten-

fials aa follows
~ GBc

il T B e e W ﬂgﬁ]; (1.2)

MV qﬂ L M



Here % is the coupling constant and index a counts 8 genera-
tors of SU(B)G rotations, fﬂhc is the B0 called structure const-
ants of this group.

The covariant derivative in quark part of the Lagrangian con-

taing colour indexes

; 1.3 W J L8 3
- D_,M. = i 5 l-]‘q'/}-l. Lsd)

where t° are the Gell-Mann matrixes. It is probably worth %o
mention that geuge invariance corresponds to transformation of

the following form:

o T
PR Y 5 S

(1.4)
where ug?kk) is the 3U(3) tr.nsformation with arbitrary depen-
dence on space=ftime point X . .
In the next two chapters, devoted to theoretical considera-
tions, we have to use the formalism with imaginary time, so that
Ilinkowski space is substituted by four-dimensional Euclidean
one . Unfortunately, only in such formalism we are now
able to deal with this complicated problem. This defect makes
the predictive power of the theory rather restricted, by its
predictions still can be compared to data, see sections 4 and
5. 30, we give now cxplicit relation between IMinkowskl and
Zuclidean notations, because this point often leads to misunder-
standing. The coordinates and gauge fields are related as follo=-

wo

M ; E

el e TR Xo =~ ¢ Xy

{15

. M : E
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™

i

Note that if Hﬁ, is changed as %ﬁjthan one should change sign

in all covarient derivatives, which is less convenient. The field

strength is changed as follows

£ P M e
= M o= 1 = e G;
GIM.M Ghm ’ 8 SIThW éaﬂ e (1.6)
while the quark fields are related by
M E = it A
¥y A o
’ (1.7)
with Euclidean gamma matrixes defined as follows
E R
E{ af KH'I e a/m wi = ‘f; 2; 3
(1.8)

/M,U': ‘fJE'Ij','J’

4“ s

As a result, one obtains the Euclidean action in the form
E~E
= Sax[Z(6E)+ # g )t |

¥We also remind the reader, that in the formalism with func-

£

(1.9)

tional integrals the vacuum average of amy operator CHKA;;E“J

is given by the following expression

(Qa2F2Y exp (iS™) 0(A %, ¥)
(DADF DY exp (i S™)

g U
(1.10)

which, in fact, iz just symbolic notation,and in order to pres-
fu

cribe¥it some well defined meaning a lot of work is needed. Even
the question haw many degrees of freedom gre left when one tries

to use gauge invariance is very nontrivial. In perturbative con-
text we have essentially two polarizations of gluons ( as ?f

photons ),although even in this case the general gauge leads
to formulation with auxillary fields - Faddeev-Popov ghosts

9



[1.6). (utside the perturbative context there apear questions

concerning uniqueness of the choice of independent degrees

of freedom, see e.g. work by Gribov [1.7] . However, there is
no need to reduce the number of variables. Tor example, in
lottice formulation to be discussed in chapter 3 the integra-
tion ig made over all four Au , and extra factor --the volume
of the gaure group in large power - is canceled in the ratio
like (1.10Q).

Another commeni, very important for what follows, 1is that
ranoition to Luclidean formulation changes the oscillating
weighi exp(isﬂ} to exp{—SE), which iéﬁore convenient for cal=-
culaiions and leads o analogies 10 statistical mechanics,
sec zech.3.1. There are somec guestions concerning transition
10 Buclidean formulation, which we are not going 1o discuss

hewre, Une comment is that in theories with different number

odel ) we even do not know how to perform it, but fortunate-
1y in (CD the situation is more cafe. Only the meaning of the
intesration over fermions is changed: @T and ¥ are indepen-
dent and not related by (absent) complex conjugation.

QUD became the candidaie for the role of slirong interaction

theory when the so called agymptotic freedom {1.9,1.19] was

discovered. It is rather specific renormalization behaviour
of the charge in nonabelien gauge theories. Up to two-loop

offects, the charge at ( momentum ) scale K 1is equal to

7 K 1
Lu&? +- T é.f:H{rsz)

i

Bﬂ? < g €H.E : .§
§(x) A é
C1 11

F 2 A R 4
b:' ”N.- -gm'r{ g_"i-N'-Z-NMf‘ +2J‘V:r/ﬂ

3
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where N,N, are the number of colours (3) and flavours (u,d

seen)s

At large | or at small distances the charpge wvanishes, so

in this fegion perturbative calculations meke sense., We remind
that ig QED the trend is quite the opposite, the charge at small
distances grows, This principal difference is related to nonabe-
lian nature of gauge fields, due to which they are selfinterac-
ting. |

Formula (1.,11) contains some parameter /\ , fixing the sca-
le where the interaction becomes strong. It is the most funda-
mental parameter of QCD and it » fixes the scale of all had-
ronic physics.

Several different definitions of /) are used in literature,
j\hdsj defined by minimal subtraction sacheme ﬁ.12]3¥§iightly
modified to AH—S in [1 .13 ], See atso [.20], @S W?ffﬂjfﬁihe defini-
tion of /\ MOM  * A!-Ts v practically equal to ‘n'p.v y correspon=-

ding to Pouli-Villars regularization method. The next popular
constant ’ﬂL is used in lattice formulation, its more precise
definition see in [1.16] » Finally, we have included here two
nonstandard lambdas, f\ﬁ and f\g&-', which are defined so
that they absorb the two=loop ccrreﬁtions to Coulomb forces
between heavy quarks [1.14] and to cross section of e'e” amni-
hilation into light quarks [1.15]. They all differ just by
some constants, approximately equal to (N: 3, N; . ‘if)

Mgz Sellpy -0 &b ¥ /I'M_g- > 047 Npom =

_{1.12}

f.} 3% ﬂe_ : té)ﬂi{- f- ns_ff/\g'f'e'

Unfortunately, in spite of much efforts of theorists and expe-

rimentalists, the precise value of lambde remains.unknowﬁ. It |

11
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is of the order of

& = (100 Hev). 21 (1.13)
The general reason for this is. that perturbative formulae are
reliable only when coupling is sufficiently smell, so its effect
ig difficult to measure, Reviews of various applications of
perturbative QCD cen be found in Refsl.18-1.22].

For the present work it is useful to outline from the start
where the perturbative analysis becomes applicable, Different
applications point toward virtuality region P?:-/Ltz with

}u?:T {}e"u"!:

in some cases to be discussed below - with /uF about
one order of magnitude larger. Quarks and gluons with such virtu-
ality can reasonably be considered as free ones, with small and
caleculable corrections.

: 2 2
Ficld hoarmonics with smaller virtualities P £ M make a

s

problem, for(even in Buclidean formulation)we do not kmow how
Lo treal them, Traditional.approach to field theory starting
fpom linear orcillators ( Gaussian funcliional integrals ) is
not useful. i/c have Lo face herc the problem with many degrees
¢f Trocdom coupled in the nontrivial way.

Lot ug alse nobe, that duc to confinemeni phenomenon ( see
more in aection 1.4 ) fields at large enough distances are uncor=
related as well. Using momentum representation one may say that

there oxist finiw stirip of virtualities
z 2
ME ity L (1.14)

with nontrivial dynamics, so important degrees of freedom can

safely be localized. Lattice theories arc the explicit example,

_ e ; . : 3! 5
in vhich lattice spacing a X — ond latlice size L2 R.

-
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However, astraightforward lattice calculation is not the most
gimple way to understand nonperturbative effects, and historically
the problem was firast attacked by analytical methods from small
distance side. The method used by such an approach is Wilson
operator product expansion, which we discuss in greater details
in section 4.2. Roughly speaking, this method consider propaga-
tion of quarks and gluons in some medium --the QCD voacuum -—-
affecting the propagation amplitude, If such propagation is eva-
luated for small enough distances, such effects produce only
small corrections which can be computed perturbatively. Ve have
called these effects nonperturbative above, which may lead to
misunderstanding. By this we mean that local properties of the
medium, say the dispersion of the gluonic field strength fluctu-
ations, are not computed. Their wvalues were exiracted from com-
parison with data, to be considered in chapter 5, by means of
the so called QCD sum rule method developed by Shifman, Vainsh=
tein and Zekharov [5.13] .

The upper boundary of the strip (1.14) M is in fact deter-
mined as the place where such corrections become noticable, say
30%. It is very fortunate and nontrivial fact that M is relati-
vely large, so that perturbative series in dsﬂy} 8till produce
samall effect, and discussion in terms of quarks and gluons still
maelkes sense. It is not so at the lower boundary (1.14) ey
where we have to consider strong coupling regime explicitly.

Violation of the asymptotic freedom at small distances depends

mainly on the general intensity of nonperturbative effects in

QCD vacuum, but as soon as we become interested in effecta at

larger distances we come across the problem of the space-time-

colour structure of vacuum fluctuations.

13



Related questions are much discussed below, and we only com=-
ment here that again the main question congiders the gize of
the fluctuations. If they are small, with §“’j3 , One may use
smallness of d&ﬂy} and apply semiclassical theory, to be dis-
cussed in chapter 2, If the main fluctuations are of dimensions

g'~ i% y we need strong coupling methods like numerical
gimulations on the lattice, see chapter 3.

The idea that there are two scales of nonperturbative pheno=-
mena in QCD, say /H' and A congidered sbove, seems to
appear in several different contexts, for example in considera-
tion of relative importanceﬂggggigaﬂggwn of chiral symmetry
and confinement {1.38:} « As we will discuss in chapter 6, such
two scales in vacuum seems to explain the substructure of had-
rons in form of "comstituent quarks".

In order to awoid misunderstanding it should be . empha-
sized that, generally speaking ,only /\ is the fundamental pa-
rameter of QCD and therefore all others ( including M ) should
be proportional to it. However, in some particular cases the
numerical coefficients may turns out to be rather large: but
we are Tar from the level of understanding at which such nume-

ricalo will be properly understood,

1.3, The vacuun energy and vacuum structure

Starting discussion of some quantum system and its ground
sitate it is reasonable to discuss its energy spectrum and, in
particular, the energy level of the ground siate, In field the-
ory such cuantily should be properly defined,

The first obvious peoint is that vacuum is Lorentz invariant,

80 its sBtress tensor rf“”-" should be the same in all frames.

hs a resull, its vacuun average value can only be of the type

14

of Binstein cosmological constant

ol -II;M,- lo 2 = £ oar ﬁﬂv
Another well known problem is connected with the fact that
field theory has infinitely meny degrees of freedom, and all

of them have some zero point oscillations. Even for free photon
field we have strongly divergent vacuum energy
4
j. dé%f(zﬁ) ~  Kuax (1.15)
For gluonic field, which i=s gselfinteracting, one has in adﬁit;-
on to (1.15) the series in o5 (Ko )

In both cases we get rid of this infinite energy by "renorma-
1ization". Its physical basis is the following: we are not at all
interested in the energy of very high frequency modea, for they
are never excited in physical processes under consideration. As
a result their zero point energy is unimportant additive constant
which can be put equal o zero by some convention.

What is different in nonabelian theory as compared to QED, lhe
zerdﬁgg;illatiuns of coupled soft modes produce finite energy

density of the order of ﬂq . We call such effects the nonper-

turbative onesg, for in terms of Hﬂq, they look as

4 cofet H
K”“m‘ EKP[ ? ngﬁmn}

Obviously, such energy density can also be subtracted by defini-

tion, so that physical ground state being considered as posessin
zero energy. But it does not solve the problem,

First, soft modes are rearranged in excited states of QCD
vacuum ( say, at large temperatures ) and variasticn of their
energy should inevitably be considered. Second (more practical)
difficulty is the fact that in this case we do not know what

precizely to subtract.

15



However, vacuum energy density of soft modes ( up to some
boundary scale M , called the normalization point ) can be
determined phenomenologically. In order to understand how it
vas made we have to consider some more theoretical questions,

It is convenient to start with the theory with massless
quarks, so that our Lagrangisn contains no dimensional parame-
ters. As a result, at classical level theory becomes scale in-
variant, Discussion of its general consequences can be found
e.Fe. in[}.ET] and we are not going to discuss them in details.
By peneral rules one may find the "dilatational” current

using infinitisemal scale transformation
Xy: (1+02)x%,
_ (1- ¢X) AL (1.16)
q/f:- ("I" %é}qu’
and calculating the variation of the action

: di
x Pan 9]
£147)
i~ 1 4
oy
i v Day
vhere -I;V is the stress tensor., Clasgical invariance implies

the conservation of this current, therefore

e L 2
?a“ Jﬁ* 5 ]C;pM 0 (1.18)

However, in quantum theory scale inveriance is violated., The

ronoon iz that charge becomes renormalized and explicitly de-
sotoi. o a0 seale copsidered, sée .. (1.71). AT & roeahll,
the glyeps (endor ohiains the nonsero trace, wWhich we dare poiang
o coleuloie now Zellowing Ref, ]: -3_-?’] ( in perturbative conicxi

16
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this relation was derived previously in the works [1.28] from
evaluation uf“triangular“diagrams i [
T+ is convenient to change notations so that dependence on

the renormelized charge becomes simpler. Therefore we define

AV

ﬁj:gﬂj; i Bﬂﬁj-a,ﬁ f A, (1.19)

and rewrite the gauge field action

:.—QFSjﬂfX ~§% (xé;:t

)2 (1.2§}

The standard account for quantum effects goes &as follows. The

1(9)
vector potential }1“ ig split into two parts, quanium A

Fic)

and clagsical A , and to calculate the egffective action

~ (o)
Af‘

S
in terms of Aj:; by integration over

g, (1) itud SRRV erp]: Ry Jeie

1If we have succeeded to calculate it in gauge invariant way,

the resulting Sef} is expressed in terms of gauge invariant
~alcr 2

operators, (Gﬁ J

of (6 ﬂf“} ig related to renormelized charge 9(1".}{ where K i=
some scale factor depending on G say K~ G fur constant G etc.)

= qﬂu
‘Séfﬁ T},‘fdx W 2 )

Again by definition, its dependence on the scale is expressed

etec, By definition, the coefficient

in terms of the so called Gell-Mann-Low function

_ y |
Ply)= ggﬁ,_[f (1.22)

17



Now everything is ready for derivation of the final result.
Let us calculate the variation of the effective action with
respect to infinitisemel scale transformation (1.16) and, compa-
ring the result with general expression (1.17), find the diver-

gence of dilatational current or the trace of the stress tensor

J-t’h‘f_. : J_‘%_(&) (é_a)z (1.24)

.

—_

5% & o ~

-

e remind that Gell-Mann-Low function can be computed at small
& perturbatively

pgl= - 69° . 0(9°) (1.25)

fen?

und this result is the basis of the asymptotic freedom (1.11).

Ssinplicity of general derivation of (1.24) is a little bit
1:isleading, for in our formal manipulation we have ignored the
fact that both sides of this relation are in fact infinite, This
point is more clearly seen if one explicitly calculates the ra-
uivtive corrections to stress tensor by Feymman diagrams, but it
Lz prooent in effective Lagrangian (1.21) as well due to existen-
ce oI guantum fields ﬁU?} with arbitrary large wave length K,
a3 alveys, we need renormalization of .SE# s Which means that
modes wiuvh l{2>,}12 should not be counted. As a result, all
auantities are,generally speaking, /M dependent, say the coup=- A
ling constant g in (1.24) should read ggﬁt}. etc.(chever, it
cunﬁbc rroven that the particular combination of g(f&) and
(G;l 1uturbasg::rgﬁgi&é£;?4i is in fact M  independent in per-

"he renormulizaiion of relation (1.24) may be considered as

i e 7 ]
L SR

ciwtracelon of infinite verms from both sides, so onc may

18

reasonably ask whether we are sure that the remaining finite
perts are in facl equal to each other, Considering radiative
corrections perturbatively one may really see this order by
order, but for the nonperturbative part(producing effecct of the
order of A" ) it is not at all clear.

This point was considered in exactly solvable models, in
particular, 1+1 dimensional sigma model at large N was consi=-
dered by Novikov et al, [4.14] with the result that nonperturba-
tive terms are indeed the same in both sides of (1.24).

If the reader finds our discussion of anomaly relation (1.24)
too sketchy, it may be helpful to look first afﬁéerturhative
derivation in Ref.[}.?&]. There exist also simple way of its
derivation in background field formalism, to be discussed in
section 4.2. Finally, it may be just skiped by those interested
by general line of reasoning rather than details. :

What is important, the r.h.s. of relation (1.24) is the

g0 called nonEerturhative gluon condensate first introduced
and phenomenologically evaluated by Shifman, Vainshtein and

Zakharov [5.13], therefore we have numerical estimate of the
energy density caused by nonperturbative fluctuations in the

QCD wvecuum:

0.5 GeV/mm’  (1.26)

8 = 2 3 nYy ~
E _-—fvz—x-rﬁz( [(36uu) l':')

Accuracy of this estimate will be discussed in section 8.1, As

vac

far as theoretical methods are concerned, we note ihat they in
principle produce result in the units of /\ , very uncertain
because of poor accuracy in /\  numerical value. S5uill it may
be useful to comment from the stayt, that modern variational
quasiclassical approach [2.22] aeers o underestimaie E'Ma(’

while lattice calculations ( so fur ignoring virtual quarks )

19



overestimate it approximately by one order.
Hote the negative sign of 51ﬂ¢(1.26): it means that nonper-
furbative vacuum is lower than that given by account for only

perturbative phenomena, The absolute value of £ set a scale

g
for excitation energy density sufficient for rearrangement of

the vacuum structure., lMore details on related questions can be
found in sections 7.2, T7.3.

Obviously, the physical nature of phenomena leading to this
energy density is of great interest. We discuss related questions
throughout the whole work, with a kind of resume in section 8,2,
Now we are going to make brief discussion of different ideas
discussed in current literature,

The most simple type of models was triggered by the observa-
tion made by Savvidi [1.50] . Let us consider again the effective
action (1.21), including radiative norrections. Tor constant
abelian magnetic fiela H it is completely analogous to well
knowvn Helsenberg-Euler effective lagrangian in QED with the obvi-
ous difference: the charge ig renormalized in different way.
Simple calculation leads to the following expression for the
energy density related to field H

LR et Arn G
ElHI= i 0 ( ~dek ] Td.en

The observation mentioned above is that for small enough H
the radiative correction may compensate the original temrm f4vb
and lead to negative EH%J. Savvidi has concluded that "empty"
vacuum is unstable according to creation of some constant fiefd
giving the minimum of (1.27).

However, a lot of critical remarks can be made here. First
of all, perturbative relation (1.27) is wvalid only if the second

term is relatively small. Second, apatial and colour direction
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of the field Fﬂi is arbitrary, and in order to have isotropic
vacuum some special models were proposed. Third, less trivial
remark is the following: constant magnetic field is stable in
QED, in contrast to electric field which produces e'e” pairs.
However, magnetic moment of vector particle ( the gluon ) is
such thaﬁﬁowest atate in magnetic field is at negative energy,
makinz the magnetic field to be unsteble too,.

Somethat similar models were discussed in Ref.{1.51], but
the effective potentiasl as a function of scalar combination
{Giv}g[rather than Gﬁ,)w&s considered., In somethat different
cﬁntext such potential was also discussed in Ref. [1.52 ).

The common feature of wvacuum structure, suggested by these
works, is rather sgimple local field configuration ( say, consia-

a

nt quasiabelisn field G> = n® F, ). As soon as field derivatives

R
are not included, they are assumed to be rather small and ines-

gential, Let us call such picture of the vacuum field the homo-

*)

geneous wvacluim,

Quite different picture of the vacuum fields is suggested
by the semiclassical methods, to be discussed in chapter 2a
Juch melhods are applicable if vacuum fluctuations have very
gtrong fields, in some sense classical ones,with relatively
small quentum fluctuations around them, Different studies of
guch models, uging phenomenology [2.19,2,EU] or variational
mecvhod [2.22] agree that only few percent of space-time is

occupied by the field., Let us call such picture the twinlling

MECULD,
}It will be discusoed in section 8.4 that such {ype of wvacuum

seems Lo be present in the limit of large number of colours

I » e , However, the constant vacuum “"master field" is in this

e : :
cagf@¥infinitely large coulour matrix.
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These two alternatives will be repeatedly compared below
in different contexts, and it can be commented here that both
geem to have some truth in them, but at the moment it is dif-
ficult to say what type of the fields dominates say, in vacuum
energy dengity conaidered above.

Even from this introduciory discussion it becomes clear
that we are only at the beginning of the long way, leading +to
understanding of QCD vacuum, In addition, we have not so far
mentiﬂnﬁﬁhe role of quark degrees of freedom, which are very

important ( zee section 8.3 ), but are even worse understood.

T1ede Colour confinement

The coloured objectis - quarks and gluons = are not observed
as physical excited states, in contrast to colourlesc hadrons.
This faci, Imowvm as colour confincment is the most striking and
famous property of the QCD vacuum. It;mechanism is rnot so far
understood,

There exist examples of field theories in smaller number of
space-time dimensions where similar plenomena are found, see
e,Z, J=dimensional model in Ref.[2.4} . However, ag far as I
understand, none of the mechanisms considered can be generalized
to the case of QCD.

Completely different approach was suggested by Wilson [3.6]
who has shown that confinement is natural in strong caupling(gﬁﬂ)}”
regime of lattice gauge theories ( see chapter 3 ). This con-
clusion is not however directly relevant to reality because con-
tinious limit of the lettice theory is connected with the oppo-
git case g@-+0. S0 the question was raised about continuity

¢f confinement property when one soes from large to small g.

a2

The next step in this problem was comnected with numerical
gaimulations on the lattice, pioneered by Creutz [3.4BJ. We also
discuss these works in chapter 3, and here comment that up to
smallest g which can be technically studied at the lattice at
present the continuity mentioned above is really present. More-
over, there are atrong evidence that with such g we are in fact
in the domain of the perturbative renormalization group analy-
Bis, So, unless something completely unexpected happens, confi-
nement in nonabelian gauge theories is demonsfrated numerically.
Evidently,; analytic proof is also: needed, as well as better
understanding.

So far only some phenomenoclogical models are developed, with
the aim to include confinement effects in data analysis.

The first is the so called string model, which assumes that
quarks are connected by some string with finite tension ( energy
per unite length ), Recently related questions were much discus-
sed in Ref.[1.46-1.49] ( see also earlier references therein )
in the course of efforts to derive string-like formulation of
QCD., We do not discuss this program below for it is not so fami-
liar to the author and, in any case, it is far from being comp-
leted.

Another popular model currently used in hadronic physics is the
MIT bag model, suggested in Ref.[6.9] . It assumes that some bag
{ or bubble ) is formed around the coloured objects, so that they
cen not escape from it. As soon as quarks are pulled apart o
sufficiently large distance, the bag becomea of the atring shape,
so these two models are in some way related.

The central idea of the bag model is the existence of some

pogitive energy of the bag, proportiomal to its volume:
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Ehag= vbag Bbag (1.28)
where Bbag is some positive constant, also celled the vacuum

pressure on the beg. At first sight V is not well defined,

bag
but in such model quark and gluon fields have discontinuity at

the boundary, at which the vacuum pressure is balanced.

Some qualitative idea about the origin- of this energy was
suggested in the works [6.11] . It can be explained using analo-
gy with Meissner effect in superconductores. As it is well known,
Cooper pairing of electrons with opposite spins makes the ground
state energy lower, but external magnetic field works against
it,for it tends to make spins parralel. As a result, midgnetic
field is expeled from the superconductors or, if strong enough,
return the metal into normel state with finite conductivity.
Suppose Dirac monopoles exist in nature. Than a pair of monopo-
les inside superconductors are connected by a string with finite
tension, in which one unite of magnetié flux is transfered.

How:fw.%qnind that nonperturbative energy of the QCD vacuum

2 : : st
discussed above is slso negative. So, the  problem is to demon-

gtrate that applied colour field works against nonperturbative
fluctuations, In Reﬂ;[6.11] it was shown that for strong enough

field and particular type of fluctuations - the instantons - it
is really so, Of course, it is far from being a general case,
but the qualitative idea may turn useful,

Our last remark concerning confinement effects is based on —
the phenomenology and will be repeatedly emphasized below.
For some unknown reason confinement effecis are weak in natural

scale of nonperturbative phenomena.We return to this point in

chapter 6, and now only mention one simple observation made in
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my work [6.11] . The vacuum pressure Bhag needed for quark
confinement inside bags{ determined from fit to date) is at
least one order of magnitude smaller than £ . (@iscussed in

the preceeding sectiomh

1.5. Spontaneous breakdown of chiral symmetry

This phenomenon is not so famous as confinement, but in theo-

retical literature it is discussed for much longer period and,
I believe, this discussion is more fruitful. The new wave of
interest to this phenomenon, SBCS for brevity, wes stimulated
by QCD sum rules which clearly indicate its large contributi-
on to nonperturbative corrections to correlation functions at

amall distances. In other terms, this phenomenon sSeems to be

numerically much more imporient for masses of ordinary hadrons

(made of light quarks)than confinement.

In this chﬁpter we are not going to make a detailed discusgi=-

on of the problem: its relation to various theoretical approa-
ches and phenomenology will be discussed below, Here we only

provide some elementary introduction, probebly necessary

for scme of the readers.
Let us start from general discussion of chiral symmetry and

its relation to QCD. Assume that some theory is considered,with

Hf fermions with identical interaction and masses. Obviously,

U{Hf) symmetry is present in this case, for axis in flavour

space can be chosen in apbitrary menner. Now, let all masses

be equal to zero., In this case the symmetry is wider for theori-
es with vector gauge fields: left and right handed fermlons are

in fact inconnected. As & result the flavour gymmetry is doubbled

which is also seén as appearance of chiral symmetry with J}
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’ o
matTix in the transfermation law,, \ it e‘ Ef_; ‘v”.

Since the spatial parity transformation exchange the chira-
1ities, the evident consequence of the chiral symmetry is the

following: all states of the theory should be parity degenerate.
At first sight even this simple point contradicts to what we
observe in hadronic world, with natural sus picion that such
aymmetry has little to do with it.

However, a number of facts shows that u,d ﬁnﬁ 8 quarks are
very light, so that probably nothing is Sseriously changed if
one consideres the chiral limit in which thezggﬁg put to zero,
Their discussion and references to earlier works can be found

in reviews l}.32,1.33], and here we just mention some numbers
from the latter wurk[ﬁ.B}] :

m.= 5.1+1.5 MeV, -gg =1.76+.13 , mS = 1946+1.6

Note that ratios are lnown better than the absolute wvalue,
We also have to note that quark masses are renormelized by ra-
diative corrections, so the given numbers correspond to the nor-

malizetion point about 1 GeV,

The resolution of the conflict between light masses and the

made by
absence of apparent consequences of the chiral symnetry is the

following conclusion: chiral gymmetry is spontaneocusly broken
in QCD vacuum, AS it is well known from Goldstone theorem and

multiple examples, such asymmetric vacuum should have the mass-
less excitations. In QCD they are the pseudoscalar mesons., If

messless, they can be added to any state,with the change of

the parity without ahy change of energy; solving the degenera-
CY problem,

Many consequences of chiral symmetry and SBCS were understo-

od at sixties, This activity is known as discussion of partial

2b
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conservation of axial current ( PCAC ) . Indeed, from the equa-

tiona of motion one finds

— al ¥ .29)
¢ EL‘ (¥ ﬁ;.kk i g e 5

and for small quark masses the axial current is nearly conserved.

Using the smallness of quark masses one may consider the so

t
called chiral perturbation theory. One of the most importan
relations obtained in this way is that for the mass of pseudo-

scalar meson, being nonzero only due t0 nonzero quark masses.
m2 £2 2 - 2(mt my) Lol FH0D it
which follows from (1.29) and definition of the pion decay const-

ant

7t | ga;af;u;‘ﬂ;) I
{H ~ 133 MeV

(1.31)

Important, that the so called guark condensate ol vy lo2#0
comes into play. Note K that it connects left and right handed
quarks, explicitly demonstrating that vacuum is chirally esym=-
metric. Its value cen be evaluated from (1,30) and independent
estimatea for quark masses.

Not going into discussion of PCAC ( see reviews [1.31-1.33])
we just make one comment. Generalization of ita resulis for
strange quark ( say, of relation (1.30) for the kaon ) is not
so clear,for m  is not so small. In chapter 5 we will show that
i+s sccount cen scmetimes change the result by 100%( se¢ some
further discussion in section 8.3

Rather serious difficulty for the theory was noticed by
Weinberg [4.39] . octet of pseudoscalar mesons Jl, K , i
well satisfies the mass relations following from SU[B)f breaking

/
is
Legrangian, while the nineth member of the multiplet ¥}
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too heavy., This point is known as the U(1) problem, because 47‘
meson is SU(j}f ginglet.

Important step toward the understanding of this problem was
made in Refs. [1.23], in which the so called Adler-Bell-Jackiw
enomaly was found. It turns out that SU(3); singlet axial cur-
rent is not conserved, as it is suggestied by the naive equations
of motion (1.29), for in r.h.s. there appears extra term congi-
ructed of gluon fields. This point we consider in more details
in section 4.2, However, it was not{ the whole story, for redefi-
nition of singlet axial current was shown to lead to the conser-
ved one,

The next step was made by t'Hooft in his classical work on
instentons [2.8] . First, in the presence of instanton~-type con-
figurations the redefinition of the current does not help, Se-
cond, fermion zero modes ( to be discussed in details in chapter
2 ) produce some instanton-induced intersction between light
quarks ( their role discussed in section 5.7 )s which explieitly
violates the U(1) symmetry.

Thus, the U(1) problem is(in principle)aalved by instantons.
Of course, it still remains a great problem to make the instant-
on calculus quantitative and to calculate the ’7’ mass from fir-
8t principles,.

Now we turn to the problem of SBCS for SU(3)¢ chiral symmet-
ry. The classical work by Nambu and Jona=Lasginio B.3{]and subse-
quent works were driven by the analogy with the theory of super-
conductivity. At the chiral limit energy states with positive
and negative energmsdo not have a gap in between, like those on
the surface of Fermi sphere of a metal. S0, it was reasonable

%o check whether some attractive interaction can qualitatively

28

change the ground state properties, producing some finite gap, &s
it takes place in superconductors. The condensate in vacuum can
only has vacuum quantum numbers, so the interaction should be

connected with scalar operators., The obvious candidate at that

time was the interaction of the type

- X (F4)? (1.32)

tut
By considering the Bethe-Salpeter equation for the bound states
and looking for solutions with imaginary energy one may find the
conditions for he vacuum stebility. It turns out, that at some
large enough )\ such solutions are really present and SBCS takes
place. Note the iwportant difference with.the superconductivity
problem: here infrared divergence leads to "vacuum rearrengement
at arbitrary small A\ .

Now we believe thai no fundamental interaction of the iype
(1.32) exists among quarks, but it can well be some effective
interaction generated in QCD vacuum, Opinions differ in current
literature about its physical origin. .

The first viewpoint is based on perturbative effect -- the
one gluon exchange between quark and antiquark. At small enough
distances it leads to well known Coulomb attraction { with rela-~
tivistic corrections ), which however is toosmall to produce the
needed effect. Some extrapolations ( see e.g. [1.35]) shows that
the instability may teke place due to one-gluon exchange, but
only in the strong coupling domain, where its application is
not justified.

The second possibility connects SBCS with inatanton-induced
interactions. Unlike the U(1) chiral symmetry, the SU{B)f one
under consideration is not violated by t’Hooft interaction di-
rectly, However, as it was pointed out in Ref,[2.23,2.24], this
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interaction provides an attraction in the scaler channel. Some
phenomenological estimates for its strength in QCD vacuum to
be discussed below shows that they seem to be of neceﬂsary or=-
der of magnitude and are able to produce SBCS.

Finally, there is the third viewpoint, according to which
confinement effects are also important for this phenomenon.
We discuss this point in more details in section 7.4, and here
only make some general comment on it, There are examples that
SBCS can take place without confinement, while confinement
Sseems to imply SBCS(in theories with light quarks).

S0, we have a number of candidates for the interaction bet-

ween quark and antiquark in scalar channel, leading to instabi-

1ity of chirally symmetric vacuum and SBCS, Now .+ (e dif-

ficult to get information on their quantitative importance in
real world. Lattice numerical calcﬁlatians show, that account

for virtual quarks 'is badly needed in order to make reliable

information, and masses of quarks are not at all some irreleva-

nt parameters, as it was previously believed, As a result, our
main source of information is now the QCD sum rules, see chap-

ter 5,
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