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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 Ion 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 number~s!: 25.75.2q, 24.10.Nz, 24.10.Lx
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I. INTRODUCTION

A major goal of colliding heavy ions at relativistic ene
gies is to heat up a tiny region of space-time to temperatu
as high as are thought to have occurred during the e
evolution of the universe, a few microseconds after the
bang @1#. In ultrarelativistic heavy-ion collisions the four
volume of hot and dense matter, with temperatures ab
;150 MeV, is of the order of;(10 fm)4. The state of
strongly interacting matter at such high temperatures~or den-
sity of quanta! is usually called quark-gluon plasma~QGP!
@2#. For a discussion of the properties and potential sig
tures of such a superdense state, see@2,3#.

A particularly interesting aspect of producing such a h
and dense space-time region is that QCD, the fundame
theory of strong interactions, is expected to exhibit a tran
tion to a new thermodynamical phase at a critical tempe
ture TC;100–300 MeV. This phase transition has been
served in numerical studies of the thermodynamics of Q
at vanishing net baryon charge on lattices@4#. It is the only
phase transition of a fundamental theory that is accessib
experiments under controlled laboratory conditions.

In this paper we shall investigate the dynamics of rela
istic heavy-ion collisions within a novel transport approa
combining a macroscopic and a microscopic model. We s
focus here on collision systems currently under investiga
at the CERN Super Proton Synchrotron~SPS!, the Relativis-
tic Heavy Ion Collider~RHIC! at BNL, and the future Large
Hadron Collider~LHC! at CERN.

We shall work in natural units\5c5k51 throughout
the paper.

*Present address: National Superconducting Cyclotron L
Michigan State University, East Lansing, MI 48824-1321. Ele
tronic address: bass@nscl.msu.edu
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II. GENERAL ASPECTS OF MATCHING FLUID
DYNAMICS TO MICROSCOPIC TRANSPORT

In this section we discuss general aspects and assump
of our model for the space-time evolution of high-ener
heavy-ion reactions. In particular, we introduce fluid dyna
ics for the early, hot stage and the matching to microsco
transport for the later, more dilute stages of the reacti
Within this section, quantities without a subscript refer to t
fluid, while properties of the microscopic transport theo
carry the subscriptmicro.

A. Transport equation for incoherent quanta and particles

The most basic assumption of our model for the evolut
of high-energy heavy-ion reactions is that at the initial tim1

t5t i the highly excited space-time domain produced in
impact can be viewed as being populated by incoher
quanta on the mass shell. Thus, the system can be desc
by a distribution function f i(x

m,pn), where x05t i , p0

5ApW 21mi
2, andi labels different species of quanta. We w

not discuss here how such a state of high entropy den
could possibly be reached. That discussion is out of
scope of the present paper. Our work addresses the su
quent evolution of that initial state up to the so-called free
out of strong interactions in the system.

The semiclassical evolution of the distribution function
the forward light cone is described by means of a so-ca
transportequation, e.g., the Boltzmann equation@5#

p•] f i~xm,pn!5Ci . ~1!

Ci is the collision kernel, describing the gain or loss

.,
-

1Our choice of space-time variables is described in more de
below; for the moment, we assume that suitable variables have
chosen, and that the hypersurfaces of homogeneity are time
thogonal everywhere.
©2000 The American Physical Society09-1
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S. A. BASS AND A. DUMITRU PHYSICAL REVIEW C61 064909
quanta~particles! of speciesi in the phase-space cell aroun
(xm,pn) due tocollisions. Note that we have dropped po
sible classical background fields in Eq.~1!.

B. Moments of the transport equation: Hydrodynamics
for the hottest stage

For the problem at hand, however, the usefulness of
~1! is rather limited. A major difficulty is that to obtain a
analytical or numerical solution, in most cases one has
introduce an expansion of the collision kernel in terms of
number of incoming particles per ‘‘elementary’’ collisio
@5#. ~In most practical applications that expansion is ev
truncated at the level of binary collisions, 2→n.! Obviously,
the expansion is ill defined at very high densities. A seco
major problem is to describe the hadronization process,
the dynamical conversion of quarks and gluons into hadro
on the microscopic level. Several interesting approache
describe the hadronization of a plasma of quarks and glu
microscopically have been proposed in the literature;
e.g.,@6#, and references therein. However, as a result of
very complicated nature of this process, many of those m
els have to involve some kind ofad hocprescriptions, which
have quite a significant impact on the results. A first-ord
QCD phase transition, as assumed in the following, is p
ticularly difficult to model microscopically.

At present we are not able to solve these problems
fully satisfactory way. We can, however, circumvent them
some extent if we are mainly interested in the bulk dynam
of a hot QCD system. In this case we can employ relativis
ideal hydrodynamics@7# for the very dense stage of the r
action up to hadronization.

Let us thus assume that it is feasible to employ the c
tinuum limit. The first two moments of Eq.~1! yield the
continuity equations for the conserved currents and for
ergy and momentum@5#,

]•Ni50, ]•Q50. ~2!

In the following, we will explicitly consider only one con
served current, namely, the~net! baryon current. All other
currents, such as, e.g., strangeness, charm, electric ch
etc., will be assumed to vanish identically~due to local
charge neutrality and an ideal fluid! such that the correspond
ing continuity equations are trivially satisfied.

Ideal fluid dynamics goes even further and assumes
the momentum-space distributions in the local rest frame
given by either Fermi-Dirac or Bose-Einstein distributio
functions, respectively. Dissipation and heat conduct
which arise from higher moments are neglected. Since
restrict fluid dynamics to the high-temperature and hig
density stage, this approximation is at least logically con
tent. In future work, it will be important though to check i
quantitative accuracy.

The density of secondary partons in the central region
high-energy nuclear collisions is very high. According
present knowledge, it is likely that the central region evolv
from a stage of preequilibrium towards a QGP in local th
mal equilibrium@8–11#, despite the large expansion rate. O
the other hand, the very same calculations do not seem
06490
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support rapid chemical equilibration~in particular of the
quarks!; cf. also@12–14#. However, in most publications in
teractions among the secondary partons~and in particular
particle production via inelastic processes! were treated per-
turbatively. Since the running coupling in a thermal plasm
with T<1 GeV is not very small, one cannot exclude sizab
contributions from processes involving higher powers ofas
@10#. Moreover, in addition to the semihard partons the
might exist a coherent color field in the central region~be-
tween the receding nuclear ‘‘pancakes’’! which produces ad-
ditional quark-antiquark pairs in its decay@15#. In any case,
we will not argue in favor or against rapidqq̄ production and
chemical equilibration but simply assume that the quark d
sities at the initial time of the hydrodynamical expansion a
close to their chemical equilibrium values. At least f
Pb1Pb at CERN-SPS energy, where experimental data
ready exists, this is basically the only way for our model
account for the fact thatmeasuredhadron multiplicity ratios
are close to their chemical equilibrium values@16#. Since the
expansion rate after hadronization is too large for ‘‘chemi
cooking’’ ~and in particular for strangeness equilibration!, as
will be discussed in Sec. IV D, it would be virtually impos
sible to achieve approximate chemical equilibrium during
later hadronic stages if starting from a QGP far off chemi
equilibrium; cf. also@17#.

The general picture as described above is summarize
the space-time diagram depicted in Fig. 1. We assume
ideal fluid dynamics is a reasonable approximation betw
the ‘‘initial’’ time t i and the hadronization hypersurface. A
ter that, we will switch to a microscopic description emplo
ing the binary collision approximation for the collision ke
nel. In particular, we will employ the ultrarelativisti
quantum molecular dynamics~UrQMD! transport model; see
below.

C. Microscopic transport from hadronization to freeze-out

One may ask why it is not sufficient to rely on hydrod
namics up to some rather late stage of the reaction, a

FIG. 1. Schematic overview of the space-time evolution o
high-energy heavy-ion collision as assumed in the model prese
here.
9-2
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DYNAMICS OF HOT BULK QCD MATTER: FROM THE . . . PHYSICAL REVIEW C 61 064909
which one postulates that all particle momenta are ‘‘froze
and thus are equal to those measured in the detectort f

→`. That approach has been applied to nuclear collisions
many authors~for recent work cf., e.g.,@18–21#!, and leads
to reasonable results for the single-particle spectra of
most abundant hadron speciesp,K,p,L. However, the fol-
lowing limitations arise.

First, the evolution must clearly be nonideal in the la
stages of the reaction@22#, as the system approache
‘‘freeze-out.’’ This can manifest in decoupling of variou
components of the fluid~e.g., pions and nucleons!; i.e., each
component develops an individual collective velocity@23#.
Another aspect is that the2p dV expansion work performed
by the fluid can be partly compensated by entropy produc
(1T dS) such that the expansion may even become isoer
dE50, instead of isentropic,dS50 @24#.

Moreover, since each hadron is propagated individua
and its interactions with other hadrons are described on
basis of elementary processes, microscopic transport mo
offer the opportunity tocalculate the freeze-out conditions
instead of just putting them in by hand as is done in
purely fluid-dynamical approaches@18–21#. There one as-
sumes that freeze-out occurs whenever some criterion is
filled, e.g., when the temperature drops below so
‘‘guessed’’ value. In contrast, the nontruncated transp
equation~1! can describe self-consistently the freeze-out
the system: no decoupling hypersurface is imposed by h
but rather is determined by an interplay between the~local!
expansion scalar]•u @1,25–27# ~whereu is the four-velocity
of the local rest frame!, the relevant elementary cross se
tions and decay rates, and the equation of state~EOS!, which
actually changes dynamically as more and more hadron
cies decouple. This is obviously a key point for being able
study and predict the dependence of the final state on c
sion energy~i.e., on the initial entropy or energy density!,
system size, etc., instead of just fitting it by an appropri
choice of a freeze-out hypersurface. Note, e.g., that
nucleons emerging from the QCD hadronization phase t
sition in the early universe were able to maintain chemi
equilibrium down to temperatures of about;50 MeV @1#. In
heavy-ion collisions at CERN-SPS energies, however,
finds chemical freeze-out temperatures of the order of 1
160 MeV @16#. The origin of this difference lies in the muc
smaller expansion rate~Hubble constant! of the early uni-
verse as compared to a high-energy heavy-ion collision@27#,
and can only be explained within kinetic theory but n
within pure hydrodynamics.

Another complication arises from the fact that close to
freeze-out hypersurface the freeze-out process feeds bac
the evolution of the fluid@28–30#. This will in general de-
form the freeze-out hypersurface, say, an isotherm of gi
temperatureTf o . It will differ from that found a posteriori
from the solution of Eqs.~2! in the whole forward light cone
Furthermore, the idealization that the transition from id
flow to free streaming occurs on a sharp hypersurface, i.e
three-volume in space-time, is rather crude. One instead
pects a smooth transition as the temperature~and the density
of particles! decreases; cf., e.g., the discussion in@31#. This
is supported by studies of the hadron kinetics close to free
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out with realistic cross sections@32,33#; cf. also Sec. IV C.
Finally, it is likely that the freeze-out is not universal fo

all hadron species, simply because their transport cross
tions are very different. One can therefore hardly assume
all hadron species decouple on the same hypersur
@26,32–34#. The clearest example for this is the transve
momentum distribution ofV baryons obtained by the WA97
Collaboration@35# for Pb1Pb collisions at CERN-SPS en
ergy, As517A GeV. Unlike the case for pions, nucleon
antinucleons, and lambdas, thepT distribution of omegas as
calculated within hydrodynamics with freeze-out on theT
5Tf o5130 MeV hypersurface@21# is much stiffer than the
experimental finding. Indeed, more detailed kinetic tre
ments which explicitly account for the small transport cro
section ofV baryons in a meson-rich hadron gas, emerg
either from fragmentation of longitudinally stretched col
strings@36# or an incoherent hot plasma of quarks and gluo
@37#, show that these multiple-strange particles freeze
earlier and pick up less collective transverse flow than pi
and nucleons, for example.

D. Transition from fluid dynamics to microscopic transport

A few remarks on the transition from hydrodynamics
microscopic transport are in order here. In general, o
should introduce source terms2]•Nmicro and 2]•Qmicro
on the right-hand sides of Eqs.~2!, where

Nmicro
m ~x!5(

i
E d3k

ki
0

km f i ,micro~x,k!, ~3!

Qmicro
mn ~x!5(

i
E d3k

ki
0

kmkn f i ,micro~x,k! ~4!

denote the net baryon current and the energy-momentum
sor of the microscopic transport model, respectively. Acco
ingly, external sources of particles have to be introduced
the transport equation, which model the net baryon cha
and energy-momentum transfer from the fluid. This way
self-consistent solution in the whole forward light con
starting from the initial hypersurfacet5t i , could be ob-
tained.

However, if a space-time region bounded by a hypers
facesH

m exists where the fluid dynamics is an adequate
proximation, one can choose an arbitrary hypersurf
sswitch

m within this region where to switch from Eqs.~2! to
~1!. One can then simply assumeNmicro[0 andQmicro[0
in the interior,2 andN[0,Q[0 in the exterior. On that hy-
persurface, one setsNmicro[N,Qmicro[Q. This is because
hydrodynamics is a limiting case of Eq.~1!, and this more
general transport equation will automatically recover t
fluid-dynamical solution in the space-time region betwe
sswitch

m andsH
m .

2‘‘Interior’’ meaning towards the origin of our space-time dia
gram, Fig. 1.
9-3
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S. A. BASS AND A. DUMITRU PHYSICAL REVIEW C61 064909
For the particular model discussed here,sswitch
m cannot

precede the hadronization hypersurface since our mi
scopic transport model deals with color-singlet states, o
Also, it employs the binary collision approximation of th
kernel, which becomes less justified in the hot and de
stage preceding hadronization.

Furthermore, as will be discussed in more detail below
high-energy heavy-ion collisions it turns out that the boun
ary of validity of ~ideal! fluid dynamics,sH

m , cannot extend
far into the post-hadronization stage~the less the higher the
collision energy!. Thus, we conclude that the hadronizati
hypersurface is the most natural choice for the switch fr
Eqs.~2! to ~1!.

The phase-space distribution of particles of speciesi on
sswitch

m is then given by@38#

Ei

dNi

d3p
5E ds•p f~p•u!, ~5!

where um is the four-velocity of the local rest frame. A
explicit expression for the geometry suitable for high-ene
collisions will be given below. For time-orthogonal hype
surfaces as depicted in Fig. 1 one has

dsmu t5const5~d3x,0W !, ~6!

the left-hand side of Eq.~5! being simplyEi f i ,micro .
It is clear that by construction the microscopic transp

starts from a state of local equilibrium onsswitch
m , the hyper-

surface where the switch is performed. The local energy d
sity, net baryon density, and collective expansion veloc
are those obtained from the hydrodynamical solution. Th
the conserved currents and the energy-momentum tens
the microscopic transport theory assume the form appro
ate for ideal fluids@7#,

Nmicro
m 5rum, ~7!

Qmicro
mn 5~e1pmicro!u

mun2pmicrog
mn. ~8!

Now, in order thatQmicro5Q on sswitch
m , the pressure a

given energy and baryon density must equal that of the flu
dynamical model; i.e., the equations of state in local therm
dynamical equilibrium must be the same. In general this
quirement is nontrivial. For ideal gases, however, it can
obeyed by simply including the same statesi in the micro-
scopic transport~1! as in the grand partition function whic
is used to calculate the equation of state employed in hy
dynamics. We shall discuss this point in more detail wh
presenting our specific equation of state below.

We finally briefly discuss one last aspect of the swit
from fluid dynamics to microscopic transport on some hyp
surfacesswitch

m . As already mentioned above, this hypers
face is assumed to bewithin the region of validity of ideal
hydrodynamics, and should be identified with the hadroni
tion hypersurface. However, the latter will in general a
exhibit timelike parts~points where the normal vector o
sswitch

m is spacelike!. A schematic example is given in Fig. 2
The initial condition of the microscopic transport onsswitch

m
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can nownot be chosen arbitrarily. This is clear from the fa
that points 1 and 2, for example, are causally connected.
simplest way to prevent violation of the evolution equatio
is to specify initial conditions on a purely spacelike hype
surface~e.g., t5t i) and toemploythe dynamical equations
in our case the continuity equations~2!, to calculateQ andN
on sswitch

m . This way the states of the system at 1 and at 2
consistent.

However, one problem with switching on a hypersurfa
with timelike parts remains. As discussed above, Eq.~5! con-
serves energy-momentum and~net! baryon charge. For this
to hold, it actually does not count the flow of the curren
from the inside to the outside ofsswitch

m but, actually, thenet
flow. That is, the difference of outflowing and inflowin
charge, momentum, etc. The inflow is due to those parts
the thermal distribution functionf (x,p) which move into the
opposite direction than the fluid. Because of the exponen
tails of f, such particles clearly always exist, but their numb
decreases strongly if the collective flow is strong. In this ca
the locally isotropic momentum-space distribution
strongly boosted.

Thus, the in current is obtained under the assumption
within an infinitesimal region onboth sides of the hypersur
face there is hydrodynamic flow and local thermodynami
equilibrium. For this reason,sswitch

m must be entirely within
the region of validity of fluid dynamics,sH

m . Again, in this
case Eq.~5! gives thenet flow of all the currents from the
fluid region to the region where we apply the microscop
transport.

The problem is, however, that in some part of moment
and coordinate space the left-hand side of Eq.~5! can be
negative. This means that the ingoing flow exceeds the
going flow. These ‘‘negative contributions’’ were alread
discussed by several authors@28,29,39#. Since we will inter-
pret d3pds•p f(p•u)/E as a probability distribution, we
have to require positive definiteness. This can either
achieved by multiplying with a cutoff functionQ(ds•p),
which leads to a slight violation of the conservation laws,

FIG. 2. Schematic example of a hypersurface with both spa
like and timelike parts.
9-4
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by integration over sufficiently large bins in momentum a
coordinate space, and random redistribution of the parti
within the bins, which smears out the distribution over m
mentum and coordinate space.

A rigorous solution of this problem requires to introdu
the above-mentioned source-terms in the fluid-dynam
evolution equations as well as in the microscopic transp
equation. However, for the cases studied here the nega
contributions were not relevant. The main reason is that
collective flow velocity on the timelike parts of the hype
surface is close to 1, such that net flow of particles from
microscopic transport to hydrodynamics does not occur.
nonrelativistic flow onsswitch

m , however, the negative contr
butions would be more serious.

III. SPECIFIC MODEL FOR HIGH-ENERGY HEAVY-ION
COLLISIONS

In the present paper we shall use hydrodynamics to mo
a first-order phase transition from a QGP to a hadronic flu
and combine it with a microscopic transport calculation
the later, purely hadronic stages of the reaction.

In the following sections we describe the particular hyd
dynamical and transport models employed here; cf. also@21#
and @40#.

A. Scaling hydrodynamics

As already mentioned above, hydrodynamics for hadro
collisions is defined by~local! energy-momentum and ne
baryon charge conservation,

]•Q50, ]•NB50. ~9!

Qmn denotes the energy-momentum tensor andNB
m the cur-

rent of net baryon charge.
For ideal fluids, the energy-momentum tensor and the

baryon current assume the simple form@7#

Qmn5~e1p!umun2pgmn, NB
m5rBum, ~10!

where e, p, and rB are energy density, pressure, and n
baryon density in the local rest frame of the fluid, which
defined byNB

m5(rB ,0W ). Let us, in the following, work in the

metric gmn5diag(1,2,2,2). um5g(1,vW ) is the four-
velocity of the fluid @vW is the three-velocity andg5(1
2vW 2)21/2 the Lorentz factor#. The system of partial differen
tial equations~9! is closed by choosing EOS in the formp
5p(e,rB); cf. below.

For simplicity, we assume a cylindrically symmetr
transverse expansion with a longitudinal scaling flow profi
vz5z/t @41#. At z50, Eqs.~9! reduce to

] tE1]T@~E1p!vT#52S vT

r T
1

1

t D ~E1p!, ~11!

] tM1]T~MvT1p!52S vT

r T
1

1

t D M ,
06490
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where we definedE[Q00, M[Q0T, and R[NB
0 . In the

above expressions, the indexT refers to the transverse com
ponent of the corresponding quantity.

The set of equations~11! describes the evolution in th
z50 plane. As a result of the assumption of longitudin
scaling, the solution at any otherz5” 0 can be simply ob-
tained by a Lorentz boost. The above equations also imp

]p

]h U
t,r T

50, ~12!

whereh[arctanhvz andt[At22z2. This means that ont
5const hypersurfaces pressure gradients in the rapidity
rection vanish, and there is no flow between adjacent infi
tesimal rapidity slices. However, only for net baryon fr
matter, rB[0, does this automatically also mean that t
temperatureT is independent of the longitudinal fluid rapid
ity h. In the caserB5” 0, Eq. ~12! only demands

s
]T

]h U
t

1rB

]mB

]h U
t

50. ~13!

s andmB denote entropy density and baryon-chemical pot
tial, respectively. If other charges like strangeness or elec
charge are locally nonvanishing, additional terms appe
Equation~13! does not imply that the rapidity distribution o
produced particles is flat~i.e., independent of rapidity! or
that the rapidity distributions of various species of hadro
e.g., pions, kaons, and nucleons, are similar.Any rapidity-
dependent Tand mB that satisfy Eq.~13! are in agreemen
with energy-momentum and net baryon number conse
tion, as well as with longitudinal scaling flowvz5z/t @42#.
Note also that nontrivial solutions of Eq.~13! in general also
yield ]mS /]h5” 0 on the hadronization hypersurface~i.e., a
rapidity-dependent strangeness-chemical potential!, even if
the strangeness densityrS50 everywhere in the forward
light cone. In this paper, however, we do not explore t
rapidity dependence of the particle spectra, and thus sim
assume thatT andmB are independent ofh.

The fluid-dynamical evolution equations can be solv
numerically on a discretized space-time grid; cf. e.
@43,44#.

B. Equation of state

To close the system of coupled equations of hydrodyna
ics, an EOS has to be specified. From Eq.~10! it follows that
for an ideal gas the pressurep is given by

p5q•~q•Q!, ~14!

whereqm is orthogonal toum and normalized toq•q521.
In particular, in the local rest frameum5(1,0W ), we can
chooseqm}(0,1,0,0)1(0,0,1,0)1(0,0,0,1). Then, from the
definition of the energy-momentum tensor from kine
theory, Eq.~4!, we obtain
9-5
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p~T,mB ,mS!5(
i
E d3k

ki
0

kW2

3
f i~k;T,mB ,mS!. ~15!

The sum overi extends over the various particle species. T
grand canonical potential is given byV52pV, where V
[*ds•u denotes the three-volume of the given hypers
face of homogeneity. All other quantities can be obtained
standard thermodynamical relationships, e.g., the densitie
entropy, net baryon charge, and energy are given by

s~T,mB ,mS!5
]p~T,mB ,mS!

]T
, ~16!

rB~T,mB ,mS!5
]p~T,mB ,mS!

]mB
, ~17!

rS~T,mB ,mS!5
]p~T,mB ,mS!

]mS
5
!

0, ~18!

e~T,mB ,mS!5Ts2p1mBrB . ~19!

From p(T,mB ,mS), rB(T,mB ,mS), and e(T,mB ,mS) one
can construct the functionp(e,rB) which is needed to close
the system of continuity equations~9!.

So far, we discussed an ideal gas, only. However, lat
QCD predicts a phase transition from ordinary nuclear m
ter to a so-called QGP at a critical temperature ofTC5140–
160 MeV @4# ~for rB50). We will employ a very simple and
intuitive, though not very well justified, description of th
phase transition. We model the high-temperature phase a
ideal gas of u,d,s quarks ~with massesmu5md50,ms
5150 MeV) and gluons employing the well-known MIT ba
model EOS@2,45#. In this model the nonperturbative inte
actions of the ‘‘deconfined bag’’ of quarks and gluons with
true vacuum are parametrized by a bag constantB. To make
this state thermodynamically unfavorable at low tempe
tures, the bag contribution to the pressure must be nega
Thus, when computing the pressure of the QGP phase
subtractB from the right-hand side of Eq.~15!. Accordingly,
the energy density receives a positive contribution@cf. Eq.
~19!#, while s and rB remain unchanged. This addition
‘‘bag term’’ can also be understood as an additional con
bution 1Bgmn due to the nonperturbative interactions to t
energy-momentum tensor of the QGP fluid.

In the low-temperature region we assume an ideal had
gas that includes the well-established~strange and non
strange! hadrons up to masses of;2 GeV. They are listed in
Tables I and II. Although heavy states are rare in thermo
namical equilibrium, they have a larger entropy per parti
than light states, and therefore have considerable impac
the evolution. In particular, hadronization is significan
faster as compared to the case where the hadron gas co
of light mesons only~see the discussion in@18,19,21,30,46#!.

The actual model used for the hadronic stage of the re
tion ~UrQMD; see Sec. III D! additionally assumes a con
tinuum of color-singlet states called ‘‘strings’’ above them
.2 GeV threshold to model 2→n processes and inelast
processes at high c.m. energy. For example, the annihila
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of an p̄ on anV is described as the excitation of two string
with the same quantum numbers as the incoming hadr
respectively, which are subsequently mapped on known h
ronic states according to a fragmentation scheme. Since
shall be interested in the dynamics of theV baryons emerg-
ing from the hadronization of the QGP, it is unavoidable
treat string formation. The fact that string degrees of freed
are not taken into account in the EOS~15! does not represen
a problem in our case because we focus on rapidly expa
ing systems where those degrees of freedom cannot eq
brate@47#.

The phase coexistence region is constructed employ
Gibbs’ conditions of phase equilibrium. The bag parame
of B5380 MeV/fm3 is chosen to yield the critical tempera
ture TC'160 MeV atrB50. By construction the EOS ex
hibits a first-order phase transition, as is also expected
QCD for the quark-hadron phase transition in the case
three light quark flavors@48#.

The most striking aspect of a first-order phase transit
with respect to the dynamical evolution is that the pressur
almost constant within the phase coexistence region~in fact,
in a fluid where all conserved currents vanish identicallyp
5const within the mixed phase!. Thus, the isentropic spee
of sound,

TABLE I. Baryons and baryon resonances treated in the mo
The corresponding antibaryon states are included as well.

Nucleon Delta Lambda Sigma Xi Omega

N938 D1232 L1116 S1192 J1317 V1672

N1440 D1600 L1405 S1385 J1530

N1520 D1620 L1520 S1660 J1690

N1535 D1700 L1600 S1670 J1820

N1650 D1900 L1670 S1775 J1950

N1675 D1905 L1690 S1790

N1680 D1910 L1800 S1915

N1700 D1920 L1810 S1940

N1710 D1930 L1820 S2030

N1720 D1950 L1830

N1900 L2100

N1990 L2110

N2080

N2190

N2200

N2250

TABLE II. Mesons and meson resonances, sorted with resp
to spin and parity, treated in the model.

02 12 01 11 21 (12)*

p r a0 a1 a2 r(1450)
K K* K0* K1* K2* r(1700)
h v f 0 f 1 f 2 v(1420)
h8 f f 0* f 18 f 28 v(1600)
9-6
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cS
25

]p

]e U
s/rB

, ~20!

is very small. This quantity characterizes the pressure gr
ent caused by a given energy density gradient along an i
trope, i.e., at constant entropy density per net baryon den
~recall that all continuous solutions of the relativistic ide
fluid dynamical equations conserve the entropy!. A very
small cS means that~isentropic! expansion is inhibited be
cause the fluid does not ‘‘respond’’ to energy density gra
ents. In heavy-ion collisions this reflects in a particula
‘‘soft’’ expansion if the mixed phase occupies the large
space-time volume of all three phases@21,44,49–51#. For
recent discussions of the consequences of this effect in
mology ~primordial black hole formation, evolution of den
sity perturbations through the QCD phase transition! see,
e.g.,@52#.

However, a nearly vanishing isentropic velocity of sou
does only occur if the net baryon density is not very lar
such as, e.g., in the cosmological QCD phase transition o
the central region of high-energy collisions studied here
heavy-ion collisions at much lower energies, where the
baryon density in the central region is rather large,cS is not
very small. Despite the first-order phase transition, the is
tropic expansion of baryon-dense fluids is not inhibited@53#.

One should also be aware of the fact that by construc
the phase coexistence region with Gibbs’ conditions we
plicitly assume a ‘‘well-mixed’’ phase, i.e., that the trans
tion from the QGP to the hadronic stage proceeds in equ
rium. This is the common approach widely employed in t
literature @18–21,26,30,33,37,43,44,46,49–51,53–55#, and
so far it is not in contradiction with existing data. It is bas
on the picture that the first-order phase transition proce
via nucleation of hadronic bubbles in the expanding Q
@56#, and that the bubble nucleation and growth are fas
compared to the expansion rate such that the two phase
approximately in pressure equilibrium. However, this s
nario is less likely to apply to high-energy heavy-ion col
sions than to the cosmological QCD phase transition,
cause in the former case the expansion rate is many ord
magnitude larger@27#. In particular, it has been speculate
recently that the time scale for supercooling down to
spinodal instability is comparable to that for homogeneo
bubble nucleation@57#. Thus, it may well be that the phas
transition proceeds via spinodal decomposition rather t
bubble nucleation. In that case, the ‘‘soft’’ mixed phase w
cs

2'0 would be absent and shorter reaction times may
expected. In any case, we postpone a detailed dynam
study of the latter scenario to a future publication, and sh
restrict ourselves here to the more conservative picture
suming an adiabatic phase transition.

Finally, we have to specify the initial conditions.
SPS. For collisions at SPS energy we assume that hyd

dynamic flow sets in on the hyperbolat i51 fm/c. This is a
value conventionally assumed in the literature; cf., e.g.,@41#.
We further employ a~net! baryon rapidity density~at mid-
rapidity! of dNB /dy580, as obtained by the NA49 Collabo
ration for central Pb1Pb reactions@58#. The average specific
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entropy in these collisions iss̄/ r̄B54565 ~the overbar indi-
cates averaging over the transverse plane!. That entropy per
net baryon fits most measured hadron multiplicity rat
within 620% @16#. The corresponding initial energy and n

baryon densities (ē i56.1 GeV/fm3,r̄ i54.5r0) are assumed
to be distributed in the transverse plane according to a
called ‘‘wounded-nucleon’’ distribution with transverse r
dius RT56 fm, i.e., e(t i ,r T),rB(t i ,r T)} f (r T), with f (r T)
5 3

2 A12r T
2/RT

2. The initial temperature and quark-chemic
potentials are~they are of course not exactly constant ov
the transverse plane! Ti.220 MeV,mq.150 MeV,ms50.
The transverse velocity field on thet5t i hyperbola is as-
sumed to vanish.

RHIC. Because of the higher parton density at midrapid
as compared to collisions at SPS energy, thermalization m
be reached earlier at RHIC. According to various stud
@9,59#, thermalization might occur within;0.3–1 fm. We
assumet i5RT/1050.6 fm. The net baryon rapidity densit
and specific entropy at midrapidity in central Au1Au at As
5200A GeV is predicted by various models of the initi
evolution, e.g., the parton cascade modelPCM, RQMD 1.07,
FRITIOF 7, andHIJING/B, to be in the rangedNB /dy'20–35,
s/rB'150–250@12,60#. We will employ dNB /dy525 and

s̄/ r̄B5205 (→ ē i520 GeV/fm3,r̄ i52.3r0). These param-
eters could of course be fine-tuned once the first experim
tal data are available. As in the above case,e(t i ,r T) and
rB(t i ,r T) are initially distributed in the transverse plane a
cording to a wounded-nucleon distribution withRT56 fm.
The initial temperature and quark-chemical potentials foll
as Ti.300 MeV,mq.45 MeV,ms50, respectively. This
corresponds to a transverse energy on thet5t i hyperbola of
dET /dy.1.3 TeV, which decreases todET /dy.720 GeV
on the hadronization hypersurface@33,37#.

LHC. The initial conditions for CERN-LHC energy are
of course, less well known. Qualitatively, and according
present expectations, it appears reasonable to assume th
lowing.

~i! The density of minijets produced at timet0;1/p0,
wherep0;2 GeV is the minijet cutoff scale, is much large
than at BNL-RHIC energy. The most recent estimates of
energy densities in the central region span the rangee0
5(0.3–1.3) TeV/fm3 @61,62#. The results to be expecte
from p1p, p1A, and A1A at BNL-RHIC will probably
not reduce the uncertainties by much because the en
density aty;0 andAs55.5A TeV depends strongly on th
model for the nuclear parton distribution functions at ve
small x, out of range for RHIC.

~ii ! The higher initial density of partons could also lead
somewhat faster equilibration than at the lower energ
Note that the produced gluons already have the ‘‘right’’ th
mal energy per particle,e0 /r0.2.7T0 @62#. The distribution
in momentum space, however, has to become isotropic
rescattering among the partons@11,12#.

~iii ! The net baryon charge in a rapidity sliceDy51
aroundy50 is even smaller than at RHIC, and can in pra
tice be neglected if one focuses on the bulk dynamics of
central region~in the same way as we neglect net strang
9-7
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ness, charm, etc.!. Note however, that smaller rapidity bin
may exhibit quite large fluctuations of the initial net bary
charge@63#.

Thus, in view of these uncertainties, it is clear that prec
quantitative predictions for the CERN-LHC energy a
hardly possible at the moment. Our more modest aim w
therefore be to discuss a set of even more ‘‘extreme’’ ini
conditions than those employed for CERN-SPS and BN
RHIC energies, to give an idea how the dynamical evolut
may continue at even higher energies. Whether or not tha
of initial conditions corresponds closely to the LHC ca
cannot be decided presently on solid grounds.

Thus, we employ a thermalization timet i50.3 fm, an ini-
tial energy density~not on thet0 but on thet i hypersurface!
ē i5230 GeV/fm3, and a vanishing net baryon charg
dNB /dy5r i50. Again, the initial energy density is distrib
uted in the transverse plane according to a wounded-nuc
distribution withRT56 fm. The initial temperature is abou
Ti.580 MeV ~it is not exactly constant over the transver
plane!; the initial transverse energy isdET /dy.7.8 TeV.

C. Hadronization and the transition to microscopic dynamics

Having specified the initial conditions on thet5t i hyper-
surface and the EOS, the hydrodynamical solution in
forward light cone is determined uniquely. As already me
tioned in Sec. II D, we assume that it is not a bad appro
mation to determine the hadronization hypersurfacea poste-
riori from the solution in the whole forward light cone. I
other words, the hadronization hypersurface is assumed t
within the region of validity of hydrodynamics.

In parametric representation, the hypersurfacesm is a
function of three parameters@64#. In our case, as a result o
the symmetry under rotations around and Lorentz boo
along the beam axis, two of these parameters can simpl
identified withh andf, while t and r T depend only on the
third parameter, call itz. Thus, zP@0,1# parametrizes the
hypersurface in the planes of fixedh and f ~in the math-
ematically positive orientation, i.e., counterclockwise!. The
normal is@64#

dsm5emabg

]sa

]z

]sb

]h

]sg

]f
dzdhdf

5S 2
drT

dz
coshh,

dt

dz
cosf,

dt

dz
sinf,

drT

dz
sinhh D

3r Ttdzdhdf. ~21!

This expression naturally looks simpler in the (t,h,r T ,f)
basis~cf., e.g.,@27#!, but we will nevertheless write all vec
tors and tensors in the (t,x,y,z) basis throughout the manu
script, even if the components are written in terms of
variablest, h, r T , andf.

We can now apply Eq.~5! to compute the number o
hadrons of speciesi hadronizing at space-time rapidityh,
proper timet, and positionr T„cos(x2f),sin(x2f)…, with
four-momentumpm5(mT coshy,pT cosx,pT sinx,mT sinhy),
06490
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d2pTdydhdzdf
5r TtS pT cos~x2f!

dt

dz

2mT cosh~y2h!
drT

dz D f i~p•u!.

~22!

um5gT„coshh,vT cos(x2f),vT sin(x2f),sinhh… denotes the
fluid four-velocity. Thus, the direction of the particle mo
mentum in the transverse plane is determined by the anglx,
while the relative angle betweenpW T and the transverse flow
velocity, vW T , is denoted byf. f is either a Bose-Einstein o
Fermi-Dirac distribution function, depending on the partic
species under consideration.

How is the distribution~22! actually passed to the micro
scopic model? First, it is integrated over space-time (h,z,f)
and momentum space (pW T ,y), rounded to an integer valu
~the hadronic transport model described in the next sec
deals with integer number of particles, only!, and the distri-
bution ~22! divided byNi is used as probability distribution
to randomly generate space-time and momentum-space c
dinates forNi hadrons of speciesi. Of course, because of th
fact that our system has a surface and does not exten
infinity in the transverse plane, hadronization does not oc
on a t5const hypersurface; cf. Fig. 3. Thus, if we look
our expanding system ont5const surfaces, there exists a
interval where the two models, hydrodynamics and the
croscopic transport, are applied in parallel.

D. Microscopic dynamics: The UrQMD approach

The ensemble of hadrons generated accordingly is t
used as initial condition for the microscopic transport mo
UrQMD @40#. The UrQMD approach is closely related t
hadronic cascade@65#, Vlasov-Uehling-Uhlenbeck@66#, and
~R!QMD transport models@67#. We shall describe here onl
the part of the model that is important for the application
hand, namely, the evolution of an expanding hadron ga
local equilibrium at a temperature of aboutTC;160 MeV.
The treatment of high-energy hadron-hadron scatterings,
occurs in the initial stage of ultrarelativistic collisions, is n
discussed here. A complete description of the model
detailed comparisons to experimental data can be foun
@40#.

The basic degrees of freedom are hadrons, modele
Gaussian wave packets, and strings, which are used to m
the fragmentation of high-mass hadronic states via the L
scheme@68#. The system evolves as a sequence of bin
collisions or (22N)-body decays of mesons, baryons, a
strings.

The real part of the nucleon optical potential, i.e., a me
field, can in principle be included in UrQMD for the dynam
ics of baryons~using a Skyrme-type interaction with a ha
equation of state!. However, currently no mean field for me
sons ~the most abundant hadrons in our investigation! is
implemented. Therefore, we have not accounted for m
fields in the equation of motion of the hadrons. To rema
9-8
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consistent, mean fields were also not taken into accoun
the EOS on the fluid-dynamical side. Otherwise, press
equality ~at given energy and baryon density! would be de-
stroyed. We do not expect large modifications of the res
presented here due to the effects of mean fields, since
‘‘fluid’’ is not very dense after hadronization and curre
experiments at SIS and AGS only point to strong mediu
dependent properties of mesons~kaons in particular! for rela-
tively low incident beam energies (Elab<4 GeV/nucleon)
@69#. Nevertheless, mean fields will have to be included
the future; a fully covariant treatment of baryon and mes
dynamics within UrQMD derived from a chiral Lagrangia
@70# is currently under development.

Binary collisions are performed in a point-particle sen
Two particles collide if their minimum distanced, i.e., the
minimum relative distance of the centroids of the Gaussi
during their motion, in their c.m. frame fulfills the require
ment

d<d05As tot

p
, s tot5s~As,type!. ~23!

The cross section is assumed to be the free cross sectio
the regarded collision type (N2N,N2D,p2N, . . . ).

The UrQMD collision term contains 53 different baryo
species~including nucleon, delta, and hyperon resonan
with masses up to 2 GeV! and 24 different meson specie
~including strange meson resonances!, which are supple-
mented by their corresponding antiparticle and all isosp
projected states. The baryons and baryon resonances w
can be populated in UrQMD are listed in Table I, the resp
tive mesons in Table II—full baryon-antibaryon symmetry
included ~not shown in the table!, both with respect to the
included hadronic states, as well as with respect to the r
tion cross sections. All hadronic states can be produce
string decays,s-channel collisions, or resonance decays.

Tabulated and parametrized experimental cross sect
are used when available. Resonance absorption, decays
scattering are handled via the principle of detailed balanc
no experimental information is available, the cross sectio
either calculated via an one-boson-exchange~OBE! model or
via a modified additive quark model which takes basic ph
space properties into account.

In the baryon-baryon sector, the total and elastic prot
proton and proton-neutron cross sections are well kno
@71#. Since their functional dependence onAs shows a com-
plicated shape at low energies, UrQMD uses a lookup ta
for those cross sections. However, many cross sections
volving strange baryons and/or resonances are not
known or even experimentally accessible—for these cr
sections the additive quark model is widely used.

As we shall see later, the most important reaction ch
nels in our investigation are meson-meson and meson-ba
elastic scattering and resonance formation. For example
total meson-baryon cross section for nonstrange particle
given by
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MB~As!5 (

R5D,N*
^ j B ,mB , j M ,mMiJR ,MR&

3
2SR11

~2SB11!~2SM11!

p

pc.m.s.
2

3
GR→MBG tot

~MR2As!21
G tot

2

4

, ~24!

with the total and partialAs-dependent decay widthsG tot and
GR→MB . The full decay widthG tot(M ) of a resonance is
defined as the sum of all partial decay widths and depend
the mass of the excited resonance:

G tot~M !5 (
br5$ i , j %

Nbr

G i , j~M !. ~25!

The partial decay widthG i , j (M ) for the decay into the fina
state with particlesi and j is given by

G i , j~M !5GR
i , j MR

M S ^pi , j~M !&

^pi , j~MR!& D
2l 11 1.2

110.2S ^pi , j~M !&

^pi , j~MR!& D
2l ;

~26!

here MR denotes the pole mass of the resonance,GR
i , j its

partial decay width into the channeli and j at the pole, andl
the decay angular momentum of the final state. All po
masses and partial decay widths at the pole are taken f
the Review of Particle Properties@71#. G i , j (M ) is con-
structed in such a way thatG i , j (MR)5GR

i , j is fulfilled at the
pole. In many cases only crude estimates forGR

i , j are given in
@71#—the partial decay widths must then be fixed by stud
ing exclusive particle production in elementary proto
proton and pion-proton reactions. Therefore, e.g., the t
pion-nucleon cross section depends on the pole mas
widths, and branching ratios of allN* and D* resonances
listed in Table I. Resonant meson-meson scattering~e.g.,p
1p→r or p1K→K* ) is treated in the same formalism.

In order to correctly treat equilibrated matter@47# ~we
repeat that the hadronic matter with which UrQMD is bei
initialized in our approach is in local chemical and therm
equilibrium!, the principle of detailed balance is of great im
portance. Detailed balance is based on time-reversal inv
ance of the matrix element of the reaction. It is most co
monly found in textbooks in the form

s f→ i5
pW i

2

pW f
2

gi

gf
s i→ f , ~27!

with g denoting the spin-isospin degeneracy factors. UrQM
applies the general principle of detailed balance to the
lowing two process classes.

~i! Resonant meson-meson and meson-baryon inte
tions: Each resonance created via a meson-baryon o
meson-meson annihilation may again decay into the
hadron species which originally formed it. This symmetry
only violated in the case of three- or four-body decays a
9-9
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string fragmentations, sinceN-body collisions with (N.2)
are not implemented in UrQMD.

~ii ! Resonance-nucleon or resonance-resonance inte
tions: The excitation of baryon-resonances in UrQMD
handled via parametrized cross sections which have bee
ted to data. The reverse reactions usually have not b
measured—here the principle of detailed balance is app
Inelastic baryon-resonance deexcitation is the only metho
UrQMD to absorb mesons~which arebound in the reso-
nance!. Therefore the application of the detailed balan
principle is of crucial importance for heavy nucleus-nucle
collisions.

Equation~27!, however, is only valid in the case of stab
particles with well-defined masses. Since in UrQMD detai
balance is applied to reactions involving resonances with
nite lifetimes and broad mass distributions, Eq.~27! has to be
modified accordingly. For the case of one incoming re
nance the respective modified detailed balance relation
been derived in@72#. Here, we generalize this expression f
up to two resonances in both the incoming and the outgo
channels.

The differential cross section for the reaction (1,
→(3,4) is given by

ds12
345

uMu2

64p2s

p34

p12
dV)

i 53

4

d~pi
22Mi

2!dpi
2 ; ~28!

here thepi in the d function denote four-momenta. Thed
function ensures that the particles are on mass shell;
their masses are well defined. If the particle, however, ha
broad mass distribution, then thed function must be substi
tuted by the respective mass distribution~including an inte-
gration over the mass!:

ds12
345

uMu2

64p2s

1

p12
dV)

i 53

4

p34

G

~m2Mi !
21G2/4

dm

2p
.

~29!

Incorporating these modifications into Eq.~27! and neglect-
ing a possible mass dependence of the matrix elemen
obtain

ds34
12

dV
5

^p12
2 &

^p34
2 &

~2S111!~2S111!

~2S311!~2S411!

3 (
J5J2

J1

^ j 1m1 j 2m2iJM&
ds12

34

dV
. ~30!

Here,Si indicates the spin of particlei and the summation o
the Clebsch-Gordan coefficients is over the isospin of
outgoing channel only. For the incoming channel, isospin
treated explicitly. The summation limits are given by

J25max~ u j 12 j 2u,u j 32 j 4u!, ~31!

J15min~ j 11 j 2 , j 31 j 4!. ~32!

The integration over the mass distributions of the resonan
in Eq. ~30! has been denoted by angular brackets (^&), e.g.,
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p3,4
2 ⇒^p3,4

2 &5E E pc.m.s.
2 ~As,m3 ,m4!

3A3~m3!A4~m4!dm3dm4 ,

with the mass distributionAr(m) given by a free Breit-
Wigner distribution with a mass-dependent width accord
to Eq. ~25!:

Ar~m!5
1

N

G~m!

~mr2m!21G~m!2/4
,

with

lim
G→0

Ar~m!5d~mr2m!, ~33!

with the normalization constant

N5E
2`

` G~m!

~mr2m!21G~m!2/4
dm. ~34!

Alternatively one can also choose a Breit-Wigner distrib
tion with a fixed width; the normalization constant then h
the valueN52p.

The most frequent applications of Eq.~30! in UrQMD are
the processesD1232N→NN andD1232D1232→NN.

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

We now present some representative results for cen
collisions of heavy ions at CERN-SPS, BNL-RHIC, an
CERN-LHC energies. We will focus on single-inclusiv
momentum-space distributions and the space-time pictur
freeze-out following the hadronization phase transition.
we shall see, one already gains much insight into the dyn
ics of high-energy heavy-ion collisions from these obse
ables. Many other aspects are interesting but have to be p
poned to future studies.

A. Hydrodynamical expansion and hadronization

We first briefly discuss the evolution and hadronization
the QGP cylinder present on thet5t i hypersurface as ob
tained from the hydrodynamical solution. Similar argume
and results can be found in a variety of papers; see,
example,@18,19,26,43,46,49,50,55#.

In particular, Ref.@21# employed the very same model a
here ~i.e., longitudinal scaling flow with cylindrically sym-
metric transverse expansion, the initial conditions, and
EOS!. However, the evolution at CERN-LHC energy had n
been covered, and the hadronization hypersurface was
shown for a step-function-like initial transverse energy de
sity distribution, but not for the wounded-nucleon distrib
tion employed here. Therefore, a short discussion of the
hadronic stage may be in order here.
9-10
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DYNAMICS OF HOT BULK QCD MATTER: FROM THE . . . PHYSICAL REVIEW C 61 064909
Figure 3 summarizes the space-time picture in the pl
h5f50. We show projections of various hypersurfaces
the (t,r T) plane because their shape in thef and h direc-
tions is trivial: they are simply horizontal lines in th
(t,f)-(t,h) planes, extending from2p to p and2` to `,
respectively. Thus, no derivatives like]t/]f, etc., appear in
dsm , Eq. ~21!.

FIG. 3. Hypersurfaces corresponding tol51 ~boundary be-
tween pure QGP and mixed phase! and l50 ~boundary between
mixed phase and pure hadron phase! for LHC ~top!, RHIC ~middle!,
and SPS~bottom!.
06490
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Basically, we start att5t i with a pure QGP extending
from r T50 up to r T5RT[6 fm in the transverse direction
The thickness of the non-QGP region at the surface is v
small for the wounded-nucleon distribution. Initially, the h
quark-gluon fluid is cooled mainly due to the longitudin
expansion, except close to the surface, where transverse
sure gradients are also large and lead to expansion rates
eral times larger than the simple 1/t law @26,27#. The fluid
eventually reaches the boundary to the mixed phase, den
by l51. (l is the local fraction of quarks and gluons with
the mixed phase.! Clearly, the space-time volume of pur
QGP increases substantially from SPS to RHIC and t
again towards LHC. This leads to stronger transverse flow
matter entering the mixed phase at RHIC and LHC than
SPS. Because of this effect the hadronization hypersur
(l50) extends to largerr T .

At SPS, the hadronization hypersurfacel50, where the
switch to the microscopic model is performed, is almost s
tionary for some timet.RT , after which the entire fluid
hadronizes rapidly. UrQMD is being fed with hadrons fro
the stationary surface of a ‘‘burning log’’ of mixed phas
matter@50#. This is not to be misunderstood as an evapo
tion process, though. The fluid is moving with substant
velocity through the hadronization hypersurface, in particu
near the point where thel50 and thet5t i hypersurfaces
meet ~there, the very dilute fluid comes close to the lig
cone!. Thus, the momenta of the emitted hadrons, which
purely thermal in the local rest frame, are boosted in
transverse direction. At RHIC, and of course even more s
LHC, that preacceleration by the QGP ‘‘explosion’’ is s
strong that the hadronization hypersurface is initially ev
driven outwards, before the mixed-phase cylinder finally c
lapses~when it cannot balance the vacuum pressureB any
more! and emits hadrons from all over the transverse are

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

B. Post-hadronization kinetics: Evolution of ŠpT‹

The choice of the hypersurface at which to perform t
transition from the macroscopic hydrodynamical calculat
to the microscopic transport model may affect the react
dynamics and the results of our calculation. However, c
cerning the variation of the hypersurface for that transit
one has to note that the hadronic part of the EOS used in
hydrodynamic solution contains the same states as UrQM
and the energy-momentum tensors on both sides of the
ronization hypersurface match. If the assumption of lo
equilibrium is indeed fulfilled, UrQMD will simply continue
the hydrodynamic flow since it reduces to hydrodynamics
the equilibrium limit. However, as we shall see later, f
some hadron species with small interaction cross sect
deviations from ideal hydrodynamic flow can be observ
immediately after complete hadronization~see also Refs.
@33,37#!. It is found that the expansion of the hadronic flu
is dissipative rather than ideal, as a result of the fast lo
9-11
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S. A. BASS AND A. DUMITRU PHYSICAL REVIEW C61 064909
expansion generated by the QGP before hadronization,
ideal flow is disturbed. Therefore it does not make mu
sense to choose a later hypersurface for the matching
cause one would precisely assume that ideal flow pers
even after hadronization.

Nevertheless, it is interesting to study how the choice o
later hypersurface for the transition from the macroscop
to the microscopical part of the calculation affects the resu
This reveals ‘‘how wrong’’ the assumption of an ideal ev
lution of the state at hadronization is. Figure 4 shows
final mean transverse momentum̂pT& for various hadron
species as a function of the temperature on the hy
→micro transition isotherm,Tsw . The gray lines in the up-
per frame denote thêpT& of the hadrons at hadronization
i.e., atTC5160 MeV. As shall be discussed in greater det
in Sec. IV E, the change in̂pt& in the hadronic phase~for
our ‘‘default’’ choiceTsw5TC5160 MeV) depends strongly
on the individual hadron species. Protons and hyperons
most, theV2 does not acquire any additional^pT& at all, and

FIG. 4. Mean transverse momentum̂pT& of various hadron
species at freeze-out~symbols! vs the macro- to microtransition
temperatureTsw . The horizontal lines in the upper frame show t
respective^pT& values right after hadronization (l50 hypersur-
face!. The lines in the lower frame show the^pT& emerging from
ideal flow down toT5Tsw . This figure is for central Au1Au col-
lisions at BNL-RHIC energy.
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pions even lose somêpT& due to rescattering and addition
soft pion production.

The results change only marginally when decreasingTsw

to 150 MeV. Simply speaking, UrQMD reproduces the flui
dynamical solution down to aboutT'150 MeV, for central
Au1Au at RHIC energy. At this stage, fluid dynamics pr
dicts that the transverse rarefaction in the hadron fl
reaches the center. Consequently, the expansion beco
rather spherical and transverse flow increases strongly in
‘‘hadronic explosion.’’ The lower frame in Fig. 4 shows th
kink in ^pT&(Tsw) of heavy hadrons atTsw.150 MeV pre-
dicted by ideal hydrodynamics.

Remarkably, however, the system apparently is alread
a state of too rapid expansion for this ‘‘hadronic explosio
to happen. Given the state at hadronization, UrQMD~apply-
ing realistic cross sections! predicts that the hadronic fluid
basically freezes out right at the point where the hadro
rarefaction is about to make the expansion more spher
and to increase the expansion rate; see, e.g., Fig. 2 in@27#.
Any later transition from hydrodynamics to the microscop
transport model leads to a strong increase of^pT& at freeze-
out, which depends only on the mass of the hadron, but
on its flavor~respectively its quark content!.

The lines in the lower frame of Fig. 4 show the^pT& of
the respective hadron species at the transition hypersur
~i.e., atTsw). By comparing thê pT& value indicated by the
line to that given by the plot symbol for eachTsw one can
determine the amount of^pT& gained or lost during the mi-
croscopic evolution of the reaction. Again, protons acqu
the most̂ pT& during the microscopic evolution~even though
the amount of̂ pT& gained decreases the lowerTsw is and the
closer the system comes to freeze-out!, whereasJ ’s andV ’s
do not experience anŷpT& increase at all.

It is obvious from this analysis that the conditions of a
plicability for hydrodynamics in the hadronic phase deter
rate rapidly. A general freeze-out criterion cannot be giv
since the freeze-out depends on the system size and the
trality, the energy, etc. However, our transport calculat
with realistic cross sections in the hadron gas, starting in
wake of a hadronizing QGP, shows that the expansion is
rapid to allow cooling of the strong interactions much belo
TC . In particular, adiabatic expansion breaks down once
expansion of the hadron fluid effectively becomes 311 di-
mensional.

C. Space-time distributions of hadronic freeze-out

Let us now turn to the freeze-out ‘‘hypersurfaces’’
pions and nucleons in central~impact parameterb50 fm!
collisions of gold or lead nuclei at SPS (As517 GeV per
incident colliding nucleon pair!, RHIC (As5200 GeV per
incident colliding nucleon-pair!, and LHC (As55500 GeV
per incident colliding nucleon-pair!. We start with the nucle-
ons, the most abundant baryon species in the system, res
ing ourselves to the central rapidity region.
9-12
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FIG. 5. Freeze-out time and
transverse radius distribution
d3N/(r TdrTdt f rdy) for nucleons
at LHC ~top!, RHIC ~middle!, and
SPS ~bottom!. The left column
shows the result for the pure hy
drodynamical calculation up to
hadronization with subsequen
hadron resonance decays~but
without hadronic reinteraction!.
The right column shows the
analogous calculation, but with
full microscopic hadronic colli-
sion dynamics after the hadroniza
tion. The contour lines have iden
tical binning for all rows and
columns.
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Figure 5 shows the freeze-out3 time and transverse radiu
distributions 1/r Td3N/drTdt f rdy for LHC ~top!, RHIC
~middle!, and SPS~bottom!. The left column shows the re
sult of the pure hydrodynamical calculation up to compl
hadronization, with subsequent hadronic resonance dec

3Freeze-out meaning the space-time point oflast interaction, irre-
spective of how ‘‘soft’’ that last interaction might be. We remin
the reader also that mean fields are not taken into account. T
could even prolong the freeze-out due to very soft interactions
the hadrons with the mean field.
06490
e
ys,

but without hadronic reinteraction. The right column sho
the same calculation including full microscopic hadronic d
namics.

The freeze-out characteristics of the nucleons are sig
cantly modified due to the hadronic interaction phase. T
average transverse freeze-out radius doubles at SPS
RHIC and increases by a factor of 2.5 at LHC~see also Table
III !. The respective average freeze-out times increase
similar factors~see Table IV!. E.g., at RHIC the average
freeze-out time for protons changes from 11.3 to 25.8 fmc
due to hadronic rescattering.

As the meson multiplicity in the system at RHIC is 5

ey
f
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S. A. BASS AND A. DUMITRU PHYSICAL REVIEW C61 064909
times larger than the baryon multiplicity, baryons propag
through a relativistic meson gas, acting as probes of
highly excited meson medium. Thus, we use the proton
hyperon freeze-out values listed in Table IV for a first rou
estimate of the duration of the hadronic phase viaDthad

5^t f r
hydro1UrQMD&2^t f r

hydro1 had decays&. At the SPSDthad is
found to be'13.5 fm/c, very similar to the value at RHIC
('15 fm/c) and at the LHC we obtainDthad'23 fm/c. The
transverse spatial extent of the hadronic phase can be
mated in a similar way, using Table III and defining th
thickness Dr had of the hadronic phase as:Dr had

5^r t, f r
hydro1UrQMD&2^r t, f r

hydro1 had decays&. Here we find values of
'4.4 fm at the SPS,'5.8 fm at RHIC, and'13.3 fm at the
LHC.

The hydro1UrQMD model predicts a space-time freez
out picture which is very different from that usually em
ployed in the hydrodynamical model, e.g., in Re
@21,25,26,46,74#: Here@33#, freeze-out is found to occur in
four-dimensionalregion within the forward light cone@31#
rather than on a three-dimensional ‘‘hypersurface’’@38#.

TABLE III. Mean transverse freeze-out radii^r T& for different
hadron species at SPS, RHIC, and LHC. ‘‘d.p.b.’’ denotes the tra
verse freeze-out radii of the hydrodynamical calculation up to h
ronization, including subsequent hadronic decays, but no hadr
reinteractions; ‘‘h.r.’’ denotes the full hydro1UrQMD calculation,
including hadronic rescattering; and ‘‘h.t.’’ stands for an estimate
the thicknessDr had of the hadronic phase:Dr had5^r T, f r

hydro1UrQMD&
2^r T, f r

hydro1 had decays&.

^r t& (fm) SPS RHIC LHC
Species d.p.b. h.r. h.t. d.p.b. h.r. h.t. d.p.b. h.r. h

p 6.9 8.4 1.5 7.8 9.5 1.7 12.3 16.8 4.
K 6.2 8.4 2.2 7.1 10.2 3.1 11.4 18.1 6.
p 4.7 9.1 4.4 5.4 11.3 5.9 8.7 22.2 13.
Y 5.1 9.5 4.4 5.8 11.6 5.8 9.6 22.7 13.
J 8.3 12.1 3.8 9.4 14.2 4.8 8.7 22.1 13
V2 4.4 6.3 1.9 4.7 7.3 2.6 7.3 13.9 6.

TABLE IV. Mean freeze-out times for different hadron speci
at SPS, RHIC, and LHC. ‘‘d.p.b.’’ denotes the freeze-out times
the hydrodynamical calculation up to hadronization, including s
sequent hadronic decays, but no hadronic reinteractions; ‘‘h.r.’’
notes the full hydro1UrQMD calculation, including hadronic re
scattering; and ‘‘h.d.’’ stands for an estimate of theduration of the
hadronic reinteraction phase, Dthad5^t f r

hydro1UrQMD&
2^t f r

hydro1 had decays&.

^t& (fm/c) SPS RHIC LHC
Species d.p.b. h.r. h.d. d.p.b. h.r. h.d. d.p.b. h.r. h

p 16.1 21.8 5.7 17.2 23.1 5.9 21.2 31.2 10
K 13.5 20.2 6.7 14.7 22.7 8.0 18.8 31.9 13
p 10.6 23.7 13.1 11.3 25.8 14.5 14.6 37.2 22
Y 11.3 25.0 13.7 12.0 27.4 15.4 15.6 39.0 23
J 19.9 31.0 11.1 20.4 32.2 11.8 14.1 36.2 22
V2 8.6 16.2 7.6 9.3 17.3 8.0 12.3 25.1 12
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Similar results have also been obtained within other mic
scopic transport models@32# when the initial state was not
quark-gluon plasma. This finding seems to be a generic
ture of such models: the elementary binary hadron-had
interactions smear out the sharp signals to be expected
simple hydrodynamics. This predicted additional fourth
mension of the freeze-out domain could affect the Hanb
Brown–Twiss~HBT! parameters considerably.

This does not mean that themomentum distributionsalone
cannot be calculated assuming freeze-out on some effec
three-dimensional hypersurface. For example, if interacti
on the outer side of that hypersurface are very ‘‘soft,’’ t
single-particle momentum distributions at not too smallpT

will not change anymore. The two-particle correlatordoes
change, however, since it probes rather small relative m
menta. Thus, the freeze-out condition, e.g., the temperat
as measured by single-particle spectra and two-particle
relations@75# needs not be the same.

The shapes of the freeze-out hypersurfaces~FOHSs! show
broad radial maxima for intermediate freeze-out times. Th
transverse expansion has not developed a scaling flow~in
that case the FOHSs would be hyperbolas in thet-r T plane!.
This agrees with the discussion of the evolution of the^pT&
after hadronization in Sec. IV B, which already indicated t
transition to free streaming once the transverse expan
rate becomes comparable to the longitudinal expansion r

Furthermore, the hypersurfaces of pions and nucleo
and their shapes, are distinct from each other~as also found
in @26,32,34,40# at the lower BNL-AGS and CERN-SPS en
ergies!. Thus, the ansatz of a unique freeze-out hypersurf
for all hadrons appears to be a very rough approximation;
also Refs.@32,33,37#.

Figure 6 shows the transverse freeze-out radius distr
tions for p, K, p, L1S0, J, andV2 at LHC ~top!, RHIC
~middle!, and SPS~bottom!. They are rather broad and sim
lar to each other, though theV2 shows a somewhat narrowe
freeze-out distribution. The average transverse freeze-ou
dii are listed in Table III; e.g., at RHIC we find 9.5 fm fo
pions, 10.2 fm for kaons, 11.3 fm for protons, 11.6 fm f
lambda and sigma hyperons, and 14.2 fm for cascades,
only 7.3 fm for theV2. The freeze-out of theV2 occurs
rather close to the phase boundary@37#, due to its very small
hadronic interaction cross section. This observation ho
true for all three studied beam energies. The respectivethick-
nessDr had of the hadronic phase is reduced by a factor o
for the V2, compared to that of the other baryon speci
This behavior could be responsible for the experimenta
observed hadron-mass dependence of the inverse slop
themT spectra at SPS energies@36#. For theV2, the inverse
slope remains practically unaffected by the purely hadro
stage of the reaction, due to its small interaction cross s
tion, while the flow ofp’s andL ’s increases@37# ~see also
Sec. IV E!.

Figure 7 shows the freeze-out time distributio
d2N/dt f rdy for p, p, andV2 at LHC ~top!, RHIC ~middle!,
and SPS~bottom!. Open symbols denote the distributions f
a pure hydrodynamical calculation up to hadronization w
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DYNAMICS OF HOT BULK QCD MATTER: FROM THE . . . PHYSICAL REVIEW C 61 064909
subsequent hadron resonance decays~but without hadronic
reinteraction!, whereas the solid symbols show the full ca
culation with hadronic rescattering. As we have already s
previously in the transverse freeze-out radii, hadronic res
tering strongly modifies the shape of the distributions a
significantly increases the lifetime of the system. Table
lists the average freeze-out times forp, K, p, Y(5L
1S0), J, andV2 with and without hadronic rescattering

One issue of great interest is the predicted significant
crease of the lifetime of the system from SPS to RHIC

FIG. 6. Transverse freeze-out radius distributio
d2N/r T, fdrT, fdy for various hadron species at LHC~top!, RHIC
~middle!, and SPS~bottom!.
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ergies@50#, being due to the time delay caused by a fir
order phase transition@76#. However, our model calculation
~which does exhibit a first-order phase transition! shows no
huge difference in the freeze-out time distributions ofp, p,
and V2 from SPS to RHIC energies~note, however, the
logarithmic scale!. The origin of this prediction is that we
include many more states in the hadronic EOS, which spe

FIG. 7. Freeze-out time distributionsd2N/dt f rdy of p, p, and
V2 for LHC ~top!, RHIC ~middle!, and SPS~bottom!. Open sym-
bols denote the distributions for a pure hydrodynamical calcula
up to hadronization with subsequent hadron resonance decays~but
without hadronic reinteraction!, whereas the solid symbols show th
full calculation with hadronic rescattering.
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S. A. BASS AND A. DUMITRU PHYSICAL REVIEW C61 064909
up hadronization considerably@19,21,46#. Furthermore, de-
cays of resonances partly hide the remaining small incre
of the hadronization time. Thus, the ‘‘time-delay signa
cannot be expected to be well above;20–30 %, and mus
be approached by a detailed excitation function.

Note that the multistrangeV2 baryons freeze out far ear
lier than all other baryons, as discussed already previous
the context of Fig. 6. Theduration of the hadronic reinter-
action phase,Dthad5^t f r

hydro1UrQMD&2^t f r
hydro1 had decays&, re-

mains nearly unchanged, e.g., at 5.9 fm/c for pions, 8.0 fm/c
for kaons, 14.5 fm/c for protons, 15.4 fm/c for hyperons, and
8.0 fm/c for the V2 between RHIC and SPS.

Note that the lifetime of the prehadronic stage in this a
proach is a factor of 2–3 longer than when employing
parton cascade model~PCM! @77,78# for the initial reaction
stage. It will be interesting to check whether this is related
the first-order phase transition built into the EOS which
used here. The final transverse freeze-out radii and ti
~after hadronic rescattering!, however, are very similar in
both approaches@78#.

Figure 8 shows the estimated freeze-out volumeV*
5p^rT,fr&

2^tfr& as a function of the pion rapidity densit
dNp /dy for four different bins in transverse momentum. F
all pT bins V* exhibits a nearly linear increase wit
dNp /dy. Thus, the freeze-out density of the pions rema
virtually constant over a large range of multiplicities~or en-
ergies!. We will see in the next section that this is due to t
fact that the chemical freeze-out of pions occurs rat
shortly after hadronization of the QGP, at all energies st
ied here. Since the local density of pions on the hadron
tion hypersurface is similar in all cases~because the tempera
ture is almost the same!, the density at chemical freeze-o
is, too.

We also observe that low-pT pions are basically emitted
from the entire volume, while at higherpT the pions seem
only to be emitted from an outershell, the radius of the

FIG. 8. Estimated freeze-out volume of pions as a function
the pion rapidity density for four different bins in transverse m
mentum. High-pT pions are only emitted from an outershell, the
radius of which increases withpT . The inset shows the volume o
the ‘‘hollow core’’ as a function ofpT .
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hollow core increasing withpT . The inset of Fig. 8 shows
the dependence of the nonemitting core volumeV0 on the
transverse momentum of the pions.V0 has been calculated
by a linear fit ofV* to dNp /dy:V* 5V01c(dNp /dy). The
increase ofV0 with pT is a manifestation of the collective
flow effect; high-pT pions cannot be emitted from the cente
r T;0, since the collective velocity field vanishes there.

D. Chemical freeze-out

So far, we have only discussed the kinetic freeze-out
individual hadron species. However, apart from the kine
freeze-out, the chemical freeze-out of the system, which fi
the chemical composition, is of interest, too.

The chemical freeze-out hypersurface of hadron specii
is in principle defined as the surfaceschem

m separating the
space-time region where]•Ni50 from that where the num
ber currentNi is not conserved. Usually, the chemical freez
out is defined modulo hadronic resonance decays which
performed onschem

m , even for short-lived resonances like th
r meson orD baryon. However, that definition is not ver
useful in the present case, since most inelastic processe
actually modeled via resonance excitation and subseq
decay; cf. Sec. III D. Furthermore, as in the case of kine
freeze-out studied above, the microscopic transport mo
does not yield sharp hypersurfaces~three-dimensional vol-
umes! but rather freeze-out domains~four-dimensional vol-
umes!. We shall therefore mainly discuss the evolution
hadron multiplicities after hadronization and their time d
pendence.

Figure 9 shows the time evolution of on-shell hadron m
tiplicities for LHC ~top!, RHIC ~middle!, and SPS~bottom!.
The dark gray shaded area indicates the duration of the Q
phase, whereas the light gray shaded area depicts the m
phase~both averaged overr T ; only hadrons that have al
ready ‘‘escaped’’ from the mixed phase into the purely ha
ronic phase are shown!. Hadronic resonances are formed a
are populated for a long time. One can rather nicely obse
the stronger transverse expansion as beam energy incre
on t5const hypersurfaces the resonance-decay ‘‘tails’’
boosted to largert. As a result of those transversely boost
resonances, the hadron yields saturate only at rather largt,
approximately 25 fm/c at SPS and RHIC and about 40 fm/c
at LHC.

By comparing the final hadron yields resulting from th
hydrodynamical calculation~up to hadronization, including
subsequent hadronic decays, but no hadronic reinteracti!
to that of the full calculation, which includes microscop
hadronic dynamics, we can quantify the changes of
hadrochemical content due to hadronic rescattering.

Figure 10 shows the relative change~in percent! of the
multiplicity for various hadron species for SPS~bottom!,
RHIC ~middle!, and LHC~top!. As to be expected, the stat
of rapid expansion prevailing at hadronization does not all
chemical equilibrium to hold down to much lower temper
tures. The hadronic rescattering changes the multiplicities
less than a factor of 2; cf. also@17#. Thus, we have first
evidence that a QGP expanding and hadronizing as an i
fluid produces a too rapidly expanding background for a h

f
-
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DYNAMICS OF HOT BULK QCD MATTER: FROM THE . . . PHYSICAL REVIEW C 61 064909
ron fluid with known elementary cross sections to maint
chemical equilibrium down to much lower temperatures th
TC .

However, a closer look provides more insight into t
chemical composition. The changes are most pronounce
the SPS, where the baryon-antibaryon asymmetry is hig
~since the net baryon density at midrapidity is highest!. This
manifests, e.g., in a reduction of the antiproton multiplic

FIG. 9. Time evolution of on-shell hadron multiplicities~inte-
grated overr T! at LHC ~top!, RHIC ~middle!, and SPS~bottom!.
The dark grey shaded area shows the duration of the QGP p
whereas the light-grey-shaded area depicts the coexistence ph
06490
n
n

at
st

by 40–50 % due to baryon-antibaryon annihilation.L̄ andJ̄
are affected in similar fashion.

The baryon-antibaryon asymmetry decreases at hig
beam energy, and at LHC particle-antiparticle symmetry
restored for our initial conditions. The remaining sma
asymmetries~compare, e.g., thep-p̄, K-K̄, andY-Ȳ evolu-
tions in Fig. 10! are due to fluctuations triggered by a fini
number of particles, which distort the ideal longitudin
boost invariance present~by construction! at hadronization.

se
e.

FIG. 10. Multiplicity change in percent due to hadronic resc
tering for various hadron species at SPS~bottom!, RHIC ~middle!,
and LHC ~top!. The error bars give an estimate of the systema
error.
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Interestingly, theV2 multiplicity decreases more strongl
towards higher beam energy. This is due to the higher a
baryon density in the system, leading to moreV2 annihila-
tions on antibaryons with subsequent redistribution of
three strange quarks.~This process is modeled in UrQMD a
string excitation and subsequent fragmentation; cf.@40#.!
Thus the hadronic phase becomes slightly more opaque
the V2 with increasing beam energy.

Collision rates offer another approach to determine

duration of the hadronic phase, in particularB-B̄ collisions
which almost always lead to annihilation. Figure 11 sho
the time evolution of the rates for hadron-hadron collisions
LHC ~top!, RHIC ~middle!, and SPS~bottom!. Meson-meson
(MM ) and—to a lesser extent—meson-baryon (MB) inter-
actions dominate the dynamics in the hadronic phase
RHIC and LHC. At the SPS meson-baryon and mes
meson interactions are equally frequent. Note that while
the SPS baryon-baryon (BB) collisions significantly out-
number baryon-antibaryon annihilations, the situation
RHIC and LHC is reversed, whereB-B̄ annihilation is far
more frequent thanBB collisions. This is a consequence
the fact that theB-B̄ annihilation cross sections at small rel
tive momenta increase faster than the totalB-B cross sec-
tions @40#. In the case of~approximate! baryon-antibaryon
symmetry, one therefore expects moreB-B̄ than B-B inter-
actions, as seen for RHIC and LHC energies.

Of course, all collision rates reach their maxima at the e
of the mixed phase, then decreasing roughly according
power law. After '35 fm/c, less than one hadron-hadro
collision occurs per unit of time and rapidity at SPS a
RHIC energies; because of the higher transverseg factor, the
time is '60 fm/c at the LHC. At this stage the system
certainly kinetically and chemically frozen out.

E. Transverse flow: Emission of multistrange baryons from
the phase boundary

In this section we analyze the transverse mass spect
freeze-out, and discuss their evolution from the hadron
tion hypersurface. The results obtained for Pb1Pb collisions
at CERN-SPS energy are in reasonable agreement with
data obtained by the NA49 Collaboration@79# and by the
WA97 Collaboration@35#. For a comparison to those data w
refer to @37#; here, we focus on the model results.

Figure 12 compares themT spectra on the hadronizatio
hypersurface~open symbols!, obtained from Eq.~22! ~plus
strong resonance decays!, with those at freeze-out~open
symbols!. One observes that the transverse flow ofp’s and
L ’s increases during the hadronic stage, since those sp
flatten. On the other hand, the spectra ofV ’s and ofJ ’s with
mT*1.6 GeV are practically unaffected by the hadron
stage and closely resemble those on the phase boun
This is due to the fact that the scattering rates ofJ andV in
a pion-rich hadron gas are significantly smaller than thos
N’s andL ’s @36,37,80#. As shown in Fig. 13, on average th
baryons which finally emerge asJ ’s andV ’s suffer far less
interactions than the final-statep’s andL ’s. Thus, within the
model presented here, these particles are basically em
06490
ti-

e

or

e

s
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at
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ry.
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directly from the phase boundarywith very little further re-
scattering in the hadronic stage. The hadron gas emer
from the hadronization of the QGP~in these high-energy
reactions! is almost ‘‘transparent’’ for the multiple strang
baryons. On the other hand,p’s and L ’s on average suffer
several collisions with other hadrons before they freeze o
This behavior holds generally true for all three studied e
ergy domains, at the SPS, RHIC, and LHC.

FIG. 11. Hadron-hadron collision rates at LHC~top!, RHIC
~middle!, and SPS~bottom!. The dark-grey-shaded area shows t
duration of the QGP phase whereas the light-grey-shaded are
picts the coexistence phase.
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FIG. 12. Transverse mass spectra ofp, K ~right column! andN, L1S0, J01J2, andV2 ~left column! at LHC ~top!, RHIC ~middle!,
and SPS~bottom!. The open symbols denote the spectra on the hadronization hypersurface whereas the solid symbols show the c
at freeze-out after hadronic rescattering.
th

d

h
-

reas
a

ta
These findings manifest themselves most strikingly in
mass dependence of the inverse slopes of themT spectra. A
simple isentropic hydrodynamical expansion leads to broa
mT spectra of heavier states; i.e.,^pT& or the inverse slope
T* increases with mass@81#. This observation agrees wit
the inverse slopes ofp, K, andp measured for central col
lisions ofPb nuclei at a c.m. energy of 17A GeV @82#. How-
ever, it has also been found that theJ andV baryons do not
follow this general trend@35,79#.
06490
e

er

Figure 14 depicts the inverse slopesT* obtained from our
model by a fit ofd3Ni /d2mTdy to exp(2mT /T* ) in the range
mT2mi,1 GeV. The statistical error of this fit is;10%.
Open symbols denote the SPS calculation and data, whe
solid symbols show the RHIC prediction. The lines show
purely hydrodynamical calculation@21,37# with a freeze-out
temperature ofTf o5130 MeV for SPS~dotted line! and
RHIC ~solid line!, respectively. The trend of the SPS da
~open circles!, namely, the ‘‘softer’’ spectra ofJ ’s andV ’s
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as compared to a linearT* (m) relation, is reproduced rea
sonably well. As already mentioned, this is not the case
‘‘pure’’ hydrodynamics with kinetic freeze-out on a commo
hypersurface~e.g., theT5130 MeV isotherm!, where the
stiffness of the spectra increases monotonically with ma
cf. Fig. 14 and also Refs.@26,54#. Resonance decays are n
included in the hydrodynamic spectra on theT5130 MeV
isotherm.

FIG. 13. Distribution of the number of interactions that t
final-state particles suffer after being hadronized, for LHC~top!,
RHIC ~middle!, and SPS~bottom!.
06490
r

s;

When going from SPS to RHIC energy, the model d
cussed here generally yields only a slight increase of
inverse slopes, although the specific entropy is larger b
factor of 4–5. The reason for this behavior is the first-ord
phase transition that softens the transverse expansion co
erably @51#. For our set of initial conditions, theaverage
collective transverse flow velocity~at midrapidity! on the
hadronization hypersurface increases only from'0.3 ~for
Pb1Pb at SPS! to '0.35~for Au1Au at RHIC! @21#. ~How-
ever, there are high-vT tails on the hadronization hypersu
face which get more pronounced at RHIC than at SPS.! As
can be seen from the present calculation, this is not coun
balanced by increased rescattering in the purely hadro
stage—compare to the inverse slopes obtained from ‘‘pu
hydrodynamics with freeze-out on theT5130 MeV iso-
therm.

The transverse flow at LHC beam energy is so strong
the mT spectra cannot be fitted any more by an exponen
distribution. We have therefore refrained from extracting t
slopes for the LHC calculation. Instead, in Fig. 15 we sh
the mean transverse momenta of the different hadron spe
as a function of their mass. As in Fig. 12 we compare
^pT& on the hadronization hypersurface~open symbols!, ob-
tained from Eq.~22! ~plus strong resonance decays!, with
that at freeze-out~solid symbols!. Hadronic rescattering
leads to a transfer of transverse energy-momentum f
pions to heavier hadrons~the pions actually suffer a reduc
tion of ^pT& in the hadronic phase! @34#. This phenomenon
has also been termed thepion wind@26,83#, pushing heavier
hadrons to higherpT . Nucleons gain most transverse m
mentum, while theV2 remains nearly unchanged due to
small interaction cross section in the meson dominated h
ronic medium, as discussed earlier in this section. Those h
rons are the best ‘‘messengers’’ of the early prehadroniza
evolution.

Furthermore, one clearly observes the rather moderate
crease of̂ pT& from SPS to RHIC energy, as discussed

FIG. 14. Inverse slopes of themT spectra ofp, K, p, L1S0,
J01J2, andV2 at yc.m.50, mT2mi,1 GeV.
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ready in Fig. 14. In contrast, in our model the collecti
dynamics at the much higher CERN-LHC energy is dom
nated by the stiff QGP~cf. also Fig. 3!, and the average
transverse momenta increase appreciably.

V. SUMMARY AND OUTLOOK

In summary, we have introduced a combin
macroscopic-microscopic transport approach, combin
relativistic hydrodynamics for the early deconfined stage
the reaction and the hadronization process with a mic
scopic nonequilibrium model for the later hadronic stage
which the hydrodynamic equilibrium assumptions are
valid anymore. Within this approach we have se
consistently calculated the freeze-out of the hadronic syst
accounting for the collective flow on the hadronization h
persurface generated by the QGP expansion.

The reaction dynamics, hadronic freeze-out, and tra
verse flow in ultrarelativistic heavy-ion collisions at SP
RHIC, and LHC have been discussed in detail. We find t
the space-time domains of the freeze-out for the investiga
hadron species are actually four dimensional, and differ d
tically between the individual hadrons species.

The thicknessof the hadronic phase is found to be b
tween 2 fm and 6 fm~at RHIC!, depending on the respectiv
hadron species. Itslifetime is between 5 fm/c and 13 fm/c,
respectively. Freeze-out radii distributions have simi
widths for most hadron species, though theV2 is found to
be emitted rather close to the phase boundary and show
smallest freeze-out radii and times among all baryon spec
The total lifetime of the system does not increase drastic
when going from SPS to RHIC energies.

Our model calculation shows that in high-energy nucl
collisions the hadron multiplicities at midrapidity change
less than 40% after hadronization, unlike, e.g., in the ea

FIG. 15. Average transverse momentum^pT& vs mass forp, K,
p, Y, J, andV. The open symbols denote the spectra on the h
ronization hypersurface~including strong resonance decays!,
whereas the solid symbols show the value at freeze-out~after had-
ronic rescattering!. For clarity, the symbols have been shifted
610 MeV.
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universe. However, a closer look is warranted and reve
interesting information. For example,more strange baryons
(L,S,J,V) are annihilated as the energy increases beca
the antibaryon density at hadronization increases.

Interactions within the hadron gas increase the collec
flow beyond that present at hadronization, and reduce
temperature below the QCD phase transition tempera
~we assumeTC5160 MeV). As an exception, we find tha
multiple strange baryons practically do not rescatter wit
the hadron gas. TheirmT spectra are therefore determined
the conditions on the hadronization hypersurface, i.e.,TC and
the collective flow created by the expansion preceding h
ronization. Their spectra therefore are less sensitive to
confined phase,T,TC , but are closely related to the EOS o
the QGP and the phase transition temperatureTC .

Average transverse momenta and inverse slopes are
dicted to increase only moderately from SPS to RHIC, d
spite the significant increase of the entropy to net bary
ratio. In this sense, the collective evolution at RHIC ener
is strongly characterized by the presence of a well-mix
coexistence phase with small isentropic speed of sound
will be very interesting to see if this picture of hadronizatio
of bulk QCD matter, which is based on similar models f
the QCD phase transition in the much slower expand
early universe, agrees with the data to be taken by the v
ous experiments at BNL-RHIC.

Towards the much higher CERN-LHC energy, the evo
tion changes appreciably. The pure QGP occupies a la
space-time volume than the mixed phase. If the QGP EO
high energy density is anywhere close to an ultrarelativis
ideal gas withp;e/3, transverse expansion should be mu
stronger than at RHIC and SPS. Consequently, the ave
transverse momenta of the heavier hadrons increase by
80 % as compared to RHIC energy.

We believe that the model presented here and in R
@33,37# represents a step forward towards the understand
and the description of the evolution of a quark-gluon plasm
its hadronization, and the subsequent freeze-out of the st
interactions. Nevertheless, it is clear that many impro
ments are conceivable and necessary before a really det
comparison to experimental data can be attempted.

For example, corrections to ideal fluid dynamics~before
hadronization! should be studied, at least within the Navie
Stokes approximation. In the present approach dissipa
effects are only taken into account after hadronization, wh
we expect them to be most significant, particularly as free
out is approached.

The widely used bag-model EOS can certainly be i
proved as well. It is well known that it yields a substantia
higher latent heat than extracted from present lattice Q
results. Thus, it may overpronounce the effects of a fi
order QCD phase transition. One may even try a crosso
transition to see whether that is ruled out by experimen
data or not. Also, we have already commented on the
that due to the huge expansion rate in high-energy collisi
~which is not much smaller than strong interaction rat!
more radical scenarios like spinodal decomposition rat
than an adiabatic phase transition should be examined
well.

-

9-21



-
in

ion
th
e.

u

s
a

io
e
io
-

um
n
ie
fo
g
l
in
pl
ri-

o

ic
th

ess
of

ase

here
ose
b-

on
o.
m

64.

.

ms

n be

e-
ank

he
er-
on
-

S. A. BASS AND A. DUMITRU PHYSICAL REVIEW C61 064909
To simplify the switch from hydrodynamics to the micro
scopic transport model we assumed longitudinal boost
variance and azimuthal symmetry. The latter approximat
in particular, disables us to study many up-to-date topics
will be addressed by the experimental data, such as,
anisotropies in the hadron spectra~in non-head-on collisions!
that may be sensitive to the QGP EOS. A fully~311!-
dimensional solution without symmetry assumptions is th
highly desirable.

One application not covered at all in the present studie
correlated particle emission. Two-particle correlations m
for example allow one to extract the volume of the emiss
region in space-time. The two-particle correlator prob
rather soft interactions and therefore contains informat
about the freeze-out process~e.g., the thickness of the emis
sion region, background mean fields, etc.! @75,76#.

Fluctuations in the rapidity and transverse moment
spectra induced~or suppressed! by the QCD phase transitio
are another highly interesting topic. So far, we have stud
only the evolution on average, and have allowed only
fluctuations to develop in the post-hadronization sta
~which occur naturally in the microscopic transport mode!.
However, the hadronization process could in principle
duce larger or other types of fluctuations, e.g., due to dro
formation@84#, spinodal decomposition with possible diso
ented chiral condensate~DCC! formation@57#, or due to the
change of the order of the phase transition in the vicinity
a second-order critical point@85#. It would obviously be
highly desirable to know if they can survive the hadron
interaction stage. Other fluctuations may be there from
d

c

er

hy
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very beginning, e.g., those arising in the production proc
of secondary hadrons, and one could study the evolution
strangeness-rich rapidity bins@63# or of rapidity bins with
negative baryon number through the hadronization ph
transition until freeze-out.

There are many other questions that cannot be listed
but can be addressed within this model. Work along th
lines is in progress and will be reported in forthcoming pu
lications.
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