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The effect of(i) the phase transition between a quark gluon plagR@P and a hadron gas and) the
number of resonance degrees of freedom in the hadronic phase on the single inclusive distributions of 16
different types of produced hadrons for Ahu collisions at the Brookhaven Alternating Gradient Synchroton
(AGS) energies is studied. We have used an exact numerical solution of the relativistic hydrodynamical
equationswithout free parametershich, because of it§3+1)-dimensional character, constitutes a consider-
able improvement over the classical Landau solution. We assume chemical equilibration and we use two
different equations of stat&0S: 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 ofitlel Au
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,l@vhancement inr~ spectra is
explained by baryon number conservation and strangeness equilibration. The sensitivity of various production
channels to the EOS is analyz¢80556-281@7)04401-4

PACS numbgs): 25.75.Dw, 12.38.Mh, 21.65.f, 24.10.Nz

I. INTRODUCTION that the whole system is not yet completely equilibrated, but
has inhomogeneities caused by the initial dynamics, which
Two main conclusions can be drawn so far from the studyare controled by the strong interaction. It also takes into ac-
of heavy ion reactions at AG8Alternating Gradient Syn- count that a system at very high temperatures does not only
chroton) and SPSSuper Proton Synchroton—CERMccel-  evaporate particles from the surface but also has to expand
erators:(i) nuclear matter is not transpardi. In particular  because of the strong internal pressure. The details of the
for collisions of heavy nuclei at AGBAu+Au) the shape of expansion are determined by the equation of stE@®S,
the proton rapidity density distribution around the center-ofwhich describes the properties of strongly interacting hot
mass rapidity suggests an almost total nuclear stopf#hg hadronic matter.
which also means that high baryon densities are achieved The expansion leads to a cooling of the system which
[3]. (i) The assumption of local thermodynamical equilib- changes the absolute particle yields, the chemical composi-
rium leads to an astonishing agreement with the data. Thig,, of the fireball(particle ratiog, the momentum distribu-
follows among qther thlngs from the fact that slmple f'reba"tions, as well as the mean free path, which increases with
models[4,5] which take into account a longitudinal flow decreasing densityor temperature of the system. If the

component can explain many features of the data. . .
These aspects justify the investigation of heavy ion phys-meam free path is large enough the particles decouple

ics with more realistic hydrodynamical models which—if (freeze-out from the f|reba||.__ . . .
applicable—would serve as a powerful tool for the descrip- The concept_ of local equmbrlgm and relativistic covari-
tion of strongly interacting many particle systems and had@MC€ also requires that decoupling takes place locally, i.e.,
ronic multiparticle productiofi6—12. the pgrucles are em|tted1when the fluid cell reaches the de-
The basic hydrodynamical model is a generalization ofcOUPling temperaturel;.~ In other words, belowT; the
statistical models introduced in the early fiftig3]. It was ~ Mean free path becomes too large in order to maintain equi-
introduced by Pomeranchuck and Landa4—1§ who re- librium. A local freeze-out usually leads to a very compli-
moved several weak points of the previous fireball modelscated shape of the emission region in space-titne freeze-
The unrealistic concept of a fireball in global equilibrium, out hypersurface
which is not consistent with the covariant relativistic dynam-  From the hydrodynamical point of view it is convenient to
ics of the collision, was replaced by the concept of a systendivide a heavy ion collision into three stagé$) The com-
in local equilibrium. pression and thermalization of nuclear matter forming the
The latter concept is more general and takes into accourdcally equilibrated firebal{compression stage(2) The hy-
drodynamical expansion of the fireb&ixpansion stage(3)
The decoupling of particlefireeze-out

*Electronic address: ARBEX@MAILER.UNI-MARBURG.DE Supported by the observation of a high amount of

TElectronic address: ORNIK@WARP.SOULTEK.DE

*Electronic address:
PLUEMER@MAILER.UNI-MARBURG. DE Lin this work we choose a critical temperattife on the order of

SElectronic address: WEINER@MAILER.UNI-MARBURG.DE  the pion mass for the freeze-out criterion.

0556-2813/97/52)/860(14)/$10.00 55 860 © 1997 The American Physical Society



55 861

PROBING THE EQUATION OF STATE IN Ad-Au AT . ..

stopping? we have extended th@+1)-dimensional hydro-
dynamical description HYLANDERZ19], applied in the past
in, e.9.[8-10,13, to the very beginning of the fireball for-
mation process, when the two nuclei touch each other.

The purpose of this work i€l) to report on this extension, * The golution of these equations is determined by the equa-
(2) to apply the above hydrodynamical formalism to-A8U  tion of state which can be written in the form
reactions at AGS in order to investigate the EOS as well as 25 b
P=c“(e,b)e.

the possibility of a phase transition, af®) to make predic-
tions for yet unobserved particle species and their spectra.
The paper is organized as follows. In Sec. Il we describdt governs the compression, the expansion, and the freeze-out
the hydrodynamical model. In Sec. Ill we introduce thesurface shape of the fireball.
equations of state under investigation. In Sec. IV the results If the local temperature drops below a critical value
of the simulations are shown. It contains an analysis of th¢T;) [corresponding to a critical densig=p(T;)] the par-
equations of state and the corresponding properties of thicles are assumed to decouglecally) from the fluid, i.e.,
simulated fireballs, and the comparison with published datéydrodynamics is not applicable beyond this point. The pri-
for protons, pions and kaons, as well as predictions for antimordial resulting particle spectra are then given, in the as-
protons, heavy baryons and heavy antibaryons. In Sec. V weumption of chemical equilibrium, by the Cooper-Frye for-
present a description for the negative pion enhancement ardula[29]:
discuss strange particle rates. Section VI contains a discus-
sion of our results.

where T#" is the energy-momentum tensar; is the four-

velocity, v(ff,t) is the velocity,P is the pressures is the
energy density, andb is the baryon density of the fluid,

y=11-0v2

©)

SN g J P, do*
dp (2m)°) pexd (P U — pe— pup)/T{] =1

4

Il. HYDRODYNAMICAL MODEL

which describes the distribution of particles with degenera-

In their simplest form the hydrodynamical equations do,. .
not include dissipative effects. The incorporation of dissipa—tIon factorg; and four-momentun* emitted from a hyper-

tion in a relativistically covariant way is up to now very surL?tce terllemerﬂicr d.W'th ff?rl:r velocity u”. btain the final
difficult and requires approximations. Some progress in this b er ble cascta Ing of the resonances we obtain the fina
field has been made for two and three fluid dynamics andPservable spectra. .

dissipative shock wavel20—-23. In the following we will For a given EO.S the procedure to det.ermme the strange-
restrict ourselves to one flulddescribed by the relativistic ness and baryonic chemical potentials is based on the re-

Euler equations. Since we consider here central coIIisionsgtligﬁgneennetséhggntgify ?)?etng fli?dnsalltr)g eb(?urg??o Oiﬁzzgy'ofat%%
we assume axial symmetry around the beam direction. : )
y y system after chemical freeze-qsee, for detaild,8], [19], or

From [31])
9, T*"=0, 4,B%=0, In our earlier approactffor example,[8,9,12) at SPS
TF'=(e+P)ufu’—Pgt’, B*=bu* ) energies we took into account that, due to transparency ef-
fects, the local equilibrium state is reached after undergoing
We write: a nonequilibrium stage, which is not treatable with hydrody-

namics. Therefore we started our simulation in an intermedi-
i ate state which we had to model by introducing some param-
_ eters based on “reasonable” assumptions about the initial
m! : P ) configuration. However both for-8S and Ph-Pb[12] col-
a5t —V(M'v)— % momentum conservation, lisions we found that the inelasticity necessary to describe
the data was larger than 70%. For lower energfgsS) the
d(by) inelasticity (or amount of stoppingis expected to increase.
at Therefore in the present paper we extend the
HYLANDER code using a different approach to the hydro-
dynamics of heavy ion collisions suited for processes with
(almos} full stopping. It is based on the original Landau

—V((E+P)v) energy conservation,

=—Vbv baryon number conservation,

TO=E= (e +Pv?),

TO*=M=+%e+P)v, a=12,3, 2)

2In the present work we are using a new version of the already “Particles produced with momenpg pointing into the interior of
known HYLANDER code, called HYLANDER-PLUS. It contains the emitting isotherm [, do*<0) were assumed to be absorbed
(a) all possibilities of calculation from the old versioft) the just- and therefore their contribution to the total particle number was
mentioned extension dB+ 1)-dimensional description to the early neglected. In Ref[30] this effect was indeed estimated to be neg-
stages of the collision process to simulate reactions with very higtigible. Another effect is the interaction of the freeze-out system
amount of stopping(c) the possibility to use different equations of with the rest of the fluid. This effect can be estimated by comparing
state to solve the hydrodynamical equations and obtain the particléne evolution of the fluid with and without the frozen-out part. This

spectra,(d) the calculation of positive hadrons spectra, &dthe
calculation of spectra for heavy baryons and antibaryons.

SFor (3+1)-dimensional relativistic one-fluid-dynamics see, for
instancg/15,19,11 and[24-28§.

is done by equating the frozen-out part with that corresponding in
the equation of hydrodynamics to the cde 0. The fluid param-
eters are modified by this procedure at a level not exceeding 10%
[29].
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model[14,15 where the process of stopping is also treated TABLE I. Maximum values for energy density, baryon density,
hydrodynamically, rather than being parametrized by somé@nd lifetime for hydrodynamical simulatiorislYLANDER-PLUS)
initial conditions as iN9,10]. As will be explained below, Uusing three different EOS), is the normal baryon density.

our approach constitutes an important improvement over the

old Landau approach as it eliminates all approximations he Lattice EOS RG2 RGLS

made. Max. energy 6.6 GeV/fn? 7.5 GeV/fn? 2.5 GeV/fn?
The starting point of the model are two colliding cylinders  density

at zero temperature and nuclear ground state density. The@ax. baryon 13.6n, 16.7n, 5.6 ng

width in longitudinal (bean) direction is given by the density

Lorentz-contracted nuclear diameter in the equal velocitytifetime 10 fmk 10 fmlc 15 fmic

frame. This problem was solved by Landau analytichll]
with the following approximations(1) the assumption of
one-dimensional1D) shock waves,2) the 1D hydrody- the data can be described with such an EOS gives some
namical description for the beginning of the expansion pro-support to this assumptidh.

cess followed by an approximaté@-+1)-dimensional ana- ~ We will refer to this EOS asattice-EOS.
lytical solution, and(3) an equation of state of the type (2 Secpndly we conS|dered_ two versions of a resonance
P=c2e wherec, is the constant velocity of sound. gas equation of staf®0,35, which differ in the number of

included resonances. In the following we will referR&1.5

for a resonance gas including resonances with masses up to
: . . 1.5 GeV andRG2 for a gas of resonances of masses to
stageare described by a fully3+1)-dimensional hydrody- 5"\, " Tipece Eos gin opposite to the Iattice-EOSupthe

namical simulatiort. baryon chemical potential is considered explicitl
As a consequence we have additional contributions to the y P PlCIEy.

particle spectra from the very earbpmpression stagelrhe

Au+Au system at AGS spends about 4 &nin this stage’. IV. RESULTS
Given the fact that, due to this treatment, there are no free

parameters necessary to describe the initial conditions of the

fireball, it becomes now possible to study the sensitivity of Table | shows the values for maximum energy density,

the results to the properties of the EOS. This will be done bynaximum baryon density and the time it takes until the fire-

app|y|ng our solutions 0¢3+1)_dimensiona| hydrodynamics ball is Com.pletel)./ transformed into free partlclééetlme)
to Au+Au reaction at the AGS. All these simulations start at the moment of the impact be-

tween the nucleit=0).

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

In this work we considered two models for the EOS as an The values for lifetime, maximum baryon and energy
input to solve numerically the relativistic hydrodynamic density for lattice-EOS and RG2 are surprisingly similar, but
equations with the HYLANDER-PLUS code. this does not necessarily mean that the behavior of each fluid

(1) First we present an EOS given by a parametrization of€ll (and of the whole fluigluntil freeze-out is also the same.
lattice-QCD results[33] and two asymptotic conditions: TO investigate this we study the trajectory of the fluid ele-
|imTchS: 1/3 and |irTboC§=1/7 [30,32. It describes a Ments in a phase diagram of energy density versus tempera-
first order phase transition between quark gluon plasma ani@re, for the three EO$see Fig. 1 In this figure we plot the
hadronic matter aff =200 MeV’ Although this EOS does temperature and energy density for each fluid cell with
not contain baryons, our hydrodynamical equatiéh®) do  T>139 MeV (which means for alk andt), starting at the
consider them explicitly. This is not a contradiction, but beginning of the simulation.
rather corresponds to the assumption that the presence of One sees that for lattice and RG2 the fluid elements de-
baryons does not modify drastically the EOS. The fact thascribe a trajectory in almost the same energy density and

temperature range. For both simulations the fluid elements
can reach temperatures up to 215 MeV and energy densities
5Another improvement which the new approach presents is thabigger than 6 GeV/fr, for lattice-EOS this correspond to
the starting point in this calculation are two collidisgheres.or-  temperatures slightly above the phase transition temperature.
entz contracted in the longitudinal direction. The trajectory for RG1.5 is located in a very different
SLandau used a 1D approximation of this stage and neglected ittange. The explicit dependence on a baryonic chemical po-
contribution to the spectra. This is justified only at extremely hightential in RG2 and RG1.5 appears just in the “width” of the
energies where the Lorentz contracted longitudinal diameters beforeurve. It is interesting to note that even in the case of RG1.5
collision are very small compared to the lifetime of the system. It isand RG2 whereu enters explicitly in the calculation the
not the case for AGS energies. Squeeze-out effects and transverBaryon dependence is weak, i.e., the “width” of these curves
motion are also not present in Landau’s approach. is surprisingly small.
“In [33] a pure gluonic system is considered. Results considering
dynamical quarks lead to a critical temperatliggbetween 150 and
220 MeV [34] (cf. also Quark Matter 96 8Lattice QCD calculations withu,#0 do not yet exist.

In the present work we do not use any of these approxi
mations, since both theompression stagand theexpansion

A. Energy density, baryon density, and lifetime

Ill. THE EQUATIONS OF STATE
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The similarity in the results for energy density, baryon EOS simulation vanishes. In the case of protons we observe
density and lifetime for lattice-EOS and RG2 can be ex-deviations only in the very central rapidity region.
plained by Hagedorn’s modgB5]. Increasing the number of In Fig. 5 we compare the spectra, at fixed rapidity, for all
resonances in the hadronic gas EOS induces a phasleree simulations. Here one can see that for the protons the
transition-like behavior in the development of the fireBall. best fit is clearly given by the lattice-EOS simulation. For
The sensitivity of the produced particle spectra to thesgositive pions the simulation by RG2 is better and for nega-
differences in the EO$ is the subject of the following sub- tive pions the best results are obtained with both lattice-EOQS
sections. and RG2.
If we take into account the so far available data we can
B. Particle spectra already conclude that a medium with a large number of in-

At f Tt i treat licitly th .. ternal degrees of freedofa very “soft” EOS) is favored.
reeze-out temperalure we treat explictly the emisSIon A three simulations show at midrapidity an overestimate

of protons, neutrons, pions, kaons, antiprot@isectly pro- of proton and pion yields. We attribute this effect to the

duced and the particles/resonances(783) 7,7/, p.Ko.  ancverse squeeze-out of nuclear matter which has its maxi-
mum at zero impact paramet@entral collisions We recall

Mat the data are sampled over a finite impact parameter
(b) region!! whereas the simulation is really lat=0, there-

fore the squeeze-out appears diluted in the data.

However we do not encounter the problem cited 24

In Fig. 2 we compare the transverse mass(and references quoted there for Monte Carlo modetsch
(my=ym?+ ptz) spectra of protons, positive and negative could not reproduce the flatness and shape of the proton and
pions for different rapidity intervals from olRG1.5 simu-  pion spectra.
lation with experimental datf2,3]. All spectra obtained for The enhancement at lom; exhibited in ther™ spectrais
this EOS differ considerably from the data. present in all three simulations. We can reproduce this effect

In Fig. 3 we show the corresponding results from ourin a natural way just by taking into account resonances,
simulation using thdattice-EOS. One can see that, except baryon conservation and strangeness equilibration, without
for the very central regiorlast curve, where the proton invoking statistical and systematic errors in the data, as was
production is overestimated, the experimental proton spectrdone in[3]. This manifests itself not only as a change in the
are very well fitted. The fits for positive and negative pionsshape of ther™ spectra but also as an increase of the total
show the same tendency: significant deviation from the datenultiplicity of negative pions compared to the positive ones.
we observed only in the very central rapidity regiffitsst A more precise analysis af~ and 7+ production will be
curve. In all cases there is a small overestimate of particlepresented in the next section.
production at largep,, which means in hydrodynamical Now we turn to rapidity distributiort$ (Fig. 6).
terms an overprediction of transverse flow. For protons and pions the already observed tendency is

In the last section we mentioned the similarity in the life- confirmed, namely the results arising from the simulations
time, baryon and energy density, as well as the trajectory ofvith lattice-EOS and RG2 are closer to the data than RG1.5.
the fluid elements arising from lattice-EOS and RG2 simula- In pion production one can see here explicitly that the
tions. Therefore we expect that the RG2 spectra are morkeydrodynamical simulation produces more negative pions
similar to the spectra obtained using lattice-EOS than to théhan positive ones, a fact which is confirmed by the experi-
ones using RG1.5. ment.

The simulation using RG2 confirmed this expectation. In the rapidity distribution analysis we include a compari-
One can see this in Fig. 4 where we considerrthespectra  son between our results and strange particle production data.
resulting from the simulation witlRG2. Particularly for  This is of particular importance because of the well known
pions we observe a very good agreement with the data. Eveproposal to look at strangeness production as a signature of
the overestimate of pions at large observed for the lattice- QGP (cf. e.g.[37—-4(0 for more recent references

In Fig. 6 one also can see that for the kaon rapidity spec-
tra the difference between the three simulations is more pro-
%An important and obvious question is whether this behavior ofnunced, particularly for negative kaons. The comparison
the fluid elements will be the same for other nuclear reactions. Wavith preliminary data favours the lattice-EOS.
performed a simulation for PbPb at 160 GeV/nucleon to try to As an preliminary conclusion for this subsection we
answer this question. We used the same initial condition as in théan say that the results are generally in surprisingly good
present paper and two EOS, namely lattice and RG2. The resultinggreement with the data, especially if one takes into account
trajectory of the fluid elements differs from that for the AGS sys-that we do not need any parameters other than those that
tem. The difference between both EOS appears for temperaturéter the EOS.
larger than 0.2 GeV. What this implies for the particle spectra will
be discussed elsewhera6].
0By imposing energy-momentum conservation at freeze-out we *'The “very central” data(4% centrality for Au+Au AGS cor-
reduce the errors involved by the fact that the Cooper-Frye formulaespond to an impact parametex 2.6 fm[Y. Akiba (private com-
assumes an ideal gas EOS, while the fireball is governed by theunication and QM94.
RG1.5 or RG2 EOS, to a level of about 5%. For the lattice-EOS *?The calculation of rapidity distributions from our model do not
this problem does not exist because of the asymptotic condition. contain the phase space cuts at low.

the contribution from the decay of particles.

1. Spectra of protons, pions, and kaons
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FIG. 1. Plot of temperature and energy density of each fluid cell With139 GeV, from the beginning of the collision, for the
hydrodynamical simulatiofHYLANDER-PLUS) using the different EOS. The figure shows the trajectory of the cells in¢h§ diagram
until they freeze outa) for RG1.5,(b) for lattice EOS andc) for RG2.
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FIG. 2. Transverse mass spectra for five rapidity intervals for protons, positive and negative pions using the equation of state RG1.5. The
data(taken from[3,2]) and hydrodynamical simulated curvg$YLANDER-PLUS) are shown for rapidity bins from 1.7 to 2(for pions,
from 0.9 to 1.7(for protons. In both cases the bin size is 0.2 and the bins are centered aygupg=1.6.
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FIG. 3. Transverse mass spectra for five rapidity intervals for protons, positive and negative pions using lattice EOS. The data and
rapidity intervals are the same as in Fig. 2.
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55 PROBING THE EQUATION OF STATE IN Ad-Au AT . .. 869

TABLE II. Total multiplicities of produced particles and anti-

100 RGLS (a) pos. pions IOOP (b) neg. pions particles fr_om simulations using the_ thret_a different EOS. The num-
' bers take into account the shown isospin degeneracy factors. The
data are fron{3]. [The error bars are around 10%. Y. Akilari-
5 g vate communication]
g %
Particle Lattice EOS RG2 Deg. factor  data
p 132.800 140.200 1 160
10 00T 1.\6 5 7Ti 140.200 100.800 1 115
10 y T 155.000 109.000 1 160
() neg. kaons K* 29.000 25.800 1
T _RGLS K- 6.000 2.000 1
3 E 4.100 2.400 2
% —————— A 153.300 197.600 4
A 16.200 13.700 1
Q 0.200 0.080 1
) 3 31.300 26.800 3
P 0.200 0.100 1
=3 0.075 0.080 2
A 0.095 0.044 4
A 0.055 0.036 1
Q 0.020 0.030 1
s 0.100 0.070 3

S ) Table Il shows the total particle number for all created par-
FIG. 6. Rapldly dISt.I’IbUtIOI’] for protons1 pions and kaons for tjcles and antiparticles for the two simulations.
hydrodynamical simulationéHYLANDER) using lattice, RG2 and The lattice-EOS produces a larger or a comparable num-

RGLS. equations of state. The data are fidf ber of heavy baryons and heavy anti-baryons than R&2
cept forA). The largest differences are predicted By (),
A andp.®
For heavy baryons$Fig. 8) differences appear in the for-
~We also see that the'presence or abser_1ce of a phase trafr rapidity spectray(>1.0). The() production differs in
sition cannot be determined by the analysisrgfspectra of  he whole rapidity range. For the heavy antibaryons rapidity

protons and pions. ; . . .
The situation appears to be different if we look at otherSpeCtra(Flg' 9 differences appear in the whole rapidity

aspects such as the total number of produced protons and
pions(see Table Il and the rapidity distributions of protons,
pions and especially kaons, where we observe remarkable
differences between the spectra resulting from the three
simulations. 1077
Since kaon production in a baryon-rich medium is linked
to hyperon production and chemical equilibration we expect
from those also a sensitivity in the hyperon yield related to
the EOS. Motivated by this fact we will investigate in the
following the rapidity distributions of deltas, hyperons and
their corresponding antiparticles. We also consider antipro-
ton production. 10°3
The data are generally better described if one uses a
“softer” EOS. Because of that from now on we will restrict
the discussion to the results from the simulations with the FIG. 7. Rapidity distribution for antiprotons for hydrodynamical
lattice-EOS and RG2. simulations(HYLANDER-PLUS) using lattice and RG2.

anti-protons

=
=
=
=

102}

2. Predictions for antibaryons and heavy baryon production

In Figs. 7, 8, and 9 we show the rapidity distributions fori}rhe directp production contributes with only 30% to the total
antiprotons, heavy baryon and heavy antibaryon productionp abundancy total numbers.
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range, except foE_, where the difference appears only inthe 100[

A (a) =
forward region §>1.0).
10}
V. HIGHLIGHTS % 1 ——= = «  lattice - eos
~
In the following we would like to emphasize three re- RGZ——"\\\
markable results of our calculation&) the enhancedr™ 0.1} AN
production compared withm* production; (b) the ratio N
N=- /N, ; and(c) the rateK/ . 0.01} o3 5 T3 % 5.5

(a) Taking into account baryon and strangeness conserva-
tion as well as strangeness equilibration at AGS energies and
including the decay of the resonances in the final stage in our
model the differenceN_,-—N_+ is given by N, —N_,
20'64\1A+N2*(1190) + 0.64N20 - 0.48N2++1.64NE'7 %
+0.64Nxzo, i.e., the hyperons and their decay mainly deter-Z 1
mine the difference betweem™ and 7" total numbers.
Since our model fits both the~ and =" spectra, we have a 0.1}
natural and simple explanation for the experimentally ob-
served difference in the multiplicities of positive and nega- ¢ o1
tive pions. This also explains the experimental observation
from flow analysis thatz~ flow is correlated with the 100}
protonst* as thex~ contribution from hyperon decays is
connected to the baryon flot. 10l

(b) In [45] multi-strange hyperonsS&2) and strangelets
are suggested as better signatures than single-strange p% 1l
ticles (S=1). The first report aboUE ~ production in heavy
ion collisions at AGY46] (for Si + Pb) mentions that the
observed rates are at least five times bigger than all present
cascade model predictions. There are no such data avaiable ,
for Au+Au collisions at AGS energies at the moment, but 0.015 0.5 1 1.5 2 2.5
Si+Pb at AGS energies constitutes an experiment in the j00f[ " T ”
same energy range, with a high baryon density and a high
amount of stopping. Encouraged by these aspects we com-

10|
pare our results with these data.

For AutAu we find the following results: &
Nz-/N,=0.126(lattice-EOS andNz- /N, =0.090(RG2), 5

which are compatible with the experimental value of
0.12+0.02 for Si+-Pb (AGS). However the difference be- 0.1¢
tween lattice-EOS and RG2 simulations is not very big
which leads us to the tentative conclusion that e pro- 0.01

duction does not necessarily serve as a better signal for QGP 23
. . 100[
than other strange particle yields.
(c) The experimental ratiok/# for Si+Au (AGS) were
measured and published i{47]. The values are 104
K*/7*=0.192-0.03 and K™ /7~ =0.036+0.008 in the =
midrapidity region and they have been presented as intrigu& 1%
ing results because of the large strangeness yields compared
with S+S (SPS, where both values are about 0.11. For 0.1}
Au+Au (AGS) experiment the ratitc /7" is found to be
0.21[3] and the negative ratio was not yet published. 0.015 53 ; ” T3 % 5 5
YT, Hemmick (private communicationand QM96. FIG. 8. Rapidity distribution for heavy baryon productigk 3,

¥In Ref.[43] the authors investigate the lom, enhancement in A, Q andE) for hydrodynamical simulation$dYLANDER-PLUS)
a~ production for PE-Pb system at SPS energies and attribute it tousing lattice and RG2.
the Coulomb effect. It is likely that the explanation presented above
for the AGS data applies in this case too. Results on this subject The results are remarkable in the sense that there are no
will be presented elsewhefd4]. This sugests that the Coulomb Strange particles present in the initial state and a significant
effect invoked to explain these data is probably much weaker thafiate of strange particle production is only understandable if a
assumed 13,43 strange chemical equilibrium is established during the reac-
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EOS and 0.256(RG2), which are in surprisingly good
agreement with the experimental results, especially for the
lattice-EOS scenario. The numbers from the lattice-EOS and
RG2 simulation are not very different and we can conclude
therefore that this result is a strong indication of local equili-
bration (including strangeness equilibrignof the system.
The signal however is not very sensitive to the concrete type
of the EOS.

On the other side, clear differences appeae Table I}
for the other ratio:Ng-/N_,-=0.038 (lattice-EOS and
0.018 (RG2. Experimental information about this ratio is
very important and should be treated with care.

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

VI. CONCLUSIONS

We have demonstrated that the 3D-hydrodynamical
model presented above can describe quite reasonably the
AGS data for Au-Au reactions. This suggests that the hy-
pothesis of local thermodynamical equilibrium applies also
for the early stage of the reaction.

We showed that both an EOS based on QCD lattice cal-
culations exhibiting a phase transition between quark gluon
plasma/hadronic phasgattice-EOS and a resonance gas
EOS including resonances with masses up to 2 @GrR%2)
have the essential physical properties necessary to describe
the measured proton and piom spectra. An EOS described
by a resonance gas with a small number of degrees of free-
dom (RG1.5 is not consistent with these data. However, as
shown by Hagedorh35] the RG2 scenario is related to the
idea of a phase transition. This phase-transition-like behavior
becomes even more pronounced if one adds higher reso-
nances. However, we note that the assumption of strange
chemical equilibration, which is assumed to be present even
in this hadronic scenario, is not easy to justify in the case of
a pure hadronic EOS.

In a general analysis including tm, spectra for protons
and pions, the total multiplicities of produced protons and
pions and their rapidity distributions we can conclude that
the lattice-EOS provides an overall better description of the
Au+Au (AGS) experimental data than a hadronic EOS.

We have also calculated the particle spectra for antibary-
ons and heavy antibaryons and the raté& and= /A in
order to investigate the influence of a phase transition on the
production of these particle species.

Generally the simulation with the equation of state con-
taining a QGP-hadronic phase transition between a hadronic
phase and a QGP predicts a larger total multiplicity of heavy
baryons and anti-baryons than with resonance gas. The larg-
est differences in the number of produced particles appear
for 2, Q, p, andA.

In all heavy baryon and heavy antibaryon rapidity distri-
butions, the strong difference between both EOS scenarios
appears in the forward region of rapidity>>1.0. ForQ) and

heavy antibaryongexcept for=) differences are also pre-

tion. Strangeness equilibration however is not easy to justify

in a pure hadronic scenario.

From our calculations, which includes the assumption of ®Other aspects in this discussion related te&ii (AGS) is pre-
strangeness equilibrium, we fifdy+ /N_+=0.207 (lattice-

sented in48].
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dicted in the midrapidity interval. Despite the lower multi- nance decays. It has its origin mainly in the>,, and E
plicities this could be an interesting topic for future experi- channels, as we showed in detail in the previous section. The
ments. low m; enhancement inr~ spectra can also be explained in

Negative kaons we found to be more sensitive to the presthis way. We conclude that, contrary to the statement made
ence of a phase transition in the EOS than the positives oneis [43], the Coulomb effect does not strongly affect the pion
as well as the corresponding /7~ ratio. The ratio spectra.

K*/7* has been compared with experimental data and and Another step in the investigation of the equation of state

both scenariogspecially the lattice orneare in good agree- which governs the heavy ions physics would be to realize the
ment with the measured ratios, a fact which again supportsame simulation using an EOS based on lattice-QCD calcu-
the assumption of an almost complete chemical equilibratations extended into the baryonic sector.

tion. Differences between the positive and the negative ratios
were found in both scenarios.

The rateE ~/A was compared with experimental détar
Si+Pb) and is compatible with them. The results for both  N.A. wants to thank T. Hemmick and Y. Akiba for im-
scenarios are not very different and therefore we concludeortant discussions. We would like to thank J. Bolz, D.
this ratio involving a multistrange hyperon does not appeafStrottman, and B. Schlei for computational help. R.W. is
to be a better signature then tBe=-1 particle yields. indebted to A. Capella for the hospitality extended at

A particularly important aspect of our investigation is that LPTHE, Univ. Paris-Sud. U.O. thanks GSI Darmstadt for
the high negative pion multiplicity in this experiment can befinancial and computational support. This work was sup-
obtained in a natural way just taking into account baryon angorted in part by the CNPg-Brasili@razil), and Deutsche

ACKNOWLEDGMENTS

strangeness conservation, strangeness equilibration and resmrschungsgemeinschd®FG).

[1] See, for example, J. Stachel and P. Braun-Munzinger, Phyg20] L. Mornas and U. Ornik, Nucl. Phy#587, 828 (1995.

Lett. B 216, 1 (1989; E814/E877 Collaboration, Phys. Rev.

Lett. 70, 2996 (1993.

[2] BNL-AGS E802/866 Collaboration, Nucl. PhyA590, 519c¢
(1995.

[3] E866 Collaboration, L. Ahlest al., Nucl. Phys.A590, 249c
(1995.

[4] E. Schnedermann, J. Sollfrank, and U. Heinz, Phys. Rei8,C
2462(1993.

[21] P. Danielewicz, Phys. Letll46B, 168 (1984).

[22] M. S. Ganagi and A. V. Gopalakrishna, Astrophys. Space Sci.
129,281 (1987.

[23] M. P. Galipo, Lett. Nuovo Ciment88, 233 (1983; 38, 427
(1983; 38,544 (1983.

[24] T. L. McBee, J. R. Wilson, J. A. Zingman, and C. T. Alonso,
Mod. Phys. Lett. A4, 983(1989.

[25] N. S. Amelinet al, Phys. Rev. Lett67,1523(1991).

[5] P. Braun-Munzinger, J. Stachel, J. P. Wessels, and N. Xu[26] B. Waldhauseet al, Z. Phys. C54, 459 (1992.

Phys. Lett. B344,43 (1995.
[6] R. B. Clare and D. Strottman, Phys. Rd@.1,177 (1986.

[27] L. V. Bravina, N. S. Amelin, L. P. Csernai, P. Levai, and D.
Strottman, Nucl. PhysA566, 461c(1994.

[7] R. Waldhauser, D. H. Rischke, U. Katsher, J. A. Maruhn, H.[28] R. Venugpalan, M. Prakash, M. Kataja, and P. V. Ruuskanen,

Stoecker, and W. Greiner, Z. Phys.5@, 459 (1992.
[8] U. Ornik and R. M. Weiner, Phys. Lett. B63,503 (199)).
[9] J. Bolz, U. Ornik, and R. M. Weiner, Phys. Lett. 45, 2047

(1992.

[10] J. Bolz, U. Ornik, M. Plmer, B. R. Schlei, and R. M. Weiner,
Phys. Lett. B300,404 (1993; Phys. Rev. D47, 3860(1993.

[11] For a recent review, see D. Strottman, Nucl. PWS66, 245c¢
(1994.

[12] U. Ornik, M. Plimer, B. R. Schlei, D. Strottman, and R. M.
Weiner, Phys. Lett. B876,212 (1996.

[13] E. Fermi, Prog. Theor. Phys, 570(1950; Phys. Rev81,683
(195)).

[14] L. D. Landau, Izv. Akad. Nauk UzSSR Ser. Fiz. Mat. Nduk
51 (1953.

[15] Collected Papers of LandaiPergamon Press, London, 1965
paper number 88.

[16] I. Y. Pomeranchuck, Dokl. Akad. Nauk SSSR, 889 (1951).

[17] S. Z. Belenkij and L. D. Landau, Fiz. Nauk6, 309 (1955.

[18] S. Z. Belenkij and G. A. Milekin, Zh. Eksp. Teor. Fi29, 20
(1955; [Sov. Phys. JETR, 14 (1976)].

[19] U. Ornik, Ph.D. thesis, Marburg Universitaet, 1990; U. Ornik

and R. M. Weiner, Phys. Lett. B63,503 (1991).

Nucl. Phys.A566, 461c(1994).

[29] F. Cooper, G. Frye, and E. Schonberg, Phys. Re.1P192
(1975.

[30] U. Ornik, F. W. Pottag, and R. M. Weiner, Phys. Rev. L68,
2641(1989.

[31] U. Ornik, M. Plumer, and D. Strottman, Phys. Lett.34,401
(1993.

[32] U. Ornik and R. M. Weiner, Phys. Rev. 86, 1263(1987.

[33] K. Redlich and H. Satz, Phys. Rev. I3, 3747 (1986.

[34] T. Blum, T. DeGrand, C. DeTar, S. Gottlieb, A. Hasenfratz, L.
Karkkainen, D. Toussaint, and R. L. Sugar, Phys. Re\a@
3377(1994), and references therein.

[35] R. Hagedorn, Nuovo Cimento Suppl.147(1965; J. Rafelski
and R. Hagedorn, itatistical Mechanics of Quarks and Had-
rons, Bielefeld Symposium, 1980, edited by H. Saiorth-
Holland, Amsterdam, 1981p. 253.

[36] N. Arbex, U. Ornik, and R.M. Weine(in preparation

[37] R. Stock, GSI-Yellow Report, Darmstad, 1981.

[38] T. A. DeGrand, Phys. Rev. B0, 2001(1984).

[39] P. Koch, B. Miler, and J. Rafelski, Phys. Refd42, 167
(1986.

[40] K. S. Lee, M. Rhoades-Brown, and U. Heinz, Phys. Re@7C



55 PROBING THE EQUATION OF STATE IN Ad-Au AT . .. 873

1452(1988. [43] C. Greiner, P. Koch, and H. Stker, Phys. Rev. Let68, 1825
[41] H. Boggild et al, Phys. Lett. B372,339(1996. (1987).
[42] N. Arbex, U. Ornik, B.R. Schlei, M. Pluemer, and R.M. [44] S. E. Eisemaret al,, Nucl. Phys. B325, 322 (1994).
Weiner, “r~ /7" ratio in heavy ions collisions: Coulomb ef- [45] T. Abbottet al, Nucl. Phys.A498, 67¢ (1989.
fect or chemical equilibration?,” Report No. hep-ph 9608437 [46] J. Cleymans, H. Satz, E. Suhonen, and D. W. Von Oertzen,
(submitted to Phys. Lett. B Phys. Lett. B242,111(1990.



