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Calculation of the pseudoscalar-isoscalar hadronic current correlation functions
of the quark-gluon plasma

Bing He, Hu Li, C. M. Shakin,* and Qing Sun
Department of Physics and Center for Nuclear Theory, Brooklyn College of the City University of New York, Brooklyn, New York

~Received 28 October 2002; published 29 January 2003!

We report the results of calculations of pseudoscalar-isoscalar hadronic current correlators using the
Nambu–Jona-Lasinio model and the real-time finite-temperature formalism.~This work represents a continu-
ation of results reported previously for other current correlators.! Results are presented for the temperatures
range 1.2<T/Tc<6.0, whereTc is the temperature of the confinement-deconfinement transition, which we
take to beTc5170 MeV. Some resonant features are seen in our calculations. In order to understand the origin
of these resonances, we have performed relativistic random phase approximation~RPA! calculations of the
temperature-dependent spectrum of theh mesons forT,Tc . For the RPA calculations, use is made of a simple
model in which we introduce temperature-dependent constituent quark masses calculated in a mean-field
approximation and a temperature-dependent confining interaction whose form is motivated by recent studies
made using lattice simulations of QCD with dynamical quarks. We also introduce temperature-dependent
coupling constants in our generalized NJL model. Our motivation in the latter case is the simulation of the
approach to a weakly interacting system at high temperatures and the avoidance of ‘‘h condensates’’ which
would indicate instability of the ground state of the model. We present some evidence that supports our use of
temperature-dependent coupling constants for the NJL model. We suggest that our results may be of interest to
researchers who use lattice simulations of QCD to obtain temperature-dependent spectral functions for various
hadronic current correlation functions.
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I. INTRODUCTION

Recently we have seen a good deal of interest in the
culation of hadronic current correlation functions at fin
temperature using lattice simulations of QCD@1–5#. The
procedure involves the calculation of the correlation funct
in Euclidean space and the solution of an integral equatio
obtain the spectral functions. Various temperature-depen
resonant structures are found in the spectral functions. It i
interest to obtain further understanding of the nature of th
resonances using chiral Lagrangian models, such as th
the Nambu–Jona-Lasinio~NJL! model @6#, which are suc-
cessful in reproducing some of the low-energy properties
QCD. We have made some calculations of spectral functi
making use of a generalized Nambu–Jona-Lasinio mo
@7#. In that work we studied correlators for currents with t
quantum numbers of thea0 , f 0 , p, and r mesons. In the
present work we extend our study to the pseudosca
isoscalar correlators. In this case the correlators are ca
lated in terms of excitations that have the quantum numb
of the h mesons. One of our goals in the present study is
relate the pseudoscalar-isoscalar spectral functions to
properties of theh mesons at finite temperature. The tem
perature dependence of the spectrum of the eta meso
obtained using our generalized NJL model which include
covariant model of confinement@8–13#. At zero temperature
our model provides an excellent fit to the properties of
h(547), h8(958) mesons and their radial excitations@12#.
~The model gives quite satisfactory results for the decay c
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stants and mixing angles of theh andh8 mesons.! In order
to obtain the spectrum of the eta mesons at finite temp
ture, we make some assumptions which lead to relativ
simple calculations. For example, we use temperatu
dependent mass values for the constituent quarks obtaine
a mean-field analysis and also introduce a temperat
dependent confining interaction that is motivated by so
recent results obtained in lattice simulations of QCD w
dynamical quarks. In addition, we have introduced a te
perature dependence of the coupling constants of the
model. Our original motivation for introducing that temper
ture dependence was to model the various physical me
nisms that work against the development of pion conden
tion @14#. However, in the present work we argue that, if t
NJL model is to be used at high temperatures, such temp
ture dependence is needed to avoid results that are inco
tent with what is known about QCD thermodynamics. F
our studies we have introduced coupling constantsG(T)
5G(0)@120.17T/Tc#, whereTc is the temperature of the
confinement-deconfinement transition, which we take to
Tc5170 MeV. At that temperature the coupling constan
are reduced by 17%. The coupling constants are equa
zero beyondT55.88Tc . Thus, we see that in this model th
short-range interaction is present in the range 0<T
<5.88Tc , while the confining interaction is taken to vanis
for T>1.2Tc . That feature of the model is also consiste
with what is known concerning QCD thermodynamics.

Ideally, it would be preferable if we could calculate th
temperature-dependent spectrum of theh mesons, including
the radial excitations, in the imaginary-time Matsubara f
malism or in the real-time finite-temperature formalis
@15,16#. That is a formidable task which is beyond the sco
©2003 The American Physical Society22-1



tu
on
ur
e

u

s,
n
tr

e
JL
a
rr

ic
co
ro
n
u
tio
on

e
a
on

clu

a
ar
ou

fo
in

al

n
a

l,

uced
ra-

n-
n-
ent

r,
our

cu-
er

ent
lled

dia-
ent
on-

BING HE, HU LI, C. M. SHAKIN, AND QING SUN PHYSICAL REVIEW D67, 014022 ~2003!
of the present work, but might be considered at some fu
time. ~On the whole, there are some unresolved questi
concerning the use of the field-theoretic finite-temperat
theory in the confined phase of QCD which are not pres
when considering the deconfined phase.! In those cases in
which our results may be compared to those of the Mats
ara formalism we find general agreement@17#. However, we
need to assume for the present work that, with the use
temperature-dependent constituent quark mass value
temperature-dependent confining interaction, a
temperature-dependent coupling constants, we have in
duced the most important features that influence theh spec-
trum for T,Tc .

The organization of our work is as follows. In Sec. II w
discuss the calculation of polarization functions of the N
model at finite temperature. In Sec. III we describe the c
culation of the pseudoscalar-isoscalar hadronic current co
lation functions and present various results of our numer
computations. Since the use of temperature-dependent
pling constants is an unusual feature of our model, we p
vide some justification for the use of such coupling consta
in Sec. IV. In Sec. V we introduce the Lagrangian of o
model that is used for our random phase approxima
~RPA! calculations. We make reference to the RPA equati
that were used to calculate the properties of theh mesons at
T50 in earlier work and describe the motivation for th
introduction of a temperature-dependent confining inter
tion. We present some results of our numerical calculati
and relate the results of our RPA calculations forT,Tc to
the results obtained for the correlation functions forT.Tc .
Finally, Sec. VI contains some further discussion and con
sions.

II. POLARIZATION FUNCTIONS AT FINITE
TEMPERATURE

In an earlier work we carried out a Euclidean-space c
culation of the up, down, and strange constituent qu
masses taking into account the ’t Hooft interaction and
confining interaction@18#. The ’t Hooft interaction plays only
a minor role, but does provide coupling of the equations
the various constituent masses. If we neglect the confin
interaction and the ’t Hooft interaction in the mean-field c
culation of the constituent masses, we can compensate
their absence by making a modest change in the value ofGS ,
the coupling constant of the NJL model. For the calculatio
of this work we calculate the quark masses using the form
ism presented in the Klevansky review@19#. ~Note that our
value ofGS is twice the value ofG used in that review.! The
relevant equation is Eq.~5.38! of Ref. @19#. Here, we putm
50 and write

m~T!5m014GNc

m~T!

p2 E
0

L

dp
p2

Ep
tanhS 1

2
bEpD ,

~2.1!

whereL50.631 GeV is a cutoff for the momentum integra
b51/T, andEp5@pW 21m2(T)#1/2. In our calculations we re-
placeG by GS(T)/2 and solve the equation
01402
re
s
e
nt

b-

of
a

d
o-

l-
e-
al
u-
-

ts
r
n
s

c-
s

-

l-
k
r

r
g

-
for

s
l-

m~T!5m012GS~T!Nc

m~T!

p2 E
0

L

dp
p2

Ep
tanhS 1

2
bEpD ,

~2.2!

with GS(T)511.38@120.17T/Tc# GeV, mu
050.0055 GeV,

and ms
050.130 GeV. Thus, we see thatGS(T) is reduced

from the valueGS(0) by 17% whenT5Tc . The results
obtained in this manner formu(T) andms(T) are shown in
Fig. 1. Here, the temperature dependence we have introd
for GS(T) serves to provide a somewhat more rapid resto
tion of chiral symmetry than that which is found for a co
stant value ofGS . That feature and the temperature depe
dence of the confining potential leads to the deconfinem
of the light mesons considered here atT>Tc .

For the calculation of polarization functions forT
.1.2Tc we may neglect the confining interaction. Howeve
we include temperature-dependent quark mass values in
calculations. The basic polarization functions that are cal
lated in the NJL model are shown in Fig. 2. We will consid
calculations of such functions in the frame wherePW 50. In
our earlier work, calculations were made after a confinem
vertex was included. That vertex is represented by the fi

FIG. 1. Temperature-dependent constituent mass valuesmu(T)
and ms(T) calculated using Eq.~2.2! are shown. Heremu

0

50.0055 GeV, ms
050.130 GeV, and G(T)55.691@1

20.17(T/Tc)#, if we use Klevansky’s notation@19#.

FIG. 2. The upper figure represents the basic polarization
gram of the NJL model in which the lines represent a constitu
quark and a constituent antiquark. The lower figure shows a c
finement vertex~filled triangular region! used in our earlier work.
For the present work we neglect confinement forT>1.2Tc , with
Tc5170 MeV.
2-2
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triangular region in Fig. 2. However, we here consider c
culations forT>1.2Tc where confinement may be neglecte

The procedure we adopt is based upon the real-t
finite-temperature formalism, in which the imaginary part
the polarization function may be calculated. Then, the r
part of the function is obtained using a dispersion relati
The result we need for this work has been already given
the work of Kobes and Semenoff@20#. ~In Ref. @20# the
quark momentum in Fig. 2 isk and the antiquark momentum
is k2P. We will adopt that notation in this section for ea
of reference to the results presented in Ref.@20#.! With ref-
erence to Eq.~5.4! of Ref. @20#, we write the imaginary par
of the scalar polarization function as

Im JS~P2,T!5
1

2
~2Nc!bSe~p0!E d3k

~2p!3e2kW2/a2

3S 2p

2E1~k!2E2~k! D $@12n1~k!2n2~k!#

3d„p02E1~k!2E2~k!…2@n1~k!2n2~k!#

3d„p01E1~k!2E2~k!…2@n2~k!2n1~k!#

3d„p02E1~k!1E2~k!…

2@12n1~k!2n2~k!#d„p01E1~k!

1E2~k!…%. ~2.3!

Here,E1(k)5@kW21m1
2(T)#1/2. Relative to Eq.~5.4! of Ref.

@20#, we have changed the sign, removed a factor ofg2, and
have included a statistical factor of 2Nc , where the factor of
2 arises from the flavor trace. In addition, we have includ
a Gaussian regulator exp@2kW 2/a2#, with a50.605 GeV,
which is the same as that used in most of our application
the NJL model in the calculation of meson properties@8–15#.
We also note that

n1~k!5
1

ebE1(k)11
~2.4!

and

n2~k!5
1

ebE2(k)11
. ~2.5!

For the calculation of the imaginary part of the polarizati
function, we may putk25m1

2(T) and (k2P)25m2
2(T),

since in that calculation the quark and antiquark are on m
shell. We will first remark upon the calculation of scal
correlators. In that case, the factorbS in Eq. ~2.3! arises from
a trace involving Dirac matrices, such that

bS52Tr@~k”1m1!~k”2P” 1m2!# ~2.6!

52P222~m11m2!2, ~2.7!
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where m1 and m2 depend upon temperature. In the fram
wherePW 50 and in the casem15m2, we havebS52P0

2(1
24m2/P0

2). For the scalar case, withm15m2, we find

Im JS~P2,T!5
NcP0

2

4p S 12
4m2

P0
2 D 3/2

e2kW2/a2
@122n1~k!#,

~2.8!

where

kW25
P0

2

4
2m2~T!. ~2.9!

We may evaluate Eq.~2.8! for m(T)5mu(T)5md(T)
and define ImJu

S(P2,T). Then we putm(T)5ms(T), and we
define ImJs

S(P2,T). These two functions are needed for
calculation of the scalar-isoscalar correlator.~Note that the
factor of 2 arising from the flavor trace should be mov
when we define the polarization function for a specific qua
flavor.! The real parts of the functionsJu

S(P2,T) and
Js

S(P2,T) may be obtained using a dispersion relation,
noted earlier.

For pseudoscalar mesons, we replacebS by

bP52Tr@ ig5~k”1m1!ig5~k”2P” 1m2!# ~2.10!

52P222~m12m2!2, ~2.11!

which for m15m2 is bP52P0
2 in the frame wherePW 50. We

find, for thep mesons,

Im JP~P2,T!5
NcP0

2

4p S 12
4m~T!2

P0
2 D 1/2

e2kW2/a2
@122n1~k!#,

~2.12!

wherekW25P0
2/42mu

2(T), as above. Thus, we see that, re
tive to the scalar case, the phase-space factor has an e
nent of 1/2 corresponding to as-wave amplitude, rather than
the p-wave amplitude of scalar mesons. For the scalars,
exponent of the phase-space factor is 3/2, as seen in
~2.8!.

For a study of vector mesons we consider

bmn
V 5Tr@gm~k”1m1!gn~k”2P” 1m2!# ~2.13!

and calculate

gmnbmn
V 54@P22m1

22m2
214m1m2#, ~2.14!

which, in the equal-mass case, is equal to 4P0
218m2(T),

whenm15m2 andPW 50. Note that for the elevated temper
tures considered in this workmu(T)5md(T) is quite small,
so that 4P0

218mu
2(T) can be approximated by 4P0

2 when we
consider ther meson. The generalization of these results
the study of the pseudoscalar-isoscalar correlators will
taken up in the next section.
2-3
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III. CALCULATION OF HADRONIC CURRENT
CORRELATION FUNCTIONS

In this section we consider the calculation of temperatu
dependent hadronic current correlation functions. The g
eral form of the correlator is a transform of a time-order
product of currents,

C~P2,T!5 i E d4xeip•x^̂ T@ j ~x! j ~0!#&&, ~3.1!

where the double brackets are a reminder that we are con
ering the finite-temperature case.

For the study of pseudoscalar states, we may cons
currents of the formj P,i(x)5q̄(x) ig5l iq(x), where, in the
case of thep mesons,i 51, 2, and 3. For the study o
pseudoscalar-isoscalar mesons, we again introducej P,i(x)
5q̄(x)l iq(x), but herei 50 for the flavor-singlet curren
and i 58 for the flavor-octet current.

In the case of thep mesons, the correlator may be e
pressed in terms of the basic vacuum polarization function
the NJL model,JP(P2,T) @19,21,22#. Thus,

Cp~P2,T!5JP~P2,T!
1

12Gp~T!JP~P2,T!
, ~3.2!

where Gp(T) is the coupling constant appropriate for o
study of the p mesons. We have foundGp(0)
513.49 GeV22 by fitting the pion mass in a calculatio
made atT50, with mu5md50.364 GeV@14#.

The calculation of the correlator for pseudoscal
isoscalar states is more complex, since there are both fla
singlet and flavor-octet states to consider. We may de
polarization functions foru, d, and s quarks: Ju(P2,T),
Jd(P2,T), andJs(P2,T). ~We recall that the factor of 2 aris
ing from the flavor trace is not included when these functio
are calculated.! In terms of these polarization functions w
may then define

J00~P2,T!5
2

3
@Ju~P2,T!1Jd~P2,T!1Js~P2,T!#, ~3.3!

J08~P2,T!5
A2

3
@Ju~P2,T!1Jd~P2,T!22Js~P2,T!#,

~3.4!

and

J88~P2,T!5
1

3
@Ju~P2,T!1Jd~P2,T!14Js~P2,T!#.

~3.5!

We also introduce the matrices

J~P2,T!5FJ00~P2,T! J08~P2,T!

J80~P2,T! J88~P2,T!
G , ~3.6!

G~T!5FG00~T! G08~T!

G80~T! G88~T!
G , ~3.7!
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C~P2,T!5FC00~P2,T! C08~P2,T!

C80~P2,T! C88~P2,T!
G . ~3.8!

We then write the matrix relation

C~P2,T!5J~P2,T!@12G~T!J~P2,T!#21. ~3.9!

For some purposes it may be useful to also definet
matrix

t~P2,T!5@12G~T!J~P2,T!#21G~T!, ~3.10!

where t(P2,T) has the structure shown in Eqs.~3.6!–~3.8!.
The same resonant structures are seen in bothC(P2,T) and
t(P2,T).

Some of our results for the imaginary parts of t
pseudoscalar-isoscalar correlatorsC00(P2), C88(P2), and
C08(P2) are shown in Figs. 3, 4, and 5, respectively. In the
figures the values areT/Tc51.2 ~solid line!, T/Tc51.6
~dashed line!, T/Tc52.0 ~dotted line!, T/Tc54.0 ~dash-
dotted line!, andT/Tc56.0 ~dash–double-dotted line!. There
is a large peak seen in Figs. 3–5 at about 775 MeV. I
worth noting that the state that evolves from theh8(958)
with increasing temperature has a mass of about 750 M
for T.Tc . However, an analysis of the mixing angle for th
state at 775 MeV shows that it is mainly anss̄ state. Further
work is needed to understand the relation between
bound-state spectrum forT,Tc and the resonant structure
seen forT.Tc . We discuss the temperature dependence
the h spectrum in the Sec. V.

FIG. 3. The imaginary part of the pseudoscalar-isoscalar c
relatorC00(P2) is shown. Here,T/Tc51.2 ~solid line!, 1.6 ~dashed
line!, 2.0 ~dotted line!, 4.0 ~dashed-dotted line!, and 6.0~dash–
double-dotted line!. In this work we useG0058.09 GeV22, G88

513.02 GeV22, andG08520.4953 GeV22.
2-4
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IV. TEMPERATURE-DEPENDENT COUPLING
CONSTANTS OF THE NJL MODEL

Since the introduction of temperature-dependent coup
constants for the NJL model is a novel feature of our wo
we provide arguments in this section to justify their introdu
tion. We make reference to Fig. 1.3 of Ref.@16#. That figure
shows the behavior of the ratioe/T4 and 3P/T4 for the pure
gauge sector of QCD. Heree is the energy density andP is
the pressure. Ideal gas behavior impliese53P. The values
of e/T4 and 3P/T4 are compared to the valueeSB/T4

58p2/15 for an ideal gluon gas. It may be seen from t
figure that atT53Tc there are still significant difference
from the ideal gluon gas result. Deviations from ideal g
behavior become progressively smaller with increasingT/Tc
and could be considered to be relatively unimportant
T/Tc.5.

The use of our energy-dependent coupling constant
meant to be consistent with the approach to asymptotic f

FIG. 4. The imaginary part of the correlatorC88(P2) is shown.
~See caption to Fig. 3.!

FIG. 5. The imaginary part of the correlatorC08(P2) is shown.
~See caption to Fig. 3.!
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dom at high temperature. In order to understand this fea
in our model, we can calculate the correlator withconstant
values of G00, G88, and G08 and with G00(T)5G00@1
20.17T/Tc#, etc. ~In this work we useG0058.09 GeV22,
G88513.02 GeV22, andG08520.4953 GeV22.!

We now consider the values of ImC88(P2) for T/Tc
54.0. In Fig. 6 we show the values of ImC88(P2) calculated
in our model with temperature-dependent coupling consta
as a dashed line. The dotted line shows the values of
correlator forG005G885G0850, while the solid line shows
the values when the coupling constants are kept at their
ues atT50. We see that we have some resonant behavio
the case the constants are temperature independent.

FIG. 6. The imaginary part of the correlatorC88(P2) is shown
for T/Tc54.0. The dashed line is the result for the temperatu
dependent coupling constants of our model, while the solid l
represents the results for coupling constants kept at theirT50 val-
ues.~See caption to Fig. 3.! The dotted line shows the values of th
correlator when the coupling constants are set equal to zero.

FIG. 7. The imaginary part of the correlatorC88(P2) is shown
for T/Tc55.88. ~See caption to Fig. 6.! Here the dashed and dotte
lines of Fig. 6 coincide.
2-5
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In Fig. 7 we show similar results forT/Tc55.88. Here the
temperature-dependent coupling constants are equal to
so that the lines corresponding to the dashed and dotted
of Fig. 6 coincide. The solid line again shows some reson
behavior at a value ofT/Tc , where we expect only very
weak interactions associated with asymptotic freedom.
conclude that the model with constant values of the coup
constants yields unacceptable results, while our mo
which has temperature-dependent coupling constants,
haves as one may expect, when the results of lattice sim
tions of QCD thermodynamics are taken into account.

V. CALCULATION OF MESON PROPERTIES AT FINITE
TEMPERATURE IN A GENERALIZED NJL MODEL

WITH CONFINEMENT

It is useful to record the Lagrangian used in our calcu
tions of meson properties:

L5q̄~ i ]”2m0!q1
GS

2 (
i 50

8

@~ q̄l iq!21~ q̄ig5l iq!2#

2
GV

2 (
i 50

8

@~ q̄l igmq!21~ q̄l ig5gmq!2#

1
GD

2
$det@ q̄~11g5!q#1det@ q̄~12g5!q#%1Lcon f .

~5.1!

Here, m0 is a current quark mass matrix,m0

5diag (mu
0 ,md

0 ,ms
0). Thel i are the Gell-Mann~flavor! ma-

trices, l05A2/31 with 1 being the unit matrix. The fourth
term on the right-hand side of Eq.~5.1! is the ’t Hooft inter-
action. Finally,Lcon f represents the model of confineme
we have used in our work.

As noted earlier, we have recently reported results of
calculations of the temperature dependence of the spect
various mesons@14#. These calculations were made usi
our generalized NJL model which includes a covariant mo
of confinement. We have presented results for thep, K, a0 ,
f 0, andK0* mesons in Ref.@14#. The equations that we solv
are of the form of relativistic random-phase-approximat
equations. The derivation of these equations for pseudosc
mesons is given in Ref.@13#, where we discuss the equation
for pionic, kaonic, and eta mesons. The equations for the
mesons are the most complicated, since we consider sin
octet mixing as well as pseudoscalar–axial-vector mixing
that case there are eight vertex functions to consi
GP,0

12 , GA,0
12 , GP,8

12 , GA,8
12 , GP,0

21 , GA,0
21 , GP,8

21 , GA,8
21 ,

where P refers to theg5 vertex andA refers to theg0g5
vertex, which mixes with theg5 vertex. Corresponding to th
eight vertex functions one may define eight wave funct
amplitudes@13#. Since the RPA equations for the study of t
eta meson are quite lengthy@13#, we do not reproduce them
here.

In the RPA equations we replacemu andms by mu(T) and
ms(T) of Fig. 1 and use the temperature-dependent coup
constants described earlier in this work. In addition to
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temperature dependence of the coupling constants and
stituent mass values, we also introduced a temperat
dependent confining potential, whose form was motivated
recent lattice simulations of QCD in which the temperatu
dependence of the confining interaction was calculated w
dynamical quarks@23#. ~See Fig. 8.! In order to include such
effects, we modified the form of our confining interactio
VC(r )5kr exp@2mr#, by replacingm by

m~T!5
m0

F120.7S T

Tc
D 2G , ~5.2!

with m050.010 GeV. The maximum value ofVC(r ,T) is
then

Vmax
C ~T!5

k

m~T!e
~5.3!

5
k@120.7~T/Tc!

2#

m0e
, ~5.4!

with r max51/m(T). To better represent the qualitative fe
tures of the results shown in Fig. 8, we useVC(r ,T)
5kr exp@2m(T)r# for r<r max and VC(r ,T)5Vmax

C (T) for
r .r max. We also note that we use Lorentz-vector confin
ment and carry out all our calculations in momentum spa
~The value ofk used in our work is 0.055 GeV2.! Values of
VC(r ,T) are shown in Fig. 9.

In Fig. 10 we show the results of our calculations of t
temperature-dependent spectrum of theh mesons. We show
the behavior of theh(547), h8(958), and seven state
which represent radial excitations. The energies of the a
tional states found when diagonalizing the RPA Hamilton

FIG. 8. A comparison of quenched~open symbols! and un-
quenched~solid symbols! results for the interquark potential at fi
nite temperature@23#. The dotted line is the zero-temperatu
quenched potential. Here, the symbols forT50.80Tc ~open tri-
angles!, T50.88Tc ~open circles!, and T50.94Tc ~open squares!
represent the quenched results. The results with dynamical ferm
are given atT50.68Tc ~solid downward-pointing triangles!, T
50.80Tc ~solid upward-pointing triangles!, T50.88Tc ~solid
circles!, andT50.94Tc ~solid squares!.
2-6
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CALCULATION OF THE PSEUDOSCALAR-ISOSCALAR . . . PHYSICAL REVIEW D67, 014022 ~2003!
are represented by dots in the range 0<T/Tc< 0.6. We note
that the masses of the nodeless states~the h and h8) are
fairly constant over a broad range of temperatures. That c
acteristic seems to be a feature of the behavior of pse
Goldstone bosons at finite temperature.

As the temperature is increased, fewer states are boun
the confining field which decreases in magnitude with
creasing temperature. AtT5Tc only the state that evolve
from the h(547) is bound. That state disappears from
spectrum forT.Tc . We believe that the crossing of leve
seen atT/Tc50.9 is due to the rapid decrease ofmu(T)
relative toms(T) with increasingT/Tc . ~See Fig. 1.! That
feature could lead to a~predominately! nn̄ state with a node
to have a lower energy than a~predominantly! nodelessss̄
state.

VI. DISCUSSION AND CONCLUSIONS

We believe it is of interest to supplement lattice studies
hadronic current correlation functions with calculatio
made using chiral Lagrangian models of the type conside
in this work. We have made some progress in exhibit
results for such correlators in Ref.@7# and in the presen
study. It might be of some interest to compare our results
our temperature-dependent RPA calculations with results
tained in the imaginary-time or real-time formalisms, if the

FIG. 9. The potentialVC(r ,T) is shown for T/Tc50 ~solid
line!, T/Tc50.4 ~dotted line!, T/Tc50.6 ~dashed line!, T/Tc50.8
~dash-dotted line!, T/Tc50.9 ~short-dashed line!, and T/Tc51.0
~dash–double-dotted line!. Here, VC(r ,T)5kr exp@2m(T)r#, with
m(T)50.01 GeV/@120.7(T/Tc)

2# andk50.055 GeV2.
9
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formalisms could be modified so that calculations could
made in the confined phase of QCD. The study of rad
excitations in these finite-temperature theories may be q
difficult since their study requires a model of confinement
is also very difficult to obtain information concerning radi
excitations, if an analytic continuation to real time is nece
sary.

One interesting feature of our analysis is the use
temperature-dependent coupling constants in the NJL mo
In the present work, we have provided some justification
the introduction of such constants. Our work suggests
the coupling constants of the NJL model may also be den
dependent, since one expects that high density may pla
similar role as high temperature, leading ultimately to
weakly interacting system at high density. We have int
duced density-dependent coupling constants in Ref.@24#
where we considered the confinement-deconfinement tra
tion in the presence of matter. Since the study of matte
high density is a topic of active investigation@25–31#, our
suggestion of density-dependent coupling constants m
have important consequences for such studies.

Note added in proof. The formalism presented here is lim
ited to rather small values ofP2 because of the regulator tha
appears in Eqs.~2.8! and ~2.12!. Recently we have shown
how the formalism may be modified so that the results
valid for large P2 @32#, while still exhibiting the resonan
structures at lowP2, such as those found in this work.

FIG. 10. The temperature-dependent spectrum of theh mesons
is shown. For the most highly excited radial excitations we rep
sent the mass values obtained by dots. There are no bound stat
T.Tc .
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