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Correlation and screening in finite-temperature SU(2) gauge theory
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We study the temperature dependence of the correlation length in SU(2) gauge theory around the
deconfinement point, using high-statistics Monte Carlo simulation on large lattices.

Statistical QCD predicts a deconfinement transition, in
which hadronic matter is transformed into a quark-gluon
plasma.l"? It has been suggested’ that the screening of the
color charge is the physical mechanism responsible for
this transition: the presence of many other color charges
in dense matter shields the long-range part of the poten-
tial felt by any given charge and thereby dissolves its
binding.

The aim of this paper is to study the temperature
dependence of the screening phenomenon in SU(2) gauge
theory. The general thermodynamics of this system has
been studied extensively for some years.? The question of
screening, however, requires high-statistics simulations on
large lattices; except for some rather qualitative considera-
tions,* it has therefore been addressed only quite recent-
ly.>~7 In particular we want to see how rapidly the range
of the potential of a static quark decreases beyond the
deconfinement point, and whether its behavior in the tran-
sition region is in accord with the form predicted by
universality considerations.®

Our starting point is the connected correlation function

for two Polyakov loops separated by a spatial distance
| x| =r,

[(r,T)=(L(O)L(r))—(L)?, (1)
where
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We work on a lattice of size N,>XN,, with isotropic
spacing a; hence T =1/(N.a). To obtain I'(r,T), we cal-
culate

(L(x)L(y))

=| [ [1dUeSYL(x)L(y)

links

/|5 e

links

(3)
with the Wilson action
sw=2 3

g plaquettes

(1—5 TrUUUU) , @)

and then average over all results for | x—y | =r; for sim-
plicity, we consider only separations parallel to the coordi-
nate axes. The average Polyakov loop (L ) is analogously
defined. To avoid cancellations due to finite lattice size
(spin flips), however, we first calculate the average L over
a given lattice configuration, then average |L | over suc-
cessive configurations. Hence (L ) will here always mean
(|L | ); we shall return to this point later on.

A Polyakov loop in a pure gauge theory corresponds to
a static quark (fundamental representation of the gauge
group) in an environment containing only gluons (adjoint
representation). We can therefore not have a direct
screening of the force between the two static quarks in
(L(x)L(y)). At low temperatures, the gluon-gluon in-
teraction contracts the force field between x and y into an
essentially one-dimensional confining flux tube. With in-
creasing 7T, the color screening of the gluon-gluon interac-
tion, due to the increased gluon density, weakens this con-
traction; eventually, at T =T, it leads to a nonconfining
three-dimensional force field. Above T,, it is thus the
Coulomb-type part of the static quark potential which ex-
periences the screening effect of the gauge field environ-
ment. We expect this screening—which corresponds to a
three-dimensional field of effectively massive gluons—to
be very similar to that between the gluons themselves or
to that between dynamical quarks.

The correlation function I'(7,T) is expected to decrease
exponentially with (large) r both above and below the
transition point:

[(r,T)~e~"78D 5

where £(T) is the correlation length. Let us see how it is
related to the interaction parameters of the static quark
system.

Below T,, in the confinement regime, (L ) vanishes,
apart from finite lattice size effects; hence here

T(r,T)={L(0)L(r)) ~e=VrT/T (6)

where V(r,T) denotes the potential between the two static
quarks. At T =0, the predicted form for large r is’

V(r,O):ar—-%, ™)
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with o for the string tension. For the 1/r dependence,
string theory gives'" cynng=7/12. At small r, the
Coulomb potential also gives a 1/r dependence, and for a
given intermediate r, it may be difficult to decide which
mechanism is more important. For T >0, the form (7)
becomes modified; in particular, when r7T >>1, the lead-

ing string terms are’!!

a0 —ZT210(T?)

V(ir,T)= 3

r+TIn2rT , (8)

so that we now have

e —a(Tir/T

I'(r,T)=N(T) , 9

r

where we have defined o(T) as the temperature-dependent
string tension. In Eq. (9), N(T) denotes the T-dependent
overall normalization. Below T, we thus get

ET)=T/o(T) . (10)

As T increases, color screening between the gluons will
decrease o(T), and as T—T,., o(T)—0; hence &(T)
diverges at T,. For small or intermediate r it may be
meaningful to add a Coulombic 1/r term to the string
form (9).

For T > T,, in the deconfinement region, there are no
more string effects, and we expect

[(r,T)=(L)>e VrT/T_1) (11)
with

c(T) —r/rp(T)
—e .
’

V(r,T)=— (12)
Here rp(T) denotes the effective color screening radius as
felt by the static quarks. The 1/r term now is due to the
Coulomb potential; hence in the perturbative high-
temperature regime, c(T)=a{T), the temperature-
dependent running coupling constant,'? and rp = (T) be-
comes the effective gluon mass. For large r we thus again
obtain the form

—r/rp(T)

L'(r,T)~N(T) ) (13)

r

where the correlation length &£(T)=rp(T) now measures
the color screening radius. At large T,

N(T)=(L)aud{T)/T (14)

determines the overall normalization.

The average Polyakov loop (L )~exp(—F/T) mea-
sures the free energy F of an isolated static quark, with
the relation

lim (L(O)L(r))=(L)*, (15)
which we have used in fixing the normalization of Eq.
(11). For T>T,, (L)Y>0; for T<T,, (L) vanishes.
Below T, the confining string tension makes F diverge.
Above T,, where rp(T) is finite, F also remains finite and
hence (L ) >0. To have F diverge at T,, as T— T, from
above, rp(T) must diverge there: at T,, the static quarks
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feel an effectively unscreened three-dimensional Coulomb
potential.

Thus we expect §(7T) to diverge as T— T, from either
above or below. The universality conjecture,® which re-
lates the critical behavior in finite-temperature SU(2)
gauge theory to that of the Ising model of the same spa-
tial dimensionality, predicts

ET)=A4|T—-T,| Y1+B|T—-T.|%, (16)

where we have included a correction to the leading term,
since the range of validity of the latter is not known. The
three-dimensional Ising model yields'?

v~0.63, 6~0.5, (17)

for the exponents in Eq. (16). At T =T,, we have, from
Egs. (10) and (13),

(r,T)=N(T,)/r . (18)

This form neglects the “anomalous dimension” exponent,
which gives r ~"!+7 instead of r ~'. However, the three-
dimensional Ising model gives 7~0.04, which is in any
case beyond the accuracy of our numerical work.

We have calculated I'(r,7) in a high-statistics
(20 000—60 000 updates per point) Monte Carlo evaluation
on lattices with N, =18, N, =3, 4, and 5, with additional
results for N, =16, N,.=4, 5, and 6 in the region below
T,; for further details of this evaluation, see Ref. 7. We
have used periodic boundary conditions also in the spatial
directions; this means that (L (0)L (r)) contains the effect
of the interaction at the separation (N,a —r) as well as r,
so that I'(r,T) can be determined only up to
Fmax =Nga /2.

In Fig. 1 we show the behavior of (L(0)L(r)) as a
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FIG. 1. (L(0)L(r)) vs r for different temperatures, com-
pared to the corresponding (L )% some typical statistical errors
are indicated. The curves are the fits to the correlation function
['(r,T) as defined in Eq. (20).
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function of r, calculated for several different temperatures
on the 18°x 4 lattice. We include in this figure the corre-
sponding values of (L )2, which, as mentioned, were cal-
culated from the configuration average ( | L | ) of the ab-
solute value of the lattice average L. As r increases,
(L (0)L(r)) is seen to converge to this point, above as
well as below T,. The physically meaningful (L ) is real-
ly defined by Eq. (15), and in the configuration average of
L (0)L (r), overall flips of the entire system from one con-
figuration to another in fact have no effect. Hence our re-
sult is to be expected, and it is the quantity

L(r,T)=(L(0)L (r)) —(L(O)L (rma)?
~(L(O)L(r))—(|L|)? (19)

which best approximates the thermodynamic limit on a
large but finite lattice.

It is clear from Fig. 1 that the interaction range drops
rapidly as we move out of the transition region. To study
this more quantitatively, we fit our results with the form

_ —(N_a—r)/&T)
e r/&(T) e o

L(r,T)=N(T) Tt (Noa—7) ;0 (20

the second term takes into account the mentioned period-
icity of the lattice in the space directions.

In Figs. 2—4, we show the resulting behavior of the
correlation length as function of the temperature, for
T >T,. To obtain these quantities in units of the lattice
scale A;, we have made use of the SU(2) renormali-
zation-group relation
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FIG. 2. Correlation length vs temperature, from the 18°x3
lattice; the curve is the fit to the universality form (16), with
T./A; =41.40, from Ref. 7.
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FIG. 3. As Fig. 2, for the 18’x4 lattice, with
T./Ap =41.89, from Ref. 7.
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The errors shown in the figures were obtained by requir-
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FIG. 4. As Fig. 2, for the 18°x5

T./A; =40.58, from Ref. 7.

lattice, with
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ing fits with a 95% confidence level, as measured by X 2
values normalized to the number of degrees of freedom.
For the range of couplings involved in our study
(2.1<4/g%<2.6), we still expect some deviations from
scaling, and in fact we do note a shift by about one to two
units of A; between the results at different N,. To have
some assurance that the £ values we get by fitting ['(r,T)
with Eq. (20) indeed reflect its large r behavior, we have
repeated our fits using only r > 3a; this does not lead to a
significant change of the results.

The behavior for T <T, is shown in Fig. 5. Since
o(T)=T/&(T) is nonzero at T =0, the coefficient A4 in
Eq. (16) must contain a factor T this follows also from
relations (6) and (7). Since we cover here a fairly large
range of T, we show our results for o(T) rather than for
&(T). The corresponding universal form then becomes

[o(D]'=A"|T~T.| ™1+B|T-T.|%, (2

in place of Eq. (16), with 4'=A4 /T.

The universality predictions (16) and (22), with the ex-
ponents v and 0 fixed to their Ising model values, are in-
cluded in the figures; 4(A4’) and B were adjusted for best
fits. We conclude that our results are fully compatible
with the universality prediction.?

At sufficiently high temperature, we expect the normal-
ization of the correlation function to be determined by Eq.
(14), with ag{T)~1/(InT) for the temperature-
dependent running coupling constant. When that is the
case, the correlation length should be a reliable measure of
the gluonic color screening radius. In Fig. 6, we show our
results for

N(TUT/AL)In(T/AL)

aeff(T)ln(T/AL)= <L )2 . (23)
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FIG. 5. String tension vs temperature, from the 16>x4,5,6
and the 18%X 4,5 lattices; the curve is the fit to the universality
form (22), with T./A; =41.
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FIG. 6. Temperature dependence of the effective coupling
constant ad T), from 18°x3(x), 18*x4(®), and 18*x5(0)
lattice calculations; some typical statistical errors are indicated.

After a rapid decrease in the transition region, a.{T)
seems indeed to converge to the form (InT)~".

We note in Fig. 6 that the results for different N, do
not coincide completely. On one hand this is due to devi-
ations from the scaling limit (21), as was already men-
tioned. On the other hand, (L) still contains an N -
dependent factor due to the self-energy of a point
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FIG. 7. Correlation length vs temperature, in physical units;
from the 18X 4 lattice.
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charge.!* We find, however, in all three cases they con-

verge toward (InT) ™.

Finally, we would like to get a feeling for the high-
temperature behavior of the correlation length in physical
units. We have therefore fixed the critical temperature to
T.=200 MeV, as suggested by string tension calculations
as well as by phenomenological considerations. In Fig. 7
we show the corresponding £(T), together with the univer-
sality form (16). It is seen that £(T) decreases indeed
quite rapidly: at T/T,=1.5, it is already less than 0.2 F.
That is in accord also with results for the SU(3) case.®
Since at high T the correlation length approaches the
gluonic color screening radius, we believe that this infor-

mation is quite relevant for the screening of interactions
in the quark-gluon plasma. '’

This work would not have been possible without the ef-
forts of our colleagues of the Aachen-Bielefeld-Graz
Computer Simulation Collaboration, to whom we express
our sincere gratitude. In addition, H.S. would like to
thank B. Petersson for a very helpful discussion. This
work was supported in part (H.S.) by the U.S. Department
of Energy under Contract No. DE-AC02-76CH00016,
and in part (K.K.) by the Deutsche Forschungsgemein-
schaft.

IA. M. Polyakov, Phys. Lett. 72B, 477 (1978); L. Susskind,
Phys. Rev. D 20, 2610 (1979).

2For a recent survey, see H. Satz, Annu. Rev. Nucl. Part. Sci.
35, 245 (1985).

3H. Satz, Nucl. Phys. A418, 447c (1984).

4J. Kuti, J. Polényi, and K. Szlachdnyi, Phys. Lett. 98B, 199
(1981).

5J. Kiskis, Phys. Rev. D 33, 2380 (1986).

6T. A. DeGrand and C. E. DeTar, Phys. Rev. D 34, 2469
(1986).

7J. Engels et al, Florida State University Report No. FSU-
SCRI-86-59, 1986 (unpublished). In this paper, a study of the
different critical exponents (deconfinement order parameter,
susceptibility, string tension, correlation length) is carried out
for SU(2) gauge theory.

8J. Polonyi and K. Szlachanyi, Phys. Lett. 110B, 395 (1982); B.
Svetitsky and L. G. Yaffe, Nucl. Phys. B210 [FS6], 423
(1982).

9See, e.g., M. Flensburg and C. Peterson, Lund Report No. LU
TP 85-14, 1985 (unpublished).

10M. Liischer, K. Szymanzik, and P. Weisz, Nucl. Phys. B173,
365 (1980); M. Liischer, ibid. B180 [FS2], 317 (1981).

11Ph. de Forcrand et al., Phys. Lett. 160B, 137 (1985).

12J. Kapusta, Nucl. Phys. B148, 461 (1979).

13See, e.g., J. C. Le Guillou, and J. Zinn-Justin, J. Phys. Lett.
46, 113 (1985), and further references therein.

4R. V. Gavai, F. Karsch, and H. Satz, Nucl. Phys. B220 [FS§],
223 (1983); U. Heller and F. Karsch, ibid. B251, 254 (1985).

I5T. Matsui and H. Satz, Phys. Lett. 178, 416 (1986).



