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Massive gluons and quarks and the equation of state obtained from S8) lattice QCD
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We analyze recent results of 8) lattice QCD calculations with a phenomenological parametrization for
the quark-gluon plasma equation of state based on a quasiparticle picture with massive quarks and gluons. At
high temperature we obtain a good fit to the lattice data using perturbative thermal quark and gluon masses
from an improved HTL scheme. At temperatures close to the confinement phase transition the fitted masses
increase above the perturbative value, and a nonerosmal) bag constant is required to fit the lattice data.
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[. INTRODUCTION then a quasiparticle description of the interacting matter can
be generated in which the quasiparticles move freely or in-
Strong interactions are described by (8UYang-Mills  teract only weaklyf10]. Such a model would be a preferable
field theory, and the fundamental degrees of freedom o$tarting point for phenomenological hadronization models
guantum chromodynamid€®CD) are gluons and quarks. At and for a description of the strongly interacting matter near
high temperature this theory is weakly coupled, allowing forthe phase transition.
the use of perturbative methods. The leading order contribu- Our goal is to identify the appropriate degrees of freedom
tions to the characteristic collective excitations and the equathrough an analysis of lattice QCD data. Similar attempts
tion of state of a quark-gluon plasma were already deterstarted as soon as good lattice QCD results on the equation
mined many years agd.—3]. A gauge invariant approach to of state of strongly interacting matter became available, and
nonleading corrections was derived more recently in thdéhey developed in parallel with the improvements of the lat-
form of the hard thermal loogHTL) approximation[4—6]  tice data. It was observed already quite some time ago that
and its improved versiond,8]. the formula for the free energy density of a massive ideal gas
The theory of QCD predicts the appearance of a phasgives a quite satisfactory description of the numerical lattice
transition between the quark-gluon dominated high energRCD simulationg/11]. In Ref.[12] temperature dependent
region and the hadronic state in the low energy region. Thécreening masses and coupling constants were extracted
two states are characterized by a dramatic difference in thisom SU2) lattice datg 13] and compared with perturbative
number of degrees of freedom. Perturbative QCD can deresults. In Ref[14] it was shown that the obtained thermal
scribe successfully only the asymptotic state at very highmass can be indeed used as an effective mass in the equation
momenta, but it fails close to this phase transition whereof state, comparing favorably with $P) lattice QCD data.
nonperturbative effects become dominant. Where the pertuEarly (very poo) lattice data on the pressure and energy
bative region begins is still a matter of deb§®d. The nu-  density of pure S(B) gauge theory in the temperature region
merical method of lattice QCD can describe both sides ofl.2<T/T.<2.4[15] were interpreted with a constant gluon
this phase transition. Recent developments of this field havenass, M;~500 MeV, and a constant bag constadt’
yielded dramatic improvements both in the extrapolation to~200 MeV [16]. Newer SU3) lattice data of better quality
the continuum limit and for the inclusion of dynamical fer- [17] made a reanalysis of the gluonic equation of state pos-
mions. sible which yielded a new expression for the temperature
The existence of this phase transition generated a larggependent coupling constant in the thermal gluon ria8k
experimental effort to create it in the laboratory and investi-A quasiparticle based, thermodynamically consistent analy-
gate it in detail through heavy ion collisions. However, tosis of the SW2) [13] and SU3) [17] lattice data was per-
verify the appearance of a deconfined state in such experfermed in Ref.[10] whose authors investigated in detail the
ments we need accurate knowledge about its subsequent hadmperature dependence of the thermal gluon mass and of
ronization. There is a general interest to create phenomenthe bag constant. New $8) lattice data with a complete
logical models for this phase transition which agree with thecontinuum extrapolation appeared in R¢f2] and[20], and
perturbative results at high energy and with the lattice QCDagain a phenomenological analysis proved the applicability
data at low energies. Such models must specify the basief an equation of state with massive gludid]. Further-
degrees of freedom in the plasma state which will participatenore it was showii21] that atT>2.5T . the Debye screen-
in the formation of hadrons during the confinement phaséng mass extracted from lattice QCD correlation functions
transition. The experience from phase transitions in solicand the thermal gluon mass fitted to the lattice QCD equation
state physics and other fields suggests the introduction aff state are consistent with each other, such that at high
guasiparticles with effective masses generated through thtemperature the perturbative QCD with effective massive de-
interactions among the basic constituents. If a large part ofrees of freedom provides a good description of the lattice
the interaction can be included into the effective massedQCD results[21]. In Ref.[21] the lattice data fit yielded

0556-2813/98/5(#)/187912)/$15.00 57 1879 © 1998 The American Physical Society



1880 PETER LEVAI AND ULRICH HEINZ 57

=17.2 gluon degrees of freedom, supporting the presence @quation of state obtained from lattice QCD data. In Sec.
massivetransversemodes only. A direct investigation of the VIII we discuss our results.
screening mass in SB) lattice calculations was performed
in Ref.[22] on both sides of the phase transition.

A somewhat different analysis of pure &) lattice data
was presented in Ref17]. It assumes the existence of mass-
less gluons above a certain minimal moment(fautoff A. Gluons

mo<_jel'j) togethgr with glueball-like nonperturbative massive There are essentially two ways to define an effective dy-
excitations. This model could reproduce the (SUlattice  namijcal gluon mass: via the pole of the effective gluon
data quite wel[17,23. ropagator, or via the long-range behavior of the potential
All of the above analyses were performed for the case ohetween two heavy color sources. In both cases one has to
pure SU2) and SU3) gauge theories, because sufficiently address the question of gauge invariance of the result for the
high-quality lattice QCD data existed only in these cd$@s mass, since the defining objects are not themselves gauge
SU(3) the latest results can be found in Rdfs9] and[20]]. invariant.
However, new lattice data including dynamical fermions ap- On a perturbative level, it was noticed by Klim@®] and
peared recently, wittN;=2 [24,25 and N;=4 [26] quark  Weldon[3] that the leading term in a high-temperature ex-
flavors. Extended investigations are under evaluation for thgansion of the one-loop gluon polarization tensor was gauge
casesN;=1,3,6 andN;=7 (see in Refs[27]), but in their  invariant. It was later shown by Hein87] that the same
present state they can not yet be used to extract temperatui@sult for the gluon polarization tensor could be obtained
dependent thermal masses. These new lattice results can ndi@m classical color kinetic theory in the linear response ap-
be used for the extraction of a phenomenological equation dproximation. From this expression for the polarization tensor
state for the quark-gluon plasni@GP containing massive Weldon [3] derived .the following dispersion relation for
gluons and quarks, which to our knowledge has not beeff@nsverse gluons with momenigk>gT:
published elsewhere. Similar work is under way in the group 2_ 12 2
of Kampfer and Peshidi28]. "=k Mg (T), @
The understanding of the dynamical generation of effec-
tive quark and gluon masses could be very important in gZTZ(NC Nf)

many research fields. Dynamical mass generation is an es- MS,W(T)= T

Il. THERMAL AND SCREENING MASSES
IN PERTURBATIVE QCD

2
sential ingredient for the solution of the infrared catastrophe

in hot gauge theorief29] and the formulation of effective

field theoretical approaches to thermal QCID). It is at the ~ One might object that the high temperature limit in which the
heart of recent new approximation schemes such as theolarization tensor was obtained is inconsistent with the limit
“screened perturbation theory[31,32. Screening masses ®,k>gT under which Eq(1) was derived. However, Reb-
have also successfully been used to regulate thepiplve- ~ hanet al. showed recently7,8] that the validity of Eq.(1)
havior in the parton cascade approach to ultrarelativisti¢loes not depend on the high temperature limit taken in Ref.
heavy ion collisiond33]. Massive quarks are the basic de- [3]; indeed, near the light cone the transverse one-loop po-
grees of freedom in hadronization models: the phenomendarization function is given by the gauge invariant result
logical model ALCOR is based on the coalescence of mas-

sive quarks and antiquarks into hadrof@4]; transport 2_ 1,2y — N2

descriptions of the hadronization based on the Nambu—Jona- (™=K =Mg(T) ®
Lasinio model contain massive quarks as W88]. Massive

quarks and gluons obtained from HTL approximati@] independent of the magnitude ef=k relative toT. Since
were already applied to estimate charm production at RHIGor large momentak>gT the gluon dispersion relation
and LHC energie$36]. moves arbitrarily close to the light con®y(T) can be in-

In Sec. Il we summarize the present knowledge about théerpreted as the thermal gluon mass in the high momentum
thermal and screening masses in perturbative thermal QClimit. Its inclusion as a gluon mass term in higher orders of
In Sec. lll we overview the equation of state of quasiparti-perturbation theory removes certain classes of collinear sin-
cles, its most important thermodynamical properties and disgularities near the light cone, and within the context of hard
cuss the criterium of thermodynamical consistency. In Secthermal loop resummatiop4—6] it leads to the so-called
IV we analyze pure S(3) lattice QCD results; we determine “improved HTL resummation schemef8].
the relevant number of gluonic degrees of freedom, the tem- The “Debye screening massV, on the other hand, is
perature dependent gluon mass and coupling constant, thielated to the behavior of gluonic excitations at small mo-
temperature dependent bag constant, and investigate theenta. It can be defined either through the static limit of the
screening mass. In Sec. V we repeat this analysis on lattiogluon polarization tensoll ,,(«=0k) for k—0 or via the
data withN{=2 andN;=4 dynamical fermion species. In behavior of the potential between two heavy color charges at
Sec. VI we generate the equation of state of the QGP itarge distancesy(r)~exp(—Mpr)/r [6]. In the first case a
general and investigate the speed of sound in this system. auge invariant result can be obtained from the leading term
Sec. VII we include hadronic matter into our investigationof the high temperature expansion for the one-loop gluon
and describe phenomenologically the phase transition bepolarization operatof2,3] or, equivalently, from the one-
tween QGP and hadronic matter on the basis of our nevdoop result within the HTL resummation scherp#e-6] for
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the gluon polarization operator at momenigk<<gT. In the 48772
second case, care must be taken to make the external sources g%(T)= 5 . 9
gauge invarianf6]. (1INc=2Ng)InF=(T,T¢,A)
In the HTL approximation one obtains from the behaviorWe expectE (T, T, A) to be linear in the region where per
fII (w=0k he D e )
of I («=0k=0) the Debye masg,5,38 turbation theory is valid39]. In other words, writing
Ne Ny T T
M%=2M§,m(T)=ng2(§+ E)' 4 F(T,Te, A)=K(T/T)) — —— (10)
c MS

This result is related to the one-loop plasmon frequengy, W€ expectk(T/T) to be a constant in the perturbative re-

obtained from the gluon dispersion relatigpole of the ~ 9ion, i.e., at highl. Atlow T a possiblel dependence df
propagator for k—0, by M2 = 3w'2)_ reflects nonperturbative corrections.

In SU(3) at differentN; we have different critical tem-
peraturesl . and different normalization parametérg/ Ays —
B. Quarks [40]:

Similarly to the gluon propagator, one can study the quark

i - imati i - T
propagator in the one-loop app_roxmatlon. In the hlgh tem SU(3), Ny=0—T,=260 MeV: ¢ ~1.03+0.19:
perature or low-momentum limib,k<T [2,3] or, equiva- Ays—
lently, in the HTL approximatiori4,5] one obtains (11)
MZ(T) Ng_ 1 ngZ g2-|-2 (5) .
TN 8 6 SU(3), Ny=4—T.=170 MeV; sz 1.05. (12

This can be interpreted as the effective quark mass for softor Ns=2 the critical temperature in S8) was determined
quarks with momentaw,k<gT. For high momentaw,k  as T,=140 MeV [24,25, but the normalization factor
>gT the fermion dispersion relation again approaches thd./Ans s not known by the authors. From Edd.1) and
light cone, and one can make use of the gauge invariant lightl2) we will estimate this value by interpolation and we will

cone limit of the one-loop fermion self-ener{§: useT./Ays=1.03.
We will try to fit the lattice data with a noninteracting gas
3 (w2=k2)=M2_(T) 6) of massive quarks and gluons, with masses given by the

perturbative expressiorg) and(7), but with g2 replaced by
a phenomenological running coupligg(T). Using Eqs(9)
5 5 g°T? and (10) we can then extract a functidd(T/T.). In a very
Mf.(T)=2M¢(T)= 3 (7)  early work[12] in pure SU3) gauge theory this function
K(T/T.) was determined from a similar fit to the heavy
quark-antiquark potential; the fit result was a constant,

Again this is an exact one-loop result, independent of th‘?(TlT )=19.0. However, the authors of Ref12] used
value of w=k, andM; .. can be interpreted as the thermal TC/AMCS: 1.78+0.03 which differs strongly from the now

quark mass for high momentum quarks: gT. accepted value. With our normalizatiofll), R(T/TC)
=19.0 would correspond t&(T/T;)=33.8.
C. Temperature dependent coupling constant Another result was obtained recently from a numerical fit
The thermal gluon and quark masses obtained from perf the equation of state in pure $8) gauge theory21j:

turbative QCD are displayed in Eg®) and (7). All masses
depend on the temperatuleand the strong coupling con-
stantg. At higher orders of the loop expansion, the coupling
g begins to run as a function df, giving rise to a tempera-
ture dependent effective coupling constg@T). In SU(N,)  Obviously, this parametrization differs from E{.0).

T
F(T,TC,A)=4.17T——2.96. (13

c

gauge theory at =0, in the presence d; quark flavors the Our expectation is to obtain a consta{T/T;) function
one-loop expression for the running coupling constant as & that temperature region where perturbative QCD and the
function of the momentum transf€ is quasiparticle picture of the lattice QCD results overlap. A
strong temperature dependenceKdfT/T.) implies nonper-
9 o 4872 turbative effects. We summarize our results on the function
97(Q%) = ) K(T/T,.) for different values ofN; in Secs. IV and V.

(1INe—2Np)In(— Q¥ A)

. . Ill. EQUATION OF STATE WITH QUASIPARTICLES
Here Ay is the cutoff parameter. It was shown in RE39] Q Q

that in a thermal system it makes sense to introduce a tem- In this section we introduce the equation of state of a pure
perature dependent functigif(T) by the following param-  gluon plasma and a quark-gluon plasma consisting of mas-
etrization: sive quasiparticles. This equation of stdtespectively its
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parameterswill be determined from the S@) lattice data. approach of Ref{18] whereD was taken as a constaiém-
The key point is to consider temperature dependent effectivperature independenfit parameter. We expect that in the
massesM;(T), which are dynamically generated. We can high temperature limit there are only transverse gluonic qua-

introduce the dispersion relation for quasiparticles: siparticle modes, yieldin@ (T=%)=Dy=16. At low tem-
5 5 ) peratures the longitudinal gluons are expected to also con-
wi (K)=k*+M{(T). (14 tribute, givingD(T)>Dy.

With these assumptions the thermodynamical pressure
P4(T) of pure gluon mattetwhich is nothing but the grand
canonical thermodynamical potenjigian be written as

Herek is the momentum of the quasiparticle andk) is its
energy. A pure gluon plasma contains only gluons ¢,
N;=0); a QGP consists of quarks and antiquarks also (

=g,q,a N:>0). We can define the Bose or Fermi distribu- ) D(T) de3k k? _ 16
i ionsf; iparti Po(T)= : 1
tion functionsf;(k) for the quasiparticles as o (2m?Jo 3ug(K) ol
(k) = N2 2 -1_ i -1
fik)=[exp{vk™+ MI(T)/T} = 1] [explw; /T)= 1](15) From the thermodynamic identity
In addition to the effective masséd;(T) we also need s(T):TdP(T) —P(T) 17)
the effective number of degrees of freedom of the quasipar- dT

ticles to determine pressure and energy density. The correct
value for the number of effective gluonic degrees of freedoriwe work at zero net baryon densifyg=0) one obtains the
is not obvious, since a massless vector boson has two helicif@llowing relation for the energy density:

states, but massive vector bosons have three spin states. One

possibility is to introduce a temperature dependent effective D(T) (=

degeneracy factoD(T) for the gluons. We will determine eg(T)= (277)3jo d*kwg(k)fo(k)+Wp(T),  (18)
the value ofD(T) in a pure gluon plasmaN;=0), where
qguark degrees of freedom do not interfere. Later we can as-

P4(T) dD(T)

sume the same value f@(T) in a QGP. Wp(T)=T
Another possibility is to fix the number of gluonic degrees D(T) dT
of freedom (e.g., at its perturbatively expected valig,
=16) as well as the number of quark and antiquark degrees dMy(T) D(T) (= d°k

—TMgy(T) fg(k).

of freedom. In this case we have the freedom to introduce an
effective interaction term for those contributions of the
strong interaction which cannot be absorbed by the presence 19

of effective masses. We parametrize this term by a tempera- . h ing f h
ture dependent “bag constantB(T). This interaction term HereWp(T) summarizes the extra terms stemming from the

B(T) can be determined in a pure gluon plasma as well as ilemperature derivative of the effective mass and effectiye
a quark-gluon plasma. As we will see in the following sec-number of degrees of freedom. On the other hand, a consis-

tion, in the QGP phase quarks and antiquarks will also contﬁ,nt .quas'ipar'titl:le pictyﬁre demfmnWD%O Elo]' Requiring
tribute toB(T), so its physical meaning differs from the bag tiS identity yields a differential equation @ (T):
constant parameter of the MIT bag model; nevertheless we

dT  (2m)3Jo wy(k)

will use the same notation for convenience. D(T)=D(T*)+ fT dT’Mg(T’)dN;g(T,)gD(T’)
T !
A. The number of effective gluonic degrees of freedon®d (T)
, . Is d3k/wg(k) fq(k)
Let us first consider pure S8) gauge theory where we X ) (20)
wish to find out the number of contributing gluonic quasipar- fmd3kk2/w (K) f(K)
ticle degrees of freedon(T). A strongly interacting gluon 0

plasma contains not only the transverse gluon modes, but at
low momentak<gT there exist also longitudinal plasma ex- Here T* is an integration constant. If the functioM,(T)
citations. It was shown in Ref4] that at high momentk  and D(T) satisfy this self-consistency condition, then we
>gT the longitudinal modes disappear, in the sense that theave a thermodynamically consistent quasiparticle descrip-
residue of the corresponding pole in the propagator becomdon.
exponentially small. Since the equation of state is dominated Lattice calculations yield numerical values for the func-
by particles with momentk~ T, we expect at high tempera- tions Py(T) andey(T). These two sets of data are sufficient
turesT—o (whereg becomes smaltthe contribution of the to determine for each value df the quantitiesMy(T) and
longitudinal modes to be negligible. On the other hand, aD(T) such that they satisfy Eq$16)—(19) with Wp=0.
low temperatureg$whereg can become of order 1 or larger Since the lattice results were created in a thermodynamically
their contribution may be relatively large. Therefore we can-consistent way we expect that the resulting functivthgT)
not a priori neglect them from the analysis of lattice QCD andD(T) will satisfy Eq. (20). We will check this as a test
data. for the consistency of our extraction procedure kog(T)

We will introduce a temperature dependent effectiveand D(T). Our numerical results oM 4(T) and D(T) will
number of gluon degrees of freeddd(T), generalizing the be summarized in Sec. IV.
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B. The temperature dependent interaction termB(T)

We can also investigate the high temperature limit from
another point of view[10,21. Let us fix the value of the
gluonic degrees of freedom at every temperaturd{d)
=Dy=16, assuming that only transverse gluons contribute
to the thermodynamic quantities, and calculate directly any
extra contribution to the pressure and the energy density. Ir
this way both pure gluon matter and a quark-gluon plasma g
can be investigated. We will here consider a QGP wWith 0 P 2‘ = ‘2‘5‘ ey - T s
guark flavors and the usual number of quark degrees of free ’ ' ’ T/T.
dom:Dq=Dg=2X3XN;=6N;. 30 -

The effective quark masM (T) will be related to the £ g £

M(T)/T

N WA O
TT T

effective gluon masd,(T) through the value of the tem- © 26 2 (b)

perature dependent coupling constg(it) via the perturba- 24 £

tive expressions in Eq$2) and(7) for the effective masses. 22

This means that we absorb nonperturbative features into ?g g

common nonperturbative fit functiag(T), without touching 16— e SN

the perturbative form of Eq$2) and(7) itself. “wE e
The deviation ofeg(T)=Z;&;(T) and Po(T)=Z;P;(T) 12 F

from the ideal gas values corresponding to the effective 10 ;=353 55

massedM;(T) and the fixed degeneracy factdg, D, and T/T.

Dgwill be [_)arametrized by a temperature dependent funct_ion FIG. 1. The temperature dependent effective gluon mass
e e o e e s ons o BT U ofempsraurs (o e e urter o

. . g?uonlc quasiparticle degrees of freedoby,T) (b) in pure SU3)
"?‘"d’ B(T) should vanish. At lower tempe.raturB(T)_ pro- ._gauge theory;=0) as a function ofl/T.. The horizontal line in
vides another measure for nonperturbative physics whic ) indicatesD = 16.
cannot be absorbed into effective quark and gluon masses. ¢
Both quarks and gluons contribute B{T).

We introduceB(T) by writing the pressure in the form ues for M;(T) [respectivelyg(T)] and B(T) through Egs.

(21) and (22). As before we expect that the obtained func-
D. (= K2 tions M;(T) andB(T) will satisfy Eq.(23). Once again this
P(T)= > : f d3k3 f.(k)—B(T), (21) is a good numerical consistency check for our extraction of
0 [O]]

i<g.0.q (2m)° (k) the functionsM;(T) andB(T).
motivated by the MIT bag model. Thermodynamic identities
yield the following relation for the energy density: IV. ANALYSIS OF LATTICE DATA FOR PURE SU (3)
GAUGE THEORY
di f - = We analyze the latest lati in th i limi
T = A3k (K F(K) +B(T) + We(T). e analyze the latest lattice data in the continuum limit
=(T) i:%,q*(zwﬁ 0 @i Ti(k)+B(T) o(T) for pure SU3) gauge theoryf19,20. The calculations of

(22 Ref.[19] show a*2% error on the data fdP(T), £(T), and
s(T). We include this error into our analysis; it will be indi-
Here \TVB(T) summarizes the extra terms obtained from thecated in Figs. 1, 2, and 3 by dotted lines above and below the
temperature derivative oB(T) and of the effective mass solid lines corresponding to the results extracted from the
M;(T). Similarly as above thermodynamic consistency ofmean values.
our quasi-particle model requird¥z(T)=0. This yields to We begin by determining the effective number of gluonic

the following integral representation f@&(T) [10,21]: quasiparticle degrees of freedom in a gluon plasma, extract-
ing the functionsMy(T) and D(T) as explained in Sec.

D, T Il A. Figure 1(a) shows the temperature dependent effective
B(T)=B(T*)— 2 f dT'M;(T") gluon massM(T), while in Fig. I(b) we display the effec-

i=g,0,9 (2m)3 ) tive number of gluonic degrees of freedoB(T). At high
AM.(T") =d% temperatureT>2.3T., the number of degrees of freedom is
x'_f —f.(k). (23)  rather constantD(T)=14.5-1. Please note that the 2%
dT" Jo w; error of the lattice data results in an uncertainty of about 1

gluon degree of freedom. Within this uncertainty the result is
Again T* is an integration constant. If this expression issurprisingly close to the naive expectation that at high tem-
satisfied by the functions!;(T) andB(T), we have a ther- perature only the transverse gluonic modes are present. In the
modynamically correct quasiparticle description containingow temperature region]<2.3T., the functionD(T) in-
effective gluons and quarks with effective thermal masses. creases, which one may wish to associate with the increasing
Similarly as above, from the numerical values for thecontribution of the longitudinal modes. However, far
functions P(T) and ¢(T) obtained from lattice QCD and <1.5T., D(T) rises very strongly and exceeds even the
assumingWg(T)=0, we can determine the appropriate val- value of 24 expected for massive gluons with 8 color and 3
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g 6 of the thermodynamical contributions R{T) ande(T). We
£ 5 (o) consider this behavior dD(T) as physically unreasonable
= . 3 and believe that a parametrization of these nonperturbative
effects via an extra interaction term makes more sense.
30 To this end we fix the effective number of gluonic modes
2 F to Dy=16 as suggested by the behavioX(T) in Fig. 1(b)
1 F and our perturbative prejudice at lar§eThis means that we
: consider only transverse effective gluons as quasiparticle
0 - states and subsume all further interaction effects into a non-
perturbative “bag constant'B(T). The procedure is de-
_0.16 - scribed in Sec. Il B. Figure (2) shows the temperature de-
§0.14 pendent transverse gluon malk,(T) resulting from this
5001? approach. Comparing with Fig.(d one sees that at large
?.3’0'0'8 § values ofT the effective mass is now somewhat larger, com-
0.06 E pensating for the choice of a fixéal,= 16 instead of the best
0.04 F fit value Dg=14.5 in Fig. 1b). For smaller temperatures,
0.02 ¢ however, the rise d14(T) is much weaker than in Fig(a),
-o.og : andM(T) also shows a much weaker sensitivity to the sta-
_0.04 Eu tistical error of the lattice data oR(T) and&(T). This in-

T /{5 dicates that this type of parametrization provides a more rea-
sonable fit to the lattice data than the one above in terms of
FIG. 2. The temperature dependent effective gluon massMy(T) and D(T). Please note that the effective gluon
Mg(T), in units of temperatur& (a) and the interaction terB(T) ~ masses shown in Fig(@ correspond in the regiofi> 2T,
normalized by the energy densig(T) (b) for pure SU3) gauge g g coupling constang= \/EMQ(T)/T%L3—1.4 [see Eq.
theory (N¢=0) as a function ofT/T.. For details see text. (2) for N;=0], in agreement with other extraction proce-
dures: for example, the authors of Rpt1] obtained from
helicity states. This indicates the presence of strong nonpethe interquark potential at small distances the value
turbative effects at low temperature not all of which can be~0.15 which translates intg=1.37.
absorbed by the effective gluon mass. In fact, part of the Figure 2b) shows the functioB(T)/(T), the interaction
strong rise inD(T) is driven by the strong increase of the term relative to the total energy density. At high tempera-
effective gluon mass which leads to exponential suppressiotures, T>2.3T, the bag constant is very small, only about
2-3 % of the total energy density, although slightly negative.
30 We take the smallness &(T) as confirmation for the va-

g o lidity of a quasiparticle picture at large temperature. NEar
";Z C P ' =2.3T. B(T) changes sign, increasing for smaller values of
25 L T, but never exceeding a value of 15% of the total energy
L density even aT .. Note that this relatively small deviation
from an ideal quasiparticle picture gave rise to the dramatic
ol and unphysical behavior @ (T) [andMy(T)] in the alter-

native approach above. Clearly, the parametrizatiorB¢iB)
is more economical and leads to a more self-consistent pic-
ture.

The dashed line in Fig.(B) shows the result of an inte-
gration of Eq.(23), using the extracteil 4(T) from Fig. Aa)
and choosing boundary condition8(T*)=0 at T*
=2.3T.. The agreement with the numerically extracted val-
ues forB(T) is nearly perfect indicating the thermodynami-
cal consistency of the lattice data and our extraction proce-
dure.

From the temperature dependent gluon mékg(T), one
i can determine the temperature dependent coupling constant,
N T B D g(T), and extract the functioi(T/T.;) given in Eq.(10).
1 1.5 2 2.5 3 3.5 4 4.5 The result for pure S(B) gauge theory is shown in Fig. 3.

ar The dotted lines again indicate the2% systematic error of

FIG. 3. The functionk (T/T,) for the effective coupling con- the I_attlce data. One can see that at high temperature we
stantg(T) in pure SU3) gauge theory. The solid line shows the Obtain a constant valu&(T/T,—«)=18=8. At low tem-
mean values; the dotted lines show the influence 829 system-  PeratureK(T/T) decreases indicating a larger coupling con-
atic error of the lattice data on the functist(T/T.). The fitted  Stant and a larger thermal gluon mass. Close to the phase
function Eq.(24) is denoted by the dashed line, and the horizontaltransition the function approaches the valk¢T/T.—1)
line atK =18 indicates its asymptotic value. =1.5; the precise value depends, however, on the latent heat
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FIG. 4. Lattice data for pure SB) gauge theory or/T* and
3P/T# (diamond$ [19], their reconstruction with a free quasiparti-
cle picture withB(T) =0 (dash-dotted lings and including the in- normalized by the energy densityT) (b) in SU(3) gauge theory
teraction termB(T) (dashed lines The horizontal line at 5.24 in- ¢ N;=2 andN;=4 as a function off/T,.
dicates the Stefan-Boltzmann value for massless noninteracting
particles.

FIG. 5. The temperature dependent effective gluon mass,
Mg(T), in units of temperatur& (a) and the interaction terB(T)

V. ANALYSIS OF SU(3) LATTICE DATA FOR N;=24
at the phase transition point which is still under intensive
investigation in lattice QCD calculations.

The obtained curve can be fitted rather well with the fol-

Newest lattice calculations including dynamical fermions
can be used to determine the equation of state for a realistic
quark-gluon plasma including light quarks. The numerical

lowing function(dashed line in Fig. 8

18

K(TITe)= 18.4x e 08T/To? 1 1

lattice QCD results can be found in Ref24] and[25] for
N;=2 and in Ref.[26] for N;=4. Following these articles
we interpolated the expected continuum result in both cases.
From Ref.[24] for Ny=2 we used the data for a current

. ] ) quark masam,=0.0125(octagons in Figs. 9 and 10 in Ref.
If we start from this approximate function &f(T/T.) forthe  [24] and circles in Fig. 7 heje The statistical error of the
coupling constang(T), we obtain an analytically param- |attice data is smalk< 1% for the pressure and2—4 % for
etrized, approximate thermal gluon mas(T) [see EGs. the energy density. From Ref26] for N;=4 we used the
(2), (9), and (10)]. Once we fix the boundary condition gata set for a current quark masg/T=0.2 and we consid-
B(T*)=0 atT*=2.3T; as determined from the numerical gred their extrapolation of the energy density to the chiral
analysis of the lattice datsee Fig. )], the bag constant |imit (seel in Fig. 4 of Ref.[26] and in Fig. 7 herg In this
B(T) can be uniquely reconstructed by integrating B28).  case the statistical errors are even smaller, but the systematic
With My(T) and B(T) known, P(T) and &(T) are easily  errors resulting from the extrapolations to the chiral and con-
evaluated using Eqs21) and (22) (with Wg=0). This  tinuum limits are hard to judge. To estimate the possible
means that Eq24) together with the value fof* provide a  influence of errors on the lattice data for our extraction pro-
complete analytical parametrization of the equation of statecedure we will consider a universat 2% error in both
In Fig. 4 we compare the original lattice QCD ddi@ia- cases; the corresponding uncertainty will be indicated by
mondsg with the thus reconstructed valu@tashed and dash- dotted lines in Figs. 5 and 6.
dotted line$. The dash-dotted lines neglect the interaction In the framework of perturbation theory the effects of
term B(T) and thus represent only the quasiparticle contri-dynamical quarks on the gluon dynamics are small and can
bution toP ande. Clearly the agreement between the modelbe simply included into the thermal gluon mass and Debye
and the lattice data is at most qualitative in this case. Includscreening length. No additional gluonic collective modes
ing the bag term, howevefdashed lineswe obtain nearly arise. However, at small momenta there are additional fermi-
perfect reproduction of the lattice data. Figure 4 demon-onic collective modes, the “plasminos[6]. Based on our
strates the usefulness of a thermodynamically consistent quaxperience in pure gluodynamics they are not expected to
siparticle picture. The deviation from the Stefan-Boltzmanncontribute to the equation of state at high temperature; again
values indicates that the massless degrees of freedom canribe residues of their poles in the quark propagator vanish
provide a satisfactory description, while the quasiparticleexponentially for momentk>gT [4]. We will therefore as-
model plus bag term leads to qualitative improvements.  sume a fixed number of degrees of freedom, given by the



1886 PETER LEVAI AND ULRICH HEINZ 57

—~ 30 14
P T_ E
= L B
E T ———— }“12 ;
X o | T§1o :
[ M 8 Ff
6
20 - =0 4F
i 2 b
I 0 45
15 -
10 -
5 - i
6
e, i 4 E
4 N=2 2
0|||\\\ll\\\l\lll\\lll\\lll\\\ll\\\ O\II\‘\|||||||||lwll‘\lll|lw|||w|||
1 1.5 2 2.5 3 35 4 4.5 1 15 2 2.5 3 35 4 4.5
T/Te T/T.
FIG. 6. The functiorK(T/T.) from the effective coupling con- FIG. 7. SUQJ) lattice data(symbolg and our model reconstruc-

stantg(T) in SU(3) gauge theoryN;=0,2,4 (solid lineg and the tion (lines): Ny=2 [24] (a) andN;=4 [26] (b). The reconstructed

influence of = 2% systematic error of lattice data on the function quantities are denoted by dash-dotted lines in a simple quasiparticle

K(T/T,). picture and dashed lines if the interaction teB(il) is included.
Horizontal lines indicate the Stefan-Boltzmann values for massless

perturbative values at high Dg=16 Dg= Dg=6Nf and Non-interacting particles, 12.17 and 19.08, respectively.

include all collective interaction effects into an interaction i yse the analytical form(24) extracted from the gluonic
term B(T) as for the purely gluonic system above. case also in our quasiparticle picture for the full QGP. For
The obtained results are qualitatively very similar to thethe zero point ofB(T) we will again choose the valug*

previous ones for the purely gluonic case. Figuf@ Shows =2 3 determined in the purely gluonic 8 case, although
the obtained results for the effective gluon mabky/T.  (modulo large numerical uncertaintiethe N;#0 data seem
Since Mg(T)/Tz[g(T)/\/E] V1+ N¢/6, Fig. 5a) can be to favor a somewhat smaller value.
viewed as giving the temperature dependence of the effective For a QGP withN;=2 quark flavors Fig. @& shows the
coupling constang(T) which according to Eq(7) also de- lattice data(circles for pressure and energy densiynd the
termines the effective quark mass. From Fig. 5 and (By. reconstructed values fer(T) and P(T), both including the
we extractg~1.6 in the regionT>2T, for Ny=4, some- bag constan(dashed lingsand neglecting the interaction
what larger than for the purely gluonic case. term (dash-dotted lings For Ny=4 quark flavors the analo-
Figure §b) shows the interaction term relative to the total 90Us quantities are displayed in Figby. Here the squares
energy density3(T)/e(T) both forN;=2 andN;=4. Simi-  give directly the lattice data from Reff26] for the energy
larly to the result in pure S(3) gauge theory, the interaction density, while t_he dl_am(_)nds represent the continuous line for
term B(T) remains small aT>2-2.3T,, and does not ex- the pressure given in Fig. 2 of R¢26]. In each case inclu-
ceed 15% of the energy density in the low temperature reSion of the interaction terrB(T) improves the picture. The
gion. In the caseN;=2 the lattice data allow us to extract adreementis weaker than in the pure(S\tase(see Fig. 4
My(T) and B(T) only in the temperature regioff,<T but the pressure |s_reproduced rather nicely as well as the
<1.4T,, however the characteristics of the obtained curve§&Nergy density at high temperature. Note that here we used
are close to the results obtained féy=4. the_funcUonK(T/Tc) from Eq.(24). The d|screpanc_y in the
Figure 6 displays the obtained functiok¢T/T,) (solid reglon'l'_%TC may be cor_mect_ed to fche use of massive current
lines together with the expected errofsotted lines stem- qu.ar.ks in the actual Iattlc_e S|mulat|on$ anq assoma_ted uncer-
ming from an assumed typicat 2% uncertainty in the lat- tainties in the extrapolgtlon to the chiral limior a dls_cus-
tice data. For all three casel,=0, 2, and 4, the functions Sion see Refl26]). In view of those the 10-15 % discrep-
K(T/T.) are very similar(within the admittedly large error ancy petween the re(-:onst.ructed curves and data is
barg. Within the existing uncertainties we can thus define a}s;urprlsmgly small, especially if we remember that we used
universal functiork (T/T,); differences due to variations of "€ the parametrization which was obtained from the pure
N. andN; can be largely absorbed inflg, and Ays in Eq. SU@) case.
(10). It would be very interesting to see whether the exis-
tence of such a universal functidf(T/T,) is confirmed by
future higher quality lattice data. In hydrodynamical models of strongly interacting matter
Since the data for purely gluonic $8) span a much the dynamical behavior is mostly determined by the value of
larger range than those including dynamical fermions, wehe speed of sound:

VI. SPEED OF SOUND IN THE MASSIVE QGP
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FIG. 8. The speed of soum:‘g’, calculated folN;=0,2,4. The FIG. 9. The effective masses of quarkdashed curvesand
dash-dotted lines denote the resudg% from the free quasiparticle gluons(solid curveg in SU(3) gauge theory witiN;=0, 2, and 4
model[ B(T)=0] while the dashed lines with asymptotic valoé quark flavor.
=0.33 indicate the results including the interaction teB(ir).

Note that the differences betweéh= 0, 2, and 4 are hardly vis-  =0.15 aroundT,. If we neglect the interaction ter(T)
ible. and calculate the speed of soucﬁ}) from the expression

, dP _dP/dT

ap _dP,  dPy(T)/dT
CsTds  deldT’ ==

deg deg(T)/dT’

(25) 2o

(27)
Since the energy density(T) was obtained from Eql7)  wherePy(T)=P(T)+B(T) andey(T)=¢(T)—B(T), then
we can rewrite this as (see dash-dotted line in Fig) 8he speed of sound shows
only a very weak temperature dependence, decreasing from
, (P+2)IT c2,~0.30 atT=4.5T, to ¢3¢ min=0.23 atT,. If we instead
CS_W’ (26) use Eq.(26) also in this caséas in Ref.[36]), whereB(T)
cancels in the numerator, then the resulting speed of sound is
which is more directly connected to the lattice data. For &/€ry close to the full resultdashed ling because of the
noninteractind B(T) =0] gas of massless particles the speedS™Mall influence oB(T) on the energy density in the denomi-
of sound iscﬁz 1/3. In Ref[36], using Eq(26), it was found nator of Eq.(26). _Our result agrees wlth the ca!culatlons in
that even for a noninteractingB(T)=0] massive quark- Ref.[36] in the high temperature region and differs around

gluon gas the speed of sound remains very cIosx%%ol/S. T. because (_)f the nonlinear behaviorkofT/T;) indicating
[In that work thermal masses from earlier HTL calcuIationsnonloerturbat've effects.

[6] and a running coupling constant according to Egsand These results on thg speed of sognd show that a massive
(10) with a constanK (T/T,) were used. If there are, how- quark-gluon plasma will expand rapidly and that therefore
ever, strong remaining if’]teractions which cannc;t be ab'_[he phase transition should be a fast process without detect-

sorbed in the masses but require a nonvanishing and possiq le duration effects. Even where the pressure already shows

) i ‘o rge (>50%) deviations from the massless ideal gas law,
s'gronglyT dgpendenB(T), this W'”. generate deviations of the speed of sound still deviates by less than 10% from the
cZ from the ideal gas value, especially ndarf42]. A strong

drop of c§ nearT, will give rise to a “soft point” in the value 14/3. In this way our analysis of lattice QCD results

equation of state at which the ability of the matter to generatt%"::/eodrS rf%sstehadronlzatlon modef84,43,44 of the decon-
expansion flow is minimal. P ’

Since in our analysis the interaction tel{T) remains
small and changes smoothly with we expect only weak
modifications of the speed of sound aroufig. Figure 8
displays the speed of sourd for Ny=0,2,4 in our quasi- In this section we investigate some phenomenological
particle picture and confirms this expectation. Including theconsequences of the large effective quark and gluon masses.
bag termB(T) (dashed lines c2~0.33 in the high tempera- Figure 9 displays the effective masses in GeV fdf
ture limit, and c2 decreases to a minimum valug|,, =0,2,4. All masses behave similarly, since they are con-

VIl. GLUON SUPPRESSION AROUND T, IN SU(3)
GAUGE THEORY



1888 PETER LEVAI AND ULRICH HEINZ 57

N 0 0.7
L ¢ . 7
cos f (T Y I
< ¢ P s
N L el
N L . ] :
caO,s . ny/nd (N=4) ng/n (N=0) :
:_ /o (N=2) 0.5 |- RY (N=2)

v b v by by b v by e by TN NI N AT T T T T YN AT YT [T O N O M S S
0 1 1.5 2 2.5 3 3.5 4 4.5 0 1 1.5 2 2.5 3 3.5 4 4.5
/7. T/T.
FIG. 10. The density ratios between massing (@nd massless FIG. 11. The relative gluon densitg,=ngy/(ng+ny+ng) for

(n°) quarks and gluons in S8) gauge theory foN;=0, 2, and 4. massive ancRg,J for massless particles iNy=2 (solid lines and in
N;=4 (dashed linesQGP.

nected to each other by the functiBT/T.) in the effective L

coupling constang(T). Just above the critical temperature Pared to each quark degree of freedom. After multiplying the

the effective masses drop, but then they remain rather cor£Orresponding degeneracy factors we can compute the den-

stant in the temperature region T2 T<2.5T.. The mass SIy ratio for gluons

values for the cashl;=2 are smaller than foN;=0 due to

the smaller critical temperatuiie,= 140 MeV instead of 260 R — Ng (29)

MeV. For N;=4 they increase again due to the larger con- 9 Ng+nNg+ an

tribution from quark loops and the somewhat larger

=170 MeV. The gluon masses are large in the cades which is shown in Fig. 11 as a function & The horizontal

=0,4, of orderM;=650-750 MeV in the temperature re- lines show the rati(Rg for the massless QGP. The deviation

gion T,<T<3T, (solid lineg. In the same temperature re- caused by the effective mass is clearly seen, and a consider-

gion the quark masses are of order,=300-400 MeV  able suppression of the relative gluon number occurs near the

(dashed lines phase transition. Neaf., for Ny=2 we haveR;=0.25
Large effective masses yield smaller number density afvhich means that only 25% of the particles are gluons while

the same energy density. Thus the density of these massivee remaining 75% are quarks and antiquarks. Nt 4 the

quasiparticles will be smaller than in the massless case. Figjluon suppression is even stronger and rigawe find only

ure 10 demonstrates this by displaying the density ratio 0fl.0% gluons and 90% quarks and antiquarks.

the massive quasiparticles and the massless amés, These results show that the massive QGP is a dilute sys-

(solid lines for gluons and dotted lines for quarks a func- tem dominated by massive quarks and antiquarks. Gluons are

tion of temperature. At large temperature the ratio flattensnuch heavier than quarks and their number densities are sup-

and eventually approaches 1, but close to the critical tempressed. These properties indicate that lattice QCD results

perature the ratio drops very quickly to values much smallesupport the formation of a quark-antiguark dominated

than 1. This indicates that the massive quark-gluon plasma islasma state just above the critical temperature, which con-

much more dilute than a massless QGP, especially igar tains mostly massive quarks and antiquarks. This system
Now we compare the abundances of quarks and gluonsadronizes quickly. Fast hadronization is also favored by the

relative to each other. Equatiof® and(7) imply that in our  fact that the effective quark masses are already close to the

model the gluon effective mass is always larger than thenasses in the “constituent quark” picture of hadrons. Clus-

quark effective mass by the ratio terization of these massive quarks leads directly to multi-

quark states with similar masses as those of the finally ob-

served hadrons, allowing for immediate hadron formation

Mg o _ § & & 29) without having to wait for further energy transfer.
M g0 213 6/
VIIl. CONCLUSIONS
which even increases with the number of quark flakgr. Lattice data in pure S(3) gauge theory and new lattice

Each gluon degree of freedom will thus be suppressed conresults withN;=2 andN;=4 dynamical fermions suggest
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that beyond the phase transition temperature strong nonpeperature region are needed to §XT) and T* more accu-
turbative effects dominate the deconfined state. In order toately.

understand this phenomenon and to facilitate the application The successful reproduction of lattice data by this quasi-
of lattice results in dynamical descriptions of the evolution ofparticle model indicates the validity of such an approxima-
the deconfined phase and its hadronization we analyzed th#®n. The consequences of the appearance of these quasipar-
lattice data in a phenomenological model assuming the agicles are very interesting: nedg, lattice results indicate the
pearance of massive quasiparticles, namely massive quarR¥istence of a QCD phase which is dominated by massive

and massive transverse gluons. We determined a temperatf#arks and antiquarks, while the even heavier gluons are
dependent effective coupling constagdT), which deter- suppressed. This quark-antiquark plasma can be character-

mines the effective masses, and the interaction B(ff), ized by a relatively large speed of sound which indicates fast

which summarizes contributions not to be included into thefynamical evolution and the lack of long time delays during
effective masses. We found that such a quasiparticle picturg@dronization. Although the thermal quark mass does not
works very well. The interaction terB(T) remains small break chlral symmetry and thus cannot be directly relatt_ad_to
and the extracted dynamical mass is consistent with pertufl® constituent quark mass at low temperatures, the similar
bative QCD results at high temperature while it includesMagnitude of both quantitiesM;=300-350 MeV nearT,

nonperturbative contributions at low temperature. In allMy facilitate the formation of hadrons from 2- and 3-quark

casesN;=0,2,4, the obtained characteristics are very simi-clusters and thereby speed up the hadronization process.

lar. If we determineg(T) in the purely gluonic case and
extend it in an appropriate way fdt; >0, we can reproduce
approximately théN;= 2,4 lattice data. This fact suggests the  Discussions with T.S. BiroE. Laermann, B. Miler, A.
existence of a universal description of nonperturbative efSchder, M. Thoma, J. Zimayi, and especially with B.
fects in the fermionless and fermionic cases. Our analysi&ampfer and A. Peshier, are gratefully acknowledged. P.L.
leads to a thermodynamically consistent quasiparticle modes grateful for the warm hospitality of the Instituterfliheo-

for the QGP equation of state which is parametrized via ametische Physik at UniversiteRegensburg. This work was
effective coupling constarg(T) through Eqs(9), (10), and  supported in part by DAAD, by the National Scientific Re-
(24) and the zero poinf* of the interaction termrB(T).  search Fund(Hungary OTKA Grant Nos. F019689 and
Further lattice data with improved quality over a wider tem-T016206(P.L.), and by DFG, BMBF, and GS|U.H.).
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