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Transverse flow and hadrochemistry in Au¿Au collisions at AsNNÄ200 GeV
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We present a hydrodynamic assessment of preliminary particle spectra observed in Au1Au collisions at
AsNN5200 GeV. The hadronic part of the underlying equation of state is based on explicit conservation of
~measured! particle ratios throughout the resonance gas stage after chemical freezeout by employing chemical
potentials for stable mesons, nucleons, and antinucleons. We find that under these conditions the data~in
particular, the proton spectra! favor a low freezeout temperature of around;100 MeV. Furthermore, we show
that through inclusion of a moderate prehydrodynamic transverse flow field the shape of the spectra improves
with respect to the data. The effect of the initial transverse boost on elliptic flow and the freezeout geometry of
the system is also discussed.
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I. INTRODUCTION

During its second year of operation, RHIC~the relativistic
heavy ion collider at Brookhaven National Laboratory! has
collided 197Au nuclei at center-of-mass~c.m.! energies of
200 GeV per nucleon pair to create strong interaction ma
at high-energy densities in the laboratory. To identify sign
of a possible phase transition from low-energy nuclear
deconfined quark-gluon matter, a large amount of data
analyzed and recently presented for the first time@1#.

In the present paper we investigate single-particle spe
of various hadronic species within a hydrodynamic fram
work for the reaction dynamics, which assumes rapid th
malization in the reaction volume and a subsequent exp
sion according to the conservation of energy, moment
entropy, and baryon number~for details of the approach
which resides on explicit longitudinal boost invariance,
Ref. @2#!. At c.m. energies of 130A GeV, the successful de
scription of observed single-particle transverse momen
(pT) spectra and their azimuthal modulation in noncen
collisions have validated this approach down to decoup
temperatures of;130 MeV, at which hadronic interaction
have been assumed to cease instantaneously@3#. As an alter-
native to entirely hydrodynamic simulations, especially
the late, more dilute stages in a heavy-ion collision, hyb
models have been developed@4–6#, which treat the hadronic
phase in sequential-scattering models, propagating had
individually. While the momentum-space observables are
good agreement with experiments at RHIC in both desc
tions, the freezeout geometry persists to be inconsistent
the data in either approach. Hydrodynamic evolutions app
to be too long-lived but too small in radial extent@7#,
whereas hybrid calculations produce an emission cloud
appears to be too large@4,5#.

Concerning global particle production, it was soon re
ized @8# that, also at RHIC energies, measured hadron ra
reflect a chemical composition of the fireball that cor
sponds to a temperature close to the expected QCD p
boundary,Tchem.170–180 MeV.Tc . Thus, in a thermody-
namic description of the cooling process from chemical
thermal freezeout, the conservation of the relative hadro
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abundances requires the introduction of~effective! chemical
potentials@9–14# for species that are stable on the scale
typical fireball lifetimes. In particular, it was pointed out i
Ref. @13# that the conservation of antibaryons plays an i
portant role at collider energies. Despite their large annih
tion cross sections, their finally observed abundance is
complete agreement with chemical-freezeout systema
~for a possible microscopic explanation of this fact, based
multimeson fusion reactions to maintain detailed balance
Ref. @15#!. This implies the buildup of large antibaryo
chemical potentials,m N̄

eff , defined viam N̄52mN1m N̄
eff . To-

wards thermal freezeout this, in turn, entails rather la
baryon chemical potentials (mN.350 MeV), and is at the
origin of appreciable pion chemical potentials (mp

.80–100 MeV). The influence of chemical potentials
the hydrodynamic evolution and resulting observables
been investigated in Ref.@16# for c.m. energies of
130A GeV. In addition to conservingp, K, h, andh8 num-
bers, we here explicitly distinguish chemical potentials
baryons and antibaryons along the lines of Ref.@13# to cor-
rectly account for the finite net-baryon density at full RHI
energy (200A GeV). For consistency with previous analys
@2,3,17,18# we assume a phase transition from quark gluon
hadron matter atTc5165 MeV with a latent heat ofelat
51.15 GeV/fm3 and a hadronic resonance gas equation
state ~EoS! as before. AtTc the hadronic phase starts i
chemical equilibrium to~approximately! reproduce the mea
sured particle ratios@8#, see above. To improve on previou
analyses, the subsequent hadronic evolution is now c
structed incorporating effective meson and~anti!baryon
chemical potentials as in Ref.@13# to preserve the correc
~absolute! particle abundances.

As a second new aspect of the present manuscript,
present an attempt to refine the initial conditions of the h
drodynamic evolution. More specifically, we will explor
ramifications of preequilibrium collective behavior by intro
ducing appropriate radial velocity profiles at the time
complete thermalization. Such effects can be associated
prethermal reinteractions, a free-streaming period, or a c
bination thereof, and turn out to generally improve the d
©2003 The American Physical Society03-1
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scription of transverse momentum spectra of the produ
particles.

Our paper is organized as follows. In Secs. II and III w
analyze the impact~and interplay! of off-equilibrium hadro-
chemistry and modified initial collisions on transverse m
mentum spectra of pions, kaons, and~anti! protons, both for
central and more peripheral collisions in comparison to p
liminary data at 200A GeV. Pertinent predictions for azi
muthal anisotropies in noncentral collisions are presente
Sec. IV. We furthermore comment on implications for t
freezeout geometry in Sec. V, and summarize in Sec. VI

II. PARTICLE SPECTRA—CENTRAL COLLISIONS

Let us start by briefly discussing the initial conditions
our hydrodynamic calculations. According to the;15%
larger hadron multiplicity at midrapidity in central collision
at 200A GeV @19,20# as compared to 130A GeV, we in-
crease the maximum entropy-density parameter froms0
595 fm23 @7# to 110 fm23 ~keeping the equilibration time
fixed at t050.6 fm/c to facilitate the interpretation of ob
served changes!. The correct baryon admixture is obtaine
by adjusting the entropy per baryon toS/B5s0 /n05250,
constant throughout the evolution (s0 and n0 are the initial
entropy density and baryon density in the center of the c
lision andSandB are the total entropy and net baryon num
ber!. The thermodynamic fields in the transverse plane
set to scale with a combination of wounded nucleon a
binary collision profiles as elaborated in Refs.@7,18#, which
allows for a geometrical prescription to reproduce the mu
plicity in collisions at finite impact parameterb.

The results of our calculations with improved hadroche
istry are compared to~preliminary! data for p2, K2, and
antiproton pT spectra from central Au1Au collisions at
200A GeV @21,22# in Fig. 1 ~the experimental centrality se
lection of 5% is approximated by using an average imp
parameterb52.4 fm). Compared to particle spectra in sta
dard i.e., chemical-equilibrium! hydrodynamics, we find a
better description of the overall curved shape of the hadro
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FIG. 1. p2, K2, and antiproton spectra for central collisions

200A GeV (K2 and p̄ spectra are scaled by factors of 1/10 a
1/100, respectively!. The thick lines represent the results forTdec

5100 MeV, the thin lines for 165 MeV. All calculations are for
thermalization timet050.6 fm/c, either without ~solid lines! or
with ~dashed lines! an initial transverse boost~see text!.
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spectra, in particular, for low-pT pions. This is a result of the
meson chemical potentials (mp'80–100 MeV at freezeout!,
which amplify the Bose-statistics effect. In addition, th
population of heavy resonances also increases after inclu
of chemical potentials, which entails larger contributions
low pT from their decay products. At large transverse m
menta the hydrodynamic calculations deviate from the d
which is suggestive for the onset of the hard scattering
gime. At exactly which values ofpT this occurs, and how
this transition depends on the particle species, are among
major questions to be clarified. For example, high-ene
partons evolving within a hydrodynamic background can
introduced to study the particle spectra beyond the collec
behavior@23#.

As was already observed in Ref.@16#, the expansion of
the chemically nonequilibrated hadron gas leads to slopes
pion spectra that are almost insensitive to the decoup
temperature. Proton spectra, on the contrary, clearly fav
freezeout atT.100 MeV ~thick solid line!, which corre-
sponds to an energy densitye.0.075 GeV/fm3 ~which is
about the same as in previous calculations!. The thin lines in
Fig. 1 correspond to decoupling at the phase transition~recall
that the multiplicity of the individual particle species is in
dependent of freezeout due to the chemical potentials!.

The experimental pion spectra in the 1–2 GeV range
pear flatter than what follows from the flow generated
hydrodynamic expansion with our given initial configuratio
~at transverse momentapT>2 GeV this is conceivably due
to additional perturbative hard scattering contributions!. To a
lesser extent, this is also true for the heavier kaons and
tons, even at the low freezeout temperature of 100 MeV.

The data thus seem to exhibit somewhat stronger col
tive expansion than developed subsequent to an equilibra
time of t050.6 fm/c. Additional radial flow could be gen-
erated by assuming still shorter equilibration times, e.g.,t0
50.2 fm/c @24#. It is, however, hard to imagine that particle
are ‘‘born’’ into thermal equilibrium without allowing for
some relaxation time with rescattering. But even the ot
extreme, i.e., a period of free streaming, induces a nonv
ishing radial velocity profile due to a separation of origina
random particle velocities@25,7#. A realistic situation is
probably in between the two extremes, essentially pree
librium in character with associated rather complicated str
tures of the generated flow-field and energy-density distri
tions ~more exotic phenomena such as sphaleron explos
@26# could also play a role!. As an exploratory study, we her
introduce a simplistic initial ‘‘seed’’ transverse velocity a
cording to vT(r )5tanh(a r), where r is the radial distance
from the origin, superimposed on the original fields att0
50.6 fm/c. For a value ofa50.02 fm21 the initial velocity
field for r'<6 fm/c is similar in magnitude~although less
parabolic! to both~i! starting the hydrodynamic evolution a
earlier time (t050.2 fm/c as in Ref.@24#! and evolving it to
t050.6 fm/c, as well as~ii ! free streaming fromt50.2 to
0.6 fm/c. The essential difference between~i! and~ii ! lies in
the azimuthal distribution att050.6 fm/c, to which we will
come back to in Sec. IV. It should also be noted that stron
transverse flow due to larger transverse pressure is expe
if the longitudinal expansion is not fully thermalized@27#.
3-2



t
re

ta

ve

-
A
a

te
ns
s-

o
re

text

-

t of
100
p
s-

nic
res-
e-
al

era-

ith
uili-

and

i-
col-

, we
icle
w

s,

s of
o-
ents

ra

ra

TRANSVERSE FLOW AND HADROCHEMISTRY IN Au1Au . . . PHYSICAL REVIEW C 67, 044903 ~2003!
The results with our simple ansatz are represented by
dashed lines in Fig. 1, and are found to improve the ag
ment with experiment, up topT.2(3.5) GeV for pions and
kaons~antiprotons!. We note that when increasinga to 0.05,
the proton spectra become much flatter than experimen
observed.

III. PARTICLE SPECTRA—NONCENTRAL COLLISIONS

In Fig. 2 we compare preliminary spectra of positi
pions@21# to our hydrodynamic results atTdec5100 MeV in
three different centrality bins~‘‘central,’’ b52.4 fm, Npart
5343.8; ‘‘semicentral,’’ b57 fm, Npart5170.8; ‘‘periph-
eral,’’ b59.6 fm, Npart576.6). Again, we display calcula
tions with an initial transverse boost by dashed lines.
expected, the prerequisites for a hydrodynamic appro
~strong rescattering and a sufficiently large system size! are
increasingly invalidated at large impact parameters, reflec
by an onset of deviations from experiment at smaller tra
verse momenta~higher-momentum particles can rapidly e
cape the fireball without thermalizing!. For peripheral colli-
sions the agreement between theory and experiment h
for pT<1 GeV, which, nevertheless, still accounts for mo
than 96% of the emitted particles.

Figure 3 shows experimental@21# and calculated proton
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FIG. 2. Centrality dependence of positive pion spectra at mid
pidity (y50) in terms of central, semicentral~scaled by 1/2!, and
peripheral collisions~scaled by 1/3!.
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FIG. 3. Midrapidity proton spectra for central, semicent
~scaled by 1/2!, and peripheral collisions~scaled by 1/3!.
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spectra, which are of particular interest in the present con
as they acquire the largest chemical potentials~e.g., around
thermal freezeoutmN5380 MeV andm N̄5343 MeV imply-
ing m N̄

eff
5723 MeV, which yields an antiproton-to-proton ra

tio of 0.72 consistent with experiment@28#!, and are most
sensitive to collective expansion. We find good agreemen
theory and experiment at a freezeout temperature of
MeV up to pT.3.5 GeV in the central sample, but only u
to ;2 GeV in the peripheral sample. The additional tran
verse ‘‘kick’’ in the initial state as described above~dashed
lines! is particularly significant for central collisions.

Despite the fact that particle densities in the later hadro
stage of the expansion are moderate, we conclude that
cattering is strong enough to allow for a hydrodynamic d
scription until thermal decoupling. The correct chemic
composition of the hadronic gas is maintained by the gen
tion of large chemical potentials, which~at given tempera-
ture! provide an increased number of scattering partners w
larger cross sections as compared to a chemically eq
brated environment.

We have focused here on positively charged pions
protons. The corresponding results forp2, K1, K2, and p̄
in noncentral collisions are of similar quality. The multiplic
ties and mean transverse momenta of these particles are
lected in Table I.

IV. ELLIPTIC FLOW

For the same impact parameters as considered above
proceed by studying the azimuthal anisotropies of part
spectra@29#, i.e., the momentum dependence of elliptic flo
as defined byv2(pT ; b)5^cos(2f)&, where the average is
taken over the angular distribution of particle
dN/dypTdpTdf.

Flow anisotropy is generated during the earliest stage
the collision, at which the spatial eccentricity of the therm
dynamic fields and the anisotropies in the pressure gradi

-

l

TABLE I. Multiplicities and mean transverse momenta~in GeV!
of different particles for three centrality selections (15central,2

5semicentral,35peripheral) aty50. The p̄/p ratio is 0.72;^pT&
of antiprotons is within 1% of the proton value.

a50.00 a50.02 fm21

1 2 3 1 2 3

p1

dN

dy
280.8 134.3 57.84 282.3 134.6 57.82

^pT& 0.398 0.392 0.375 0.419 0.405 0.383

K1

dN

dy
50.18 23.99 10.33 50.43 24.05 10.33

^pT& 0.619 0.608 0.572 0.660 0.634 0.589

dN

dy
28.08 13.44 5.798 28.13 13.44 5.794

p

^pT& 0.880 0.861 0.802 0.949 0.906 0.831
3-3
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are the largest. The matter is set into anisotropic motion
larger forces are acting along the ‘‘short’’ radius of the init
~overlap! ellipse. This motion rapidly reduces the spat
anisotropies, thereby bringing further generation of mom
tum anisotropy~i.e., v2) to a stall @30,2#. If the system
evolves in chemical equilibrium, the dominant particle sp
cies at freezeout are pions, which carry the generated an
ropy in their momentum distribution. Their differential ellip
tic flow v2(pT) is then almost independent of the decoupli
temperatureTdec @3#. Heavier particles, on the other hand, d
exhibit some dependence onTdec, mainly because of the
continuously increasing radial flow that shifts the genera
anisotropy towards larger transverse momenta. In the p
ence of effective chemical potentials the contribution of p
tons to thetotal anisotropic flow~of all particles! is still
small; however, the contribution of their number to the p
ticle yield is more significant. The anisotropic flow must th
be absorbed by the pions~which, due to their small masse
adjust their momentum distribution easily!. Through this ef-
fect their elliptic flow now also becomes sensitive to t
decoupling temperature, as found in Ref.@16#. In addition,
the influence of resonance decays is enhanced in the ch
cal off-equilibrium formulation. The heavy resonance
which at large transverse momentum carry rather large e
tic flow, decay and transfer their elliptic flow to pions
relatively low transverse momentum.

In Fig. 4 we show results for elliptic flow of pions~left
panel! and protons~right panel! from the hydrodynamic cal-
culation under inclusion of chemical potentials. The init
transverse boost as defined in Sec. II shifts the anisotrop
larger transverse momenta, which implies a reduction ofv2
at given pT . The development of anisotropic flow is add
tionally hindered since it has to form on top of theisotropic
initial boost field employed here. The valueep at which the
anisotropy of the energy-momentum tensor of the fluidTmn

saturates during the evolution@2# is about 25% smaller than
without the initial kick.

It is instructive to compare these results to the scen
where the equilibration time is set to very small values (t0
50.2 fm/c for the dashed-dotted curves in Fig. 4!. As eluci-
dated in Sec. II, this generates as muchradial flow as the
superimposed profile att050.6 fm/c does. However, the el
liptic flow is larger than in the former case, butnot signifi-
cantly different from using an equilibration time of 0.6 fm/c
without initial kick. This is due to the fact that, without th
initial kick, v2 saturates for either equilibration time at a
proximately the same value.1

The experimentally observed elliptic flow reaches a li
iting maximal value as a function of transverse momentu
The PHENIX collaboration has pointed out@21# that this
saturation is reached at smaller transverse momenta for p
than for protons, and that the saturation value appears t
larger for the latter. Within the hydrodynamic framework th
reflects the earlier breakdown of the strong rescattering

1Note that this is no longer true for significantly largert0, e.g.,
2 fm/c, for which v2 is significantly reduced and underpredicts t
data already at 130A GeV.
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sumption for pions, which for protons remains valid up
higher pT due to larger~average! scattering cross section
(s̄pN.s̄pp). This is corroborated by the description of th
single-particle spectra that extends to largerpT for ~anti!pro-
tons than for pions. The differentv2-saturation momenta fo
mesonic and baryonic elliptic flow are also consistent w
the formation of hadrons via quark coalescence@31#. Within
this picture, one similarly expects a larger saturation value
v2 for protons than for pions.

V. FREEZEOUT GEOMETRY

Let us finally comment on the implications of our resu
for the freezeout geometry of the hadronic system. In R
@14# it was pointed out that the relation between energy d
sity and pressure,e(p), for the hadronic equation of state
barely modified by the introduction of chemical potentia
Therefore, the space-time evolution of the system, which
largely driven by this relation, is not substantially alter
either. A large change, however, occurs in the relation
tween temperature and energy density,T(e), which thus in-
fluences the construction of the freezeout hypersurface
the thermal properties of the fluid on this surface. For e
ample, in chemical equilibrium, the energy density atT
5130 MeV corresponds to a temperature of only 100 M
in the presence of large chemical potentials, since the la
increase particle and energy densities approximately by
tinent fugacity factorsem/T. Therefore, the freezeout hype
surface of the hydrodynamic calculations in chemical o
equilibrium is not much different from the hypersurface
previous calculations if freezeout is performed at a com
rable energy density~i.e., the freezeout temperature
adapted accordingly!. In both cases, the fireball decouples
about 15 fm/c after equilibration~in central collisions! and
has about the same spatial extent. Only after inclusion of
initial radial flow profile is the lifetime shortened by;15%,
and the transverse expansion increases by about the
percentage. For observables, this entails smaller longitud
correlation radii ~which reflect the system’s lifetime! but
only slightly larger sideward radii. This effect reduces t
discrepancies between calculated and measured Han
Brown and Twiss~HBT! radii by a few percent@7#, but is not
sufficient by itself. Additional effects, such as viscosity@32#,

0 1 2

0

0.2

0.4

p
T
 (GeV)

v
2

π+ , 200 GeV

central

semi–centralperip
heral

0 1 2
p

T
 (GeV)

α=0.02 fm –1

α=0.00

protons

central

semi–centralperip
heral

FIG. 4. Elliptic flow of positively charged pions~left! and pro-
tons ~right! for three different impact parameters. The dashed lin
include an initial transverse boost as described in the text. Das
dotted lines represent the results when assuming thermalizatio
t050.2 fm/c with a50.
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large partonic cross sections in the early phases@33#, or a
refined treatment of hadronic rescattering@5# and freezeout
@34# ~including, e.g., a larger-meson width as predicted i
Ref. @35#!, seem to be required to fully resolve the ‘‘HB
puzzle.’’

VI. SUMMARY

Based on a resonance gas equation of state that expl
incorporates hadrochemical freezeout by employing che
cal potentials for~stable! mesons and baryons in the hadron
evolution, we have performed hydrodynamic simulations
heavy ion collisions at full RHIC energy. We have compar
the results for pion, kaon, and protonpT spectra to prelimi-
nary data from 200A GeV Au1Au collisions at different
centralities. Our investigations indicate the necessity of
initial ~prehydrodynamic! transverse flow to better accou
for the slopes of the observed spectra. Good agreement
ra
02

ys
.

e

s

ys

-

.

04490
tly
i-

f
d

n

ith

preliminary data for transverse momentum spectra in cen
collisions is obtained up to;1.5–2 GeV for pions, and up
to at least 3 GeV for protons. We further studied the infl
ence of hadrochemistry and initial flow on elliptic flow an
source geometry. The former has been presented as a pr
tion for pions and protons for upcoming experimental ana
ses. For the latter, some improvement with respect to
discrepancy between model and data has been found,
additional effects remain mandatory.
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