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Probing the equation of state in Au1Au at 11 GeV/nucleon
with „311…-dimensional hydrodynamics

N. Arbex,1,* U. Ornik,2,† M. Plümer,1,‡ and R. M. Weiner1,§
1Physics Department, University of Marburg, Marburg, Germany

2Soultek Internet Service, Marburg, Germany
~Received 18 June 1996!

The effect of~i! the phase transition between a quark gluon plasma~QGP! and a hadron gas and~ii ! the
number of resonance degrees of freedom in the hadronic phase on the single inclusive distributions of 16
different types of produced hadrons for Au1Au collisions at the Brookhaven Alternating Gradient Synchroton
~AGS! energies is studied. We have used an exact numerical solution of the relativistic hydrodynamical
equationswithout free parameterswhich, because of its~311!-dimensional character, constitutes a consider-
able improvement over the classical Landau solution. We assume chemical equilibration and we use two
different equations of state~EOS!: one describing a phase transition from QGP to the hadronic phase and two
versions of a purely hadronic EOS; we find that the first one gives an overall better description of the Au1Au
experimental data at AGS energies. We reproduce and analyze measured meson and proton spectra and also
make predictions for antiprotons, deltas, antideltas, and hyperons. The lowmt enhancement inp

2 spectra is
explained by baryon number conservation and strangeness equilibration. The sensitivity of various production
channels to the EOS is analyzed.@S0556-2813~97!04401-4#

PACS number~s!: 25.75.Dw, 12.38.Mh, 21.65.1f, 24.10.Nz
d

of

v
b-
h
al

ys
if
ip
ad

o

el
,

m
te

u

but
ich
ac-
only
and
the

hot

ich
osi-

ith

ple

i-
i.e.,
de-

qui-
li-

to

the

of
I. INTRODUCTION

Two main conclusions can be drawn so far from the stu
of heavy ion reactions at AGS~Alternating Gradient Syn-
chroton! and SPS~Super Proton Synchroton–CERN! accel-
erators:~i! nuclear matter is not transparent@1#. In particular
for collisions of heavy nuclei at AGS~Au1Au! the shape of
the proton rapidity density distribution around the center-
mass rapidity suggests an almost total nuclear stopping@2#,
which also means that high baryon densities are achie
@3#. ~ii ! The assumption of local thermodynamical equili
rium leads to an astonishing agreement with the data. T
follows among other things from the fact that simple fireb
models @4,5# which take into account a longitudinal flow
component can explain many features of the data.

These aspects justify the investigation of heavy ion ph
ics with more realistic hydrodynamical models which—
applicable—would serve as a powerful tool for the descr
tion of strongly interacting many particle systems and h
ronic multiparticle production@6–12#.

The basic hydrodynamical model is a generalization
statistical models introduced in the early fifties@13#. It was
introduced by Pomeranchuck and Landau@14–18# who re-
moved several weak points of the previous fireball mod
The unrealistic concept of a fireball in global equilibrium
which is not consistent with the covariant relativistic dyna
ics of the collision, was replaced by the concept of a sys
in local equilibrium.

The latter concept is more general and takes into acco
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that the whole system is not yet completely equilibrated,
has inhomogeneities caused by the initial dynamics, wh
are controled by the strong interaction. It also takes into
count that a system at very high temperatures does not
evaporate particles from the surface but also has to exp
because of the strong internal pressure. The details of
expansion are determined by the equation of state~EOS!,
which describes the properties of strongly interacting
hadronic matter.

The expansion leads to a cooling of the system wh
changes the absolute particle yields, the chemical comp
tion of the fireball~particle ratios!, the momentum distribu-
tions, as well as the mean free path, which increases w
decreasing density~or temperature! of the system. If the
mean free path is large enough the particles decou
~freeze-out! from the fireball.

The concept of local equilibrium and relativistic covar
ance also requires that decoupling takes place locally,
the particles are emitted when the fluid cell reaches the
coupling temperatureTf .

1 In other words, belowTf the
mean free path becomes too large in order to maintain e
librium. A local freeze-out usually leads to a very comp
cated shape of the emission region in space-time~the freeze-
out hypersurface!.

From the hydrodynamical point of view it is convenient
divide a heavy ion collision into three stages.~1! The com-
pression and thermalization of nuclear matter forming
locally equilibrated fireball~compression stage!. ~2! The hy-
drodynamical expansion of the fireball~expansion stage!. ~3!
The decoupling of particles~freeze-out!.

Supported by the observation of a high amount

1In this work we choose a critical temperatureTf on the order of
the pion mass for the freeze-out criterion.
860 © 1997 The American Physical Society
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55 861PROBING THE EQUATION OF STATE IN Au1Au AT . . .
stopping,2 we have extended the~311!-dimensional hydro-
dynamical description HYLANDER@19#, applied in the past
in, e.g. @8–10,12#, to the very beginning of the fireball for
mation process, when the two nuclei touch each other.

The purpose of this work is~1! to report on this extension
~2! to apply the above hydrodynamical formalism to Au1Au
reactions at AGS in order to investigate the EOS as wel
the possibility of a phase transition, and~3! to make predic-
tions for yet unobserved particle species and their spect

The paper is organized as follows. In Sec. II we descr
the hydrodynamical model. In Sec. III we introduce t
equations of state under investigation. In Sec. IV the res
of the simulations are shown. It contains an analysis of
equations of state and the corresponding properties of
simulated fireballs, and the comparison with published d
for protons, pions and kaons, as well as predictions for a
protons, heavy baryons and heavy antibaryons. In Sec. V
present a description for the negative pion enhancement
discuss strange particle rates. Section VI contains a dis
sion of our results.

II. HYDRODYNAMICAL MODEL

In their simplest form the hydrodynamical equations
not include dissipative effects. The incorporation of dissip
tion in a relativistically covariant way is up to now ver
difficult and requires approximations. Some progress in
field has been made for two and three fluid dynamics
dissipative shock waves@20–23#. In the following we will
restrict ourselves to one fluid3 described by the relativistic
Euler equations. Since we consider here central collisio
we assume axial symmetry around the beam direction.

From

]mT
mn50, ]mB

m50,

Tmn5~e1P!umun2Pgmn, Bm5bum ~1!

We write:

]E

]t
52¹„~E1P!v… energy conservation,

]Mi

]t
52¹~Miv!2

]P

]xi
momentum conservation,

]~bg!

]t
52¹bv baryon number conservation,

T005E5g2~«1Pv2!,

T0a5M5g2~«1P!v, a51,2,3, ~2!

2In the present work we are using a new version of the alre
known HYLANDER code, called HYLANDER-PLUS. It contain
~a! all possibilities of calculation from the old version,~b! the just-
mentioned extension of~311!-dimensional description to the earl
stages of the collision process to simulate reactions with very h
amount of stopping,~c! the possibility to use different equations o
state to solve the hydrodynamical equations and obtain the par
spectra,~d! the calculation of positive hadrons spectra, and~e! the
calculation of spectra for heavy baryons and antibaryons.
3For ~311!-dimensional relativistic one-fluid-dynamics see, f

instance@15,19,11# and @24–28#.
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whereTmn is the energy-momentum tensor,um is the four-
velocity, v(xW ,t) is the velocity,P is the pressure,« is the
energy density, andb is the baryon density of the fluid
g51/A12v2.

The solution of these equations is determined by the eq
tion of state which can be written in the form

P5c2~«,b!e. ~3!

It governs the compression, the expansion, and the freeze
surface shape of the fireball.

If the local temperature drops below a critical valu
(Tf) @corresponding to a critical densityr5r(Tf)# the par-
ticles are assumed to decouple~locally! from the fluid, i.e.,
hydrodynamics is not applicable beyond this point. The p
mordial resulting particle spectra are then given, in the
sumption of chemical equilibrium, by the Cooper-Frye fo
mula @29#:

E
dN

dpW
5

gi
~2p!3

E
s

Pmdsm

exp@~Pmu
m2ms2mb!/Tf #61

, ~4!

which describes the distribution of particles with degene
tion factorgi and four-momentumP

m emitted from a hyper-
surface elementdsm with four-velocityum.4

After the cascading of the resonances we obtain the fi
observable spectra.

For a given EOS the procedure to determine the stran
ness and baryonic chemical potentials is based on the
quirement that the energy density, baryon density, a
strangeness density of the fluid are equal to those of
system after chemical freeze-out~see, for details,@8#, @19#, or
@31#!.

In our earlier approach~for example,@8,9,12#! at SPS
energies we took into account that, due to transparency
fects, the local equilibrium state is reached after undergo
a nonequilibrium stage, which is not treatable with hydrod
namics. Therefore we started our simulation in an interme
ate state which we had to model by introducing some par
eters based on ‘‘reasonable’’ assumptions about the in
configuration. However both for S1S and Pb1Pb @12# col-
lisions we found that the inelasticity necessary to descr
the data was larger than 70%. For lower energies~AGS! the
inelasticity ~or amount of stopping! is expected to increase

Therefore in the present paper we extend
HYLANDER code using a different approach to the hydr
dynamics of heavy ion collisions suited for processes w
~almost! full stopping. It is based on the original Landa

y

h

le

4Particles produced with momentapm pointing into the interior of
the emitting isotherm (pmdsm,0) were assumed to be absorbe
and therefore their contribution to the total particle number w
neglected. In Ref.@30# this effect was indeed estimated to be ne
ligible. Another effect is the interaction of the freeze-out syste
with the rest of the fluid. This effect can be estimated by compar
the evolution of the fluid with and without the frozen-out part. Th
is done by equating the frozen-out part with that corresponding
the equation of hydrodynamics to the caseP50. The fluid param-
eters are modified by this procedure at a level not exceeding 1
@19#.
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862 55N. ARBEX, U. ORNIK, M. PLÜMER, AND R. M. WEINER
model @14,15# where the process of stopping is also trea
hydrodynamically, rather than being parametrized by so
initial conditions as in@9,10#. As will be explained below,
our approach constitutes an important improvement over
old Landau approach as it eliminates all approximations
made.

The starting point of the model are two colliding cylinde
at zero temperature and nuclear ground state density.
width in longitudinal ~beam! direction is given by the
Lorentz-contracted nuclear diameter in the equal velo
frame. This problem was solved by Landau analytically@14#
with the following approximations:~1! the assumption of
one-dimensional~1D! shock waves,~2! the 1D hydrody-
namical description for the beginning of the expansion p
cess followed by an approximated~311!-dimensional ana-
lytical solution, and~3! an equation of state of the typ
P5c0

2« wherec0 is the constant velocity of sound.
In the present work we do not use any of these appro

mations, since both thecompression stageand theexpansion
stageare described by a fully~311!-dimensional hydrody-
namical simulation.5

As a consequence we have additional contributions to
particle spectra from the very earlycompression stage. The
Au1Au system at AGS spends about 4 fm/c in this stage.6

Given the fact that, due to this treatment, there are no
parameters necessary to describe the initial conditions of
fireball, it becomes now possible to study the sensitivity
the results to the properties of the EOS. This will be done
applying our solutions of~311!-dimensional hydrodynamic
to Au1Au reaction at the AGS.

III. THE EQUATIONS OF STATE

In this work we considered two models for the EOS as
input to solve numerically the relativistic hydrodynam
equations with the HYLANDER-PLUS code.

~1! First we present an EOS given by a parametrization
lattice-QCD results@33# and two asymptotic conditions
limT→`c0

251/3 and limT→0c0
251/7 @30,32#. It describes a

first order phase transition between quark gluon plasma
hadronic matter atT5200 MeV.7 Although this EOS does
not contain baryons, our hydrodynamical equations~1,2! do
consider them explicitly. This is not a contradiction, b
rather corresponds to the assumption that the presenc
baryons does not modify drastically the EOS. The fact t

5Another improvement which the new approach presents is
the starting point in this calculation are two collidingspheresLor-
entz contracted in the longitudinal direction.
6Landau used a 1D approximation of this stage and neglecte

contribution to the spectra. This is justified only at extremely h
energies where the Lorentz contracted longitudinal diameters be
collision are very small compared to the lifetime of the system. I
not the case for AGS energies. Squeeze-out effects and trans
motion are also not present in Landau’s approach.
7In @33# a pure gluonic system is considered. Results conside

dynamical quarks lead to a critical temperatureTc between 150 and
220 MeV @34# ~cf. also Quark Matter 96!.
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the data can be described with such an EOS gives s
support to this assumption.8

We will refer to this EOS aslattice-EOS.
~2! Secondly we considered two versions of a resona

gas equation of state@20,35#, which differ in the number of
included resonances. In the following we will refer toRG1.5
for a resonance gas including resonances with masses u
1.5 GeV andRG2 for a gas of resonances of masses up
2 GeV. In these EOS, in opposite to the lattice-EOS,
baryon chemical potential is considered explicitly.

IV. RESULTS

A. Energy density, baryon density, and lifetime

Table I shows the values for maximum energy dens
maximum baryon density and the time it takes until the fi
ball is completely transformed into free particles~lifetime!.
All these simulations start at the moment of the impact
tween the nuclei (t50).

The system spends one third of its lifetime in the co
pression stage, confirming the importance of this part of
process.

The values for lifetime, maximum baryon and ener
density for lattice-EOS and RG2 are surprisingly similar, b
this does not necessarily mean that the behavior of each
cell ~and of the whole fluid! until freeze-out is also the same
To investigate this we study the trajectory of the fluid e
ments in a phase diagram of energy density versus temp
ture, for the three EOS~see Fig. 1!. In this figure we plot the
temperature and energy density for each fluid cell w
T.139 MeV ~which means for allxW and t), starting at the
beginning of the simulation.

One sees that for lattice and RG2 the fluid elements
scribe a trajectory in almost the same energy density
temperature range. For both simulations the fluid eleme
can reach temperatures up to 215 MeV and energy dens
bigger than 6 GeV/fm3, for lattice-EOS this correspond t
temperatures slightly above the phase transition tempera

The trajectory for RG1.5 is located in a very differe
range. The explicit dependence on a baryonic chemical
tential in RG2 and RG1.5 appears just in the ‘‘width’’ of th
curve. It is interesting to note that even in the case of RG
and RG2 wherem enters explicitly in the calculation the
baryon dependence is weak, i.e., the ‘‘width’’ of these curv
is surprisingly small.

at

its
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s
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g

8Lattice QCD calculations withmbÞ0 do not yet exist.

TABLE I. Maximum values for energy density, baryon densit
and lifetime for hydrodynamical simulations~HYLANDER-PLUS!
using three different EOS.n0 is the normal baryon density.

Lattice EOS RG2 RG1.5

Max. energy
density

6.6 GeV/fm3 7.5 GeV/fm3 2.5 GeV/fm3

Max. baryon
density

13.6n0 16.7n0 5.6 n0

Lifetime 10 fm/c 10 fm/c 15 fm/c
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55 863PROBING THE EQUATION OF STATE IN Au1Au AT . . .
The similarity in the results for energy density, bary
density and lifetime for lattice-EOS and RG2 can be e
plained by Hagedorn’s model@35#. Increasing the number o
resonances in the hadronic gas EOS induces a p
transition-like behavior in the development of the fireball9

The sensitivity of the produced particle spectra to th
differences in the EOS10 is the subject of the following sub
sections.

B. Particle spectra

At freeze-out temperature we treat explicitly the emiss
of protons, neutrons, pions, kaons, antiprotons~directly pro-
duced! and the particles/resonances:v(783),h,h8, r,K0,
K* , D,S,L,J and correspondent anti-particles~see@9#!. The
results we present in the next subsection take into acc
the contribution from the decay of particles.

1. Spectra of protons, pions, and kaons

In Fig. 2 we compare the transverse ma
(mt5Am21pt

2) spectra of protons, positive and negati
pions for different rapidity intervals from ourRG1.5 simu-
lation with experimental data@2,3#. All spectra obtained for
this EOS differ considerably from the data.

In Fig. 3 we show the corresponding results from o
simulation using thelattice-EOS. One can see that, exce
for the very central region~last curve!, where the proton
production is overestimated, the experimental proton spe
are very well fitted. The fits for positive and negative pio
show the same tendency: significant deviation from the d
we observed only in the very central rapidity region~first
curve!. In all cases there is a small overestimate of parti
production at largept , which means in hydrodynamica
terms an overprediction of transverse flow.

In the last section we mentioned the similarity in the lif
time, baryon and energy density, as well as the trajector
the fluid elements arising from lattice-EOS and RG2 simu
tions. Therefore we expect that the RG2 spectra are m
similar to the spectra obtained using lattice-EOS than to
ones using RG1.5.

The simulation using RG2 confirmed this expectatio
One can see this in Fig. 4 where we consider themt spectra
resulting from the simulation withRG2. Particularly for
pions we observe a very good agreement with the data. E
the overestimate of pions at largept observed for the lattice

9An important and obvious question is whether this behavior
the fluid elements will be the same for other nuclear reactions.
performed a simulation for Pb1Pb at 160 GeV/nucleon to try to
answer this question. We used the same initial condition as in
present paper and two EOS, namely lattice and RG2. The resu
trajectory of the fluid elements differs from that for the AGS sy
tem. The difference between both EOS appears for tempera
larger than 0.2 GeV. What this implies for the particle spectra w
be discussed elsewhere@36#.
10By imposing energy-momentum conservation at freeze-out

reduce the errors involved by the fact that the Cooper-Frye form
assumes an ideal gas EOS, while the fireball is governed by
RG1.5 or RG2 EOS, to a level of about 5%. For the lattice-E
this problem does not exist because of the asymptotic conditio
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EOS simulation vanishes. In the case of protons we obse
deviations only in the very central rapidity region.

In Fig. 5 we compare the spectra, at fixed rapidity, for
three simulations. Here one can see that for the protons
best fit is clearly given by the lattice-EOS simulation. F
positive pions the simulation by RG2 is better and for ne
tive pions the best results are obtained with both lattice-E
and RG2.

If we take into account the so far available data we c
already conclude that a medium with a large number of
ternal degrees of freedom~a very ‘‘soft’’ EOS! is favored.

All three simulations show at midrapidity an overestima
of proton and pion yields. We attribute this effect to th
transverse squeeze-out of nuclear matter which has its m
mum at zero impact parameter~central collisions!. We recall
that the data are sampled over a finite impact param
(b) region,11 whereas the simulation is really atb50, there-
fore the squeeze-out appears diluted in the data.

However we do not encounter the problem cited in@2#
~and references quoted there for Monte Carlo models! which
could not reproduce the flatness and shape of the proton
pion spectra.

The enhancement at lowmt exhibited in thep
2 spectra is

present in all three simulations. We can reproduce this ef
in a natural way just by taking into account resonanc
baryon conservation and strangeness equilibration, with
invoking statistical and systematic errors in the data, as
done in@3#. This manifests itself not only as a change in t
shape of thep2 spectra but also as an increase of the to
multiplicity of negative pions compared to the positive one
A more precise analysis ofp2 andp1 production will be
presented in the next section.

Now we turn to rapidity distributions12 ~Fig. 6!.
For protons and pions the already observed tendenc

confirmed, namely the results arising from the simulatio
with lattice-EOS and RG2 are closer to the data than RG

In pion production one can see here explicitly that t
hydrodynamical simulation produces more negative pio
than positive ones, a fact which is confirmed by the expe
ment.

In the rapidity distribution analysis we include a compa
son between our results and strange particle production d
This is of particular importance because of the well kno
proposal to look at strangeness production as a signatur
QGP ~cf. e.g.@37–40# for more recent references!.

In Fig. 6 one also can see that for the kaon rapidity sp
tra the difference between the three simulations is more p
nunced, particularly for negative kaons. The comparis
with preliminary data favours the lattice-EOS.

As an preliminary conclusion for this subsection w
can say that the results are generally in surprisingly go
agreement with the data, especially if one takes into acco
that we do not need any parameters other than those
enter the EOS.
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11The ‘‘very central’’ data~4% centrality! for Au1Au AGS cor-
respond to an impact parameterb,2.6 fm @Y. Akiba ~private com-
munication! and QM96#.
12The calculation of rapidity distributions from our model do n

contain the phase space cuts at lowmt .
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FIG. 1. Plot of temperature and energy density of each fluid cell withT.139 GeV, from the beginning of the collision, for th
hydrodynamical simulation~HYLANDER-PLUS! using the different EOS. The figure shows the trajectory of the cells in the (e,T) diagram
until they freeze out~a! for RG1.5,~b! for lattice EOS and~c! for RG2.
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55 865PROBING THE EQUATION OF STATE IN Au1Au AT . . .
FIG. 2. Transverse mass spectra for five rapidity intervals for protons, positive and negative pions using the equation of state R
data~taken from@3,2#! and hydrodynamical simulated curves~HYLANDER-PLUS! are shown for rapidity bins from 1.7 to 2.5~for pions!,
from 0.9 to 1.7~for protons!. In both cases the bin size is 0.2 and the bins are centered aroundycentral51.6.



data and

866 55N. ARBEX, U. ORNIK, M. PLÜMER, AND R. M. WEINER
FIG. 3. Transverse mass spectra for five rapidity intervals for protons, positive and negative pions using lattice EOS. The
rapidity intervals are the same as in Fig. 2.
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FIG. 4. Transverse mass spectra for five rapidity intervals for protons, positive and negative pions using RG2. The rapidity inte
data are the same as in Figs. 2 and 3.
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FIG. 5. Comparison of themt spectra at fixed rapidity (y52.1 for pions andy51.3 for protons! for hydrodynamical simulations
~HYLANDER-PLUS! using lattice, RG2 and RG1.5 equations of state.



tr

e
a
,
b
re

d
c
t
e
d
ro

s
t
h

or
o

r-

m-

ty

or

l

-
he

55 869PROBING THE EQUATION OF STATE IN Au1Au AT . . .
We also see that the presence or absence of a phase
sition cannot be determined by the analysis ofmt spectra of
protons and pions.

The situation appears to be different if we look at oth
aspects such as the total number of produced protons
pions~see Table II! and the rapidity distributions of protons
pions and especially kaons, where we observe remarka
differences between the spectra resulting from the th
simulations.

Since kaon production in a baryon-rich medium is linke
to hyperon production and chemical equilibration we expe
from those also a sensitivity in the hyperon yield related
the EOS. Motivated by this fact we will investigate in th
following the rapidity distributions of deltas, hyperons an
their corresponding antiparticles. We also consider antip
ton production.

The data are generally better described if one use
‘‘softer’’ EOS. Because of that from now on we will restric
the discussion to the results from the simulations with t
lattice-EOS and RG2.

2. Predictions for antibaryons and heavy baryon production

In Figs. 7, 8, and 9 we show the rapidity distributions f
antiprotons, heavy baryon and heavy antibaryon producti

FIG. 6. Rapidity distribution for protons, pions and kaons f
hydrodynamical simulations~HYLANDER! using lattice, RG2 and
RG1.5. equations of state. The data are from@3#.
an-
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Table II shows the total particle number for all created pa
ticles and antiparticles for the two simulations.

The lattice-EOS produces a larger or a comparable nu
ber of heavy baryons and heavy anti-baryons than RG2~ex-
cept forD). The largest differences are predicted forJ, V,
D̄ and p̄.13

For heavy baryons~Fig. 8! differences appear in the for-
ward rapidity spectra (y.1.0). TheV production differs in
the whole rapidity range. For the heavy antibaryons rapidi
spectra~Fig. 9! differences appear in the whole rapidity

FIG. 7. Rapidity distribution for antiprotons for hydrodynamica
simulations~HYLANDER-PLUS! using lattice and RG2.

13The directp̄ production contributes with only;30% to the total
p̄ abundancy total numbers.

TABLE II. Total multiplicities of produced particles and anti-
particles from simulations using the three different EOS. The num
bers take into account the shown isospin degeneracy factors. T
data are from@3#. @The error bars are around 10%. Y. Akiba~pri-
vate communication!.#

Particle Lattice EOS RG2 Deg. factor data

p 132.800 140.200 1 160
p1 140.200 100.800 1 115
p2 155.000 109.000 1 160
K1 29.000 25.800 1
K2 6.000 2.000 1

J 4.100 2.400 2
D 153.300 197.600 4
L 16.200 13.700 1
V 0.200 0.080 1
S 31.300 26.800 3

p̄ 0.200 0.100 1

J̄ 0.075 0.080 2

D̄ 0.095 0.044 4

L̄ 0.055 0.036 1

V̄ 0.020 0.030 1

S̄ 0.100 0.070 3
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range, except forJ̄, where the difference appears only in th
forward region (y.1.0).

V. HIGHLIGHTS

In the following we would like to emphasize three r
markable results of our calculations:~a! the enhancedp2

production compared withp1 production; ~b! the ratio
NJ2 /NL ; and ~c! the rateK/p.

~a! Taking into account baryon and strangeness conse
tion as well as strangeness equilibration at AGS energies
including the decay of the resonances in the final stage in
model the differenceNp22Np1 is given by Np22Np1

.0.64NL1NS2(1190) 1 0.64NS0 2 0.48NS111.64NJ2

10.64NJ0, i.e., the hyperons and their decay mainly det
mine the difference betweenp2 and p1 total numbers.
Since our model fits both thep2 andp1 spectra, we have a
natural and simple explanation for the experimentally o
served difference in the multiplicities of positive and neg
tive pions. This also explains the experimental observa
from flow analysis thatp2 flow is correlated with the
protons,14 as thep2 contribution from hyperon decays i
connected to the baryon flow.15

~b! In @45# multi-strange hyperons (S>2) and strangelets
are suggested as better signatures than single-strange
ticles (S51). The first report aboutJ2 production in heavy
ion collisions at AGS@46# ~for Si 1 Pb! mentions that the
observed rates are at least five times bigger than all pre
cascade model predictions. There are no such data ava
for Au1Au collisions at AGS energies at the moment, b
Si1Pb at AGS energies constitutes an experiment in
same energy range, with a high baryon density and a h
amount of stopping. Encouraged by these aspects we c
pare our results with these data.

For Au1Au we find the following results:
NJ2 /NL50.126~lattice-EOS! andNJ2 /NL50.090~RG2!,
which are compatible with the experimental value
0.1260.02 for Si1Pb ~AGS!. However the difference be
tween lattice-EOS and RG2 simulations is not very b
which leads us to the tentative conclusion that theJ2 pro-
duction does not necessarily serve as a better signal for Q
than other strange particle yields.

~c! The experimental ratiosK/p for Si1Au ~AGS! were
measured and published in@47#. The values are
K1/p150.19260.03 and K2/p250.03660.008 in the
midrapidity region and they have been presented as intr
ing results because of the large strangeness yields comp
with S1S ~SPS!, where both values are about 0.11. F
Au1Au ~AGS! experiment the ratioK1/p1 is found to be
0.21 @3# and the negative ratio was not yet published.

14T. Hemmick~private communication! and QM96.
15In Ref. @43# the authors investigate the lowmt enhancement in

p2 production for Pb1Pb system at SPS energies and attribute i
the Coulomb effect. It is likely that the explanation presented ab
for the AGS data applies in this case too. Results on this sub
will be presented elsewhere@44#. This sugests that the Coulom
effect invoked to explain these data is probably much weaker t
assumed in@3,43#.
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The results are remarkable in the sense that there are
strange particles present in the initial state and a signific
rate of strange particle production is only understandable
strange chemical equilibrium is established during the re
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FIG. 8. Rapidity distribution for heavy baryon production~D, S,
L, V andJ! for hydrodynamical simulations~HYLANDER-PLUS!
using lattice and RG2.
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tion. Strangeness equilibration however is not easy to just
in a pure hadronic scenario.

From our calculations, which includes the assumption
strangeness equilibrium, we findNK1 /Np150.207 ~lattice-

FIG. 9. Rapidity distribution for antibaryons production
(D̄,S̄,L̄,V̄ andJ̄) for hydrodynamical simulations~HYLANDER-
PLUS! using lattice EOS and RG2.
fy

f

EOS! and 0.256 ~RG2!, which are in surprisingly good
agreement with the experimental results, especially for
lattice-EOS scenario. The numbers from the lattice-EOS
RG2 simulation are not very different and we can conclu
therefore that this result is a strong indication of local equ
bration ~including strangeness equilibrium! of the system.
The signal however is not very sensitive to the concrete t
of the EOS.

On the other side, clear differences appear~see Table II!
for the other ratio:NK2 /Np250.038 ~lattice-EOS! and
0.018 ~RG2!. Experimental information about this ratio i
very important and should be treated with care.

From our results we can conclude that a hadronic scen
considering strangeness equilibration can also explain
difference between the positive and the negative ratios.16

VI. CONCLUSIONS

We have demonstrated that the 3D-hydrodynami
model presented above can describe quite reasonably
AGS data for Au1Au reactions. This suggests that the h
pothesis of local thermodynamical equilibrium applies a
for the early stage of the reaction.

We showed that both an EOS based on QCD lattice
culations exhibiting a phase transition between quark glu
plasma/hadronic phase~lattice-EOS! and a resonance ga
EOS including resonances with masses up to 2 GeV~RG2!
have the essential physical properties necessary to des
the measured proton and pionmt spectra. An EOS describe
by a resonance gas with a small number of degrees of f
dom ~RG1.5! is not consistent with these data. However,
shown by Hagedorn@35# the RG2 scenario is related to th
idea of a phase transition. This phase-transition-like beha
becomes even more pronounced if one adds higher r
nances. However, we note that the assumption of stra
chemical equilibration, which is assumed to be present e
in this hadronic scenario, is not easy to justify in the case
a pure hadronic EOS.

In a general analysis including themt spectra for protons
and pions, the total multiplicities of produced protons a
pions and their rapidity distributions we can conclude th
the lattice-EOS provides an overall better description of
Au1Au ~AGS! experimental data than a hadronic EOS.

We have also calculated the particle spectra for antiba
ons and heavy antibaryons and the ratesp/K andJ2/L in
order to investigate the influence of a phase transition on
production of these particle species.

Generally the simulation with the equation of state co
taining a QGP-hadronic phase transition between a hadr
phase and a QGP predicts a larger total multiplicity of hea
baryons and anti-baryons than with resonance gas. The
est differences in the number of produced particles app
for J, V, p̄, andD̄.

In all heavy baryon and heavy antibaryon rapidity dist
butions, the strong difference between both EOS scena
appears in the forward region of rapidity,y.1.0. ForV and
heavy antibaryons~except forJ̄) differences are also pre

16Other aspects in this discussion related to Si1Au ~AGS! is pre-
sented in@48#.
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dicted in the midrapidity interval. Despite the lower mul
plicities this could be an interesting topic for future expe
ments.

Negative kaons we found to be more sensitive to the p
ence of a phase transition in the EOS than the positives o
as well as the correspondingK2/p2 ratio. The ratio
K1/p1 has been compared with experimental data and
both scenarios~specially the lattice one! are in good agree
ment with the measured ratios, a fact which again supp
the assumption of an almost complete chemical equilib
tion. Differences between the positive and the negative ra
were found in both scenarios.

The rateJ2/L was compared with experimental data~for
Si1Pb! and is compatible with them. The results for bo
scenarios are not very different and therefore we concl
this ratio involving a multistrange hyperon does not app
to be a better signature then theS51 particle yields.

A particularly important aspect of our investigation is th
the high negative pion multiplicity in this experiment can
obtained in a natural way just taking into account baryon a
strangeness conservation, strangeness equilibration and
hy
v.

X

H

,

.

ik
s-
es,

d

ts
-
s

e
r

t

d
so-

nance decays. It has its origin mainly in theL,S, andJ
channels, as we showed in detail in the previous section.
low mt enhancement inp

2 spectra can also be explained
this way. We conclude that, contrary to the statement m
in @43#, the Coulomb effect does not strongly affect the pi
spectra.

Another step in the investigation of the equation of st
which governs the heavy ions physics would be to realize
same simulation using an EOS based on lattice-QCD ca
lations extended into the baryonic sector.
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