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We study relativistic $Au collisions at 208 GeV/c using a hydrodynamical approach. We test various
equations of stateEOS’y, 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 the peak. Our work, however, suggests that an improved measurement of the
photon and dilepton spectra has the potential to strongly constrain the[EQ&66-28187)00701-2

PACS numbses): 25.75-q, 12.38.Mh, 12.40.Ee, 47.76f

[. INTRODUCTION this system, yields of both the hadronic and electromagnetic
(dileptons and photonsprobes are now available. A hydro-
The use of hydrodynamics for simulations of nuclear col-dynamical treatment of the nuclear collisions in this energy
lisions has a long traditiofL—3]. If applicable, hydrodynam- range is not neW15-23, but the large set of new and up-
ics has some advantages over the more fundamental kinetitated experimental data allows us to achieve a deeper insight
calculations, which are usually performed as Monte Carldnto the space-time evolution of these reactions.
simulations. Besides its relative simplicity, the use of famil-  In applying hydrodynamics to relativistic heavy ion colli-
iar concepts such as temperature, flow velocity, energy dersions, we have relaxed many of the commonly used approxi-
sity, pressure, etc., leads to an intuitively transparent picturenations. To be specifiqil) we solve the hydrodynamical
of the space-time evolution of the system. Another great adequations locally, as they are formulated, in contrast to the
vantage is the direct use of the equation of st&®9 of global ansatz in Ref.15]; (2) for central collisions, we de-
strongly interacting matter. Testing different EOS’s by com-termine the three-dimensional solutions, instead of using the
paring with experiments should give us more insight into theone-dimensionaflongitudina) boost-invariant hydrodynam-
behavior of nuclear matter under extreme conditions of temics (sometimes supplemented with approximate transverse
perature and/or density. This is important, since one of thexpansioh as in [20—27; (3) in addition to considering
main reasons to study high energy heavy ion collisions is tdbaryon number conservation in the hydrodynamical evolu-
confirm the possible phase transition from hadronic matter téion, we include the baryonic contributions to the EOS, in
the quark-gluon plasm&QGP [4]. The necessary energy contrast to[17-22; and (4) for a scenario with no phase
densities are estimated to be around 1-2 GeV/fpresently  transition, we use an EOS which goes beyond the unrealistic
experimentally available at the Brookhaven AGS and thedeal massless pion gas EOS, which is used in many of the
CERN-SPS. Of these two facilities, conditions to observeother hydrodynamical simulations. A complete hydrody-
signals of the phase transition are more favorable at theamical simulation would require the inclusion of viscosity
CERN-SPS, because of the higher incident momenta of thand finite impact parameter averaging, which is neglected
nuclei. here, as well as in the other appoaches cited above.
In this work, we analyze the data from the heavy ion Also, previous work has mostly dealt with either hadronic
experiments at the CERN-SPS with 20@eV/c incident  spectrg15—19 or electromagnetic spectf20—-22, but not
momentun{5-14], concentrating on the $ Au system. For both. To arrive at definite conclusions about the reaction dy-
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namics and the EOS, both of these signals must be addressetiere £(x) is the local energy densityp(x) is the local
concurrently. Therefore, our emphasis here is on the simulpressure, and*(x) is the local four-velocity, normalized to
taneous description of the hadron and electromagnetic data*u,=1. In principle, viscous effects may be included, but
Since hadrons interact throughout the dense phase of thweould lead to a major increase in the numerical eff8r23].
collision, the hadronic spectra are chiefly determined fromHowever, the calculation generates some numerical viscos-
the conditions at the freezeout of matter. However, differenity, as explained below.

initial conditions combined with different EOS’s can lead to  We include finite baryon densityyg, in our system and
the same final particle distributions. In contrast, photon aneéxpress baryon number conservation locally in the form
lepton pairs are emitted throughout the dense stage and es-

cape without interactions. The measured spectra thus probe d,i8=0, (3
the different temperature and flow conditions during the evo-

lution. These should have a different dependence on the inin terms of the baryon currengg = pgu.

tial conditions and on the EOS, in comparison to the hadron Using the definition Eq(2), the continuity Eqs(1) and
spectra. This may help to further reduce the ambiguity in the¢3) can be written more explicitly as

initial conditions and uncertainties in the EOS.

Our hydrodynamical calculations assume azimuthal sym- T+ V. (T%%)= -V (pv),
metry around the beam axis. Thus, we simulate only central
collisions with impact parameters close to zero. We do not atT°i+ﬁ~(T°‘J)= —a;p,
describe the production of matter within hydrodynamics, but
start the calculation at an initial time when the system is Hig+V-(jgv)=0. 4

likely to have reached thermal and chemical equilibrium. We

explore different initial conditions, taking guidance from the |4 order to solve Eq(4), one additional input is needed,
experimental datavhere availableon particle production in - namely, the equation of stat€0S. The EOS relates the
proton-proton p+p) collisions in choosing what could be pressurgr=p(e,pp) to the energy and baryon densities. The
considered as a realistic initial state. However, one must bgjfferent choices of the EOS are described in the next sec-
aware that nuclear effects are likely already present at thggn.
prqduction stage, and the initial conditions cannot be Tphe partial(hyperbolig differential equations, Eq4), are
uniquely determined fromp+p processes alone. solved numerically on a computer using a finite difference
A major concern is the uncertainty in the nuclear EOS. Ityethod. We use the SHASTA algorithi24] in two spatial
is experimentally and theoretically well known only around gimensions, radial and longitudinal. Some details of imple-
the ground state of nuclear matter. At higher temperaturegenting this algorithm are explained in the appendix of Ref.
and densities, model predictions are widely different. Thg23). However, there are two essential modifications. First,
main goal in this study is to derive constraints on the EOS b¥jnce we now have a problem with two spatial dimensions
comparing the hydrodynamical calculations with hadronic[25), the flux correction must be modified accordingly, as
and electromagnetic data simultaneously fromt3\u col-  described in Refi26]. Second, the flux correction involves a
lisions at 20@\ GeVlc. ~ parametery [23,27), the antidiffusive constant, which regu-
The paper is organized as follows: In Sec. II, we briefly |5tes the residual numerical antidiffusive flux in the algo-
introduce the hydrodynamical equations and address somgnhm. Theoretically, fory=1/8, diffusion vanishes almost

these equations. In Sec. Ill, the different EOS's explored argne presence of steep gradients.

described. The initial conditions are discussed in Sec. IV. In on the other hand, a residual diffusive flux mimics vis-
Secs. V, VI, and VII, we describe the calculation of the final cosjty in the calculation, since it generates entropy in the
hadron, photon, and dilepton spectra, respectively. Resullgystem. In Ref[23], a large residual diffusive flux was al-
are discussed in Sec. VIII, and our conclusions are given ifowed by choosing a small value for the antidiffusive con-
Sec. IX. In the Appendix, we briefly explain how we incor- stant, ;=0.08. This value was determined by trying to create
porated the CERES kinematic cuts and the detector resolyss much entropy as is maximally allowed in the rarefaction
tion. wave, typically<10%. However, it turns out that the flux
across the freezeout surfafigq. (27) below] now has two
IIl. THE HYDRODYNAMICAL EQUATIONS contributions; the normal conyective part and the diffusi\_/e
part. Because we cannot assign a velocity to the numerical
The basic equations of hydrodynamics are the local coneiffusive flux, it cannot be converted into particle spectra at
servation of energy and momentum, which in Lorentz-the freezeout surface. Therefore, we diminish the diffusive

covariant form are written as flux by settingn=0.11, as suggested also in RE27], and
neglect the small residual diffusive flux across the freezeout
9, TH(x)=0 (1)  hypersurface. This leads to a small, of orde§%, loss in
u .

the baryon number and total energy across the freezeout hy-
i , persurface.(The stability of the numerical calculation in-
We use the ideal fluid ansatz for the energy-momentum tens o ses asy is diminished from the limiting value
sor 1/8=0.125. Our choicey=0.11, is a compromise between
numerical stability and the diffusive loss across the freezeout
TH(X)=[e(X)+p(X) Ju*(x)u’(x) —p(x)g**, (2 surface) The value ofy has a small influence on the space-
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time evolution, a larger diffusive flux leading to a more rapid checked that the results of our simulations are insensitive to
cooling of the system. This has only a small effect, esped, as long asA/T.<1 [31]. In addition to studying EOS's
cially on the electromagnetic spectra. with a sharp crossovefbut differing critical temperatures

At the moment, our numerical code assumes a mirroand latent heat we will also consider an EOS with purely
symmetry in the longitudinal direction with respect to the hadronic degrees of freedom.

center of mas§f(z) =f(—z) for scalar quantitiels This is a Let us first discuss the EOS we use for the hadronic
very good approximation for symmetric colliding systems.phase. For a dilute hadronic gas at temperatures well below
However, we apply it here to the asymmetrictSAu colli- the pion mass, state variables can be computed reliably using

sions. Thus, we are presently unable to reproduce the asyma-virial expansion with input from empirical scattering cross
metry in the rapidity distributions of hadrons, which is ob- sectiong32,33. It was observed that the state variables for
served in experiment. However, in the central rapidityan interacting hadron gas are well approximated by those for
region, where most of the experimental data are measured,Boltzmann gas of free hadrons and resonances. At tempera-
we do not expect this to affect significantly the transversdures comparable to the pion mass or higher, third and higher
spectra or the electromagnetic yields. We will consider thevirial coefficients are important. Presently, there is no reli-
longitudinal asymmetry in a later work. able way to compute these. For want of a systematic pre-
scription, we shall stretch our conclusions from the virial
expansion approach and assume that a dense hadron gas is
lll. THE EQUATION OF STATE roughly approximated by a gas of free hadrons and reso-

The equation of stattEOS in the energy density domain Nances.

of e=1 GeV/fim® or baryon densitypg=2p,, Wherep is We restrict our studies here to a hadron gas, which con-

the density of ground state nuclear matter, is theoreticallﬁ?“ns the following hadrons with their corresponding antipar-

quite uncertain. At the CERN-SPS energies, the relevant erficles:

ergy densities are not high enough that the well-established * / =

techniques of finite temperatuperturbative QCD will ap- mKomp,o.KEp0 7' 6 204,80, 5, 21389 (5)

ply. At the same time, the energy densities are typically todBeside stable particlgsn strong interaction time scaleshe

high for low energy approaches, such as chiral perturbatioRadron gas also contains resonance states. This should mimic
theory, to be applicable. Hadronic and quark-gluon matter aghe attractive interaction among the hadrons in the spirit of
these temperatures and densities, and especially the chif@le bootstrap model of Hagedo4], although we keep the
and/or deconfinement transitions between the two phases atimber of resonance states finite. If we assume a phase tran-
some critical temperature and density, are nonperturbativsition to the QGP at temperatures arodhe- 150 MeV, then
phenomena which are currently investigated through latticghe limited number of hadronic states is justified, because of

simulations of QCD. o the suppression of higher mass states through the Boltzmann
Simulations of pure S(B) gauge theory indicate the oc- factor.

curence of a first-order deconfinement transition around As mentioned above, we will also consider a pure had-

T.=260 MeV through studies of hysterisis, coexisting ronic EOS, which does not exhibit a phase transition. In this

states, and abrupt quantitative changes in the various thermease, somewhat higher temperatures are encountered in our

dynamic functions. Recent simulations on larger latticescalculations. Therefore, a sensitivity on the upper mass cut in

(16°x32) suggest that finite size effects are reasonably welthe hadronic mass spectrum could be expected. We expect

understood for pure glue — an estimate for the critical enthis to show up more in the values of the temperature rather

ergy density for pure S@) is ~1 GeV/fm® [28]. For full  than in the evolution of the flow. While hadronic spectra are

lattice QCD with dynamical quarks, the situation is lessnot very sensitive to this cut, electromagnetic rates, however,

clear, particularly in the critical region. However, a recentcould decrease. On the other hand, for consistency, we

calculation[29] shows that the energy density displays ashould include the increase in electromagnetic emission from

rapid change in a narrow region aroufig=150 MeV, while  processes involving the heavy resonances. To some extent,

the pressure changes more smoothly. these effects tend to cancel each other. Mainly due to the
Though the present uncertainities preclude a quantitativumerical limitations of our hydrodynamical simulations, we

description of the thermodynamic functions around the criti-have included only those states listed above, even at high

cal region, one may obsery® a smooth crossover between temperatures.

hadronic matter and the quark gluon phase @nd sizable In order to derive the EOS, we begin with the grand ca-

and rapid change in the entropy density. These features majonical partition function for a noninteracting resonance gas.

be roughly reproduced in a two-phase description of the trantt is given by

sition. Indeed, even if the transition weresharpfirst-order

transition, it is unlikely that the hydrodynamic flow simula-

tions would be extrerT)(er sensitiv}(/a to tr}:e width tempera- 2TV, pp 1) = 1;[ exXH Zn(T.V. )], )

ture) of the critical regior{30]. Therefore, for the purpose of

our hydrodynamic simulations, we will construct EOS’s for whereV is the volume, and the product is over the different

both the hadron and quark-gluon state variables and matdiiadron specied. The chemical potentiglk, of the hadron

them at the critical boundary in temperature and chemicah is given by its baryon numbeB,, and its strangenesS;,

potential by a Maxwell construction. In practice, when through

implemented in simulations, this boundary is smoothed over

using a hyperbolic tangent profile of width. It has been Mh=BhrugtShus (7)
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in full chemical equilibrium. We will use this assumption
throughout the expansion, although there are indications of

ZMF=exp{— BV[V(ps) — psV' (pp) 1}

deviations, especially for the strange partidl@s]. The par- off

tition function Eq.(6) is, in general, a function of four un- Xl;I eXiZn(T.V.ug 1 p9) ], (13
known variables. For calculations of intensive variables, the

volume cancels and the value of the strangeness chemicahere the effective baryon chemical potential
potential ug can be related t@ and ug by the requirement off )

of local strangeness neutrality. mg ==V (p)=us—Kpp (14

The partition functiorZy(T. V. up) for hadron specieB is o iipes the shift in the particle energy Kyg due to the

repulsive interaction. Using E¢9) with Eq. (13) leads to a
self-consistency equation for the baryon density

ePE- M+

w E2— m2)32
gh,BVJ' dE( my) @®
Mh

|nZh(TvV:Mh):BVph:W
1
= a3 )
Pe %f P Xt (E— 1B+ Kpg— usSo)/T]+ 1
(15)

whereg, is the degeneracy factam,, is the mass, ang,, is
the chemical potential of hadrdn The * sign corresponds
to fermions and bosons, respectively. From the partitioroncepg is solved, applying Eqg10) and (11) to the mean
function Eq.(6), we can calculate all thermodynamical quan-field partition function, Eq.(13), gives the repulsion cor-
tities. Specifically, we have rected energy density and pressure. The resulting EOS is
labeled as EO$1 and has one free parametér The ideal

T dlnzH gas equation of state(e,pg) =¢/3, valid for massless non-
pe(T,ug)= V opg ©) interacting particles, is referred to as EQSVe use this with
three massless pions, to illustrate the effect of the number of
" hadronic degrees of freedom.

(T, pg) = 1 dinz (10) So far, we have considered the equation of state using

' vV B’ only the hadronic degrees of freedom. We will now construct
an EOS having a phase transition to the QGP. As discussed

anzt T garlier, th_e QGP in the critical region is high'ly nonpertu_rba—

P(T pe)=T—C— = InZ". (11)  tive and is best understood from QCD lattice simulations.

For simplicity, the results of these simulations can be param-

etrized in terms of an ideal massless parton gas. In terms of
From these equations, the pressure can be solved as a furtemperatureT and chemical potentiakg, the thermody-
tion of the energy density and the baryon densifyz . This  namic densities are given by
form of the EOSp=p(e,pg), is needed in solving the hy-
drodynamic equations and in practice is obtained numeri-
cally from Eqgs.(10) and(11).
In the limit of high baryon densities, the repulsive inter-

32+ 21N;) 72 N
I0=—( i T4

N
22 foa
180 7 Hal T gzia” B (19

actions between particles have to be taken into account. Oth- e=3p+4B, 17
erwise, the hadronic phase is preferred over the quark-gluon

phase. At the temperatures of interest, repulsive interactions o N 4

reduce the contributions from the high mass part of the spec- pe=NiugT+ g, (18)

trum [36], justifying our use of a finite number of resonance
states in the EOS. It has been shol@3] that within the  whereu,= ug/3. B is the bag constant, and we use the num-
different ways to include repulsion, a mean field approachber of flavorsN{=2.5 in order to simulate effects of the

such as in Ref.37], gives the most realistic results. Thus, we finite strange quark mass.

will introduce a repulsive mean field potentig which we

The phase boundary is determined by the pressure bal-

couple only to the net baryon density. This is similar in spiritance,p,c=pocp. between the two phases at equilibrium. In

to the Walecka moddI38]. By including many of the reso-

nance states, the main attractive interacti@isn to the sca-

lar interactions of the Walecka modielre already taken into

account.
We assume that the repulsive potential energy densisy
a function ofpg of the form

1 2
Wps)= >Kps, (12

the mixed phase; andpg are calculated using the Maxwell
construction. We define

VQGP

W(e,ps) = yAG oo Osws<l1 (19

as the volume fraction of the QGP in the mixed phase.

The resulting EOS depends on two parameters, the mean
field repulsion parametdf and the bag consta®d. In this
work, we give results for only two different choiceskfand
B, and call these parametrizations E@Sand EOSB. The

whereK is the mean field repulsion parameter. The partitiontwo parameter sets are chosen to resemble the known fea-

function Z2MF with a mean field interaction Eq12) is given
by [39]

tures of the phase transition from lattice calculati¢p@g],
the difference encompassing the uncertainty of lattice results.
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TABLE I. Some physical features characterizing various model EOS's.
EOSA EOSB EOSH EOSI
K, 7,p,0,K* K, n,p,0,K* K, 7,p,0,K*
Hadronic p.n,p,¢,A2 p.n,np", A2 p,n, ', ¢,A2
Degrees of freedom A,a;,E,%(1385) A,a;,E,%(1385) A,a;,E,%(1385) T
Number of
QGP degrees of freedom 31 31
Mean field repulsion
K (fm3 MeV) 450 660 450 0
Bag constant
BY* (MeV) 235 200
T (MeV) 165 140 ® %
e (MeV) 1770 1290 o o
Ae (GeV/fm®) 1.4 0.8 0 0

These indicate a valug,~140- 160 MeV for the transition baryon density, while for the EOB the increase is much
temperature ande~1—1.5 GeV/fin® for the latent heat. smaller. It would be interesting to obtain from hydrodynami-
Our EOS A, given by K=450 MeV fm® and BY*=235  cal calculations constraints on the EOS at finite baryon den-
MeV, is similar to the one used in Rg#0]. The resulting sity, since nothing is known so far from lattice calculations
T. is 165 MeV, andAe=1.4 GeV/fm®. For EOSB, the in this region. Presently, however, the large uncertainties in
parameters ar& =660 MeV fm® and BY4=200 MeV, re-

sulting inT,= 140 MeV andA& = 0.8 GeV/fnt. This param-

etrization should represent reasonable lower bound§ for

uce, and the latent heat. The parameters for the EOS’s we use @
are summarized in Table I.
The phase diagrams of equations of stAtend B are

shown in Fig. 1. The difference in the latent heat can be seen

if one plots the phase boundaries in #hee plane. This can N
be read off from Fig. 2, where the pressure is shown as a
function of pg ande. For the EOSA, there is a large increase

in the pressure, even in the mixed phase, with increasing
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FIG. 1. Phase diagrams for two equations of state with a first-
order phase transition. The meaning of the parameters is explained
in the text. For EORA, K=450 MeV fm?, BY4=235 MeV, and for FIG. 2. Pressur® as a function of baryopg and energy den-
EOSB, K=660 MeV fm®, BY=200 MeV. sitiese for EOSA (a) and EOSB (b).
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the initial conditions preclude definitive conclusions to becenter-of-mass frame of the participating nucleons, we
drawn. specify the initial condition at a fixed timig in this frame.

We choose an initial velocity profile of the following form:

IV. THE INITIAL CONDITIONS
vy (z)=tanh(z/ty), Yy(z)=2zlt,. (21
Hydrodynamical simulations at energies near or below

10A GeV (BEVALAC and AGS usually start with the col- |n this form,t, should be regarded as a constant, which fixes
|Id|ng nuclei before the impact and include the initial com- the rap|d|ty of produced matter at the e%erather than the
pression and particle production. In the one-fluid hydrody-equilibration time.
namics, the nuclei fuse to a single fluid, implying, at zero  The reason for taking the rapidity, instead of velocity
impact parameter, a complete stopping of equal size nuclej,, o be proportional ta is purely practical. For numerical
At higher energies, as at the CERN-SPS, RHIC, and LHCca|culations, initial conditions must be smoothed and ex-
this is not justified, and one must be able to incorporatgended over the edge of the produced matter, initiallgoat
nuclear transparency in the description. Instead of trying torhe above parametrization leads to the Bjorken limit, Eq.
describe the production and equilibration within hydrody- (20, in the inner part#/t,<1), and extrapolates the veloc-
namics, we start the calculation from initial conditions which ity smoothly to unity in the outer parts, where the thermody-
specify the hydrodynamic state of the system at ttgiéni-  namic densities approach zero.
tial conditions parametrize the production and equilibration  The energy density distribution in the Bjorken model is
dynamics. Note that, only plays the role of a bookkeeping constant along contours of equal proper time
device in the numerical calculations. Thermalization timeTo(t,Z):\ﬁz__ZZ_ However, in the global frame, at fixed
does not enter explicitly in the parametrization, but, phySi‘timet=t0, it scales withz as[eq: =& (t,,0)] [41]
cally, it may be related to the initial longitudinal sizg, at

thermalization. In some cases, we find it useful to relgte £(tg,2) t 413
with t, when defining the initial longitudinal velocity profile. 0% _ 0 =y(2)*3, (22)
Physically, the uncertainty in the initial conditions arises €0 \/tg—z2

mainly from the lack of definitive knowledge about the
nuclear stopping power and the time scale for equilibrationif an ideal gas EOSg=3p, is assumed. In the last term,
Two extreme scenarios are the full stopping model of Lan-y(z)=[1—(z/ty)?]”*? is the relativistic y factor for the
dau[1l] and the full scaling expansion model espoused byBjorken expansion velocity, Eq20).
Bjorken[41], in whichv,= z/t, beginning with equilibration. We use Eq.(22) for our initial parametrization, despite
Although the precise energies at which these extreme casése fact that it is strictly valid only for the velocity field Eqg.
are practically useful is unknown, the first case is expected t¢20), i.e., the Bjorken picture. One factor ofin this equa-
apply at moderately high energies and the second at ukion expresses the time dilatation effect for the moving cells
trarelativistic energies. Since the present experiments fall beand the factory’ the energy loss due to the work done by
tween these limits, we have developed parametrizationpressure in the expansion. Retaining this factor whenever the
which span the range between these two extremes. We wilhitial longitudinal velocity is nonvanishing is therefore
try to incorporate some known features of hadron-hadromphysically well motivated. Then the remaining factor in
collisions in the parametrization, which are also constraine (t,,z) represents the energy density in the local rest frame,
to satisfy the conservation of energy and baryon number. and values at differerz have the same physical interpreta-
We first consider the initial velocities. The collective four tion. In the Bjorken picture, a rapidity plateau indicates con-
velocity is denoted byi*= 7(1,;), whereu is the flow ve-  stant local energy density. At fixed global initial time, this
locity vector. Since we consider zero impact parameter cyleads to increasing(tq,z) with increasingz. Since, at finite
lindrically symmetric collisions only, we do not expect sig- collision energy, the thermodynamic densities vanish when
nificant collective motion initially, and take the velocity in z>Z, this constraint will ensure that the energy density will
the radial direction at, to vanish, i.e.,Jr(to,r)zo. Note _have a maximum at finite. This is in contrast to Ref.18], _
that for the Landau initial conditions, the initial longitudinal " Which the authors employed a constant energy density
velocity also vanishes, i.ev,(to,r,z)=0. Strictly speaking, ~&longz until the edges are reached.
the Bjorken model applies only in the infinite energy limit. In N production processes, distributions are always cut off

this case, the scaling ansatz for the four velocity is smoothly when the phase space boundary is approached.
Smoothing also helps to avoid oscillations in the numerical

1 calculations. We implement smoothing by multiplying the
uk(z,t)=—(1,0,02), (200 distributions with a Fermi function
; ; _ ; TR 1
implying v,=2z/t. Invariance under longitudinal Lorentz F(X,Xg,8,) = (23)

boosts means that the thermodynamic quantities depend only exd (|x| —xg)/a,]+1’

on the longitudinal proper time= Vt?—z2, which equals the

local time in the rest frame of any fluid element. wherea,, x=r,z is the diffuseness parameter in the radial
At finite, albeit high collision energies, the longitudinal and the longitudinal directions, respectively. The initial en-

extent of the system is finite and the Bjorken scenario doesrgy distribution is then given by

not work properly in the fragmentation regions. Since we

perform the numerical calculation using variables in the e(z,r)=eoy(2)¥3(2,29,a,)f(r,rg,a,). (24
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Since our code is symmetric inin the center-of-mass frame o T
of the participant nucleons, or equivalently, of the produced ~ , =
fireball, we cannot reproduce the asymmetric shape of rapid- 5 %8
ity distributions in StAu collisions. In the central region, of o5 : s o s - -
y=0, we expect effects from the asymmetry on the expan- z (fm) z (fm)
sion dynamics to be less important than those from the av- 1o 2
erage longitudinal gradients, which are properly accounted g 9 2 |9
for in the code. 3 ° T
In the case of the longitudinal scaling expansion, the ra- = €
pidity density of baryon numbedNg/dy does not change ¢ 08 i 0 %5 wapidity) 8
during the expansion. This allows us to relate the rapidity 2 10
density to the initial baryon density through the equation ~ @ o o
E s s
1 dNg dy 1 dNg[ 7 dy imo ¢ .
pe(2) WRSrodeV(Z) dy dz z WRFZ)rojT dy | 7(2) dz/ 0 05 l“m) 15 0 2 ) 4 6
(25

FIG. 3. Initial conditions for S-Au collisions at 208 GeV/c

where, for the scali_ng expansion, the expression in_ SQUAIR the case of EOR. The different panels shova) the rapidity
bra_ck_ets _quals_ unity. In our case, expansion modifies thﬁ (b) the longitudinal velocity, , (c) the energy density, and(d)
rapidity distributions and the problem is to find a reasonablgne paryon densityg as a function of the longitudinal coordinate

choice for the initiald Ns/dy-_ _ _ z; (e) the baryon densityg as a function of rapidityy; (f) the
In nucleon-nucleon collisions, the leading particle effectenergy density: as a function of radius.

in the nucleon distributions causes more nucleons to be

present in the fragmentation regions than at central rapiditget and projectile fragmentation regions were included.

[42,43. In nuclear collisions, however, more stopping is These nucleons are probably not subjected to the hydrody-
present and it depends on the mass numbers of the collidingamic expansion. However, we can expect that a significant
nuclei. Here, we assume that the initial rapidity density offraction of the secondary particles which originate from these
baryons is flat, implying constant density at constant propenucleons will be contributing to the central fireball.

time in the Bjorken parametrization. At fixed global time, the A detailed description of the baryon spectrum in the ex-

baryon distribution as a function afis then treme forward or backward rapidity regions is beyond the
scope of the present hydrodynamic description. By including
pe(2)=boy(2)f(z,29,a,)f(r,rg,a;), (26) all the participating nucleons in the initial baryon distribu-
tion, we can only provide upper bounds on the total energy
whereb, is the central baryon density. content of the fireball. The above discussion outlines why the

For determining the initial parameters, we use geometricathape of the baryon spectra in the fragmentation regions
considerations where appropriate. For a central impact, thifom hydrodynamics cannot yet be taken as quantitatively
assumption is made that the projectile interacts only with theredictive.
nucleons in the central tube of the target gouged out by the Having fixed the number of nucleons, we obtain the ra-
projectile. Since a significant transverse motion within thepidity of the cm frame to bg.,,=2.6, and the correspond-
equilibration time scale is not expected, the transverse radiuag energy E,,;= 970 GeV. This total energy should be con-
ro of the initial fireball may be taken to be of the order of the sidered only to give the overall scale of the energy in the
sulphur radius, 3.65 fm. In the transverse direction, we use #reball, since small changes in the rapidity distributions of
Woods-Saxon44] parametrization of the nuclear surface the final particles in the fragmentation regions easily cause
with diffuseness parameter,=0.5 fm in Eq.(23). We set 10-20 % changes in the total energy. The final number for
a,=0.13 fm in order to have, /ry~a,/z,. the total energ¥, is determined by fitting the pion rapidity

The number of nucleons in the sulphur projectile and indistribution and therefore changes for the various EOS's.
the central tube cut out of the gold target amounts-tbl4  Fixing E,,; andB,, we can determine two of the remaining
participants. This represents an upper bound, since it ifive parameters in the initial conditions. These are the central
known that the geometrical overlap estimate is often largemitial energy densitye, and baryon densit,.
than the real number of interacting nucledds)]. To esti- The real ambiguity in the initial condition lies in the pa-
mate the appropriate reduction factor, we turn to results frormametersz, andty,. While in the Bjorken scenario, they are
experiment. NA35 estimated the number of participating netelated througt,=2z,/c, i.e., the edge of matter is by defi-
baryons in central $S and S-Ag collisions to be 525 nition on the light cone; this does not hold in a finite energy
and 90+ 10, respectively6]. This corresponds to &8 and  scenario, like the one introduced here. Now, the initial lon-
95+ 10 % of the corresponding estimates from geometricabitudinal velocity can deviate from the scaling behavior,
overlap (for central impacts Guided by these numbers, v, (~=2/t, and with our parametrization, E(1), fixing t, is
which have large error bars, we take 91% ofequivalent to fixingy,, the rapidity atzy, as is done also in
the geometrical estimate for the participating nucleons irRefs.[16,18|.

S+Au collisions, and fixBy,;= 104. This number may still be The values ofz, andt, are chosen to fit the pion spectra.
too large for the number of nucleons participating in a hy-In Fig. 3, we show the initial profiles for the calculation with
drodynamical evolution. In the estimates of R, the tar- the EOSA. The main features are the maximum of the en-
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TABLE II. Variables used for the parametrization of the initial lating the momentum distribution for each hadron included
and freezeout conditions for the different EOS’s. The first severin the EOS, Eq.(5), the contributions from unstable reso-
variables up tao* are free parameters, the following six are de- nance decays are added to the stable hadron spectra. We use
duced quantities, and the last four variables characterize the freezghe approximations and decay kinematics described in Ref.

out where temperature and baryon chemical potential are averageg()]. Finally, we integrate over the experimental acceptance
over the freezeout hypersurface. The symbols are explained in thg, pr andy.

text.

EOSA EOSB EOSH EOSI VI PHOTONS
ro (fm) 3.65 3.65 3.65 3.65 i The thermal _emission rate for photons can be shown to be
a, (fm) 050 0.50 050 050 irectly pro_p(_)rtlonal to the trace of the retarded _phot(_)n self-
Zr (m) 0.80 0.80 10 197 energy at finite temperatufél]. In the QGP, the imaginary
0 ' ' : ' parts of the lowest order contributions to the self-energy cor-
a (f(r}n)wf 3 %103 %‘103 %‘t?’ g'f respond to tree level QCD Compton and annihilation dia-
‘;’)0 Efn?*)m ) 1 '10 1 '16 0'75 (‘) grams, qq—gv, q(q_)gﬂq(q)y, respecti_vely. Con_tribu-
0 : ' ' tions from these diagrams alone are infrared divergent.
to ™ (fmic) 1.06 0.95 0.71 0.41 However, it has been shown by Braaten and PisdiSj
y(z=2o) 0.85 0.76 0.85 0.80  that these long range effects are screened at finite tempera-
Etor (GeV) 914 923 904 994 ture. The above mentioned diagrams were calculated, includ-
Biot 105 104 104 0 ing the Braaten-Pisarski resummation, in REg#3,54 for
Stot 3880 4230 3650 3035  zero baryon chemical potential. This result was extended in
S/B 37 41 35 - Ref.[55] to finite baryon density. We use the results of Ref.
T,(z=0) (MeV) 238 249 248 400 [55], since we have finite baryon density explicitly in our
t¢ (fm/c) 9.4 7.9 7.9 7.5 calculation. However, the influence of the term containing
€ gec (GEVIIM®) 0.165 0.15 0.165 0.05 the chemical potential is small. For two quark flavors, the
(T¢) (MeV) 142 141 142 140 rate is[55]
(mgr) (MeV) 230 210 235 0 GRS 5 qar T2 2 023,
ergy density at finitez instead of atz=0, and a smooth Y d% 9 247 =212)¢ 7 In aT
behavior instead of a discontinuous one at the edge of matter. (29

During the calculation, the velocity of the first vacuum cell is 4
set equal to the velocity of the nearest cell containing mattetVnere dR=dN/d"x. We use a temperature dependent run-
The profiles of the energy density for the other EOS'sNiNG coupling constant
look similar. The parameters are listed in Table Il. In calcu- 6
lating the total energy and the baryon number of the initial = ,
matter, only the volume Witl&()?)>sf (e; is the freezeout (33=2n¢)In(T/A+)
energy densityis included in the integration. The results are where we takeA;=40 MeV [36] and, as in the EOS
equal to the total energy and baryon number fluxes throung:2_5. ’ '
the freezeout surface.

(29

For the hadron phase, we use the single photon production
rates calculated in Ref53]. These calculations were per-
V. FREEZEOUT formed using a pseudoscalar-vector Lagrangian of the form

We define the freezeout surface as the space-time hyper- 1 1
surfaceo, of constant energy density. The value ®f is L£=|D,®[>—mZ|d|>- Zpﬁyp“V+ zmipﬂp“— ZFM,,F“V,
chosen in such a way that the mean value of the temperature (30)

on o, is T{=140 MeV. This value for the temperature is
chosen on the basis of calculations comparing the varioughere®, A, andp, are complex pseudoscalar, photon and
mean free paths of the hadrons in the system with the size Qfector fields, respectively. Furthermord®,=d,—ieA,
the fireball[45-4§. —ig,p, is the covariant derivative, ang,, andF ,, are the
The hadron spectra are calculated by assuming thermgector meson and electromagnetic field strength tensors, re-

momentum distributions and chemical equilibrium on thegpectively. Also,g§/4w=2.9 as determined from the decay

freezeout surface. The invariant momentum distribution of & .

hadronh is then given by 49] Parametrizations of the rates contributing to
E,dR"¢/d3p were given as a function of andE, in Ref.
d_N_ 9n f d “ 1 [56] for the most important processes. These include the two
d*p (2m)3), TuP exd (p,u’—u)/T¢]=1" scattering processes+m—p+y and w+p—m+7y. The

(270 latter was only calculated for virtual pion exchange. It was
shown in Ref[57] that y production in them-p channel is
where the temperatur€;(x), the chemical potentigl(x), dominated by thea; decays. Thus, we include the process
and the fluid flow four-velocity”(x) are determined on the w+p—a;— 7+ y by using the parametrization given in
surfaceos, from the hydrodynamic calculation. After calcu- Ref.[57]. The decayp— 7y and w— 7%y, which occur
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during the lifetime of the fireball, were also included using have also verified that the rates used in our calculations are

the parametrization given in Rg56]. in essential agreement with those calculated recently in Ref.
The total single photon spectrum is given by integrating[65] using a spectral function approach.

over the total space-time volume, i.e., over all fluid cells with We adopt the following procedure in incorporating these

e=gyg! rates in our hydrodynamic simulations. Our starting point is
» OGP the parametrization of the total dilepton production rate
dN :f x| w(e, pg)E (p-u.T. 1) dR7dM?(M,T) as a function of temperatufe and invari-
d® PBIET S et ant massM?=p?=(p,+p,)? as in Ref[62]. Here,p, py,
RHG andp, are th_e f(lnur—momenta of the pair and the single lep-
+[1-W(e,pg) [Ep-(p-u )}, (31  [ONS: respectively. o
d°p In order to apply the kinematical cuts, we need the mo-

mentum distribution of the pair. To obtain this, we use the

wherew is defined in Eq(19). One should note that the rates relation[66]

are functions ofp-u=p*u,, the energy of the photons in
the rest frame of the emitting fluid element. So far, the rates dRMC 1 fot
for the hadron phase do not contain processes involving 2 = e FT——5(M,T),

g : dM<dyprdpr 2MTK(M/T) dMm
baryons. Hence, there is no dependenceugn Possible (33)
contributions from baryons to the thermal photon yields were

estimated to be small, even for PBb collisions at the where E=p, u* is the pair energy and, is a modified

CERN-SPS in Ref{58]. Bessel function. This relation is valid for reactions in which
the final state contains only the lepton pair, which gives the
VIl. DILEPTONS dominant contribution in the higher mass region. However,

the relation is not valid for the decays—h’e*e~, which
We turn now to a discussion of dilepton production from result in small mass pairs. The region in which E2) is a
both the quark-gluon plasma and the hadron gas. The dom@ood approximation was given to be above 300 MeV in in-
nant process in the QGP is the reactipg—|*1~, which  variant mass if21]. We have verified that the approxima-
was computed in lowest order for finite baryon chemical potion Eg. (33) adequately reproduces the rates in Réb]

tential to be[59] above an invariant mass of 400 MeV. Below 400 MeV, dif-
ferences may exceed a factor of 2 and above in some regions

EdRRCP of the phase space. However, in this region the spectrum is

dM?d3p dominated by Dalitz decays of mesaater freezeoytwhich

are accurately treated separately.

_> a—2(1+2m2/M2) The rates, Eq(32) and Eq.(33), are integrated over the
9 87* € space-time volume of the fireball, as in E§1) for the pho-
tons. Here also, we include baryon contributions from only
o5 _ T the QGP phase. It remains to be seen whether baryons can
X1-4mg/M%e E/Tp(l—e—E?T) contribute significantly to the dilepton yieldsee, for ex-
ample, Ref[67] for initial estimates
{x_+exd —(E+ )/ TIH[X +exp(—u/T)] The measured dilepton spectra also contain pairs from

X Y exd —(E+ )Tl Fexd— @i’ 52

decays after freezeout. We consider this as a background
contribution. When comparing our results with the measure-
wherex.. = exd — (Ex|p|)/(2T)]. ment of the CERES Collaboratiofi4], we calculate this

At low invariant masses, reactions at or@fa’as) be-  packground from our hydrodynamical simulation, instead of
come importanf60]. However, the mass region where theseysing the background estimated by the CERES Collaboration
corrections are significant is dominated by the Dalitz decay$14]. We combine the freezeout momentum distributions of
of the final mesong61]. We have not taken these higher ;0 7, p°, o, 7', and ¢ as given by Eq.27) with the
order contributions into account in our hydrodynamical gistributions from the decays of higher lying resonances.
simulations. o _ First, we consider the vector meson decays into electron

For the hadron gas contribution to the dilepton rate, Wepajrs. The hydrodynamic calculation is done assuming a
use the results of Ref62]. As in the calculation of the fixed mass and zero width for the resonance states. In order
photon rates, the authors made use of the most general low, calculate the dilepton spectra, we have to take into account
est order Lagrangian with vector and pseudoscalar mesong; |east the width of the® meson. We assume that the mass

The coupling of these fields to the electromagnetic currenfjistripution of the resonance is of the Breit-Wigner form:
was computed under the assumption of vector meson domi-

nance. Prior to these calculations, the only rates computed ~ EdNY ¢ r'2 (M) EdNdro
were those due tarm ann|h|le_1t|on. The addition of other dM2d%p 7 (Mz—m\2,)2+Ft20t(M)m\2, dp
vector, pseudoscalar, and axial channels enhances the total (34)

rate by at least an order of magnitude away from the mass

region of the light vector mesons. In doing so, however, onavherem,, is the mean mass of the vector mesons. The nor-
must not overcount channels already accounted for in thenalization¢ is determined in such a way that the total yield
basicww reactiond63]. Therefore, the vector meson decays has the value calculated at the freezeout. We use the follow-
were excludedi64] from the total rate given in Ref62]. We  ing mass dependence of the tgpalvidth [50]:
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(M2—4m727)3’2 spectra. In general, good fits are obtained only for the pion
51+39 AMZ—4m?) (35 distributions — the fits to heavier hadron spectra are signifi-
' G cantly worse. These are discussed in detail below. We apply

with M andm,_ in units of GeV. For the other vector mesons tEe te:pperature d_andhvel?]city disth(;J_tlions correspor}ding toh
(0, @), constant widths taken from experimef@g] are  these fits to predict the photon and dilepton spectra for eac

used. This is justified, since the experimental resolution off©S- OUr results may be summarized as follows. The exist-

CERES is much wider than these widths. In addition to thdNd Photon data are not suff@ciently precise o exclude any
cuts 2m_. (2my) for p° () at threshold, we apply a cut EOS except the EOS for an ideal, massless pion gas. Hope-

3m.. for the » mass distribution. The electromagnetic decayfu"y’ future experiments will allow for better discrimination.

width in the vector meson dominance model is proportionalWith _regard to the CERES diI_epton data, none of the EOS's
to the pair mas§59]. Hence, we use the parametrization considered, in conjunction with the standard leading order

' ' dilepton rates, succeed in reproducing the observed excess of
dileptons below the peak.

Ffot(M)zs-l

M
Fvﬂe+e*(M):F\e/)fte+e—m_V, (39

. A. Had t
with the values ofm, and 0™, _ taken from Ref[68]. adron spectra

Thus, the electron pair distribution is given by We begin our discussion with the results for the hadron
. spectra in S-Au collisions. In Fig. 4, we show the rapidity

EANPA" Ty a+e-(M) EdNY spectra for several hadrons obtained from calculations using

dM2d3p - Ty (M) (M) dM2d3p” (37 three different EOS’s. In choosing the parameters in the cal-

culation, our main emphasis has been to reproduce the nega-
Next, we consider the Dalitz decays of the mesons. Wdive particle spectrum. In the case of the ideal pion gas EOS

use the differential decay wid{l69] I, we assume that the negatives consist of negative massless
ar r pions only. For the EOS’a andB, both of which exhibit a
o al L I o
i—jete alj ”’1+2m§,/M2) 1—4me/M2 phase transition, the initial conditions are quite similar, but

for the two purely hadronic EOSH andl, they differ con-
siderably(cf. Table ).

Let us first note the features that are common to the three
different EOS'’s. For the negatively charged particles, which
are mostly pions, the calculations are in good agreement with

(38)  the data from NA35[7]. This tells us that, by a suitable
If the particlej is a photony, the normalization td; ., choice of the initial conditions, the flow of energy density
results in an additional factor of 2 on the RHS of E&8). across the freezeout surface_ can be reproduced_ reasonably
For 7°— ye*e~, we take a linear approximation for the well with all the EOS’s considered. The three pion states
form factor,F(M?)=1+5.5 GeV 2xM? , from Ref.[69]. carry rqughly half of the total energy. The other half is car-
For 7— ye*e~ andw— me*e", the dipole approximation, '1€d mainly by the baryons. L
F(M)=(1-M2?A?)~1 with A,=720 MeV and The experimental net protop—p distribution in Fig. 4
A,=650 MeV, respectively, is usend. For —yete, the shows a large asymmetry with respect to t_he center of mo-
vewctor meson dominance form factor mentum.(The two data points witly<<3 are identified pro-
ton data from a different experiment NA{g| with S+Pb. It
m* is instructive to view these points together with the net pro-
(Mz—m2)§+ o TR (39 ton distribution from NA35[6], because in this region the
P p” tot antiproton yield is very small. While NA35 has practically a
full pt acceptance up to 2 GeV, the NA44 data were extrapo-
lated to the fullp; region) There is a large difference in the
EdNPar 1 dli_jete- EdN—Mi target and projectile size, and we are presently unable to take
dM2dp TRt gMm2 ) d°p (M), (40 this into account in our code with longitudinal mirror sym-
tot metry. However, we do not want to neglect the baryons to-
whereI'&™is taken from Ref[68] andEdN ~Mi/d3p is an  tally, since they carry a significant part of the total energy;
isotropic electron pair distribution resulting from the decaytheir influence is felt through the EOS during the space-time
of an unpolarized meson into a pair of massM and a evolution. We reproduce the right tot_al_number_ of_baryons in
particle j, as given in Ref[50]. The incorporation of the ©OUr calculation. Also, the baryon rapidity density in the cen-

experimental cuts and resolution is described in the Appentr@l rapidity region §.n=2.6) is roughly reproduced. This
dix. should ensure a reasonable description of the expansion in

the central region, where our calculations of the electromag-
netic yields are compared with measurements.
The Kg distribution comes out too large in comparison
In this section, we discuss the results of our attempt tavith experiment. This may be attributed to the fact that we
describe consistently the hadron and electromagnetic specth@ave assumed full chemical equilibrium. A detailed chemical
in S+Au collisions using the hydrodynamic approach. Weanalysis of strange particle spectra in the/ collisions in
fix the parameters for the initial conditions from the hadronRef. [35] shows a strangeness suppression of 0.7 relative to

dM?2  3mxM?%°

X

M2 2 4m2M2 3/2
1+ : F(M?)|2.
o) ] O

T2
(mf—m

[F(M?)[?=

is used. The pair distribution is then calculated from

VIIl. RESULTS
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FIG. 4. Rapidity distributions for several hadrons compared with a symmetric hydrodynamical calculation. The equations of state are
EOSA (solid line), EOSB (dotted ling, hadronic EOSH (short-dashed ling and ideal pion gas EOE(long-dashed line The data are
measured by the following groups: Negative charged particle data are from NA3Be strange hadron\(, A, Kg) data from NA35[5],
the net proton §— p) data, withy>3 from NA35[6], and the two points of proton data with<3 are from NA44[9].

full chemical equilibrium. Multiplying thek? spectra and the  the net negative strangeness of thébaryons. In the region
other strange particle spectra by this factor would improve3<y<4, the overestimation of th&’s leads to a small ad-

the fit. The abundance d€2 mesons is also slightly influ- ditional contribution to thek's.

enced by the baryon distributions through the requirement of The A andA rapidity distributions are influenced both by
strangeness neutrality. The" andK°® have to compensate the strangeness and the baryon number chemical potentials.
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From the rapidity distribution of the protons, we see that the The absolute yields of the other particles in Fig. 5 depend
baryon number, or equivalently the baryon chemical potenen the assumption of chemical equilibrium, the inadequacy
tial, is too large in the forward rapidity region, because of theof which we have discussed above. This is also corroborated
longitudinal symmetry in our calculation. The excess in theby the antiproton yield, which is also underestimated, like
A spectrum in the region8y<4 is similar to that for pro- that of the A’s. We see, however, that the slopes for the
tons. In order to answer the question of how well the strangedifferent particles are reasonably reproduced by all three
ness chemical equilibrium holds for the strange baryons, wg0S's, supporting the picture of collective transverse flow
should first reducg.g to reproduce the proton distribution in present at SPS energigks].
this rapidity range. It seems that this would lead to a reason- At low pr, especially for the\’s, discrepancies between
able agreement for th&’s, assuming thaj.s would be un-  calculations and data persist. The calculation is expected to
changed. However, a reduction iy would not be sufficient overshoot the data on the basis of the excess seen in the
to increase thé yield to the experimental value at rapidities rapidity spectrum in the 8 y<<4 region. The larger relative
around 3. weight from this region in the calculation as compared to the
We may summarize our analysis of the strange hadrongata might also be a reason for the difference in the slopes.
by stating that, for the freezeout parameters that fit the nega- The experimentaky/° ratio for central event§11] has
tive particle yields, there is agreement in the yield o6 large error bars. It is reproduced reasonably well at large

relative to that of protons, but th's are underestimated and Pt Put our calculation und%res'gimates it at lgw. In our
theK,'s are slightly overestimated. An analysis of S col- ~ M0del, the 47 integratedy/ " ratio depends mainly on the

lisions at the same freezeout temperatiites 140 MeV, has free;e(_)qt_ temperature. In Table 1ll, we compare the total
led to the same conclusidii8,7d. mult(|)pl|c¢|e§ W|t_h p+p data on meson produ_cydﬁfl]. Our

The particle yields are determined in our model by the”l.w. ratio S S|m|Ia_r to that In proton collisions and the
assumption of chemical equilibrium until freezeout. This jgminimum bias ldata In $.Au co!||5|ons[12].
poorly justified in the late dilute phase, since the strangeness To summarize the d|§cu53|on Of. the hadron spectra, we
changing cross sections are small. Therefore, a study of the S that with the exception of the ideal pion gas EOS, the

chemical behavior in the late phase deserves further investi?'t'al conditions can be anUStEd to reproducg the gross be-
gation on its own right, but is outside the scope of this in- avior of the hadrorinegatives spectra for a wide class of

vestigation. However, looking at the pion distributions, we EOS's. Details of the spectra depend on the assumption of

. - L * .~ chemical equilibrium, which turns out to be poorly justified
w('arl]lkrg;ggsjecgg”gybgnra\r/:]%r d(()a]; the longitudinal expansion Sat freezeout temperatures of~140 MeV. Chemical equi-

P .. librium between particles and resonances which have a large
The transverse momentum distributions are shown in Fig, . parti 9
ross section may still hold.

5. The overall agreement is quite good with the exception of
the EOSI. (We will return to discuss this case latefhe
m; spectra ofw%s are well fit up to 2 GeV. For larger
transverse momenta, the three EOS’s can also be distin- The fundamental difference between the hadron spectra
guished. If one uses the same initial conditions, then a stiffeand the photon spectra is the fact that photons are emitted
EOS would produce more transverse flow. However, to fifrom collisions of charged particles during the entire expan-
the longitudinal spectra, we enhanced the initial energy dension stage. We have calculated the phopgnspectra using
sity for the EOSB and reduced it for the EO8 in com-  the same simulatiofirom which the hadron spectra were
parison to that for the EO& (cf. Table I)). The initial tem-  obtained. We integrate the photons over the four-
peratures are roughly the same in each case, and lead to tHgnensional space-time volume, E§1), which is bounded
similar final p; slopes. by the three-dimensional freezeout surface used for the cal-
Although the best agreement is achieved using the EO8ulation of the hadron spectra. The calculations are com-
H, fits for the other EOS'’s can be improved by fine-tuningpared with the upper bound of the WAS80 collaboration on
the initial conditions. Further, it is doubtful that particles the direct photon spectrufii3]. Experimentally, the direct
with very large p follow a hydrodynamical behavior. In- photon yield is obtained by subtracting photons from the
stead, they might originate from semi-hard processes. Wdecays of mesons and baryons.

B. Photon spectra

therefore conclude that, with the exception of the HO®e Since the photon yield depends on the properties of the
cannot rule out any of the remaining three EOS’s on thesystem as it expands, we first discuss how the space-time
basis of fits to the spectra. behavior is affected by the different EOS’s. In Fig. 6, con-

The ideal pion gas EOS produces too flat a slope. The tours of constant energy density in theplane atr=0 are
initial conditions in this case correspond to the same totahown, for all four EOS’s. The boundaries of the mixed
energy as in the other three cagese Table ). This was phase are indicated as solid lines. The freezeout times at the
necessary in order to get the rapidity spectra correct in theenterz=0 aret;=9.4, 7.9, 7.9, and 7.5 fro/for EOS’s
central rapidity region. Since there are no baryons to shar@, B, H, andl, respectively. Ar =0, transverse expansion
the energy, the surplus energy is converted to transverse kis absent essentially up tg. Similar freezeout times for
netic energy. In short, for the EQSwe could not find initial ~ different EOS’s indicate that the longitudinal expansion in
conditions which reproduce both the rapidity mgspectra the central region is dominated by the initial velocity gradi-
simultaneouslysee also Ref.72]). Therefore, the ideal pion ent. At largez, the QGP equations of state produce a long-
gas EOS can be ruled out, on the basis of hadronic data, asiving tail. This is the result of a weaker longitudinal accel-
being too stiff. eration, due to the smaller pressure gradient in the mixed
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FIG. 5. Transverse momentum distributions for several hadrons compared with a symmetric hydrodynamical calculation. Curve desig-

nations are as in Fig. 4. The data are measured by the following gredpata for central $Au collisions from WA80[10], the strange
hadron (A, A, K?) data[5], and the anti-protons are from NA3B], and thez/#° ratio for central S-Au collisions from WAS80[11].

phase as compared with that in a calculation employing the&olume, a faster conversion of the mixed phase into the had-

hadron gas EOS without phase transition. ron gas. However, for the EQB, the mixed phase is reached

The space-time volume of the mixed phase in the EO&t a later time and with so much larger volume that the con-

B is somewhat larger than that for the E@S despite the
fact that it has a smaller latent heat, which allows, per unithan that for the EO%\.

version takes more time and produces a bigger final volume
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TABLE Ill. Total multiplicities used to estimate the background shows up as a flattgy; slope in the plasma contribution, but
to the dielectron spectrum. The total yields are normalized to thewven at the largegty values, it is clearly below the hadron
70 yield. The EOSA is used in the calculation. For comparison, the gas contribution. The total yield is in agreement with the
total production cross section i+ p collisions at 400 GeV inci- upper bound provided by the data.

?rirr'r: mz?f F;li]r? are shown in the third colutthe data are taken In Fig. 7(b), the individual contributions are shown for the
i EOSB. In this case, the hadrons from the mixed phase domi-
Hydro NA27 nate photon production. The QGP yields are similar to those

with the EOSA. At large pr, the QGP contribution is as

muthicgliity R,:g'?:éve Sgc(zits:](cr;%?s th:legwe !arge as th(_a ha_dron contribution from the mixed phase. There
is no contribution from the pure hadron gas phase, because

0 212 1.000 127.2 1.000 the transition from the mixed phase to the hadron phase and
n 19.4 0.092 98 0.077 freezeout takes place simultaneously at the same tempera-
p° 18.6 0.088 12.6 0.099 ture.
w 15.8 0.074 12.8 0.101 Figure 8 shows the total single photon spectra for the four
7 20 0.009 _ _ different EOS’s. The situation is qualitatively similar to that
é 41 0.019 0.62 0.005 for the pr spectrum of7%s in Fig. 5. However, quantitative

differences exist. A close inspection reveals that not only the
results for the EOS, but also for the other three EOS’s,
differ from one another. The total yield with the E@Slies

In Fig. 7(&), we show the direct photon spectra for the a factor 2—3 below that of the EO&, whereas the EOSl
EOSA. From the individual contributions from the different produces 2-10 times more photons depending orphes-
phases, it is clear that hadronic processes dominate the prgion. The yield for the EOS lies orders of magnitude above.
duction of single photons in this case. In RE83], it was In principle, the dependence of the photon production on
shown that at the same temperature, emission rates per ufMit could be used to determirig, from the data. However,
volume are roughly the same in a QGP and a hadron gasne can see from Fig. 8 that the present upper bound on the
Inclusion of thea; mesons enhances photon production forsingle photon yield rules out only the ideal pion gas EOS
energiesE ,>1 GeV[57], leading, atT., to a considerably I. (Recall that this EOS is also ruled out by the transverse
larger photon production rate in the hadron gas than in thenomentum spectrum of negative hadrggom our results
QGP. Also, the high temperature phase abdydasts for a  of the photon spectra, we cannot claim evidence for a phase
short time in this case, and the produced matter spends mosansition, in contrast to the claims in Ref§2,20,23. The
of its lifetime in the hadron gas phase. These two featuremain point here is that, if a reasonable amount of degrees of
lead to the dominance of photon emission from the hadronifreedom are taken into account in a hadron gas, the increase
phase. The higher temperature of the initial QGP phaseftemperature with energy density is reduced. This is clearly

time (fm/c)

FIG. 6. Contours of constant energy density
in the zt plane for calculations with the EO&
(a), EOSB (b), EOSH (c), and EOS (d). Con-
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tainties in the rate calculations both in the QGP and a hadron
gas neaf.. Our discussion above is based on the consider-
able difference in the rates at the same temperature between
perturbative QCD resulf$5] and leading order estimates in

a hadron ga$53,57).

1. Comparison with other works

Finally, we want to compare our results with other calcu-
lations of photon yields in the $ Au collisions, which have
used hydrodynamics to describe the evolution of the pro-
duced matter. These earlier calculations were compared with
the preliminary data of WA8Q10]. The new analysis by
WAB8O0 gives upper bounds, which are compatible with the
preliminary data.

First, we confirm the result of Ref22] that the absolute
normalization of the photon yield is sensitiveTig and to the

the mixed phaseéyl (QGP, QGP part of the mixed phase, QGP, and EOS. The calculation in Ref22] was done using a one-
the total spectrungsolid line).

dimensional Bjorken-like hydrodynamical scenario, whereas
we employ a three-dimensional expansion. The small differ-
ences in the photon yield from our results can be attributed to
the differences in the hydrodynamical solutions. In R22],

seen by comparing results for the E®ISwith those for the
EOSI. The large photon yield in the case of the EDS due
to the very large initial temperaturé; =400 MeV, as com-
pared toT,=250 MeV for the EOH.

consistency with the preliminary data of WA80 was
achieved withT.~200 MeV, while lower critical tempera-
tures of around 150 MeV led to an underprediction of the
In the extreme case of the Hagedorn bootstrap mi@fg]  preliminary WA80 data. Therefore, the possibility of a long-
we have a limiting temperature 150 MeV in a hadron gas, lived mixed phase, of duration 30—40 fmmAvas suggested
with arbitrarily high energy densities. For limited energy there. For the EOS’s used in our three-dimensional calcula-
densities, such an EOS would lead to a small photon produdions, T, lies in the range 140—-165 MeV and the duration of
tion. Therefore, the results do not readily attest to the existthe mixed phase does not exceed 10cin8ince the present
ence or the absence of a phase transition. With the presedata provide an upper bound only, a long-lived scenario is
precision, one can only rule out high initial temperatures.not necessary with the lower values ©f which we have
However, since the rates from the hadron gas and the QGPBeen using.
differ, the correlation between the total yield and the slope of Our results roughly agree with the investigation in Ref.
the transverse momentum distribution will differ for the [73] as well. However, Arbexet al.[73] only investigated an
purely hadronic EOS and an EOS with a phase transitionEOS with aT. of 200 MeV. Since, as noted above, the
For this reason, improving the experimental upper limit andabsolute normalization of the photon spectra is sensitive to
measuring the yield of direct photons is very important.  the critical temperature, their results agreed with the prelimi-
In discussing the dependence of the photon production onary data of WAS80.
the transition temperaturg., one should keep in mind not In Refs.[72,20, an agreement with the preliminary data
only the limitations of hydrodynamics, but also the uncer-of WA80 was achieved using an EOS wilhy around 160
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' - ' ' ' . there are some differences in the total yields of the decaying
mesons, since in our calculation the meson multiplicities are
107t ete” given by the calculated freezeout conditions, mainly the as-
CERES sumed temperature, the effect of the baryon chemical poten-
tial being small. On the other hand, the CERES Collabora-
tion used the meson-te? ratios fromp+ p collisions[71]

to fix the multiplicities of mesons from the measured
spectrum[10]. In Table lll, we present the meson yields
normalized to ther® yield. Our » multiplicity is somewhat
higher than irp+ p collisions, while that of the® is slightly
smaller. For thaw meson, the ratio is 3/4. The main differ-
ences in the input yields are those for thé and ¢. The
contributions from thep’ are negligible compared to those
from the other dilepton sources. Thus, the only important
difference with the CERES background is a factor of 4 in the
¢-mass region; however, this is still in agreement with the
data.

In Fig. 1Q0@), we show the dileptons radiated during the
lifetime of the fireball. These results are folded with the
CERES cuts and the CERES resolution. Here, we see the
same systematics as in the case of photons; the hadronic

FIG. 9. Estimate of the background to the dielectron spectrunfontribution dominates the yield. The largest contribution
from the meson decays after freezeout as calculated from the hygomes from themr-7r annihilation to dielectrons via thg
drodynamical result for EO8. The kinematic cuts and the detector form factor (vector dominancke this is seen as a peak at the
resolution of the CERES experimefit4] are incorporated. p mass. As for the photons, the contribution from the pure

hadron gas and the hadronic contribution in the mixed phase
MeV, while our calculation with EO% would underpredict are equally important.
this preliminary data by roughly a factor of 4. In RE20], a The sum of the background and the thermal emission is
rather low freezeout temperatuiig,= 100 MeV, was chosen. shown in Fig. 10b). We first note that thermal emission
We have checked that the photon yield increases by a factapughly fills the gap between the background and the data
of ~1.5 when the calculation is extended from a freezeouairound and above the mass, even though the calculated
temperaturd ;=140 MeV toT;=100 MeV. In Ref[20], the  results tend to lie at the lower bound of the errors, especially
neglect of baryons and the smaller number of mesons in thior the EOSB. Note that the systematic and the statistical
EOS leads to considerably longer lifetimes for the mixed anderrors are shown separatglg4].
hadron phases. In addition, our three-dimensional calcula- In the mass region between 200 and 600 MeV, our calcu-
tions lead to more rapid cooling than that obtained using thdated results lie clearly below the data. While the calculation
scaling expansion, even when transverse expansion is iftas a dip in this region between the contributions from the
cluded. A combination of these effects can explain the largePalitz pairs and the vector mesons, the data are flat and
yield in Ref.[20]. smooth. There have been several suggestions for the origin
of the excess over the expected sources in this invariant mass
_ region[67,75—78. An interesting possibility for the expla-
C. Dielectrons nation is a shift of the vector meson masses associated with

The other electromagnetic signal, measured in thé\@  the expected restoration of chiral symmetry as the transition
collisions by the CERES Collaboratigh4], is the dielectron temperaturd . is approached in the hadron gas. We have not
mass distribution. In these measurements, the dilepton backded to include this in our calculation. With an appropriate
ground from the decays of final mesons is not subtractedparametrization of the temperature and/or density depen-
because the amounts of different mesons are not precisefience of the hadron masses, we most likely would be able to
known. Thus, we have two parts in the final dilepton yield.reproduce the data, but a consistent treatment in a hydrody-
First, the emission during the lifetime of the fireball and, namical approach would require the incorporation of density
second, the electromagnetic decays of hadrons after the ddependent masses to also calculate the EOS and the decay
coupling. The latter contribution is shown in Fig. 9 for the rates. This is beyond the scope of the present work, and its
EOS A. This background is similar for the other EOS's, proper implementation requires a major effort, which will be
since the final hadron spectra are reproduced in each case tgken up separately.
tuning the initial conditions, as discussed above. The calcu- Our conclusions for the EOS from the dilepton calcula-
lation of the decay dilepton spectrum is described in Sec. VItions are similar to those for photons. The absolute yields are
and the Appendix. All hadrons which produce lepton pairssensitive to T, and the results for the EO8 with
are considered. Both the thermal contribution and the contriT.=140 MeV are below the data at all mass values. How-
butions from the decays from heavier hadrons are includedever, the differences are not as pronounced as for the pho-

Our calculated background in Fig. 9 is basically in agree-tons, since the contributions from the decays of final hadrons
ment with the estimated background in Rgif4]. However, have not been subtracted.

dN/(dMdn) / (N, /dn ) (0.1 GeV ™)

M (GeV)
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' - ' ' ' . ' Where the deviations from the data are largest, our three-
dimensional calculation$with the same standard rates as

3 above underpredict the data by a much larger factof
about 8—10. Several sources for the differences from Ref.
[21] may be cited. These include the use of a more realistic
E EOS, a shorter duration of the mixed phase, and features
specific to the three-dimensional flow of the matter emitting
the lepton pairs. Clearly, a combination of these effects re-
E sults in dilepton yields that are lower than in the case of a
one-dimensional Bjorken evolution, even in the case where
an EOS admitting a phase transition to the QGP is used.

E A comparison of our hydrodynamical results with the al-
ternative sequential scattering modéédso termed as cas-
cade or transport modglslepends on the extent to which

E thermalization is achieved in the latter approach. Specific
medium modifications of the vector meson properties, in par-
ticular a decrease in their masses, have been found to yield a
SN satisfactory description of the CERES dfi®,67]. Whether

a similar approach can be satisfactorily adopted in hydrody-
namical simulations is a challenging future task.

dN/(dMdn) / (dN, /dn) (0.1 GeV™)

IX. CONCLUSION
10 'F (b) e e— E
CERES

The aim of this work was to establish the extent to which
one can constrain the EOS from the experimental data for
S+Au collisions from a simultaneous description of the had-
ron and electromagnetic spectra using hydrodynamics. We
have shown that, in general, the influence of the EOS on
hadronic spectra can be counterbalanced by choosing differ-
ent initial conditions. A simultaneous calculation of the elec-
tromagnetic signals can, in principle, distinguish between the
different EOS’s. However, the present experimental resolu-
tion allows us to rule out only extreme cases, such as the
ideal pion gas EOS with only a few degrees of freedom.
Also, the dilepton yield for the QGP equation of state with
T.=140 MeV, the EOSB, tends to fall below the data in the
vector meson mass region, indicating an effective lower
-9 bound of 140 MeV forT, if the transition exists.

) ' ISP A ' The constraint that can be drawn from the single photon
o 02 0406 08 y le 124 data is that the initial temperature cannot be too high. The
(GeV) present data rules out temperatures above 250 MeV. This

limit on the initial temperature can be achieved only if a

FIG. 10. Dielectron spectra compared with the measurement 0I rge number of degrees of fre.edom Is invalved, be it in the
the CERES CollaboratiofiL4]. Kinematic cuts and detector resolu- orm of quarks and gluons, or "f] the form of a Iargg enough
tion are incorporated@ Contributions during the lifetime of the number of hadrons. HO\.Ne.VGY,'If the dfata can be |mprqveq,
fireball. (b) Total dielectron spectrum including our background the two cases can t_)e distinguished, since the total emission
estimate for the different equations of state. from a hadron gas is larger than that from the QGP. In the
total yield, the difference between a pure hadronic EOS and
an EOS with a phase transition increases with decreasing

1. Comparison with other works Te

dN/(dMdhn) / (AN, /) (0.1 GeV™)

. . .. The behavior of the dilepton spectrum in the mass region

The excess production of low-mass dilepton pairs iNyenyeen 200 and 600 MeV shows that the description of the
StAu collisions was recently addressed in R&fL] using & ot and dense strongly interacting matter rigain terms of
one-dimensional Bjorken-like expansion. In the invarianty,q free-space parameters is not adequate. With our present
mass range 0.2 GeVM<0.6 GeV, where the excess over hydrodynamical approach, the dilepton spectrum can be ex-
expected sources is most evident, the data were underprgained only in the mass region of the vector mesons. The
dicted by about a factor of 4. Due to the high initial tempera-|arge experimental dilepton yield below themass may in-
ture (T;=380 Me\) required to obtain similar results in a dicate medium modifications of the particle properties. These
purely hadronic scenario, the case in which a QGP is admiteffects can be included in hydrodynamical calculations, but
ted (T;=198.7 MeV,T.=160 MeV, T;=140 MeV, and a for a consistent calculation, the EOS must be modified ac-
mixed phase duratior- 13 fm/c) was favored in this work.  cordingly.
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APPENDIX: CUTS AND RESOLUTION
ACKNOWLEDGMENTS FOR COMPARISON WITH CERES

We gratefully acknowledge helpful discussions with G. E. . . . .
Brown, C. Gale, P. Lichard, H. Sorge, J. Steele, and I. Za- The kinematic cuts of the CERES experiment are cuts in

hed. We thank E. K. Popenoe for a careful reading of thdhe momenta of the electron and the positrbd]. We incor-
paper. J.S. acknowledges the kind hospitality of the INT inPorate 2them in the following way. We take
Seattle and the Department of Physics at SUNY in StomfdN/(dMdyprdpy) of the pair calculated either from the
Brook, where part of this work was done. P.H.’s work wasbackground contributiofisee Eqs(37) and (40)] or that re-
supported by a grant from the Academy of Finland. Thesulting from the fireball during its lifetimgsee Eqs(32) and
research of M.P. was supported by the U.S. Department df33)]). Going to the pair rest frame, we assume an isotropic
Energy under Grant No. DE-FG02-88ER-40388. R.V.’s re-momentum distribution. Thus, the single electron momentum
search at the INT was supported by DOE Grant No. DEdistribution dN/(dM?dy,p,7dp,7), when the pair mass is
FGO06-90ER40561. M, is given by

cut

dN M y* (my)?
szdylple Pit = o (M2—4m )fy dyf(mT)z dI’Tﬁ-H( Por— p‘?'Ut) o( 77(r:rl1Jat1x_ Y2=Yem) O(Y2+ Yem ™ 7min
e T

1 dN
X 6( 93— @cuh , (A1)
1 Jp%piT—[MZ/Z— mym;rcoshy; —y)]? dM?dyprdpy
wherey, y; are the rapidities in the fireball rest frame. Further,
M Mmyrcostly —y) + pyryM2—4m:—4mZ sintP(y —yy)
*—v. +sinh I J(M2= 4m? -
yiEsinh  [V(M“=4mg)/(2my)],  my 2 mZsinf(y—yy) + m2 . (A2
The opening angle of the electrons in the laboratory systﬁfﬁ, neglecting the electron mass, is given by
M2
cog 9%) =1~ 5—mm—Tmb (A3)
2[p1[*pal
with [pi|"*°= piry1+SinF(Y; +Yem).-
The final spectrum of the pairs in the approximatigg =y.+ is then
dN 2M f d j g dN "
dMdzy A7 ot PiTPar e hm- (A4)

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

dNCERES 1 (M_M/)2 dNCUt
(M= M ———exp — M’ A
avdy M E Fzm(mq“’( ZUZ(M’))den( ) (A0)
with the widtho (M) taken to be the detector resolution kindly provided to us by the CERES Collabof@atpn
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