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1ETH-Zürich, CH-8092 Zu¨rich, Switzerland

2Departamento de Fı´sica Teo´rica, Universidad Auto´noma de Madrid, E-28049 Madrid, Spain
3Department of Applied Physics, Faculty of Engineering, Fukui University, Fukui 910-8507, Japan

4Department of Physics, Tezukayama University, Nara 631-8501, Japan
5Research Center for Nuclear Physics, Osaka University, Ibaraki 567-0047, Japan

6Department of Physics, Hiroshima University, Higashi-Hiroshima 739-8526, Japan
7Research Institute for Information Science and Education, Hiroshima University, Higashi-Hiroshima 739-8521, Japan

8Institut für Theoretische Physik, Universita¨t Heidelberg, D-69120 Heidelberg, Germany
9FEST, Schmeilweg 5, D-69118 Heidelberg, Germany

10Hiroshima University of Economics, Hiroshima 731-01, Japan
~Received 11 August 2000; published 16 January 2001!

We analyzetemporalandspatialmeson correlators in quenched lattice QCD atT>0. BelowTc we observe
little change in the meson properties as compared withT50. Above Tc we observe new features: chiral
symmetry restoration and signals of plasma formation, but also an indication of persisting ‘‘mesonic’’~meta-
stable! states and different temporal and spatial ‘‘masses’’ in the mesonic channels. This suggests a complex
picture of QGP in the region (1 –1.5)Tc .
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I. INTRODUCTION

With increasing temperature, hadronic correlators are
pected to change their nature drastically~see, e.g.,@1,2#!. At
the critical temperature, the deconfinement of color degr
of freedom and the restoration of the chiral symmetry
expected to occur simultaneously. Two ‘‘extreme’’ pictur
are frequently used to describe the low and the highT re-
gimes, respectively: the weakly interacting meson gas, wh
we expect the mesons to become effective resonance m
with a small mass shift and width due to the interaction, a
the perturbative quark gluon plasma~QGP!, where the me-
sons should eventually disappear and~at very highT) per-
turbative effects should dominate.

Near to the critical temperature, however, the act
physical situation is more involved. Interactions with a h
meson gas and with baryonic matter have been studie
various phenomenological models which predict apprecia
changes in the vector meson properties~see, e.g.,@3#!. In a
Nambu–Jona-Lasinio~NJL! model @4# the scalar and the
pseudoscalar modes are found to correlate strongly, an
subsist even above the transition as so-called ‘‘soft mode
corresponding to narrow peaks in the spectral function
realized as the fluctuation of the order parameter of the ch
symmetry restoration transition. On the other hand, at
short distance scale, the fundamental excitation should
quarks and gluons. Lattice QCD results on the quark num
susceptibility support this view@5#. These pictures may no
be contradictory to each other: DeTar conjectured the e
tence of excitations in the QGP phase corresponding to
ferent distance scales, and pointed out the possibility
‘‘confinement’’ still ruling the large distance scales@6#.
While with increasing temperature the physics should app
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x-

es
e

re
es

d

l
t
in
le

to
,’’
d
al
e

be
er

s-
if-
f

ar

increasingly dominated by quark and gluon degrees of fr
dom, in accordance with the perturbative high temperat
picture, the intermediate temperature range aboveTc seems
to be much more complex and dominated by strongly int
acting quarks~see also@7#!, which, as we shall see below
even tend to stay strongly spatially correlated and thus ag
with a picture of effective, low energy modes in the meso
channels. Since these matters are related to questions a
the evolution of the early universe, on the one hand, and
the interesting results from heavy ion collision experime
@8#, where QGP conditions are being realized@9#, on the
other hand, it is important to have quantitative estimates
addition to a qualitative understanding and we need mo
independent studies of the hadronic correlators at finite t
perature.

Lattice simulations are the most powerful instrument
present to investigate such problems in the fundamental
oretical framework of quantum chromodynamics~QCD!. Ex-
tensive studies have been dedicated to the thermodyna
of the finite temperature transition~see, e.g.,@10,11#!. Con-
cerning the hadronic sectors, numerical analysis of ‘‘scre
ing’’ ~spatial! propagators indicates correlated~bound?!
quarks while the mesonic ‘‘screening masses’’ increase
ward the two-free-quark threshold (2pT, induced by the an-
tiperiodic boundary conditions in the temporal directio!
@12#. Since the spatial directions can~and must! be made
large, these propagators are unproblematic in principle
can be studied as well as forT50: at anyT.0 the propa-
gation in the space directions represents in fact aT50 prob-
lem ~with asymmetric finite size effects!. The interpretation
of the results from ‘‘screening’’ correlators in terms o
modes of the temporal dynamics is, however, far fro
straightforward: since in the Euclidean formulation theO(4)
©2001 The American Physical Society01-1
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symmetry is broken atT.0 ~see, e.g.,@14#!, the physics
appears different depending on whether we probe the s

~‘‘ s ’’: xW ) or time ~‘‘ t ’’: t) direction. The static quark poten
tial associated with propagation in a spatial direction,
example, is a very anisotropic quantity which aboveTc still
grows linearly in two of the spatial directions~confines!, in
contrast to the potential associated with the propagation
the t direction which is isotropic and not confining. Ther
fore we need to investigate hadronic correlators with f
‘‘space-time’’ structure, in particular propagation in Eucli
ean time.

Ideally, what we would like to do is to reconstruct th
spectral function in a given channel. Then we could direc
compare with the results from heavy-ion experiments; s
e.g., @8#. The spectral function at finite temperature can
extracted from the correlator in the~Euclidean! temporal di-
rection whose extentl t is related to the temperature asT
51/l t @14,15#. These data~after Fourier transforming thet
correlators! are given at discrete Matsubara frequencies
the imaginary energy axis and are affected by errors.
extraction of the spectral function implies~logically! an in-
terpolation and an analytic continuation to the real ene
axis. For a numerical analysis, which produces a limi
amount of information, this is an improperly posed proble
Its solution is dependent on imposing supplementary co
tions ~‘‘ a priori information’’! to regularize the algorithms
and to prevent amplification of the errors. These conditio
can be either based on general, statistical arguments~e.g.,
variance limitation, Bayesian analysis, maximal entro
method! or on particular, physical expectations~e.g., using
an ansatz for the spectral function which leads to an exp
analytic form for the correlator, to be fitted against the da!.
We should, however, be aware of the fact that all regular
tion introduces a bias and therefore this problem is fun
mentally intricate.

The main difficulty in the numerical calculation atT.0
originates in the short temporal extentl t51/T. Beyond the
general necessity of producing enough and precise data
T.0 problem is doubly complicated as compared to theT
50 one: on the one hand, the structure we may expec
more complex than just a pole; on the other hand, the t
extent of the propagation cannot be made large to selec
low energy contributions. We shall now briefly discuss the
questions and thereby also introduce our procedure to
with them.

~1! Lattice problems. LargeT can be achieved using sma
Nt5 l t /a (a is the lattice spacing!; however, this leads to
systematic errors@16#. Moreover, having thet propagators at
only a few (Nt/2) points makes it difficult to characterize th
unknown structure in the corresponding channels: practic
any ansatz can be fitted through two to three points. To
tain a fine t discretization and thus detailedt correlators,
while avoiding prohibitively large lattices~we need a large
spatial size in order to avoid finite size effects, typicallyl s

;3l t), we proposed@17,18# to use different lattice spacing
in space and in time,as /at5j.1 @19#. The renormalization
analysis of such lattices, however, is more involved, beca
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of the supplementary parameterj, and this introduces also
some uncertainties.

~2! Physical problems. The low energy structure of the
mesonic channels cannot be observed directly, due to
inherently coarse resolution 2pT52p/ l t of the imaginary
energyaxis. Refining the discretization of thetime axis im-
proves the fitting and analytic continuation problem, but
though we are following the question of the spectral analy
we do not have yet reliable results atT.0 for this challeng-
ing question. Our problem setting here is therefore more l
ited: we shall try to recognize mesonic states and ask ab
their character and properties at various temperatures.

In this paper, we investigate the full four-dimension
structure of the meson correlators on an anisotropic lattic
the quenched approximation. Thus the phase transition is
deconfining one, and the hadronic correlators are constru
with quark propagators on the background gauge field.

Our strategy here is the following: we first select the m
sonic ground states of theT50 problem ~where the time
direction can be made sufficiently large—about 3.2 fm in o
case, which, at the quark masses we work with, means a
8 pion correlation lengths! and characterize their interna
structure by measuring the~Coulomb gauge! wave functions.
Then we ask whether states characterized by a similar in
nal structure can be retrieved at higher temperature, try
reconstruct them with the help of correspondingly smea
sources, and investigate how they are affected by the t
perature. If the changes in the correlators are small, whic
consistent with mesons interacting weakly with other ha
ronlike modes in the thermal bath, this procedure allows
to define ‘‘effective modes.’’ Large changes will signal th
breakdown of this weakly interacting gas picture and th
we must try to compare our observations with other pictur
in particular the perturbative QGP.

The meson correlators in the temporal direction play
central role in this study, which is therefore meant to supp
ment other approaches, including studies of screening pro
gators@12,13#. To understand the effect of fixing a meson
source we employ three kinds of meson operator smear
The propagators and the wave functions are also comp
with those of mesons composed of free quark propaga
~‘‘free’’ mesons!.1 Finally we attempt a chiral limit; note
however, that even with anisotropic lattices the short phy
cal extent in the temporal direction makes the quantitat
estimate of the~temporal! masses~if they exist! difficult. Our
program should not be understood as an alternative fo
study of the spectral functions atT.0, but as an attempt to
answer some special questions about the phenomena in Q
In that sense our results only offer partial views.

To prevent a certain confusion we stress here that we
not look for the eigenstates of the Hamiltonian~transfer ma-
trix!, which show up as asymptotic states fort→` at T
50. At nonzero temperature the physical processes are
sentially dependent on the mixtures induced by the ther

1These can be seen as quark-antiquark correlation functions in
corresponding meson channels in lowest order perturbation the
1-2
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MESON CORRELATORS IN FINITE TEMPERATURE . . . PHYSICAL REVIEW D 63 054501
bath. For the physical picture and for building models t
question is whether these phenomena can be describe
terms of some effective excitations~quasiparticles@20#!,
which ‘‘replace’’ thus the fundamental particle modes,
completely new states dominate the physics above someT.

Our analysis proceeds in three steps.
~1! Analysis of temporal propagators. Here we try to s

what kind of excitations propagate in the mesonic chann
at T.0 based on thet dependence of these propagators@‘‘ef-
fective mass’’m(t)#.

~2! Analysis of the ‘‘Coulomb gauge wave functions.
Here we study the behavior of the temporal correlators w
the distance betweenq and q̄ at the sink, which provides u
with information of the spatial correlation between t
quarks at givent.

~3! Analysis of the temperature dependence of the tem
ral and spatial masses of the putative states which are c
patible with the behavior observed at the previous steps

Note that because of the quenched approximation, the
namics is incomplete. In a strong sense the Hamiltonian d
not possess true mesonic states and only provides the glu
interactions responsible for the forces binding the qua
This is not a problem specific to nonzero temperature bu
the same already atT50. The success of the spectrum ca
culations atT50 indicates, however, that one should n
consider quenched QCD as a theory by itself but as an
proximation to the full theory~which possesses genuin
asymptotic mesonic states! and the exclusion ofq-q̄ pair
creation as a reasonably small error at least concerning s
of the characteristics of the hadrons. In particular, we
serve a strong indication of chiral symmetry restorat
above the transition temperature.

The paper is organized as follows. In the next section
describe our analysis strategy in some more detail. Sec
III describes the preparation of the lattice: the introduction
anisotropic lattice actions and the simulation parameters~the
‘‘calibration,’’ i.e., the tuning of the anisotropy parameter
is described in detail in the Appendix!. The subsequent two
sections present the results of the simulation: In Sec. IV
observe the correlators at zero temperature and discus
source smearing and the variational analysis. The resul
finite temperature are presented in Sec. V. The last sectio
reserved for discussion and outlook.

II. ANALYSIS STRATEGY

A. Comments on the physical problems

We here should like to illustrate the problems raised
the finite temperature and the question of the source in
frame of our approach. The reader who is familiar with the
problems may skip this section.

Let us consider that we use some meson operatorF; then
the propagator atb[1/T,` in Euclidean timet.0 is

Gb
(F→F)~ t !5^F~ t !F~0!&

5
1

ZE(a)pbc
F~ t !F~0!expS 2E

0

b

LD ~1!
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Z
Tr@T Nt2tFT tF#

5Tr@e2b Het HFe2t HF#/Tr@e2b H# ~2!

5(
n,k

e2(b2t)En2t Ek^fnuFufk&

3^fkuFufn&Y (
n

e2b En ~3!

5(
n,k

e2b(En1Ek)/2cnk
2 cosh@~b/22t !

3~Ek2En!#Y (
n

e2b En, ~4!

where fn are eigenstates of the Hamiltonian representi
say,~multi!meson states and other hadronlike modes and
have

^fnuFufk&5cnk , ckn5cnk* 5cnk . ~5!

Here we expressed everything in units ofat(at
21), and

henceb5Nt ; T5exp(2H) is the transfer matrix. ForT
50 only the vacuumn50 survives in the sum overn in Eq.
~3!. Assume eachF selects not only the mesonic groun
state, say,uf1&, but also some other, excited states; then

^fkuFuf0&.c01dk,11c02dk,21••• ~6!

and the zero temperature propagator is~we put E050 for
simplicity!

G`
(F→F)~ t !.c01

2 e2t E11c02
2 e2t E21••• . ~7!

Hence the lightest state contribution will dominate at larget.
Tuning a ‘‘perfect’’ source atT50 we ideally achievec0k
50 for kÞ1 and thus see only this contribution at allt.
Suppose that we have been able to construct in this wa
‘‘perfect’’ operatorF1;a1a†, with a(a†) the annihilation
~creation! operator for a meson in the ground state. Then
T50 G reduces to the first term, as desired:

G`
(F1→F1)

~ t !.c01
2 e2t E1 ~8!

~note that correlators with different operators at the sou
and the sink also project only on the ground state if either
source or the sink is ‘‘perfect’’!. With increasingT, however,
further states beyond the vacuum survive in the sum oven
and acting on each of themF1 ‘‘adds or subtracts’’ a meson
to whatever is there, correspondingly selecting from the
ner sum the statesk onto which this new state projects
^fnuF1ufk&Þ0, in a sloppy notationkP$n61%. Instead of
Eq. ~8! the correlator is now a sum of contributions and w
ask whether this mixture can be described by an effec
modeuf̃1& of energyẼ1

(b) such that we can write, similarly
to theT50 expression,
1-3
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Gb
(F1→F1)

~ t !5(
n

(
kP$n61%

e2b(En1Ek)/2cnk
2

3coshF S b

2
2t D ~Ek2En!G Y (

n
e2b En

;coshF S b

2
2t D Ẽ1

(b)G . ~9!

To fix the ideas let us consider an oscillator with fr
quencyv and a small anharmonic perturbation:

H5H01eH I ~10!

~this may be considered a caricature of a weakly interac
meson gas, say!. To first order ine we can use the unper
turbed basis to calculate the propagatorG(t). Let F1 be the
ground state operator,

F15~a1a†!/A2v,

^fkuF1
†ufn&5

1

A2v
~An11dk,n111Andk,n21!, ~11!

then we have

Gb
(F1→F1)

~ t !5
1

v (
n>1

ne2b(En2Dn/2)

3coshF S b

2
2t DDnG Y (

n>0
e2b En.

~12!

For the unperturbed oscillator (e50),

En5S n1
1

2Dv, Dn[En2En215v. ~13!

Then thet dependence factorizes in Eq.~12! and we have a
trivial effect of the temperature:

Gosc, b
(F1→F1)

~ t !5

coshF S b

2
2t DvG

2 v sinhFb

2
vG →

b→`

e2v t. ~14!

If we turn on the interaction, the levels are no longer eq
distant~the effect of adding one more meson depends on
total number of mesons present in the state! and thet depen-
dence is nontrivially affected by the temperature. We wri

D15ṽ, Dn>25ṽ2e ln ; ~15!

then, to first order ine ~weakly interacting gas!,

Gwig,b
(F1→F1)

~ t !}coshF S b

2
2t D ṽ (b)G1O~e2!, ~16!

with
05450
g

i-
e

ṽ (b)5ṽ2e

(
n>1

ln11~n11!e2b En

(
n>0

~n11!e2b En

→
b→` or e→0

ṽ5v
e50

.

~17!

Notice that the above effects show up although we use
‘‘perfect’’ source F1: they represent the genuine temper
ture effects for an interacting system. From Eqs.~16!,~17! we
see that as long as the interaction between the modes~‘‘the
mesons’’! is weak, we expect small changes which may
simulatedby a shift~and possibly a widening! of the peak in
the spectral function, defining in this way an effective mo
~9!. Large changes, on the other hand, will signal the ins
lation of a new regime. Then we must try to obtain addition
information by other tests. Essentially, this is our progra
Of course in real life we shall not be able to obtain a ‘‘pe
fect’’ source in the above sense. The various uncertain
inherent in our procedure will be repeatedly discussed in
course of the paper.

If we use a ‘‘perfect’’ source but a different sink~with
nonzero projection on the source!, we reach similar expres
sions. To the next order ine, however, atT.0 the tempera-
ture correction to the mass will depend on the sink opera
Generally therefore atT.0 we expect to find a sink depen
dence of propagators even for a ‘‘perfect’’ source. This d
pendence can be seen as an indication of the importanc
temperature effects.

B. Mesonic correlators

A first attempt to optimize the mesonic operators, in t
spirit described in the previous section, is to introduce
smearing functionv(yW ), such that the zero-momentum m
sonic operator reads

FM
(v)~ t !5(

zW
(

yW
v~yW !q̄~zW,t !gMq~zW1yW ,t !, ~18!

giving rise to smeared correlators~we shall omit the index
‘‘ b ’’ in the following!:

GM
(v→v8)~ t !5^Tr@FM

(v8)~ t !FM
(v)~0!#&

5 (
zW1 ,zW2 ,yW1 ,yW2

v8~yW 1!v~yW 2!^Tr@S~zW2,0;zW1 ,t !gMg5

3S†~zW21yW 2,0;zW11yW 1 ,t !g5gM
† #&. ~19!

Here^•& means summation over Yang-Mills configuration
S is the quark propagator andgM5$g5 ,g1 ,1,g1g5% for M
5$Ps, V, S, A% ~pseudoscalar, vector, scalar, and axi
vector, respectively!. In the scalar sector, only the connect
part of the correlator is evaluated. The Coulomb gauge
1-4
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used to produce the quark propagatorsS—this is of course
irrelevant for theyW 15yW 250 expectation values. Note tha
generally we keep different smearing functions at the sou
and the sink. This will allow, given a certain basis of ope
tors $Fa%, to perform a variational analysis in order to a
tempt a further optimization of the mesonic operator—
details see Sec. IV.

As smearing functions we shall use two different kinds
~i! A ‘‘point’’ source ~sink!:

vxW~yW !}d~xW2yW !. ~20!

This will be mainly used to study thexW dependence of the
correlator

GM
(v)~xW ,t ![GM

(v→vxW)
~ t !5(

zW
^q̄~zW1xW ,t !gMq~zW,t !FM

(v)~0!&

~21!

at fixed t. GM
(v)(xW ,t) can be interpreted as the ‘‘Coulom

gauge wave function;’’ it indicates the spatial correlation b
tween the quark and antiquark.

~ii ! The convolution:

vab~yW !5(
vW

va~vW !vb~vW 1yW !, ~22!

which is equivalent to using smearedquark and antiquark
fieldswith smearing functionsvb andva , respectively. We
use here three kinds ofquark smearing functions:

vp~yW !}d~yW ! ~ ‘ ‘ point’ ’ ! ~23!

ve~yW !}exp~2auyW up! ~ ‘ ‘ exp’ ’ !,
~24!

vw~yW !}1 ~ ‘ ‘ wall ’ ’ !. ~25!

In tuning the exponential sourceexpin Eq. ~24! we shall use
the parametersa,p from the observed dependence onxW at
large t of the temporal Ps wave function withpoint-point

source atT.0, GM
(pp)(xW ,t)—see Eq.~21!. The mesonic op-

erator ‘‘exponentially’’ smeared both at the quark and t
antiquark corresponds to a mesonic source in the relativeq-q̄
distance given by the convolution~22!. Therefore theexp-
exp smearing witha,p from the wave function implies a
meson source typicallywider than the measured wave fun
tion GM

(pp)(xW ,t), t@1.

The t dependence of the temporal propagatorsGM
(v→v8)(t)

depends on the spectral functions. On aperiodic lattice the
contribution of a pole in the mesonic spectral function to
t propagator is}cosh@M (t2Nt/2)# ~this M is therefore
05450
e
-

r

-

e

called ‘‘pole mass’’!.2 A broad structure or the admixture o
excited states leads to a superposition of such terms. Fitti
given t propagator by cosh@m(t)(t2Nt/2)# at pairs of points
t,t11,

G~ t !

G~ t11!
5

cosh@me f f
(t) ~ t !~Nt/22t !#

cosh@me f f
(t) ~ t !~Nt/22t21!#

, ~28!

defines an ‘‘effective mass’’me f f(t), which is a constant if
the spectral function has only one narrow peak. The effec
mass is a rather sensitive observable which shows effec
the source dependence, a widening of the peak, or the e
tence of excited states, without, however, allowing a diff
entiation among them. To the extent that the effective m
reaches a plateau and permits one to define a ‘‘temp
mass’’m(t) at T.0, the latter connects directly to the~pole!
mass of the mesons belowTc , while aboveTc it will pre-
sumably help analyze the dominant low energy structure
the frame of our strategy. By contrast, usingspatial propa-
gatorswe shall extract the ‘‘screening mass’’m(s).

Errors are estimated by the single elimination jackkn
method, unless otherwise notified. For details see Sec. IV
For various comparisons we shall also use in Eq.~19!, in-
stead of the quark propagatorsS measured in each Mont
Carlo ~MC! configuration, free quark propagators, defini
in this way ‘‘free’’ mesons.

III. LATTICE SETUP

In this section we describe the preparation of the lattice
which mesonic correlators at zero and finite temperature
calculated.

A. Anisotropic lattice

We use anisotropic lattices on which the spatial and
temporal lattice spacings are different:asÞat @19#. The sim-
plest generalization of commonly used Wilson actions
gauge and quark fields is obtained as follows.

For the gauge field action,

SG5
b

gG
(

x,i , j <3
S 12

1

3
ReTrUi j ~x! D

1bgG (
x,i<3

S 12
1

3
ReTrUi4~x! D , ~29!

2More precisely, the relation between the slope parameter in c

say,M̃ , and the position of the pole,M, is

M5jA2@cosh~M̃ /j!21# ~26!

@and correspondingly

M5j ln~M̃ /j11! ~27!

for fermionic propagators# @17#. In the following we shall neglect
these corrections, since they remain below the other uncertaintie
our data.
1-5



are given

PH. de FORCRANDet al. PHYSICAL REVIEW D 63 054501
TABLE I. Quark parameters.gF is determined by the calibration usingNcon f configurations. The error of
k and mq5(k212kc

21)/2 is not estimated (gF is fixed in successive calculation!. The tabulated meson
masses are the values obtained with smeared correlators described in the next section. All masses
in units of at

21 .

ks gF Ncon f k mq mPs mV

0.081 4.05~2! 20 0.1601 0.0389 0.1777~ 8! 0.1962~10!

0.084 3.89~2! 20 0.1633 0.0276 0.1493~ 9! 0.1747~12!

0.086 3.78~2! 30 0.1648 0.0223 0.1341~10! 0.1644~13!
-

th
th

-

n

-

ce
e-

ral

ass

re-
pa-
-
e
nt
,
ates

-
uark

.
lgo-
ns
figu-
ld is

in
ge

y

u-

the
uide

ss is

ass
to

ns
n
an
fa
ni
rm
where

Umn~x!5Um~x!Un~x1m̂ !Um
† ~x1 n̂ !Un

†~x!. ~30!

The bare anisotropy parametergG controls the ratio of spa
tial and temporal lattice spacings. For the fermion,

SF5
1

2ks
(
x,y

q̄~x!K~x,y!q~y!, ~31!

K~x,y!5dx,y2ks(
i 51

3

@~12g i !Ui~x!dx1 î ,y

1~11g i !Ui
†~x2 î !dx2 î ,y#

2ksgF@~12g4!U4~x!dx14̂,y

1~11g4!U4
†~x24̂!dx24̂,y#, ~32!

whereks is the spatial hopping parameter andgF is the bare
anisotropy for fermions.3 For later convenience, we definek
as

1

k
[

1

ks
22~gF21!52~mq14!, ~33!

wheremq is the bare quark mass parameter in units of
spatial lattice spacing. At a later stage, we shall carry out
chiral extrapolation in this 1/k.

The actual anisotropyj is defined using certain correla
tors F containing gauge and fermion fields. In general,gG
and gF are different from j because of the interactio
@19,21#. To obtain the desired value ofj, one needs to tune
the values ofgG andgF by requiring the isotropy of correla
tors in physical units:

Fs~z!5Ft~ t5j z!, ~34!

where t and z are understood in the corresponding latti
units at and as , respectively. This renormalization proc

3Note that the Wilson term corresponding to this ansatz does
have a Lorentz invariant naive continuum limit. Since this is
irrelevant operator, this feature should not affect our results; in
this ansatz is more efficient in damping the additional fermio
modes. This may be different for quantities where the Wilson te
acts marginally.
05450
e
e

dure is called ‘‘calibration.’’ Since we compare the tempo
and the screening masses, it is important to obtainj as pre-
cisely as possible, and verify that these two kinds of m
coincide atT50.

In the case of dynamical quarks, a precise calibration
quires a large effort, since we generally have four bare
rameters (b, gG , ks , andgF) and only three physical pa
rametersj, as , andmq which can be varied; therefore th
condition of physical isotropy implies a nontrivial constrai
among the bare parameters@18#. In a quenched simulation
however, the situation is much simpler. Here one gener
gauge field configurations using certain values ofb andgG
and readsj from gluonic quantities. Then the fermionic pa
rameters are determined such that they give the desired q
~or hadron! mass and that the samej is obtained from had-
ronic correlators.

B. Lattice parameters

We use lattices of sizes 1233Nt , where Nt572 (T
50,! 20 ~below Tc), and 16 and 12~aboveTc), with cou-
plings b55.68, gG54.0, in the quenched approximation4

Configurations are generated with the pseudo-heat-bath a
rithm with 20000 thermalization sweeps, the configuratio
being separated by 2000 sweeps. In most cases, 60 con
rations are used, except for the calibration. The gauge fie
fixed to the Coulomb gauge. The calibration is described
detail in the Appendix. From the calibration of the gau
configurations we obtain a renormalized anisotropyj
55.3(1). The lattice cutoffs determined from the heav
quark potential areas

2150.85(3) GeV (as;0.24 fm) and
at

2154.5(2) GeV (at;0.045 fm). This givesTc;250
MeV ~see below!, in agreement with other quenched calc
lations.

Table I summarizes the quark parameters and gives
meson masses as determined in the next section. As a g
for the mass range we are concerned with, the quark ma
estimated by a naive relationmq5(k212kc

21)/2 using the
critical hopping parameterkc50.17144(11). This simula-
tion deals therefore with quarks in the strange quark m
region. The boundary conditions for quark fields are set
periodic and antiperiodic in spatial and temporal directio
respectively, except for the calibration~at T50) where an-ot

ct
c

4The lattice described in this paper corresponds toSet-Bdata in
our earlier reports@22#.
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TABLE II. The meson masses at zero temperature in unitsat
21 . For the scalar channel only the connected part is evaluated.a andp are

the fitted parameters of the observed Ps wave function, and they are used to smear the quark source.

ks gF a p mPs mV mS mA

0.081 4.05 0.3785~33! 1.289~8! 0.1777~ 8! 0.1962~10! 0.302~5! 0.314~5!

0.084 3.89 0.3797~31! 1.277~8! 0.1493~ 9! 0.1747~12! 0.285~7! 0.300~6!

0.086 3.78 0.3800~25! 1.263~8! 0.1341~10! 0.1644~13! 0.280~9! 0.296~6!

kc - - - 0.1225~16! 0.248~13! 0.269~9!
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tiperiodic boundary conditions~APBCs! in all four directions
are used.

In the following we always display dimensionless quan
ties; that is, they are understood as given in the correspo
ing lattice spacings or their inverses. Since we have
lattice spacingsas andat , when we compare different quan
tities we shall use the translationas5jat ; i.e., the numbers
featured can be understood as given in units ofat (at

21).

C. Finite temperature

In @23# we have measured the Polyakov loop suscepti
ity as a function ofgG for several values ofNt . At Nt
518, the peak was found betweengG53.9 and 4.0, which
means on ourgG54 lattice thatNt518 is very close to and
just aboveTc . The estimated temperatures for our values
Nt are thereforeT.0, 0.93Tc , 1.15Tc , and 1.5Tc for Nt
572, 20, 16, and 12, respectively.

We found that the configurations aboveTc stay in a single
Polyakov loop sector during the whole updating history, a
that the behavior of meson correlators strongly depends
the sector. The hadronic correlators feel the deconfining t
sition if they are taken in the real sector, but they appear
to ‘‘notice’’ it if they are taken on configurations in one o
the complex sectors@22#. With dynamical quarks, theZ3
center symmetry is explicitly broken and the Polyakov lo
prefers to stay on the real axis. Since we regard the quen
lattice as an approximation to the dynamical lattice, we
strict our simulation to the case with real Polyakov lo
sector.

IV. ZERO TEMPERATURE ANALYSIS

In the context of our strategy the analysis of the ze
temperature correlators serves as foundation for the ana
at T.0. This is also a good opportunity to describe in det
our procedure. Here we obtain the meson masses and
wave function which is used to smear the source and s
operators.

A. Smearing of mesonic operators

To fix the exponentialsmearing function we measure th
wave function at zero temperature, given by Eq.~21! with
point smearingvp(yW )5d(yW ) both for the quark and anti
quark at the source, and define

ve~yW !5GM
(pp)~yW ,t !/GM

(pp)~0W ,t !u t@15exp~2a yp!, ~35!
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wherea, p are fitting parameters. The fitted values ofa and
p of the Ps meson wave function are listed in Table II.

To extract the effective mass from the correlators follo
ing Eq. ~28! we have several possibilities depending on t

choice of mesonic operatorsFM
(v)(t). We call meff

(v→v8)(t)
the effective mass extracted from correlators smeared witv
andv8 at the source and the sink, respectively. In Fig. 1
display the effective masses forks50.086. In all cases, the
sink v8 is a point-point operator and we show three choic
of v at the source:point-point, point-exp, and exp-exp
(pp, pe, andee, respectively, in what follows!. For S and
A channels, only the correlators withexp-exp source are
shown, since with other sources statistical fluctuations are
large that no clear plateaus are found. It is clear from
figure that the effective masses from different operators c
verge to the same value at larget, the worst behavior being
observed for the nonsmearedpp-pp correlator. Considerable
improvement is observed for the masses extracted f
smeared operators. Of themmeff

(ee→pp)(t) is the one that con-
verges most rapidly to a plateau, though it increases slig
at early stages, which is due to the fact that the sourc
slightly too wide, as discussed in Sec. II B. The amount
optimization achieved by the exponentially smeared oper
has to be analyzed through the diagonal correla
^FM

ee(t)FM
ee(0)& which is a sum of positive contribution

from the different states—see Eqs.~7!, ~8!. In Fig. 2 we
show, in addition to the off-diagonalee-pp effective mass,

FIG. 1. The effective masses of correlators with various sou
smearing functions and the point sink forks50.086, atNt572.
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FIG. 2. Effective masses of Ps and V correlators forks50.086 atNt572. In the left plots for each figure, propagators with vario
source and sink smearings are compared to observe the dependence on smearing. The right plots show the result of the variation
the effective masses of the ‘‘ground’’ and the ‘‘first excited’’ states are displayed.
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the masses extracted from diagonalee-ee and pe-pe corr-
elators. They both show a very similar behavior and do
reach a plateau up tot;10, where they merge with th
ee-pp result. This is an indication that the ‘‘good’’ behavio
of meff

(ee→pp)(t) is partly due to an ‘‘accidental’’ cancellatio
of contributions from higher excited states which in a no
diagonal correlator may have alternating signs. Theref
also themeff(t) extracted from such correlators is no long
bounded from below by the meson mass.

We have tried to improve the mesonic operator by p
forming a variational analysis in the basis of operat
$Fpp,Fpe,Fee%. This amounts to a diagonalization provid
ing the best approximation to the ground and first two
cited states within the space of operators we have used.
result of the diagonalization is also shown in Fig. 2 whe
the effective masses of the ‘‘ground’’ and the ‘‘first excited
states are displayed~the ‘‘second excited’’ state suffers from
large fluctuations!. As can be seen, within this basis of o
erators no improvement is obtained. The ground state ef
tive mass is very similar to theee-ee andpe-pe ones, prob-
ably an indication that the basis of operators used is
correlated to provide any further improvement.

Summarizing the observations of the source depende
and the variational analysis atT50, within the basis of three
operators we have at present, the analysis does not ach
further optimization of the correlators. Since the effecti
masses extracted from all sources approach theee-pp one
and the latter reaches earlier a plateau, we shall use
ee-pp correlator for the coming discussion. One shou
however, keep in mind that such a correlator is not rea
optimized in the sense of been constructed from a su
ciently optimized meson source atT50. There isa priori no
guarantee that the cancellation taking place atT50 will still
remain atT.0. We will use the departure ofmeff

(ee→pp) from
flatness as an indication that temperature effects start to
come relevant. To control the uncertainties introduced
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this choice we keep measuring correlators with the differ
types of operators, to investigate the effective mass sou
dependence also atT.0. As long as the effective masse
extracted from different sources converge to the same va
temperature effects will be small and the extraction of
meson mass from theee-pp correlator will be safe. When
the source dependence starts to be important we will rel
addition on other type of analysis, like the study of the wa
function and the comparison with the free quark case.

B. Spectroscopy atTÄ0

We briefly summarize here the meson spectroscopy.
extract the masses atT50 from theee-pp propagators for
simplicity ~see the discussion above!. For the pseudoscala
and vector meson, the masses are extracted from a fit
single exponential in the ranget527–36 ~where the three
types of correlators coincide; although theee-pp propagator
reaches a plateau much earlier, precision was not lost by
limitation!. For the S and A channels, the statistical erro
are much larger than for Ps and V; therefore we adopted
fitting regiont512–20 for the former. As was already me
tioned, only the connected part of the scalar channel is ev
ated; hence the result is only useful for a comparison w
the finite temperature results. The values obtained are li
in Table II. These values are consistent with the result of
variational analysis, where we extract masses from the fit
region t512–16.

Masses are extrapolated to the chiral limit with the de
nition of k in Eq. ~33!. First, the pseudoscalar meson ma
squared is extrapolated linearly in 1/k to determine 1/kc at
which the Ps meson mass vanishes. This giveskc
50.17144(11). Then the other meson masses are extr
lated linearly to 1/kc . The results of the extrapolation ar
also listed in Table II.

Comparing with the physical value of ther meson mass,
the vector meson mass atkc defines the lattice cutoff as
1-8
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FIG. 3. Source dependence of effective masses atNt520 for ks50.086, all channels.
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21(mr);6.3 GeV. This value is about 40% larger tha

at
2154.5 GeV from the string tension and critical temper

ture. Such discrepancies are found also on isotropic latti
and are mainly explained asO(a) effects. For this reason w
always give our results in lattice units. Mass ratios sho
not be affected by this uncertainty.

V. NONZERO TEMPERATURE

In this section, we study how the temperature changes
meson correlators. First we shall compare propagators
various source and sink operators. Then we shall discus
more detail what can we learn from the temperature beha
of the effective masses. For further insight into the tempe
ture effects on the meson correlators we study thet depen-
dence of the wave functions. As a result we find that the t
quarks tend to stay together even in the deconfining phas~at
least for Euclidean time scales;1/T). Finally we study the
temperature behavior of temporal~‘‘pole’’ ! and spatial
~‘‘screening’’! masses which could be associated with
putative quasiparticle~resonance?! states suggested by th
first steps of the analysis.

To disentangle perturbative from nonperturbative effe
we shall repeatedly compare the measured~‘‘full’’ ! meson
correlators with ‘‘free’’ meson correlators made out of u
bound quark propagators. For the latter we just use a
quark ansatz and only allow the quark mass to vary with
temperature. This means that we consider quark-antiqu
correlation functions in the corresponding mesonic chann
in lowest order perturbation theory but with a temperatu
dependent quark mass. As has been shown by a more
volved analysis, including further thermal effects in the ha
thermal loop ~HTL! approximation does not significantl
change the result@24#.

A. Source dependence of the propagators at nonzero
temperature

1. NtÄ20 (below Tc)

Let us start withNt520. The system is in the confinin
phase; hence we expect the hadronic spectral function
05450
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still have narrow peaks corresponding to the bound sta
Indeed the situation is very similar to theT50 case. Figure
3 compares the effective masses with several choices
source and sink smearing functions~we have also measure
here the effective mass withwall source!. For the Ps and V
channels, theee-pp correlator appears most flat, showing,
for T50, a rather clear plateau. The two diagonal corre
tors, smeared both at the source and the sink, have stro
contributions from excited states but merge with theee-pp
result at aboutt;7. ~Since the smeared sink suffers fro
large fluctuations, the discrepancy of the effective masse
t59 of the sink smeared propagators and the propaga
with point sink is probably the result of insufficient stati
tics.! Here again a variational analysis does not provide a
improvement on theee-ee andpe-pe results.

The convergence of the effective masses from nondia
nal correlators withpoint-point sink has not taken place ye
at t;Nt/2. This could in principle be a first signal of tem
perature effects but notice that the difference of effect
masses at this value oft is of the same order as that observ
at T50 at the samet slice.

In the S and A channels the statistical fluctuation of t
effective masses are much larger than for Ps and V. In th
channels, the effective masses fromwall-pp andee-pp cor-
relators coincide. Again we observed large fluctuations
large t for the sink smeared propagators.

Like for T50, atNt520 we conclude that the most rel
able estimate of the meson masses is again obtained from
ee-pp propagators. The extracted masses are discusse
Sec. V D.

2. NtÄ16 and 12 (above Tc)

At Nt516 andNt512, the propagators are very simila
between the different channels which is a clear indication
chiral symmetry restoration immediately aboveTc ~see Sec.
V D for further discussion of this point!. Figure 4 shows the
effective mass dependence on the mesonic operator aNt
516 andNt512 for the Ps channel~the effective masses in
the other channels are similar!. To see the quark mass depe
1-9
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FIG. 4. Source dependence of Ps effective masses atNt516 and 12 forks50.081, 0.086.
r
t
e
t
n
e
o
t
n

y
f

x-
re
-
c

th

iv
th
f

ge
h

e
th

h

l-
of
tly
it is
g in
w

orr-
hi-

r
be
the

ob-

ree
dence, results for two values ofks are shown. An interesting
feature is that theks dependence is small.

Although aboveTc the ee-pp effective masses no longe
show such a clear plateau~further discussion on this poin
will be done in Sec. V B!, they still seem to merge with thos
coming from diagonalee-ee andpe-pe correlators at abou
t;4 ~statistical fluctuations do, however, not allow a qua
titative estimate!. There is, however, a clear difference in th
behavior of the nondiagonal effective masses here, as c
pared toT,Tc . In particular thewall-pp mass looks as fla
as theee-pp but seems to converge to a rather differe
value ~the difference att;Nt/2 being here considerabl
larger that the corresponding one at the same time slice
Nt520).

The observed stronger source dependence aboveTc might
partly be an effect of periodicity or contamination from e
cited states but it is peculiar that this behavior sets in p
cisely atTc . In view of the discussion of Sec. II A, we con
sider this as indication that strong temperature effe
develop aboveTc ~further discussion on this point will fol-
low later!. We have also performed at theseNt’s a varia-
tional analysis which again just reproduced the values of
ee-ee andpe-pe correlators.

B. Effective mass oft propagators at nonzeroT

We shall concentrate here on theT dependence ofee-pp
propagators, which generally lead to the most flat effect
masses and will therefore be used later for estimating
temporal masses. Figure 5 shows the effective masses o
and V meson correlators withee-pp smearing at Nt
520, 16, and 12 forks50.086. While atNt520 a plateau
appears, atNt516 and 12 the effective masses are no lon
flat, their t dependence increasing with the temperature. T
holds already att values at which theNt520 data have
clearly reached a plateau (t.4) and indicates that we hav
to do here with strong temperature effects. Because of
uncertainties related to theee-pp smearing, it is not possible
to say whether this behavior means that the mesonic state
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become metastable aboveTc or has been replaced by a co
lective excitation of increasing width, or that the effects
the contamination with other states from the insufficien
tuned source have become very strong. Nevertheless,
remarkable that we find a clear change in behavior settin
at Tc , although smoothly connecting to the behavior belo
Tc ~at least for the Ps and V propagators: the S and A c
elators change more significantly, in accordance with the c
ral symmetry restoration—see Sec. V D!. The same signal is
provided by the observation of the source dependence~see
previous section!. Notice that the contamination with othe
states due to the imperfection of the source alone would
expected to produce a rather continuous dependence on
temperature, and not the clear difference in behavior
served below and aboveTc .

FIG. 5. Effective masses of the correlators withexp-expsource
and point sink at finite temperature forks50.086. Shown are also
the effective masses of the ‘‘free’’ mesons, composed of the f
quark propagators with mqas50.2, 0.23, and 0.3 (mq

50.0377, 0.0434, and 0.0566 in units ofat
21) for the three tem-

peratures, respectively—see Eq.~36!.
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MESON CORRELATORS IN FINITE TEMPERATURE . . . PHYSICAL REVIEW D 63 054501
Since aboveTc we are in the QGP phase, a first thing
test is to look for signals of the perturbative, highT regime—
that is for unbound quark-antiquark propagation in the m
sonic channels. In Fig. 5 we show effective masses ca
lated from ‘‘free’’ meson correlators constructed out of fr
quark propagators where only the mass is assumed to
with the temperature~as already noticed, a consistent HT
calculation@24# does not significantly affect the result!. The
free quark propagators are calculated withgF55.3 and using
the same source as for the genuine mesons. Here and e
where the plotted results for the ‘‘free quark mesons’’ c
respond to the assumption of a thermal mass for the qua

mq
therm.

g2

A6
T;0.04

T

Tc
at

21 , ~36!

tuned such as to give good agreement in ther channel above
Tc with the measured~‘‘full’’ ! effective masses~this means
g2;1.8). We observe that above the critical temperature

FIG. 6. Effective masses of the correlators withpoint-expsource
and point sink~upper plot! and with wall source and point sink
~lower plot! at finite temperature forks50.086. Shown are also th
effective masses of the ‘‘free’’ mesons, for the same sources an
the thermal quark masses used in Fig. 5. The scales are shifte
readability.
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measured Ps and V effective masses change their order
increase}T, a feature shared with the ‘‘free’’ mesons. Th
inversion in the order of the masses essentially implies
the propagators are not dominated by a narrow state~see
below!; however, not every wide spectral function leads
this inversion, and therefore this similarity may have sign
cance. After we tuned the free quarks to simulate the~full !
data in ther channel, the pseudoscalar remains, however
well below the ‘‘free’’ results~a similar observation has bee
made in@7#!.

The interesting signal of the Ps-V hierarchy inversion d
serves a comment. The spin inequalities@25# derived for the
correlators (Ps>V) are, of course, always satisfied. If thes
correlators have well-defined narrow states at low energy~at,
say,mp andmr), the latter will dominate asymptotically an
the above inequality impliesmp<mr . If, however, the spec-
tral functions have wide structures, the corresponding eff
tive masses do no longer need to show this hierarchy. T
the situation also depends strongly on the source, since
details of the corresponding spectral functions differ. In p
ticular, for free quark mesons we always find an inversi
unless we use thewall source~which, of course, just brings
forth the 2mq threshold, independently of spin channel, a
produces therefore flat and equal effective masses!. In Fig. 6
we present the situation for thepe-pp andw-pp correlators.
We observe aboveTc for all sources similar behavior of th
full and the free correlators, although there are again a
clear differences between them.

Also the stronger source dependence observed aboveTc is
a feature which the measured~‘‘full’’ ! meson propagators
share with the free ones—but for the latter this is much m
pronounced and for particular sources quite different fr
the full mesons. For instance, for the wall source, the eff
tive mass of ‘‘free’’ mesons, as noticed above, is complet
flat and its value is twice the quark mass value, while the
meson effective masses are significantly larger and vary w
t—see Fig. 6.

or
for

FIG. 7. t dependence of the wave functionw (ee)(xW ,t) at Nt

520 and 12 forks50.086, Ps channel. The ‘‘free’’ wave functio
is also displayed. Both measured~‘‘full’’ ! and ‘‘free’’ correlators
are smeared withexp-exp functions. We represent by crosses t
convolution, Eq.~22!, which gives the separation distribution in th
source.
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FIG. 8. Ps normalized wave functionw (v)(xW ,t) for xW5(3,0,0) ~left plot! and xW5(5,0,0) ~right plot! vs t at Nt520 and 12 forks

50.086 and for various sources~point-exp, exp-exp, and wall!. The ‘‘free’’ wave function is also displayed~for wall this is simply 1,

independently ofxW and t).
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In the analysis of the propagators we observe there
competing features, which hint at some contributions fr
‘‘unbound’’ quarks but cannot be explained only in terms
the latter. To investigate further this problem we analyze
t dependence of the wave function in the next subsectio

C. Wave functions

We consider the normalized wave function at the spa
origin:

w (v)~xW ,t ![GM
(v)~xW ,t !/GM

(v)~0W ,t !. ~37!

We recall that these correlators are obtained in the Coulo
gauge. If the correlatorGM

(v)(xW ,t) is dominated by a bound

state,w(xW ,t) should stabilize with increasingt, approaching
a certain shape. If there is no spatial correlation among
quarks, in particular in the case of a ‘‘free’’ correlator~con-
structed from free quarks!, the correspondingw(xW ,t) should
become broader inxW with t ~or at best reproduce the sourc
for mq→`).5 We shall use different sources,v, and observe
the evolution ofw (v)(xW ,t) with t.

Figure 7 shows the change witht of w (ee)(xW ,t) for the Ps
correlator withexp-exp source atNt520 and 12, andks

5For a simple illustration consider two nonrelativistic quarks
mass ma , mb and individual initial Gaussian distribution
cq(y,0)}exp(2y2/2a2) and c q̄(y,0)}exp(2y2/2b2), respec-
tively; then it is easy to see that the width of the distribution in t
relative distance x, c(x,t)5*dy dzd(z2y2x)cq(y,t)c q̄(z,t)
@essentially, our w(x,t)#, develops as G(t)25G(0)21(1/ma

11/mb)t, with G(0)25a21b2. Nodes in the original distribution
may lead to occasional cancellations, but the general picture is
same. It would be physically quite unplausible that uncorrela
propagating quarks would tend toward a distribution in the rela
coordinate narrower than the one they start with, whatever t
spectral functions might be.
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50.086. The ‘‘free’’ meson ‘‘wave function’’w0
(ee)(xW ,t) is

shown for comparison. We see now a very clear differen
The normalized wave function of the ‘‘free’’ meson show
the expected behavior, becoming increasingly broad witht at
all temperatures. The measured wave function, on the o
hand, shrinks very fast from the~wider! distribution implied
by theexp-expsource att50,6 and stabilizes very early to a
well-defined shape with increasingt. Remarkably enough
this behavior is not only seen at 0.93Tc(Nt520)—where, as
expected, the wave function is similar to that atT50—but
also at 1.5Tc(Nt512): the wave function aboveTc is only
slightly wider than below.

In Fig. 8 we plotw (v)(xW ,t) vs t for various sources, a
distancexW5(3,0,0) andxW5(5,0,0). Again we show both the
measured correlators and the ‘‘free’’ ones. As noticed
genuine wave function would be represented by rat
w(xW ,t) independent oft for large enought, smaller than 1
and decreasing withr 5uxW u.

From the figures we see that atT50.93Tc the measured
wave function approaches, with increasingt, a unique shape
independently of the source. AtT51.5Tc theexp-expsource
also appears to stabilize, while thepoint-exp and thewall
sources, although indicating some tendency towards
same shape, do not show clear stabilization. We see there
here a more pronounced source dependence, very simil
what happened with the effective masses aboveTc . Al-
though the tendency to an increased source dependence
feature remembering of the ‘‘wave function’’ of the fre
quark mesons, at allT the measured wave function is ver
different from that given by free quarks. The latter,
course, have a broadening distribution in all cases, the
responding ratiosw0(xW ,t) increasing steadily towards 1, an

f

he
d
e
ir

6The distance distribution of the quarks att50 differs somewhat
from the smearing function of the corresponding source; this d
not modify, however, the general features.
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TABLE III. The temporal masses and the screening masses divided byj55.3 ~i.e., measured in units ofat
21 to allow comparison with

the temporal ones! at finite temperature.

Nt ks mPs mV mS mA mPs
(s)/j mV

(s)/j

20 0.081 0.1708~17! 0.1869~17! 0.292~12! 0.294~16! 0.1804~18! 0.2036~21!

0.084 0.1455~19! 0.1684~18! 0.277~10! 0.279~13! 0.1516~22! 0.1816~26!

0.086 0.1315~22! 0.1595~19! 0.271~10! 0.272~12! 0.1354~27! 0.1701~31!

kc 0.040~9! 0.1233~25! 0.243~11! 0.242~9! - 0.1267~48!

16 0.081 0.1835~14! 0.1757~14! 0.1877~13! 0.1839~26! 0.3169~34! 0.3364~27!

0.084 0.1751~15! 0.1690~14! 0.1885~13! 0.1731~13! 0.3085~48! 0.3329~31!

0.086 0.1723~15! 0.1678~14! 0.1888~13! 0.1747~13! 0.3036~61! 0.3312~32!

kc 0.1568~19! 0.1564~16! 0.1903~15! 0.1804~13! 0.2868~96! 0.3244~41!

12 0.081 0.2126~13! 0.1986~14! 0.2217~13! 0.1981~12! 0.4096~16! 0.4224~21!

0.084 0.2100~13! 0.1979~13! 0.2255~13! 0.2032~12! 0.4036~16! 0.4180~21!

0.086 0.2101~13! 0.1996~12! 0.2275~13! 0.2061~12! 0.3995~16! 0.4148~21!

kc 0.2062~14! 0.2001~12! 0.2352~13! 0.2164~13! 0.3868~16! 0.4053~21!
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show an incomparably stronger source dependence.7 The dif-
ference in behavior is particularly pregnant for thewall
source, where the measured wave function shrinks stro
with t while the ‘‘free’’ wave function is completely flat and
independent ont: w0

(wall)(xW ,t)51 for anymq . These features
are observed in all four measured channels. This resu
strongly indicative for the existence of~metastable! bound
states in the mesonic channels at temperatures as hig
1.5Tc , characterized by ‘‘wave functions’’ similar to thos
below Tc . From the comparison between the behavior
0.93Tc and 1.5Tc we may conclude that~a! even at the high-
estT theexp-expsource still projects on a state characteriz
by a strong spatial correlation between the quarks, q
similar to the lowT wave function, but~b! with increasingT
aboveTc also other contributions in the mesonic chann
show up, without such strong spatial correlation~this is ten-
tatively indicated by the increased source dependence o
wave function!.

As already remarked, the similarity of the stabilizedexp-
exp wave functions seen at allT represents self-consisten
support for our source strategy, since the latter selec
given state on the basis of its spatial internal structure.

D. Temperature dependence of temporal and spatial masses
in the mesonic channels

The discussion of the previous sections has shown ab
Tc significant temperature effects simultaneously with

7We use the same free quark masses~36! which were employed
for the comparison of the effective masses. The mass dependen
monotonous and heavy quarks just reproduce the initial distribu
~e.g., the crosses in Fig. 7 for theexp-exp source! at all t, as ex-
pected. Of course one can find some freemq and some source to
approach some of the data points, but not to reproduce the
majority of the features; in particular, the shrinking of the measu
~full ! wave functions witht for wide initial distributions cannot be
reproduced by any free quark ansatz.
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persistence of strong binding forces between quarks.
tentative interpretation of these results is that even aboveTc

~metastable! bound states are present in the mesonic ch
nels. In this section, assuming the existence of such sta
we try to characterize them by extracting from the propa
tors the temporal masses which would be associated
them ~would locate the corresponding peaks in the spec
functions: ‘‘pole’’ masses!. They are compared with the
screening masses in the same channels and their temper
dependence is studied.

1. Temporal masses

As discussed in Secs. IV and V, atNt520 we extract
temporal masses from the correlatorG(ee→pp). We use for
computing the mass the last three points near toNt/2. The
fitted values are listed in Table III. Masses extracted fro
diagonal correlators obtained in the same fitting region
consistent with these values within statistical error.

In the case ofNt516 and 12, the situation is far les
clear. Here no plateau is seen, neither for the diagonal no
the ee-pp correlators. We decide to extract masses from
latter, again by using the last three points near toNt/2, but
we should be aware that these masses~if they do at all char-
acterize some states! may be misestimated. The resulting va
ues are also found in Table III. They are consistent with
results of the diagonal correlators, which suffer from lar
statistical fluctuations. We note here that we quote statist
errors only; there are large systematic uncertainties d
among others, to the smearing function dependence of
correlators. Since we use a nondiagonal correlator~which
does not provide an upper bound for the mass!, we cannot
say in which direction this uncertainty goes.

In the next step the extracted masses are extrapolate
the chiral limit. At Nt520, in the confined phase, we ex
trapolate the Ps meson mass squared linearly ink. For the
other mesons we use linear extrapolations. The extrap
tions are shown in Fig. 9; they are similar to those atNt
572. Although the Ps meson mass at the critical hopp

e is
n

st
d
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parameter does not completely vanish, this can be expla
as anO(a) error and by the uncertainty in the extraction
the mass.

AboveTc also the Ps meson mass is extrapolated linea
The resulting mass values at the chiral limit are listed
Table III. Generally aboveTc the quark mass dependence
the meson masses is small.

2. Screening masses

Before discussing the temperature dependence of
‘‘masses,’’ we briefly describe the extraction of the spat
~‘‘screening’’! masses. Since the spatial distance is la
(;3 fm), we use for this unsmearedpp-pp correlators in
the z direction and the same procedure as in the calibra
~see the Appendix!. We have verified that these masses
consistent with those obtained from propagators using ga
invariant smearing techniques@26#.

We measure Ps and V meson masses at allT. At zero
temperature we used APBCs in all directions and requ
the masses in the space and time directions to represen
same physical masses. Thereafter we switched to peri
boundary conditions in thex, y, and z directions, but this
did not induce sizable changes in the masses.

At Nt520, the spatial propagators show almost the sa
behavior as atNt572. AboveTc , the effective masses ap
proach a plateau earlier than belowTc ; the obtained values
are therefore more reliable than in the confining phase.

Masses are again extrapolated to the chiral limit. A
here, as for temporal masses, as a result of uncertainties
partly O(a) effects, the naive extrapolation of the Ps mes
mass squared does not vanish exactly at 1/kc .

3. Temperature dependence

The temperature dependence of temporal and scree
masses is summarized in Fig. 10. The values are give
units of at

21 . The horizontal axis is 1/Nt and we haveT
51/Ntat with at

2154.5(2) GeV. The four points (Nt

572, 20, 16, and 12) correspond to the temperatureT

FIG. 9. The chiral extrapolation of the temporal masses atNt

520.
05450
ed

y.

he
l
e

n
e
ge

d
the
ic

e

o
nd

n

ng
in

.0, 0.93Tc , 1.15Tc , and 1.5Tc . The vertical gray line
roughly corresponds to the critical temperature.

In the confining phase, the temporal and screening~spa-
tial! masses coincide; however, aboveTc they become in-
creasingly different. This is to be expected, since the form
~whether they represent bound states or not! are related to
propagation in plasma with the transfer matrix of the origin
problem, while the latter correspond to aT50 problem with
asymmetricfinite size effects, strongly increasing with th
temperature~one of the ‘‘spatial’’ directions of the new
problem—namely, the original t direction—becomes
squeezed as 1/T). In agreement with other works@12#,
screening masses aboveTc are }T and close to twice the
lowest Matsubara frequency of the original problem~the
lowest quark momentum in the squeezed direction; no
that this direction has APBCs, while the other three ha
PBCs!, although remaining below it for allT. In Fig. 11 we
plot the ratiosm/T for the three nonzero temperatures t
gether with twice this lowest Matsubara frequency for co
parison. The temporal masses aboveTc are also proportiona

FIG. 10. Temperature dependence of masses~in at
21) at ks

50.086~top! and in the chiral limit~bottom!. Solid ~open! symbols
correspond to spatial~temporal! masses. The gray vertical lin
roughly representsTc .
1-14
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with T but with a significantly smaller slope. The slight d
crease of the Ps and V temporal masses (31/T) aboveTc in
the upper plot of Fig. 11 is due to the large quark mass in
simulation, which produces a term}1/T in this plot. This
decrease disappears in the chiral limit~lower plot!.

As a phenomenological parameter to succinctly quan
this behavior we introduce

R5
m(s)2m(t)

m(s)1m(t)
→

P.Th.
12

2mq

pT
1•••, mq!T!at

21 .

~38!

Since at highT the quarks are expected to exhibit an effe
tive ~thermal! mass ~36! mq

therm.g2T/A6 @27#, R.1
20.26g2 for T@Tc . Using the valueg2.1.8 which fitted
the V effective mass aboveTc ~cf. Sec. V B! gives R
.0.53. From Fig. 12 we see that our data tend toward
regime but are still well below it even atT51.5Tc . Notice

FIG. 11. m/T at T.0.93Tc , 1.15Tc , and 1.5Tc for ks

50.086~top! and in the chiral limit~bottom!. Solid ~open! symbols
correspond to spatial~temporal! masses. The gray vertical lin
roughly representsTc . The dashed horizontal line corresponds
twice the lowest ‘‘energy’’ of a massless quark propagating in thz
direction on this lattice.
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that because of large lattice artifacts in our data, mass ra
are more reliable than absolute values.

Let us note again that aboveTc all four channels show
almost the same masses. In the present quenched calcul
the chiral symmetry is not involved in the dynamics and t
phase transition is the deconfining transition. Neverthele
the chiral symmetry seems to be restored, which indicate
close relation between the two viewpoints of the QCD ph
transition. This agrees with the old observation that the ch
condensate also feels the deconfining transition of p
gauge theory—see, e.g.,@28#.

VI. CONCLUSIONS AND OUTLOOK

In this quenched QCD analysis the changes of the me
properties with temperature appear to be small belowTc .
Above Tc we observe apparently opposing features: On
one hand, the behavior of thet propagators, in particular the
change in the ordering of the mass splittings, could be
counted for by contributions from free quark propagation
the mesonic channels, which would also explain the variat
of me f f

(t) (t) both with t and with the source. On the othe
hand, the behavior of the wave functions obtained from
four-point correlators suggests that there can be low ene
excitations in the mesonic channels aboveTc appearing as
metastable bound states which replace the low tempera
mesons. They would be characterized by a mass giving
location of the corresponding bump in the spectral functi
In this case the variation ofme f f

(t) (t) with t and with the
source would indicate a resonance width for these sta
increasing withT. Our treatment of the low energy state
using theexp-exp source introduces, however, uncertainti
which do not allow for quantitative conclusions. As we ha
seen this source is indeed slightly too wide and includ
some contributions from excited states compensating e
other in theee-pp correlator atT,Tc . At high T the ‘‘ef-
fective’’ mass becomes therefore increasingly ambiguo
Remember, however, that our source is not chosen arbitra
but selects a state according to the internal structure of

FIG. 12. The phenomenological parameterR, Eq. ~38! as func-
tion of T. The gray vertical line roughly representsTc .
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latter on the basis of the similarity with the wave function
the T50 mesonic ground state. What we find is that at
temperatures there is a tendency for stable spatial correla
between quarks with a shape similar to theT50 wave func-
tion. It seems therefore reasonable to hypothesize that a
temperatures this source finds a low energy mode chara
ized by strong, stable spatial correlations between the qua
and that the properties of the propagators taken with
source will reflect within some uncertainties the properties
this mode.

We see a clear signal for chiral symmetry restorat
starting early aboveTc . Since this is a quenched calculatio
this effect is completely due to the gluonic dynamics. Abo
Tc the screening masses increase faster than the~temporal!
masses, remaining, however, clearly below the free gas li
The exact amount of splitting among the channels and
precise ratio betweenm(t) and m(s) may, however, be af-
fected also by uncertainties in ourj calibration, in the defi-
nition of the source, etc: Especially the temporal mas
might be misestimated~if they are at all well defined!. But
the semiquantitative picture of much~and, with T, increas-
ingly! steeper ‘‘screening’’ propagators~as compared with
temporal ones! is undoubtful.

A possible physical picture is this: Mesonic excitatio
are present aboveTc ~up to at least 1.5Tc) as unstable mode
~resonances!, in interaction with unbound quarks and gluon
They may be realized as collective states, by the interac
of the original mesons with new effective degrees of freed
in the thermal bath, or as metastable bound states~of thermal
quarks?!. To the extent that our results can be interpreted
supporting this picture, we should note that:~a! the ‘‘tempo-
ral masses’’ of these putative states in the pseudoscalar
vector channels connect smoothly to the ‘‘pole’’ masses
the mesons belowTc ~the S and A correlators change mo
significantly, in accordance with the chiral symmetry res
ration!, ~b! the increase of the temporal meson masses wiT
is to a certain extent similar to that of the quark thermal m
if we assumeg2;1.8 ~while the spatial masses increa
much faster!, ~c! the wave functions characterizing the
states are very similar to those of the genuine mesons be
Tc , ~d! since there is no pair creation~no dynamical quarks!
a ‘‘decay channel’’ for these putative resonances may
meson→qth1q̄th where by qth1q̄th we indicate some
strongly interacting but unbound quark states, and~e! the
incomplete~quenched! dynamics of this simulation seems
already provide enough interaction to account~in addition to
mesonic states belowTc) for chiral symmetry restoration an
binding forces aboveTc ; nevertheless, the effects of dy
namical quarks of small enough masses may add further
tures to this picture.

Although our results are consistent with the above pictu
there may be also other possibilities~cf. @6,7#; cf. @1# and
references therein!. We also see agreement with an earl
study of meson propagators including dynamical quarks~but
without wave function information! @7#, which finds masses
and ~spatial! screening masses}T aboveTc and an indica-
tion of QGP with ‘‘deconfined, but strongly interactin
quarks and gluons.’’ Investigations of mesonic correlat
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functions in the HTL approximation@24# show that the ob-
served effects cannot be reproduced from perturbative t
mal physics. The wave function analysis in our work ind
cates in fact that the strong interactions between the ther
gluons and quarks may even provide binding forces wh
partially correlate the latter in space.

The complex, nonperturbative structure of QGP~already
indicated by equation of state studies up to far aboveTc @10#;
see also@29#! is thus also confirmed by our analysis of ge
eral mesonic correlators. From our more extended stu
however, especially from the here for the first time inves
gated, spatial correlations between quarks propagating in
temporal direction atT.Tc ~wave functions!, the detailed
low energy structure of the mesonic channels appears
present further interesting, yet unsolved aspects and there
provide an exciting and far from trivial picture of QGP in th
region up to~at least! 1.5Tc . Further work is needed to re
move the uncertainties still affecting our analysis. This co
cerns particularly thej calibration and the question of th
definition of hadron operators at highT, which appear to
have been the major deficiencies, in addition to the sma
lattices, affecting earlier results@17#. We are also trying to
extract information directly about the spectral functions@30#.
Finally we are aiming at performing a full QCD analysis
the near future.

ACKNOWLEDGMENTS

We thank JSPS, DFG, and the European Network ‘‘Fin
Temperature Phase Transitions in Particle Physics’’ for s
port. H.M. thanks T. Kunihiro and H. Suganuma and I.O
thanks F. Karsch and J. Stachel for interesting discussi
H.M. also thanks the Japan Society for the Promotion
Science for Young Scientists for financial support. O.M. a
A.N. were supported by a Grant-in-Aide for Scientific R
search by the Ministry of Education and Culture, Japan~No.
80029511! and A.N. was also supported by a Grant-in-Aid
~No. 10640272!. M.G.P. was supported by CICYT unde
grant AEN97-1678. The calculations have been done on
AP1000 at Fujitsu Parallel Computing Research Facilit
and the Intel Paragon at the Institute for Nonlinear Scie
and Applied Mathematics, Hiroshima University.

APPENDIX: CALIBRATION OF ANISOTROPY
PARAMETERS

To determine the gauge field anisotropyj, we use the
ratios of the spatial-spatial and spatial-temporal Wilson loo
@31–33#:

Rs~r ,x!5Wss~r 11,x!/Wss~r ,x!,

Rt~r ,t !5Wst~r 11,t !/Wst~r ,t !. ~A1!

Then the matching condition~34! is

Rs~r ,x!5Rt~r ,t5j x!. ~A2!
1-16
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Eighty configurations are used for this analysis.
In the determination ofj, we vary the minimum value o

r 3x ~with corresponding choice oft), where r<5 (r 51
and x51 are not used to avoid short distance effects!. The
largest value ofx for eachr is chosen with consideration t
the statistical errors. We obtainj55.397(22)(r 3x
>4), 5.340(40)(r 3x>6), 5.248(101)(r 3x>8) and take
thereforej55.3(1) in the following.

To determine the lattice spacings, the heavy quark po
tial is measured. The extracted value of the string tens
As50.480(23), together with physical valueAsphys

5427 MeV gives the cutoffsas
2150.85(3) GeV andat

21

54.5(2) GeV. The spatial extent of the lattice of abou
fm (;4 times 1/Tc) is considered sufficiently large to trea
hadronic correlators.

We then proceed to the fermionic calibration. We fix t
value ofks and varygF to find out the value which gives th
same anisotropyj as for the gauge field. We define the fe
mionic anisotropy using correlators in temporal and spa
directions, expected to behave at large distances like

Gt,M
(pp→pp)~ t !5^FM

(pp)~ t !FM
(pp)~0!†& →

t→`

Cg
(t) exp~2mM

(t)t !

~A3!

and the same expression with time replaced by one of
spatial directionsz behaving asCg

(s) exp(2mM
(s)z) for largez.

In the calibration, we measure the pseudoscalar (gM
5g5) and the vector (g1 , g2) meson correlators. Here w
adopt antiperiodic boundary conditions in all four direction
hence the expected behavior is a hyperbolic cosine.
physical isotropy condition~34! is then applied to the effec
tive masses. Figure 13 showsme f f

(t) (t) obtained by solving
Eq. ~28! and the correspondingme f f

(s)(z) for ks50.081 and
with two values ofgF . In the figureme f f

(s)(z) is divided by
j55.3 to be compared withme f f

(t) (t) ~i.e., it is given in units
at

21).

FIG. 13. The effective masses of correlators in temporal
spatial directions forks50.081 with two values ofgF , 4.02 and
4.05.
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For gF54.05, the spatial effective mass divided byj
55.3 coincides with the temporal one. Although the form
shows no plateau because of the small number of sp
sites, the temporal effective mass, which is finer spaced, d
reach a plateau in the larget region. It is consistent to expec
that if both masses agree~after j rescaling! in the region
where the temporal mass shows a plateau, the spatial ma
also dominated by the ground state. We therefore determ
jF , the fermionic anisotropy, as the ratio of the spatial
fective mass atz55 and the fitted value of the tempora
mass in the intervalt527–36. The value ofjF and the ex-
tracted masses are confirmed by studying correlators w
smeared operators which do reach plateaus much earlier.
smearing procedure of the correlators in the temporal dir
tion is described in detail in Sec. IV A. For the correlators
spatial directions, we apply the gauge invariant smear
technique@26# ~since the configurations are fixed to the Co
lomb gauge!.

Though these calculations are carried out with perio
boundary conditions in spatial directions, the dependenc
masses on the kind of boundary conditions is sufficien
small on the present lattice.

Figure 14 shows the dependence ofjF on gF . The values
of jF from Ps and V mesons are slightly different, but co
sistent within the present accuracy. We adopt the avera
value of Ps and V channels and estimate the error as t
difference.

We use three sets of (ks , gF): ~0.081, 4.05!, ~0.084,
3.89!, and ~0.086, 3.78!. In Table I, these values are liste
together with the number of configurations used for calib
tion. For the second set, two values ofgF are tried. The
meson masses quoted in the table are determined in Se
using smeared correlators.

Another procedure to calibrate the fermionic action us
the dispersion relation is proposed in@34#. In the present
case, however, the procedure used above seems more a
priate, since comparison of pole and screening masse
finite temperature is one of the important goals of this wo

d
FIG. 14. jF’s determined from the Ps and V correlators forks

50.081 with various values ofgF .
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