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ABSTRACT 

A new hypothesis on the nature of quark confinement and the structure 
of infrared behaviour in gluodynamics is proposed. 

АННОТАЦИЯ 

Предложена новая гипотеза о природе невылетания кварков и о структуре 
инфракрасной асимптотики в глюодинамике. 

KIVONAT 

Ismertetünk egy uj feltételezést a kvark confinement természetére és az 
infravörös aszimptotikus viselkedés szerkezetére vonatkozóan a gluodinamiká-
ban. 



1. INTRODUCTION 

The generally accepted view on the nature of confinement of 
quarks and gluons in quantum chromodynamics is based on the hy
pothesis according to which in any non-abelian gauge theory the 
asymptotic freedom leads to an infinite charge increase, and, 
consequently, only colourless states can survive. 

The analysis of vacuum currents (which will be presented in 
a more detailed paper) shows, however, that there is no reason 
for such a strong hypothesis. From the point of view of this 
analysis it seems to be most natural, that in a non-abelian theory 
without light quarks (i.e. quarks of mass m much smaller than 
\i where — is the strong interaction scale) at large space-time 
scales the conformal invariance, destroyed by the introduction of 
ultraviolet cut-off, will be reestablished. In such a conformal 
invariant theory asymptotic gluon states are absent (the Green 
functions are of scaling character similarly to those in the the
ory of phase transitions). However, the Coulomb field of external 
charges does exist, since the conserved charge operator has no 
anomal dimension. The value of the charge a of an arbitrary 
source turns out to be universal and it has to be determined by 
the equations of the theory. The field of a source at rest is in 
this case 

A = SLXEL > a ( i) 

At ur << 1 the value ot(r) is defined by the usual expression of 
asymptotic freedom 

ln7? 
while at pr >> 1 a(t) -+ a . 

9 
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In the present paper we show, that for confinement in the 
world with light quarks it 

than a finite critical value a. 
real world with light quarks it is sufficient if a is larger 

с 

« c ' ^ c - i h " 1 < 3 ) 

с 
In this case there exists a phenomenon which can be called quan
tum screening; it is caused by the formation of superbound states 
in the light quark vacuum at a > a analogical to electron states 
in the field of nuclei with Z ~ 180 [1]. 

2. THE VACUUM OF LIGHT QUARKS IN THE FIELD OF A HEAVY ANTIQUARK 

The essence of the phenomenon is the following. Let us see, 
what happens with light quark states of negative energies occupy
ing the Dirac sea in the field or a heavy antiquark which has the 
form (1) because of the polarization of gluon and fermion vacua. 
Neglecting the interaction of quarks with each other one can 
divide the quarks into two groups: quarks which are in singlet 
colour states with respect to the antiquark - quarks q - and those 
forming an adjoint representation with the antiquark - quarks q . 
The fields which act on quarks q 0 and q„ are 

A s r 2 l nc n ' 
and c (4) 

A = «ÜL _L. 
r 2n c ' 

respectively. Since the Hamiltonian of the quark in the external 
field A looks like 

H = H k i n + A , (5) 

the energies of quarks q decrease (Fig. la) while those of q 
increase (Fig. lb) inside the region where the field is acting. 
As a result, free places for the quarks q_ appear which can be 

о occupied by quarks with positive kinetic energies. On the other 
hand, for the quarks q_ having negative kinetic energies it be-
comes possible to go to infinity with positive kinetic energies. 
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For a weak field neither of these processes can take place because 
of the uncertainty principle. If, however, the field is sufficient
ly large, a particle with positive kinetic energy p in the field 
A s c a n b e i n a stationary state with a negative energy provided 
that IA ! 

' s' 
P-

Since p > -, it is natural to expect the relation 

i<nc - ih > i 
с 

(6) 

to be the condition for a real appearance of a free place for q 
In the same way, quark q a with a negative kinetic energy -p can 
go to infinity with a positive kinetic energy if A -p is larger 
than zero, i.e. again Aa>|p|>i and, consequently. 

a. 1 
2n > 1 (7) 

Let us discuss, what will happen, if a fulfils the weaker condi
tion (6) and does not satisfy the condition(7). Obviously, if 
there is a free place in region I in Fig. la, one of the quarks q 

Fig. la Fig. lb 

with a negative kinetic energy in region II will transfer to re
gion I, obtaining a positive kinetic energy. Instead of this 
quark, in region II remains a hole - an antiquark - which passes 
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with a positive energy to infinity. This process reminds the 
emission of a positron and the subsequent formation of a super
critical atom in the case of a supercharged nucleus. 

In our case the situation is essentially different. The heavy 
antiquark is a particle with the same charge a as the quarks in 
the vacuum, and its large field is due only to the vacuum polariz
ation which is a consequence of the fact, that this antiquark was 
the only charged object against the background of the neutral 
vacuum. Because of that, as soon as the antiquark of the sea goes 
to infinity, and the quark with the negative energy, being a col
our singlet state with respect to the heavy antiquark, begins to 
rotate around it, the vacuum polarization of this colourless sys
tem will change essentially. The field inside the orbit of the 
light quark remains, of course, almost the same, but outside it 
the screening of the heavy antiquark by the light quark will pro
vide a field equal to zero. At the same time, obviously, a large 
number of gluons will be emitted besides the emission of the 
light antiquark which took place before. 

Direct calculations confirm the presented qualitative expla
nation of the phenomenon. The only difference is, that if (6) is 
satisfied, there appear a whole series of quasi-stationary Coulomb 
states in the field (4) among which only the lowest one is stable. 
Consequently, the light antiquark may be emitted even with a small 
momentum. This would correspond to the capture of the quark on a 
far-lying orbit, with its subsequent transition to the lowest 
orbit by gluon emission. Thus we see, that no stable coloured 
state of the heavy antiquark can exist if the polarization field 
is sufficiently large. The appearing coloured state is metastable 
(with a complex energy) and it does not differ in anything from 
a highly excited colourless state - a meson - with a light quark 
on a very far orbit. At the same time we come to an interesting 
statement on the structure of the 5-meson state, being a heavy 
antiquark and a light quark with a negative total energy which 
does not go to infinity only because there is no place for it: 
all the levels with negative energies at infinity are occupied. 
(Obviously, the same can be told about the D-meson state, substi
tuting the word quark by aitiquark.) We will construct this state 
explicitly in another paper, taking into account the finiteness 
of the heavy quark mass. 
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Still, such an approach is clearly not satisfactory. Applying 
it e.g. to the colour group SU(2), we obtain meson states qq and 
do not obtain baryón states qq although the features of the latter 
ones should not differ from those of the meson states in SU(2). The 
mistake is, that - according to traditions taking their origin 
from Dirac - we supposed that the vacuum is occupied by particles 
with negative energies. In fact this vacuum consists of particles 
and antiparticles with negative energies; only such a situation 
corresponds to the calculation of loops with two directions of 
arrows in the usual approach. Adding to the previous considera
tions the interaction of the heavy antiquark with the light anti-
quarks which might be in (0,2) and (1,0) SU(3) states with respect 
to the heavy one, and taking into account, that 

A(0,2) r 2 U n ' 
C (8) 

A(l,o) - - ? X - i r > 
it becomes clear, that the system (q,q) will be bound at larger 
a values. If, however, a was large enough and such a state could 
be formed, its field would coincide at large distances with the 
quark field and the system would be unstable with respect to the 
capture of an additional antiquark. As a result, a colourless 
antibaryon state would be produced. 

3. ATTENUATION OF QUARKS IN THE VACUUM 

The instabillity of the coloured quark state can be estab
lished in fact without assuming that the quark is a heavy one. 
If a quark with a mass m and a supercritical colour charge existed 
in the vacuum, its motion could be always described in a quasi-
classical way by means of a wave packet, the longitudinal size of 
which is of the order of l/|p|, whei: p is the quark momentum. 
The quark field outside the packet is of the form 
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where p is the four-momentum of the packet; a = ct(r,u) , r = 
2 M 

P 7 7 
= -°r(z - vt) + p ; z,p are the longitudinal and transverse dis-
nT 

tances from the center of the packet. 
The behaviour of the vacuum states in such a field will dif

fer from that in the case of a heavy quark only in the following 
respect. Since in comparison to the field (1) the field (9) is 
shrunk in the longitudinal direction while the value of A is 
proportionally increased, for pr - 1 the new state formed in the 
vacuum with negative energy but with positive kinetic energy will 

m 1 
have a longitudinal size of the order of — — and, consequently, 
a momentum p' ~ p ̂  ; still, it will exist, as before, independent-

Z III 
ly of the value of the quark momentum [Fig. 2). 

Fig. 2 

Difficulties arise only at quark masses m < p, when the longi
tudinal size of the bound state turns out to be less than the 
size of the packet, while the field outside the packet is of the 
form (9). However, as it was told before, there exists a whole 
series of levels in the vacuum at а{<°) > a . The frequencies of 
these levels w_ can be determined roughly by the condition 
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i 
2 

a - 2 - 1 • In -Ü- * 2ir(n + 1) (10) 
Í b) a n с 

(for states with momenta j = •=•) supposing ш i m , where m is 
£ ПО О 

the bare mass of the light quark. 
The estimation of the longitudinal size given above cor

responds to n = o. Even if the orbits with small n values happen 
to be inside the packet, there are always orbits with m > m 
outside it; the latter lead then to the instability of the quark 
state. As soon as the renormalized mass is always larger than the 
bare one, even the lightest quarks turn out to be instable, i.e. 
non-propagating in the vacuum. This leads to a paradoxon: a quark 
decays into a quark, gluons and a meson, which contradicts the 
law of energy conservation. 

The solution of this puzzle is the following. We have sup
posed, that the real free quark exists in a vacuum consisting 
obviously of bare quarks and gluons. If such a quark existed, 
its energy would have been determined by its renormalized mass 
which contained a large energy of its Coulomb field. As it was 
told already, when a superbound state is formed the system be
comes neutral and the Coulomb field of the initial quark vanishes 
outside this neutral state. It is just the energy of this field 
which transfers into the energy of bare gluons and quarks. We can 
ask ourselves, however, what will happen with the conservation of 
energy when these gluons and quarks acquire polarization charges 
and the energy of each one becomes equal to the energy of the 
initial quark. There are two equivalent answers to this question. 
Since - as we intend to prove - there are no free quarks and 
gluons, this process of dressing up will not take place, the 
system of gluons and quarks changes into a system of mesons, 
while their baryon and colour charges go there where the initial 
hypothetic "real" quark, the instability of which we investigate, 
comes from. 

The second answer is based on the observation, that the 
question of energy conservation for the non-stationary states in 
the modern field theory is not simple at all [2]. Because of the 
existence of the anomaly in the energy-momentum tensor the pol-
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arization energy of the charge comes from the region of momenta 
of vacuum particles larger than the ultra-violet cut-off. Only 
the stationary states are not exchanging energy with this reser
voir and only for them the conservation of free energy [2] leads 
to the same results as the usual conservation law. 

The instability of the quark with a colour charge larger 
than a manifests itself formally in the following way. Suppose 
that we want to calculate the amplitude of production of a q,q 
pair in e e~ annihilation. In the Born approximation to this 
amplitude corresponds the graph in Fig. Ъ, where q and q are 
described by free Green functions. Taking into account the self-
energy corrections to each Green function, among them there will 
be corrections of the form Fig. 4 which contains a loop describ
ing the vacuum polarization in the quark field. 

• , 1 , , —, Г • 

Fig. 3 Fig. 4 

If the quark charge is larger than the critical one, this loop 
turns out to be complex in the momentum representation because 
of the described instability, and, consequently, the Green func
tions of q and q become exponentially decreasing functions 
x2 ~ xl *fc2 ~ fcl^* А с с о г <*1 п91У' the production amplitude of qq 
at t 2, t 1 + <*> will be zero. The same is true for an arbitrary 
number of quarks and antiquarks (and, as it will be seen later, 
for gluons too). Hence, at t •*•» only the amplitudes of meson 
production turn out to be different from zero; naturally, the 
sum of their squares has to be unity. As far as the presence of 
the coloured and the baryon currents at finite t needed for the 
transformation of the original qq pair into a meson is concerned, 
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it is essentially secured by the quantum mechanical interference 
due to which only stationary states survive at large times. 

b. ANALOGIES FROM THE FIELD OF SOLID STATE PHYSICS 

Because of the importance of the investigated question and 
because of its paradoxical properties it would be useful to know 
whether there exist analogous phenomena in other fields of 
physics. Prom a discussion with A.A. Abrikosov and L.A. Falkovski 
I learned about the phenomenon of Andreev's reflection. Andreev 
has investigated the behaviour of electrons near the junction of 
conductors in normal and superconducting states [3]. In a super
conductor there is a forbidden zone due to the pairing of elec
trons with momenta larger than the Fermi momentum p_ and smaller 

F 
than р„+А {Ргд. 5). The question is what happens to an electron 

г 
of the normal conductor when it approaches the junction surface 
with a momentum corresponding to the forbidden zone. According 
to [3],the superconductor will be entered by а ее pair while a 
hole will proceed back to the normal conductor from the junction. 
This phenomenon is analogous to that which was considered before, 
namely that a single charge can not distribute into the forbidden 
zone contrary to a double one. Consequently, the single charge 
transforms into a double one, while the charge -1 becomes re
flected. 

r. 
normal 
s t a t e 

PF+Д 

superconductor 
Pp 

Fig. 6 
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In the case of the production of a qq pair in, e.g., e e 
annihilation the region between the quarks will play the role of 
the normal metal. The external region - the vacuum - will cor
respond to the superconductor. Since the quarks are produced with 
charges ot , they can freely distribute at the beginning, until 
their increasing charges do not reach the critical value. At the 
moment when this happens the quark transforms into a meson mov
ing in the same direction and into a reflected quark. 

There is, of course, an essential difference: the Andreev 
reflection takes place only in a small momentum interval near the 
Fermi mon.entum, while the reflection of a quark in the vacuum 
goes on at arbitrary momentum values. 

The phenomenon of the quantum screening which means that the 
colour charge of the quark increases with the time, and, reaching 
a critical value, abruptly becomes zero because of the appearance 
of a bound state in the vacuum, seems to have also an analogy in 
solid state physics: the Kondo effect. Here the impurity spin is 
screened by an electron being in a bound state with an energy 
equal to the Fermi energy. 

5. GLUON CONFINEMENT 

If the gluon existed as a real massless particle, the de
scribed mechanism - the instability of the coloured state and 
the formation of the colourless one - would not work. Indeed, as 
it was seen, the necessary condition for this mechanism is that 
the mass of the particle has to be larger than the bare mass of 
the lightest quark. However, a real massless gluon does not 
exist even in a theory without light quarks. 

As it was told in the introduction, the most natural struc
ture for a theory without light quarks is the following (details 
will be given in another paper). In the region of large virtuali-

2 2 ties к »u the Green functions and the vertex parts are of the 
2 2 usual form of free gluodynamics. At virtualities к «ц , however, 

the initial conformal invariance which was destroyed by the in
troduction of a cut-off becomes reestablished, and all the Green 
functions obtain conformal invariant, scaling forms. The gluonic 
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Green function, e.g., is in this case of the form (k /p ) , Д 
being its anomal dimension. In this expression there is no gluon 
pole; this means, that in such a theory the gluon as an asymptotic 
state is absent. In the Green functions remain only cuts, and 
because of that, the theory contains no asymptotic states. The 
physical meaning of this phenomenon is, that a gluon produced 
with momentum p and charge a decays into gluons with smaller 
momenta and smaller charges after a time t of the order of p/y , 
when its charge reaches some critical value a . The newly pro
duced gluons will behave in the same way, and as a result the 
whole energy transforms into the energy of oscillation with wave 
lengths which are of the order of the size of the sy-'-em. This 
reminds the waves of the parameter of order at critical tempera
tures . 

The described conformal invariant theory has, however, a 
wunderful property: the Coulomb field of any external charge 
exists due to the fact, that the anomal dimension of the con
served current operator is zero. Besides, the charge of an arbit
rary external source is a . 

If there were no light fermions, our world would look, pre
sumably, just like this. If, however, light quarks exist and the 
considered critical charge a with respect to the fermion vacuum 
is less than a , the situation changes entirely. 

From the point of view of the action on the fermion vacuum 2 a gluon with life-time t ~ p/y behaves like a particle with a 
mass of the order of \i. The field of such a particle will differ 
from (9) only by a substitution of the matrices belonging to the 
fundamental representation by the matrices of the adjoint re
presentation. Being charge symmetrical, this coloured field acts 
in the same way on quarks and antiquarks in the vacuum. One car. 
divide, as before, the vacuum quarks and antiquarks corresponding 
to the representations (1,0) and (0,1) into quarks and antiquarks 
which together with the gluons (1,1) form the representations 
(1,0), (0,2), (2,1) and (0,1), (2,0), (1,2), respectively. If so, 
the fields acting on these quarks and antiquarks will have the 
following charges: 
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n 
°од = a(i (o> - -«-f » 

n _ _ 
«2,0 = a(0,2) = - X ( 1 _ ÍT + - 2 ) a ( 1 1 ) e n с 

= 1 
al,2 a(2,l) 2 a 

2 Hence at a value a = — even somewhat smaller than in the quark 
c nc case, the gluon becomes unstable with respect to the emission of 

a quark-antiquark pair and gluons with the creation of a gqq 
state, which, being colourless as a whole, provides another 
parton component of the same meson state which is produced to
gether with the quark. 

6. GLUONIC ZERO POINT FLUCTUATIONS IN THE COULOMB FIELD 

The basic assumption of the present paper is the hypothesis 
according to which in a theory without light quarks the charge 

2 1-1 of the particles reaches a value a larger, than a = — (1—*•) . Я с n Í 
^ e n 

с 
Upto now we did not bring up any arguments supporting such a re
lation between a and a . A serious reason for such a relation 

g с 
arises when one investigates the behaviour of gluon zero point 
fluctuations in the external Coulomb field. 

As it was realized by A.B. Migdal [4], the vacuum of bosonic 
zero point fluctuations behaves in a way relevantly different 
from that of the Dirac vacuum towards the external critical 
field. Let us suppose zero fermion and boson masses, then the 
difference will be the following. In the spectra of vacuum par
ticles in a supercritical field states with complex frequencies 
w. = w' + iwV having negative real parts ш' arise in both cases. 
The imaginary parts «{' are, however, of opposite signs for 
fermions and bosons. The sign of ш'' for fermions corresponds to 
a usual unstable state which is damping with the time because of 
transitions into the ground state having a different charge. For 
bosons the sign of ш{' is in accordance with the increase of 
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the wave function in time. This increase corresponds to the 
formation of a boson condensate in the region where the field is 
acting. The density of the condensate will be growing [4] until 
the sum of the two fields (the external one and that of the con
densate) decreases to the critical value at which ш" = О. In 
other words, th"! boson vacuum screens the external field in such 
a way that it cannot be larger than a definite critical value. 

This fact provides by itself, without detailed investigc 
tions of charge renormalizing currents, a strong argument in 
favour of the hypothesis, that the charge in gluodynamics can not 
approach infinity, it is limited by a critical value a . The 
critical value of the external Coulomb field of the form (1) can 
be easily calculated if one neglects the interaction of gluons in 
the vacuum. States with different angular momenta j turn out to 
be unstable at different a values. Consequently, 

V 3 ) - ÍT (з + 7> ( 1 2 > 
с 

If gluons with j = 0 existed, a would be equal to 1/n i.e. it 
g с 

would be smaller than ct . Luckily enough gluons with j = О are 
pure gauge degrees of freedom and they give no contribution to 
the critical field. Thus our estimation gives 

a = ~ >a (13) 
g n c с 

7. THE STRUCTURE OF MESON STATES 

In the framework of the considered picture the structure of 
the ground states of heavy mesons (D,F,...) does not differ 
relevantly from the usual Coulomb states similarly to the struc
ture of supercritical atoms which is not very different fron the 
usual atom structure. The states of light mesons might have, 
however, very unusual features, especially in fastly moving re
ference frames. The reason is, that in the presented picture 
there is an asymmetry between the antiquark (quark) with positive 
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energy, creating a large field, and its partner quark (antiquark) 
with negative energy, which, differently from the former one, can 
be easily exchanged by vacuum quarks (antiquarks). This differ
ence in the exchange interactions of the partners has to lead to 
a difference between their effective masses. Because of that the 
heavier antiquark (quark) is placed in the center, while the 
lighter quark (antiquark) is at the periphery. It seems to be 
natural, that these two configurations - an antiquark in the 
center and a quark at the periphery, and a quark in the center, 
an antiquark at the periphery - have to be divided by a barrier. 
In a fastly moving reference frame one transforms into the other 
rarely, since for the exchange of these configurations the sign 
of the self-consistent field has to be changed. From this point 
of view the baryon state is less unusual, because the exchange 
between its constituent quarks does not recquire a change in the 
self-consistent field. 

As we have seen before when we have considered the instabil
ity of the gluon, a third (may be most probable) component of the 
meson wave function is also possible. Namely: in the center a 
gluon field is localized, while both the quark and the antiquark 
have negative energies and they are placed at the periphery, 
forming an adjoint representation. The features of this component 
remind those of a meson state in the bag model. In the presented 
picture unusual configurations are created even in the case of 
heavy mesons, if highly excited states are considered. Indeed, 
if a quark with a negative energy is on a highly excited orbit 
with a large radius, then inside the oibit the field will be a 
supercritical one, what leads either to the emission of mesons 
and a transition into the ground state, or to the possible crea
tion of a state of molecular or quasi-string type in which the 
field does not exceed anywhere the critical value. 

Finally, let us note, that in the previous considerations 
we have ignored all along the interaction of vacuum quarks and 
the existence of finite densities of meson states and condensates 
of the type фф which is connected with the interaction. The ap
pearance of condensates in the vacuum is quite natural from our 
point of view. Indeed, at m « u the vacuum quark states in the 
Coulomb field, determining the meson states, are degenerated in 
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both the chirality and the flavours of the light quarks. It Is in. 
this case rather plausible that a definite superposition of these 
degenerate states occurs in the condensate with symmetry breaking 
and with the appearance of parameters of order of the type фф. 

The existence of vacuum condensates can not change the basic 
phenomenon of attenuation of coloured states in the same way as 
the presence of a superconducting condensate does not alter the 
pair emission in the Andreev reflection. However, their existence 
can essentially Influence the structure of the meson states, es
pecially states like the о - meson which has vacuum quantum 
numbers and states of Goldstone type like v and К mesons. 
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