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We present results for static hadronic correlation functions in the high-temperature phase of QCD
with four flavors of dynamical quarks. We confirm chiral-symmetry restoration through the degenera-
cies of the spectrum of screening lengths. We also find that the screening lengths for the p and N chan-
nels at T~ 1.2T, are close to that in a free quark gas.
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Simulations of lattice QCD have shown that chiral
symmetry is restored at high temperatures, as indicated
by the vanishing of the chiral order parameter (gg) [1].
Additional evidence for the restoration of chiral symme-
try can be obtained by using hadronic correlation func-
tions, first studied by DeTar and Kogut [2]. The ex-
ponential falloA of such correlations at large spatial sepa-
rations determines screening lengths, and unbroken sym-
metries are reflected in degeneracies of these screening
lengths. Hadronic correlation functions also yield infor-
mation on the real-time modes of the high-temperature
phase. If the plasma phase contains hadronic modes, as
argued by DeTar and Kogut [2], then the corresponding
correlation functions should be screened. On the other
hand, free quarks also lead to screening in the imagi-
nary-time formulation —through the existence of a finite
infrared cutoA on the Euclidean-time components of mo-
menta. It is therefore important to determine the tem-
perature dependence of these screening lengths and to
compare them with the results of a computation with free
quarks.

In this Letter we present results for hadronic correla-
tions obtained on an 8x16 lattice with four flavors of
dynamical quarks of mass mqa =0.01, and compare them
to values obtained for a gas of free quarks, taking into ac-
count finite-size eAects in the latter case. We performed
measurements on configurations generated by the MT,
Collaboration with the hybrid Monte Carlo algorithm
(see Ref. [3] for details of the runs), using approximately
twenty configurations at each P, separated by about fifty
trajectories, in order to take care of autocorrelations. At
P=5.15 (our estimate for P, ), where two runs from
diAerent starts indicated the presence of metastabilities,
we made separate analyses for the two.

We restrict our analysis to spatial correlations between
local hadronic operators constructed from staggered fer-
mions. The construction of static correlation functions
uses methods familiar from mass spectrum analysis at

X,p', r
iG i2[I +. ( 1)x+y+z+T] (2)

Here Gp „ is the quark propagator and the factor
1~ ( —1) +~+'+' is the equivalent of 1 ~ ys for stag-
gered fermions. The vanishing of one of these projec-
tions, in the limit of massless quarks, implies parity dou-
bling of masses of states that contribute to the correlation
function. On the other hand, if these states are not de-
generate, then the ratio Mp+/Mp should tend to 1 at
large separation. Our results for Mp+/Mp are shown in

Fig. 1. Although the ratio is nonzero at all couplings, due
to the finite quark mass, the clear difkrence in behavior
between correlators at high and low temperatures sug-
gests a restoration of chiral symmetry at P, . It is espe-
cially instructive to compare results for the two metasta-
ble branches at T, with zero-temperature simulations on
24X16 lattices, which have been performed with the
same quark mass and at the same coupling (P =5.15).
The correlation functions for the T=O simulations and
the branch corresponding to the chiral-symmetry-broken
phase at T, are in good agreement, whereas that for the

zero temperature [4]. We use a notation common for the
corresponding zero-temperature correlations: Mpg, Mgc,
MyT, and Mpy for the meson correlations and 8 for the
baryon correlation [5]. We measured correlations in the
z direction. To compensate for antiperiodicity in the
imaginary-time direction r, we replaced the temporal
average in 8 by

B(z) = g cos(ropr )8(x,y, z, r ),
X,J, T

where cop =~T is the lowest Matsubara frequency.
It is possible to test for chiral-symmetry restoration

directly from the correlation functions without extracting
screening masses. Following Ref. [6], we construct for
this purpose the chiral projections

Mp (z) =Mps(z) ~ ( 1) Msc(z)
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FIG. 1. Comparison of Mo+ (z)/Mo (z) for quark mass

eqa =0.01 on finite- and zero-temperature lattices. Shown are
results for coupling P=5.15 on an 8x163 lattice from the
chiral-symmetry-broken (triangles) and symmetric (crosses)
phases together with zero-temperature data obtained on a
24&& 16 lattice (diamonds). The dashed lines show results at

P =5.3 (squares) for lattice size 8x16', which should be com-
pared with those at P =5.35 (inverted triangles) for lattice size
24~ 16'.

chiral-symmetric branch at T, is significantly smaller.
We also find that the finite-temperature result at P =5.3
is much smaller even than that obtained at T=O for
P =5.35, as shown by the dashed curves in Fig. l.

In order to compare our results for the screening
masses with those for a free quark gas, we consider finite-
size effects in some detail. Although this consideration
may seem quite technical, it is of particular importance
as it constitutes the basis for our conclusions, which differ
from those of Refs. [2] and [7]. On a N, xN, x ee lattice
(where the z direction is infinite), the pseudoscalar corre-
lation function for mq =0 takes the form

the quark mass is zero. The finite temporal extent N, of
the lattice leads to a shift of the lowest Matsubara fre-
quency from the continuum value coo=a.T to a value coo

given by Eq. (4). For N, =4 we have neo =2.634T, corre-
sponding to a shift of 16%; for N, =8 the shift is 4.8%.

In our calculations on N, xN, lattices, we must also
account for the finite extent of the lattice in the z direc-
tion. For moderate values of N, this effect turns out to be
more important than the shift of mo induced by the finite
temporal extent of the lattice (N, ). In order to quantita-
tively estimate this effect, we consider an effective screen-
ing mass p(z) evaluated at a distance z =N, /4 from the
ratios Mps(z —I )/Mps(z + 1) of the correlation func-
tions. These correlation functions have been calculated
from an explicit momentum sum on N, xN lattices simi-
lar to that in Eq. (3) [8]. In Fig. 2 we show p(z) for
N, =4 and 8 and various values of N, . For N, =16
finite-size eAects are large, especially for N, =8. Hence,
in comparing measurements of screening masses with the
free case, we have used the result shown in Fig. 2, which
are the same for all meson channels, and the correspond-
ing one for the baryon correlation function. Note that we
calculate mesonic screening masses only for even z; for
odd z, predictions for the different meson channels differ
by O(m~ ) corrections.

We extract the lowest screening masses p by fitting the
correlation functions to a sum of one oscillating and one
monotonic term. We fitted data folded to the interval0( z ~ N, /2, and use only the correlations for z ~ z
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with

Mps(z) = — g exp( —2') Iz I )
2' 1

N~Ns I I.&2,&4 1+CO
(3)

2' 2+k]
co =sin

N,
~ 2 2zk2 2 2+k4

+sin +sin
N, N,

a=in[~+(I+~') '"].
The momentum sum runs over kl, k2=1, 2, . . . , N, /2 and
k4=1/2, 3/2, . . . , N, /2 —1/2. From this expression we
see explicitly that the lowest possible frequency 6 is non-
vanishing, due to the antiperiodicity in the transverse
imaginary-time direction. The correlation function thus
falls off exponentially at large separations z, even when

I
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FIG. 2. Effective screening mass p(z) for the free form of
the correlation function Mps(z) as a function of the spatial lat-
tice size 1V, . Circles are for Ã, =8, triangles for A, =4. Both
for 1V, =4 and 8 we used m~/T=0. 08. The effects of the
nonzero quark mass are small.
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choosing z;„ to be always greater than 1. For Mpp and
( —I)'Msc we found no significant contribution from an
oscillating component, and final numbers p and p have
been obtained by two-parameter fits. We employed
correlated g fits [9] in order to obtain reasonable esti-
mates of errors and goodness of fit.

Our results for the diferent screening lengths are col-
lected in Fig. 3. These confirm the presence of a chiral-
symmetry-restoring phase transition between P=5. 1 and
5.2. We have sufhcient statistics to extract the baryonic
screening masses pjv and pjv only at P~ 5.2. There we
find them to be equal, and it is the common value ob-
tained from a four-parameter fit that is plotted. At these
couplings we further found that p =p and p~ =p~, .
Figure 3 also shows the zero-temperature masses I, m~,
and m~ at P=S.15, which have been taken from Ref.
[10]. In the broken phase, the screening masses seem to
be similar to their zero-temperature counterparts. Final-
ly, we compare the screening masses at high temperatures
with their free values, obtained in the way explained
above. At our highest P value (P=5.3) the temperature
is around 1.2T, . Already at this coupling we see that p~,
pz„and pz diAer by less than 10% from values which
would correspond to free quark propagation in this quan-
tum number channel. The scalar and pseudoscalar
screening masses, p and p, are, however, only about

half the free-gas value in this temperature regime.
To check if the agreement with the free case found

above was accidental, we also performed some calcula-
tions in the quenched approximation. Screening masses
were determined on a 4 x 16 lattice for quark mass
mq/T =0.08. The results are displayed in Fig. 4. Note
that in our determination of the phase-transition temper-
ature for /t/f =4 we found T,/mH values significantly
smaller than those that have been obtained in quenched
calculations [3]. At T & T„we might therefore expect
that the dimensionless ratios p/T are smaller in the
quenched approximation than in the four-flavor case
studied above. The data in Figs. 3 and 4 seem consistent
with such a flavor dependence. Apart from this, the re-
sults above T, are similar in the two cases. For T, ~ T
~ 1.5T„both sets of screening masses change rapidly
from the low-temperature values to those that correspond
to free quark propagation on finite lattices. As can be de-
duced from Fig. 2, the asymptotic results for free quark
propagation diA'er for this lattice size by more than 50%
from the corresponding results on an 8&16 lattice. The
fact that the Monte Carlo data correctly reproduce the
finite lattice artifacts (although they are quite different
for these two lattice sizes) indicates that the agreement
with the free case persists in the large-volume limit. The
quenched calculations were also extended to higher tem-
peratures. Above T=1.5T„we found that p/T ratios are
only weakly T dependent.
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FIG. 3. Screening masses p/T as a function of P for Wf =4

from an 8X16' lattice. Lines on the left-hand side give the
values of the zero-temperature masses in units of T,: m„/T,
(dotted line), m /T, (dash-dotted line), m~/T, (short-dashed
line), and mN/T, (long-dashed line) obtained at P =5.15. Lines
on the right-hand side give the values for screening masses cor-
responding to free quark propagation in the mesonic (short-
dashed line) and baryonic (long-dashed line) channels.

FIG. 4. Same as Fig. 3 but for the quenched case on a
4&16' lattice. The data at P=5.865, which corresponds to
T =1.5T„are from Ref. [7]. The zero-temperature hadron
masses were obtained at P =5.7 in Ref. [12]. Note the
dift'erence in the values for free quark propagation in compar-
ison to Fig. 3, which is entirely due to the difterent lattice sizes
used.
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Summarizing, we have presented results for hadronic
screening lengths in four-flavor QCD at high tempera-
tures. The results confirm the existence of a chiral-
symmetry-restoring phase transition and are in complete
agreement with our earlier conclusions from measure-
ments of &gg) [3]. We have compared the extracted
screening masses with values for a gas of free quarks.
The z and o. masses approach the free-quark-gas values
slowly, whereas already at temperature T = 1.2T, we
find that screening masses corresponding to the spin-one
meson and the baryon channels are close to the values for
free quarks. This suggests that the states in these chan-
nels propagate in the plasma as weakly interacting quarks
rather than as deeply bound states. This conclusion
furthermore removes the paradox between the results for
screening masses and the baryon-number susceptibility.
The value of the latter quantity in the high-temperature
phase signals the presence of light states in the plasma
[11]. Although our results should be confirmed by ex-
tending the spatial size of the lattice, the quenched com-
putation leads us to believe that finite-size eA'ects do not
influence them qualitatively at this moderate value of the
temperature. The nonperturbative efrects seen in the x
channel deserve further investigations. We are currently
studying the dispersion relations in this channel in more
detail.
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