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Meson correlators in finite temperature lattice QCD
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We analyzégemporalandspatialmeson correlators in quenched lattice QCOrat0. Below T, we observe
litle change in the meson properties as compared With0. Above T, we observe new features: chiral
symmetry restoration and signals of plasma formation, but also an indication of persisting “me$omitz-
stablg states and different temporal and spatial “masses” in the mesonic channels. This suggests a complex
picture of QGP in the region (1-1.5).
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[. INTRODUCTION increasingly dominated by quark and gluon degrees of free-
dom, in accordance with the perturbative high temperature
With increasing temperature, hadronic correlators are expicture, the intermediate temperature range abyveeems
pected to change their nature drasticdige, e.g.[1,2]). At  to be much more complex and dominated by strongly inter-
the critical temperature, the deconfinement of color degreeacting quarkgsee alsd7]), which, as we shall see below,
of freedom and the restoration of the chiral symmetry areeven tend to stay strongly spatially correlated and thus agree
expected to occur simultaneously. Two “extreme” pictureswith a picture of effective, low energy modes in the mesonic
are frequently used to describe the low and the Higle-  channels. Since these matters are related to questions about
gimes, respectively: the weakly interacting meson gas, wherthe evolution of the early universe, on the one hand, and to
we expect the mesons to become effective resonance mod#® interesting results from heavy ion collision experiments
with a small mass shift and width due to the interaction, and8], where QGP conditions are being realizgg], on the
the perturbative quark gluon plasm@GP, where the me- other hand, it is important to have quantitative estimates in
sons should eventually disappear datl very highT) per-  addition to a qualitative understanding and we need model-
turbative effects should dominate. independent studies of the hadronic correlators at finite tem-
Near to the critical temperature, however, the actuaperature.
physical situation is more involved. Interactions with a hot Lattice simulations are the most powerful instrument at
meson gas and with baryonic matter have been studied ipresent to investigate such problems in the fundamental the-
various phenomenological models which predict appreciableretical framework of quantum chromodynam{€sCD). Ex-
changes in the vector meson propertisse, e.g.[3]). In a  tensive studies have been dedicated to the thermodynamics
Nambu—Jona-LasinigNJL) model [4] the scalar and the of the finite temperature transitidisee, e.g.[10,11]). Con-
pseudoscalar modes are found to correlate strongly, and erning the hadronic sectors, numerical analysis of “screen-
subsist even above the transition as so-called “soft modes,ing” (spatia) propagators indicates correlatgthound?
corresponding to narrow peaks in the spectral function andiuarks while the mesonic “screening masses” increase to-
realized as the fluctuation of the order parameter of the chiralvard the two-free-quark threshold £2’, induced by the an-
symmetry restoration transition. On the other hand, at théiperiodic boundary conditions in the temporal direcjion
short distance scale, the fundamental excitation should bl2]. Since the spatial directions cdand musk be made
guarks and gluons. Lattice QCD results on the quark numbédearge, these propagators are unproblematic in principle and
susceptibility support this vieys]. These pictures may not can be studied as well as far=0: at anyT>0 the propa-
be contradictory to each other: DeTar conjectured the exisgation in the space directions represents in fatte) prob-
tence of excitations in the QGP phase corresponding to diffem (with asymmetric finite size effegtsThe interpretation
ferent distance scales, and pointed out the possibility 0bf the results from ‘“screening” correlators in terms of
“confinement” still ruling the large distance scald§]. @ modes of the temporal dynamics is, however, far from
While with increasing temperature the physics should appeastraightforward: since in the Euclidean formulation ®&4)
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symmetry is broken aT>0 (see, e.g.[14]), the physics of the supplementary parametér and this introduces also
appears different depending on whether we probe the spas®me uncertainties.
“o”: X) or time(“ 7" t) direction. The static quark poten-  (2) Physical problemsThe low energy structure of the
tial associated with propagation in a spatial direction, formesonic channels cannot be observed directly, due to the
example, is a very anisotropic quantity which abdyestill  inherently coarse resolution7l' =27/l . of the imaginary
grows linearly in two of the spatial directiorfsonfineg, in ~ energyaxis. Refining the discretization of theme axis im-
contrast to the potential associated with the propagation iRroves the fitting and analytic continuation problem, but al-
the t direction which is isotropic and not confining. There- though we are following the question of the spectral analysis,
fore we need to investigate hadronic correlators with fullwe do not have yet reliable results®t0 for this challeng-
“space-time” structure, in particular propagation in Euclid- ing question. Our problem setting here is therefore more lim-
ean time. ited: we shall try to recognize mesonic states and ask about
Ideally, what we would like to do is to reconstruct the their character and properties at various temperatures.
spectral function in a given channel. Then we could directly In this paper, we investigate the full four-dimensional
compare with the results from heavy-ion experiments; seestructure of the meson correlators on an anisotropic lattice in
e.g.,[8]. The spectral function at finite temperature can bethe quenched approximation. Thus the phase transition is the
extracted from the correlator in th&uclidean temporal di-  deconfining one, and the hadronic correlators are constructed
rection whose extent, is related to the temperature @s  With quark propagators on the background gauge field.
=1/, [14,15. These datdafter Fourier transforming the Our strategy here is the following: we first select the me-
correlator$ are given at discrete Matsubara frequencies orfonic ground states of th€=0 problem (where the time
the imaginary energy axis and are affected by errors. Théirection can be made sufficiently large—about 3.2 fm in our
extraction of the spectral function impli¢lgically) an in-  case, which, at the quark masses we work with, means about
terpolation and an analytic continuation to the real energy® Pion correlation lengthsand characterize their internal
axis. For a numerical analysis, which produces a limitegStructure by measuring ti€oulomb gaugewave functions.
amount of information, this is an improperly posed problem.The“ we ask whether states characterized by a similar inter-

Its solution is dependent on imposing supplementary condil@ Structure can be retrieved at higher temperature, try to
tions (* a priori information”) to regularize the algorithms reconstruct them with the help of correspondingly smeared

and to prevent amplification of the errors. These conditions®4"ces: and investigate how they are affected by the tem-

can be either based on general, statistical argumg perature. If the changes in the correlators are small, which is
. S g€ ' : 9 Engs, consistent with mesons interacting weakly with other had-
variance limitation, Bayesian analysis, maximal entrop

. . ) . Yronlike modes in the thermal bath, this procedure allows us
method or on particular, physu;al expectatlo(e.g., USING  to define “effective modes.” Large changes will signal the
an ansatz for the spectral function Wh_|ch Ieads_ to an explicify o akdown of this weakly interacting gas picture and there
analytic form for the correlator, to be fitted against the ﬁa_ta we must try to compare our observations with other pictures,
We s_,hould, howeve_r, be aware of the fa_ct that all re_gularlza-m particular the perturbative QGP.
tion |ntr0duces a b|aS and therefore th|S problem IS funda' The meson Corre|ators in the tempora' direction p|ay a
mentally intricate. central role in this study, which is therefore meant to supple-

The main difficulty in the numerical calculation &>0  ment other approaches, including studies of screening propa-
originates in the short temporal extdnt=1/T. Beyond the gators[12,13. To understand the effect of fixing a mesonic
general necessity of producing enough and precise data tis®urce we employ three kinds of meson operator smearing.
T>0 problem is doubly complicated as compared to The The propagators and the wave functions are also compared
=0 one: on the one hand, the structure we may expect i@ith those of mesons composed of free quark propagators
more complex than just a pole; on the other hand, the timé"free” mesons.! Finally we attempt a chiral limit; note,
extent of the propagation cannot be made large to select tHgowever, that even with anisotropic lattices the short physi-
low energy contributions. We shall now briefly discuss thesec@l extent in the temporal direction makes the quantitative
questions and thereby also introduce our procedure to de§ftimate of thetemporal massesif they exisp difficult. Our
with them. program should not be understood as an alternative for a

(1) Lattice problemsLargeT can be achieved using small Study of the spectral functions &t>0, but as an attempt to
N.=I_/a (a is the lattice spacing however, this leads to answer some special questions about the phenomena in QGP.
systematic errorEL6]. Moreover, having the propagators at !N that sense our results only offer partial views.
only a few (N./2) points makes it difficult to characterize the 10 Prevent a certain confusion we stress here that we do
unknown structure in the corresponding channels: practicallf?ot 00k for the eigenstates of the Hamiltonidransfer ma-

any ansatz can be fitted through two to three points. To obliX), Which show up as asymptotic states for-> at T
tain a finet discretization and thus detailedcorrelators, = O0- At nonzero temperature the physical processes are es-

while avoiding prohibitively large latticeéve need a large Sentially dependent on the mixtures induced by the thermal
spatial size in order to avoid finite size effects, typicdlly

~3l,), we proposed17,18 to use different lattice spacings

in space and in timey,,/a,= £>1[19]. The renormalization  These can be seen as quark-antiquark correlation functions in the
analysis of such lattices, however, is more involved, becauseorresponding meson channels in lowest order perturbation theory.
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bath. For the physical picture and for building models the

question is whether these phenomena can be described in =z TN 'OT'®]
terms of some effective excitation@uasiparticles[20]),
which “replace” thus the fundamental particle modes, or =T e A Hde t"p /T e M (2

completely new states dominate the physics above shme
Our analysis proceeds in three steps.
(1) Analysis of temporal propagators. Here we try to see =2 e BUEIE( 4 (D )

what kind of excitations propagate in the mesonic channels nk

atT>0 based on thedependence of these propaga{de-

fective mass’m(t)]. X<¢k|‘b|¢>n>/ > e FEn )
(2) Analysis of the “Coulomb gauge wave functions.” A

Here we study the behavior of the temporal correlators with

the distance betweemandq at the sink, which provides us = e PETEI2C2 coshi(Bl2—t)
with information of the spatial correlation between the nk
quarks at given.
(3) Analysis of the temperature dependence of the tempo- X (Ex— En)]/ 2 e PEn (4)
ral and spatial masses of the putative states which are com- n

patible with the behavior observed at the previous steps. . I .
Note that because of the quenched approximation, the dy?here ¢n are eigenstates of the Hamiltonian representing,

namics is incomplete. In a strong sense the Hamiltonian doe¥®> (Multhimeson states and other hadronlike modes and we

not possess true mesonic states and only provides the quorﬁ@Ve

interactions responsible for the forces binding the quarks.

This is not a problem specific to nonzero temperature but is (dal ®ld)=Cns  Cun=Chi=Cnk- ®)

the same already &t=0. The success of the spectrum cal- L . 1

culations atT=0 indicates, however, that one should not €€ We expressed everything in units af(a, ), and

consider quenched QCD as a theory by itself but as an apt€"c€B=N.; T=exp(—H) is the transfer matrix. Fol

proximation to the full theory(which possesses genuine —0 Only the vacuumm=0 survives in the sum overin Eg.
. . . - . (3). Assume eachb selects not only the mesonic ground
asymptotic mesonic statesind the exclusion ofj-q pair

. . state, say|¢,), but also some other, excited states; then,
creation as a reasonably small error at least concerning sonie
of the characteristics of the hadrons. In particular, we ob-

: ’ . D =Cp10k 1+ Co20k ot - - - 6
serve a strong indication of chiral symmetry restoration (¢ P[d0)=Cordic1+ Coadk2 ©
above the tran5|t|on te_mperature. . and the zero temperature propagatorvie putEy=0 for

The paper is organized as follows. In the next section Wesimplicity)
describe our analysis strategy in some more detail. Section
1l Qescrlpes th_e preparation of the Igttlce:.the introduction of ngab)(t)zcgle—t EH_nge—t Eay ... 7)
anisotropic lattice actions and the simulation parametbies
“calibration,” i.e., the tuning of the anisotropy parameters, jjance the lightest state contribution will dominate at large

is described in detail in the AppendixThe subsequent two Tuning a “perfect” source alf =0 we ideally achieve,
sections present the results of the simulation: In Sec. IV We_ 4 5. k=1 and thus see only this contribution at &ll

observe the correlators at zero temperature and discuss t%%ppose that we have been able to construct in this way a
source smearing and the variational analysis. The results a erfect” operator®,~a-+a', with a(a™) the annihilation
finite temperature are presented in Sec. V. The last section reation operator for a meson in the ground state. Then at

reserved for discussion and outlook. T=0 G reduces to the first term, as desired:

G Oy —P

Dty 2 a—tEq
Il. ANALYSIS STRATEGY o (t)=cqe (8

A. Comments on the physical problems (note that correlators with different operators at the source

We here should like to illustrate the problems raised bya”d the sink algo p_roject only on_the_ groun(_JI state if either the
the finite temperature and the question of the source in th ource or the sink is "perfecy: With increasingT, however,

frame of our approach. The reader who is familiar with thesdU'ther states beyond the vacuum survive in the sum aver
problems may skip this section. and acting on each of thefh; “adds or subtracts” a meson

Let us consider that we use some meson operhtcahen to whatever is there, correspondingly selecting from the in-

the propagator g8=1/T<c in Euclidean timet>0 is ner sum the statek onto which this new state projects,

(dn|®1| ) #0, in a sloppy notatiorke {n. ,}. Instead of
G%q’ﬂ‘b)(t):((p(t)q)(o)) Eq. (8) the correlator is now a sum of contributions and we
ask whether this mixture can be described by an effective
1 B ~ =(8) . .
_ ZJ ®(1)d(0)ex _f r (1) mode|¢_1) of energ)./El such that we can write, similarly
(a)pbc 0 to theT=0 expression,
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ngr%)(t) _ E E o B(En+ Ek)/2cﬁk

n ke{n.g}

xcosr{(g—t)(Ek—En)}/z e BEn
~cosk{(§—t)ﬁ‘lﬁ)

. 9
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> Ansa(n+1)e FEn
n=1 ~

wPl=n—¢ — W= w.
> (n+1)e BB poxoren0 e=0

n=0

17

Notice that the above effects show up although we use the
“perfect” source ®;: they represent the genuine tempera-

To fix the ideas let us consider an oscillator with fre- ture effects for an interacting systefrom Eqs(16),(17) we

guencyw and a small anharmonic perturbation:

H:H0+EH| (10)

see that as long as the interaction between the motlles
mesons’) is weak, we expect small changes which may be
simulatedby a shift(and possibly a wideningf the peak in

(this may be considered a caricature of a weakly interactinghe spectral function, defining in this way an effective mode
meson gas, sayTo first order ine we can use the unper- (9). Large changes, on the other hand, will signal the instal-

turbed basis to calculate the propaga®ft). Let ®, be the
ground state operator,

®,=(a+a"/\ 2w,

1
(Dl @] )= Ewnﬂék,ﬁﬁ néen 1), (1D

then we have

i 2 ne_B(En_An/Z)

n=1

BTEN

G(B(Dli’(bl)(t) _

2 973 En_

n=0
(12
For the unperturbed oscillatoe€ 0),
E,= n+% w, A=E,—E,_;=ow. (13)

Then thet dependence factorizes in E{.2) and we have a
trivial effect of the temperature:

ey

G(‘Dl"(bl)(t) —

0sG 3 (14

N efwt
B*}OC‘

lation of a new regime. Then we must try to obtain additional
information by other tests. Essentially, this is our program.
Of course in real life we shall not be able to obtain a “per-
fect” source in the above sense. The various uncertainties
inherent in our procedure will be repeatedly discussed in the
course of the paper.

If we use a “perfect” source but a different sinfwith
nonzero projection on the soujceve reach similar expres-
sions. To the next order ia, however, afl >0 the tempera-
ture correction to the mass will depend on the sink operator.
Generally therefore af>0 we expect to find a sink depen-
dence of propagators even for a “perfect” source. This de-
pendence can be seen as an indication of the importance of
temperature effects.

B. Mesonic correlators

A first attempt to optimize the mesonic operators, in the
spirit described in the previous section, is to introduce a
smearing functiorm(;?), such that the zero-momentum me-
sonic operator reads

> o(y)a(zt) ymalz+y,t), (18

y

IIGEDY

giving rise to smeared correlatof@e shall omit the index
“ B in the following):

Gl () =(T ()@ (0)])

If we turn on the interaction, the levels are no longer equi-
distant(the effect of adding one more meson depends on the

total number of mesons present in the staied thet depen-

dence is nontrivially affected by the temperature. We write

A=w, Ap—p=w—€e\,; (15)
then, to first order ire (weakly interacting gas
. B\~
G\(Nqi’éﬁ‘bl)(t)occos% 5t 0P |+0(e), (16

with

= D o' (y)o(y{T1S(22,0,21,0) yus
21,22,¥Y1.Y2

X SN (Zy+Y2,0;z1+Y1,D) v5¥ip]). (19)

Here(-) means summation over Yang-Mills configurations.
Sis the quark propagator angy,={vys,v1,1,y1ys} for M
={Ps,V, S, A (pseudoscalar, vector, scalar, and axial-
vector, respectively In the scalar sector, only the connected
part of the correlator is evaluated. The Coulomb gauge is
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used to produce the quark propagat8rsthis is of course called “pole mass’).? A broad structure or the admixture of

irrelevant for the§l=)72=0 expectation values. Note that excited states leads to a superposition of such terms. Fitting a
generally we keep different smearing functions at the sourcivent propagator by cogm(t)(t—N./2)] at pairs of points
and the sink. This will allow, given a certain basis of opera-t:t+1,
tors {®?}, to perform a variational analysis in order to at-
tempt a further optimization of the mesonic operator—for G(t) costim{P(t)(N,/2—1)]
details see S_ec. V. _ _ _ G(t+1) cosr[mg?f(t)(NTIZ—t—l)]’
As smearing functions we shall use two different kinds.
(i) A “point” source (sink): defines an “effective massig(t), which is a constant if
the spectral function has only one narrow peak. The effective
wi(Y) = S(X—Y). (200 Mass is a rather sensitive observable which shows effects of
the source dependence, a widening of the peak, or the exis-
. tence of excited states, without, however, allowing a differ-
This will be mainly used to study the dependence of the entiation among them. To the extent that the effective mass
correlator reaches a plateau and permits one to define a “temporal
mass”m(” at T>0, the latter connects directly to tiggole)
. . . . . mass of the mesons beloW, while aboveT, it will pre-
Gﬁﬂw)(X,t)EGﬁﬂwHwX)(t)zz (A(z+x,0)yua(z,)@{(0))  sumably help analyze the dominant low energy structure in
z the frame of our strategy. By contrast, usispgtial propa-
(21 " - ()
gatorswe shall extract the “screening massi?’.
. Errors are estimated by the single elimination jackknife
at fixed t. Gﬁ,,“')(x,t) can be interpreted as the “Coulomb method, unless otherwise notified. For details see Sec. IV A.
gauge wave function;” it indicates the spatial correlation be-For various comparisons we shall also use in 8¢), in-
tween the quark and antiquark. stead of the quark propagato®&measured in each Monte
(ii) The convolution: Carlo (MC) configuration, free quark propagators, defining
in this way “free” mesons.

(28)

wap(y) =2 wa(v)wp(v+Y), (22 lll. LATTICE SETUP

In this section we describe the preparation of the lattice on
which is equivalent to using smearegiark and antiquark which mesonic correlators at zero and finite temperature are
fieldswith smearing functionss, and w, , respectively. We ~calculated.

use here three kinds @fuark smearing functions:
A. Anisotropic lattice

wp(g)ocg(;) (*“ point”) (23) We use anisotropic lattices on which the spatial and the
temporal lattice spacings are differea;# a, [19]. The sim-
plest generalization of commonly used Wilson actions for

we(y)xexp —aly|?) (“exp’), gauge and quark fields is obtained as follows.
(29 For the gauge field action,
)l (fwall” 25 s=2 3 (1—3Rewu..<x>)
wy(Yy)* (““wall’"). (25 VG x,i<]<3 3 .
In tuning the exponential sourexpin Eq. (24) we shaILuse +Bve z (1_ } ReTrUi4(x)), (29)
the parametera,p from the observed dependence wrat xi=<3 3

large t of the temporal Ps wave function witboint-point
source aff=0, G{PP(x,t)—see Eq.(21). The mesonic op-
erator “exponentially” smeared both at the quark and the 2more precisely, the relation between the slope parameter in cosh,
antiquark corresponds to a mesonic source in the relq’eﬁe say,M, and the position of the poléd, is
distance given by the convolutiof22). Therefore theexp
exp smearing witha,p from the wave function implies a M= &\2[coshM/&)—1] (26)
meson source typicallwider than the measured wave func-
tion GPP(x,t), t>1.

Thet dependence of the temporal propaga@kﬁﬂ‘"')(t) M=¢In(M/é+1) 27
depends on the spectral functions. Opexiodic lattice the for fermionic propagatods[17]. In the following we shall neglect

contribution of a pole in the mesonic spectral function to theihese corrections, since they remain below the other uncertainties of
t propagator iseccoshiM(t—N_/2)] (this M is therefore our data.

[and correspondingly
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TABLE I. Quark parametersy; is determined by the calibration usihg,,s configurations. The error of
x and mq=(:<*1—:<gl)/2 is not estimated ¢ is fixed in successive calculatipnThe tabulated meson
masses are the values obtained with smeared correlators described in the next section. All masses are given

in units ofa; *.

Kg YF Neonf K My Mps My
0.081 4.0%2) 20 0.1601 0.0389 0.177B) 0.196210)
0.084 3.892) 20 0.1633 0.0276 0.1493) 0.174712)
0.086 3.782) 30 0.1648 0.0223 0.13410) 0.164413)

where

U,.,(x)=U,00U,(x+m)Ul(x+1)UTx). (30

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

1 —
— 2 q(0K(xy)a(y), (3D

o XY

SF: 2

3
K(x,y>:ax,y—xgi§1 [(1—y)Ui(X) 8esiy
+(1+ 9 U] (x=1) 87 ,]
— Ko Ye[ (1= ya)U4(X) Ox1ay
+(1+ ) UN(x—2) 8,2y ], (32

wherek,, is the spatial hopping parameter apglis the bare
anisotropy for fermions.For later convenience, we defire
as

(33

x| R

1
==~ 2(ye—1)=2(mq+4),

dure is called “calibration.” Since we compare the temporal
and the screening masses, it is important to obfaas pre-
cisely as possible, and verify that these two kinds of mass
coincide atT=0.

In the case of dynamical quarks, a precise calibration re-
quires a large effort, since we generally have four bare pa-
rameters B, yg, K., andyg) and only three physical pa-
rameters§, a,, andmg which can be varied; therefore the
condition of physical isotropy implies a nontrivial constraint
among the bare parametdrk8]. In a quenched simulation,
however, the situation is much simpler. Here one generates
gauge field configurations using certain valuegBoénd yg
and read<t from gluonic quantities. Then the fermionic pa-
rameters are determined such that they give the desired quark
(or hadron mass and that the sangeis obtained from had-
ronic correlators.

B. Lattice parameters

We use lattices of sizes 12 N., where N.=72 (T
=0,) 20 (belowT.), and 16 and 1ZaboveT.), with cou-
plings B=5.68, y5=4.0, in the quenched approximatidn.
Configurations are generated with the pseudo-heat-bath algo-
rithm with 20000 thermalization sweeps, the configurations
being separated by 2000 sweeps. In most cases, 60 configu-
rations are used, except for the calibration. The gauge field is

wherem, is the bare quark mass parameter in units of thefixed to the Coulomb gauge. The calibration is described in
spatial lattice spacing. At a later stage, we shall carry out th@jetail in the Appendix. From the calibration of the gauge

chiral extrapolation in this 1.

The actual anisotrop¥ is defined using certain correla-
tors F containing gauge and fermion fields. In genergal,
and ye are different from¢ because of the interaction
[19,21]. To obtain the desired value @ one needs to tune
the values ofyg and yg by requiring the isotropy of correla-
tors in physical units:

Fo(2)=F(t=£2), (39

configurations we obtain a renormalized anisotrogy
=5.3(1). Thelattice cutoffs determined from the heavy
quark potential ara, '=0.85(3) GeV &,~0.24 fm) and
a;1=4.5(2) GeV @,~0.045 fm). This givesT.~250
MeV (see below, in agreement with other quenched calcu-
lations.

Table | summarizes the quark parameters and gives the
meson masses as determined in the next section. As a guide
for the mass range we are concerned with, the quark mass is

R R . . . . _ _1 _1 .
wheret and z are understood in the corresponding lattice€stimated by a naive relatiomy=(x~ "~ x. 7)/2 using the

units a, and a,,

3Note that the Wilson term corresponding to this ansatz does n
have a Lorentz invariant naive continuum limit. Since this is an

respectively. This renormalization proce-

critical hopping parametek.=0.17144(11). This simula-

tion deals therefore with quarks in the strange quark mass
region. The boundary conditions for quark fields are set to
periodic and antiperiodic in spatial and temporal directions

0rIespectiver, except for the calibratidat T=0) where an-

irrelevant operator, this feature should not affect our results; in fact____

this ansatz is more efficient in damping the additional fermionic

modes. This may be different for quantities where the Wilson term “The lattice described in this paper correspondSéd-Bdata in

acts marginally.

our earlier report$22].
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TABLE Il. The meson masses at zero temperature in unit’s. For the scalar channel only the connected part is evaluataaddp are
the fitted parameters of the observed Ps wave function, and they are used to smear the quark source.

Kg YE a p Mpg my Mg Ma
0.081 4.05 0.37833) 1.2898) 0.17771 8) 0.196210) 0.3025) 0.3145)
0.084 3.89 0.37931) 1.2778) 0.1493 9) 0.174712) 0.2857) 0.30Q06)
0.086 3.78 0.380@5) 1.2638) 0.134110 0.164413) 0.2809) 0.2966)

Ke - - - 0.122516) 0.24813) 0.2699)

tiperiodic boundary condition@@PBCg in all four directions

are used.

wherea, p are fitting parameters. The fitted valuesacdnd

p of the Ps meson wave function are listed in Table II.

In the following we always display dimensionless quanti- To extract the effective mass from the correlators follow-
ties; that is, they are understood as given in the correspondRg Eq. (28) we have several possibilities depending on the
ing lattice spacings or their inverses. Since we have twahoice of mesonic operatorb(,v?)(t), We call mé#*w/)(t)
lattice spacing®,, anda,, when we compare different quan- the effective mass extracted from correlators smearedawith
tities we shall use the translatiag = £a,; i.e., the numbers andw’ at the source and the sink, respectively. In Fig. 1 we
featured can be understood as given in unita,of(a;l). display the effective masses faf,=0.086. In all cases, the
sink ' is apoint-point operator and we show three choices
of w at the source:pointpoint, pointexp and expexp

In [23] we have measured the Polyakov loop susceptibil-(pp’ pe, andee respectively, in what follows For S and

itv as a function ofv. for several values oN.. At N A channels, only the correlators witbxpexp source are
y S T .7 shown, since with other sources statistical fluctuations are so
=18, the peak was found betweeg=23.9 and 4.0, which

: . large that no clear plateaus are found. It is clear from the
means on ouye=4 Ia.tt|ce thatN, =18 is very close to and ffigure that the effective masses from different operators con-
just aboveT .. The estimated temperatures for our values Overge to the same value at largethe worst behavior being
N, are thereforel=0, 0.937¢, 1.15T, and 1.5, for N, observed for the nonsmearpg-pp correlator. Considerable

=72, 20, 16, and 12, re_spect.ively. . . improvement is observed for the masses extracted from
We found that the configurations aboVgstay in a single meared operators. Of them{S®~PP(t) is the one that con-

Polyakov loop sector during the whole updating history, an erges most rapidly to a plateau, though it increases slightly

o o mrs o e A arly sages. wich i ue o h fact tal the Source
) 9 lightly too wide, as discussed in Sec. Il B. The amount of

sition if they are taken in the real sector, but they appear no(sgptimization achieved by the exponentially smeared operator

to “notice” it if they are taken on configurations in one of d

. . has to be analyzed through the diagonal correlator
the complex sector§22]. With dynamical quarks, th&, (D) DEE(0)) wh)i/ch is a su?n of positivg contributions
center symmetry is explicitly broken and the Polyakov loop; "~ M M

prefers to stay on the real axis. Since we regard the quenchér m the déféirenttst?;es—ﬁs(?e qu)' (8). ]!fn '?g' 2 we
lattice as an approximation to the dynamical lattice, we reSNOW, In addition fo the ofi-dlagon&e-pp etiective mass,
strict our simulation to the case with real Polyakov loop 04 . . .

C. Finite temperature

+*
sector. o X Ne=72 x,=0.086
_m -
IV. ZERO TEMPERATURE ANALYSIS v + X
O g
In the context of our strategy the analysis of the zero- x D¥g_ X
. . 031 o %w Ty 7 1
temperature correlators serves as foundation for the analysiy Ofng E%%%%g
atT>0. This is also a good opportunity to describe in detail g x + g
our procedure. Here we obtain the meson masses and thg R - "x + Ps(pp) x V(pp) ]
wave function which is used to smear the source and sinkg x * x ® Ps(pe) 4 Vipe)
= P9 x x O Ps(ee) & V(ee)
operators. © s % x 0S (ee) V Afee)
0.2 r . A4 =+ X o i
& ' Txgy xx, xxxx

®ggg§s‘§gggg&ggggégéﬁiﬁiiiii

.... +

A. Smearing of mesonic operators o ]
®occcccccceclttstitseseeece

To fix the exponentialsmearing function we measure the
wave function at zero temperature, given by E2{l) with 0 , , , ,

point smearingwp()7)=5(§) both for the quark and anti- 0 6 12 18 24
quark at the source, and define t

FIG. 1. The effective masses of correlators with various source

we(y)=GEP(y,)/GEP(0,0)] - =exp(—ayP), (35) smearing functions and the point sink feg=0.086, atN,=72.
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FIG. 2. Effective masses of Ps and V correlators A4gre=0.086 atN_=72. In the left plots for each figure, propagators with various
source and sink smearings are compared to observe the dependence on smearing. The right plots show the result of the variational analysis
the effective masses of the “ground” and the “first excited” states are displayed.

the masses extracted from diagoea-ee and pe-pe corr- this choice we keep measuring correlators with the different
elators. They both show a very similar behavior and do notypes of operators, to investigate the effective mass source

reach a plateau up to~10, where they merge with the dependence also at>0. As long as the effective masses
ee-pp result. This is an indication that the “good” behavior €xtracted from different sources converge to the same value,

of m{&~PP)(t) is partly due to an “accidental” cancellation temperature effects will be small and the extraction of the

of contributions from higher excited states which in a non-meson mass from thee-pp correlator will be safe. When

diagonal correlator may have alternating signs. Thereforéhe source dependence starts to be important we will rely in
also themgg(t) extracted from such correlators is no longer @ddition on other type of analysis, like the study of the wave
bounded from below by the meson mass. function and the comparison with the free quark case.

We have tried to improve the mesonic operator by per-
forming a variational analysis in the basis of operators
{DPP,OPE O, This amounts to a diagonalization provid-  We briefly summarize here the meson spectroscopy. We
ing the best approximation to the ground and first two ex-extract the masses at=0 from theee-pp propagators for
cited states within the space of operators we have used. Themplicity (see the discussion abgve-or the pseudoscalar
result of the diagonalization is also shown in Fig. 2 whereand vector meson, the masses are extracted from a fit to a
the effective masses of the “ground” and the “first excited” single exponential in the range=27-36 (where the three
states are displaydthe “second excited” state suffers from types of correlators coincide; although the-pp propagator
large fluctuations As can be seen, within this basis of op- reaches a plateau much earlier, precision was not lost by this
erators no improvement is obtained. The ground state effedimitation). For the S and A channels, the statistical errors
tive mass is very similar to thee-ee andpe-pe ones, prob- are much larger than for Ps and V; therefore we adopted the
ably an indication that the basis of operators used is toditting regiont=12-20 for the former. As was already men-
correlated to provide any further improvement. tioned, only the connected part of the scalar channel is evalu-

Summarizing the observations of the source dependencsed; hence the result is only useful for a comparison with
and the variational analysis @it=0, within the basis of three the finite temperature results. The values obtained are listed
operators we have at present, the analysis does not achieireTable II. These values are consistent with the result of the
further optimization of the correlators. Since the effectivevariational analysis, where we extract masses from the fitting
masses extracted from all sources approachetapp one  regiont=12-16.
and the latter reaches earlier a plateau, we shall use the Masses are extrapolated to the chiral limit with the defi-
eepp correlator for the coming discussion. One should,nition of « in Eq. (33). First, the pseudoscalar meson mass
however, keep in mind that such a correlator is not reallysquared is extrapolated linearly in<lfo determine 1. at
optimized in the sense of been constructed from a suffiwhich the Ps meson mass vanishes. This gives
ciently optimized meson source Bt=0. There isa priorino  =0.17144(11). Then the other meson masses are extrapo-
guarantee that the cancellation taking plac& a0 will still lated linearly to 14.. The results of the extrapolation are
remain afT>0. We will use the departure of{$*"PP from  also listed in Table II.
flatness as an indication that temperature effects start to be- Comparing with the physical value of themeson mass,
come relevant. To control the uncertainties introduced bythe vector meson mass af, defines the lattice cutoff as

B. Spectroscopy atT =0
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FIG. 3. Source dependence of effective massés,at20 for x,=0.086, all channels.

a;l(mp)~6.3 GeV. This value is about 40% larger than still have narrow peaks corresponding to the bound states.
a,'=4.5 GeV from the string tension and critical tempera-/ndeed the situation is very similar to tile=0 case. Figure
ture. Such discrepancies are found also on isotropic lattice$, compares the effective masses with several choices of
and are mainly explained @(a) effects. For this reason we source and sink smearing functiofe have also measured
always give our results in lattice units. Mass ratios shouldhere the effective mass withall source. For the Ps and V

not be affected by this uncertainty. channels, thee-pp correlator appears most flat, showing, as
for T=0, a rather clear plateau. The two diagonal correla-
V. NONZERO TEMPERATURE tors, smeared both at the source and the sink, have stronger

) ) contributions from excited states but merge with &®pp
In this section, we study how the temperature changes thgss,it at about~ 7. (Since the smeared sink suffers from

meson correlators. First we shall compare propagators W“Erge fluctuations, the discrepancy of the effective masses at
various source and sink operators. Then we shall discuss

YL 9 of the sink smeared propagators and the propagators

of the effective masses. For further insight into the temperz;{-}’\”th point sink is probably the result of insufficient statis-

ture effects on the meson correlators we studyttdepen- tics.) Here again a variational analysis does not provide any

dence of the wave functions. As a result we find that the twgMProvement on theeee andpepe results. .
quarks tend to stay together even in the deconfining praise 1 e convergence of the effective masses from nondiago-
least for Euclidean time scales1/T). Finally we study the nal correlators witfpoint-point sink has not taken place yet
temperature behavior of tempordf‘pole”) and spatial att~N./2. This could |n_pr|nC|pIe be a first signal of tem—
(“screening”) masses which could be associated with thePerature effects but notice that the difference of effective
putative quasiparticléresonance?states suggested by the masses at this value bfs of the same order as that observed
first steps of the analysis. atT=0 at the same slice.

To disentangle perturbative from nonperturbative effects In the S and A channels the statistical fluctuation of the
we shall repeatedly compare the measuféddil” ) meson effective masses are much larger than for Ps and V. In these
correlators with “free” meson correlators made out of un- channels, the effective masses frevall-pp andee-pp cor-
bound quark propagators. For the latter we just use a fregelators coincide. Again we observed large fluctuations at
quark ansatz and only allow the quark mass to vary with thearget for the sink smeared propagators.
temperature. Th.is means that we consider quark-antiquark Like for T=0, atN.=20 we conclude that the most reli-
correlation functions in the corresponding mesonic channelgpe estimate of the meson masses is again obtained from the

in lowest order perturbation theory but with a temperatureze.pp propagators. The extracted masses are discussed in
dependent quark mass. As has been shown by a more i&ac v p.

volved analysis, including further thermal effects in the hard
thermal loop (HTL) approximation does not significantly 2. N,=16 and 12 (above J

change the resul4]. -
g [24] At N.=16 andN_=12, the propagators are very similar

A. Source dependence of the propagators at nonzero between the different channels which is a clear indication of
temperature chiral symmetry restoration immediately abolg (see Sec.
V D for further discussion of this pointFigure 4 shows the
1. N;=20 (below T) effective mass dependence on the mesonic operatdt, at
Let us start withN=20. The system is in the confining =16 andN, =12 for the Ps channdthe effective masses in
phase; hence we expect the hadronic spectral functions the other channels are similaifo see the quark mass depen-
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FIG. 4. Source dependence of Ps effective masségatl6 and 12 forx,=0.081, 0.086.

become metastable aboVg or has been replaced by a col-
lective excitation of increasing width, or that the effects of
the contamination with other states from the insufficiently
tuned source have become very strong. Nevertheless, it is
will be done in Sec. V B they still seem to merge with those remarkable that we find a clear change in behavior setting in
coming from diagonaée-ee andpe-pe correlators at about at T, although smoothly connecting to the behavior below
t~4 (statistical fluctuations do, however, not allow a quan-T, (at least for the Ps and V propagators: the S and A corr-
titative estimatg There is, however, a clear difference in the elators change more significantly, in accordance with the chi-
behavior of the nondiagonal effective masses here, as comal symmetry restoration—see Sec. Y.’he same signal is
pared toT<T.. In particular thewall-pp mass looks as flat provided by the observation of the source dependésee
as theee-pp but seems to converge to a rather differentprevious section Notice that the contamination with other
value (the difference att~N,/2 being here considerably states due to the imperfection of the source alone would be
larger that the corresponding one at the same time slice fazxpected to produce a rather continuous dependence on the
N¢=20). temperature, and not the clear difference in behavior ob-
The observed stronger source dependence abgweight  served below and abovE, .
partly be an effect of periodicity or contamination from ex-

dence, results for two values gf, are shown. An interesting
feature is that thec, dependence is small.

Although aboveT; the ee-pp effective masses no longer
show such a clear platedturther discussion on this point

cited states but it is peculiar that this behavior sets in pre-

cisely atT,. In view of the discussion of Sec. Il A, we con- oo K.=0.086 N.220 N,=16 N,=12

sider this as indication that strong temperature effects ‘(’ee source) '

develop abovel . (further discussion on this point will fol- O Ps

low laten. We have also performed at thebk's a varia- 0.25 av

. . . L o—@ Ps(free)

tional analysis which again just reproduced the values of the a—a V (froe)

ee-ee andpe-pe correlators. a E\goﬂ
3 020 ‘\'\,\‘“ g

B. Effective mass oft propagators at nonzeroT § *
We shall concentrate here on thelependence ofe-pp E = \i\%

propagators, which generally lead to the most flat effective . 535X

masses and will therefore be used later for estimating the o

temporal masses. Figure 5 shows the effective masses of F 2000 nyg

and V meson correlators witlee-pp smearing atN,

=20, 16, and 12 fok,=0.086. While atN,=20 a plateau 0.10 t

appears, ai =16 and 12 the effective masses are no longer

2 4 6 8

2

4 8 2 4

6

flat, theirt dependence increasing with the temperature. This £ 5. Effective masses of the correlators witkpexpsource

holds already at values at which theN,=20 data have

and point sink at finite temperature faf,=0.086. Shown are also

clearly reached a plateati=4) and indicates that we have the effective masses of the “free” mesons, composed of the free

to do here with strong temperature effects. Because of thguark propagators ~with mya,=0.2, 0.23,

and 0.3 nf,

uncertainties related to these-pp smearing, it is not possible =0.0377, 0.0434, and 0.0566 in units @f *) for the three tem-

to say whether this behavior means that the mesonic state hperatures, respectively—see Eg6).
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0.25 FIG. 7. t dependence of the wave functiasf®9(x,t) at N.
=0.088 N,=16 N,=12 =20 and 12 forx,=0.086, Ps channel. The “free” wave function
(wall source) ™ is also displayed. Both measurétfull” ) and “free” correlators
Z 5’5 are smeared witlexpexp functions. We represent by crosses the
0.20 oo free 1 convolution, Eq(22), which gives the separation distribution in the
source.
8 B . .
g o) ] measured Ps and V effective masses change their order and
2 015 5, increasex T, a feature shared with the “free” mesons. The
g 5553 5 g5 inversion in the order of the masses essentially implies that
k3 i & b% @ the propagators are not dominated by a narrow Steee
& gT@0 ) o000 below); however, not every wide spectral function leads to
010 g © @ 1 this inversion, and therefore this similarity may have signifi-
PPN cance. After we tuned the free quarks to simulate (fhé)
e—e—e-oo o oo data in thep channel, the pseudoscalar remains, however still
well below the “free” resultga similar observation has been
0.05 t i
2 4 6 8 2 4 6 2 4 6 made in[7]).

The interesting signal of the Ps-V hierarchy inversion de-
FIG. 6. Effective masses of the correlators withint-expsource  serves a comment. The spin inequalifi2s] derived for the
and point sink(upper ploj and withwall source and point sink correlators (P V) are, of course, always satisfied. If these
(lower plo at finite temperature fok,=0.086. Shown are also the correlators have well-defined narrow states at low enéagy
effective masses of the “free” mesons, for the same sources and fasay,m_ and m,), the latter will dominate asymptotically and
the thermal quark masses used in Fig. 5. The scales are shifted figfe above inequality impliesi,<m, . If, however, the spec-
readability. tral functions have wide structures, the corresponding effec-
) ) ] ) tive masses do no longer need to show this hierarchy. Then
Since abovel, we are in the QGP phase, a first thing {0 the sjtuation also depends strongly on the source, since the
testis to look for signals of the perturbative, highegime—  getails of the corresponding spectral functions differ. In par-
that is for unbound quark-antiquark propagation in the Mejcyjar, for free quark mesons we always find an inversion,
sonic channels. In Fig. 5 we show effective masses calcuypless we use thwall source(which, of course, just brings
lated from “free” meson correlators constructed out of free ot the 2m, threshold, independently of spin channel, and
quark propagators where only the mass is assumed to vayodyces therefore flat and equal effective masdesig. 6
with the temperaturé¢as already noticed, a consistent HTL o present the situation for thEe-pp andw-pp correlators.
calculation[24] does not significantly affect the resulfhe  \ye opserve abov@, for all sources similar behavior of the
free quark propagators are calculated vh=5.3 and using || and the free correlators, although there are again also
the same source as for the genuine mesons. Here and evegyaar differences between them.
where the plotted results for the “free quark mesons” cor-  a|so the stronger source dependence observed dhoige
respond to the assumption of a thermal mass for the quarks, feature which the measurétfull” ) meson propagators
2 share with the free ones—Dbut for the latter this is much more
mtherng_TNO 0 T a -l (36) pronounced and for particular sources quite different from
q . 41_— ;s :
J6 c the full mesons. For instance, for the wall source, the effec-
tive mass of “free” mesons, as noticed above, is completely
tuned such as to give good agreement indlehannel above flat and its value is twice the quark mass value, while the full
T, with the measured‘full” ) effective massethis means meson effective masses are significantly larger and vary with
g%~1.8). We observe that above the critical temperature thé—see Fig. 6.
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FIG. 8. Ps normalized wave functiop(®)(x,t) for x=(3,0,0) (left plot) and x=(5,0,0) (right plot) vst at N.=20 and 12 forx,
=0.086 and for various sourcépointexp expexp andwall). The “free” wave function is also displaye@or wall this is simply 1,
independently ok andt).

In the analysis of the propagators we observe therefore-0 086. The “free” meson “wave function”o{F9(x,t) is

competing features, which hint at some contributions fromgpown for comparison. We see now a very clear difference:
“unbound” quarks but cannot be explained only in terms of the normalized wave function of the “free” meson shows
the latter. To investigate further Fhis_problem we analyz.e the[he expected behavior, becoming increasingly broad wth
t dependence of the wave function in the next subsection. all temperatures. The measured wave function, on the other
hand, shrinks very fast from thgvider) distribution implied
by theexpexpsource at=0,% and stabilizes very early to a

We consider the normalized wave function at the spatialvell-defined shape with increasirtg Remarkably enough,
origin: this behavior is not only seen at 0B3N .= 20)—where, as

. . . expected, the wave function is similar to thatTat 0—but
(X, 1) =G (x,1)/G{(0,1). (87)  also at 1.5,(N,=12): the wave function abov&, is only
. ) slightly wider than below.

We recall that these correlators are obtained in the Coulomb In Fig. 8 we plotqo(‘”)(i,t) vs t for various sources, at

gauge. IE the correlatoG&,,“’)(i,t) is dominated by a bound distancez=(3,0,0) an&=(5,0,0). Again we show both the
state,¢(x,t) should stabilize with increasing approaching measured correlators and the “free” ones. As noticed, a
a certain shape. If there is no spatial correlation among thgenuine wave function would be represented by ratios

quarks, in particular in the case of a “free” cqrrelat(mn- go()z,t) independent ot for large enough, smaller than 1
structed from free quarksthe corresponding(x,t) should ;4 decreasing with= |>Z|.

become broader ir with t (or at best reproduce the source,  From the figures we see that &t=0.93T,. the measured
for my—0).° We shall use different sources, and observe wave function approaches, with increasing unique shape,
the evolution ofe(“)(x,t) with t. independently of the source. At=1.5T the expexpsource

Figure 7 shows the change witlof ¢©9(x,t) for the Ps ~ @lso appears to stabilize, while tipeintexp and thewall

correlator withexpexp source atN,=20 and 12, andc, Sources, although indicating some tendency towards the
same shape, do not show clear stabilization. We see therefore

here a more pronounced source dependence, very similar to
what happened with the effective masses abdye Al-
though the tendency to an increased source dependence is a
feature remembering of the “wave function” of the free
quark mesons, at all the measured wave function is very

C. Wave functions

SFor a simple illustration consider two nonrelativistic quarks of
mass m,, my and individual initial Gaussian distributions
Pq(y.0)cexp(—y?/2a®) and yg(y,0)xexp(—y?/2b?), respec-

tively; then it is easy to see that the width of the distribution in the . .
relative distance x, #(x.t)=fdy dz8(z—y—x) #g(y.) #s(2.1) different from that given by free quarks. The latter, of

[essentially, our (x,t)], develops asT'(t)2=T"(0)?+(1/m, course, have a broadening distribution in all cases, the cor-

+1/my)t, with T'(0)2=a2+b2. Nodes in the original distribution responding ratiogg(x,t) increasing steadily towards 1, and
may lead to occasional cancellations, but the general picture is the

same. It would be physically quite unplausible that uncorrelated

propagating quarks would tend toward a distribution in the relative ®The distance distribution of the quarkstat0 differs somewhat
coordinate narrower than the one they start with, whatever theifrom the smearing function of the corresponding source; this does
spectral functions might be. not modify, however, the general features.
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TABLE lll. The temporal masses and the screening masses dividéd-=I83 (i.e., measured in units @ to allow comparison with
the temporal ongsat finite temperature.

N T Ky mps m\/ mS mA mf;"s)/g ms;r)/g
20 0.081 0.17087) 0.186917) 0.29212) 0.29416) 0.180418) 0.203621)
0.084 0.145819) 0.168418) 0.27710) 0.27913) 0.151622) 0.181626)
0.086 0.131822) 0.159519) 0.27110 0.27212) 0.135427) 0.170%31)
K¢ 0.04Q9) 0.123325) 0.24311) 0.2429) - 0.126748)
16 0.081 0.1838.4) 0.175714) 0.187713) 0.183926) 0.316934) 0.336427)
0.084 0.175(15) 0.169@14) 0.1885%13) 0.173113) 0.308%48) 0.332931)
0.086 0.172815) 0.167814) 0.188813) 0.174713) 0.303661) 0.331232)
K 0.156819) 0.156416) 0.190315) 0.180413) 0.286896) 0.324441)
12 0.081 0.212@.3) 0.198614) 0.221713) 0.198112) 0.409616) 0.422421)
0.084 0.2100L3) 0.197913) 0.225513) 0.203212) 0.403616) 0.418021)
0.086 0.210113) 0.199612) 0.227513) 0.206112) 0.399516) 0.414821)
K¢ 0.206214) 0.200112) 0.235213) 0.216413) 0.386816) 0.405321)

show an incomparably stronger source dependéfite dif-  persistence of strong binding forces between quarks. The
ference in behavior is particularly pregnant for thall  tentative interpretation of these results is that even aligve
source, where the measured wave function shrinks stronglinetastable bound states are present in the mesonic chan-
with t while the “free” wave function is completely flat and nels. In this section, assuming the existence of such states,
independent ol <pgwa“>(>2,t):1 for anym,. These features we try to characterize them by extracting from the propaga-
are observed in all four measured channels. This result itors the temporal masses which would be associated with
strongly indicative for the existence dmetastablgbound them (would locate the corresponding peaks in the spectral
states in the mesonic channels at temperatures as high famctions: “pole” masses They are compared with the
1.5T;, characterized by “wave functions” similar to those screening masses in the same channels and their temperature
below T.. From the comparison between the behavior aidependence is studied.

0.93T. and 1.9, we may conclude thag) even at the high-

estT theexpexpsource still projects on a state characterized 1. Temporal masses

by a strong spatial correlation between the quarks, quite
similar to the lowT wave function, butb) with increasingl
above T, also other contributions in(tr)m mesonic chgnnelstempor"?II masses from the correla@?efpm. We use for
show up, without such strong spatial correlatiéiis is ten- ~ cOmputing the mass the last three points nea 2. The

tatively indicated by the increased source dependence of tHted values are listed in Table Ill. Masses extracted from
wave function. diagonal correlators obtained in the same fitting region are
As already remarked, the similarity of the stabilizexp ~ consistent with these values within statistical error.
exp wave functions seen at all represents self-consistent ~ In the case ofN,=16 and 12, the situation is far less
support for our source strategy, since the latter selects @lear. Here no plateau is seen, neither for the diagonal nor for
given state on the basis of its spatial internal structure. ~ theee-pp correlators. We decide to extract masses from the
latter, again by using the last three points neaNt®?, but
we should be aware that these madgfethey do at all char-
acterize some statemay be misestimated. The resulting val-
ues are also found in Table Ill. They are consistent with the
The discussion of the previous sections has shown abouesults of the diagonal correlators, which suffer from large
T. significant temperature effects simultaneously with thestatistical fluctuations. We note here that we quote statistical
errors only; there are large systematic uncertainties due,
among others, to the smearing function dependence of the
correlators. Since we use a nondiagonal correl@idrich
ques not provide an upper bound for the masge cannot

monotonous and heavy quarks just reproduce the initial distributio?®Y N which direction this uncertainty goes.
(e.g., the crosses in Fig. 7 for thexpexp source at all t, as ex- In the next step the extracted masses are extrapolated to

pected. Of course one can find some fragand some source to the chiral limit. At N,=20, in the confmgd pha.'?‘e, we ex-
approach some of the data points, but not to reproduce the vatf@polate the Ps meson mass squared linearly.ifror the
majority of the features; in particular, the shrinking of the measured®ther mesons we use linear extrapolations. The extrapola-
(full) wave functions wittt for wide initial distributions cannot be tions are shown in Fig. 9; they are similar to thoseNgt
reproduced by any free quark ansatz. =72. Although the Ps meson mass at the critical hopping

As discussed in Secs. IV and V, At.=20 we extract

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

"We use the same free quark mas&&® which were employed
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FIG. 9. The chiral extrapolation of the temporal massebl at ' ' ' '
=20. 04| *=x : o mp, ]
. . . A my
parameter does not completely vanish, this can be explained
A . . = 0 mg
as anO(a) error and by the uncertainty in the extraction of 03 L 1
the mass. | [} v My
Above T, also the Ps meson mass is extrapolated linearly. § % 3 s ° m,, /g
The resulting mass values at the chiral limit are listed in & 02 | 2 am % ]
Table 1ll. Generally abové& . the quark mass dependence of ’ g
the meson masses is small. &
3 %
. 01t ]
2. Screening masses
Before discussing the temperature dependence of the 3 2

“masses,” we briefly describe the extraction of the spatial 0.0 : ‘
(“screening”) masses. Since the spatial distance is large 000 002 0.04
(~3 fm), we use for this unsmeargzh-pp correlators in

the z direction and the same procedure as in the calibration 5 1o Temperature dependence of masgesa:?) at «,,

(see the Appendix We have verified that these masses are:0.086(top) and in the chiral limit(bottom). Solid (oper) symbols

consistent with those obtained from propagators using gaug&respond to spatialtempora) masses. The gray vertical line
invariant smearing techniqué¢g6]. roughly represents, .

We measure Ps and V meson masses af.alit zero
temperature we used APBCs in all directions and required ) .
the masses in the space and time directions to represent tie?» 0-93¢, 1.13T¢, and 1.9¢. The vertical gray line

same physical masses. Thereafter we switched to periodf@ughly corresponds to the critical temperature.
boundary conditions in the&, y, andz directions, but this N the confining phase, the temporal and screerisgz-
did not induce sizable changes in the masses. tial) masses coincide; however, aboVg they become in-

At N_=20, the spatial propagators show almost the samé&reasingly different. This is to be expected, since the former
behavior as aN,=72. AboveT,, the effective masses ap- (whether they represent bound states or) roe related to

proach a plateau earlier than beldy: the obtained values propagation in plasma with the transfer matrix of the original

are therefore more reliable than in the confining phase. ~ Problem, while the latter correspond tdra-0 problem with

Masses are again extrapolated to the chiral limit. Also?Symmetricfinite size effects, _strong_ly in_creasing with the
perature(one of the “spatial” directions of the new

here, as for temporal masses, as a result of uncertainties aHel" at e
the originalt direction—becomes

partly O(a) effects, the naive extrapolation of the Ps mesonProblem—namely, _
mass squared does not vanish exactly &t 1/ squee;ed as T). In agreement with other WOI’KE:I.Z],
screening masses aboVe are «T and close to twice the

lowest Matsubara frequency of the original probléthe
lowest quark momentum in the squeezed direction; notice
The temperature dependence of temporal and screeningat this direction has APBCs, while the other three have
masses is summarized in Fig. 10. The values are given ipPBCy, although remaining below it for all. In Fig. 11 we
units of a;*. The horizontal axis is N, and we haveT  plot the ratiosm/T for the three nonzero temperatures to-
=1/N.a, with a;1=4.5(2) GeV. The four points N,  gether with twice this lowest Matsubara frequency for com-
=72, 20, 16, and 12) correspond to the temperatdres parison. The temporal masses abdyeare also proportional

006 008 040 0.2
1N,

3. Temperature dependence
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' ' FIG. 12. The phenomenological parameferEq. (38) as func-
S | tion of T. The gray vertical line roughly represeris.
: K=K,
¢ P . . . .
N °ors that because of large lattice artifacts in our data, mass ratios
] s I are more reliable than absolute values.
40 - os | Let us note again that abovi. all four channels show
= v A almost the same masses. In the present quenched calculation,
E o P the chiral symmetry is not involved in the dynamics and the
g s(c) e . o
2 phase transition is the deconfining transition. Nevertheless,
| = 2 aV(o . T
20 - i the chiral symmetry seems to be restored, which indicates a
close relation between the two viewpoints of the QCD phase
transition. This agrees with the old observation that the chiral
® condensate also feels the deconfining transition of pure
0.0 . . . ‘ gauge theory—see, e.§28].
0.00 0.02 0.04 0.06 0.08 0.10 0.12
N, VI. CONCLUSIONS AND OUTLOOK
FIG. 11. m/T at T=0.93r;, 1.18T;, and 1.9 for «, In this quenched QCD analysis the changes of the meson

=0.086(top) and in the chiral limit(bottom). Solid (oper symbols properties with temperature appear to be small beTow
correspond to spatialtemporal masses. The gray vertical line Above T, we observe apparently opposing features: On the
roughly represent3 .. The dashed horizontal line corresponds to one hand, the behavior of theropagators, in particular the
twice the lowest “energy” of a massless quark propagating inethe e in the ordering of the mass splittings, could be ac-
direction on this lattice. counted for by contributions from free quark propagation in
the mesonic channels, which would also explain the variation
of m{7(t) both with t and with the source. On the other
and, the behavior of the wave functions obtained from the
our-point correlators suggests that there can be low energy

decrease disappears in the chiral lifiitwer plob. excitations in the mesonic channels abdveappearing as

As a phenomenological parameter to succinctly quantiWetaStab[?hbound lséatt)es Vr:h'Ch treplaccjebthe low temp.erattl;]re
this behavior we introduce mesons. They would be characterized by a mass giving the

location of the corresponding bump in the spectral function.
- om In this case the variation of{7(t) with t and with the
= L 1-"J4... m<T<all. source would indicate a resonance width for these states,
m@+m p 1, T a ! increasing withT. Our treatment of the low energy states
(39 using theexpexp source introduces, however, uncertainties
which do not allow for quantitative conclusions. As we have
Since at highT the quarks are expected to exhibit an effec-seen this source is indeed slightly too wide and includes
tive (therma) mass (36) my'®™=g?T/\6 [27], R=1  some contributions from excited states compensating each
—0.269% for T>T,. Using the valueg®=1.8 which fitted  other in theee-pp correlator afT<T,. At high T the “ef-
the V effective mass abov@, (cf. Sec. VB gives R  fective” mass becomes therefore increasingly ambiguous.
=0.53. From Fig. 12 we see that our data tend toward thilRemember, however, that our source is not chosen arbitrarily
regime but are still well below it even 8=1.5T.. Notice  but selects a state according to the internal structure of the

with T but with a significantly smaller slope. The slight de-
crease of the Ps and V temporal massed[T) aboveT, in
the upper plot of Fig. 11 is due to the large quark mass in th
simulation, which produces a terml/T in this plot. This
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latter on the basis of the similarity with the wave function of functions in the HTL approximatiof24] show that the ob-
the T=0 mesonic ground state. What we find is that at allserved effects cannot be reproduced from perturbative ther-
temperatures there is a tendency for stable spatial correlational physics. The wave function analysis in our work indi-
between quarks with a shape similar to fre 0 wave func-  cates in fact that the strong interactions between the thermal
tion. It seems therefore reasonable to hypothesize that at @iuons and quarks may even provide binding forces which
temperatures this source finds a low energy mode charactep@rtially correlate the latter in space.

ized by strong, stable spatial correlations between the quarks, 1€ complex, nonperturbative structure of QG#fready

and that the properties of the propagators taken with thiddicated by equation of state studies up to far abbygLOJ;

source will reflect within some uncertainties the properties of€€ &/429)) is thus also confirmed by our analysis of gen-
this mode. eral mesonic correlators. From our more extended study,

We see a clear signal for chiral symmetry restorationhowever’ e§pecially frpm the here for the first time .invgsti-
. . . . gated, spatial correlations between quarks propagating in the
starting early abové .. Since this is a quenched calculation, o . .
this effect is completely due to the gluonic dynamics Abovetemporal direction afr>T, (wave fur_10tmn$. the detailed
. . ' low energy structure of the mesonic channels appears to
T the SCreening masses increase faster tharitémeporal ___present further interesting, yet unsolved aspects and therefore
masses, remaining, however, clearly below the free gas limity ., ige an exciting and far from trivial picture of QGP in the
The .exact .amount of splitting among the channels and th?egion up to(at least 1.5T, . Further work is needed to re-
precise ratio betweem(” and m(®) may, however, be af- move the uncertainties still affecting our analysis. This con-
fected also by uncertainties in ogrcalibration, in the defi- cerns particularly the calibration and the question of the
nition of the source, etc: Especially the temporal massegefinition of hadron operators at high which appear to
might be misestimatedf they are at all well defined But  have been the major deficiencies, in addition to the smaller
the semiquantitative picture of mu¢and, with T, increas- lattices, affecting earlier resulfd7]. We are also trying to
ingly) steeper “screening” propagatofas compared with extract information directly about the spectral functipgg].
temporal onesis undoubtful. Finally we are aiming at performing a full QCD analysis in
A possible physical picture is this: Mesonic excitationsthe near future.
are present abovE; (up to at least 1.B;) as unstable modes
(resonancesin interaction with unbound quarks and gluons.

They may be realized as collective st.ates, by the interaction ACKNOWLEDGMENTS
of the original mesons with new effective degrees of freedom
in the thermal bath, or as metastable bound sf@atethermal We thank JSPS, DFG, and the European Network “Finite

quarks?. To the extent that our results can be interpreted agemperature Phase Transitions in Particle Physics” for sup-
supporting this picture, we should note th@: the “tempo-  port. H.M. thanks T. Kunihiro and H. Suganuma and 1.0.S.
ral masses” of these putative states in the pseudoscalar atidanks F. Karsch and J. Stachel for interesting discussions.
vector channels connect smoothly to the “pole” masses oH.M. also thanks the Japan Society for the Promotion of
the mesons below, (the S and A correlators change more Science for Young Scientists for financial support. O.M. and
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if we assumeg?~1.8 (while the spatial masses increase (No. 10640272 M.G.P. was supported by CICYT under
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states are very similar to those of the genuine mesons beloAP1000 at Fujitsu Parallel Computing Research Facilities
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mesonr-Qi,+qi, Where by g, +0i;, we indicate some
strongly interacting but unbound quark states, &edthe
incomplete(quenchegldynamics of this simulation seems to APPENDIX: CALIBRATION OE ANISOTROPY
already provide enough interaction to acco(intaddition to PARAMETERS
mesonic states beloW,;) for chiral symmetry restoration and ] ] )
binding forces aboveT.; nevertheless, the effects of dy- 10 determine the gauge field anisotrogy we use the
namical quarks of small enough masses may add further fe&atios of the spatial-spatial and spatial-temporal Wilson loops
tures to this picture. 31-33:
Although our results are consistent with the above picture,

there may be also other possibilitiésf. [6,7]; cf. [1] and Ry (1, X) = Wq o (1 + 1 X)W, (1,X),
references thereinWe also see agreement with an earlier
study of meson propagators including dynamical qu#ks R(r,t)=W_(r+21t)/W,(r,t). (A1)

without wave function information[7], which finds masses

and (spatia) screening massesT aboveT, and an indica- Then the matching conditiof84) is

tion of QGP with “deconfined, but strongly interacting

quarks and gluons.” Investigations of mesonic correlation R (r,x)=R.(r,t=£¢Xx). (A2)
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FIG. 13. The effective masses of correlators in temporal and
spatial directions forc,=0.081 with two values ofyr, 4.02 and

4.05.

Eighty configurations are used for this analysis.

In the determination of, we vary the minimum value of
rxXx (with corresponding choice df), wherer<5 (r=1
andx=1 are not used to avoid short distance effecthe
largest value ok for eachr is chosen with consideration to
We obtainé=5.397(22) ( X x
=4), 5.340(40)( Xx=6), 5.248(101){Xx=8) and take

the statistical errors.

therefore¢=5.3(1) in the following.

Jo=0.480(23), together with physical valug/o,pys
=427 MeV gives the cutoffa '=0.85(3) GeV andc’

fit range
O Ps (z=4-8)
55 1 AV (=48 1
-+ N e Ps(z=5-7)
S A V (z=5-7)
54 r----1-------------1 e
4
o 5.3 : =
[
®
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51 ]
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A3

=0.081 with various values of .

FIG. 14. &-'s determined from the Ps and V correlators fqr

For y.=4.05, the spatial effective mass divided By

where the temporal mass shows a

=5.3 coincides with the temporal one. Although the former
shows no plateau because of the small number of spatial
sites, the temporal effective mass, which is finer spaced, does
reach a plateau in the largeegion. It is consistent to expect
that if both masses agrdafter £ rescaling in the region

plateau, the spatial mass is

_ \ _ also dominated by the ground state. We therefore determine
~ To determine the lattice spacings, the heavy quark poterg_ | the fermionic anisotropy, as the ratio of the spatial ef-
tial is measured. The extracted value of the string tensiofective mass az=5 and the fitted value of the temporal

mass in the interval=27-36. The
tracted masses are confirmed by

value of; and the ex-
studying correlators with

=4.5(2) GeV. The spatial extent of the lattice of about 3smeared operators which do reach plateaus much earlier. The
fm (~4 times 1T;) is considered sufficiently large to treat smearing procedure of the correlators in the temporal direc-
o ) ) ] tion is described in detail in Sec. IV A. For the correlators in
We then proceed to th_e fermionic cahbratu_)n. We fix thespatial directions, we apply the gauge invariant smearing
value ofx,, and varyye to find out the value which gives the o -\nique 26] (since the configurations are fixed to the Cou-

hadronic correlators.

same anisotrop¥ as for the gauge field. We define the fer-
mionic anisotropy using correlators in temporal and spatia
directions, expected to behave at large distances like

GFEPP() =(@FP 1) DEP(0)) — € exp(—miPt)

and the same expression with time replaced by one of th
spatial directiong behaving ac!” exp(-mi72) for largez

In the calibration, we measure the pseudoscalgy ( 3
=1vs) and the vector §;, 7y,) meson correlators. Here we . _
adopt antiperiodic boundary conditions in all four directions;
hence the expected behavior is a hyperbolic cosine. Th
physical isotropy conditiori34) is then applied to the effec-
tive masses. Figure 13 showsg?f(t) obtained by solving

Eqg. (28) and the correspondinm

-1
a, ).

t—o

(A3)

(o)

o11(z) for ks=0.081 and
with two values ofyg. In the figurem(e‘ﬂ(z) is divided by
¢=5.3 to be compared Witmg,?f(t) (i.e., it is given in units

|omb gauge
Though these calculations are

masses on the kind of boundary
small on the present lattice.

carried out with periodic

boundary conditions in spatial directions, the dependence of

conditions is sufficiently

Figure 14 shows the dependenceépfon v . The values
of &¢ from Ps and V mesons are slightly different, but con-

sistent within the present accuracy. We adopt the averaged
value of Ps and V channels and estimate the error as their

Sifference.

We use three sets ofx(,, 7vg):
89, and(0.086, 3.78. In Table I,
tion. For the second set, two val

using smeared correlators.

priate, since comparison of pole

(0.081, 4.0%, (0.084,
these values are listed

together with the number of configurations used for calibra-

ues of are tried. The

fheson masses quoted in the table are determined in Sec. IV

Another procedure to calibrate the fermionic action using
the dispersion relation is proposed [iB84]. In the present
case, however, the procedure used above seems more appro-

and screening masses at

finite temperature is one of the important goals of this work.
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