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Massive quasiparticle model of the SU„3… gluon plasma
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Recent SU~3! gauge field lattice data for the equation of state are interpreted by a quasiparticle model with
effective thermal gluon masses. The model is motivated by lowest-order perturbative QCD and describes ve
well the data. The proposed quasiparticle approach can be applied to study color excitations in the nonpert
bative regime. As an example we estimate the temperature dependence of the Debye screening mass and
that it declines sharply when approaching the confinement temperature from above, while the thermal ma
continuously rises.@S0556-2821~96!02815-9#

PACS number~s!: 12.38.Gc, 11.15.Ha
I. INTRODUCTION

The recent progress in calculating properties of qua
and gluons by numerical methods on space-time lattices
provides new information on the equation of state. It is ge
erally believed that at sufficiently high temperature t
strongly interacting matter appears as plasma of quarks
gluons, while at low temperatures the matter constituents
represented by hadrons~we consider here charge symmetr
matter!. Because of problems in incorporating fermions on
lattice the most accurate information is available for the p
gluon plasma. There are extensive studies of the SU~2! @1,2#
and SU~3! @3,4# gluon plasma. An intriguing question con
cerns finite-size effects and the extrapolation to the c
tinuum limit, which has been investigated recently@2,4#.

Even if precision data for the equation of state are av
able, one must ask whether it allows for an interpretation
terms of physical quantities. Indeed, there are various
tempts to find suggestive interpretations of the lattice num
ology. In an early approach the SU~2! data@1# are described
by a low-momentum cutoff model. In Ref.@5# a finite gluon
mass and a vacuum pressure are fitted to previous SU~3!
data. More accurate SU~3! data@3# are described in Ref.@6#
by a modified cutoff model with perturbative corrections a
a bag constant, while in Refs.@7,8# a thermal mass alone i
found to be sufficient for describing the data. The latter a
proach has also proven to be successful for the SU~2! data
@9#. Despite the accuracy of the SU~3! data on a 16334
lattice @3#, by now there are data on larger lattices availa
@4#. These new data seem to permit a safe extrapolation
the continuum limit and are worth to be interpreted.

The aim of our note is to present an interpretation of t
recent SU~3! data@4# in terms of an ideal gas model of qua
siparticles with thermal massesm(T). This model can be
applied for studying various physical quantities~such as De-
bye or screening mass of heavy quark potential, trans
coefficients, dilepton and photon rates! at physically rel-
evant, low temperatures near the confinement tempera
Tc , where perturbative QCD cannot be utilized directly. T
particular point we adopt is that the high temperature limit
our thermal mass follows essentially from perturbative QC
Such a functional dependence ofm(T) turns out to repro-
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duce quite well the newest SU~3! lattice data. We extend our
model here to estimate the Debye mass in SU~3! gauge
theory nearTc .

II. IDEAL QUASIPARTICLE GAS MODEL

Our goal is a quasiparticle model for the equation of state
of a gluon plasma which is compatible with both the con-
tinuum extrapolation of lattice data, currently available up to
5Tc , and the perturbative region, i.e., QCD atT→`. We
utilize the dispersion relation

v25k21m2~T! ~1!

(v andk are the quasiparticle energy and momentum!. With
the distribution function f (k)5@exp$Ak21m2(T)/T%
21#21 the entropy density takes, then, the ideal gas form

s~T!5
d

2p2TE0
`

dk f~k!k2
4
3 k

21m2~T!

Ak21m2~T!
, ~2!

while the primary thermodynamical potential pressurep and
the energy densitye read

p~T!5
d

6p2E
0

`

dk f~k!
k4

Ak21m2~T!
2B~T!, ~3!

e~T!5
d

2p2E
0

`

dk f~k!k2Ak21m2~T!1B~T! ~4!

(d is the gluon degeneracy factor!. These relations are ther-
modynamically self-consistent; i.e., they satisfye1p5sT
and s5]p/]T. The functionB(T) is a necessary quantity
when allowing for a temperature-dependent quasiparticle en-
ergyv(k,T) @5,10#. B(T) is not a second independent func-
tion, but related to the thermal mass, because of self-
consistency, via

B~T!5B02
d

4p2E
T0

T

dt
dm2~t!

dt E
0

` dkk2f ~k!

Ak21m2~t!
. ~5!
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The integration constantB0 resembles somewhat the ba
constant. Note that the previous approaches@8,9# used
p(T) with B(T)[0, and that, consequently, neither the e
tropy density nor the energy density take the structure of
ideal gas.

To determine the functional dependence ofm(T) on tem-
perature let us first consider the perturbative regime. T
thermodynamical properties of the gluon plasma depend p
dominantly on the transverse part of the gluon self-ener
@11,12#. In the weak coupling regime the transverse gluo
self-energy in a gluon plasma withNc colors results in a
dispersion relation which can be approximated@11,12# by
v25ak21bv0

2 , with a 5 1 ( 65) and b 5 3
2 ~1! at large

~small! momenta and gauge-invariant plasma frequen
v0
25(Nc/9)g

2T2 ~here, g2 denotes the perturbative QCD
coupling constant!. By studying numerically the known inte-
gral representation of the polarization operators, we find t
the large momentum approximation to the full transver
one-loop dispersion relation@13# holds atk/T.2ANc/9g;
longitudinal excitations are there overdamped. Otherwi
the large momentum region dominates the statistical in
grals in Eqs.~2!–~4!, e.g., more than 96.5% of the contribu
tion to the energy density comes fromk/T>1. The error
caused by the use of Eq.~1!, instead of the exact one-loop
dispersion relation, fork,gT can be estimated as}g4.
Therefore, Eq.~1! represents an excellent approximation o
QCD properties, relevant for evaluating Eqs.~2!–~4!, and
m2(T)5bv0

2 with b5 3
2 is supported within this approxima-

tion. Hence, m2(T)5(1/G)g2(T)T2, with G56/Nc ,
emerges approximately from perturbative QCD.

Let us now compare the obtained pressure potential~3! at
high temperature with the corresponding pressu
obtained within first-order QCD. The high-temperature e
pansion ~i.e., m/T!1) of Eq. ~3! with B(T)
52pSB(15/8p

2)@m(T)/T#21••• reads

p5pSBF12
15

8p2 Sm~T!

T D 21••• G , ~6!

wherepSB5(dp2/90)T4. From QCD it is known@11# that
the perturbative pressure is

pPQCD5
2~Nc

221!p2

90
T4F12

5Nc

16p2g
21••• G . ~7!

Comparing the leading terms in Eqs.~6! and~7!, one reveals
that, despite massive quasiparticles, one needs to incl
only the two transverse degrees of freedom, i.
d52(Nc

221). The next-to-leading order terms in the pare
theses confirm our above ansatz form2(T).

Finally, we specify the coupling constant in accordan
with perturbative QCD as

G2~T!5
48p2

11NclnS l
T

Tc
1
Ts
Tc

D 2 , ~8!

with Ts /Tc as phenomenological regularization as in Ref.@8#
and limT→`G

2(T)→g2(T); Tc /l represents the usual regu
larization scale parameterL. In the following we utilize in
Eqs.~1!–~5! the thermal mass
g
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m2~T!5
1

G
G2~T!T2, G5

6

Nc
. ~9!

III. ANALYSIS OF LATTICE DATA

We apply our model now to the SU~3! lattice data@4#. In
addition to l, Ts , and B0 , we also do not constrain the
degeneracyd in order to get an optimum fit. In Fig. 1 we
demonstrate that our model, defined by Eqs.~1!–~5!, ~8!, and
~9!, describes very well the continuum-extrapolated data. A
fit parameters we obtainl54.17,Ts /Tc522.96;d517.2 is
surprisingly near to the above anticipated value for the tw
transverse degrees of freedom of gluons.@Maybe this simple
multiplicative deviation from 16 accounts for higher order
corrections or some longitudinal contribution. Indeed, re
placing Eq.~8! by the two-loop expression we findd516.6
for the best fit.# B050.16Tc

4 turns out as an optimum choice
for the present data. As seen in Fig. 1 the functionB(T),
which becomes small atT.1.5Tc , changes its sign at 2Tc ~a
similar observation was made in Ref.@10# for the older data
@3#!.

Figure 2 displays the interaction measure (e23p)T24,
which is a sensitive quantity related to the temperature de
pendence of the gluon condensate. One observes that
T.1.2Tc , the 32336 and 32338 lattice data are nicely re-

FIG. 1. Comparison of our model~thin lines! with continuum-
extrapolated lattice data~symbols, from@4#! of scaled energy den-
sity ē5e/T4, pressurep̄53p/T4, and entropy densitys̄5

3
4s/T

3.
The dash-dotted curve depicts the functionB̄5B(T)/T4.

FIG. 2. The interaction measure as function of temperatur
~heavy full line: our model; symbols: lattice data@4#.!
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produced. In the regionTc–1.2Tc , the scaled energy density
is a rapidly varying function. It might turn out that our qua
siparticle model does not cover perfectly the very details
forthcoming high-precision lattice data in this region. How
ever, it seems that the gross features of the equation of s
in the physically relevant region are fairly well describe
This gives some confidence in our quasiparticle interpre
tion.

As a matter of fact, we mention three obvious aspects
our phenomenological approach.~i! The flexibility, intro-
duced by the definition ofG(T) in Eq. ~8!, allows to some
extent for the description of the data.~ii ! This flexibility is
sufficient to describe the data on the basis of a differe
model@14#, wherein Eqs.~6! and~7! would be partially iden-
tified @15# and in Eq.~9! a different numerical factor would
appear.~iii ! Higher order agreement of Eqs.~6! and~7! is not
fully achievable, therefore, Eq.~3! cannot be considered as
resumed expression.

IV. SCREENING MASS

Our model can be applied to study various collectiv
properties of a colored quark-gluon system. Since even
comparatively low temperatures the gas of quasiparticles s
remains weakly interacting, we have a chance to treat t
gas in a perturbative way down toTc . Here, we estimate as
an example the temperature dependence of the Debye scr
ing mass. The Debye mass reflects the fundamental prop
of a plasma medium to screen the static chromoelectric
teractions. Following the standard definition, the Debye ma
mD for an electromagnetic plasma is given by the small m
mentum limit of the static longitudinal photon self-energ
functionP00(v,k) @11#:

mD
2 5 lim

k→0
P00~v50,k!. ~10!

It is connected with the longitudinal part of the plasma d
electric tensoreL(v,k) via k21P00(0,k)5k2eL(0,k) @16#.
At leading order inas the above definition is valid also for
the QCD plasma@17#. In our modelas is the coupling con-
stant of the color interaction between quasiparticles. T
chromoelectrical tensoreL(v,k) can be calculated in lowest
order inas within the kinetic theory of collective color ex-
citations @18# with the corresponding corrections related t
the nonzero effective massm(T) of our quasiparticles.~The
analogous approach has been employed for calculati
within the cutoff model@19#.!

For the gluon plasma the chromoelectrical tensor is

eL511
g2Ncg

vk2 E d3p

~2p!3
kW•pW

Ev2kW•pW 1 i«
S kW • ]

]pW
D f ~p!,

~11!

wherekm5(v,kW ) is the wave four-vector, andf (p) denotes
the above distribution function of quasiparticles with fou
momentumpm5(E,pW ) and the dispersion relation~1!. The
factorg52 accounts for the spin degrees of freedom of t
quasiparticles with respect to the asymptotic limit above a
to Ref. @5#. Solving Eq.~11! in the limit ~10! yields
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mD
2 5

Nc

p2g
2T2Jg~T!, ~12!

Jg~T!5T23E
0

`

dpp2f 2~p!expH Ap21m2~T!

T J .
In the limit m(T)/T→0, one recovers the well-known

perturbative QCD limitmD
2 5 1

3Ncg
2T2. The perturbative

QCD coupling constant can be expressed by

as5
g2

4p
5

12p

11Ncln
M2

L2

, ~13!

where the quantityM2 is determined by averaging over the
squared quasiparticle momenta@11#: i.e.,

M2~T!5
4

3

E
0

`

dp f~p!p4

E
0

`

dp f~p!p2
. ~14!

We choose the scale parameterL in accordance with the
high-temperature limit of Eqs.~8! and ~13!. Since in this
limit M'3.7T, we findL/Tc53.7l21. For the temperature
dependence ofm(T), extracted above from the lattice data,
the coupling constant~13! remains as small as 0.32 atTc .
So, based on the perturbative ansatz formD

2 , we get in our
quasiparticle model the opportunity to describe the Debye
mass in the nonperturbative region. Unfortunately, the direc
comparison of the screening mass~12! with SU~3! lattice
data@20,21# faces some difficulties since numerical precision
measurements on large enough lattices and safe continuu
extrapolations are not yet performed. Nevertheless, conside
ing the data@20#, one can extract two main features:~i! at
temperatures ofT.2Tc , the Debye mass depends weakly
on the temperature, and~ii ! mD(T) possesses a maximum
around 1.5Tc and seems to drop abruptly when approaching
Tc from above. Figure 3 shows that both of the above fea
tures are covered by our effective model. We find it espe
cially important that our model describes in the nonperturba
tive region the sharp drop nearTc . Also, some measure of

FIG. 3. The thermal mass~dashed line! and the estimated Debye
screening mass~full line! in our model.



-
y
f-
nt
-
n-
ply

.

-

in

2402 54BRIEF REPORTS
the typical scale of changes ofmD , say mD(T51.4Tc)/
mD(T51.1Tc), is in nice agreement with the lattice result
@20#. At high temperatures ofT511Tc , our model results in
mD /T' 1.06 which is near the data@20#. The difference of
about 10% might be attributed to comparably large finit
size effects at high temperatures. Since such effects are
pected to be not so important at smaller temperatures,
find the comparison of our model in this region with lattic
data quite encouraging, despite the fact that the model
rameters are adjusted by reproducing the equation of state
larger lattices.

As shown in Fig. 3 the effective gluon mass has, in th
region nearTc , a completely different behavior as compare
with the screening mass. Actually, the ratiom2/mD

2 can be
used as a measure of nonperturbative effects since in
perturbative regionm2/mD

2' 1
2, while atT→Tc the ratio be-

comesm2/mD
2 @1, sharply rising when approachingTc .

Such a sharp decline ofmD nearTc might have quite inter-
esting consequences for several deconfinement probes in
trarelativistic heavy-ion collisions, e.g., for the jet unquenc
ing @22#, lepton and photon probes@8,23#, strangeness
enhancement via the heavy gluon decayg*→ss̄ @5#, and
J/c suppression@24#.
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V. SUMMARY

In summary, we present an interpretation of new SU~3!
gluon lattice data within a model of an ideal gas of quasipar
ticles with effective thermal masses, which is motivated b
perturbative QCD. Such a functional dependence of the e
fective mass is found to reproduce rather perfectly the rece
SU~3! lattice data of thermodynamical parameters. We uti
lize our model to estimate the behavior of the Debye scree
ing mass near the confinement temperature and find a shar
dropping Debye mass, when approaching close toTc from
above, while the thermal mass continuously rises.
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