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Massive quasiparticle model of the SIB) gluon plasma
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Recent SII3) 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 very
well the data. The proposed quasiparticle approach can be applied to study color excitations in the nonpertur-
bative regime. As an example we estimate the temperature dependence of the Debye screening mass and find
that it declines sharply when approaching the confinement temperature from above, while the thermal mass
continuously rises.S0556-282(196)02815-9
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I. INTRODUCTION duce quite well the newest $8) lattice data. We extend our

The recent progress in calculating properties of quark thdeI here to estimate the Debye mass in(Blbauge
eory nearT,.

and gluons by numerical methods on space-time lattices also
provides new information on the equation of state. It is gen-
erally believed that at sufficiently high temperature the

strongly interacting matter appears as plasma of quarks and Qur goal is a quasiparticle model for the equation of state
gluons, while at low temperatures the matter constituents aref a gluon plasma which is compatible with both the con-
represented by hadrotie consider here charge symmetric tinuum extrapolation of lattice data, currently available up to
mattey. Because of problems in incorporating fermions on a5T., and the perturbative region, i.e., QCD Bt>. We
lattice the most accurate information is available for the puraitilize the dispersion relation

gluon plasma. There are extensive studies of thé25[1,2] s o

and SU3) [3,4] gluon plasma. An intriguing question con- w*=k+m(T) 1)
cerns finite-size effects and the extrapolation to the con- . i
tinuum limit, which has been investigated recerjy4]. (@ andk are the quasiparticle energy and momentuith

Even if precision data for the equation of state are availthe 7ld'3t”bUt'°” function (k) =[exp{Vk"+m*(T)/T}
able, one must ask whether it allows for an interpretation in~ 11"~ the entropy density takes, then, the ideal gas form
terms of physical quantities. Indeed, there are various at-
tempts to find suggestive interpretations of the lattice numer- d * 2 5 K2+ m?(T)
ology. In an early approach the &) data[1] are described s(T)= mfo dkf(k)k W 2
by a low-momentum cutoff model. In Rgf] a finite gluon
mass and a vacuum pressure are fitted to previoug8)SU
data. More accurate 38) data[3] are described in Ref6]
by a modified cutoff model with perturbative corrections and
a bag constant, while in Refg7,8] a thermal mass alone is d (= K4
found to be sufficient for describing the data. The latter ap- p(T)= _2f dkf(K) ——————B(T),
proach has also proven to be successful for thé2pdata 67 Jo K2+ m?A(T)

[9]. Despite the accuracy of the &) data on a 15x4

lattice [3], by now there are data on larger lattices available d (=

[4]. These new data seem to permit a safe extrapolation to e(T)= ﬁjo dkf(k)k?VK*+m*(T)+B(T) (4
the continuum limit and are worth to be interpreted.

The aim of our note is to present an interpretation of th
recent SWY3) data[4] in terms of an ideal gas model of qua-
siparticles with thermal masses(T). This model can be
applied for studying various physical quantiti@ssich as De-
bye or screening mass of heavy quark potential, transpo
coefficients, dilepton and photon rateat physically rel-
evant, low temperatures near the confinement temperatu
T., where perturbative QCD cannot be utilized directly. The
particular point we adopt is that the high temperature limit of d (T
our thermal mass follows essentially from perturbative QCD. B(T)=By— _2f
Such a functional dependence wfT) turns out to repro- 4 o

Il. IDEAL QUASIPARTICLE GAS MODEL

while the primary thermodynamical potential pressprand
the energy densitg read

()

e(d is the gluon degeneracy facjoihese relations are ther-
modynamically self-consistent; i.e., they satigdy-p=sT

and s=dp/dT. The functionB(T) is a necessary quantity
when allowing for a temperature-dependent quasiparticle en-
rérgy w(k,T) [5,10. B(T) is not a second independent func-
tion, but related to the thermal mass, because of self-
E:%nsistency, via

dm?(7) (= dkIf(k)

dr o f&rmin
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The integration constanB, resembles somewhat the bag
constant. Note that the previous approacti8s®] used

p(T) with B(T)=0, and that, consequently, neither the en- 4+
tropy density nor the energy density take the structure of an lo
ideal gas. s

To determine the functional dependencerdfT) on tem- I 2k
perature let us first consider the perturbative regime. The I8

thermodynamical properties of the gluon plasma depend pre-
dominantly on the transverse part of the gluon self-energy 0
[11,12. In the weak coupling regime the transverse gluon
self-energy in a gluon plasma witN, colors results in a
dispersion relation which can be approximafdd,12 by
w?=ak?+ Bws, with @ = 1 (§) andB = £ (1) at large
(smal) momenta and gauge-invariant plasma frequency
w%=(NC/9)g2T2 (here, g denotes the perturbative QCD FIG. 1. Comparison of our modéthin lineg with continuum-
coupling constant By studying numerically the known inte- €xtrapolated lattice datgymbols, from[4]) of scaled energy den-
gral representation of the polarization operators, we find tha$ity €=e/T*, pressurep=3p/T*, and entropy densitg=2s/T°.
the large momentum approximation to the full transverselhe dash-dotted curve depicts the funct®s B(T)/T*.
one-loop dispersion relatiofil3] holds atk/T>2+/N./9g;
longitudinal excitations are there overdamped. Otherwise,
the large momentum region dominates the statistical inte-
grals in Eqs(2)—(4), e.g., more than 96.5% of the contribu-
tion to the energy density comes frokiT=1. The error
caused by the use of E¢l), instead of the exact one-loop
dispersion relation, folk<gT can be estimated asg*. We apply our model now to the $B) lattice datd4]. In
Therefore, Eq(1) represents an excellent approximation of addition tox, T, and By, we also do not constrain the
QCD properties, relevant for evaluating Eq®)—(4), and  degeneracyd in order to get an optimum fit. In Fig. 1 we
m?(T) = Bwj with 8= 3 is supported within this approxima- demonstrate that our model, defined by Ed$—(5), (8), and
tion. Hence, m*(T)=(1M)g?*(T)T% with T=6/N,, (9), describes very well the continuum-extrapolated data. As
emerges approximately from perturbative QCD. fit parameters we obtain=4.17,Ts/T,= —2.96,d=17.2 is

Let us now compare the obtained pressure pote(8)at surprisingly near to the above anticipated value for the two
high temperature with the corresponding pressurdransverse degrees of freedom of gludnsaybe this simple
obtained within first-order QCD. The high-temperature ex-multiplicative deviation from 16 accounts for higher order

T/T,

1 6
m3(T)= FGZ(T)TZ, r= G 9

c

Ill. ANALYSIS OF LATTICE DATA

pansion (i.e., m/T<1l) of Eg. (3 with B(T) corrections or some longitudinal contribution. Indeed, re-
= —psp(15/872) [M(T)/T]?+ - - - reads placing Eq.(8) by the two-loop expression we fird= 16.6
for the best fif] BO=O.16T‘C‘ turns out as an optimum choice
_ 15 (m(T)\? for the present data. As seen in Fig. 1 the functi®(¥),
P=psg =gz * | ©®  Wwhich becomes small at> 1.5T,, changes its sign at2 (a

similar observation was made in R¢10] for the older data
where psg= (dw?/90)T*. From QCD it is known[11] that  [3]).
the perturbative pressure is Figure 2 displays the interaction measuee-@p)T 4,
which is a sensitive quantity related to the temperature de-
@ pendence of the gluon condensate. One observes that for

2(Ni—1)m? 4[1 5N,
T>1.2T., the 3%x 6 and 33x 8 lattice data are nicely re-

- — —_— 2 ...
pPQCD 90 T 167729 + .

Comparing the leading terms in Ed§) and(7), one reveals
that, despite massive quasiparticles, one needs to include i
only the two transverse degrees of freedom, i.e., 3 |-
d=2(N§—1). The next-to-leading order terms in the paren- N
theses confirm our above ansatz fof(T). B~
Finally, we specify the coupling constant in accordance =
on
e

X X ]
« X

with perturbative QCD as

4872

GA(T)= z )

1IN, AT+TS
MAT T T,

with T¢/T. as phenomenological regularization as in RR&f.
and limy_.G%(T)—g?(T); T./\ represents the usual regu-
larization scale parametéy. In the following we utilize in
Egs.(1)—(5) the thermal mass

T/T,

FIG. 2. The interaction measure as function of temperature
(heavy full line: our model; symbols: lattice ddt4].)
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produced. In the regiom.—1.2T, 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 of B~

forthcoming high-precision lattice data in this region. How- ~ Fo == m/T 1

ever, it seems that the gross features of the equation of state S 3 BN — /T

in the physically relevant region are fairly well described. - AN

This gives some confidence in our quasiparticle interpreta- i " Tt ~eo ]

tion. a1k f -
N

As a matter of fact, we mention three obvious aspects of
our phenomenological approachti) The flexibility, intro-
duced by the definition o&(T) in Eg. (8), allows to some e
extent for the description of the dat@i) This flexibility is 1 2 3 4
sufficient to describe the data on the basis of a different T/ T.
model[14], wherein Eqs(6) and(7) would be partially iden-
tified [15] and in Eq.(9) a different numerical factor would FIG. 3. The thermal magslashed lingand the estimated Debye
appear(iii) Higher order agreement of E($) and(7) is not  screening maséull line) in our model.
fully achievable, therefore, Eq3) cannot be considered as
resumed expression.

N
mZD:ﬂ_—gngng(T), (12
IV. SCREENING MASS

Our model can be applied to study various collective J (T)=T_3fmdpp2f2(p)exp{ Vp2+ m2(T)]-
properties of a colored quark-gluon system. Since even at g 0 T

comparatively low temperatures the gas of quasiparticles still

remains weakly interacting, we have a chance to treat this In the limit m(T)/T—0, one recovers the well-known
gas in a perturbative way down .. Here, we estimate as perturbative QCD limit m2D= IN.g?T2. The perturbative
an example the temperature dependence of the Debye scre€pcD coupling constant can be expressed by

ing mass. The Debye mass reflects the fundamental property

of a plasma medium to screen the static chromoelectric in- _ g 127
teractions. Following the standard definition, the Debye mass AT AL M2’ (13
mp for an electromagnetic plasma is given by the small mo- 1INcIn=>

mentum limit of the static longitudinal photon self-energy

function ITo(w, k) [11]: where the quantityM? is determined by averaging over the

squared guasiparticle momerjtel]: i.e.,

m3 = lim My @=0k). (10
k—0 o0
4J.dpﬂmp4
It is connected with the longitudinal part of the plasma di- M%(T)= = O—. (14)

electric tensore; (w,k) via k?+I1oo(0k) =k?e (0k) [16].
At leading order inag the above definition is valid also for
the QCD plasm417]. In our modeleag is the coupling con-
stant of the color interaction between quasiparticles. ThéVe choose the scale parametkrin accordance with the
chromoelectrical tensa¢, (w,k) can be calculated in lowest high-temperature limit of Eqs(8) and (13). Since in this
order in as within the kinetic theory of collective color ex- limit M~3.7T, we find A/T,=3.7A"1. For the temperature
citations[18] with the corresponding corrections related to dependence afn(T), extracted above from the lattice data,
the nonzero effective mass(T) of our quasiparticles,The  the coupling constanfl3) remains as small as 0.32 &t .
analogous approach has been employed for calculatiorSo, based on the perturbative ansatzrﬁ%, we get in our
within the cutoff mode[19].) guasiparticle model the opportunity to describe the Debye
For the gluon plasma the chromoelectrical tensor is mass in the nonperturbative region. Unfortunately, the direct
comparison of the screening magk?) with SU(3) lattice
.9 data[20,21] faces some difficulties since numerical precision
k'__>> f(p), measurements on large enough lattices and safe continuum
ap extrapolations are not yet performed. Nevertheless, consider-
(1) ing the datg[20], one can extract two main featurg$; at
. temperatures off >2T,, the Debye mass depends weakly
wherek”= (w,k) is the wave four-vector, anf(p) denotes on the temperature, angi) mp(T) possesses a maximum
the above distribution function of quasiparticles with four- aground 1.5, and seems to drop abruptly when approaching
momentump#=(E,p) and the dispersion relatiofl). The T, from above. Figure 3 shows that both of the above fea-
factor y=2 accounts for the spin degrees of freedom of thetures are covered by our effective model. We find it espe-
guasiparticles with respect to the asymptotic limit above andially important that our model describes in the nonperturba-
to Ref.[5]. Solving Eq.(11) in the limit (10) yields tive region the sharp drop nedy . Also, some measure of

3 * 2
Odpﬂmp

> >

9?Ney [ d®p k-p
wk® | (2m)* Ew—lz'[;-i-is

EL:1+
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the typical scale of changes afy, say mp(T=1.4T.)/ V. SUMMARY

mp(T=1.1T.), is in nice agreement with the lattice results . .
; T : In summary, we present an interpretation of new(3U
EO]/.TA; hllg&tsvrﬂip:;r?;urzzzro'{h—el dlgfa’o(]ju_:_rr]z ogi(#erre;tgtes(')? gluon lattice data within a model of an ideal gas of quasipar-
abDout 10? miaht be attributed to cor.n arablv laroe finite-tides with effective thermal masses, which is motivated by
o mig P y arg erturbative QCD. Such a functional dependence of the ef-

SZ;:gr?gtsbgtnkg?deimpirr?:rj]:e; grl'r?;ﬁe?utgr]nez?;[tjrggev?/ ctive mass is found to reproduce rather perfectly the recent
P X P . -Mper; N §U(3) lattice data of thermodynamical parameters. We uti-
find the'comparlson .Of our quel in this region with lattice lize our model to estimate the behavior of the Debye screen-
data quite encouraging, despite the fact that the model p ng mass near the confinement temperature and find a sharply
rameters are adjusted by reproducing the equation of state %ﬂopping Debye mass, when approaching clos@ tdrom

larger lattices. ; ) X
As shown in Fig. 3 the effective gluon mass has, in theabove, while the thermal mass continuously rises.

region neafT;, a completely different behavior as compared
with the screening mass. Actually, the ratioZ/mZD can be
used as a measure of nonperturbative effects since in the piscussions with J. Engels, M. I. Gorenstein, U. Heinz, B.
perturbative regiom?/m3~ 3, while atT— T, the ratio be-  Miiller, K. Redlich, D. H. Rischke, H. Satz, M. Thoma, G.
comes m2/m2D>1, sharply rising when approaching;. M. Zinovjev, and the participants of the QCD workshop in
Such a sharp decline ofiy nearT,. might have quite inter- ECT* Trento are gratefully acknowledged. F. Karsch is es-
esting consequences for several deconfinement probes in yecially thanked for informing us on his lattice results prior
trarelativistic heavy-ion collisions, e.g., for the jet unquench-to publication. O.P.P. is grateful for the warm hospitality of
ing [22], lepton and photon probef8,23], strangeness the Research Center, Rossendorf. The work was supported in
enhancement via the heavy gluon degiy—ss [5], and part by BMBF Grant No. 06DR666, and the Grant No.
J/ suppression24]. U4D000 by International Scientific Foundation.
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