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ABSTRACT 

Constituent quark models with nontrivial correlations between color and 

space and no explicit description of the gluon degrees of freedom are 

inconsistent with local color gauge invariance. The screening by gluons of 

local color density in the quark sector must be included in treatments of 

long range forces in multiquark states. Neglect of gauge invariance and 

screening leads to erroneous predictions like unobserved Van der Waals forces 

and unobserved "baryonium" states with localized color. 
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The nonrelativistlc colored constituent quark model has been remarkably 

successful In low-mass hadron spectroscopy {1) despite the absence of a 

satisfactory QCD derivation. Detailed predictions for raultiquark hadrons and 

hadron-hadron interactions (2,3,",51 have failed. This paper examines this 

failure and shows that it is caused by neglect of the gluonic degrees of 

freedom. 

Models with only quark degrees of freedom and effective interactions or 

bags are analogous to conventional atomic models with only electrons and 

nuclei and a Coulomb Interaction. But the gluon of non-Abelia .• QCD with its 

color charge and nonlinear self coupling is very different from the neutral 

photon. The color current carried by the gluon field plays an essential role 

in ensuring local conservation of color charge and local gauge invariance. 

The charge of an electron cannot be changed by photon emission nor 

shielded by the surrounding cloud of virtual photons. Charge exchange does 

not occur between electrons and nuclei In atoms. Maxwell's equations are 

linear and the lines of force from a point charge radiate lsotropically in 

all directions. An additive static coulomb interaction proportional to 

gauge-invariant c-number charges and uniquely determined by the positions and 

charges of all particles is adequate for atomic physics. The contribution 

from the coulomb field of a nucleus to the force on an atomic electron is 

Independent of the positions of the other electrons. All effects of 

screening of the nuclear coulomb field are included by simply adding the 

coulomb fields of all charged particles. 

The color charge of a quark is changed by gluon emission and shielded by 

virtual gluons. Color exchange occurs in interacting multiquark systems and 

depends upon gluon dynamics. The color charge of a quark is a 
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gauge-dependent dynamical variable subject to quantum fluctuations. A 

quark-antiquark pair at two different space points cannot be in a color 

singlet state in all gauges. A local gauge transformation at the position of 

the quark changes its color without changing the color of the antlquark. The 

3CD field equations are nonlinear and tne lines of color force are confined 

to strings or flux tubes. The forces on a quark due to its interactions with 

two other quarks at different space points are not additive, because of the 

nonlinear couplings in the gluon field between them. The color energy of a 

given configuration is not completely determined by the locations and color 

charges of the constituent quarks. It also depends upon the configuration of 

the strings or flux tubes connecting these constituents. 

Consider a multiquark system containing two quarks at points Â  and B 

and an antiquark at point £. A flux tube may connect the antiquark at £ with 

either quark while another flux tube connects the remaining quark to the rest 

of the system. The force on the antiquark at £ depends not only on the 

positions of all other constituents, but also on whether its flux tube 

connects it to the quark at h or the quark at B. The dynamics of the gluon 

field may oauas the flux tube to jump back and forth between the lines A£ and 

BC. An adequate description of these dynamics may not be possible in a model 

with only quarks and effective static interactions and no flux tubes. 

Greenberg and Hieterinta (6) have argued that the string degrees of freedom 

must be included in any phenomenological model describing the long range 

forces in multiquark systems. 

A potential model with colored quarks interacting via a 

phenomenological color-exchange force motivated by one-gluon-exchange was 

first Introduced before QCD to explain the saturation of interquark forces in 
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hadrons and the relation between meson and baryon spectra (7). Only global 

color symmetry was assumed, with massive gluons giving a short-range Yukawa 

interaction and no gauge theory nor confinement. This model was later 

connected with QCO by hand-waving arguments {31 without noting the 

inconsistency introduced by the additional requirement of local gauge 

invariance and color charge conservation in -i constituent colored quark model 

with no explicit description of the gluon degrees of freedom. 

This inconsistency can be seen by applying a local gauge transformation 

to a color-slnglet quark-antlquark wsve function, 

M> = Iqa(x)qa(y) (1) 
a 

where x_ and y_ are two different space points and £ is a color index. The 

state !1> Is manifestly a color singlet under a global SU(3) , 

transformation. 

We now apply a local s u ( 3 ) e o l o r gauge transformation which acts only at 

the point jr and not at the point jt and is described by a unitary matrix in 

color space U . chosen to have all Its diagonal elements vanish. 

"1> > Iuab5a
(x)1b(lr) * ,8> (2a) 

ab 
where 

U „ = 0 C2b) 

The state I8> is a pure octet under global SU(3)eoior and has no singlet 

component. Since all physical hadron &tates in QCD are assumed to be color 

singlets and color octet states do not exist, an allied local gauge 

transformation (2) which transforms the color singlet state I1> into the 

• olor octet state !8> indicates an inconsistency with local gauge invariance. 

One might try to avoid this Inconsistency by choosing a particular gauge 

before using the wave function (1). However the following physical argument 
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suggests that the inconsistency results from the negleot of the role of the 

gluon current in ensuring local conservation of color and probably cannot be 

eliminated by choosing an appropriate gauge. The global color singlet wave 

function 11> has a quark and an antiquark at two different space points with 

instantaneously correlated color fluctuations. The quark and antiquark each 

have equal probabilities of being red, blue or green, but the antiquark must 

be green when the quark is green. In a complete QCD description color is 

locally conserved and is exchanged between the quark and antiquark only via 

gluon exchange. The wave function |1> must have a "string" of gluon current 

connecting the points x_ and v_ to conserve color and preserve local gauge 

invariance. This difficulty does not arise in abelian QED with neutral 

photons where electric charge is trivially conserved in photon exchange. 

He can now see the implications of this inconsistency for the colored 

constituent quark model which disregards the contribution of the gluon field 

to the color current. The model falls consistently in cases where localized 

color densities occur in the quark sector and gluon currents necessary for 

current conservation must introduce additional dynamic effects like 

screening. All phenomenological successes of the model occur when color and 

space are separated; the failures occur when they are not. The model 

succeeds in the quark-antiquark and three-quark systems where the mescn and 

baryon wave functions factorize into a color factor and a factor depending 

upon all other degrees of freedom. Color completely separates, from space and 

all dynamics are described by a color-independent effective Interaction. The 

color degree of freedom enters only in two ways: 

1. The allowed states for three-quark baryons are required to be 

symmetric in the other degrees of freedom in accordance with Fermi statistics 

for colored quarks in a color singlet state (8). 
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2. A color factor related to the eigenvalue of a color SU(3) Casimir 

operator appears in relating quark-quark Interactions in baryons to 

quark-antlquark Interactions in mesons (7). 

These successes suggest that whenever color and space factorize the 

inconsistency (2) is unimportant and the dynamics of the gluonic degrees of 

freedom can either be neglected or somehow absorbed into an effective 

constituent quark wave function without gluons. This occurs rigorously when 

£ s jr and there is no string or flux tube because all the quarks are at the 

same point. The transformation (2) is then not allowed and the state !1> 

remains a color singlet under all gauge transformations. The effective 

constituent quark picture might still hold for a wave function which includes 

terms with £ = £ and where color and space factorize, so that all the color 

transformation properties are determined by the portion of the wave function 

with x_ = j_ and there are no correlations between color and space. 

The model has failed when wave functions without factorization of color 

and space are used to describe multiquark systems and correlations between 

color and space play an essential role; e.g. In "color chemistry" predictions 

of unobserved "baryonium" states with color-space correlations {4} and the 

calculation of long range Van der Waals forces between separated hadrons 

{1,2.5} arising from the admixture Into the two-hadron wave function of 

states describing spatially separated color-octet pairs coupled to an overall 

color singlet. Such correlations are not gauge Invariant in a model which 

considers only quark degrees of freedom. In QCD with confinement any local 

color-octet density in the quark sector is screened by gluons and the 

oversimplified constituent quark pioture which does not include gluon 

dynamics cannot be valid. 
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The predictions of exotic nmltiquark hadrons bound by color hyperflne 

interactions {9,10} with color-.">pin correlations but no color-space 

correlation have not yet conclusively succeeded or failed. No such 

multiquark states have yet been convincingly identified, and further 

experimental testa are of great interest 111). The four-quark model for 

scalar mesons (9,10,11,12} bound by hyperfine interactions explains 

properties of the low-lying scalar mesons 6 and S which are otherwise very 

mysterious. A zero-range hyperfine interaction which acts only between a 

pair of quarks at the same point produces bound states analogous to the 

deuteron with two quark-antiquark clusters separated by a distance of several 

cluster radii (12). These states can be described as two color-singlet 

clusters, bound by an effective short range potential obtained from a 

hyperfine interaction, with no unphysical color-space correlations. 

We now use the string picture to see the role of gluon dynamics in more 

detail. The original global SIK3) potential model (7) takes a two-body 

potential, introduces a color factor appropriate for a one-gluon-exchange 

Yukawa interaction and applies it everywhere to multiquark systems. This is 

clearly unjustified in a gauge theory. However the potential model has a 

number of interesting properties, of which some can be expected to hold in a 

correct description and others to break down completely. 

The potential used has the form 15) 

HI = " I Fi-Fi v < l xi " *il> { 3 ) 

where Fi denotes the eight s u<3> e o l o r generators for the 1th quark or 

antiquark. 

In the oolor-slnglet quark-antiquark state used in meson spectroscopy 

the oolor coupling of a quark and an antiquark to a color singlet is unique 
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and factors out. The Interaction (3) can be made Identical (by hand) to the 

credible effective two-body potential used in eharmonlum obtained from QCD 

considerations such as lattice gauge calculations. This picture has a string 

between the quark and antiquark, and the effective potential is obtained by 

summation over all string configurations. 

The interaction (3) is seen to be repulsive in the color-octet 

quark-antiquark: state. This feature has no Justification from QCD 

considerations; however it is also Irrelevant at this stage since there are 

no experimental data on isolated color-octet mesons. 

In the three-quark color singlet state used in baryon spectroscopy the 

color coupling 13 also unique and factors out. The interaction given by eq. 

(3) for this case has the correct asymptotic form for the case where two 

quarks are very close together. The force between a color triplet quark and 

a point-like color antitrlplet diquark is the same as the quark-antiquark 

force as expected from QCD. Thus this Interaction may be taken as a crude 

approximation to the correct QCD description of baryon spectroscopy. 

For multiquark systems containing more than three constituents the 

asymptotic behavior of the interaction (3) for states describable as two 

separated point-like clusters agrees with the expectations from QCD. There 

is no strong force between two point-like color singlet clusters and the 

trlplet-antitrlplet force is identical to the quark-antiquark force. For 

more complicated spatial configurations the color couplings for an overall 

singlet state are no longer unique and factorization of color no longer 

occurs. The interaction (3) is a nontrivial matrix in color space {1,7} with 

matrix elements depending upon the spatial degrees of freedom. It i< no 

longer positive definite and can produce pathologies with confining 
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potentials which always have "antioonflning" components (5). Furthermore 

there is not even a one-to-one correspondence between the configurations 

allowed by 3CD and those allowed by the model based on the interaction (3). 

The difficulty oan be seen explicitly by examining the system of two 

quarks and two antiquarks located at the four corners of a tetrahedron. Some 

possible color couplings for the four particles are: 

|A> = U(13)1;(2M)1}1> (Ha) 

|B> = |{(13)8;(2«)8}1> (1b> 

|C> = |{04>1:(23>1}1> (1c) 

|D> = l!(11)8;(23)8)1> C»d) 

IE> = lt(12)3»;(3t)3)1> (1e) 

|F> = H d a ^ O O j , } , ) Of) 

where particles 1 and 2 are quarks and 3 and 1 are antiquarks and 

K(iJ) ;(km) «i|> denotes a color singlet state with particles i_ and j 

coupled to the representation n_ of SIK3) and particles k_ and m coupled 

to the representation n_*. 

in a description with strings or flux tubes each of the six 

configurations (4) is described by drawing strings connecting the four 

particles in different ways. The wave function U(iJ) ;(km) »),> denotes 

configurations with strings joining the pairs of particles (ij) and (km) and 

additional strings Joining these two strings when the pairs (ij) and (km) are 

not color singlets. Each of these configurations is linearly independent of 

the other five. This can be seen, for example, by noting that the state !A> 

has flux tubes along the edges of the tetrahedron joining particles 1 and 3 

and joining particles 2 and 4 and no flux elsewhere, while the four states 

Cto-Mf) have no flux along the edges (13) and (24) and all their flux tubes 
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elsewhere. Thus the state IA> cannot be expressed as a linear combination of 

these four states. The quark description with the interaction (3) has only 

two independent color couplings {1,71. The states C O are linearly dependent 

in this description and 3pan a Hubert space of only two dimensions in the 

color degree of freedom. The state IA> for example is a linear combination 

of the states IC> and |D> or of the states IE> and IF>. Thus there Is no 

simple way to eliminate the QCD strings to obtain an effective interaction of 

the form (3). Essential information is lost in using a two-dimensional 

Hilbert space for string dynamics whose description require a space of at 

least six dimensions. 

Another view of this difficulty is seen from comparison with the 

abelian case. The Interaction (3) also describes the Tour-body system of two 

protons and two electrons if Fi is the electric charg* of particle i_ and 

V(lx, - x j ) is the coulomb interaction. If particles 1 and 2 are protons 

and particles 3 and 4 are electrons, the interaction (3) between proton 1 and 

electron 3 is always the same coulomb interaction independent of the 

positions of the other particles and of whether or not proton 1 and electron 

t are bound in a hydrogen atom. The coulomb fields of the four particles are 

simply additive. 

In the non-abelian case this addltivity of the two-body forces appears 

in the interaction (3) but not in QCD. The force between quark t and 

antiquark 3 as given by the interactions (3) depends only upon the positions 

and color couplings of the two quarks ?.id is independent of the positions of 

the other particles. But In QCD the force also depends upon how the strings 

are drawn to the other particles. 
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In limiting cases where one string configuration is dominant the 

Interaction (3) might describe average static properties with the information 

about the locations of strings contained in the color coupling factors. 

However, for calculating forces between hadrons or properties of multiquark 

matter many string configurations of equal importance arise and any realistic 

wave function must describe the quantum fluctuations in which strings Jump 

from one configuration to another. There does not seem to be any hope of 

describing this physics with an interaction of the type (3) or any other 

model (e.g. bag models) which does not explicitly introduce the dynamics and 

topology of flux tubes or strings. 

This discussion reveals an important difference between single-hadron 

and multiquark states. The interaction (3) seems reasonable for meson 

spectroscopy and is at least a reasonable crude approximation for baryon 

spectroscopy, even though its remarkable success in nonrelativistic light 

quark spectroscopy still remains to be explained. For multiquark 

speotrosaopy the interaction (3) correctly describes the absence of strong 

forces between separ&fcad color singlet clusters (7) but is clearly Inadequate 

for finer details like the treatment of hadron-hadron interactions 113), 

multiquark bound states with nontrivial spatial dependences (1) and quark 

matter {11}. The dynamics of the gluonio degrees of freedoc and the gluon 

color current must be introduced explicitly to describe screening phenomena 

and keep local color conservation and gauge lnvariance 115). 
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