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Chemical equilibration of partons in high-energy heavy-ion collisions?
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The chemical composition of the hot and dense parton matter formed in the central region of
ultrarelativistic heavy-ion collisions is studied for the case of Au+Au collisions at energies reached
at the BNL RHIC using the parton cascade model. It is shown that within this framework, which
is based on current understanding of semihard and hard interactions in @CD including the emission
and absorption of soft partons, a chemical equilibration between the gluons and the quarks cannot
be achieved. The gluons and u, d, s, and c quarks all rapidly approach kinetic equilibrium with
a common temperature. The gluons subsequently also achieve chemical equilibrium, but the light
quarks only reach about 60% of their ideal chemical equilibrium densities. It is demonstrated that
the baryon density in the central region is small relative to the total parton density, with an asso-
ciated ratio of baryon chemical potential to temperature of 0.35, slowly decreasing with time. The
implications of the formation of such a hot, gluon-dominated plasma for strangeness, charm, and
dilepton production are discussed.

PACS number(s): 12.38.Mh, 12.38.Bx, 24.85.+p, 25.75.+r

I. INTRODUCTION

Ultrarelativistic heavy-ion collisions (~s & 200A GeV)
are expected to exhibit new phenomena associated with
the microscopic dynamics of quarks and gluons in the
hot, ultradense environment that may be created in the
central collision region of these reactions. In particu-
lar, the increasingly important role of multiple minijet
production [1, 2], with ~s and mass number A, and the
cascading of partons associated with semihard parton in-
teractions (p~ 1—3 GeV) [3,4], are expected to lead to
a very rapid materialization of quarks and gluons in the
central collision region and eventually to the formation of
a thermalized quark-gluon plasma (QGP) state [5). One
of the major goals of the experimental programs at the
future heavy-ion colliders, the BNI Relativistic Heavy
Ion Collider (RHIC) and the CERN Large Hadron Col-
lider (LHC), is to detect evidence for the predicted QCD
phase transition to a QGP. Of particular interest is the
question whether the QCD phase, as established shortly
after the initial nuclear contact through the materializa-
tion of partons, lasts long enough to evolve into a ther-
mally and chemically equilibrated plasma of quark-gluon
matter [6]. Therefore it is essential to learn about the
time scales associated with the development of the mat-
ter from the first instant of collision, via a preequilibrium
stage, towards a QGP. Furthermore, an understanding of
the preequilibrium dynamics and the characteristic prop-
erties of a realistic QGP in terms of the gluon and quark
composition is inevitable for finding unambiguous signa-
tures that can be identified with the experimental particle
detectors.

In the spirit, and as a continuation, of Refs. [7, 8],
the purpose of this paper is to address the dynamics
of the chemical parton composition by studying, within
the parton cascade model [9], the space-time evolution of
the parton distributions for the illustrative case of cen-

tral Au+Au collisions at RHIC energy ~s = 200A GeV
(A=197). A detailed description of this model and its
kinetic approach to simulate ultrarelativistic nuclear col-
lisions in six-dimensional phase space and time is pre-
sented in Refs. [4, 7—9]. We will not explain here the
specific aspects of the parton cascade model, but refer
the interested reader to these earlier works, in particu-
lar to Ref. [9]. The general concept of the approach can
be briefly summarized as follows. In the parton cascade
model ultrarelativistic nuclear collisions are described as
the time evolution of the partons' phase-space distribu-
tions. The space-time development is formulated within
renormalization-group improved QCD perturbation the-
ory, embedded in the framework of relativistic transport
theory. The dynamics of the dissipative processes during
the early stage of the nuclear reactions is simulated as the
evolution of multiple interwoven parton cascades associ-
ated with quark and gluon interactions. Each cascade
is an arbitrarily complicated composition of elementary
2 —+ 2 parton-parton "collisions, " 1 ~ 2 parton "decays, "
and 2 —+ 1 "fusion" processes. Therefore the model in-
corporates the possibility of detailed balance with respect
to the various interaction processes —a feature which is
essential when addressing the question of thermal and
chemical equilibration. At the end of the perturbative
QCD phase the hadronization is modeled as a recom-
bination of the final-state partons to form color singlet
clusters, followed by the fragmentation of these clusters
into observable hadronic states [9].

Within this model framework the characteristics of
the microscopic parton dynamics were studied in Ref.
[7] and, as a continuation, the "macroscopic" thermody-
namic properties of the parton system were investigated
in Ref. [8] by carrying out a phase-space analysis based
on statistical kinetic theory. The latter work led to the
conclusion that the partons, after materializing due to
frequent interactions, rapidly reach a state of thermal
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equilibrium in the central collision region, with the mat-
ter subsequently evolving in close resemblance to the fa;
mous Bjorken scenario [10]. In this paper we go one step
further and focus on two issues associated with the space-
time development of the parton rnatter composition with
respect to its admixtures of gluons and the various quark
flavors.

(i) Chemical equilibration among the parton species. In
addressing the space-time evolution of a QGP, once it has
been formed in the central collision region, it is commonly
assumed that the plasma is of ideal-gas nature and its
particle composition in terms of the relative adrnixtures
of quarks, antiquarks, and gluons is simply taken from
the particle species' plasma degrees of freedom according
to the equation of state of a perfectly equilibrated parton
gas. The initial parton content in the incoming nuclei,
however, is far from being ideally composed, so that it is
not at all clear if the system of partons indeed has time
enough to evolve to a state of chemical equilibrium, even
if it thermalizes kinetically.

(ii) Baryon density evolution in space-time In m. ost
studies of QGP dynamics in high-energy nuclear reac-
tions the baryon number of the incoming nuclei is as-
sumed to reside completely in the receding beam fronts
after the nuclei have passed through each other and that
the central region is ideally baryon-free. This convenient
assumption greatly simplifies an analysis of the QGP
evolution in terms of relativistic hydrodynamics [ll, 12].
However, this rigid division into a baryon-rich and a
baryon-free domain throughout the nuclear reaction is an
approximation that remains to be tested. Although the
total baryon number is necessarily conserved throughout
the collision, its spatial and momentum distribution will
clearly change with time, since the baryon number den-
sity, which is proportional to the surplus of quarks over
antiquarks, will be smeared out due to the interactions
among the partons.

Our essential conclusions concerning these topics, from
the results presented in this work, are the following.

(i) Chemical equilibration among the parton species
cannot be achieved in heavy-ion collisions at RHIC en-
ergy, although a kinetically equilibrated QGP can well be
established. The time necessary to attain chemical equi-
librium is longer than the duration of the hot and dense
stage during which the partons interact most frequently.
The matter cools and flows apart before the relatively
rare chemical processes, which change the relative admix-
tures of gluons and quarks, can yield a detailed balance.
This property is intimately connected with the structure
of perturbative @CD:the large number of initial gluons in
the nuclear structure functions and the strong dominance
of gluon interactions that outnumber processes involving
quarks by far, favor a rapid and intense gluon production.
The conversion of gluons into quarks becomes significant
only after the gluon density saturates to its maximum
value. In fact, our results clearly support the "hot glue
scenario" proposed by Shuryak [13],which is a two-stage
equilibration consisting of fast thermalization of gluons
followed by much slower equilibration of quarks. Accord-
ing to our results this latter cannot be reached within the
time scales set by the reaction dynamics of heavy-ion col-

lisions at v s = 200A GeV.
(ii) The baryon density distribution evolves in such

a way that the central collision region can to a good
approximation be considered baryon-free. The baryon
chemical potential associated with the initial u and d
valence quarks is found to rapidly decrease with time
to about 35—50 MeV per flavor. This small value re-
sults mainly from two facts. First, the valence quarks
have harder initial momentum distributions than the glu-
ons and sea quarks and have a larger probability to
survive the reaction without being deflected or signif-
icantl slowed down. Second, the relative contribution
from slower or scattered valence quarks to the total cen-
tral density of partons is quickly overwhelmed by intense
production of secondary gluons, quarks, and antiquarks.
Therefore, the excess of quarks over antiquarks that re-
mains in the central region becomes very small compared
to the total number of quarks plus antiquarks.

The paper is structured as follows. In See. II the ki-
netic framework for calculating particle densities, energy
densities, temperatures, etc. , from the space-time evolu-
tion of the parton distributions is briefly reviewed, which
is then applied to study the thermodynamic behavior of
the parton system in Au+Au collisions at ~s = 200A
GeV and its composition in terms of the gluon and quark
admixtures. In Sec. III we investigate the dynamics of
the "chemistry" between gluons and quarks in the central
collision region of these Au+Au reactions and analyze
the tempted approach to chemical equilibrium among
the parton species by comparison with the behavior ex-
pected for a perfect QGP. The space-time development
of the baryon number distribution is the subject of See.
IV, where the absolute magnitude of the baryon density
and the associated baryon chemical potential in the cen-
tral region is estimated. Finally, Sec. V is devoted to a
summary and a brief discussion of positive implications
of our results for a possible experimental detection of a
QGP formation.

II. SPACE-TIME EVOLUTION OF THE PARTON
DISTRIBUTIONS

In the kinetic description of the parton cascade model
all the information about the dynamical evolution of the
many parton system is contained in the time-dependent
single-particle distributions for the various parton species
in six-dimensional phase space: F (r, p). Here and in the
following the notation is r = r" = (t, r), p = p~ = (E, p),
and natural units 5 = c = k~ = 1 are employed
throughout. The subscript a specifies the type of par-
ton, a = qf, qf, g (quarks, antiquarks of flavor f, and
gluons). The time evolution of the distribution functions
is governed by a relativistic transport equation of the
form (0„=8/Br~)

p"O„F (r, p) =
processes k

I (k) ( )

with a collision kernel P& I = P&(I '" —I ")
that includes the various processes k by which a parton of
type a with four-momentum p at space-time point r may
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O„n"(r) = Rs '"(r) —R' "(r) = R (r), (2)

be gained or lost in a phase-space volume d pd r cen-
tered at p and r at time t. The collision kernel is a sum
over I orentz-invariant collision integrals that involve the
matrix elements for the different kinds of interaction pro-
cesses in which at least one parton of type a is involved.
Its specific form is given in Ref. [7]. Integrating Eq. (1)
over p yields the following rate equations, one for each
parton species a:

is the net gain rate for partons a. The local space-time-
dependent parton currents n~ are given by [8]

(4)

The factors p~ are the products of spin and color degener-
acy, pg ——2 x 8 for gluons, and pq

——
pq

——2 x 3 for quarks
and antiquarks. We define the total parton current by
summing over all species:

where n~(r) = )
a=g, qf qy

ni'(r) .

processes A:

3d p (A)

(2),~. (P) (3) Correspondingly, the energy-momentum tensor and the
total entropy current of the parton system are

T~ (r)= )
a=g, qf, qf

s"(r) = — )
a=g, q~, qf

, ,S'S F (r, p),2~ 'p'

(2~)spo
", ,I"(F.(,p) I [F.(,p)] —8. [1+8.F-(,p)] I [1+8.F-(,p)]),

where 8~ = +1 and 8~ = 8~ = —1 take into account Bose-
Einstein statistics for gluons and Fermi-Dirac statistics
for quarks and antiquarks, respectively (note that 8~ = 0
recovers the classical Maxwell-Boltzmann limit). From
Eqs. (4)—(7) invariant scalars of particle density, pressure,
energy density, and entropy density are obtained [14] by
contracting with the local How velocity

u" r =n" r n„rn r

so that

(8)

nr =n„r u" r,
p(r) = ,' T&-(r) [~"———u'(r)u" (r)],

s(r) =T„(r) u" (r)u (r),

sr =sp r u" r

where g" = diag(l, —1, —1, —1). These quantities can
be measured in the local rest frame of the matter where
u" = (1,0). The total number, free energy, and entropy
of the particles at a given time can be obtained by inte-
grating over coordinate space.

At this point it is important to remark that for the
following analysis we will take into account exclusively
the real particles with p = M & m, where the m de-
note the species-dependent rest masses which are taken
to be m„= 5.6 MeV, md = 9.9 MeV, m, = 199 MeV,
m, = 1.35 GeV, mg = 5 GeV, and mg = 0, and the
quantity M —m measures the timelike virtuality of a
parton. The term "real" partons is used for quanta which
are either on mass shell or timelike; that is, the initial va-
lence quarks as well as those partons that have been set
"free" due to mutual interactions. Only these partons
contribute to the entropy production and determine the

(10)

where v, is the number of collision events accumulated
and

ar. (k) = ~.
d rd p

(2vr) s

is the phase-space volume of cell k in natural units (5 =
c = 1) of the elementary volume hs = (2nh)s = (2n) for
partons of species a. The local densities n, s, s, and
pressure p are then computed in the local rest frame
of the individual cells according to Eqs. (4)—(9) with
F.(r, p) ~ F.(k).

The characteristics of the partons' space-time evolu-
tion are depicted in Figs. 1—3. In Fig. 1 the parton dis-
tributions are shown at diferent proper times r (defined
below) along the longitudinal z axis, and in Fig. 2 along
the transverse r~ axis in the total center-of-mass frame
of the colliding nuclei. Plotted are the numbers of par-

multiplicities and relative abundances of the final observ-
able hadrons. The "virtuat" partons, on the other hand,
are understood to be the remaining spacelike gluons and
sea quarks with p2 & 0 that represent the color field and
the vacuum polarization.

To extract the parton distribution functions F (r, p) in
Eq. (1), which determine the particle currents via Eq. (2),
at a given point of time during the nuclear collision, the
six-dimensional phase-space volume is divided into cells
k and the number n~(k) of partons of type a in each cell
is counted. Statistics is improved by summing n (k) over
several collision events of the parton cascade simulation.
The distribution functions F (r, p) are then estimated as
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FIG. 1. Distributions of numbers of par-
tons per nuclear mass number A in central
Au+Au collisions (A = 197) at Vs = 200A
GeV in the center-of-mass frame of the collid-
ing nuclei at diferent times along the longi-
tudinal z axis. The individual contributions
from virtual + real (prim. + sec.) and from
exclusively real (sec.) gluons and quarks,
Ns/A, respectively (Ns + Nq)/A, are indi-
cated by the various shaded areas, whereas
the solid black areas display the valence
quark distribution (Ns —N~)/A, which is pro-
portional to the baryon number distribution.
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Parton distributions (z) in Au+Au (b=O), s" = 2OO A GeV

tons per nuclear mass number A in central Au+Au colli-
sions (A = 197) at ~s = 200A GeV. The various shaded
areas depict the contributions from virtual plus real and
from exclusively real gluons, Ng/A, and from quarks plus
antiquarks, (N~ + N~)/A, whereas the solid black areas
show the valence quark distribution (Nq —N~)/A, which

reHects the baryon number distribution. In Fig. 1 the
initial state shows the two strongly Lorentz-contracted
discs of valence quarks, surrounded by clouds of gluons
and sea quarks. During the reaction an increasing num-
ber of these latter virtual quanta become real excitations
due to multiple parton collisions and in addition new par-
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ticles are created by gluon bremsstrahlung. By the time
2 fm a rather homogeneous and isotropic plateau

has developed, extending over the range Iz~
+ 1.5 fm at

r = 2.4 fm (the end of the calculation). The fast parti-
cles recede close to the speed of light as two beam fronts
in opposite directions. Figure 2 demonstrates that the
transverse distributions (initally refiecting the Fermi dis-
tributions of the nucleons in the incoming nuclei) become
increasingly dense, but do not exhibit an appreciable ra-
dial expansion until at least w = 2.4 fm. Finally, Fig. 3
displays the time evolution of the energy density distri-
butions e~, eq + Eq, and Eq —Eq along the z axis, where
i = (qrA2) ~dE/dz (R = 5 fm), in correspondence to the
parton distributions shown in Figs. 1 and 2. (Note that E
is not the proper energy density s.) Figures 1—3 illustrate
qualitatively the general features of the nuclear reaction
dynamics that were already found in Refs. [7, 8]: Shortly
after the nuclei interpenetrate, the partons in the central
collision region materialize rapidly into real excitations
due to very frequent interactions and, about v 0.2 fm
after maximum overlap, already reach an approximate
state of local thermodynamic equlibrium within a thin
slab of width Az = 0.1 fm around z = 0. As the matter
expands longitudinally, it cools and becomes gradually
distributed homogeneously over an increasing z range,
and develops into a spatially macroscopic QGP with an
isotropic momentum distribution. At ~ = 2.4 fm it has
reached a volume of about 100 fm3 centered at the over-
all center of mass with an effective temperature T 300
MeV.

For the following presentation it is convenient to use
some phase-space variables appropriate for our analysis.
We define the proper time r as [8]

(t+zb
r~ = gx'+ y',

where t—:t —to & 0. Thus, r" = (r coshr), r sinhrj, r~).
The energy-momentum variables are described in terms
of the usual rapidity y and the transverse mass m~.

&+p, )y=ln I
mg ) mJ '+m'

where p~ —— 2+ @~, so that

p" = (mg cosh y, mg sinh y, p~).

Finally, we define the central collision region, for ~ & 0,
as a cylindrical expanding volume bounded by

—1&g&1 0&r~ &5fm (15)

The following results were obtained by discretizing this
central collision region into thin slabs of Az = 0.05 fm
and evaluating the parton distributions (10) and with
these the thermodynamic quantities (9) according to Eqs.

= g [t —to( )] v [t —to( )) — '
where t is the center-of-mass time and to(s) is its value
at the moment of maximum overlap of the colliding nu-
clei (tg 0.8 fm for v s = 200A GeV, cf. Fig. 1). Thus,
in the center of mass, at z = 0 fm, the initial nuclear
contact occurs at ~ —0.8 fm and the maximum den-
sity is achieved at ~ 0. For the space-time variables
we employ the space-time rapidity g and the transverse
coordinate r~.
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(4)—(8) in the local rest frame of each slab.
In Fig. 4 the time development of the partons' momen-

tum distributions in the central region (15) of Au+Au
collisions at ~a = 200A GeV with zero impact is dis-
played, individually for gluons and the various quark Ha-

vors. Plotted are the invariant distributions

1dn 1 1

n dsp (2vr)s rrR22 r)

Ag/2 R
d rg F~(r, r), rg, y, mg),

versus p—:~p~, which were obtained from the actual
parton distributions F (10), averaged over the spatial
volume defined by (15). Note that the histograms are
scaled by powers of 10 for better presentation. The
sequence of plots demonstrate that the partons indeed
rapidly approach kinetic equilibrium in the central re-
gion, as is reHected by the increasingly thermal shape
oc [exp(E /T+e~)] . The highly nonthermal initial mo-
mentum distribution [9] of the partons in the incoming
nuclei first develops a power-law shape characteristic for
the harder primary parton collisions and the associated
(mini)jet production. With progressing time this @CD
power-law tail Battens out and the exponential slope at

lower momentum (p & 3 GeV), which is already visible
at ~ = 0.2 fm, becomes steeper, indicating the decrease
in the effective temperature of the system.

Figure 5 summarizes the thermodynamic properties of
the system of partons implied by the time evolution of
the phase-space distributions according to Eqs. (4)—(8).
Shown are the pressure p, the densities n, e, and s, as well
as the associated temperature T—:4s/(3s) as functions
of the proper time r (the curves are interpolations of
the data points to guide the eye). The time dependence
shown in Fig. 5 of the quantities n, p, e, s, and T may
be parametrized in terms of negative powers of r/7 p with
the parameter 7o = 0.05 fm,
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these large densities and temperatures are appropriate.
The densities n, e, 8, and consequently the temperature
T are considerably higher than what one would expect
from a simple estimate based on the number of primary
hard parton-parton scatterings in pp collisions and ex-
trapolating to AA reactions. In the parton cascade model
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FIG. 4. Time development of the partons' momentum
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are the normalized distributions (16) for gluons and the dif-
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FIG. 5. Pressure p, particle density n, energy density c,
entropy density s, and associated effective temperature T of
the system of partons in the central collision region (15) as a
function of proper time r in Au+Au collisions at Vs = 200A
GeV and zero impact.
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hadrons should reflect the quark Havor composition of
the parton matter. Since the total amount of entropy
produced by the partons in the central region during the
preequilibrium stage reaches its final value when the sys-
tem thermalizes [8] and remains a conserved quantity [10,
11] throughout the subsequent Huid dynamical expansion
[12], the appropriate local measures of the quark favor
contents and the baryon density are the dimensionless
ratios of the number densities n~+ n~ and n~ —nq, to the
entropy density 8 of the whole system. Up to corrections
due to final-state interactions, these ratios ought to be
observable. For example, the strangeness content should
be refiected in the kaon-to-pion ratio and the charm ad-
mixture to the relative abundance of the J/@, as well as
D meson production. Figure 6(b) displays the ratios nq/s
and (nq + nq)/s separately for the favors q = u, d, s, c,
as they evolve with time ~ in the central region defined by
(15). Similarly Fig. 6(c) shows the quantity (nq —nq)/s
for q = u, d, which reHects the time evolution of the cen-
tral baryon density [note that n, —na and n, —n; Huctuate
locally, due to collisions involving primary s (s) and c (c)
seaquarks, but are zero in the average]. In Fig. 7(a) the
proper energy densities eg, z~ + cq and the total-energy
density z& t are plotted versus ~, in correspondence to
the particle densities of Fig. 6. Again the time evolution
of et q compares remarkably well with the energy density
e;d, ~

= 15.63T of an ideal parton gas with three Havors
of massless quarks and the temperature T = T(r) given
in (17). The energy densities of the individual parton
species are separately plotted in Fig. 7(b), sg and s'q+sq
for q=u, d, s, c, and in Fig. 7(c), cq —zq for q=u, d.

Although Figs. 6 and 7 imply that the parton mat-
ter in the central region behaves efFectively like an ideal
thermalized parton gas, it is evident that the composi-
tion of the matter in terms of the relative admixtures
of gluons and quarks is strongly dominated by the for-
mer. Intense gluon production results in a matter com-
position in which the gluons make up almost 80% of the
secondary partons and carry a correspondingly large frac-
tion of the total energy and entropy. This feature is ex-
hibited as a function of time r in Fig. 8(a), in which the
ratios of the different particle densities to the total den-
sity, nq/ntot and (nq+ nq)/ntot, are shown. Figure 8(b),

the intense production of secondary partons in AA colli-
sions relative to pp collisions arises essentially from two
sources. First, the probability of multiple scatterings per
nucleon (either simultaneous scatterings of several par-
tons of the same parent nucleon, or several successive
secondary collisions of an individual parton), increases
strongly with mass number A, i.e. , the size of the nu-
clear system. Second, since each parton collision can
initiate a cascade by emitting a number of radiative glu-
ons from the scattered partons, the number of secondary
partons multiplies rapidly, resulting in an increase of the
phase-space density which in turn also increases the scat-
tering probability of neighboring partons. For instance,
whereas in pp collisions at ~s = 200 GeV the average
number of parton collisions with p~ & 2 GeV is cal-
culated to be n„«1.2 per event, implying aboutn„„0.2 secondary scatterings, for central Au+Au(sec)

collisions at ~s = 200A GeV the number of parton col-
lisions turns out to be n„«t/A 28 per event, out of
which n, ',",I/A 13 are secondary scatterings. Similarly,
in pp collisions the number of produced gluons by radia-
tive gluon emission is about n, d 3 per event, whereas(~)

in Au+Au it comes out to be already nI~d)/A 25.
Therefore, in the parton cascade approach the large mul-
tiplicity of produced partons during the very early stage
(r & 0.5 fm) of the nuclear collision when the longitudi-
nal extent of the system is small, implies a high number
density n and entropy density s. Connected with that
is the harnessment of a considerable fraction of the ini-
tial beam energy which consequently leads to high energy
densities e.

Figures 6 and 7 exhibit the individual contributions of
the different parton species to the particle densities and
energy densities, respectively. Figure 6(a) shows the ab-
solute magnitudes of the densities ng, nq+nq, and nq nq, —
summed over all quark flavors, as well as the total den-
sity of partons nt t of the previous Fig. 5. Also plotted
is the density of an ideal gas of noninteracting partons,
n;d, ~

——5.24T3, for three fiavors of massless quarks and
with the time-dependent temperature T—:T(r) given in
(17). These parton densities are not readily measured
in a nucleus-nucleus collision, because of their transient
nature. However, the observable particle ratios of final
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FIG. 6. (a) Time evolution of the central
densities ng, n~ + n&, and nq —nq, summed
over all quark flavors, as well as the total den-
sity of partons n~ t in Au+Au collisions at
~s = 200A GeV. Also displayed is the den-
sity of an ideal gas of noninteracting mass-
less partons, n;p ~, for three quark flavors
and with the same temperature dependence
as the actual parton densities from the cas-
cade simulations. (b) Individual contribu-
tions of particle densities per unit entropy
for gluons, ns/s, and quarks plus antiquarks,
(nq + nq)/s, for the flavors q = u, d, s, c. (c)
The ratio (nq —nq)/s for q = u, d which re-
flects the time evolution of the central baryon
density.
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FIG. 7. (a) The central energy densities
E'g 6'q + 6'q and the total-energy density e&QQ

as a function of proper time ~, corresponding
to the particle densities of Fig. 6. The den-
sity e;p, & would be the energy density of an
ideal parton gas with three flavors of mass-
less quarks and with the same temperature
as the actual energy densities obtained from
the calculations. (b) Individual contributions
cz and eq + c'q for q = u, d, 8, c to the total-
energy density of (a) from the various parton
species. (c) The "baryonic" energy density
zq —eq for q = u, d, associated with the sur-
plus of quarks over antiquarks.

on the other hand, shows the relative abundances of the
various quark flavors in the ratios (nz+ nq)/ Q (nz+ nq)
separately for q = u, d, 8, c. In view of the naive
expectation for the abundances of gluons and quarks,
which one gets for an ideal quark-gluon plasma of mass-
less noninteracting partons, (ns/nt, ,t)I'~' ') = 0.37 and

[(nq + nq)/nt&&t;]
' ' ' = 0.21 (per flavor), it is clear that

the results shown in Figs. 6—8 reBect a gluon plasma with
a "contamination" of quarks. This property is a direct
consequence of perturbative @CD [3, 13]: the average
contributions to the collision rates (3), R (ab —+ bc), for
the 2 —+ 2 processes, have ratios

R(gg —+ gg): R(gg ~ qq): R(gq ~ qg): R(qq' ~ qq'): R(qq ~ q'q'): R(qq —+ gg)

= 30.9: 0.58: 17.3: 2.3: 0.12: 0.14, (18)

so that the gg scattering significantly exceeds processes
involving quarks. Similarly, the ratios of the 1 ~ 2 rates,
R (a ~ bc), are

R(g —+ gg): R(g ~ qq): R(q —+ qg)

= 30.4: 2.6: 8.6, (19)

0.8

0c 04
CQ

02 (

"9 tot

Z(n + n-)/n, ,
—

Z(n - n-)/n, o,

showing that the production of new partons in these pro-
cesses is also strongly favoring the gluon yield. The time
evolution of the total rates R~(w) and R~(w), according
to Eq. (2), for the production of gluons and quarks (anti-
quarks), are shown in Fig. 9. In the next section we will
analyze more quantitatively the thermodynamic proper-
ties of such a gluon-dominated parton matter and the
consequences for the chemical equilibration process be-
tween the gluons and the various quark species.

)D

O4 I~+

0.1

o.o :
0 0.5 1 1.5 2
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III. DYNAMICS OF CHEMICAL
EQUILIBRATION AMONG GLUONS

AND QUARKS

The close resemblance between the time evolution of
the central parton densities nt t (sq t, ) and the ideal den-
sities nKi, ~ (s;~,~~) in Fig. 6 (Fig. 7) indicates that the

FIG. 8. (a) Time-dependent ratios of the different particle
densities to the total density of partons, ns/neo& and (n~ +
n~)/ntot in the central region (15) of Au+Au collisions at
v s = 200A GeV and zero impact. (b) Time evolution of the
relative abundances of the various quark flavors in the ratios
(nq + nz)/ P (nz + nq), separately for q = u, d, s, c.
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where n ' (j) is defined in (24). The sums have to
be evaluated numerically; however, they converge quite
rapidly. Note that truncating the infinite sums after the
first term (j = 1) corresponds to the classical Maxwell-
Boltzmann limit.

In order to allow for an objective comparison between
the ideal equilibrium quantities (24)—(28) and the actual
parton densities given by Eqs. (4), (5), and (9), we re-
quire the same space-time evolution pattern for both.
Furthermore, we make use of the result evident in Fig. 1,
that transverse expansion effects of the matter can be ne-
glected at least during the first few fm. Then all the ther-
modynamic quantities can be expressed as functions of
the proper time 7 only: n(r, r~) = n(r), p(~, r~) = p(~),
T(~, rg) = T(~), etc.

Figure 10 displays, as a function of time 7., the ratios
of the total densities n and s, Eq. (9), in the central
region, resulting from the parton cascade simulation, to
the corresponding equilibrium densities at temperature
T = T(w) and zero chemical potentials pG:

(„) n(~) (,) s(~)P" (&) = „(.,)(T 0)
&
'

(&) =,(.,)(T 0)
(29)

(
3/4( )

Both p(") and p(') reach unity (dotted line) after about
1 fm, indicating that the actual particle and energy

densities of the system as a whole show effectively the
properties of an equilibrated parton gas [15]. Consistent
with that is the time dependence of the dimensionless ra-
tio (c/n)s~, also shown in Fig. 10, which approaches the
value of an ideal gas of gluons and quarks with Nf =3—4
quark flavors. However, from the previous considerations
it is clear that the behavior exhibited by Fig. 10 is pre-

dominantly dictated by the gluon distributions and that
the contributions of quarks and antiquarks to the total
density are significantly below the values required for an
ideal mixture among the various parton species. An indi-
cation for the establishment of a perfect chemical mixture
would be that the ratios (29) tend to unity for gluons and
each quark flavor individually.

To see how close the parton system comes to a com-
plete chemical equilibrium, we have to compare sepa-
rately for each species a the actual densities n and e
with the equilibrium densities n~' and s~' . To do so,
we will take into account the fact that the momentum dis-
tributions of the parton species are rather distinct due to
the difference in their masses and the frequency of their
interactions. This property is refiected by Fig. 11(a),
in which the time dependence of the average transverse
mass (mi ) = (V p& + m~) is shown separately for the
gluons and the different quark flavors. Also displayed for
comparison is the quantity (m, &

'
) (p&

'
) = ~6T

which would be the average transverse mass (momen-
tum) of massless partons in an ideal QGP with efFective
temperature T = T(v.) (14). Obviously the gluons have

a larger (m~) than (niz
'

), whereas the u, d, and s
quarks lie below the ideal curve and are approximately
equal in magnitude. The c quarks have the largest (m~)
due to their large mass and the related fact that they
are mostly produced in comparably large p~ parton col-
lisions. YVe can parametrize this distinctive property of
the partons' momentum distributions by replacing the
effective temperature T of the system as a whole with
species-dependent "temperatures" T~:

: T, (~) = c ' (E,)(~), (30)

where (E~) = s /n is the average energy per particle of
type a in the local rest frame of the matter, and

vr4

30 '(3)

Nf = 3
8~«~~ WWMONNPVFuzzÃPi
— N Cq = Cq = 7vr4

180((3)

05 1 15 2

~ (fm)
2.5

FIG. 10, Time evolution of the ratios p" and p ', Eq.
(29), for the actual parton densities n and s in the central re-
gion to the corresponding ideal equilibrium densities n '
respectively s 'q, at the same temperature T(7.) obtained
from the simulations of Au+Au collisions at ~s = 2004 GeV.
Also shown is the time dependence of the dimensionless ratio
(s/n) in comparison to the value of an ideal gas of gluons
and quarks with Nf =3—4 quark flavors.

with the Riemann zeta function ((3) 1.202. The re-
sulting temperatures T (r) are shown in Fig. 11(b) vs ~
for gluons and the different species of quarks plus anti-
quarks, in comparison to the effective temperature T(w),
Eq. (17), of the parton system as a whole. The essential
implication is that the quarks are noticeably cooler than
the gluons.

Next, in accordance with (26), we define the ratios

(„) n (~) (,) s, (~)
n' )(T 0) ' (T 0)

(32)

for each parton species a = g, u, d, s, c separately. Figure
12 shows these ratios as functions of time 7. It is obvi-
ous that the system of partons cannot establish perfect
chemical equilibrium with proper admixtures of gluons
and quarks, although, as implied by Fig. 10, it exhibits
the thermodynamic behavior of an ideal parton gas. The
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FIG. 11. (a) Average transverse mass

(m~ ) = (gp2~ + m~) of the gluons and the
different quark flavors as a function of time
in central Au+Au collisions at ~s = 200A
GeV. The quantity (m~

'
) refers to aver-

age transverse mass (momentum) of mass-
less partons in an ideal QGP with the same
temperature dependence as the actual par-
ton matter. (b) The different temperatures
for gluons and the quark+antiquark species
extracted from the average particle energies
in the local restframe of the matter. The dot-
ted curve is the extracted temperature of the
parton system as a whole [Eq. (17)].

gluon density n~, which rapidly increases and reaches
its maximum around ~ = 0.5 fm, approaches to within
10% of its equilibrium value at about r = 1.2 fm. The
densities of light quarks plus antiquarks, nq+nq, buildup
only to about 60%%uo of their equilibrium densities [16]. The
heavier quarks s and c achieve even less. An analogous
conclusion holds for c~, cq + eq and eq —cq. The dorni-
nance of the production of secondary gluons via gg ~ gg,
gq ~ gq, as well as g —+ gg and q ~ qg [cf. (18), (19)],
gives rise to a fast buildup of pz(w) which overshoots its
equilibrium value. It bends over as the phase-space den-
sity reaches its maximum and gluon fusion (absorption)
processes gg —+ q, qg ~ q become significant. The fur-
ther decrease of ps(~) is then mainly due to the diffusion
of the quanta as the volume expands and the gluon den-
sity dilutes. The production of secondary quarks and
antiquarks, on the other hand, does not occur fast and is
intense enough to ensure an approach to chemical equi-
librium because both type of processes, the conversion
of virtual initial-state quarks to real excitations through
qg —+ qg, qq' —+ qq' and the production of new qq pairs
through gg + gg, qq —+ q'q', g ~ qq are insufBciently
frequent to compete with the dilution of the central den-

sities as the plasma expands.
It is worth noting that as a consistency check we per-

formed a calculation in which the quark-gluon coupling
was artificially increased by replacing the @CD coupling
strength g, —+ 10g, at these vertices (g, = /4am, ),
whereas the gluon-gluon coupling was kept at its proper
value g, . In this hypothetical case we find an enhanced
production of quarks and antiquarks relative to the gluon
yield such that the particle densities indeed come close
to chemical equilibrium, with roughly equal relaxation
times for both gluons and quarks.

The important conclusion from these considerations is
that in heavy-ion collisions at ~s = 200A GeV the state
of the parton matter formed in the central collision region
clearly shows thermal properties, but cannot achieve full
chemical equilibrium for the quarks. The state of rnatter
is essentially a "gluon plasma" with a clear underrep-
resentation of quarks, rather than a QGP with proper
chemical admixtures of quarks and gluons. Consequently
the thermodynamic properties of the parton matter are
dominated by the evolution of the gluon distributions.
With increasing higher collider energy ~s this behavior
may certainly change in favor of chemical equilibration,
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FIG. 12. Time development of the ratios
(32), p~ and p~, measuring the deviation of(~) (~)

the actual particle and energy densities from
their equilibrium values for gluons (a = g)
and quarks plus antiquarks (a = u, d, s, c)
in the central region of Au+Au collisions at
vs = 200A GeV. For u and d quarks the
additional dashed lines represent the contri-
butions of the secondary u, respectively d,
quarks alone, i.e. , without the already ini-
tially present valence quarks (except for those
that have scattered at least once).
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since the relaxation times of the parton densities decrease
oc ln s [8], so that a "perfect" QGP might be established
at sufficiently high v s.

IV. BARYON DENSITY EVOLUTION

Finally we would like to address the question of how
the baryon density evolves in space-time. As mentioned
in the Introduction, it is usually assumed that its mag-
nitude in the central region is negligible, so that this re-
gion of phase space can be considered as baryon-free. As
it turns out, this is indeed a good approximation. The
total baryon number of the system associated with the
baryon content of the incoming nuclei must be conserved
throughout the reaction. On the parton level, this trans-
lates to a constant total number of quarks minus an-
tiquarks, with a surplus of 6A quarks in AA collisions
(three per nucleon). However, the local baryon density
n( ) changes with time (cf. Figs. 1 and 6). Since each
quark carries a baryonic charge +1/3, it is given by

(pu) pn)

with

. (p(~) p(B) )

where the latter constraint on p arises from the conser-{a)
vation of the total baryon number. The transformation
(34) amounts to replacing the form (23) of the distribu-
tion functions by

chemical equilibriums, the definition of a baryon chemi-
cal potential is somewhat ambiguous. Therefore, to ex-
tract a quantitative measure for the baryon density we
infer an "effective baryon chemical potential" as it would
be for a gas of massless u and d quarks. We proceed
as follows. The chemical potentials p introduced in the
distribution functions (20) determine the deviation of n
and n~ from their chemical equilibrium values, separately
for quarks and antiquarks of flavor a. On the other hand,
since the quantity p~, introduced in Eq. (32), measures
the degree of chemical equilibration of the sum n + n
whereas the baryonic potential p~ measures the differ-(~)

ence n —n~, one can make a variable transformation

(n)
F(eq)(@ p)—

{&)exp ~(E —p ) +1
(36)

Inserting these distributions into Eq. (4) and using the
constraints (35), the local baryon density (33) can be
expressed in the form

n B
(T) =

. ) ~ p(n) (p(B)3 + p(B) (~T)2}
Q =%4,l

(37)

where p„= p~ = 2 x 3 are the spin-color degeneracy
factors and T is the effective temperature of the parton
system. Solving for p, as a function of the baryon(~)

densities n, one obtains the individual contributions
of u and d quarks to the baryon chemical potential:

where n (n~) are the space-time-(r) dependent densities
of u and d quarks (antiquarks) as before.

Qualitatively it is already evident in Fig. 1 that
P (n —n )= 3n( ) (in-dicated by the solid black his-
tograms) is generally small relative to the total density of
partons in the region between the receding beam fronts.
Most of the baryon number resides in the beam fragmen-
tation regions. The time evolution of n —n- in the cen-
tral collision region and of the associated baryonic energy
densities z~ —s~ (a = u, d) is displayed in Figs. 6 and 7,
which confirms the comparably small magnitude of n(
Furthermore, Fig. 8 implies that already for w & 0.2 fm
the ratio g (n —n-)/ns is less than 0.1 and the ratio

(n~ — )n/~P (n~ + n@) is about 0.25.
En perfect chemical equilibrium one commonly de-

fines a "baryon chemical potential" according to p, (

p,„+2p~, where p„= p( )/3 + 2p(q)/3 and p~
p, (B)/3 —p«)/3, with p„- = —p„and pg = pg. How-—
ever, since we find that the system is evidently not in

n' »'
p.()= (3)'I „+ (3)' „+

+ (3~) '(
)

~ + (3~)4
&~.p(") (n) )

- 1/3

(38)

With the calculated densities n and n (a = u, d) and-
the associated temperature T (14), resulting from the
parton cascade simulation, one readily ean estimate the
time evolution of the baryon density through Eq. (37)

[cf. Figs. 6(b) and 7(b)] and of the corresponding baryon
chemical potential through Eq. (38). Figure 13(a) shows

the absolute magnitudes of p, as a function of w. It(a)
is about equal for both u and d quarks and decreases
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FIG. 13. (a) Baryon chemical potentials p for a = u, d(~)

as a function of time ~ in the central region of zero-impact
Au+Au collisions at ~s = 2002 GeV. The dashed line shows
for reference the temperature T (17) of the parton system as
a whole. (b) Corresponding time development of the dimen-

sionless ratio y, /T for u and d quarks at temperatures T(~)
of the total parton system.

rapidly from p,
&&}

400 (500) MeV at w = 0 to about

p,
~&}

35 (50) MeV at w = 2.4 fm. Thus, the total

p, ( ) = p,„+p& amounts to roughly 90 MeV. Figure(&) (&)

13(b) displays the dimensionless ratios pP /T for u and
d quarks separately, which at first relax fast (within 0.5
fm) and then decrease slowly to values of 0.15—0.2 at
7 = 2.4 fm, or p( }/T 0.35. The spatial distribution
of p, ( ) along the z axis at ~ = 2.4 fm turns out to be
rather homogeneous in magnitude throughout the range
~z~

~ 1.8 fm, in resemblance to the matter distribution of
g (n —n-) shown in Fig. 1.

Finally, in Fig. 14 the rapidity distribution dN/dy

2.4 fm
1000

800

600

Z'.
400

g
~-- q+q

q-q

200
I

'I

0 I I

0 1 2 3 4 5 6

10
5

]Q

10'
3(3

10
c 102

101-

10

1Q
1

0

24 fm

I
'I

~ ~

I ~

~ \ ~~
~ I~ ~

2 4 6

pT (GeV}

FIG. 14. (a) Rapidity distribution dN/dy of the secondary
quarks + antiquarks and gluons at ~ = 2.4 fm in central
Au+Au collisions at ~s = 200A GeV. (b) Corresponding
transverse momentum distribution dK/dp~.

and the transverse momentum distribution dN/dp~& at
the end of the calculations w = 2.4 fm of P (Nq-
N~) = 3N& } is shown in relation to the ones of Ng
and P (N~ + N~) summed over all quark flavors. In
Fig. 14(a) it is interesting to observe that although the
baryon number distribution extends up to almost y = 6
clue to those initial-state valence quarks that have not
been much deflected or slowed down (the initial valence
quark distributions are peaked around y = 5.4), a sig-
nificant buildup of the baryon number in the initially
sparsely populated central rapidity region y 2.5 is vis-
ible, where also the majority of gluons and secondary
quarks are produced. Figure 14(b) illustrates that the
p~ distribution of g (Nq —Nq) is flatter and develops
a stronger tail than tke gluons or secondary quarks, be-
cause the valence quarks have a harder initial momentum
distribution. Therefore, those valence quarks that un-
dergo a primary collision obtain on the average a larger
p~ kick than gluons, sea quarks, or partons in secondary
scatterings.

V. SUMMARY AND CONCLUSIONS

Within the framework of the parton cascade model,
we have studied the composition of the parton matter
formed in central Au+Au collisions at RHIC energies
~s = 200A GeV. The results from simulations of these
reactions imply a rapid thermalization of the partons'
phase-space distributions in the central collision region
and the formation of a very hot and dense state of par-
ton matter. Within this scenario we analyzed the "chem-
istry" of partons in terms of the contributions of gluons
and the different quark flavors to the particle and energy
densities. The essential results can be summarized as
follows.

(i) The matter formed in the central region (with
space-time rapidity ~r}~ & 1) is essentially a hot gluon
plasma rather than a quark-gluon plasma, with an effec-
tive temperature close to 1 GeV shortly aFter the moment
of maximum nuclear overlap (w = 0). The dynamics is
clearly dominated by the gluons.

(ii) As the system expands and cools, the gluon den-
sity reaches its equilibrium value around w = 2 fm. The
densities of quarks and antiquarks always stay well below
the gluon density and cannot build up to the full equi-
librium values required for an ideal chemical mixture of
gluons and quarks. The time for chemical equilibration
of the quarks is too long to compete with the dilution of
the densities due to expansion and cooling.

(iii) The baryon density in the central region, associ-
ated with the valence quarks, turns out to be generally
small relative to the total parton density. The basic rea-
sons for this are as follows: first, the valence quarks have
a harder initial momentum distribution than the gluons
and sea quarks, and second, the total parton density in-
creases rapidly due to the intense materialization of ini-
tially virtual partons and the copious production of ad-
ditional particles, whereas the baryon density is quickly
diluted in the central region and resides mostly in the re-
ceding beam fronts. The central baryon density amounts
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to less than 10'Fp of the total parton density, which trans-
lates into an estimate of the associated baryon chemical
potential p, ~ ~ 90 MeV at w = 2.4 fm or p~ ~ 0.35T.

Clearly, these predictions rely on the validity of the
parton cascade model and the underlying concept of de-
scribing the reaction dynamics of high-energy nuclear
collisions and the thermalization properties of partons
in terms of perturbative QCD. However, if the copious
minijet production and the associated evolution of par-
ton cascades are the essential driving forces of the mi-
croscopic dynamics, at least during the first few fm of
the nuclear collision, then the properties of perturbative
QCD and relativistic kinetic theory naturally result in a
"hot glue" scenario as summarized in (i)—(iii). In this
case [13], the consequences for observable QGP signa-
tures [17, 18] would be rather positive.

(a) Enhanced production of charm Alth. ough, as con-
cluded, no chemical equilibration of charmed quarks can
be achieved, direct charm production via gg ~ cc is
expected to be enhanced significantly during both the
preequilibrium stage [19] and the QGP evolution [20],
for which cc production by hot gluons strongly increases
with the initial temperature T, of the thermalized parton
matter. For example, the thermal cc production rate was
estimated [20] for central Au+Au collisions at RHIC to
give per collision event about j. cc for T, = 400 MeV, 10
cc for T~ ——550 MeV, and already 100 cc for T, = 700
MeV, which clearly exceeds the standard parton model
predictions of about 0.8 cc without a QGP formation in
these collisions [19,20]. Therefore direct charm produc-
tion is a very sensitive "thermometer" and could be an
obvious signal for a QGP formation, if the experimen-
tal measurement of the charmed meson yield can cleanly
be resolved. An additional source of charm production
is related to the rising interaction probability of initial-
state charmed sea quarks as the density of the matter
increases, so that the production of open charm can give
a further significant contribution to the total charm mul-
tiplicity [8].

(b) Strangeness production. The enhancement of to-

tal strangeness s+ s [21,22] depends on the interrelation
of the strange quark mass m, and the temperature T.
For the hot and dense scenario predicted by the parton
cascade simulations, even at r = 2.4 fm the tempera-
ture is still T 300 MeV, which is considerably larger
than m, and so there is no essential difference between
initially produced u, d, and s quarks. If the multiple
strange quark pairs, once produced, do not annihilate
easily, there should be an enhanced strangeness produc-
tion observable.

(c) Lepton pair production. The spectra of dileptons
produced during the early stage of the parton cascade
evolution do exhibit a rather different behavior than the
spectra obtained in the thermal scenario [23]. In Ref. [24]
the radiation of lepton pairs by the quarks during central
collisions between gold nuclei at RHIC energy was calcu-
lated within the parton cascade model. It was found that
the distribution of radiated pairs evolves smoothly from
the initial Drell-Yan-type reactions all the way towards
equilibrium radiation. Contributions from reactions in-
volving "hot" secondary partons during the preequilib-
rium and thermal stage dominate the Drell-Yan yield by
at least a factor of 5 even at an invariant mass of 8 GeV.
Qualitatively similar results have been found in related
analyses [25]. Therefore, experiments should be able to
test the evolution of partons towards thermal equilib-
rium at these energies. The observable implications out-
lined above for the production of charm and strangeness
as QGP signatures will be addressed quantitatively in a
separate publication [26].
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