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Dynamics of hot bulk QCD matter: From the quark-gluon plasma to hadronic freeze-out
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We introduce a combined macroscopic-microscopic transport approach employing relativistic hydrodynam-
ics for the early, dense, deconfined stage of the reaction and a microscopic nonequilibrium model for the later
hadronic stage where the equilibrium assumptions are not valid anymore. Within this approach we study the
dynamics of hot, bulk QCD matter, which is expected to be created in ultrarelativistic heavy-ion collisions at
the Super Proton Synchrotron, the Relativistic Heavy lon Collider, and the Large Hadron Collider. Our
approach is capable of self-consistently calculating the freeze-out of the hadronic system, while accounting for
the collective flow on the hadronization hypersurface generated by the QGP expansion. In particular, we
perform a detailed analysis of the reaction dynamics, hadronic freeze-out, and transverse flow.

PACS numbsds): 25.75~q, 24.10.Nz, 24.10.Lx

I. INTRODUCTION Il. GENERAL ASPECTS OF MATCHING FLUID
DYNAMICS TO MICROSCOPIC TRANSPORT

. A major goal of cplhdlng. heavy ions at relativistic ener- In this section we discuss general aspects and assumptions
giesis to heat up a tiny region of space-time to temperaturegs o, model for the space-time evolution of high-energy
as h'g,h as are thc_>ught to have qccurred during the ea_rIMeavy-ion reactions. In particular, we introduce fluid dynam-
evolution of the universe, a few microseconds after the big.g for the early, hot stage and the matching to microscopic
bang[1]. In ultrarelativistic heavy-ion collisions the four- transport for the later, more dilute stages of the reaction.
volume of hot and dense matter, with temperatures abovgyithin this section, quantities without a subscript refer to the
~150MeV, is of the order of~(10fm)*. The state of fluid, while properties of the microscopic transport theory
strongly interacting matter at such high temperatdoeslen-  carry the subscripticro.
sity of quanta is usually called quark-gluon plasni@GP
[2]. For a discussion of the properties and potential signa- A. Transport equation for incoherent quanta and particles

tures of S.UCh a syperdepse state, [%8]. . The most basic assumption of our model for the evolution
A particularly interesting aspect of producing such a hot

and dense space-time region is that QCD, the fundamentg high-energy heavy-ion reactions is that at the initial ime

h f ot it " . tod 1 hibit a t =t; the highly excited space-time domain produced in the
eory of strong Interactions, Is expected 1o exhibit a ranSIimpact can be viewed as being populated by incoherent

tion to a new thermodynamical phase at a critical temper%uanta on the mass shell. Thus, the system can be described
ture Tc~100-300 MeV. This phase transition has been Obby a distribution functionf;(x*,p"), where x°=t;, p°

served in numerical studies of the thermodynamics of QCD \/m andi labels different species of quanta. We will

at vanishing net baryon charge on latti¢d$ It is the only . X .
phase transition of a fundamental theory that is accessible tr(1)0t dISCUSS. here how such a state .Of h'g.h entropy density
experiments under controlled laboratory conditions. could possibly be reached. That discussion is out of the

. : ) . . scope of the present paper. Our work addresses the subse-
In this paper we shall investigate the dynamics of relativ- b P bap

istic h . lisi thi | hquent evolution of that initial state up to the so-called freeze-
istic heavy-ion collisions within a novel transport approach ; of strong interactions in the system.

combining a macroscopic and a microscopic model. We shall e semiclassical evolution of the distribution function in
focus here on collision systems currently under investigatioqne forward light cone is described by means of a so-called
tic Heavy lon ColliderfRHIC) at BNL, and the future Large

Hadron Collider(LHC) at CERN. p-afi(x*,p")=C;. (1)
We shall work in natural unit¢=c=k=1 throughout ) o . .
the paper. C; is the collision kernel, describing the gain or loss of

*Present address: National Superconducting Cyclotron Lab., 10ur choice of space-time variables is described in more detail
Michigan State University, East Lansing, MI 48824-1321. Elec-pelow; for the moment, we assume that suitable variables have been
tronic address: bass@nscl.msu.edu chosen, and that the hypersurfaces of homogeneity are time or-

TElectronic address: dumitru@mail-cunuke.phys.columbia.edu thogonal everywhere.
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qguanta(particles of species in the phase-space cell around time
(x*,p") due tocollisions Note that we have dropped pos-
sible classical background fields in Eq).

B. Moments of the transport equation: Hydrodynamics \ -~ /
for the hottest stage

Freeze-Out

For the problem at hand, however, the usefulness of Edg;.,,,
(1) is rather limited. A major difficulty is that to obtain an Collision
analytical or numerical solution, in most cases one has tcgePe
introduce an expansion of the collision kernel in terms of the
number of incoming particles per “elementary” collision
[5]. (In most practical applications that expansion is even
truncated at the level of binary collisions;-2n.) Obviously,
the expansion is ill defined at very high densities. A secondyements of Transp.

. . . . . . qn. (Hydrodynamics)
major problem is to describe the hadronization process, i.e.
the dynamical conversion of quarks and gluons into hadrons
on the microscopic level. Several interesting approaches t space
describe the hadronization of a plasma of quarks and gluons

microscopically have been proposed in the literature; cf., . FIG. 1. Schemqtlc overview of the space-time evolution of a
f:lgh-energy heavy-ion collision as assumed in the model presented

Hadronization

e.g.,[6], and references therein. However, as a result of th
very complicated nature of this process, many of those mo Jere

els have to involve some kind al hocprescriptions, which  support rapid chemical equilibratiofin particular of the
have quite a significant impact on the results. A first-orderquarks; cf. also[12—14). However, in most publications in-
QCD phase transition, as assumed in the following, is parteractions among the secondary partg¢aed in particular
ticularly difficult to model microscopically. particle production via inelastic processegre treated per-

At present we are not able to solve these problems in #urbatively. Since the running coupling in a thermal plasma
fully satisfactory way. We can, however, circumvent them towith T<1 GeV is not very small, one cannot exclude sizable
some extent if we are mainly interested in the bulk dynamicgontributions from processes involving higher powersxgf
of a hot QCD system. In this case we can employ relativistid 10]. Moreover, in addition to the semihard partons there
ideal hydrodynamic§7] for the very dense stage of the re- might exist a coherent color field in the central regite-
action up to hadronization. tween the recedln_g nuclear. “pgnpakésﬁhlch produces ad-

Let us thus assume that it is feasible to employ the conditional quark-antiquark pairs in its decgys]. In any case,
tinuum limit. The first two moments of Eqd) yield the  we will not argue in favor or against rapip production and
continuity equations for the conserved currents and for enchemical equilibration but simply assume that the quark den-

ergy and momenturfg], sities at the initial time of the hydrodynamical expansion are
close to their chemical equilibrium values. At least for
d-N;=0, 9-0=0. (2 Pb+Pb at CERN-SPS energy, where experimental data al-

ready exists, this is basically the only way for our model to

In the following, we will explicitly consider only one con- account for the fact thanheasurechadron multiplicity ratios
served current, namely, th@ed baryon current. All other are close to their chemical equilibrium valyd$]. Since the
currents, such as, e.g., strangeness, charm, electric charg&pansion rate after hadronization is too large for “chemical
etc., will be assumed to vanish identicaligue to local cooking” (and in particular for strangeness equilibraicas
charge neutrality and an ideal fldisuch that the correspond- Will be discussed in Sec. IV D, it would be virtually impos-
ing continuity equations are trivially satisfied. sible to achieve approximate chemical equilibrium during the

Ideal fluid dynamics goes even further and assumes tha@ter hadronic stages if starting from a QGP far off chemical
the momentum-space distributions in the local rest frame ar@duilibrium; cf. alsg[17]. _ _ o
given by either Fermi-Dirac or Bose-Einstein distribution ~ The general picture as described above is summarized in
functions, respectively. Dissipation and heat conductioril® Space-time diagram depicted in Fig. 1. We assume that
which arise from higher moments are neglected. Since wédeal fluid dynamics is a reasonable approximation between
restrict fluid dynamics to the high-temperature and high-the “initial” time t; and the hadronization hypersurface. Af-
density stage, this approximation is at least logically consister that, we will switch to a microscopic description employ-
tent. In future work, it will be important though to check its ing the binary collision approximation for the collision ker-
quantitative accuracy. nel. In particular, we w!II employ the ultrarelativistic

The density of secondary partons in the central region oflu@ntum molecular dynami¢sIrQMD) transport model; see
high-energy nuclear collisions is very high. According to Pelow.
present knowledge, it is likely that the central region evolves
from a stage of preequilibrium towards a QGP in local ther-
mal equilibrium[8—11], despite the large expansion rate. On  One may ask why it is not sufficient to rely on hydrody-
the other hand, the very same calculations do not seem teamics up to some rather late stage of the reaction, after

C. Microscopic transport from hadronization to freeze-out
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which one postulates that all particle momenta are “frozen”out with realistic cross sectio82,33; cf. also Sec. IV C.

and thus are equal to those measured in the detectgr at  Finally, it is likely that the freeze-out is not universal for

— 0. That approach has been applied to nuclear collisions bgll hadron species, simply because their transport cross sec-
many authorgfor recent work cf., e.g[,18—21)), and leads tions are very different. One can therefore hardly assume that
to reasonable results for the single-particle spectra of thall hadron species decouple on the same hypersurface

lowing limitations arise. momentum distribution of) baryons obtained by the WA97

First, the evolution must clearly be nonideal in the lateCollaboration[35] for Pb+Pb collisions at CERN-SPS en-
stages of the reactio22], as the system approaches €rgy, yvs=17AGeV. Unlike the case for pions, nucleons,
“freeze-out.” This can manifest in decoupling of various antinucleons, and lambdas, tpe distribution of omegas as
components of the fluide.g., pions and nucleopd.e., each calculated within hydrodynamics with freeze-out on fhe
component develops an individual collective velodigd]. = Tr,=130MeV hypersurfacg21] is much stiffer than the
Another aspect is that the p dV expansion work performed €xperimental finding. Indeed, more detailed kinetic treat-
by the fluid can be partly compensated by entropy productiofinents which explicitly account for the small transport cross
(+T dS such that the expansion may even become isoergicection of() baryons in a meson-rich hadron gas, emerging
dE=0, instead of isentropiad S=0 [24]. either from fragmentation of longitudinally stretched color

Moreover, since each hadron is propagated individuallystrings[36] or an incoherent hot plasma of quarks and gluons
and its interactions with other hadrons are described on th37], show that these multiple-strange particles freeze out
basis of elementary processes, microscopic transport mode@@rlier and pick up less collective transverse flow than pions
offer the opportunity tocalculatethe freeze-out conditions and nucleons, for example.
instead of just putting them in by hand as is done in the
purely fluid-dynamical approachg¢48-21. There one as-  D. Transition from fluid dynamics to microscopic transport
sumes that freeze-out occurs whenever some criterion is ful-
‘f‘|||ed, e-%- when the temperature drops below SOM&nicroscopic transport are in order here. In general, one

guessed” value. In contrast, the nontruncated transporfy, - 14 introduce source termsa-Npicro @nd — 3+ O micro
equation(1) can descnb_e seIf-consstentI_y t_he freeze-out 08” the right-hand sides of Eqf2), where
the system: no decoupling hypersurface is imposed by hand,
but rather is determined by an interplay between (tbeal) d3k
expansion scalaf- u [1,25-27 (whereu is the four-velocity NE () =2 f —5 ki micro(X,K), (3
of the local rest framge the relevant elementary cross sec- i Ki
tions and decay rates, and the equation of s@&@S, which
actually changes dynamically as more and more hadron spe- o
cies decouple. This is obviously a key point for being able to QL (X)= E f — KK} micro(X,K) (4)
study and predict the dependence of the final state on colli- i k;
sion energy(i.e., on the initial entropy or energy density

system size, etc., instead of just fitting it by an appropriatgjenote the net baryon current and the energy-momentum ten-
choice of a freeze-out hypersurface. Note, e.g., that thgq, of the microscopic transport model, respectively. Accord-
nucleons emerging from the QCD hadronization phase trang, v external sources of particles have to be introduced in
sition in the early universe were able to maintain chemica he transport equation, which model the net baryon charge
equilibrium down to temperatures of abot60 MeV([1]. In and energy-momentum transfer from the fluid. This way, a

heavy-ion collisions at CERN-SPS energies, however, Onggr consistent solution in the whole forward light cone,
finds chemical freeze-out temperatures of the order of 140_starting from the initial hypersurface=t,, could be ob-
1

160 MeV[16]. The origin of this difference lies in the much (i

smaller expansion ratéHu.bee constantof the early uni- However, if a space-time region bounded by a hypersur-
verse as compared to a high-energy heavy-ion collisi, face of; exists where the fluid dynamics is an adequate ap-

and can only be explained within kinetic theory but nOtproximation, one can choose an arbitrary hypersurface

within pure hydrodynamics. “ e . .
Another complication arises from the fact that close to the” switch within this region where to SWECh from Eq(a‘Z)_to
H- One can then simply assum¥nic;oc=0 and® nico=0

freeze-out hypersurface the freeze-out process feeds back o AR )

the evolution of the flui28—30. This will in general de- Ee:Zﬁr;gii'ogsr;i';:O’@_T\lo én the_e(gtefllcr)]:.s (i)snthS;LTsye;
- 1 i ' micro— Ny Y'micro™ Y-

form the freeze-out hypersurface, say, an isotherm of give Hydrodynamics is a limiting case of E4L), and this more

temperaturel¢, . It will differ from that found a posteriori : X .
from the solution of Eqg2) in the whole forward light cone. ge_neral transport equation will autom.at|cally recover the
Iflwd—dynamlcal solution in the space-time region between

Furthermore, the idealization that the transition from idea u
flow to free streaming occurs on a sharp hypersurface, i.e., @switch anda .

three-volume in space-time, is rather crude. One instead ex-

pects a smooth transition as the temperatarel the density

of particles decreases; cf., e.g., the discussion3a]. This 2“|nterior” meaning towards the origin of our space-time dia-
is supported by studies of the hadron kinetics close to freezegram, Fig. 1.

A few remarks on the transition from hydrodynamics to
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For the particular model discussed heed,,;;.;, cannot time
precede the hadronization hypersurface since our micro-
scopic transport model deals with color-singlet states, only.
Also, it employs the binary collision approximation of the
kernel, which becomes less justified in the hot and dense
stage preceding hadronization.

Furthermore, as will be discussed in more detail below, in
high-energy heavy-ion collisions it turns out that the bound-
ary of validity of (idea) fluid dynamics,of;, cannot extend

far into the post-hadronization sta¢ibe less the higher the 2
collision energy. Thus, we conclude that the hadronization
hypersurface is the most natural choice for the switch from
Egs.(2) to (1).
The phase-space distribution of particles of speciea
ol iten 1S then given by 38] 1
dN;
E = | dopito-) © space

FIG. 2. Schematic example of a hypersurface with both space-

where u* is the four-velocity of the local rest frame. An K€ and timelike parts.

explicit expression for the geometry suitable for high-energy Lo _
collisions will be given below. For time-orthogonal hyper- 2 nownot be chosen arbitrarily. This is clear from the fact

surfaces as depicted in Fig. 1 one has that points 1 and 2, for exgmp!e, are causally qonnected_. The
simplest way to prevent violation of the evolution equations

do | = (d3x,0) 6) is to specify initial conditions on a purely spacelike hyper-
plt=const- T surface(e.g.,t=t;) and toemploythe dynamical equations,
the left-hand side of Eq5) being simplyE;f; micro- in our case the continuity equatio(®, to calculate® andN

It is clear that by construction the microscopic transporton o&iicn- This way the states of the system at 1 and at 2 are
starts from a state of local equilibrium @rt., ..., the hyper- ~ consistent.
surface where the switch is performed. The local energy den- However, one problem with switching on a hypersurface
sity, net baryon density, and collective expansion velocitywith timelike parts remains. As discussed above, (Bpcon-
are those obtained from the hydrodynamical solution. ThusServes energy-momentum afuef baryon charge. For this
the conserved currents and the energy-momentum tensor & hold, it actually does not count the flow of the currents
the microscopic transport theory assume the form approprifrom the inside to the outside ofg,,;;., but, actually, thenet

ate for ideal fluidg7], flow. That is, the difference of outflowing and inflowing
charge, momentum, etc. The inflow is due to those parts of
Nifficro= pU”, (7)  the thermal distribution functiof(x,p) which move into the
opposite direction than the fluid. Because of the exponential
O o= €+ Pmicro) U¥U” = Pmicrod™”. (8) tails off, such particles clearly always exist, but their number

decreases strongly if the collective flow is strong. In this case
Now, in order that® pic,,=0 on o%,.n the pressure at the locally isotropic momentum-space distribution is
given energy and baryon density must equal that of the fluidstrongly boosted.
dynamical model; i.e., the equations of state in local thermo- Thus, the in current is obtained under the assumption that
dynamical equilibrium must be the same. In general this rewithin an infinitesimal region omoth sides of the hypersur-
quirement is nontrivial. For ideal gases, however, it can beace there is hydrodynamic flow and local thermodynamical
obeyed by simply including the same staieia the micro-  equilibrium. For this reasons,;,., must be entirely within
scopic transportl) as in the grand partition function which the region of validity of fluid dynamicsgf:. Again, in this
is used to calculate the equation of state employed in hydrasase Eq/(5) gives thenet flow of all the currents from the
dynamics. We shall discuss this point in more detail wheryjig region to the region where we apply the microscopic
presenting our specific equation of state below. transport.

We finally briefly discuss one last aspect of the switch The problem is, however, that in some part of momentum
from fluid dynamics to microscopic transport on some hyper-4nd coordinate space the left-hand side of Ex).can be
surfaceos,,iich- As already mentioned above, this hypersur-pegative. This means that the ingoing flow exceeds the out-
face is assumed to beithin the region of validity of ideal going flow. These “negative contributions” were already
hydrodynamics, and should be identified with the hadronizadiscussed by several auth¢28,29,39. Since we will inter-
tion hypersurface. However, the latter will in general alsopret d3pdo-pf(p-u)/E as a probability distribution, we
exhibit timelike parts(points where the normal vector on have to require positive definiteness. This can either be
Tswitch IS Spacelikg A schematic example is given in Fig. 2. achieved by multiplying with a cutoff functio® (do - p),

The initial condition of the microscopic transport otf,;;,c,  which leads to a slight violation of the conservation laws, or
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by integration over sufficiently large bins in momentum and vr 1

coordinate space, and random redistribution of the particles dR+or(Rog)=—|—+ /R

within the bins, which smears out the distribution over mo- T

mentum and coordinate space. where we definee=0%, M=0°T, and R=N3. In the

A rigorous solution of this problem requires to introduce gpye expressions, the ind@xrefers to the transverse com-
the above-mentioned source-terms in the fImd-dynamlcaé)onent of the corresponding quantity.

evolut.ion equations as well as in the microscopic tranqur The set of equationél1) describes the evolution in the
equation. However, for the cases studied here the negative_ 5 pjane. As a result of the assumption of longitudinal
contributions were not relevant. The main reason is that th%caling the solution at any other=0 can be simply ob-

collective flow velocity on the timelike parts of the hyper- ;o.\aq by a Lorentz boost. The above equations also imply
surface is close to 1, such that net flow of particles from the

microscopic transport to hydrodynamics does not occur. For ap
nonrelativistic flow ono%,,;;.,, however, the negative contri- a7 =y, (12)
butions would be more serious. [ah1

where p=arctanhy, and 7= \t?—z%. This means that om
IIl. SPECIFIC MODEL FOR HIGH-ENERGY HEAVY-ION =const hypersurfaces pressure gradients in the rapidity di-
COLLISIONS rection vanish, and there is no flow between adjacent infini-

In the present paper we shall use hydrodynamics to moddgesimal rapidity slices._ However,_only for net baryon free
a first-order phase transition from a QGP to a hadronic fluidMatter, pg=0, does this automatically also mean that the
and combine it with a microscopic transport calculation forl@mperaturel is independent of the longitudinal fluid rapid-

the later, purely hadronic stages of the reaction. ity ». In the casgpg#0, Eq.(12) only demands

In the following sections we describe the particular hydro- JT P
dynamical and transport models employed here; cf. 4D s— +PB£ =0. (13
and[40]. an|, an |,

s andug denote entropy density and baryon-chemical poten-
tial, respectively. If other charges like strangeness or electric
As already mentioned above, hydrodynamics for hadroni¢harge are locally nonvanishing, additional terms appear.
collisions is defined bylocal) energy-momentum and net Equation(13) does not imply that the rapidity distribution of
baryon charge conservation, produced particles is flafi.e., independent of rapidityor
that the rapidity distributions of various species of hadrons,
9-©=0, 9-Ng=0. ©) e.g., pions, kaons, and nucleons, are simikmy rapidity-
, dependent Tand ug that satisfy Eq.(13) are in agreement
©*” denotes the energy-momentum tensor aldthe cur- \yith energy-momentum and net baryon number conserva-

A. Scaling hydrodynamics

rent of net baryon charge. tion, as well as with longitudinal scaling flow,=z/t [42].
For ideal fluids, the energy-momentum tensor and the N§{ote also that nontrivial solutions of E6L3) in general also
baryon current assume the simple fof} yield dus/dn+0 on the hadronization hypersurfatiee., a
rapidity-dependent strangeness-chemical potgntéalen if
0#"=(et+p)u“u"—pg"’, Ng=pgu”, (100 the strangeness densips=0 everywhere in the forward

light cone. In this paper, however, we do not explore the

where e, p, and pg are energy density, pressure, and netrapidity dependence of the particle spectra, and thus simply
baryon denSIty in the local rest frame of the f|UId, which is assume that and Mg are independent of]

defined byN‘B‘=(pB,5). Let us, in the following, work in the The fluid-dynamical evolution equations can be solved
metric g#*=diag(+,—,—,—). u*=y(1p) is the four- Nnumerically on a discretized space-time grid; cf. e.g.,
[43,44.

velocity of the fluid [5 is the three-velocity andy=(1

—02)~Y2the Lorentz factof The system of partial differen-

tial equations(9) is closed by choosing EOS in the form

=p(e,pp); cf. below. To close the system of coupled equations of hydrodynam-
For simplicity, we assume a cylindrically symmetric ics, an EOS has to be specified. From Ed) it follows that

transverse expansion with a longitudinal scaling flow profile for an ideal gas the pressupds given by

v,=z/t [41]. At z=0, Eqgs.(9) reduce to

B. Equation of state

p=q-(q-0), (14)
1 . .
HE+ o[ (E+p)vr]=— ?jc T (E+p), (12) whereg* is orthogonal tou* and normalized Ecq-q= —-1.
T In particular, in the local rest frame*=(1,0), we can
1 chooseg#«(0,1,0,0+(0,0,1,0%(0,0,0,1). Then, from the
N e definition of the energy-momentum tensor from kinetic
IM+ dr(Mor+p) oM theory, Eq.(4), we obtain
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d3k k2 TABLE I. Baryons and baryon resonances treated in the model.
p(T, g, g = Z J’ F gfi(kiT,MB ). (15 The corresponding antibaryon states are included as well.
i

Nucleon Delta Lambda Sigma Xi Omega
The sum over extends over the various particle species. The -
grand canonical potential is given Hy=—pV, whereV ~ Noss A2z UL 21100 S1317 Q672
=[do-u denotes the three-volume of the given hypersur-N144o Ateo  Auos  Zaes Eisw
face of homogeneity. All other quantities can be obtained vidY1s20 Ase20 As20 1660 =1690
standard thermodynamical relationships, e.g., the densities &f:sss A4700 A 1600 1670 Euis20
entropy, net baryon charge, and energy are given by N16s50 A1900 A1670 21775 Eieso
N 1675 A 1905 A 1690 2 1790
ap(T,ug,ms) N1ego Asg10 A1s00 21015
ST pts) = aT ' (16) N1700 A1g20 A1g10 21040
N 1710 A 1930 A 1820 2 2030
ap(T,pg 1) N1720 As950 A1g30
pe(T,pg . ps)= T ong A7) Nigo As100
N1990 Az110
ap(T,pg ps) ! N20s0
p(Toug. s = ——5,— =0, (18) Ny
N2200
€(T,nug,ug) =TS— P+ upps- (190 Nazso

From p(T,ug,us), PB('T:,U«B:MS): Q“d F(TaMB’Ms) one
cr?n COHSUUC? the f'un(?,tlop(e,ps) which is needed to close ¢ 5 p on an(} is described as the excitation of two strings
the system of continuity equatior8). with the same quantum numbers as the incoming hadrons,

SO far, we discussed an |_d_eal gas, only. However, IattlC?espectively, which are subsequently mapped on known had-
QCD predicts a phase transition from ordinary nuclear mat'ronic states according to a fragmentation scheme. Since we
ter to a so-called QGP at a critical temperaturf gf= 140— g 9 '

160 MeV[4] (for pg=0). We will employ a very simple and ;hall be interested ir.] thgz dynamics of tﬁx.eb.aryons emerg-
intuitive, though not very well justified, description of this ing from the hadronization of the QGP, it is unavoidable to

phase transition. We model the high-temperature phase as lreat string formation. The fact that string degrees of freedom
ideal gas ofu,d,s quarks (with massesm,=my=0m, ar¢ not tak(_an into account in the EQES) does not represent
=150 MeV) and gluons employing the well-known MIT bag & problem in our case because we focus on rapidly expan_d_-
model EOS[2,45]. In this model the nonperturbative inter- N9 systems where those degrees of freedom cannot equili-
actions of the “deconfined bag” of quarks and gluons with abrate[47].

true vacuum are parametrized by a bag consBafto make The phase coexistence region is constructed employing
this state thermodynamically unfavorable at low temperaGibbs’ conditions of phase equilibrium. The bag parameter
tures, the bag contribution to the pressure must be negativef B=380 MeV/fn? is chosen to yield the critical tempera-
Thus, when computing the pressure of the QGP phase wigire Tc~160 MeV atpg=0. By construction the EOS ex-
subtractB from the right-hand side of Eq15). Accordingly, hibits a first-order phase transition, as is also expected in
the energy density receives a positive contribuioh Eq.  QCD for the quark-hadron phase transition in the case of
(19)], while s and pg remain unchanged. This additional three light quark flavor§48].

“bag term” can also be understood as an additional contri- The most striking aspect of a first-order phase transition
bution +Bg*” due to the nonperturbative interactions to thewith respect to the dynamical evolution is that the pressure is
energy-momentum tensor of the QGP fluid. almost constant within the phase coexistence regjfact,

In the low-temperature region we assume an ideal hadrof, a fluid where all conserved currents vanish identically

gas that includes the well-establishestrange and non- = const within the mixed phaseThus, the isentropic speed
strange hadrons up to masses of2 GeV. They are listed in  of sound,
Tables | and II. Although heavy states are rare in thermody-
namical equilibrium, they have a larger entropy per particle .
than light states, and therefore have considerable impact on TABLE d”. M;asotns ?néilmtehson redsolnances, sorted with respect
the evolution. In particular, hadronization is significantly 0 spin and parily, treated in the modet.

faster as compared to the case where the hadron gas consigts 1- o+ 1+ ot (1)*
of light mesons onlysee the discussion [18,19,21,30,4B.

The actual model used for the hadronic stage of the reacr p a a, a, p(1450)
tion (UrQMD; see Sec. Il D additionally assumes a con- K K* K3 K3} K3 p(1700)
tinuum of color-singlet states called “strings” above thre 5 o fo f, f, w(1420)
=2 GeV threshold to model -2n processes and inelastic & f* f! f} w(1600)

processes at high c.m. energy. For example, the annihilation

064909-6



DYNAMICS OF HOT BULK QCD MATTER: FROM THE . .. PHYSICAL REVIEW C 61 064909

, Ip entropy in these collisions & pg=45*+5 (the overbar indi-
Cs= ¢ ' (20 cates averaging over the transverse plambat entropy per
net baryon fits most measured hadron multiplicity ratios
within +20% [16]. The corresponding initial energy and net

is very small. This quantity characterizes the pressure grad'Balryon densitiesE=6 1GeV/ind o =4 5p,) are assumed
ent caused by a given energy density gradient along an isef- ) i P0

. . -to be distributed in the transverse plane according to a so-
trope, i.e., at constant entropy density per net baryon denSIt9,(alled “wounded-nucleon” distribution with transverse ra-
(recall that all continuous solutions of the relativistic ideal- - N . .
fluid dynamical equations conserve the entjopi very d'lis Rr=61m, ie., é,(Ti_'rT)'pB(T‘ Fr)f(ry), with f(rT),
small cs means thatisentropi¢ expansion is inhibited be- =2 V1—r7/Ry. The initial temperature and quark-chemical
cause the fluid does not “respond” to energy density gradi_poten'uals argthey are of course not exactly constant over
ents. In heavy-ion collisions this reflects in a particularlythe transverse planeT;=220MeV uq=150 MeV,us=0.
“soft” expansion if the mixed phase occupies the largestThe transverse velocity field on the= 7, hyperbola is as-
space-time volume of all three phasexl,44,49-51 For  sumed to vanish.
recent discussions of the consequences of this effect in cos- RHIC. Because of the higher parton density at midrapidity
mology (primordial black hole formation, evolution of den- as compared to collisions at SPS energy, thermalization may
sity perturbations through the QCD phase transjtisae, be reached earlier at RHIC. According to various studies
e.g.,[52]. [9,59], thermalization might occur within-0.3—1 fm. We
However, a nearly vanishing isentropic velocity of soundassumer, = R;/10=0.6 fm. The net baryon rapidity density
does only occur if the net baryon density is not very large,gng specific entropy at midrapidity in central Adu at \'s
such as, e.g., in the cosmological QCD phase transition or i 550n Gev is predicted by various models of the initial
the central region of high-energy coII|S|on.s studied here. Inevolution, e.g., the parton cascade mogeh, RQMD 1.07
heavy-ion collisions at much lower energies, where the nelT:RITIOF 7, andHIJING/B, to be in the rangeNg /dy~20—35,

baryon density in the central region is rather larggis not _ . . _
very small. Despite the first-order phase transition, the iserf_/ﬂsw150 250[12,6Q. We will employ dN/dy=25 and

tropic expansion of baryon-dense fluids is not inhibiiga].  S/Pe=205 (— € =20 GeV/f¥,p;=2.30;). These param-
One should also be aware of the fact that by constructingters could of course be fine-tuned once the first experimen-
the phase coexistence region with Gibbs’ conditions we imal data are available. As in the above casgr;,ry) and
plicitly assume a “well-mixed” phase, i.e., that the transi- pg(7;,r) are initially distributed in the transverse plane ac-
tion from the QGP to the hadronic stage proceeds in equilibcording to a wounded-nucleon distribution wily=6 fm.
rium. This is the common approach widely employed in theThe initial temperature and quark-chemical potentials follow
literature [18—21,26,30,33,37,43,44,46,49-51,53};56nd  as T;=300MeV u,=45MeV,us=0, respectively. This
so far it is not in contradiction with existing data. It is basedcorresponds to a transverse energy onsther; hyperbola of
on the picture that the first-order phase transition proceeddEr/dy=1.3TeV, which decreases twE;/dy=720GeV
via nucleation of hadronic bubbles in the expanding QGPon the hadronization hypersurfaf&3s,37].
[56], and that the bubble nucleation and growth are fast as LHC. The initial conditions for CERN-LHC energy are,
compared to the expansion rate such that the two phases avkcourse, less well known. Qualitatively, and according to
approximately in pressure equilibrium. However, this sce{resent expectations, it appears reasonable to assume the fol-
nario is less likely to apply to high-energy heavy-ion colli- lowing.
sions than to the cosmological QCD phase transition, be- (i) The density of minijets produced at timeg~ 1/p,
cause in the former case the expansion rate is many order wfherepy~2 GeV is the minijet cutoff scale, is much larger
magnitude largef27]. In particular, it has been speculated than at BNL-RHIC energy. The most recent estimates of the
recently that the time scale for supercooling down to theenergy densities in the central region span the raage
spinodal instability is comparable to that for homogeneous=(0.3-1.3) TeV/fri [61,62. The results to be expected
bubble nucleatioi57]. Thus, it may well be that the phase from p+p, p+A, and A+A at BNL-RHIC will probably
transition proceeds via spinodal decomposition rather thanot reduce the uncertainties by much because the energy
bubble nucleation. In that case, the “soft” mixed phase withdensity aty~0 and+/s=5.5A TeV depends strongly on the
c§~0 would be absent and shorter reaction times may benodel for the nuclear parton distribution functions at very
expected. In any case, we postpone a detailed dynamicamallx, out of range for RHIC.
study of the latter scenario to a future publication, and shall (i) The higher initial density of partons could also lead to
restrict ourselves here to the more conservative picture asomewhat faster equilibration than at the lower energies.
suming an adiabatic phase transition. Note that the produced gluons already have the “right” ther-
Finally, we have to specify the initial conditions. mal energy per particlesy/py=2.7T, [62]. The distribution
SPS For collisions at SPS energy we assume that hydroin momentum space, however, has to become isotropic via
dynamic flow sets in on the hyperbota=1 fm/c. Thisis a  rescattering among the partojisl,12.
value conventionally assumed in the literature; cf., ¢4i]. (iii) The net baryon charge in a rapidity slicey=1
We further employ anef) baryon rapidity densitfat mid-  aroundy=0 is even smaller than at RHIC, and can in prac-
rapidity) of dNg/dy= 80, as obtained by the NA49 Collabo- tice be neglected if one focuses on the bulk dynamics of the
ration for central Ph-Pb reaction$58]. The average specific central region(in the same way as we neglect net strange-
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ness, charm, etc.Note however, that smaller rapidity bins dBN:

may exhibit quite large fluctuations of the initial net baryon 2—'=

charge[63]. d“prdydnd{de
Thus, in view of these uncertainties, it is clear that precise dr

quantitative_ predictions for the CERN-LHC energy are —mycosiy—7) d_T) fi(p-u).

hardly possible at the moment. Our more modest aim will ¢

therefore be to discuss a set of even more “extreme” initial (22)

conditions than those employed for CERN-SPS and BNL-

RHIC energies, to give an idea how the dynamical evolution

may continue at even higher energies. Whether or not that set . . AR .

of initial conditions corresponds closely to the LHC case uid four.-velocny. Thus, the d|r§ct|0n of_the particle mo-

cannot be decided presently on solid grounds mentum in the transverse plane is determined by the gngle
Thus, we employ a thermalization time= 0.3 fm, an ini- while the relative angle betweeﬁ} and the transverse flow

tial energy densitynot on ther, but on ther, hypersurfacg  velocity, JT, is denoted byp. f is either a Bose-Einstein or

€, =230GeV/fn?, and a vanishing net baryon charge, Fermi-Dirac distribution function, depending on the particle

dNg/dy=p;=0. Again, the initial energy density is distrib- SPecies under consideration. .

uted in the transverse plane according to a wounded-nucleon How is the distribution22) actually passed to the micro-

distribution with Ry=6 fm. The initial temperature is about SCOPiC model? First, itis integrated over space-time(¢)

T;=580MeYV (it is not exactly constant over the transverseand momentum spacep{,y), rounded to an integer value

plang; the initial transverse energy & /dy=7.8 TeV. (the hadronic transport model described in the next section

deals with integer number of particles, onland the distri-
bution (22) divided by N; is used as probability distribution

C. Hadronization and the transition to microscopic dynamics to randomly generate space-time and momentum-space coor-

Having specified the initial conditions on the= 7, hyper- dinates forN; hadrons of species Of course, because of the

surface and the EOS, the hydrodynamical solution in thdact that our system has a surface and does not extend to
forward light cone is determined uniquely. As already menJnfinity in the transverse plane, ha_dronlzatlon d_oes not occur
tioned in Sec. 11D, we assume that it is not a bad approxi®n & 7=const hypersurface; cf. Fig. 3. Thus, if we look at
mation to determine the hadronization hypersurfagmste- ~ OUr €xpanding system on=const surfaces, there exists an
riori from the solution in the whole forward light cone. In interval where the two models, hydrodynamics and the mi-
other words, the hadronization hypersurface is assumed to 5§0Scopic transport, are applied in parallel.
within the region of validity of hydrodynamics.

In parametric representation, the hypersurface is a D. Microscopic dynamics: The UrQMD approach
function of three parametef§4]. In our case, as a result of ) )
the symmetry under rotations around and Lorentz boosts 'Nn€ ensemble of hadrons generated accordingly is then
along the beam axis, two of these parameters can simply gesed as initial condition for the microscopic transport model
identified with » and &, while = andr depend only on the UrQMD [40]. The UrQMD approach is closely related to
third parameter, call itt. Thus, {e[0,1] parametrizes the hadronic cascadgs], Viasov-Uehling-Uhlenbeck66], and
hypersurface in the planes of fixegl and & (in the math- (R)YQMD transport model§67]. We shall describe here only

ematically positive orientation, i.e., counterclockwisghe the part of the model that is important for the application at
normal is[64] hand, namely, the evolution of an expanding hadron gas in

local equilibrium at a temperature of abolig~ 160 MeV.

dr
rTT( prcod x— ¢)d_§

#= yr(coshn,utcos(y— ¢),urSin(xy— ¢),sinhn) denotes the

dc® doP do? The treatment of high-energy hadron-hadron scatterings, as it
do,= E,u.aﬁ’y&_g W Wdfd ndé occurs in the initial stage of ultrarelativistic collisions, is not
discussed here. A complete description of the model and
dr dr dr . drr . detailed comparisons to experimental data can be found in
= —d—§COSh77ad—§‘303¢,d—§3m¢,d—§5mhﬂ [40].
The basic degrees of freedom are hadrons, modeled as
Xryrd{dndé. (21)  Gaussian wave packets, and strings, which are used to model

the fragmentation of high-mass hadronic states via the Lund

scheme[68]. The system evolves as a sequence of binary
This expression naturally looks simpler in the, §,r1,®) collisions or (2-N)-body decays of mesons, baryons, and
basis(cf., e.g.,[27]), but we will nevertheless write all vec- strings.

tors and tensors in thd,K,y,z) basis throughout the manu-  The real part of the nucleon optical potential, i.e., a mean
script, even if the components are written in terms of thefield, can in principle be included in UrQMD for the dynam-
variablesr, #, rt, and ¢. ics of baryongusing a Skyrme-type interaction with a hard

We can now apply Eq(5) to compute the number of equation of state However, currently no mean field for me-
hadrons of species hadronizing at space-time rapidity, sons (the most abundant hadrons in our investigatis
proper time 7, and positionr(cos(y— ¢),sin(y—¢)), with  implemented. Therefore, we have not accounted for mean
four-momentump* = (my coshy,pr cosy,pr Sin x,m; sinhy), fields in the equation of motion of the hadrons. To remain
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consistent, mean fields were also not taken into account in

the EOS on the fluid-dynamical side. Otherwise, pressure ot(Vs)= 2 (ig.Mg.jm .MulIr.Mg)
equality (at given energy and baryon densityould be de- R=AN*

stroyed. We do not expect large modifications of the results 2Sx+1 T

presented here due to the effects of mean fields, since the X(ZS T1)(2Sy+1) p2

“fluid” is not very dense after hadronization and current . M Pems.
experiments at SIS and AGS only point to strong medium- Tremel o

dependent properties of mesdkaons in particularfor rela- X >, (29
tively low incident beam energiesE(,p,<4 GeV/nucleon) (Mg— \/§)2+£‘

[69]. Nevertheless, mean fields will have to be included in 4

the future; a fully covariant treatment of baryon and meson, . - ;
. L . . - ith the total and partia{/s-dependent decay widt and
dynamics within UrQMD derived from a chiral Lagrangian T'n.ug. The full %ecay Wid?hrtot(M) of g reso%grtwce is

[70] _iS currenf[l)'/ under developmen.t. _ _ defined as the sum of all partial decay widths and depends on
Binary collisions are performed in a point-particle senseithe mass of the excited resonance:

Two particles collide if their minimum distanag i.e., the
minimum relative distance of the centroids of the Gaussians
during their motion, in their c.m. frame fulfills the require-

Nbr
rm«M):br:E{i . T} (M). (25)

ment The partial decay width’; ;(M) for the decay into the final
Trot state with particles andj is given by
d<do=\— ou=o(\styps. (23
21+1
St
M Wpi(MeD] M)
The cross section is assumed to be the free cross section of “V(pij(MR))
the regarded collision typeN(—N,N—A,7—N, .. .). (26)

The L_JrQME_) collision term contains 53 different baryon here My denotes the pole mass of the resonaridg, its
species(including nucleon, delta, and hyperon resonances

: ) . partial decay width into the channieandj at the pole, and
with masses up to 2 Ge\and 24 different meson Species o jecay angular momentum of the final state. All pole

(including strange meson resonanceshich are supple-  masses and partial decay widths at the pole are taken from
mented by their corresponding antiparticle and all isospinthe Review of Particle Propertie71]. T (M) is con-
projected states. The baryons and baryon resonances whigfucted in such a way thzﬁi,j(MR)=FiR’i is fulfilled at the
can be populated in UrQMD are listed in Table I, the respecpole. In many cases only crude estimateslth are given in
tive mesons in Table [I—full baryon-antibaryon symmetry is[71]—the partial decay widths must then be fixed by study-
included (not shown in the table both with respect to the ing exclusive particle production in elementary proton-
included hadronic states, as well as with respect to the reaproton and pion-proton reactions. Therefore, e.g., the total
tion cross sections. All hadronic states can be produced ipion-nucleon cross section depends on the pole masses,
string decayss-channel collisions, or resonance decays.  Widths, and branching ratios of al* and A* resonances

Tabulated and parametrized experimental cross sectiodited in Table I. Resonant meson-meson scatteféng., =
are used when available. Resonance absorption, decays, ahd” — P Of m+K—K*) is treated in the same formalism.
scattering are handled via the principle of detailed balance. If " Order to correctly treat equilibrated mattgt7] (we

- . S . . —".repeat that the hadronic matter with which UrQMD is being

no experimental information is available, the cross section i

. . Tnitialized in our approach is in local chemical and thermal
either calculated via an one-boson-exchaf@BE) model or o qjijibrium), the principle of detailed balance is of great im-

via a modified additive quark model which takes basic phasgortance. Detailed balance is based on time-reversal invari-

space properties into account. ance of the matrix element of the reaction. It is most com-
In the baryon-baryon sector, the total and elastic protonmonly found in textbooks in the form

proton and proton-neutron cross sections are well known

[71]. Since their functional dependence ¢s shows a com- |5|2 0i
plicated shape at low energies, UrQMD uses a lookup table Ufﬂi:? aﬂiﬂfi (27)
f

for those cross sections. However, many cross sections in-
volving strange baryons and/or resonances are not welith g denoting the spin-isospin degeneracy factors. UrQMD
known or even experimentally accessible—for these crosapplies the general principle of detailed balance to the fol-
sections the additive quark model is widely used. lowing two process classes.

As we shall see later, the most important reaction chan- (i) Resonant meson-meson and meson-baryon interac-
nels in our investigation are meson-meson and meson-barydions: Each resonance created via a meson-baryon or a
elastic scattering and resonance formation. For example, theeson-meson annihilation may again decay into the two
total meson-baryon cross section for nonstrange particles isadron species which originally formed it. This symmetry is
given by only violated in the case of three- or four-body decays and
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string fragmentations, sindg-body collisions with N>2) ) ) )

are not implemented in UrQMD. p3v4:><p3,4>=J J Pe.m.s Vs,mz,my)
(ii) Resonance-nucleon or resonance-resonance interac-

tions: The excitation of baryon-resonances in UrQMD is X Ag(mz)As(my)dmgdmy,

handled via parametrized cross sections which have been fit-

ted to data. The reverse reactions usually have not beemith the mass distributiomA,(m) given by a free Breit-
measured—here the principle of detailed balance is appliedyigner distribution with a mass-dependent width according
Inelastic baryon-resonance deexcitation is the only method iro Eq. (25):

UrQMD to absorb mesongwhich areboundin the reso-

nance. Therefore the application of the detailed balance 1 I'(m)
principle is of crucial importance for heavy nucleus-nucleus A(m)=—
collisions. N (m,—m)2+T(m)%/4’

Equation(27), however, is only valid in the case of stable
particles with well-defined masses. Since in UrQMD detailedwith
balance is applied to reactions involving resonances with fi-
nite lifetimes and broad mass distributions, E2y) has to be lim A, (m)= 8(m,—m), (33
modified accordingly. For the case of one incoming reso- -0
nance the respective modified detailed balance relation has
been derived in72]. Here, we generalize this expression for \ith the normalization constant
up to two resonances in both the incoming and the outgoing

channels.
The differential cross section for the reaction (1,2) N=fc I'(m) dm. (34)
—(3,4) is given by —=(m,—m)?+T(m)?/4

| M|? P34 ; o i
do¥= QH S(p2—M?)dp?; (28) Alternatively one can also choose a Breit-Wigner distribu

64m%s P12 =3 tion with a fixed width; the normalization constant then has
. . the valueN=21.
here thep; in the 6 function denote four-momenta. Th& The most frequent applications of E§0) in UrQMD are

function ensures that the particles are on mass shell; i.ethe processea ;,3/N— NN and A ;534 153, NN.
their masses are well defined. If the particle, however, has a

broad mass distribution, then ti#efunction must be substi-
tuted by the respective mass distributigncluding an inte-
gration over the mass

IV. RESULTS FOR HEAVY-ION COLLISIONS
AT CERN-SPS, BNL-RHIC, AND CERN-LHC

) 4 We now present some representative results for central
do3i= (M| —doJ] p I d_m collisions of heavy ions at CERN-SPS, BNL-RHIC, and
2 64m?s P12 123 N (m—M,)2+T2/4 27 CERN-LHC energies. We will focus on single-inclusive

(29 momentum-space distributions and the space-time picture of
freeze-out following the hadronization phase transition. As
Incorporating these modifications into EQ7) and neglect-  we shall see, one already gains much insight into the dynam-
ing a possible mass dependence of the matrix element wes of high-energy heavy-ion collisions from these observ-
obtain ables. Many other aspects are interesting but have to be post-
- ) poned to future studies.
doz;  (P1p) (25;+1)(2S,+1)

dQ  (p2) (2S3+1)(2S,+1)

A. Hydrodynamical expansion and hadronization

I+ 2‘21 We first briefly discuss the evolution and hadronization of
X E (jamyjomy||IMYy——= a0 (300  the QGP cylinder present on the= r; hypersurface as ob-
tained from the hydrodynamical solution. Similar arguments
and results can be found in a variety of papers; see, for
gsxample, [18,19,26,43,46,49,50,55
In particular, Ref[21] employed the very same model as
re(i.e., longitudinal scaling flow with cylindrically sym-
metric transverse expansion, the initial conditions, and the

Here,S indicates the spin of particieand the summation of
the Clebsch-Gordan coefficients is over the isospin of th
outgoing channel only. For the incoming channel, isospin |sh
treated explicitly. The summation limits are given by N

J_=max|j1—isl.liz—ia), (32) EOS. However, the evolution at CERN-LHC energy had not
been covered, and the hadronization hypersurface was only
Jo=min(j1+izjatia) (32)  shown for a step-function-like initial transverse energy den-

sity distribution, but not for the wounded-nucleon distribu-
The integration over the mass distributions of the resonance®n employed here. Therefore, a short discussion of the pre-
in Eq. (30) has been denoted by angular brackéiy,(e.g.,  hadronic stage may be in order here.
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25

Basically, we start at=7; with a pure QGP extending
from r;=0 up tory=R;=6 fm in the transverse direction.
The thickness of the non-QGP region at the surface is very
small for the wounded-nucleon distribution. Initially, the hot
mixed phase quark-gluon fluid is cooled mainly due to the longitudinal
expansion, except close to the surface, where transverse pres-
sure gradients are also large and lead to expansion rates sev-
eral times larger than the simplerllaw [26,27]. The fluid
eventually reaches the boundary to the mixed phase, denoted
by A=1. (\ is the local fraction of quarks and gluons within
the mixed phasg.Clearly, the space-time volume of pure
QGP increases substantially from SPS to RHIC and then
again towards LHC. This leads to stronger transverse flow of
matter entering the mixed phase at RHIC and LHC than at
SPS. Because of this effect the hadronization hypersurface
RHIC (A=0) extends to larger.

At SPS, the hadronization hypersurface 0, where the

20 switch to the microscopic model is performed, is almost sta-
tionary for some timer=Ry, after which the entire fluid
hadronizes rapidly. UrQMD is being fed with hadrons from
the stationary surface of a “burning log” of mixed phase
matter[50]. This is not to be misunderstood as an evapora-
tion process, though. The fluid is moving with substantial
velocity through the hadronization hypersurface, in particular
near the point where the=0 and ther= 7, hypersurfaces
meet (there, the very dilute fluid comes close to the light
cone. Thus, the momenta of the emitted hadrons, which are
purely thermal in the local rest frame, are boosted in the
. transverse direction. At RHIC, and of course even more so at
SPS LHC, that preacceleration by the QGP “explosion” is so
strong that the hadronization hypersurface is initially even
2.0 | \: fraction of QGP fluid driven outwards, before the mixed-phase cylinder finally col-
’ lapses(when it cannot balance the vacuum presdBrany
more and emits hadrons from all over the transverse area.

Thus, it is clear from Fig. 3 that the dynamics at SPS is
characterized by the large space-time volume occupied by
the mixed phase, while the stiffer and more “explosive”
[50,73 QGP gains importance at higher energies.

20

15

7/Rt

1.0

0.5

25

15
mixed phase

7/Ry

1.0

0.5

25

B. Post-hadronization kinetics: Evolution of (pt)

mixed phase
05 A=1 . .

w The choice of the hypersurface at which to perform the

transition from the macroscopic hydrodynamical calculation

00 02 04 06 08 10 12 14 16 to the microscopic transport model may affect the reaction

rr/Rr dynamics and the results of our calculation. However, con-

FIG. 3. Hypersurfaces corresponding Xo=1 (boundary be- cerning the variation of the hypersurface for that transition
tween pure QGP and mixed phasd A =0 (boundary between ©"€ has to note that the hadronic part of the EOS used in the

mixed phase and pure hadron phdse LHC (top), RHIC (middle), hydrodynamic solution contains the same states as UrQMD,
and SPSbottom. and_ thg energy-momentum tensors on both S|d¢s of the had-
ronization hypersurface match. If the assumption of local
) ) ) ) ] equilibrium is indeed fulfilled, UrQMD will simply continue
Figure 3 summarizes the space-time picture in the planghe hydrodynamic flow since it reduces to hydrodynamics in
n=¢=0. We show projections of various hypersurfaces onthe equilibrium limit. However, as we shall see later, for
the (,r1) plane because their shape in titeand » direc-  some hadron species with small interaction cross sections
tions is trivial: they are simply horizontal lines in the deviations from ideal hydrodynamic flow can be observed

(7,¢)-(7,7m) planes, extending from 7 to = and — oo to oo, immediately after complete hadronizatideee also Refs.
respectively. Thus, no derivatives like/d¢, etc., appear in  [33,37). It is found that the expansion of the hadronic fluid
do,, Eq.(21). is dissipative rather than ideal, as a result of the fast local
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1.4 wymbole: Fydro 4 UrQMD on pions even lose som@+) due to rescattering and additional
B lines: pure Hydro soft pion production.
The results change only marginally when decreadigg
to 150 MeV. Simply speaking, UrQMD reproduces the fluid-
dynamical solution down to abo(t=~ 150 MeV, for central
Au-+Au at RHIC energy. At this stage, fluid dynamics pre-
dicts that the transverse rarefaction in the hadron fluid
reaches the center. Consequently, the expansion becomes
rather spherical and transverse flow increases strongly in this
“hadronic explosion.” The lower frame in Fig. 4 shows the
" ] kink in (p7)(Tsyw) of heavy hadrons af,~150 MeV pre-
dicted by ideal hydrodynamics.
PR | Remarkably, however, the system apparently is already in
] a state of too rapid expansion for this “hadronic explosion”
1.4 : . , - - - - . to happen. Given the state at hadronization, UrQIbPply-
T R K ing realistic cross sectiohpredicts that the hadronic fluid
L2 .\,\\\@ o b basically fre_ezes out right at the point w_here the hadronic
3 ' ~<L B rarefaction is about to make the expansion more spherical
T~ ~Sa__ o and to increase the expansion rate; see, e.g., Fig.[27h
Ty Any later transition from hydrodynamics to the microscopic
o transport model leads to a strong increas¢mf) at freeze-
- T c out, which depends only on the mass of the hadron, but not
_______________ ' | on its flavor(respectively its quark content
The lines in the lower frame of Fig. 4 show tlpy) of
.................... L] ] the respective hadron species at the transition hypersurface
(i.e., atTg,). By comparing the p;) value indicated by the
line to that given by the plot symbol for eadh,, one can
determine the amount @) gained or lost during the mi-
W T T 1 340 1 350 1 Gen 16 croscopic evolut-ion of thg reactio_n. Again-, protons acquire
macro to micro transition temperature T, (MeV) the mospr) during the microscopic evolutiof@ven though
the amount of p1) gained decreases the lowky,, is and the
FIG. 4. Mean transverse momentufpy) of various hadron closer the system comes to freezejputhereass’s andQ’s
species at freeze-ousymbol3 vs the macro- to microtransition do not experience angpr) increase at all.
temperaturél,,. The horizontal lines in the upper frame show the |t js obvious from this analysis that the conditions of ap-
respective(pr) values right after hadronizatiom 0 hypersur-  icapility for hydrodynamics in the hadronic phase deterio-
EZZ' f-II;:/(ve clil(r)]v?; Itr;'lEh:eTlso\:\./e'Fr:ir:?;uf:(i)s\lvfé?qz&t?;?iaﬂg ggﬁn rz_ite rapidly. A general freeze-out criterion ca_nnot be given
lisions at BNL-RHIC energy. since the freeze-out depends on the system size and the_ cen-
trality, the energy, etc. However, our transport calculation

expansion generated by the QGP before hadronization, th‘@ith realistic cross sections in the hadron gas, starting in the

ideal flow is disturbed. Therefore it does not make much/Vake of & hadronizing QGP, shows that the expansion is too

sense to choose a later hypersurface for the matching p&apid to allqw coollng of t_he strong_lnteractlons much below

cause one would precisely assume that ideal flow persistkc- In particular, adiabatic expansion breaks down once the

even after hadronization. expansion of the hadron fluid effectively becomes13di-
Nevertheless, it is interesting to study how the choice of anensional.

later hypersurface for the transition from the macroscopical

to the microscopical part of the calculation affects the results.

This reveals “how wrong” the assumption of an ideal evo-

lution of the state at hadronization is. Figure 4 shows the

final mean transverse momentufp;) for various hadron . .

species as a function of the temperature on the hydro, Let us now turn t_o the fre_:eze-out hypersurfaces” of

—micro transition isothermT,,. The gray lines in the up- plohg and nucleons in centram_pact parameteb=0 fm)

per frame denote thép) of the hadrons at hadronization, collisions of gold or lead nuclei at SPS/¢=17GeV per

i.e., atTo=160 MeV. As shall be discussed in greater detailincident colliding nucleon paliy RHIC (ys=200GeV per

in Sec. IVE, the change ifip,) in the hadronic phas€or  incident colliding nucleon-pair and LHC (,/s=5500 GeV

our “default” choice T, = Tc= 160 MeV) depends strongly per incident colliding nucleon-pairWe start with the nucle-

on the individual hadron species. Protons and hyperons gaions, the most abundant baryon species in the system, restrict-

most, the() ™ does not acquire any additiongl) at all, and  ing ourselves to the central rapidity region.
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l— 1
J
20}

1053

60 FIG. 5. Freeze-out time and

transverse radius distribution
50 | ] d3N/(rtdrddy) for nucleons
RH'C at LHC (top), RHIC (middle), and
SPS (bottom. The left column
B shows the result for the pure hy-
A drodynamical calculation up to
hadronization with subsequent
hadron resonance decayébut
without hadronic reinteraction
The right column shows the

40

4 analogous calculation, but with
A full microscopic hadronic colli-
] sion dynamics after the hadroniza-
< - tion. The contour lines have iden-
{6143 tH—efielolcio aiolrh + cle } e}l —[{olci{e] : P
Hydro + had. decays @ phase-boundary Hydro + UrQMD o T tical binning for all rows and

columns.

Figure 5 shows the freeze-duime and transverse radius but without hadronic reinteraction. The right column shows
distributions  1/+d®N/dridr,dy for LHC (top), RHIC the same calculation including full microscopic hadronic dy-
(middle), and SPSbottom. The left column shows the re- namics.
sult of the pure hydrodynamical calculation up to complete The freeze-out characteristics of the nucleons are signifi-
hadronization, with subsequent hadronic resonance decaygantly modified due to the hadronic interaction phase. The

average transverse freeze-out radius doubles at SPS and
RHIC and increases by a factor of 2.5 at Lkk&e also Table
SFreeze-out meaning the space-time pointast interaction, ire-  I1). The respective average freeze-out times increase by
spective of how “soft” that last interaction might be. We remind Similar factors(see Table IV. E.g., at RHIC the average
the reader also that mean fields are not taken into account. Thdyeeze-out time for protons changes from 11.3 to 25.&fm/
could even prolong the freeze-out due to very soft interactions oflue to hadronic rescattering.
the hadrons with the mean field. As the meson multiplicity in the system at RHIC is 50
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TABLE lll. Mean transverse freeze-out radiit) for different  Similar results have also been obtained within other micro-
hadron species at SPS, RHIC, and LHC. “d.p.b.” denotes the transscopic transport mode[82] when the initial state was not a
verse freeze-out radii of the hydrodynamical calculation up to hadguark-gluon plasma. This finding seems to be a generic fea-
ronization, including subsequent hadronic decays, but no hadroniﬁ'Ire of such models: the elementary binary hadron-hadron
reinteractions; “h.r.” denotes the full hydreUrQMD calculation, 00 ctions smear out the sharp signals to be expected from
including hadronic rescattering; and “h.t.” stands for an estimate of _.

the thicknessAry g of the hadronic phasehr 4= (rVirer UrovDy simple hydrodynamics. This predicted additional fourth di-

— (rhydro= had decays * mension of the freeze-out domain could affect the Hanbury
oI Brown-Twiss(HBT) parameters considerably.
(r,) (fm) SPS RHIC LHC This does not mean that thheomentum distributionslone

Species d.p.b. hr. ht dpb. hr. ht dpb. hr. ht cannot be calculated assuming freeze-out on some effective
three-dimensional hypersurface. For example, if interactions
69 84 15 78 95 17 123 168 4.5 on the outer side of that hypersurface are very “soft,” the
62 84 22 71 102 31 114 181 6.7 gingle-particle momentum distributions at not too snyll
47 91 44 54 113 59 87 222 135 yj| not change anymore. The two-particle correlatives
51 95 44 58 116 58 96 227 131 change, however, since it probes rather small relative mo-
83 121 38 94 142 48 8.7 221 134 menta. Thus, the freeze-out condition, e.g., the temperature,
B 44 63 19 47 73 26 73 139 6.6 35 measured by single-particle spectra and two-particle cor-
relations[75] needs not be the same.

The shapes of the freeze-out hypersurfg&&3HSsg show
times larger than the baryon multiplicity, baryons propagatgroad radial maxima for intermediate freeze-out times. Thus,
through a relativistic meson gas, acting as probes of thig,nsverse expansion has not developed a scaling filow
highly excited meson medium. Thus, we use the proton angl -+ ~ase the EFOHSs would be hyperbolas inttire plane.
hyperon freeze-out va_lues listed in Tablg IVfor a fir§t rOUQhThis agrees with the discussion of the evolution of ¢pe)
iSt'TyadfgLﬂg,\%e_du@ggg hgﬁ dteQS hadronic phase mﬂqu after hadronization in Sec. IV B, which already indicated the
= (i )—(7ir ). At the SPSAT,q is transition to free streaming once the transverse expansion

EONuTg ftn?] /(k;))e:nldB:t ];?éc’u:%%v??ﬂgiffhefgﬂﬁﬁ ?:elc rate becomes comparable to the longitudinal expansion rate.
~ had™ . i

transverse spatial extent of the hadronic phase can be es;[iih gtigterli?;rp](;ree,sth;ehgig if;rifgisegihpf&g?i ?(;Jlj:rl]zons,
mated in a similar way, using Table Il and defining the . Pes,
thickness Ary,y of the hadronic phase asAf.g in [26,32,34,40 at the lower BNL-AGS and CERN-SPS en-
:<rhydro+UrQMD§_<rhydro+ had decayf Here we find valueg of ergies. Thus, the ansatz of a unique freeze-out hypersurface
~4 form at the SPSgrS 8fm at RHIC and~13.3fm at the Tor all hadrons appears to be a very rough approximation; cf.
LHC t ' ' also Refs[32,33,37.

The hydro-UrQMD model predicts a space-time freeze- Figure 6 shows the transverse freeze-out radius distribu-
: O : tions forr, K, p, A+3°, 2, andQ~ at LHC (top), RHIC
out picture which is very different from that usually em- "% R Nl ' -
ployed in the hydrodynamical model, e.g., in Refs. (middle), and SPSbottom). They are rather broad and simi-
[21,25,26,46,7H Here[33], freeze-out is found to occur in a lar to each other, though thié™ shows a somewhat narrower
four-dimensionalregion within the forward light cong31]  freeze-out distribution. The average transverse freeze-out ra-
rather than on a three-dimensional “hypersurfacgg8].  dii are listed in Table IIl; e.g., at RHIC we find 9.5 fm for
pions, 10.2 fm for kaons, 11.3 fm for protons, 11.6 fm for
TABLE IV. Mean freeze-out times for different hadron species lambda and sigma hyperons, and 14.2 fm for cascades, but
at SPS, RHIC, and LHC. “d.p.b.” denotes the freeze-out times ofonly 7.3 fm for the() ™. The freeze-out of th€)~ occurs
the hydrodynamical calculation up to hadronization, including sub+ather close to the phase boundg3y], due to its very small
sequent hadronic decays, but no hadronic reinteractions; “h.r.” dehadronic interaction cross section. This observation holds
notes the full hydre-UrQMD calculation, including hadronic re-  true for all three studied beam energies. The respetitick-
scattering; and “h.d.” stands for an estimate of th&ation of the nessAT .4 Of the hadronic phase is reduced by a factor of 2

DO <T X3

; ; : _/ _hydro+UrQMD .
hadronic .einteraction  phase, Amhag=(7i7"*""")  for the -, compared to that of the other baryon species.
—(7iw t This behavior could be responsible for the experimentally
(7} (fm/c) SPS RHIC LHC observed hadron-mass dependence of the inverse slopes of

q the m; spectra at SPS energig&6]. For the(), the inverse
"slope remains practically unaffected by the purely hadronic
16.1 21.8 57 17.2 231 59 212 31.2 10.0 stage of the reaction, due to its small interaction cross sec-
135 20.2 6.7 14.7 227 8.0 188 31.9 13.1 tion, while the flow ofp’s and A’s increase$37] (see also
10.6 23.7 13.1 11.3 25.8 145 14.6 37.2 22.6 Sec. IVB.

11.3 25.0 13.7 12.0 27.4 154 156 39.0 23.4 Figure 7 shows the freeze-out time distributions
19.9 31.0 11.1 204 322 11.8 14.1 36.2 22.1 d°N/drqdy for m, p, andQ~ at LHC (top), RHIC (middle),

86 16.2 7.6 93 17.3 80 12.3 251 12.8 and SPSbottom. Open symbols denote the distributions for
a pure hydrodynamical calculation up to hadronization with

Species d.p.b. hr. hd. dp.b. hr. hd. dpb. hr. h

DN <o X3
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FIG. 7. Freeze-out time
Q7 for LHC (top), RHIC (mi

distributiom#N/d r,dy of 7, p, and
ddle), and SPSbottom. Open sym-

bols denote the distributions for a pure hydrodynamical calculation
up to hadronization with subsequent hadron resonance déoays

) 4 ) without hadronic reinteractionwhereas the solid symbols show the
reinteraction, whereas the solid symbols show the full cal- ¢, calculation with hadronic rescattering.

culation with hadronic rescattering. As we have already seen
previously in the transverse freeze-out radii, hadronic rescatrgies[50], being due to the time delay caused by a first-
tering strongly modifies the shape of the distributions andrder phase transitiofv6]. However, our model calculation
significantly increases the lifetime of the system. Table IV(which does exhibit a first-order phase transifishows no
huge difference in the freeze-out time distributionsmfp,
+39), E, andQ~ with and without hadronic rescattering. and Q~ from SPS to RHIC energiegote, however, the
One issue of great interest is the predicted significant infogarithmic scalg The origin of this prediction is that we
crease of the lifetime of the system from SPS to RHIC endinclude many more states in the hadronic EOS, which speeds
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30000 1 ot UrQMD - hollow core increasing witlpy. The inset of Fig. 8 shows
I M the dependence of the nonemitting core voluweon the
o 25000 / hd yd transverse momentum of the piong has been calculated
- ¢ / ) by a linear fit ofV* to dN,,/dy:V* =Vy+c(dN,/dy). The
é 20000 | /’ / o increase ofV, with p; is a manifestation of the collective
A ,’ : // - flow effect; highpt pions cannot be emitted from the center,
& I / Q0 rt~0, since the collective velocity field vanishes there.
&7 15000 I/ Sy Em
A S/ Fimo
e /I 4 - D. Chemical freeze-out
¥ 10000 /- / A SE—— ] o
- Iy v So far, we have only discussed the kinetic freeze-out of
- I /’ . B 0.3 GeV < pr < 0.6 GeV individual hadron species. However, apart from the kinetic
5000 /A 4 N g-g gezipriil’-g gex freeze-out, the chemical freeze-out of the system, which fixes
/T RV Vot c@N/dy) | ¢ 19GeV < pr < 15 GOV the chemical composition, is of interest, too.
0L

The chemical freeze-out hypersurface of hadron species
is in principle defined as the surfaee, ., separating the
space-time region wher@ N;=0 from that where the num-

FIG. 8. Estimated freeze-out volume of pions as a function ofper currentN; is not conserved. Usually, the chemical freeze-
the pion rapidity density for four different bins in transverse mo-out is defined modulo hadronic resonance decays which are
mentum. Highpy pions are only emitted from an outshell the  performed onv#,,,,,, €ven for short-lived resonances like the
radlgs of which |’r'10reases WI.IDT. The inset shows the volume of p meson orA baryon. However, that definition is not very
the “hollow core” as a function opy-. useful in the present case, since most inelastic processes are

actually modeled via resonance excitation and subsequent
up hadronization considerab[}19,21,44. Furthermore, de- decay; cf. Sec. Il D. Furthermore, as in the case of kinetic
cays of resonances partly hide the remaining small increasgeeze-out studied above, the microscopic transport model
of the hadronization time. Thus, the “time-d6|ay Signal” does not y|e|d Sharp hypersurfacebree-dimensioneu vol-
cannot be expected to be well above20—30 %, and must ymes but rather freeze-out domairtfour-dimensional vol-
be approached by a detailed excitation function. umes. We shall therefore mainly discuss the evolution of

Note that the multistrang@ ~ baryons freeze out far ear- hadron multiplicities after hadronization and their time de-
lier than all other baryons, as discussed already previously ipendence.
the context of Fig. 6. Theluration of the hadronic reinter- Figure 9 shows the time evolution of on-shell hadron mul-
action phasep Thad:<7'f1?/dm+urQMD>—<T??’dr°+ had decay)i re- tiplicities for LHC (top), RHIC (middle), and SPSbottom).
mains nearly unchanged, e.g., at 5.9drfdr pions, 8.0fm¢  The dark gray shaded area indicates the duration of the QGP
for kaons, 14.5 fm¢ for protons, 15.4 fm¢ for hyperons, and  phase, whereas the light gray shaded area depicts the mixed
8.0fm/c for the O~ between RHIC and SPS. phase(both averaged overy; only hadrons that have al-

Note that the lifetime of the prehadronic stage in this ap+eady “escaped” from the mixed phase into the purely had-
proach is a factor of 2—3 longer than when employing theronic phase are showrHadronic resonances are formed and
parton cascade mod@PCM) [77,78 for the initial reaction  are populated for a long time. One can rather nicely observe
stage. It will be interesting to check whether this is related tahe stronger transverse expansion as beam energy increases:
the first-order phase transition built into the EOS which ison 7= const hypersurfaces the resonance-decay “tails” get
used here. The final transverse freeze-out radii and timelsoosted to larger. As a result of those transversely boosted
(after hadronic rescatteringhowever, are very similar in resonances, the hadron yields saturate only at rather targe
both approachefr8]. approximately 25 fm¢ at SPS and RHIC and about 40 ftn/

Figure 8 shows the estimated freeze-out voluM®  at LHC.
=m(rrq)%7,) as a function of the pion rapidity density By comparing the final hadron yields resulting from the
dN_/dy for four different bins in transverse momentum. For hydrodynamical calculatiofup to hadronization, including
all pr bins V* exhibits a nearly linear increase with subsequent hadronic decays, but no hadronic reinteragtions
dN,/dy. Thus, the freeze-out density of the pions remainso that of the full calculation, which includes microscopic
virtually constant over a large range of multiplicitiés en-  hadronic dynamics, we can quantify the changes of the
ergies. We will see in the next section that this is due to thehadrochemical content due to hadronic rescattering.
fact that the chemical freeze-out of pions occurs rather Figure 10 shows the relative chan¢ia percent of the
shortly after hadronization of the QGP, at all energies studmultiplicity for various hadron species for SR®ottom),
ied here. Since the local density of pions on the hadronizaRHIC (middle), and LHC(top). As to be expected, the state
tion hypersurface is similar in all casésecause the tempera- of rapid expansion prevailing at hadronization does not allow
ture is almost the samethe density at chemical freeze-out chemical equilibrium to hold down to much lower tempera-
is, too. tures. The hadronic rescattering changes the multiplicities by

We also observe that lowr pions are basically emitted less than a factor of 2; cf. alsld7]. Thus, we have first
from the entire volume, while at highgr; the pions seem evidence that a QGP expanding and hadronizing as an ideal
only to be emitted from an outeshell the radius of the fluid produces a too rapidly expanding background for a had-

0 200 400 600 800
dN/dy (pions)

1000 1200 1400
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FIG. 10. Multiplicity change in percent due to hadronic rescat-
tering for various hadron species at S@®ttom), RHIC (middle),

FIG. 9. Time evolution of on-shell hadron multiplicitiémte- ) . .
and LHC (top). The error bars give an estimate of the systematic

grated overr ;) at LHC (top), RHIC (middle), and SPSbottom.
The dark grey shaded area shows the duration of the QGP phagéror'

whereas the light-grey-shaded area depicts the coexistence phas%y 40-50 % due to baryon-antibaryon annihilatianand=

ron fluid with known elementary cross sections to maintainare affected in similar fashion.

chemical equilibrium down to much lower temperatures than The baryon-antibaryon asymmetry decreases at higher

Te. beam energy, and at LHC particle-antiparticle symmetry is
However, a closer look provides more |ns|ght into therestored for our initial COﬂditiOﬂS. Tﬂe remaijing small

chemical composition. The changes are most pronounced asymmetriegcompare, e.g., the-p, K-K, andY-Y evolu-

the SPS, where the baryon-antibaryon asymmetry is highesibns in Fig. 10 are due to fluctuations triggered by a finite

(since the net baryon density at midrapidity is higheBhis  number of particles, which distort the ideal longitudinal

manifests, e.g., in a reduction of the antiproton multiplicity boost invariance presefiby constructiop at hadronization.

064909-17



S. A. BASS AND A. DUMITRU PHYSICAL REVIEW C61 064909

Interestingly, thel) ™ multiplicity decreases more strongly Hydro -+ UrQMD
towards higher beam energy. This is due to the higher anti-

LHC

( X ]

baryon density in the system, leading to méle annihila- 1t =“==o.
tions on antibaryons with subsequent redistribution of the = .'=:'
three strange quarkéThis process is modeled in UrQMD as 10! 2 ¢ 'II..
string excitation and subsequent fragmentation; [d0)].) 'E .:“::o. a gg..
Thus the hadronic phase becomes slightly more opaque fc 3 | Py ‘Lg' l:..
the Q~ with increasing beam energy. 3 10 $ }2999 '3

Collision rates offer another approach to determine the,E }}{¥§ ff f
duration of the hadronic phase, in particuBaB collisions 107 f} T
which almost always lead to annihilation. Figure 11 shows e MM
the time evolution of the rates for hadron-hadron collisions at ,| ® MB
LHC (top), RHIC (middle), and SPSbottom). Meson-meson 071 a BB
(MM) and—to a lesser extent—meson-bary®nR) inter- ¢ Buanth

actions dominate the dynamics in the hadronic phase a RHIC
RHIC and LHC. At the SPS meson-baryon and meson-  1¢?
meson interactions are equally frequent. Note that while a

the SPS baryon-baryonB@) collisions significantly out- .
number baryon-antibaryon annihilations, the situation at », 10 .

RHIC and LHC is reversed, whei@-B annihilation is far
more frequent tha®B collisions. This is a consequence of

the fact that theé8-B annihilation cross sections at small rela-
tive momenta increase faster than the tdaB cross sec-
tions [40]. In the case of(approximate baryon-antibaryon

symmetry, one therefore expects m@eB thanB-B inter-

actions, as seen for RHIC and LHC energies. 10?
Of course, all collision rates reach their maxima at the end

of the mixed phase, then decreasing roughly according to

power law. After ~35fml/c, less than one hadron-hadron ) SPS

collision occurs per unit of time and rapidity at SPS and 10

RHIC energies; because of the higher transver&actor, the

time is ~60fm/c at the LHC. At this stage the system is L
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certainly kinetically and chemically frozen out. .E* n 'l'
- AA ==.
E. Transverse flow: Emission of multistrange baryons from \§ 10° ."Q A, ':-.
the phase boundary 2 . ] | ]
; ; o [ I et Yuu
In this section we analyze the transverse mass spectra ¢  10?f & teta 0l|. a
) . . . . Y ¢ 4 L] [ ]

freeze-out, and discuss their evolution from the hadroniza ¢ 235 4 Beo
tion hypersurface. The results obtained fortfb collisions , $598 31 L
at CERN-SPS energy are in reasonable agreement with th 10 % ¢ ¢ §§§{ $
data obtained by the NA49 Collaborati¢@9] and by the } }I
WAO97 Collaboratior{35]. For a comparison to those data we 10 20 30 40 50 1 " 60
refer to[37]; here, we focus on the model results. Te.m. (fM/c)

Figure 12 compares the; spectra on the hadronization
hypersurfacgopen symbols obtained from Eq(22) (plus
strong resonance decayswith those at freeze-outopen
symbolg. One observes that the transverse flowp&f and
A’s increases during the hadronic stage, since those spec
flatten. On the other hand, the spectrd¥$ and ofZ’s with
m;=1.6GeV are practically unaffected by the hadronicdirectly from the phase boundawyith very little further re-
stage and closely resemble those on the phase boundasgattering in the hadronic stage. The hadron gas emerging
This is due to the fact that the scattering rate€cdnd() in ~ from the hadronization of the QGHn these high-energy
a pion-rich hadron gas are significantly smaller than those ofeaction$ is almost “transparent” for the multiple strange
N’s andA’s [36,37,80. As shown in Fig. 13, on average the baryons. On the other hands and A’s on average suffer
baryons which finally emerge &'s andQ’s suffer far less  several collisions with other hadrons before they freeze out.
interactions than the final-stapés andA’s. Thus, within the  This behavior holds generally true for all three studied en-
model presented here, these particles are basically emittestgy domains, at the SPS, RHIC, and LHC.

FIG. 11. Hadron-hadron collision rates at LH@p), RHIC
(middle), and SPSbottom. The dark-grey-shaded area shows the
duration of the QGP phase whereas the light-grey-shaded area de-
ﬂ?}fts the coexistence phase.
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FIG. 12. Transverse mass spectramf K (right column andN, A+3°, 2%+ =2~ andQ ™ (left column at LHC (top), RHIC (middle),
and SPSbottom). The open symbols denote the spectra on the hadronization hypersurface whereas the solid symbols show the calculation

at freeze-out after hadronic rescattering.

These findings manifest themselves most strikingly in the Figure 14 depicts the inverse slopEs obtained from our
mass dependence of the inverse slopes ofthespectra. A model by a fit ofd®N; /d’m+dy to expm;/T*) in the range
simple isentropic hydrodynamical expansion leads to broaden;—m;<<1 GeV. The statistical error of this fit is-10%.

my spectra of heavier states; i.€py) or the inverse slope
T* increases with mag®1]. This observation agrees with
the inverse slopes of, K, andp measured for central col-
lisions of Pb nuclei at a c.m. energy of &/GeV [82]. How-

ever, it has also been found that tHeand() baryons do not

follow this general trend35,79.

Open symbols denote the SPS calculation and data, whereas
solid symbols show the RHIC prediction. The lines show a
purely hydrodynamical calculatidr21,37] with a freeze-out
temperature ofT;,=130MeV for SPS(dotted ling and
RHIC (solid line), respectively. The trend of the SPS data

(open circley namely, the “softer” spectra oE’s and()’s
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_5810'1 ‘Q’ A T 0.
> PN 4. L ® When going from SPS to RHIC energy, the model dis-
s, ¢ A n ¢ cussed here generally yields only a slight increase of the
10 4 inverse slopes, although the specific entropy is larger by a
¢ ? . s ;
factor of 4-5. The reason for this behavior is the first-order
¢ 2 . .
10° é phase transition that softens the transverse expansion consid-
erably [51]. For our set of initial conditions, thaverage
collective transverse flow velocityat midrapidity on the
. . p
, ; ; ; hadronization hypersurface increases only frem.3 (for
10 e®%%00, SPS Pb+Pb at SPSto ~0.35 (for Au+Au at RHIC) [21]. (How-
0-. ... ever, there are highy tails on the hadronization hypersur-
0 =l .--. ® face which get more pronounced at RHIC than at $RS.
10 P - .. can be seen from the present calculation, this is not counter-
A [ ] ® balanced by increased rescattering in the purely hadronic
= A [ PY _ 9 purely
=8 107 a n ® stage—compare to the inverse slopes obtained from “pure”
S|, A g .. hydrodynamics with freeze-out on th&=130MeV iso-
2 ¢ i " ® therm.
T 2 4 The transverse flow at LHC beam energy is so strong that
10 ¢ ] ¢ \ .
the m; spectra cannot be fitted any more by an exponential
¢ 1€Mr S . .
¢ distribution. We have therefore refrained from extracting the
10° 4 slopes for the LHC calculation. Instead, in Fig. 15 we show
? the mean transverse momenta of the different hadron species
as a function of their mass. As in Fig. 12 we compare the
0 5 10 n 15 20 25 (pt) on the hadronization hypersurfaggen symbols ob-
coll tained from Eq.(22) (plus strong resonance decaywith

FIG. 13. Distribution of the number of interactions that the that at freeze-out(solid symbol$. Hadronic rescattering
final-state particles suffer after being hadronized, for Liap),  leads to a transfer of transverse energy-momentum from
RHIC (middle), and SPSbottom). pions to heavier hadronghe pions actually suffer a reduc-

tion of (pr) in the hadronic phagd34]. This phenomenon
has also been termed tph@n wind[26,83, pushing heavier
as compared to a linedr* (m) relation, is reproduced rea- hadrons to highepy. Nucleons gain most transverse mo-
sonably well. As already mentioned, this is not the case fomentum, while th&)™ remains nearly unchanged due to its
“pure” hydrodynamics with kinetic freeze-out on a common small interaction cross section in the meson dominated had-
hypersurface(e.g., theT=130MeV isotherny where the ronic medium, as discussed earlier in this section. Those had-
stiffness of the spectra increases monotonically with masgopns are the best “messengers” of the early prehadronization
cf. Fig. 14 and also Ref$26,54. Resonance decays are not evolution.
included in the hydrodynamic spectra on the- 130 MeV Furthermore, one clearly observes the rather moderate in-
isotherm. crease of(py) from SPS to RHIC energy, as discussed al-
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2.0 ; ; ; ; ; ; ; universe. However, a closer look is warranted and reveals
® SPS i interesting information. For examplejore strange baryons
1.8| B RHIC A A — - .
A LHC (A,X,E,Q) are annihilated as the energy increases because
16f a A the antibaryon density at hadronization increases.

A & Interactions within the hadron gas increase the collective
~ 4 flow beyond that present at hadronization, and reduce the
> A y P .
© 10| temperature below the QCD phase transition temperature
] - (we assumeT-=160MeV). As an exception, we find that
3:1 0 Y n multiple strange baryons practically do not rescatter within

a ] = ; .

v 08l B * the hadron gas. Thein; spectra are therefore determined by
) 2 e the conditions on the hadronization hypersurface, T.e and
06t 4 g © the collective flow created by the expansion preceding had-
ronization. Their spectra therefore are less sensitive to the
04} full symbols: Hydro + UrQMD o confined phasel <T., but are closely related to the EOS of
0.2 open symbols: Hydro + had. decay after hadronization the QGP and the phase transition temperale
00 02 04 06 08 10 12 14 16 18 Average transverse momenta and inverse slopes are pre-
hadron mass (GeV) dicted to increase only moderately from SPS to RHIC, de-

spite the significant increase of the entropy to net baryon

b 5 Ig' ;‘?} d?;/e;igee;;i?sﬁﬁOrgo?ei'gfept%gz;iff’afzzr‘thKé ha d[atio. In this sense, the collective evolution at RHIC energy

ronization hypersurface(including strong resonance decays IS str_ongly CharaCte”.zed by th.e presence of a well-mixed
whereas the solid symbols show the value at freezeaftér had- coexistence phase with small isentropic speed of sound. It

ronic rescattering For clarity, the symbols have been shifted by Will D& very interesting to see if this picture of hadronization
+10 MeV. of bulk QCD matter, which is based on similar models for

the QCD phase transition in the much slower expanding
ready in Fig. 14. In contrast, in our model the collective €arly universe, agrees with the data to be taken by the vari-
dynamics at the much higher CERN-LHC energy is domi-0UsS experiments at BNL-RHIC.
nated by the stiff QGRCcf. also Fig. 3, and the average Towards the much higher CERN-LHC energy, the evolu-

transverse momenta increase appreciably. tion changes appreciably. The pure QGP occupies a larger
space-time volume than the mixed phase. If the QGP EQOS at

high energy density is anywhere close to an ultrarelativistic
ideal gas withp~ €/3, transverse expansion should be much

In summary, we have introduced a combinedstronger than at RHIC and SPS. Consequently, the average
macroscopic-microscopic transport approach, combiningransverse momenta of the heavier hadrons increase by 60—
relativistic hydrodynamics for the early deconfined stage 080 % as compared to RHIC energy.
the reaction and the hadronization process with a micro- We believe that the model presented here and in Refs.
scopic nonequilibrium model for the later hadronic stage af33,37] represents a step forward towards the understanding
which the hydrodynamic equilibrium assumptions are notand the description of the evolution of a quark-gluon plasma,
valid anymore. Within this approach we have self-its hadronization, and the subsequent freeze-out of the strong
consistently calculated the freeze-out of the hadronic systenmteractions. Nevertheless, it is clear that many improve-
accounting for the collective flow on the hadronization hy-ments are conceivable and necessary before a really detailed
persurface generated by the QGP expansion. comparison to experimental data can be attempted.

The reaction dynamics, hadronic freeze-out, and trans- For example, corrections to ideal fluid dynamit®fore
verse flow in ultrarelativistic heavy-ion collisions at SPS, hadronization should be studied, at least within the Navier-
RHIC, and LHC have been discussed in detail. We find thaStokes approximation. In the present approach dissipative
the space-time domains of the freeze-out for the investigatedffects are only taken into account after hadronization, where
hadron species are actually four dimensional, and differ draswe expect them to be most significant, particularly as freeze-
tically between the individual hadrons species. out is approached.

The thicknessof the hadronic phase is found to be be- The widely used bag-model EOS can certainly be im-
tween 2 fm and 6 fnfat RHIC), depending on the respective proved as well. It is well known that it yields a substantially
hadron species. Ithfetime is between 5 fm¢ and 13 fmg, higher latent heat than extracted from present lattice QCD
respectively. Freeze-out radii distributions have similarresults. Thus, it may overpronounce the effects of a first-
widths for most hadron species, though € is found to  order QCD phase transition. One may even try a crossover
be emitted rather close to the phase boundary and shows tir@nsition to see whether that is ruled out by experimental
smallest freeze-out radii and times among all baryon specieslata or not. Also, we have already commented on the fact
The total lifetime of the system does not increase drasticallyhat due to the huge expansion rate in high-energy collisions
when going from SPS to RHIC energies. (which is not much smaller than strong interaction rates

Our model calculation shows that in high-energy nucleamore radical scenarios like spinodal decomposition rather
collisions the hadron multiplicities at midrapidity change by than an adiabatic phase transition should be examined as
less than 40% after hadronization, unlike, e.g., in the earlyvell.

V. SUMMARY AND OUTLOOK
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To simplify the switch from hydrodynamics to the micro- very beginning, e.g., those arising in the production process
scopic transport model we assumed longitudinal boost inef secondary hadrons, and one could study the evolution of
variance and azimuthal symmetry. The latter approximationstrangeness-rich rapidity bif$3] or of rapidity bins with
in particular, disables us to study many up-to-date topics thategative baryon number through the hadronization phase
will be addressed by the experimental data, such as, e.gransition until freeze-out.
anisotropies in the hadron spectmanon-head-on collisions There are many other questions that cannot be listed here
that may be sensitive to the QGP EOS. A full$+1)- but can be addressed within this model. Work along those
dimensional solution without symmetry assumptions is thudines is in progress and will be reported in forthcoming pub-
highly desirable. lications.

One application not covered at all in the present studies is
correlated particle emission. Two-particle correlations may
for example allow one to extract the volume of the emission
region in space-time. The two-particle correlator probes S.A.B. has been supported in part by the Alexander von
rather soft interactions and therefore contains informatiorHumboldt Foundation and in part by U.S. DOE Grant No.
about the freeze-out proce&sg., the thickness of the emis- DE-FG02-96ER40945. A.D. acknowledges support from
sion region, background mean fields, &{@5,76|. U.S. DOE Research Grant No. De-FG-02-93ER-40764.

Fluctuations in the rapidity and transverse momentuntS.A.B. thanks Berndt Mier for many helpful and inspiring
spectra inducedor suppressadiy the QCD phase transition discussions. A.D. thanks M. Bleicher, K.A. Bugaev, W.
are another highly interesting topic. So far, we have studiedreiner, M. Gyulassy, D.H. Rischke, and H. &ter for nu-
only the evolution on average, and have allowed only formerous inspiring discussions. The computer programs
fluctuations to develop in the post-hadronization stagdimplemented irFORTRAN 77 with which the numerical cal-
(which occur naturally in the microscopic transport mgdel culations described in this paper have been performed can be
However, the hadronization process could in principle in-obtained free of chargéut copyright protectedfrom the
duce larger or other types of fluctuations, e.g., due to dropletOpen Standard Codes and Routines” working group home-
formation[84], spinodal decomposition with possible disori- page, http://rhic.phys.columbia.edu/oscar. The authors thank
ented chiral condensat®CC) formation[57], or due to the the UrQMD Collaboration for the permission to use the
change of the order of the phase transition in the vicinity ofUrQMD transport model for the actual computations per-
a second-order critical poirt85]. It would obviously be formed in this manuscript, and Dirk Rischke for permission
highly desirable to know if they can survive the hadronicto use parts of his RHLLE algorithm to solve the fluid-
interaction stage. Other fluctuations may be there from thelynamical continuity equations.

ACKNOWLEDGMENTS

[1] E. W. Kolb and M. S. TurnefThe Early UniversgFrontiers in
Physics Vol. 69Addison-Wesley, Redwood City, CA, 1990

[2] J. C. Collins and M. J. Perry, Phys. Rev. L&, 1353(1975;
E. V. Shuryak, Phys. Resl, 71 (1980; J. Rafelski,ibid. 88,
331 (1982; E. Witten, Phys. Rev. D30, 272 (1989, L.
McLerran, Rev. Mod. Phys$8, 1021(1986; J. Cleymans, R.
V. Gavai, and E. Suhonen, Phys. R€R0, 217 (1986; B.
Muiller, Rep. Prog. Phys8, 611(1995; A. V. Smilga, Phys.
Rep.291, 1 (1997.

(1999; M. Hofmann, J. M. Eisenberg, S. Scherer, M. Bleicher,
L. Neise, H. Staker, and W. Greiner, nucl-th/9908031.

[7] L. D. Landau and E. M. LifshitzEluid MechanicsPergamon,
New York, 1959; for application to nuclear collisions see,
e.g., R. B. Clare and D. Strottman, Phys. Rbgl, 177(1986);
for a pedagogical introduction see, e.g., D. H. Rischke, in Pro-
ceedings of the “11th Chris Engelbrecht Summer School in
Theoretical Physics,” Cape Town, 1998, nucl-th/9809044.

[8] E. Shuryak, Phys. Rev. Leth8, 3270(1992; K. Geiger, Phys.

[3] J. Harris and B. Mler, Annu. Rev. Nucl. Part. Sci46, 71
(1996; S. A. Bass, M. Gyulassy, H. Stker, and W. Greiner,
J. Phys. G25, R1(1999.

[4] N. H. Christ and A. E. Terrano, Phys. Rev. Lef6, 111

Rev. D46, 4965(1992.

[9] T. S. Biro, E. van Doorn, B. Miler, M. H. Thoma, and X. N.

Wang, Phys. Rev. @8, 1275 (1993; K. J. Eskola and X.
Wang, Phys. Rev. 49, 1284(1994).

(1986; F. R. Brown, N. H. Christ, Y. F. Deng, M. S. Gao, and [10] S. M. Wong, Phys. Rev. 64, 2588(1996.

T. J. Woch,ibid. 61, 2058(1988; Y. Iwasaki, K. Kanaya, S.
Kaya, S. Sakai, and T. Yoshie, Phys. Rev5f) 7010(1996);

M. Oevers, F. Karsch, E. Laermann, and P. Schmidt, Nucl.

Phys. B(Proc. Supp). 63, 394(1998; 73, 465 (1999.

[11] H. Heiselberg and X. Wang, Nucl. Phy®462, 389(1996); M.

Gyulassy, Y. Pang, and B. Zhang, Nucl. Phy&26, 999
(1997; S. M. Wong, Phys. Rev. G6, 1075(1997; A. H.
Mueller, hep-ph/9906322.

[5] S. R. deGroot, W. A. van Leeuwen, and Ch. G. van Weert,[12] K. Geiger and J. |. Kapusta, Phys. Rev4, 4905(1993.

Relativistic Kinetic Theory (North-Holland, Amsterdam,
1980.

[13] D. K. Srivastava, M. G. Mustafa, and B. NMer, Phys. Rev. C

56, 1064 (1997).

[6] B. Andersson, G. Gustafson, and C. Peterson, Nucl. Phyq.14] D. M. Elliott and D. H. Rischke, nucl-th/9908004.

B135 273(1978; K. Geiger, Phys. Rev. @7, 133(1993; T.
S. Biro, P. Levai, and J. Zimanyi, Phys. Rev. 89, 1574
(1999; C. T. Traxler, U. Mosel, and T. S. Birahid. 59, 1620

064909-22

[15] F. E. Low, Phys. Rev. 02, 163 (1979; K. Kajantie and T.

Matsui, Phys. Lett164B 373 (1985; K. J. Eskola and M.
Gyulassy, Phys. Rev. €7, 2329(1993; G. C. Nayak and V.



DYNAMICS OF HOT BULK QCD MATTER: FROM THE . .. PHYSICAL REVIEW C 61 064909

Ravishankaribid. 58, 356 (1998. Greiner, Phys. Lett. BI60, 411(1999.
[16] J. Letessier, A. Tounsi, U. Heinz, J. Sollfrank, and J. Rafelski,[38] F. Cooper and G. Frye, Phys. Rev.1D, 186 (1974.
Phys. Rev. Lett.70, 3530 (1993; P. Braun-Munzinger, J. [39] S. Bernard, J. A. Maruhn, W. Greiner, and D. H. Rischke,

Stachel, J. P. Wessels, and N. Xu, Phys. Let8aB, 1 (1996 Nucl. Phys.A605, 566 (1996.

J. Sollfrank, J. Phys. @3, 1903(1997; J. Cleymans and K. [40] S. A. Bass, M. Belkacem, M. Bleicher, M. Brandstetter, L.

Redlich, Phys. Rev. Lett81, 5284 (1998; C. Spieles, H. Bravina, C. Ernst, L. Gerland, M. Hofmann, S. Hofmann, J.

Stocker, and C. Greiner, Eur. Phys. J. Z; 351 (1998; J. Konopka, G. Mao, L. Neise, S. Soff, C. Spieles, H. Weber, L.

Letessier and J. Rafelski, J. Phys.2§ 295 (1999. A. Winckelmann, H. Stoker, W. Greiner, C. Hartnack, J.
[17] R. Stock, Phys. Lett. B56, 277(1999; U. Heinz, Nucl. Phys. Aichelin, and N. Amelin, Prog. Part. Nucl. Phydl, 225

A661, 140(1999. (1998; M. Bleicher, E. Zabrodin, C. Spieles, S. A. Bass, C.
[18] U. Ornik, M. Plumer, B. R. Schlei, D. Strottman, and R. M. Ernst, S. Soff, L. Bravina, M. Belkacem, H. Weber, H.

Weiner, Phys. Rev. G4, 1381(1996; B. R. Schlei, U. Ornik, Stacker, and W. Greiner, J. Phys. 25, 1859(1999.

M. Plumer, D. Strottman, and R. M. Weiner, Phys. Lett. B [41] J. D. Bjorken, Phys. Rev. R7, 140(1983; K. Kajantie and L.

376, 212(1996; B. R. Schlei, Heavy lon Phy$, 403(1997); McLerran, Nucl. PhysB214, 261 (1983.

N. Arbex, U. Ornik, M. Pluner, and R. M. Weiner, Phys. Rev. [42] B. Kampfer, Z. Phys. A353 71 (1995; A. Dumitru, U.

C 55, 860(1997. Katscher, J. A. Maruhn, H. Stk&er, W. Greiner, and D. H.

[19] J. Sollfrank, P. Huovinen, M. Kataja, P. V. Ruuskanen, M. Rischke,ibid. 353 187 (1995.
Prakash, and R. Venugopalan, Phys. Re%5C392(1997%); J. [43] D. H. Rischke, S. Bernard, and J. A. Maruhn, Nucl. Phys.
Sollfrank, P. Huovinen, and P. V. Ruuskanen, Eur. Phys. J. C A595, 346 (1995.

6, 525(1999. [44] D. H. Rischke and M. Gyulassy, Nucl. PhyA597, 701

[20] U. Katscher, D. H. Rischke, J. A. Maruhn, W. Greiner, I. N. (1996.

Mishustin, and L. M. Satarov, Z. Phys. 246, 209(1993; A. [45] A. Chodos, R. L. Jaffe, K. Johnson, C. B. Thorn, and V. F.
Dumitru, U. Katscher, J. A. Maruhn, H. &tker, W. Greiner, Weisskopf, Phys. Rev. DB, 3471(1974.
and D. H. Rischke, Phys. Rev. &1, 2166(1995. [46] J. Cleymans, K. Redlich, and D. K. Srivastava, Phys. Rev. C

[21] A. Dumitru and D. H. Rischke, Phys. Rev.59, 354 (1999. 55, 1431(1997).

[22] M. Prakash, M. Prakash, R. Venugopalan, and G. Welke, Phyg47] M. Belkacem, M. Brandstetter, S. A. Bass, M. Bleicher, L. V.
Rep.227, 321(1993. Bravina, M. I. Gorenstein, J. Konopka, L. Neise, C. Spieles, S.

[23] P. Levai and B. Miler, Phys. Rev. Lett67, 1519(1991). Soff, H. Weber, H. Stoker, and W. Greiner, Phys. Rev.538,

[24] P. Danielewicz and M. Gyulassy, Phys. Rev3D 53 (1985. 1727(1998.

[25] I. Mishustin and L. Satarov, Yad. Fi37, 894(1983 [ Sov. J.  [48] R. D. Pisarski and F. Wilczek, Phys. Rev.ZD, 338 (1984).
Nucl. Phys.37, 532(1983]. [49] M. Kataja, P. V. Ruuskanen, L. D. McLerran, and H. von

[26] C. M. Hung and E. Shuryak, Phys. Rev.5Z, 1891(1998. Gersdorff, Phys. Rev. [34, 2755(1986.

[27] A. Dumitru, Phys. Lett. B463, 138(1999. [50] D. H. Rischke and M. Gyulassy, Nucl. PhyA608, 479

[28] K. A. Bugaev, Nucl. PhysA606, 559 (1996; K. A. Bugaev (1996.
and M. |. Gorenstein, nucl-th/9903072; K. A. Bugaev, M. I. [51] C. M. Hung and E. Shuryak, Phys. Rev. Léth, 4003(1995;
Gorenstein, and W. Greiner, J. Phys26 2147(1999. T. S. Biro, Phys. Lett. B474, 21 (2000.

[29] C. Anderlik, Z. I. Lazar, V. K. Magas, L. P. Csernai, H. [52] K. Jedamzik, Phys. Rev. B5, R5871(199%; C. Schmid, D. J.
Stacker, and W. Greiner, Phys. Rev. &9, 388 (1999; C. Schwarz, and P. Widerin, Phys. Rev. Let8, 791 (1997);
Anderlik, L. P. Csernai, F. Grassi, Y. Hama, T. Kodama, and Phys. Rev. 69, 043517(1999; K. Jedamzik and J. C. Niem-
Z. |. Lazar,ibid. 59, 3309(1999; V. K. Magaset al, Heavy eyer,ibid. 59, 124014(1999.
lon Phys.9, 193(1999. [53] 3. Brachmann, A. Dumitru, H. Stker, and W. Greiner,

[30] A. Dumitru, C. Spieles, H. Stker, and C. Greiner, Phys. Rev. nucl-th/9912014.

C 56, 2202(1997. [54] T. Csago and B. Lastad, Phys. Rev. G4, 1390(1996; B.

[31] F. Grassi, Y. Hama, and T. Kodama, Z. Phys.7G 153 Kampfer, O. P. Pavlenko, A. Peshier, M. Hentschel, and G.

(1996; F. Grassi, Y. Hama, T. Kodama, and O. Socolowski, Soff, J. Phys. @3, 2001(1997.
Heavy lon Phys.5, 417 (1997; F. Grassi and O. J. So- [55]J. Alam, D. K. Srivastava, B. Sinha, and D. N. Basu, Phys.

colowski, Phys. Rev. Let80, 1170(1998. Rev. D48, 1117(1993.

[32] L. V. Bravina, I. N. Mishustin, N. S. Amelin, J. P. Bondorf, [56] L. P. Csernai and J. I. Kapusta, Phys. Rev. Lé8, 737
and L. P. Csernai, Phys. Lett. 854, 196 (1995; H. Sorge, (1992; L. P. Csernai, J. |. Kapusta, G. Kluge, and E. E. Zabro-
ibid. 373 16 (1996. din, Z. Phys. C58, 453 (1993; J. Ignatius, K. Kajantie, H.

[33] S. A. Bass, A. Dumitru, M. Bleicher, L. Bravina, E. Zabrodin, Kurki-Suonio, and M. Laine, Phys. Rev. #0, 3854 (1994);

H. Stacker, and W. Greiner, Phys. Rev.@D, 021902(1999. 50, 3738(1994.
[34] S. Pratt and J. Murray, Phys. Rev.52, 1907(1998. [57] H. Heiselberg and A. D. Jackson, nucl-th/9809013; O. Scav-
[35] WAQ7 Collaboration, E. Anderseat al, Phys. Lett. B433 enius and A. Dumitru, Phys. Rev. Le&3, 4697(1999.

209 (1998; WA97 Collaboration, E. Anderseet al,, J. Phys.  [58] NA49 Collaboration, H. Appelshseret al, Phys. Rev. Lett.

G 25, 181(1999. 82, 2471(1999.

[36] H. van Hecke, H. Sorge, and N. Xu, Phys. Rev. L&t;.5764 [59] B. Miiller and X. N. Wang, Phys. Rev. Le#8, 2437(1992;
(1998. B. Kampfer and O. P. Pavlenko, Z. Phys6@, 491(1994; K.

[37] A. Dumitru, S. A. Bass, M. Bleicher, H. Stker, and W. J. Eskola and K. Kajantigbid. 75, 515 (1997).

064909-23



S. A. BASS AND A. DUMITRU

[60] T. Schaofeld, H. Steker, W. Greiner, and H. Sorge, Mod.
Phys. Lett. A 8, 2631 (1993; L. Gerland etal,

PHYSICAL REVIEW C61 064909

[71] Particle Data Group, R. M. Barnedt al, Phys. Rev. D64, 1
(1996.

nucl-th/9512032; S. E. Vance, M. Gyulassy, and X. N. Wang,[72] P. Danielewicz and G. F. Bertsch, Nucl. Phys533, 712

Nucl. Phys.A638, 395¢(1998.

[61] N. Hammon, H. Stoker, and W. Greiner, Phys. Rev. @,
014901 (2000; A. Krasnitz and R. Venugopalan,
hep-ph/9909203.

[62] V. Emel'yanov, A. Khodinov, S. R. Klein, and R. Vogt, Phys.
Rev. C61, 044904(2000; K. J. Eskola, K. Kajantie, P. V.
Ruuskanen, and K. Tuominen, Nucl. Phi&70, 379(2000.

[63] C. Spieles, L. Gerland, H. Stker, C. Greiner, C. Kuhn, and J.
P. Coffin, Phys. Rev. Let6, 1776(1996.

[64] C. W. Misner, K. S. Thorne, and J. A. Wheel&ravitation
(Freeman, San Francisco, 1973

[65] Y. Yariv and Z. Fraenkel, Phys. Rev. 20, 2227 (1979; J.
Cugnon,ibid. 22, 1885(1980; Y. Pang, T. J. Schlagel, and S.
H. Kahana, Phys. Rev. Lei$8, 2743(1992.

[66] H. Kruse, B. V. Jacak, and H. Stker, Phys. Rev. Lett54,
289(1985; J. Aichelin and G. Bertsch, Phys. Rev.3T, 1730
(1985; J. J. Molitoris and H. Sttker, ibid. 32, R346(1985;

K. Weber, B. Blattel, V. Koch, A. Lang, W. Cassing, and U.
Mosel, Nucl. PhysA515, 747 (1990; B. A. Li and C. M. Ko,
Phys. Rev. C52, 2037 (1995; W. Ehehalt and W. Cassing,
Nucl. Phys.A602, 449 (1996.

[67] J. Aichelin, A. Rosenhauer, G. Peilert, H." &ker, and W.
Greiner, Phys. Rev. Lett58, 1926 (1987; G. Peilert, H.
Stacker, A. Rosenhauer, A. Bohnet, J. Aichelin, and W.
Greiner, Phys. Rev. B9, 1402(1989; H. Sorge, H. Stoker,
and W. Greiner, Ann. PhygN.Y.) 192 266 (1989; J. Aich-
elin, Phys. Rep202, 233(1991.

[68] B. Andersson, G. Gustafson, G. Ingelman, and Ts®8amd,
Phys. Rep97, 31(1983; B. Andersson, G. Gustafson, and B.
Nilsson-Almgqvist, Nucl. PhysB281, 289 (1987).

[69] F. Laueet al, Phys. Rev. Lett82, 1640(1999; W. Chang
et al,, nucl-ex/9904010.

(1991

[73] E. V. Shuryak and O. V. Zhirov, Phys. Le89B, 253(1979;
Phys. Lett. B171, 99 (1986.

[74] Y. Sinyukov, Z. Phys. (43, 401(1989; L. P. Csernai, Z. 1.
Lazar, and D. Molnar, Heavy lon Phys, 467 (1997).

[75] S. Chapman, J. R. Nix, and U. Heinz, Phys. Re\6Z>2694
(1995; U. A. Wiedemann, B. Tomasik, and U. Heinz, Nucl.
Phys.A638, 475c(1997; J. R. Nix, D. Strottman, H. W. van
Hecke, B. R. Schlei, J. P. Sullivan, and M. J. Murray,
nucl-th/9801045; NA49 Collaboration, H. Appelsisaret al,,
Eur. Phys. J. @, 661(1998.

[76] S. Pratt, Phys. Rev. B3, 1314(1986.

[77] K. Geiger and B. Miler, Nucl. Phys.B369, 600 (1992; K.
Geiger, Phys. Re®258 273(1995; Comput. Phys. Commun.
104, 70 (1997).

[78] S. A. Bass, M. Hofmann, M. Bleicher, L. Bravina, E. Zabro-
din, H. Staker, and W. Greiner, Phys. Rev. €D, 021901
(1999.

[79] P. G. Jones and the NA49 Collaboration, Nucl. Pm810,
188¢(1996; NA49 Collaboration, C. Bormanet al.,, J. Phys.
G 23, 1817 (1997); NA49 Collaboration, H. Appelsheser
et al, Phys. Lett. B444, 523(1998.

[80] M. Bleicher, C. Spieles, C. Ernst, L. Gerland, S. Soff, H.
Stacker, W. Greiner, and S. A. Bass, Phys. Lett487, 227
(1999.

[81] P. J. Siemens and J. O. Rasmussen, Phys. Rev.42t880
(1979; H. Stacker, A. A. Ogloblin, and W. Greiner, Z. Phys.
A 303 259(198)).

[82] NA44 Collaboration, I. G. Beardeet al, Phys. Rev. Lett78,
2080(1997).

[83] Y. Pang etal, http://rhic.phys.columbia.edu/oscar;
Bleicher, S. A. Bass, L. V. Bravina, W. Greiner, H. Sker, N.
Xu, and E. Zabrodin, hep-ph/9911420.

M.

[70] D. Zschiesche, P. Papazoglou, C. W. Beckmann, S. Schramnj84] I. N. Mishustin, Phys. Rev. LetB2, 4779(1999.

J. Schaffner-Bielich, H. Stker, and W. Greiner, Nucl. Phys.
A663, 737 (2000.

[85] M. Stephanov, K. Rajagopal, and E. Shuryak, Phys. Re&0D
114028(1999.

064909-24



