
Lecture 10: Theoretical and Phenomological Models 
The study of phase transitions in QCD is far from a trivial 

task. We have seen that a great deal of progress nas been made 
in understanding tne fundamental dynamics of such phase 
transitions, and quantitative progress is also being made using 
lattice Monte-Carlo methods. At present, some insight must also 
be gleaned from phenomenological models. Historically, such 
models gave qualitative insight into the nature of confinement-
deconfinement transitions. With the recent advances based on 
lattice computations, such models may be refined to give an even 
finer insignt into the nature of confinement. The problem of 
chiral symmetry breaking must at present be attacked by such 
models since there is no completely satisfactory computation of 
the chiral properties of gauge theories on the lattice. 

In the previous lectures, I have presented a Z(N) model of 
the confinement-deconfinement phase transition. Such a model 
satisfactorily accounts for the qualitative features of this 
transition and the effects of fermions when they are included. 
This model does lack a simple physical intuitive picture of the 
transition. There has been a recent development of such an 
intuitive physical picture by Feynman and Patelf-'-' This picture 
utilizes a flux-tube model of the confinement-deconfinement 
transition. Such a picture may not only be regarded as a 
concrete realization of strong coupling expansions on the 
lattice, but may also be viewed as a representation of the 
succesful string model phenomenology of high energy physics. 
This lecture is taken in large part from the lectures of A. 
Patel at the Workshop on Phase Transitions in Gauge Theories and 
Their Physical Applications, July 27 - Aug 22, (1983) held at 
Seattle, Washi^-) 

To derive a flux-tube picture, several assumptions about the 
nature of the flux-tubes must be made. We shall assume that 
there is a constant energy per unit length along the string, a, 
and that the string has a constant width w. The strings are 
allowed to terminate only on quarks. Finally, the strings are 
assumed to be rigid along their length so that the string must 
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go a distance of a (approximately a fermi) before the string can 
bend by a rignt angle. This rigidity assumption is manifest on 
a strong coupling lattice, since a string cannot bend unless it 
traverses a lattice spacing a. The parameters of these strings 
are assumed to be temperature independent. The phase transition 
is driven by the increasing entropy of strings as the 
temperature increases. 

To understand how such a model works, first consider an 
SU(2) gauge theory in the absence of quarks. The only 
structures in this theory are closed rings of strings. The 
partition function is 

L = I x .(1, e ^ ( 1 ) / T (1, 

where N(l) is tne number of configurations of length 1. The 
lattice spacing or rigidity factor a determines N(l). If 
backstepping is allowed, the number of distinct random walks of 
length 1 is N(l)= 6 1. The number of closed loops with 
backstepping is N(l) - l" 3/ 26 1. If backstepping is not allowed, 
as it snould not for a physical string, the number of distinct 
random walks is N(l)= 5 1. The number of closed loops is il(l)= 5 1 

x (power law corrections in 1). The partition function is 
approximately 

L - z, elUn5-6a/T) ( 2 ) 

As T becomes larger the average size of a loop gets larger 
and larger. At 

T̂ , = 6a/ln5 (3) 

tne partition becomes singular and tne average loop size 
diverges. The effective string tension. 

a , . - a -Tln5/a •• 0. (4) 
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continuously as 

T + T (5) 
c 

A second order phase transition is suggested. 
Under the circumstances discussed above, the flux tube 

between two static quarks may wander all over the lattice with 
no loss in free energy at T . The potential is no longer linear. 
In particular, a single isolated quark has a finite free energy 
and the expectation of L becomes finite above T . To obtain an 
estimate of T in this model, the rigidity parameter a must be 

c + 
determined. Taking the strong coupling result for the 0 meson 

;nass as 

m + = 4ca (6) 

we f i nd 
">0+/4Tc " l n 5 " i- 6 ( 7> 

Lattice Monte-Carlo computations for T c give a slightly larger 
value 

n> ./4T 1 (8) 
0 T c 

When this picture is generalized to SU(3) gauge theories, we 
must account for two new facts. The strings are in general 
directed, and strings may bifurcate. The diagrammatic rules for 
drawing closed loops are that each vertex nas the structure 
shown in Fig. 1. 

The number of links in each closed loop must also be even. 
Allowed and disallowed diagrams are shown in Fig. 2. 

At zero temperature the vacuum is filled witn closed loops 
formed from networks of these strings. As the temperature 
increases, the size and density of string bubbles grow. Unlike 
the case for SU(2), the confinement-deconfinement transition 
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does not occur when the bubbles acquire infinite size. Before 
this happens a phase transition to an infinite network takes 
place. The strings may fuse together in such a way that strings 
always connect the entire volume of the lattice. This network 
or percolation phase transition provides a first order 
deconfining phase transition. 

This percolation problem has been studied in the context of 
polymer chains as a gelation transition by Flory (1941) and 
Stockmayer (1943). To analyze this problem, the links of 
networks are divided into two classes. Relevant links are tnose 
necessary for the existence of an infinite network. Irrelevant 
links are those which may be removed without destroying the 
infinite network. Such links appear in closed loops. To count 
the possible ratios of relevant to total number of links, we 
place the vertices of the network on concentric spheres. For 
the existence of an infinite network, after each bifurcation at 
least one link must go on to the next concentric sphere, and the 
other link may either go ahead or turn back and make closed 
loops. If f is the fraction of relevant links, then f(T) may 
take on the values 2/3 < f(T) < 1 with 2/3 corresponding to a 
minimally connected network and 1 corresponding to maximally 
connected. The fraction f(T) may be computed from the dynamics, 
and at T=T C, the minimally connected network becomes formed. 
Bubbles exist with non-zero probability. 

The energy of an isolated test quark is infinite below T c 

because the string attatched must terminate at infinity, and is 
not allowed to terminate on closed flux tube bubbles. Above T c, 
the string may cerminate on one of the infinite networks. The 
parameter <L> is analogous to the conductivity of the network. 

The estimation of T c requires knowledge of the energy of the 
three string vertex. Crude estimates give T c as slightly lower 
than value estimated for 3U(2). For SU(il) gauge theories, there 
are N string vertices, and each vertex provides N strings which 
can contribute to tne network. The energy of the vertex is of 
course different. The phase transitions for £J > 2 are typically 
first order. At infinite N, the phase transition survives if 
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the energy of a vertex scaled by 1/H approaches a constant as N 
approaches infinity. 

This picture allows an estimation of the effects due to 
finite mass dynamical quarks. Recall that the pure gauge theory 
corresponds to tne infinite quark mass limit. As m decreases 
from infinity, the Z(N) symmetry which characterizes the 
confinement-deconfinement phase transition is explicitly broken. 
In the flux tube picture, the flux loops are allowed to break up 
oefore 1 approaches infinity for any finite value of m. Since 
5U(2) Yang-Mills tneory is characterized by a phase transition 
corresponding to infinite size flux tubes, this phase transition 
iissappears. 

The case for SU(3) is special since first order phase 
transitions are stable against the introduction of small 
perturbations. For neavy enough quarks the phase transition 
will continue to exist. This phase transition corresponds to a 
boundary between two phases with two differnt types of 
screening. In the confined phase, screening is generated by 
string breakage. In the deconfined phase, screening is 
generated by strings attatching to large networks. The 
parameter <L> is discontinous across the phase boundary. 

Since there is no symmetry property which characterizes the 
differences between these phases-, the transition may be only 
defined by the connectedness properties of the networks which 
characterize the theory. This may itself not be enough either 
since the networks may break as a consequence of quark-antiquark 
pair formation. A closely related example of such a transition 
is that of a gas liquid pnase transition. The order parameter 
for tnis system is the density or specific volume. As is the 
case for a liquid gas phase transition, the first order 
confinement-deconfinement phase transition may be terminated by 
a second order critical point for some value of the quark mass. 

Since the phase transition might be characterized by the 
connectedness of networks, it is clear that finite quark mass 
can iead to the dissappearance of a connected phase. At 
infinite m, such a phase exists, and at zero m the string 
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breaking occurs with no cost in energy so that entropy factors 
•fill always force the dissappearence of this phase transition. 
The situation is however complicated by the spontaneous breaking 
of chiral symmetry since a dynamical mass is always generated 
when chiral symmetry is broken. Perhaps the confinement-
deconfinement transition dissappears only at zero mass for 
sufficiently large numbers of quark flavors or perhaps at a 
reasonable mass for one flavor. This model does not at present 
have sufficient resolution to show the difference. 

One interesting consequence of this model is that the 
confinement-deconfinement transition temperature increases as m 
decreases. This is a consequence of tne greater difficulty that 
it takes to make a network if string breaking is permitted. 
This result appears to be at odds with preliminary Monte-Carlo 
data, but the discrepancy is not yet serious. The parameters of 
the string theory could always be allowed some temperature 
dependence, since after all, thermal loops do renormalize the 
vertex energy, string tension, and string width. 

The phenomenplogical description of chiral symmetry breaking 
is not in such good shape as that of confinement-deconfinement. 
A first step in this direction would be to explore 
pnenomenological lagrangians with approximate SU(2)xSU(2) and 
3U(3)xSU(3) chiral symmetries. Some work in this direction is 
currently in progress by R. Pisarski and by T. De Grandl2-3) 
An approximate U(l) chiral symmetry would also be a useful 
ingrediant. Interesting questions are the orders of phase 
transitions and tne effects of finite quark masses. Also, how 
do the parameters of these phenomenological lagrangians depend 
on temperature? What consequences for particle spectra are a 
result of chiral symmetry restoration? How is such a 
phenomenological lagrangian derived from QCD? What are the best 
signals of chiral symmetry restoration in ultra-relativistic 
heavy ion collisions? 
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Figure Captions: 

Figure 1: The structure of the string vertex. 
Figure 2: Allowed and disallowed diagrams. 

Figure 10-1 
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Figure 10-2 

0 (D OO 
allowed disallowed 


