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Hydrodynamical description of 200A GeV/c S1Au collisions:
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We study relativistic S1Au collisions at 200A GeV/c using a hydrodynamical approach. We test various
equations of state~EOS’s!, which are used to describe the strongly interacting matter at densities attainable in
the CERN-SPS heavy ion experiments. For each EOS, suitable initial conditions can be determined to repro-
duce the experimental hadron spectra; this emphasizes the ambiguity between the initial conditions and the
EOS in such an approach. Simultaneously, we calculate the resulting thermal photon and dielectron spectra,
and compare with experiments. If one allows the excitation of resonance states with increasing temperature, the
electromagnetic signals from scenarios with and without phase transition are very similar and are not resolv-
able within the current experimental resolution. Only EOS’s with a few degrees of freedom up to very high
temperatures can be ruled out presently. We deduce an upper bound of about 250 MeV for the initial tem-
perature from the single photon spectra of WA80. With regard to the CERES dilepton data, none of the EOS’s
considered, in conjunction with the standard leading order dilepton rates, succeed in reproducing the observed
excess of dileptons below ther peak. Our work, however, suggests that an improved measurement of the
photon and dilepton spectra has the potential to strongly constrain the EOS.@S0556-2813~97!00701-2#

PACS number~s!: 25.75.2q, 12.38.Mh, 12.40.Ee, 47.75.1f
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I. INTRODUCTION

The use of hydrodynamics for simulations of nuclear c
lisions has a long tradition@1–3#. If applicable, hydrodynam-
ics has some advantages over the more fundamental ki
calculations, which are usually performed as Monte Ca
simulations. Besides its relative simplicity, the use of fam
iar concepts such as temperature, flow velocity, energy d
sity, pressure, etc., leads to an intuitively transparent pic
of the space-time evolution of the system. Another great
vantage is the direct use of the equation of state~EOS! of
strongly interacting matter. Testing different EOS’s by co
paring with experiments should give us more insight into
behavior of nuclear matter under extreme conditions of te
perature and/or density. This is important, since one of
main reasons to study high energy heavy ion collisions is
confirm the possible phase transition from hadronic matte
the quark-gluon plasma~QGP! @4#. The necessary energ
densities are estimated to be around 1–2 GeV/fm3, presently
experimentally available at the Brookhaven AGS and
CERN-SPS. Of these two facilities, conditions to obse
signals of the phase transition are more favorable at
CERN-SPS, because of the higher incident momenta of
nuclei.

In this work, we analyze the data from the heavy i
experiments at the CERN-SPS with 200A GeV/c incident
momentum@5–14#, concentrating on the S1 Au system. For
550556-2813/97/55~1!/392~19!/$10.00
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this system, yields of both the hadronic and electromagn
~dileptons and photons! probes are now available. A hydro
dynamical treatment of the nuclear collisions in this ene
range is not new@15–22#, but the large set of new and up
dated experimental data allows us to achieve a deeper ins
into the space-time evolution of these reactions.

In applying hydrodynamics to relativistic heavy ion coll
sions, we have relaxed many of the commonly used appr
mations. To be specific,~1! we solve the hydrodynamica
equations locally, as they are formulated, in contrast to
global ansatz in Ref.@15#; ~2! for central collisions, we de-
termine the three-dimensional solutions, instead of using
one-dimensional~longitudinal! boost-invariant hydrodynam
ics ~sometimes supplemented with approximate transve
expansion! as in @20–22#; ~3! in addition to considering
baryon number conservation in the hydrodynamical evo
tion, we include the baryonic contributions to the EOS,
contrast to@17–22#; and ~4! for a scenario with no phas
transition, we use an EOS which goes beyond the unreal
ideal massless pion gas EOS, which is used in many of
other hydrodynamical simulations. A complete hydrod
namical simulation would require the inclusion of viscos
and finite impact parameter averaging, which is neglec
here, as well as in the other appoaches cited above.

Also, previous work has mostly dealt with either hadron
spectra@15–19# or electromagnetic spectra@20–22#, but not
both. To arrive at definite conclusions about the reaction
392 © 1997 The American Physical Society
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namics and the EOS, both of these signals must be addre
concurrently. Therefore, our emphasis here is on the sim
taneous description of the hadron and electromagnetic d
Since hadrons interact throughout the dense phase of
collision, the hadronic spectra are chiefly determined fr
the conditions at the freezeout of matter. However, differ
initial conditions combined with different EOS’s can lead
the same final particle distributions. In contrast, photon a
lepton pairs are emitted throughout the dense stage and
cape without interactions. The measured spectra thus p
the different temperature and flow conditions during the e
lution. These should have a different dependence on the
tial conditions and on the EOS, in comparison to the had
spectra. This may help to further reduce the ambiguity in
initial conditions and uncertainties in the EOS.

Our hydrodynamical calculations assume azimuthal sy
metry around the beam axis. Thus, we simulate only cen
collisions with impact parameters close to zero. We do
describe the production of matter within hydrodynamics,
start the calculation at an initial time when the system
likely to have reached thermal and chemical equilibrium. W
explore different initial conditions, taking guidance from th
experimental data~where available! on particle production in
proton-proton (p1p) collisions in choosing what could b
considered as a realistic initial state. However, one mus
aware that nuclear effects are likely already present at
production stage, and the initial conditions cannot
uniquely determined fromp1p processes alone.

A major concern is the uncertainty in the nuclear EOS
is experimentally and theoretically well known only arou
the ground state of nuclear matter. At higher temperatu
and densities, model predictions are widely different. T
main goal in this study is to derive constraints on the EOS
comparing the hydrodynamical calculations with hadro
and electromagnetic data simultaneously from S1 Au col-
lisions at 200A GeV/c.

The paper is organized as follows: In Sec. II, we brie
introduce the hydrodynamical equations and address s
problems which arise when seeking numerical solutions
these equations. In Sec. III, the different EOS’s explored
described. The initial conditions are discussed in Sec. IV
Secs. V, VI, and VII, we describe the calculation of the fin
hadron, photon, and dilepton spectra, respectively. Res
are discussed in Sec. VIII, and our conclusions are give
Sec. IX. In the Appendix, we briefly explain how we inco
porated the CERES kinematic cuts and the detector res
tion.

II. THE HYDRODYNAMICAL EQUATIONS

The basic equations of hydrodynamics are the local c
servation of energy and momentum, which in Loren
covariant form are written as

]mT
mn~x!50. ~1!

We use the ideal fluid ansatz for the energy-momentum
sor

Tmn~x!5@«~x!1p~x!#um~x!un~x!2p~x!gmn, ~2!
sed
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where «(x) is the local energy density,p(x) is the local
pressure, andum(x) is the local four-velocity, normalized to
umum51. In principle, viscous effects may be included, b
would lead to a major increase in the numerical effort@3,23#.
However, the calculation generates some numerical visc
ity, as explained below.

We include finite baryon density,rB , in our system and
express baryon number conservation locally in the form

]m j B
m50, ~3!

in terms of the baryon currentj B
m5rBu

m.
Using the definition Eq.~2!, the continuity Eqs.~1! and

~3! can be written more explicitly as

] tT
001¹W •~T00vW !52¹W •~pvW !,

] tT
0i1¹W •~T0ivW !52] i p,

] t j B
01¹W •~ j B

0vW !50. ~4!

In order to solve Eq.~4!, one additional input is needed
namely, the equation of state~EOS!. The EOS relates the
pressurep5p(«,rB) to the energy and baryon densities. T
different choices of the EOS are described in the next s
tion.

The partial~hyperbolic! differential equations, Eq.~4!, are
solved numerically on a computer using a finite differen
method. We use the SHASTA algorithm@24# in two spatial
dimensions, radial and longitudinal. Some details of imp
menting this algorithm are explained in the appendix of R
@23#. However, there are two essential modifications. Fi
since we now have a problem with two spatial dimensio
@25#, the flux correction must be modified accordingly,
described in Ref.@26#. Second, the flux correction involves
parameterh @23,27#, the antidiffusive constant, which regu
lates the residual numerical antidiffusive flux in the alg
rithm. Theoretically, forh51/8, diffusion vanishes almos
completely, leading, however, to the appearance of ripple
the presence of steep gradients.

On the other hand, a residual diffusive flux mimics vi
cosity in the calculation, since it generates entropy in
system. In Ref.@23#, a large residual diffusive flux was al
lowed by choosing a small value for the antidiffusive co
stant,h50.08. This value was determined by trying to crea
as much entropy as is maximally allowed in the rarefact
wave, typically&10%. However, it turns out that the flu
across the freezeout surface@Eq. ~27! below# now has two
contributions; the normal convective part and the diffus
part. Because we cannot assign a velocity to the numer
diffusive flux, it cannot be converted into particle spectra
the freezeout surface. Therefore, we diminish the diffus
flux by settingh50.11, as suggested also in Ref.@27#, and
neglect the small residual diffusive flux across the freeze
hypersurface. This leads to a small, of order&5%, loss in
the baryon number and total energy across the freezeou
persurface.~The stability of the numerical calculation in
creases ash is diminished from the limiting value
1/850.125. Our choice,h50.11, is a compromise betwee
numerical stability and the diffusive loss across the freeze
surface.! The value ofh has a small influence on the spac
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394 55JOSEF SOLLFRANKet al.
time evolution, a larger diffusive flux leading to a more rap
cooling of the system. This has only a small effect, es
cially on the electromagnetic spectra.

At the moment, our numerical code assumes a mir
symmetry in the longitudinal direction with respect to t
center of mass@ f (z)5 f (2z) for scalar quantities#. This is a
very good approximation for symmetric colliding system
However, we apply it here to the asymmetric S1 Au colli-
sions. Thus, we are presently unable to reproduce the as
metry in the rapidity distributions of hadrons, which is o
served in experiment. However, in the central rapid
region, where most of the experimental data are measu
we do not expect this to affect significantly the transve
spectra or the electromagnetic yields. We will consider
longitudinal asymmetry in a later work.

III. THE EQUATION OF STATE

The equation of state~EOS! in the energy density domai
of «*1 GeV/fm3 or baryon densityrB*2r0, wherer0 is
the density of ground state nuclear matter, is theoretic
quite uncertain. At the CERN-SPS energies, the relevant
ergy densities are not high enough that the well-establis
techniques of finite temperatureperturbativeQCD will ap-
ply. At the same time, the energy densities are typically
high for low energy approaches, such as chiral perturba
theory, to be applicable. Hadronic and quark-gluon matte
these temperatures and densities, and especially the c
and/or deconfinement transitions between the two phase
some critical temperature and density, are nonperturba
phenomena which are currently investigated through lat
simulations of QCD.

Simulations of pure SU~3! gauge theory indicate the oc
curence of a first-order deconfinement transition arou
Tc.260 MeV through studies of hysterisis, coexistin
states, and abrupt quantitative changes in the various the
dynamic functions. Recent simulations on larger lattic
~163332! suggest that finite size effects are reasonably w
understood for pure glue — an estimate for the critical
ergy density for pure SU~3! is ;1 GeV/fm3 @28#. For full
lattice QCD with dynamical quarks, the situation is le
clear, particularly in the critical region. However, a rece
calculation @29# shows that the energy density displays
rapid change in a narrow region aroundTc.150 MeV, while
the pressure changes more smoothly.

Though the present uncertainities preclude a quantita
description of the thermodynamic functions around the cr
cal region, one may observe~i! a smooth crossover betwee
hadronic matter and the quark gluon phase and~ii ! a sizable
and rapid change in the entropy density. These features
be roughly reproduced in a two-phase description of the tr
sition. Indeed, even if the transition were asharpfirst-order
transition, it is unlikely that the hydrodynamic flow simula
tions would be extremely sensitive to the width~in tempera-
ture! of the critical region@30#. Therefore, for the purpose o
our hydrodynamic simulations, we will construct EOS’s f
both the hadron and quark-gluon state variables and m
them at the critical boundary in temperature and chem
potential by a Maxwell construction. In practice, whe
implemented in simulations, this boundary is smoothed o
using a hyperbolic tangent profile of widthD. It has been
-
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checked that the results of our simulations are insensitiv
D, as long asD/Tc!1 @31#. In addition to studying EOS’s
with a sharp crossover~but differing critical temperatures
and latent heat!, we will also consider an EOS with purel
hadronic degrees of freedom.

Let us first discuss the EOS we use for the hadro
phase. For a dilute hadronic gas at temperatures well be
the pion mass, state variables can be computed reliably u
a virial expansion with input from empirical scattering cro
sections@32,33#. It was observed that the state variables
an interacting hadron gas are well approximated by those
a Boltzmann gas of free hadrons and resonances. At temp
tures comparable to the pion mass or higher, third and hig
virial coefficients are important. Presently, there is no re
able way to compute these. For want of a systematic p
scription, we shall stretch our conclusions from the vir
expansion approach and assume that a dense hadron g
roughly approximated by a gas of free hadrons and re
nances.

We restrict our studies here to a hadron gas, which c
tains the following hadrons with their corresponding antip
ticles:

p,K,h,r,v,K* ,p,n,h8,f,L,S,D,a1 ,J,S~1385!. ~5!

Beside stable particles~on strong interaction time scales!, the
hadron gas also contains resonance states. This should m
the attractive interaction among the hadrons in the spirit
the bootstrap model of Hagedorn@34#, although we keep the
number of resonance states finite. If we assume a phase
sition to the QGP at temperatures aroundTc'150 MeV, then
the limited number of hadronic states is justified, because
the suppression of higher mass states through the Boltzm
factor.

As mentioned above, we will also consider a pure ha
ronic EOS, which does not exhibit a phase transition. In t
case, somewhat higher temperatures are encountered in
calculations. Therefore, a sensitivity on the upper mass cu
the hadronic mass spectrum could be expected. We ex
this to show up more in the values of the temperature ra
than in the evolution of the flow. While hadronic spectra a
not very sensitive to this cut, electromagnetic rates, howe
could decrease. On the other hand, for consistency,
should include the increase in electromagnetic emission f
processes involving the heavy resonances. To some ex
these effects tend to cancel each other. Mainly due to
numerical limitations of our hydrodynamical simulations, w
have included only those states listed above, even at h
temperatures.

In order to derive the EOS, we begin with the grand c
nonical partition function for a noninteracting resonance g
It is given by

ZH~T,V,mB ,mS!5)
h

exp@Zh~T,V,mh!#, ~6!

whereV is the volume, and the product is over the differe
hadron speciesh. The chemical potentialmh of the hadron
h is given by its baryon numberBh and its strangenessSh
through

mh5BhmB1ShmS ~7!
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55 395HYDRODYNAMICAL DESCRIPTION OF 200A GeV/c . . .
in full chemical equilibrium. We will use this assumptio
throughout the expansion, although there are indication
deviations, especially for the strange particles@35#. The par-
tition function Eq.~6! is, in general, a function of four un
known variables. For calculations of intensive variables,
volume cancels and the value of the strangeness chem
potentialmS can be related toT andmB by the requirement
of local strangeness neutrality.

The partition functionZh(T,V,mh) for hadron speciesh is

lnZh~T,V,mh!5bVph5
ghbV

6p2 E
mh

`

dE
~E22mh

2!3/2

eb~E2mh!61
, ~8!

wheregh is the degeneracy factor,mh is the mass, andmh is
the chemical potential of hadronh. The6 sign corresponds
to fermions and bosons, respectively. From the partit
function Eq.~6!, we can calculate all thermodynamical qua
tities. Specifically, we have

rB~T,mB!5
T

V

] lnZH

]mB
, ~9!

«~T,mB!5
1

V

] lnZH

]b
, ~10!

p~T,mB!5T
] lnZH

]V
5
T

V
lnZH. ~11!

From these equations, the pressure can be solved as a
tion of the energy density« and the baryon densityrB . This
form of the EOS,p5p(«,rB), is needed in solving the hy
drodynamic equations and in practice is obtained num
cally from Eqs.~10! and ~11!.

In the limit of high baryon densities, the repulsive inte
actions between particles have to be taken into account.
erwise, the hadronic phase is preferred over the quark-g
phase. At the temperatures of interest, repulsive interact
reduce the contributions from the high mass part of the sp
trum @36#, justifying our use of a finite number of resonan
states in the EOS. It has been shown@33# that within the
different ways to include repulsion, a mean field approa
such as in Ref.@37#, gives the most realistic results. Thus, w
will introduce a repulsive mean field potentialV, which we
couple only to the net baryon density. This is similar in sp
to the Walecka model@38#. By including many of the reso
nance states, the main attractive interactions~akin to the sca-
lar interactions of the Walecka model! are already taken into
account.

We assume that the repulsive potential energy densityV is
a function ofrB of the form

V~rB!5
1

2
KrB

2 , ~12!

whereK is the mean field repulsion parameter. The partit
functionZMF with a mean field interaction Eq.~12! is given
by @39#
of

e
cal

n
-

nc-

i-

th-
on
ns
c-

,

t

n

ZMF5exp$2bV@V~rB!2rBV8~rB!#%

3)
h

exp@Zh~T,V,mB
eff ,mS!#, ~13!

where the effective baryon chemical potential

mB
eff5mB2V8~rB!5mB2KrB ~14!

describes the shift in the particle energy byKrB due to the
repulsive interaction. Using Eq.~9! with Eq. ~13! leads to a
self-consistency equation for the baryon density

rB5(
b
E d3p

1

exp@~E2mBBb1KrB2mSSb!/T#11
.

~15!

OncerB is solved, applying Eqs.~10! and ~11! to the mean
field partition function, Eq.~13!, gives the repulsion cor-
rected energy density and pressure. The resulting EO
labeled as EOSH and has one free parameterK. The ideal
gas equation of statep(«,rB)5«/3, valid for massless non
interacting particles, is referred to as EOSI . We use this with
three massless pions, to illustrate the effect of the numbe
hadronic degrees of freedom.

So far, we have considered the equation of state us
only the hadronic degrees of freedom. We will now constr
an EOS having a phase transition to the QGP. As discus
earlier, the QGP in the critical region is highly nonperturb
tive and is best understood from QCD lattice simulatio
For simplicity, the results of these simulations can be para
etrized in terms of an ideal massless parton gas. In term
temperatureT and chemical potentialmB , the thermody-
namic densities are given by

p5
~32121Nf !p

2

180
T41

Nf

2
mq
2T21

Nf

4p2mq
42B, ~16!

«53p14B, ~17!

rB5Nfmq
2T1

Nf

p2mq
3 , ~18!

wheremq5mB/3.B is the bag constant, and we use the nu
ber of flavorsNf52.5 in order to simulate effects of th
finite strange quark mass.

The phase boundary is determined by the pressure
ance,pHG5pQGP, between the two phases at equilibrium.
the mixed phase,« andrB are calculated using the Maxwe
construction. We define

w~«,rB!5
VQGP

VHG1VQGP, 0<w<1 ~19!

as the volume fraction of the QGP in the mixed phase.
The resulting EOS depends on two parameters, the m

field repulsion parameterK and the bag constantB. In this
work, we give results for only two different choices ofK and
B, and call these parametrizations EOSA and EOSB. The
two parameter sets are chosen to resemble the known
tures of the phase transition from lattice calculations@29#,
the difference encompassing the uncertainty of lattice resu
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TABLE I. Some physical features characterizing various model EOS’s.

EOSA EOSB EOSH EOS I

p,K,h,r,v,K* p,K,h,r,v,K* p,K,h,r,v,K*
Hadronic p,n,h8,f,L,S p,n,h8,f,L,S p,n,h8,f,L,S
Degrees of freedom D,a1 ,J,S(1385) D,a1 ,J,S(1385) D,a1 ,J,S(1385) p
Number of
QGP degrees of freedom 31 31

Mean field repulsion
K ~fm3 MeV! 450 660 450 0

Bag constant
B1/4 ~MeV! 235 200

Tc ~MeV! 165 140 ` `

mBc ~MeV! 1770 1290 ` `

D« ~GeV/fm3) 1.4 0.8 0 0
u

e

s
e
in

i-
en-
s
in

rs
in
These indicate a valueTc'1402160 MeV for the transition
temperature andD«'121.5 GeV/fm3 for the latent heat.
Our EOS A, given by K5450 MeV fm3 and B1/45235
MeV, is similar to the one used in Ref.@40#. The resulting
Tc is 165 MeV, andD«51.4 GeV/fm3. For EOSB, the
parameters areK5660 MeV fm3 andB1/45200 MeV, re-
sulting inTc5140 MeV andD«50.8 GeV/fm3. This param-
etrization should represent reasonable lower bounds forTc ,
mc , and the latent heat. The parameters for the EOS’s we
are summarized in Table I.

The phase diagrams of equations of stateA and B are
shown in Fig. 1. The difference in the latent heat can be s
if one plots the phase boundaries in therB-« plane. This can
be read off from Fig. 2, where the pressure is shown a
function ofrB and«. For the EOSA, there is a large increas
in the pressure, even in the mixed phase, with increas

FIG. 1. Phase diagrams for two equations of state with a fi
order phase transition. The meaning of the parameters is expla
in the text. For EOSA, K5450 MeV fm3, B1/45235 MeV, and for
EOSB, K5660 MeV fm3, B1/45200 MeV.
se

en

a

g

baryon density, while for the EOSB the increase is much
smaller. It would be interesting to obtain from hydrodynam
cal calculations constraints on the EOS at finite baryon d
sity, since nothing is known so far from lattice calculation
in this region. Presently, however, the large uncertainties

t-
ed

FIG. 2. PressureP as a function of baryonrB and energy den-
sities« for EOSA ~a! and EOSB ~b!.
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the initial conditions preclude definitive conclusions to
drawn.

IV. THE INITIAL CONDITIONS

Hydrodynamical simulations at energies near or bel
10A GeV ~BEVALAC and AGS! usually start with the col-
liding nuclei before the impact and include the initial com
pression and particle production. In the one-fluid hydrod
namics, the nuclei fuse to a single fluid, implying, at ze
impact parameter, a complete stopping of equal size nu
At higher energies, as at the CERN-SPS, RHIC, and LH
this is not justified, and one must be able to incorpor
nuclear transparency in the description. Instead of trying
describe the production and equilibration within hydrod
namics, we start the calculation from initial conditions whi
specify the hydrodynamic state of the system at timet0. Ini-
tial conditions parametrize the production and equilibrat
dynamics. Note thatt0 only plays the role of a bookkeepin
device in the numerical calculations. Thermalization tim
does not enter explicitly in the parametrization, but, phy
cally, it may be related to the initial longitudinal size,z0, at
thermalization. In some cases, we find it useful to relatez0
with t0 when defining the initial longitudinal velocity profile

Physically, the uncertainty in the initial conditions aris
mainly from the lack of definitive knowledge about th
nuclear stopping power and the time scale for equilibrati
Two extreme scenarios are the full stopping model of L
dau @1# and the full scaling expansion model espoused
Bjorken@41#, in whichvz5z/t, beginning with equilibration.
Although the precise energies at which these extreme c
are practically useful is unknown, the first case is expecte
apply at moderately high energies and the second at
trarelativistic energies. Since the present experiments fall
tween these limits, we have developed parametrizati
which span the range between these two extremes. We
try to incorporate some known features of hadron-had
collisions in the parametrization, which are also constrain
to satisfy the conservation of energy and baryon number

We first consider the initial velocities. The collective fo
velocity is denoted byum5g(1,vW ), wherevW is the flow ve-
locity vector. Since we consider zero impact parameter
lindrically symmetric collisions only, we do not expect si
nificant collective motion initially, and take the velocity i
the radial direction att0 to vanish, i.e.,vW r(t0 ,r )50. Note
that for the Landau initial conditions, the initial longitudin
velocity also vanishes, i.e.,vz(t0 ,r ,z)50. Strictly speaking,
the Bjorken model applies only in the infinite energy limit.
this case, the scaling ansatz for the four velocity is

um~z,t !5
1

t
~ t,0,0,z!, ~20!

implying vz5z/t. Invariance under longitudinal Lorent
boosts means that the thermodynamic quantities depend
on the longitudinal proper timet5At22z2, which equals the
local time in the rest frame of any fluid element.

At finite, albeit high collision energies, the longitudin
extent of the system is finite and the Bjorken scenario d
not work properly in the fragmentation regions. Since
perform the numerical calculation using variables in t
-

i.
,
e
o
-

n

-

.
-
y

es
to
l-
e-
s
ill
n
d

-

nly

s

center-of-mass frame of the participating nucleons,
specify the initial condition at a fixed timet0 in this frame.
We choose an initial velocity profile of the following form

vz~z!5tanh~z/t0!, y~z!5z/t0 . ~21!

In this form,t0 should be regarded as a constant, which fix
the rapidity of produced matter at the edgez0, rather than the
equilibration time.

The reason for taking the rapidityy, instead of velocity
vz , to be proportional toz is purely practical. For numerica
calculations, initial conditions must be smoothed and
tended over the edge of the produced matter, initially atz0.
The above parametrization leads to the Bjorken limit, E
~20!, in the inner part (z/t0!1), and extrapolates the veloc
ity smoothly to unity in the outer parts, where the thermod
namic densities approach zero.

The energy density distribution in the Bjorken model
constant along contours of equal proper tim
t0(t,z)5At22z2. However, in the global frame, at fixe
time t5t0, it scales withz as @«0 :5«(t0,0)# @41#

«~ t0 ,z!

«0
5S t0

At022z2
D 4/35g~z!4/3, ~22!

if an ideal gas EOS,«53p, is assumed. In the last term
g(z)5@12(z/t0)

2#21/2 is the relativisticg factor for the
Bjorken expansion velocity, Eq.~20!.

We use Eq.~22! for our initial parametrization, despite
the fact that it is strictly valid only for the velocity field Eq
~20!, i.e., the Bjorken picture. One factor ofg in this equa-
tion expresses the time dilatation effect for the moving ce
and the factorg1/3 the energy loss due to the work done b
pressure in the expansion. Retaining this factor whenever
initial longitudinal velocity is nonvanishing is therefor
physically well motivated. Then the remaining factor
«(t0 ,z) represents the energy density in the local rest fram
and values at differentz have the same physical interpret
tion. In the Bjorken picture, a rapidity plateau indicates co
stant local energy density. At fixed global initial time, th
leads to increasing«(t0 ,z) with increasingz. Since, at finite
collision energy, the thermodynamic densities vanish wh
z.z0, this constraint will ensure that the energy density w
have a maximum at finitez. This is in contrast to Ref.@18#,
in which the authors employed a constant energy den
alongz until the edges are reached.

In production processes, distributions are always cut
smoothly when the phase space boundary is approac
Smoothing also helps to avoid oscillations in the numeri
calculations. We implement smoothing by multiplying th
distributions with a Fermi function

f ~x,x0 ,ax!5
1

exp@~ uxu2x0!/ax#11
, ~23!

whereax , x5r ,z is the diffuseness parameter in the rad
and the longitudinal directions, respectively. The initial e
ergy distribution is then given by

«~z,r !5«0g~z!4/3f ~z,z0 ,az! f ~r ,r 0 ,ar !. ~24!
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Since our code is symmetric inz in the center-of-mass fram
of the participant nucleons, or equivalently, of the produc
fireball, we cannot reproduce the asymmetric shape of ra
ity distributions in S1Au collisions. In the central region
y50, we expect effects from the asymmetry on the exp
sion dynamics to be less important than those from the
erage longitudinal gradients, which are properly accoun
for in the code.

In the case of the longitudinal scaling expansion, the
pidity density of baryon number,dNB /dy does not change
during the expansion. This allows us to relate the rapid
density to the initial baryon density through the equation

rB~z!5
1

pRproj
2 dzg~z!

dNB

dy

dy

dz
dz5

1

pRproj
2 t

dN B

dy F t

g~z!

dy

dzG ,
~25!

where, for the scaling expansion, the expression in squ
brackets equals unity. In our case, expansion modifies
rapidity distributions and the problem is to find a reasona
choice for the initialdNB /dy.

In nucleon-nucleon collisions, the leading particle effe
in the nucleon distributions causes more nucleons to
present in the fragmentation regions than at central rapi
@42,43#. In nuclear collisions, however, more stopping
present and it depends on the mass numbers of the colli
nuclei. Here, we assume that the initial rapidity density
baryons is flat, implying constant density at constant pro
time in the Bjorken parametrization. At fixed global time, t
baryon distribution as a function ofz is then

rB~z!5b0g~z! f ~z,z0 ,az! f ~r ,r 0 ,ar !, ~26!

whereb0 is the central baryon density.
For determining the initial parameters, we use geometr

considerations where appropriate. For a central impact,
assumption is made that the projectile interacts only with
nucleons in the central tube of the target gouged out by
projectile. Since a significant transverse motion within t
equilibration time scale is not expected, the transverse ra
r 0 of the initial fireball may be taken to be of the order of t
sulphur radius, 3.65 fm. In the transverse direction, we us
Woods-Saxon@44# parametrization of the nuclear surfac
with diffuseness parameterar50.5 fm in Eq. ~23!. We set
az50.13 fm in order to havear /r 0'az /z0.

The number of nucleons in the sulphur projectile and
the central tube cut out of the gold target amounts to;114
participants. This represents an upper bound, since
known that the geometrical overlap estimate is often lar
than the real number of interacting nucleons@43#. To esti-
mate the appropriate reduction factor, we turn to results fr
experiment. NA35 estimated the number of participating
baryons in central S1S and S1Ag collisions to be 5265
and 90610, respectively@6#. This corresponds to 8168 and
95610 % of the corresponding estimates from geometr
overlap ~for central impacts!. Guided by these numbers
which have large error bars, we take 91%
the geometrical estimate for the participating nucleons
S1Au collisions, and fixBtot5104. This number may still be
too large for the number of nucleons participating in a h
drodynamical evolution. In the estimates of Ref.@6#, the tar-
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get and projectile fragmentation regions were includ
These nucleons are probably not subjected to the hydro
namic expansion. However, we can expect that a signific
fraction of the secondary particles which originate from the
nucleons will be contributing to the central fireball.

A detailed description of the baryon spectrum in the e
treme forward or backward rapidity regions is beyond t
scope of the present hydrodynamic description. By includ
all the participating nucleons in the initial baryon distrib
tion, we can only provide upper bounds on the total ene
content of the fireball. The above discussion outlines why
shape of the baryon spectra in the fragmentation regi
from hydrodynamics cannot yet be taken as quantitativ
predictive.

Having fixed the number of nucleons, we obtain the
pidity of the cm frame to beyc.m.52.6, and the correspond
ing energy,Etot5970 GeV. This total energy should be co
sidered only to give the overall scale of the energy in
fireball, since small changes in the rapidity distributions
the final particles in the fragmentation regions easily ca
10–20 % changes in the total energy. The final number
the total energyEtot is determined by fitting the pion rapidity
distribution and therefore changes for the various EOS
Fixing Etot andBtot , we can determine two of the remainin
five parameters in the initial conditions. These are the cen
initial energy density«0 and baryon densityb0.

The real ambiguity in the initial condition lies in the pa
rametersz0 and t0. While in the Bjorken scenario, they ar
related throught05z0 /c, i.e., the edge of matter is by defi
nition on the light cone; this does not hold in a finite ener
scenario, like the one introduced here. Now, the initial lo
gitudinal velocity can deviate from the scaling behavio
vz,sc5z/t, and with our parametrization, Eq.~21!, fixing t0 is
equivalent to fixingy0, the rapidity atz0, as is done also in
Refs.@16,18#.

The values ofz0 andt0 are chosen to fit the pion spectr
In Fig. 3, we show the initial profiles for the calculation wit
the EOSA. The main features are the maximum of the e

FIG. 3. Initial conditions for S1Au collisions at 200A GeV/c
for the case of EOSA. The different panels show~a! the rapidity
y, ~b! the longitudinal velocityvz , ~c! the energy density«, and~d!
the baryon densityrB as a function of the longitudinal coordinat
z; ~e! the baryon densityrB as a function of rapidityy; ~f! the
energy density« as a function of radiusr .
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ergy density at finitez instead of atz50, and a smooth
behavior instead of a discontinuous one at the edge of ma
During the calculation, the velocity of the first vacuum cell
set equal to the velocity of the nearest cell containing mat

The profiles of the energy density for the other EOS
look similar. The parameters are listed in Table II. In calc
lating the total energy and the baryon number of the ini
matter, only the volume with«(xW ).« f (« f is the freezeout
energy density! is included in the integration. The results a
equal to the total energy and baryon number fluxes thro
the freezeout surface.

V. FREEZEOUT

We define the freezeout surface as the space-time hy
surfacesm of constant energy density. The value of« f is
chosen in such a way that the mean value of the tempera
on sm is Tf.140 MeV. This value for the temperature
chosen on the basis of calculations comparing the var
mean free paths of the hadrons in the system with the siz
the fireball@45–48#.

The hadron spectra are calculated by assuming the
momentum distributions and chemical equilibrium on t
freezeout surface. The invariant momentum distribution o
hadronh is then given by@49#

E
dN

d3p
5

gh
~2p!3

E
s
dsmp

m
1

exp@~pnu
n2m!/Tf #61

,

~27!

where the temperatureTf(x), the chemical potentialm(x),
and the fluid flow four-velocityun(x) are determined on the
surfacesm from the hydrodynamic calculation. After calcu

TABLE II. Variables used for the parametrization of the initi
and freezeout conditions for the different EOS’s. The first se
variables up tot0

21 are free parameters, the following six are d
duced quantities, and the last four variables characterize the fre
out where temperature and baryon chemical potential are aver
over the freezeout hypersurface. The symbols are explained in
text.

EOSA EOSB EOSH EOS I

r 0 ~fm! 3.65 3.65 3.65 3.65
ar ~fm! 0.50 0.50 0.50 0.50
z0 ~fm! 0.80 0.80 1.2 1.97
az ~fm! 0.13 0.13 0.13 0.13
«0 ~GeV/fm3) 7.0 8.0 5.0 3.3
b0 ~fm23) 1.10 1.16 0.75 0
t0

21 ~fm/c) 1.06 0.95 0.71 0.41
y(z5z0) 0.85 0.76 0.85 0.80
Etot ~GeV! 914 923 904 994
Btot 105 104 104 0
Stot 3880 4230 3650 3035
S/B 37 41 35 –
Ti(z50) ~MeV! 238 249 248 400
t f ~fm/c) 9.4 7.9 7.9 7.5
«dec ~GeV/fm3) 0.165 0.15 0.165 0.05
^Tf& ~MeV! 142 141 142 140
^mBf& ~MeV! 230 210 235 0
er.
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lating the momentum distribution for each hadron includ
in the EOS, Eq.~5!, the contributions from unstable reso
nance decays are added to the stable hadron spectra. W
the approximations and decay kinematics described in R
@50#. Finally, we integrate over the experimental accepta
in pT andy.

VI. PHOTONS

The thermal emission rate for photons can be shown to
directly proportional to the trace of the retarded photon s
energy at finite temperature@51#. In the QGP, the imaginary
parts of the lowest order contributions to the self-energy c
respond to tree level QCD Compton and annihilation d
grams, qq̄→gg, q(q̄)g→q(q̄)g, respectively. Contribu-
tions from these diagrams alone are infrared diverge
However, it has been shown by Braaten and Pisarski@52#
that these long range effects are screened at finite temp
ture. The above mentioned diagrams were calculated, inc
ing the Braaten-Pisarski resummation, in Ref.@53,54# for
zero baryon chemical potential. This result was extended
Ref. @55# to finite baryon density. We use the results of R
@55#, since we have finite baryon density explicitly in ou
calculation. However, the influence of the term containi
the chemical potential is small. For two quark flavors, t
rate is@55#

Eg

dRQGP

d3p
5
5

9

aasT
2

2p2 S 11
mq
2

p2T2De2Eg /Tln
0.2317Eg

asT
,

~28!

wheredR5dN/d4x. We use a temperature dependent ru
ning coupling constant

as5
6p

~3322nf !ln~T/LT!
, ~29!

where we takeLT540 MeV @36# and, as in the EOS
nf52.5.

For the hadron phase, we use the single photon produc
rates calculated in Ref.@53#. These calculations were pe
formed using a pseudoscalar-vector Lagrangian of the fo

L5uDmFu22mp
2 uFu22

1

4
rmnrmn1

1

2
mr
2rmrm2

1

4
FmnF

mn,

~30!

whereF, Am, andrm are complex pseudoscalar, photon a
vector fields, respectively. Furthermore,Dm5]m2 ieAm
2 igrrm is the covariant derivative, andrmn andFmn are the
vector meson and electromagnetic field strength tensors
spectively. Also,gr

2/4p52.9 as determined from the deca
r→pp.

Parametrizations of the rates contributing
EgdR

HG/d3p were given as a function ofT andEg in Ref.
@56# for the most important processes. These include the
scattering processesp1p→r1g and p1r→p1g. The
latter was only calculated for virtual pion exchange. It w
shown in Ref.@57# that g production in thep-r channel is
dominated by thea1 decays. Thus, we include the proce
p1r→a1→p1g by using the parametrization given i
Ref. @57#. The decaysr→ppg andv→p0g, which occur
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400 55JOSEF SOLLFRANKet al.
during the lifetime of the fireball, were also included usi
the parametrization given in Ref.@56#.

The total single photon spectrum is given by integrat
over the total space-time volume, i.e., over all fluid cells w
«>« f :

E
dNg

d3p
5E d4xHw~«,rB!E

dRQGP

d3p
~p•u,T,mB!

1@12w~«,rB!#E
dRHG

d3p
~p•u,T!J , ~31!

wherew is defined in Eq.~19!. One should note that the rate
are functions ofp•u5pmum , the energy of the photons i
the rest frame of the emitting fluid element. So far, the ra
for the hadron phase do not contain processes involv
baryons. Hence, there is no dependence onmB . Possible
contributions from baryons to the thermal photon yields w
estimated to be small, even for Pb1Pb collisions at the
CERN-SPS in Ref.@58#.

VII. DILEPTONS

We turn now to a discussion of dilepton production fro
both the quark-gluon plasma and the hadron gas. The do
nant process in the QGP is the reactionqq̄→ l1l2, which
was computed in lowest order for finite baryon chemical p
tential to be@59#

EdRQGP

dM2d3p

5
5

9

a2

8p4 ~112me
2/M2!

3A124me
2/M2e2E/T

T

p~12e2E/T!

3 ln
$x21exp@2~E1m!/T#%@x11exp~2m/T!#

$x11exp@2~E1m!/T#%@x21exp~2m/T!#
, ~32!

wherex65exp@2(E6upu)/(2T)#.
At low invariant masses, reactions at orderO(a2aS) be-

come important@60#. However, the mass region where the
corrections are significant is dominated by the Dalitz dec
of the final mesons@61#. We have not taken these high
order contributions into account in our hydrodynamic
simulations.

For the hadron gas contribution to the dilepton rate,
use the results of Ref.@62#. As in the calculation of the
photon rates, the authors made use of the most general
est order Lagrangian with vector and pseudoscalar mes
The coupling of these fields to the electromagnetic curr
was computed under the assumption of vector meson do
nance. Prior to these calculations, the only rates comp
were those due topp annihilation. The addition of othe
vector, pseudoscalar, and axial channels enhances the
rate by at least an order of magnitude away from the m
region of the light vector mesons. In doing so, however, o
must not overcount channels already accounted for in
basicpp reactions@63#. Therefore, the vector meson deca
were excluded@64# from the total rate given in Ref.@62#. We
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have also verified that the rates used in our calculations
in essential agreement with those calculated recently in R
@65# using a spectral function approach.

We adopt the following procedure in incorporating the
rates in our hydrodynamic simulations. Our starting point
the parametrization of the total dilepton production ra
dRtot/dM2(M ,T) as a function of temperatureT and invari-
ant massM25p25(p11p2)

2, as in Ref.@62#. Here,p, p1,
andp2 are the four-momenta of the pair and the single le
tons, respectively.

In order to apply the kinematical cuts, we need the m
mentum distribution of the pair. To obtain this, we use t
relation @66#

dRHG

dM2dypTdpT
5

1

2MTK1~M /T!
e2E/T

dRtot

dM2 ~M ,T!,

~33!

where E5pmu
m is the pair energy andK1 is a modified

Bessel function. This relation is valid for reactions in whic
the final state contains only the lepton pair, which gives
dominant contribution in the higher mass region. Howev
the relation is not valid for the decays,h→h8e1e2, which
result in small mass pairs. The region in which Eq.~33! is a
good approximation was given to be above 300 MeV in
variant mass in@21#. We have verified that the approxima
tion Eq. ~33! adequately reproduces the rates in Ref.@65#
above an invariant mass of 400 MeV. Below 400 MeV, d
ferences may exceed a factor of 2 and above in some reg
of the phase space. However, in this region the spectrum
dominated by Dalitz decays of mesonsafter freezeout, which
are accurately treated separately.

The rates, Eq.~32! and Eq.~33!, are integrated over the
space-time volume of the fireball, as in Eq.~31! for the pho-
tons. Here also, we include baryon contributions from o
the QGP phase. It remains to be seen whether baryons
contribute significantly to the dilepton yields~see, for ex-
ample, Ref.@67# for initial estimates!.

The measured dilepton spectra also contain pairs fr
decays after freezeout. We consider this as a backgro
contribution. When comparing our results with the measu
ment of the CERES Collaboration@14#, we calculate this
background from our hydrodynamical simulation, instead
using the background estimated by the CERES Collabora
@14#. We combine the freezeout momentum distributions
p0, h, r0, v, h8, and f as given by Eq.~27! with the
distributions from the decays of higher lying resonances.

First, we consider the vector meson decays into elect
pairs. The hydrodynamic calculation is done assuming
fixed mass and zero width for the resonance states. In o
to calculate the dilepton spectra, we have to take into acco
at least the width of ther0 meson. We assume that the ma
distribution of the resonance is of the Breit-Wigner form:

EdNV

dM2d3p
5

j

p

G tot
2 ~M !

~M22mV
2 !21G tot

2 ~M !mV
2

EdNhydro

d3p
,

~34!

wheremV is the mean mass of the vector mesons. The n
malizationj is determined in such a way that the total yie
has the value calculated at the freezeout. We use the foll
ing mass dependence of the totalr width @50#:
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G tot
r ~M !53.15

~M224mp
2 !3/2

1139.7~M224mp
2 !

~35!

with M andmp in units of GeV. For the other vector meson
(v, f), constant widths taken from experiment@68# are
used. This is justified, since the experimental resolution
CERES is much wider than these widths. In addition to
cuts 2mp (2mK) for r0 (f) at threshold, we apply a cu
3mp for thev mass distribution. The electromagnetic dec
width in the vector meson dominance model is proportio
to the pair mass@59#. Hence, we use the parametrization

GV→e1e2~M !5GV→e1e2
expt M

mV
, ~36!

with the values ofmV andGV→e1e2
expt taken from Ref.@68#.

Thus, the electron pair distribution is given by

EdNpair

dM2d3p
5

GV→e1e2~M !

G tot
V ~M !

~M !
EdNV

dM2d3p
. ~37!

Next, we consider the Dalitz decays of the mesons.
use the differential decay width@69#

dG i→ je1e2

dM2 5
aG i→ jg

3pM2 ~112me
2/M2!A124me

2/M2

3F S 11
M2

mi
22mj

2D 22 4mi
2M2

~mi
22mj

2!2G
3/2

uF~M2!u2.

~38!

If the particle j is a photong, the normalization toG i→gg
results in an additional factor of 2 on the RHS of Eq.~38!.
For p0→ge1e2, we take a linear approximation for th
form factor,F(M2)5115.5 GeV223M2 , from Ref. @69#.
Forh→ge1e2 andv→p0e1e2, the dipole approximation
F(M2)5(12M2/L2)21, with Lh5720 MeV and
Lv5650 MeV, respectively, is used. Forh8→ge1e2, the
vector meson dominance form factor

uF~M2!u25
mr
4

~M22mr
2!21mr

2G tot
r 2 . ~39!

is used. The pair distribution is then calculated from

EdNpair

dM2d3p
5

1

G tot
expt

dG i→ je1e2

dM2 ~M !
EdNi→M j

d3p
~M !, ~40!

whereG tot
expt is taken from Ref.@68# andEdNi→M j /d3p is an

isotropic electron pair distribution resulting from the dec
of an unpolarized mesoni into a pair of massM and a
particle j , as given in Ref.@50#. The incorporation of the
experimental cuts and resolution is described in the App
dix.

VIII. RESULTS

In this section, we discuss the results of our attemp
describe consistently the hadron and electromagnetic sp
in S1Au collisions using the hydrodynamic approach. W
fix the parameters for the initial conditions from the hadr
f
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y
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spectra. In general, good fits are obtained only for the p
distributions — the fits to heavier hadron spectra are sign
cantly worse. These are discussed in detail below. We ap
the temperature and velocity distributions corresponding
these fits to predict the photon and dilepton spectra for e
EOS. Our results may be summarized as follows. The ex
ing photon data are not sufficiently precise to exclude a
EOS except the EOS for an ideal, massless pion gas. H
fully, future experiments will allow for better discrimination
With regard to the CERES dilepton data, none of the EO
considered, in conjunction with the standard leading or
dilepton rates, succeed in reproducing the observed exce
dileptons below ther peak.

A. Hadron spectra

We begin our discussion with the results for the hadr
spectra in S1Au collisions. In Fig. 4, we show the rapidity
spectra for several hadrons obtained from calculations u
three different EOS’s. In choosing the parameters in the
culation, our main emphasis has been to reproduce the n
tive particle spectrum. In the case of the ideal pion gas E
I , we assume that the negatives consist of negative mas
pions only. For the EOS’sA andB, both of which exhibit a
phase transition, the initial conditions are quite similar, b
for the two purely hadronic EOS’sH and I , they differ con-
siderably~cf. Table II!.

Let us first note the features that are common to the th
different EOS’s. For the negatively charged particles, wh
are mostly pions, the calculations are in good agreement w
the data from NA35@7#. This tells us that, by a suitabl
choice of the initial conditions, the flow of energy densi
across the freezeout surface can be reproduced reaso
well with all the EOS’s considered. The three pion sta
carry roughly half of the total energy. The other half is ca
ried mainly by the baryons.

The experimental net protonp2 p̄ distribution in Fig. 4
shows a large asymmetry with respect to the center of m
mentum.~The two data points withy,3 are identified pro-
ton data from a different experiment NA44@9# with S1Pb. It
is instructive to view these points together with the net p
ton distribution from NA35@6#, because in this region th
antiproton yield is very small. While NA35 has practically
full pT acceptance up to 2 GeV, the NA44 data were extra
lated to the fullpT region.! There is a large difference in th
target and projectile size, and we are presently unable to
this into account in our code with longitudinal mirror sym
metry. However, we do not want to neglect the baryons
tally, since they carry a significant part of the total energ
their influence is felt through the EOS during the space-ti
evolution. We reproduce the right total number of baryons
our calculation. Also, the baryon rapidity density in the ce
tral rapidity region (yc.m.52.6) is roughly reproduced. Thi
should ensure a reasonable description of the expansio
the central region, where our calculations of the electrom
netic yields are compared with measurements.

The Ks
0 distribution comes out too large in compariso

with experiment. This may be attributed to the fact that
have assumed full chemical equilibrium. A detailed chemi
analysis of strange particle spectra in the S1Au collisions in
Ref. @35# shows a strangeness suppression of 0.7 relativ
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FIG. 4. Rapidity distributions for several hadrons compared with a symmetric hydrodynamical calculation. The equations of s
EOSA ~solid line!, EOSB ~dotted line!, hadronic EOSH ~short-dashed line!, and ideal pion gas EOSI ~long-dashed line!. The data are
measured by the following groups: Negative charged particle data are from NA35@7#, the strange hadron (L, L̄, Ks

0) data from NA35@5#,
the net proton (p2 p̄) data, withy.3 from NA35 @6#, and the two points of proton data withy,3 are from NA44@9#.
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full chemical equilibrium. Multiplying theKs
0 spectra and the

other strange particle spectra by this factor would impro
the fit. The abundance ofKs

0 mesons is also slightly influ
enced by the baryon distributions through the requiremen
strangeness neutrality. TheK1 andK0 have to compensat
e

of

the net negative strangeness of theL baryons. In the region
3,y,4, the overestimation of theL ’s leads to a small ad-
ditional contribution to theKs

0’s.
TheL andL̄ rapidity distributions are influenced both b

the strangeness and the baryon number chemical poten
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From the rapidity distribution of the protons, we see that
baryon number, or equivalently the baryon chemical pot
tial, is too large in the forward rapidity region, because of
longitudinal symmetry in our calculation. The excess in t
L spectrum in the region 3,y,4 is similar to that for pro-
tons. In order to answer the question of how well the stran
ness chemical equilibrium holds for the strange baryons,
should first reducemB to reproduce the proton distribution i
this rapidity range. It seems that this would lead to a reas
able agreement for theL ’s, assuming thatms would be un-
changed. However, a reduction inmB would not be sufficient
to increase theL̄ yield to the experimental value at rapiditie
around 3.

We may summarize our analysis of the strange hadr
by stating that, for the freezeout parameters that fit the ne
tive particle yields, there is agreement in the yield ofL ’s
relative to that of protons, but theL̄’s are underestimated an
theK0’s are slightly overestimated. An analysis of S1S col-
lisions at the same freezeout temperature,Tf5140 MeV, has
led to the same conclusion@18,70#.

The particle yields are determined in our model by t
assumption of chemical equilibrium until freezeout. This
poorly justified in the late dilute phase, since the strangen
changing cross sections are small. Therefore, a study of
chemical behavior in the late phase deserves further inv
gation on its own right, but is outside the scope of this
vestigation. However, looking at the pion distributions, w
think that the bulk behavior of the longitudinal expansion
well reproduced by our model.

The transverse momentum distributions are shown in F
5. The overall agreement is quite good with the exception
the EOSI . ~We will return to discuss this case later.! The
mT spectra ofp0’s are well fit up to 2 GeV. For large
transverse momenta, the three EOS’s can also be di
guished. If one uses the same initial conditions, then a st
EOS would produce more transverse flow. However, to
the longitudinal spectra, we enhanced the initial energy d
sity for the EOSB and reduced it for the EOSH in com-
parison to that for the EOSA ~cf. Table II!. The initial tem-
peratures are roughly the same in each case, and lead t
similar final pT slopes.

Although the best agreement is achieved using the E
H, fits for the other EOS’s can be improved by fine-tuni
the initial conditions. Further, it is doubtful that particle
with very largepT follow a hydrodynamical behavior. In
stead, they might originate from semi-hard processes.
therefore conclude that, with the exception of the EOSI , we
cannot rule out any of the remaining three EOS’s on
basis of fits to thepT spectra.

The ideal pion gas EOSI produces too flat a slope. Th
initial conditions in this case correspond to the same to
energy as in the other three cases~see Table II!. This was
necessary in order to get the rapidity spectra correct in
central rapidity region. Since there are no baryons to sh
the energy, the surplus energy is converted to transvers
netic energy. In short, for the EOSI , we could not find initial
conditions which reproduce both the rapidity andpT spectra
simultaneously~see also Ref.@72#!. Therefore, the ideal pion
gas EOSI can be ruled out, on the basis of hadronic data
being too stiff.
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The absolute yields of the other particles in Fig. 5 depe
on the assumption of chemical equilibrium, the inadequa
of which we have discussed above. This is also corrobora
by the antiproton yield, which is also underestimated, l
that of the L̄’s. We see, however, that the slopes for t
different particles are reasonably reproduced by all th
EOS’s, supporting the picture of collective transverse fl
present at SPS energies@15#.

At low pT , especially for theL ’s, discrepancies betwee
calculations and data persist. The calculation is expecte
overshoot the data on the basis of the excess seen in
rapidity spectrum in the 3,y,4 region. The larger relative
weight from this region in the calculation as compared to
data might also be a reason for the difference in the slop

The experimentalh/p0 ratio for central events@11# has
large error bars. It is reproduced reasonably well at la
pT , but our calculation underestimates it at lowpT . In our
model, the 4p integratedh/p0 ratio depends mainly on the
freezeout temperature. In Table III, we compare the to
multiplicities with p1p data on meson production@71#. Our
h/p0 ratio is similar to that in proton collisions and th
minimum bias data in S1Au collisions @12#.

To summarize the discussion of the hadron spectra,
see that with the exception of the ideal pion gas EOS,
initial conditions can be adjusted to reproduce the gross
havior of the hadron~negatives! spectra for a wide class o
EOS’s. Details of the spectra depend on the assumptio
chemical equilibrium, which turns out to be poorly justifie
at freezeout temperatures ofTf;140 MeV. Chemical equi-
librium between particles and resonances which have a la
cross section may still hold.

B. Photon spectra

The fundamental difference between the hadron spe
and the photon spectra is the fact that photons are em
from collisions of charged particles during the entire expa
sion stage. We have calculated the photonpT spectra using
the same simulationfrom which the hadron spectra wer
obtained. We integrate the photons over the fo
dimensional space-time volume, Eq.~31!, which is bounded
by the three-dimensional freezeout surface used for the
culation of the hadron spectra. The calculations are co
pared with the upper bound of the WA80 collaboration
the direct photon spectrum@13#. Experimentally, the direct
photon yield is obtained by subtracting photons from t
decays of mesons and baryons.

Since the photon yield depends on the properties of
system as it expands, we first discuss how the space-
behavior is affected by the different EOS’s. In Fig. 6, co
tours of constant energy density in thezt plane atr50 are
shown, for all four EOS’s. The boundaries of the mix
phase are indicated as solid lines. The freezeout times a
centerz50 are t f59.4, 7.9, 7.9, and 7.5 fm/c for EOS’s
A, B, H, and I , respectively. Atr50, transverse expansio
is absent essentially up tot f . Similar freezeout times for
different EOS’s indicate that the longitudinal expansion
the central region is dominated by the initial velocity grad
ent. At largez, the QGP equations of state produce a lon
living tail. This is the result of a weaker longitudinal acce
eration, due to the smaller pressure gradient in the mi
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FIG. 5. Transverse momentum distributions for several hadrons compared with a symmetric hydrodynamical calculation. Curv
nations are as in Fig. 4. The data are measured by the following groups:p0 data for central S1Au collisions from WA80@10#, the strange
hadron (L, L̄, Ks

0) data@5#, and the anti-protons are from NA35@8#, and theh/p0 ratio for central S1Au collisions from WA80@11#.
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phase as compared with that in a calculation employing
hadron gas EOS without phase transition.

The space-time volume of the mixed phase in the E
B is somewhat larger than that for the EOSA, despite the
fact that it has a smaller latent heat, which allows, per u
e

S

it

volume, a faster conversion of the mixed phase into the h
ron gas. However, for the EOSB, the mixed phase is reache
at a later time and with so much larger volume that the c
version takes more time and produces a bigger final volu
than that for the EOSA.
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In Fig. 7~a!, we show the direct photon spectra for th
EOSA. From the individual contributions from the differen
phases, it is clear that hadronic processes dominate the
duction of single photons in this case. In Ref.@53#, it was
shown that at the same temperature, emission rates per
volume are roughly the same in a QGP and a hadron
Inclusion of thea1 mesons enhances photon production
energiesEg.1 GeV @57#, leading, atTc , to a considerably
larger photon production rate in the hadron gas than in
QGP. Also, the high temperature phase aboveTc lasts for a
short time in this case, and the produced matter spends
of its lifetime in the hadron gas phase. These two featu
lead to the dominance of photon emission from the hadro
phase. The higher temperature of the initial QGP ph

TABLE III. Total multiplicities used to estimate the backgroun
to the dielectron spectrum. The total yields are normalized to
p0 yield. The EOSA is used in the calculation. For comparison, t
total production cross section inp1p collisions at 400 GeV inci-
dent momentum are shown in the third column~the data are taken
from NA27 @71#!.

Hydro NA27
Total Relative Total cross Relative

multiplicity to p0 section~mb! to p0

p0 212 1.000 127.2 1.000
h 19.4 0.092 9.8 0.077
r0 18.6 0.088 12.6 0.099
v 15.8 0.074 12.8 0.101
h8 2.0 0.009 – –
f 4.1 0.019 0.62 0.005
ro-

nit
s.
r

e

ost
s
ic
e

shows up as a flatterpT slope in the plasma contribution, bu
even at the largestpT values, it is clearly below the hadro
gas contribution. The total yield is in agreement with t
upper bound provided by the data.

In Fig. 7~b!, the individual contributions are shown for th
EOSB. In this case, the hadrons from the mixed phase do
nate photon production. The QGP yields are similar to th
with the EOSA. At large pT , the QGP contribution is as
large as the hadron contribution from the mixed phase. Th
is no contribution from the pure hadron gas phase, beca
the transition from the mixed phase to the hadron phase
freezeout takes place simultaneously at the same temp
ture.

Figure 8 shows the total single photon spectra for the f
different EOS’s. The situation is qualitatively similar to th
for thepT spectrum ofp0’s in Fig. 5. However, quantitative
differences exist. A close inspection reveals that not only
results for the EOSI , but also for the other three EOS’s
differ from one another. The total yield with the EOSB lies
a factor 2–3 below that of the EOSA, whereas the EOSH
produces 2–10 times more photons depending on thepT re-
gion. The yield for the EOSI lies orders of magnitude above

In principle, the dependence of the photon production
Tc could be used to determineTc from the data. However
one can see from Fig. 8 that the present upper bound on
single photon yield rules out only the ideal pion gas EO
I . ~Recall that this EOS is also ruled out by the transve
momentum spectrum of negative hadrons.! From our results
of the photon spectra, we cannot claim evidence for a ph
transition, in contrast to the claims in Refs.@72,20,22#. The
main point here is that, if a reasonable amount of degree
freedom are taken into account in a hadron gas, the incre
of temperature with energy density is reduced. This is clea

e
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en-

ed
or-
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FIG. 6. Contours of constant energy dens
in the zt plane for calculations with the EOSA
~a!, EOSB ~b!, EOSH ~c!, and EOSI ~d!. Con-
tours counted outward correspond to energy d
sities of 4.0, 2.0, 0.9, 0.4, 0.15 GeV/fm3 for ~a!–
~c!, and to 2.0, 0.9, 0.4, 0.15, 0.05 GeV/fm3 for
~d!. The solid lines indicate the transition from
the QGP to the mixed phase and from the mix
phase to the hadronic phase. The dashed line c
responds to freezeout. In~b!, freezeout occurs a
the transition from the mixed to the hadron
phase. Note the different scale in~b!.
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406 55JOSEF SOLLFRANKet al.
seen by comparing results for the EOSH with those for the
EOSI . The large photon yield in the case of the EOSI is due
to the very large initial temperature,Ti5400 MeV, as com-
pared toTi5250 MeV for the EOSH.

In the extreme case of the Hagedorn bootstrap model@34#,
we have a limiting temperature;150 MeV in a hadron gas
with arbitrarily high energy densities. For limited energ
densities, such an EOS would lead to a small photon prod
tion. Therefore, the results do not readily attest to the ex
ence or the absence of a phase transition. With the pre
precision, one can only rule out high initial temperatur
However, since the rates from the hadron gas and the Q
differ, the correlation between the total yield and the slope
the transverse momentum distribution will differ for th
purely hadronic EOS and an EOS with a phase transit
For this reason, improving the experimental upper limit a
measuring the yield of direct photons is very important.

In discussing the dependence of the photon production
the transition temperatureTc , one should keep in mind no
only the limitations of hydrodynamics, but also the unc

FIG. 7. Single photonpT spectra compared with the uppe
bound of WA80 data@13#; ~a! EOSA and~b! EOSB. The different
contributions shown are HG, hadron gas;M ~HG!, hadronic part of
the mixed phase;M ~QGP!, QGP part of the mixed phase, QGP, a
the total spectrum~solid line!.
c-
t-
nt
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tainties in the rate calculations both in the QGP and a had
gas nearTc . Our discussion above is based on the consid
able difference in the rates at the same temperature betw
perturbative QCD results@55# and leading order estimates i
a hadron gas@53,57#.

1. Comparison with other works

Finally, we want to compare our results with other calc
lations of photon yields in the S1 Au collisions, which have
used hydrodynamics to describe the evolution of the p
duced matter. These earlier calculations were compared
the preliminary data of WA80@10#. The new analysis by
WA80 gives upper bounds, which are compatible with t
preliminary data.

First, we confirm the result of Ref.@22# that the absolute
normalization of the photon yield is sensitive toTc and to the
EOS. The calculation in Ref.@22# was done using a one
dimensional Bjorken-like hydrodynamical scenario, where
we employ a three-dimensional expansion. The small diff
ences in the photon yield from our results can be attribute
the differences in the hydrodynamical solutions. In Ref.@22#,
consistency with the preliminary data of WA80 wa
achieved withTc'200 MeV, while lower critical tempera-
tures of around 150 MeV led to an underprediction of t
preliminary WA80 data. Therefore, the possibility of a lon
lived mixed phase, of duration 30–40 fm/c, was suggested
there. For the EOS’s used in our three-dimensional calc
tions,Tc lies in the range 140–165 MeV and the duration
the mixed phase does not exceed 10 fm/c. Since the presen
data provide an upper bound only, a long-lived scenario
not necessary with the lower values ofTc which we have
been using.

Our results roughly agree with the investigation in R
@73# as well. However, Arbexet al. @73# only investigated an
EOS with aTc of 200 MeV. Since, as noted above, th
absolute normalization of the photon spectra is sensitive
the critical temperature, their results agreed with the preli
nary data of WA80.

In Refs. @72,20#, an agreement with the preliminary da
of WA80 was achieved using an EOS withTc around 160

FIG. 8. Total spectrum of single photons for the differe
EOS’s. The data are as in Fig. 7.
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55 407HYDRODYNAMICAL DESCRIPTION OF 200A GeV/c . . .
MeV, while our calculation with EOSA would underpredict
this preliminary data by roughly a factor of 4. In Ref.@20#, a
rather low freezeout temperature,Tf5100 MeV, was chosen.
We have checked that the photon yield increases by a fac
of ;1.5 when the calculation is extended from a freezeo
temperatureTf5140 MeV toTf5100 MeV. In Ref.@20#, the
neglect of baryons and the smaller number of mesons in
EOS leads to considerably longer lifetimes for the mixed a
hadron phases. In addition, our three-dimensional calcu
tions lead to more rapid cooling than that obtained using t
scaling expansion, even when transverse expansion is
cluded. A combination of these effects can explain the larg
yield in Ref. @20#.

C. Dielectrons

The other electromagnetic signal, measured in the S1Au
collisions by the CERES Collaboration@14#, is the dielectron
mass distribution. In these measurements, the dilepton ba
ground from the decays of final mesons is not subtracte
because the amounts of different mesons are not precis
known. Thus, we have two parts in the final dilepton yield
First, the emission during the lifetime of the fireball and
second, the electromagnetic decays of hadrons after the
coupling. The latter contribution is shown in Fig. 9 for th
EOS A. This background is similar for the other EOS’s
since the final hadron spectra are reproduced in each cas
tuning the initial conditions, as discussed above. The calc
lation of the decay dilepton spectrum is described in Sec. V
and the Appendix. All hadrons which produce lepton pai
are considered. Both the thermal contribution and the con
butions from the decays from heavier hadrons are include

Our calculated background in Fig. 9 is basically in agre
ment with the estimated background in Ref.@14#. However,

FIG. 9. Estimate of the background to the dielectron spectru
from the meson decays after freezeout as calculated from the
drodynamical result for EOSA. The kinematic cuts and the detecto
resolution of the CERES experiment@14# are incorporated.
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there are some differences in the total yields of the decay
mesons, since in our calculation the meson multiplicities
given by the calculated freezeout conditions, mainly the
sumed temperature, the effect of the baryon chemical po
tial being small. On the other hand, the CERES Collabo
tion used the meson-to-p0 ratios fromp1p collisions @71#
to fix the multiplicities of mesons from the measuredp0

spectrum@10#. In Table III, we present the meson yield
normalized to thep0 yield. Ourh multiplicity is somewhat
higher than inp1p collisions, while that of ther0 is slightly
smaller. For thev meson, the ratio is 3/4. The main diffe
ences in the input yields are those for theh8 and f. The
contributions from theh8 are negligible compared to thos
from the other dilepton sources. Thus, the only import
difference with the CERES background is a factor of 4 in t
f-mass region; however, this is still in agreement with t
data.

In Fig. 10~a!, we show the dileptons radiated during th
lifetime of the fireball. These results are folded with th
CERES cuts and the CERES resolution. Here, we see
same systematics as in the case of photons; the hadr
contribution dominates the yield. The largest contributi
comes from thep-p annihilation to dielectrons via ther
form factor~vector dominance!; this is seen as a peak at th
r mass. As for the photons, the contribution from the pu
hadron gas and the hadronic contribution in the mixed ph
are equally important.

The sum of the background and the thermal emission
shown in Fig. 10~b!. We first note that thermal emissio
roughly fills the gap between the background and the d
around and above ther mass, even though the calculate
results tend to lie at the lower bound of the errors, especi
for the EOSB. Note that the systematic and the statistic
errors are shown separately@74#.

In the mass region between 200 and 600 MeV, our cal
lated results lie clearly below the data. While the calculat
has a dip in this region between the contributions from
Dalitz pairs and the vector mesons, the data are flat
smooth. There have been several suggestions for the o
of the excess over the expected sources in this invariant m
region @67,75–78#. An interesting possibility for the expla
nation is a shift of the vector meson masses associated
the expected restoration of chiral symmetry as the transi
temperatureTc is approached in the hadron gas. We have
tried to include this in our calculation. With an appropria
parametrization of the temperature and/or density dep
dence of the hadron masses, we most likely would be abl
reproduce the data, but a consistent treatment in a hydro
namical approach would require the incorporation of dens
dependent masses to also calculate the EOS and the d
rates. This is beyond the scope of the present work, and
proper implementation requires a major effort, which will b
taken up separately.

Our conclusions for the EOS from the dilepton calcu
tions are similar to those for photons. The absolute yields
sensitive to Tc , and the results for the EOSB with
Tc5140 MeV are below the data at all mass values. Ho
ever, the differences are not as pronounced as for the p
tons, since the contributions from the decays of final hadr
have not been subtracted.

y-
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408 55JOSEF SOLLFRANKet al.
1. Comparison with other works

The excess production of low-mass dilepton pairs
S1Au collisions was recently addressed in Ref.@21# using a
one-dimensional Bjorken-like expansion. In the invaria
mass range 0.2 GeV,M,0.6 GeV, where the excess ov
expected sources is most evident, the data were unde
dicted by about a factor of 4. Due to the high initial tempe
ture (Ti5380 MeV! required to obtain similar results in
purely hadronic scenario, the case in which a QGP is ad
ted (Ti5198.7 MeV,Tc5160 MeV, Tf5140 MeV, and a
mixed phase duration;13 fm/c) was favored in this work.

FIG. 10. Dielectron spectra compared with the measuremen
the CERES Collaboration@14#. Kinematic cuts and detector resolu
tion are incorporated.~a! Contributions during the lifetime of the
fireball. ~b! Total dielectron spectrum including our backgrou
estimate for the different equations of state.
t

re-
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it-

Where the deviations from the data are largest, our thr
dimensional calculations~with the same standard rates
above! underpredict the data by a much larger factor~of
about 8–10!. Several sources for the differences from R
@21# may be cited. These include the use of a more reali
EOS, a shorter duration of the mixed phase, and featu
specific to the three-dimensional flow of the matter emitti
the lepton pairs. Clearly, a combination of these effects
sults in dilepton yields that are lower than in the case o
one-dimensional Bjorken evolution, even in the case wh
an EOS admitting a phase transition to the QGP is used

A comparison of our hydrodynamical results with the a
ternative sequential scattering models~also termed as cas
cade or transport models! depends on the extent to whic
thermalization is achieved in the latter approach. Spec
medium modifications of the vector meson properties, in p
ticular a decrease in their masses, have been found to yie
satisfactory description of the CERES data@76,67#. Whether
a similar approach can be satisfactorily adopted in hydro
namical simulations is a challenging future task.

IX. CONCLUSION

The aim of this work was to establish the extent to whi
one can constrain the EOS from the experimental data
S1Au collisions from a simultaneous description of the ha
ron and electromagnetic spectra using hydrodynamics.
have shown that, in general, the influence of the EOS
hadronic spectra can be counterbalanced by choosing di
ent initial conditions. A simultaneous calculation of the ele
tromagnetic signals can, in principle, distinguish between
different EOS’s. However, the present experimental reso
tion allows us to rule out only extreme cases, such as
ideal pion gas EOS with only a few degrees of freedo
Also, the dilepton yield for the QGP equation of state w
Tc.140 MeV, the EOSB, tends to fall below the data in th
vector meson mass region, indicating an effective low
bound of 140 MeV forTc , if the transition exists.

The constraint that can be drawn from the single pho
data is that the initial temperature cannot be too high. T
present data rules out temperatures above 250 MeV. T
limit on the initial temperature can be achieved only if
large number of degrees of freedom is involved, be it in
form of quarks and gluons, or in the form of a large enou
number of hadrons. However, if the data can be improv
the two cases can be distinguished, since the total emis
from a hadron gas is larger than that from the QGP. In
total yield, the difference between a pure hadronic EOS
an EOS with a phase transition increases with decrea
Tc .

The behavior of the dilepton spectrum in the mass reg
between 200 and 600 MeV shows that the description of
hot and dense strongly interacting matter nearTc in terms of
the free-space parameters is not adequate. With our pre
hydrodynamical approach, the dilepton spectrum can be
plained only in the mass region of the vector mesons. T
large experimental dilepton yield below ther mass may in-
dicate medium modifications of the particle properties. Th
effects can be included in hydrodynamical calculations,
for a consistent calculation, the EOS must be modified
cordingly.
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APPENDIX: CUTS AND RESOLUTION
FOR COMPARISON WITH CERES

The kinematic cuts of the CERES experiment are cuts
the momenta of the electron and the positron@14#. We incor-
porate them in the following way. We tak
dN/(dM2dypTdpT) of the pair calculated either from th
background contribution@see Eqs.~37! and ~40!# or that re-
sulting from the fireball during its lifetime@see Eqs.~32! and
~33!#!. Going to the pair rest frame, we assume an isotro
momentum distribution. Thus, the single electron moment
distribution dN/(dM2dy1p1Tdp1T), when the pair mass is
M , is given by
olution.
dN

dM2dy1p1Tdp1T
5

M

2pA~M224me
2!
E
y2

y1

dyE
~mT

2
!2

~mT
1

!2

dmT
2u~p2T2pT

cut!u~hmax
cut 2y22yc.m.!u~y21yc.m.2hmin

cut !

3u~q12
lab2Qcut!

1

ApT2p1T2 2@M2/22mTm1Tcosh~y12y!#2
dN

dM2dypTdpT
, ~A1!

wherey, yi are the rapidities in the fireball rest frame. Further,

y65y16sinh21@A~M224me
2!/~2m1T!#, mT

65
M

2

Mm1Tcosh~y2y1!6p1TAM224me
224m1T

2 sinh2~y2y1!

m1T
2 sinh2~y2y1!1me

2 . ~A2!

The opening angle of the electrons in the laboratory system,q12
lab, neglecting the electron mass, is given by

cos~q12
lab!512

M2

2up1u labup2u lab
~A3!

with upi u lab5piTA11sinh2(yi1yc.m.).
The final spectrum of the pairs in the approximationhe65ye6 is then

dNcut

dMdh
5

2M

DhexptE
pT
cut
dp1Tp1TE

hcut
dy1

dN

dM2dy1p1Tdp1T
. ~A4!

In order to compare with the CERES experiment, we finally have to fold the calculated results with the detector res
We use a Gaussian folding

dNCERES

dMdh
~M !5E dM8

1

A2ps~M 8!
expS 2

~M2M 8!2

2s2~M 8! D dNcut

dMdh
~M 8!, ~A5!

with the widths(M ) taken to be the detector resolution kindly provided to us by the CERES Collaboration@74#.
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