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Hydrodynamical analysis of symmetric nucleus-nucleus collisions near 200A GeV
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We present a coherent theoretical study of ultrarelativistic heavy-ion data obtained at the CERN/SPS by
NA35/NA49 Collaborations using~311!-dimensional relativistic hydrodynamics. We find excellent agreemen
with the rapidity spectra of negative hadrons and protons and with the correlation measurements in
experiments: S1S at 200AGeV and Pb1Pb at 160AGeV ~preliminary results!. Within our model this implies
that for Pb1Pb ~S1S! a quark-gluon plasma of initial volume 174 fm3 ~24 fm3) with a lifetime 3.4 fm/c ~1.5
fm/c) was formed. It is found that the Bose-Einstein correlation measurements do not determine the maxi
effective radii of the hadron sources because of the large contributions from resonance decay at small
menta. Also within this study we present an NA49 acceptance-corrected two-pion Bose-Einstein correla
function in the invariant variableQinv . @S0556-2813~96!03209-8#

PACS number~s!: 25.75.2q, 12.38.Mh, 24.10.Jv, 24.10.Nz
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I. INTRODUCTION

In the last decade many experiments have been perfor
in the attempt to find evidence for the existence of a qua
gluon plasma~QGP!. Ever higher energies and/or mass
have been involved in order to increase the lifetime of
system either by increasing the initial energy density or
size of the system. The probability of preparing a stron
interacting system that shows thermodynamical behavior
therefore is treatable by well-known thermodynamical
fluid dynamical methods increases with the size of the s
tem. In this paper we describe a comprehensive hydro
namical study of data taken at the CERN/SPS by the NA
and the NA49 Collaborations. Our investigation takes in
account all available data spectra and correlation functi
for different particle species. We present results of the an
sis@1# of Pb1Pb at 160AGeV using relativistic fluid dynam-
ics and assuming an equation of state containing a ph
transition. These results are discussed by comparison to
previous findings for S1S at 200AGeV which were obtained
by applying the same computer codeHYLANDER @2#.

Many hydrodynamical models@3–5# are available which
describe the dynamics of relativistic heavy-ion collision
HYLANDER belongs to the class of models which app
~311!-dimensional relativistic one-fluid dynamics. It pro
vides fully three-dimensional solutions of the hydrodynam
cal relativistic Euler equations@6#. HYLANDER has been suc
cessfully applied at SPS energies to the reaction Au1O and
especially to S1S, a reaction to which we refer several tim
in this paper. HereHYLANDER was used to reproduce@7#
simultaneously mesonic and baryonic rapidity and transve
momentum spectra of the S1S reaction at 200A GeV. Cor-
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responding measurements had been performed by the NA
Collaboration@8#. Based on the successful description of th
measured single inclusive spectra, predictions were made
Bose-Einstein correlation~BEC! functions@9,10#. Those pre-
dictions agree quantitatively with the measurements@11,12#
~cf. also Fig. 9!. The model also reproduces the photon da
for S1Au collisions at SPS energies@13# and gives a simple
explanation for the ‘‘soft-p' puzzle’’ @14# and the complex
behavior of the radii extracted from pion and kaon correl
tions and explains the difference in the extracted radii f
pions and kaons in terms of a cloud of pions due to the dec
of resonances which surrounds the fireball~pion halo! @9,15#.

In the present paper we exhibit the space-time geometr
of the real hadron sources, i.e., the freeze-out hypersurfac
Results for S1S at 200A GeV and Pb1Pb at 160A GeV are
directly compared. For the first time we show our results
effective radii compared to the BEC data of the NA35 Co
laboration. Furthermore, we present a calculation of t
detector-acceptance-corrected two-pion correlation functi
C̃2(Qinv) in the invariant variableQinv . In doing so we
would like to bring the readers attention also to Refs.@16,17#
where all the features of these specific types of two-partic
BEC functions were extensively discussed. The followin
discussion is a self-consistent description of two differe
heavy-ion experiments. Here we reproduce simultaneou
single inclusive spectra of negative hadrons and protons a
Bose-Einstein correlations of identical pions using only on
and the same equation of state. The contents of this pa
represents a summary of many contributions@1,2,7,9,10,18#
in an effort to give a description of heavy-ion data taken
the CERN/SPS in terms of~311!-dimensional relativistic
hydrodynamics.

II. MODELING THE HYDRODYNAMICAL SOLUTIONS

HYLANDER can use initial conditions ranging between th
extremes defined by the Landau@19# and the Bjorken@20#
initial conditions. One has to specify an equation of state a
a set of parameters which describe the initial conditions.
1381 © 1996 The American Physical Society
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1382 54ORNIK, PLÜMER, SCHLEI, STROTTMAN, AND WEINER
view of our former results for S1S at 200A GeV, the same
equation of state~EOS! is used for the treatment of Pb1Pb at
160A GeV. It exhibits a phase transition to a quark-glu
plasma at a critical temperatureTc5200 MeV ~cf. Refs.
@21–23#!. This EOS, which has no dependence on the bar
density, is plotted in Fig. 1. In the following we sketch th
basic features of the model which was introduced in Ref.@7#.
Our model uses the five parametersKL , D, yD , ym , and
s, which are explained below.

A reaction of two baryonic fluids leads to a decelerati
of the projectile and target baryonic currents and thus to
spread of their width in momentum space. For the init
baryon density distribution in rapidity we write

db

dy
5Cy@e

2~y2ym!/2s21e2~y1ym!/2s2#, ~1!

where6ym give the positions in rapidity of the two maxim
and s gives the width of the baryonic density distributio
after the collision, respectively.Cy is a normalization con-
stant, the value of which can be determined from the requ
ment that, when Eq.~1! is integrated over the whole acce
sible rapidity interval, it is equal to the total baryon numb
of the system. A spatial baryon distribution~cf. Fig. 2! is
then easily derived by evaluating

B0~z!5
1

pR2

db

dy

dy

dz
, ~2!

whereR is the mean radius of the initially radially smeare
out cylindrical fireball~cf. Ref. @10#!. In our model we im-
pose an initial rapidity fieldy(z) on the fluid. Its modulus is
presumed to be a function only of the longitudinal coordin
z with its shape constrained by two boundary values: T
rapidity should vanish atz50 and asymptotically reach it
maximum valueyc.m. at z56ta (yc.m. being the center-of-
mass rapidity andta the time it takes for two nuclei at th
speed of light to penetrate each other, respectively!. We pa-
rametrize the functiony(z) by the slope parameteray as

y~z!5yc.m.tanh@ayuzu#. ~3!

Rather than usingay as a free parameter in our model, w
use the two parametersD andyD determining the slope pa
rameteray in Eq. ~3! through

y~z56D/2!5yD . ~4!

FIG. 1. Equation of state with a phase transition to a qua
gluon plasma. Plotted are the speed of soundc0

2 and the energy
density e as a function of temperatureT @23#. The curves are a
result of a fit@22# to lattice QCD calculations@21#.
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In Eq. ~4! the quantityD is the spatial longitudinal extension
of the initial fireball ~in Ref. @7# called the ‘‘Landau vol-
ume’’! and yD is the absolute value of rapidity a
z56D/2.

The kinetic energy of the two incoming baryonic fluids
converted into internal excitation~thermal energy! of a third
fluid which is created in the central region. The relative fra
tion KL of the thermal energy inside the initial fireball vo
ume is another free parameter which fixes the initial state
the formed fireball.

In Table I we show the choice of the five paramete
which leads to the reproduction of the experimental S1S
data taken by the NA35 Collaboration. Additionally, it wa
there assumed that due to experimental uncertainty for
centrality of the collision, only 85% of the total availabl
energy and the total baryon number have been observed
Fig. 2 the initial longitudinal distributions of energy densit
as well as the rapidity, normalized to their maximum valu
are plotted against the longitudinal coordinatez ~since we
deal with a symmetric system, only the distributions f
z>0 are shown!. Because of the constraints of energy co
servation, the choice of the initial parametersD, yD , ands
leads to a limited two-parameter space for the variablesKL
and ym , respectively. The limited two-parameter space
shown for S1S in Fig. 3. The crossed lines indicate th
choice of the parameter pair for the reproduction of t
heavy-ion data.

For Pb1Pb at 160A GeV we reduce our five-paramete
space to a two-parameter space based on the results we
tained for S1S at 200A GeV. We assume that the paramet
for the longitudinal extension of the central fireball scal
with 2R/g compared to the parameter for S1S at 200AGeV

k-

FIG. 2. Initial distributions of energy and baryon density,
well as the rapidity, normalized to their maximum values~cf. Table
I! and plotted against the longitudinal coordinatez.
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54 1383HYDRODYNAMICAL ANALYSIS OF SYMMETRIC . . .
@1#; g is the Lorentz contraction factor. By coincidence the
is a factor of 2 increase in the longitudinal extensionD going
from the reaction S1S at 200AGeV to Pb1Pb at 160AGeV.
Also the timeta it takes for two nuclei at the speed of light to
penetrate each other is increased by a factor of 2. For S1S
the initial longitudinal velocity fieldv i(z)5tanh@y(z)# in-
creases as a function ofz within the initial fireball almost
linearly as in the Bjorken initial condition scenario@there
vBjorken(z)5z/t; t is a time scale which can be identified
with ta#. SinceD and ta each scale with a factor of 2, by
using the Bjorken scaling argument for the initial longitud
nal velocity field, the increase of the initial longitudinal ra
pidity field with the coordinatez is reduced almost by a
factor of 0.5 for Pb1Pb compared to S1S, which results in
the same choice for the initial parameteryD5y(z5D/2) for
both reactions.

We have checked that the variation of the widths of the
initial baryon density distribution to a large extent does n
affect the calculation of rapidity spectra. Therefore, the val
of s remained unchanged. The values ofD, yD , ands are
given in Table I. Thus we are left withonly twoparameters:
the relative fraction of the thermal energyKL in the central
fireball and the rapidityym at the maximum of the initial
baryon distribution. Figure 3 shows the corresponding lim
ited two-parameter space for Pb1Pb at 160A GeV due to
energy conservation. The crossed lines indicate our cho

TABLE I. Properties of initial fireball extracted from a hydro-
dynamical analysis of the S1S NA35 data@8# and the Pb1Pb
NA49 data@25,26#.

S1S Pb1Pb

Fit parameters
Rel. fractionKL of thermal
energy in the central fireball

0.43 0.65

Longitudinal extensionD
of central fireball

0.6 fm 1.2 fm

Rapidity yD at edge of
central fireball

0.9 0.9

Rapidity ym at maximum
of initial baryon distribution

0.82 0.60

Width s of initial baryon
y distribution

0.4 0.4

Output
Center of mass rapidityyc.m. 3.03 2.92
Max. initial energy
density,emax

13.0 GeV/fm3 20.4 GeV/fm3

Max. initial baryon
density,Bmax

0
2.66 fm23 3.20 fm23

Rel. fraction of baryons
in central fireball

0.49 0.73

Max. lifetime 6.9 fm/c 13.5 fm/c
Initial volume of QGP 24 fm3 174 fm3

Lifetime of QGP 1.5 fm/c 3.4 fm/c
Max. halo size in ‘‘longitudinal’’
direction

2.5 fm 5.6 fm

Max. halo size in
‘‘side’’ direction

1.0 fm 2.4 fm

Max. halo size in
‘‘out’’ direction

1.3 fm 2.6 fm
e
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for the two parameters which are determined by fitting
rapidity spectrum of negative hadrons of the prelimina
NA49 data. All other spectra and correlation function
which will be discussed below, are predictions of the mod
Because of the preliminary state of the NA49 data we
cided to perform a calculation for the choice of an impa
parameterbimp50. Figure 2 shows the initial longitudina
distributions of energy density as well as the rapidity, n
malized to their maximum values~cf. Table I! as a function
of the longitudinal coordinatez.

III. DISCUSSION OF THE HYDRODYNAMICAL
SOLUTIONS

Once the initial conditions and the equation of state
specified, one obtains an unambiguous solution from the
drodynamical relativistic Euler equations. In our calculatio
we assume that hadronization occurs for all particle spe
at the same fixed freeze-out energy densitye f . Since our
equation of state is not dependent on the baryon density
freeze-out energy density easily translates into a fixed free
out temperatureTf . Our choice for the freeze-out temper
ture isTf5139 MeV.

The choice of a fixed freeze-out temperatureTf deter-
mines the final space-time geometry of the hydrodynamic
expanding fireball. In Fig. 4 we have plotted the freeze-
regions at different times for directly produced hadrons
thez-r plane for S1S at 200A GeV and for Pb1Pb at 160A
GeV, respectively. Each line represents the freeze-out hy
surface at fixed timest. One can see very easily that th
solutions we obtained from our numerical analysis repres

FIG. 3. Boundaries in the two-parameter planes for the rela
fractionKL of thermal energy in the central fireball and the rapid
ym at the maximum of the initial baryon distribution, respective
The crossed lines indicate our particular choices for the calc
tions.
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1384 54ORNIK, PLÜMER, SCHLEI, STROTTMAN, AND WEINER
an evolution of initially disk-shaped fireballs which em
hadrons from the very beginning of their formation. Wh
the relativistic fluids expand in longitudinal and in transve
directions, the longitudinal positions of the freeze-out poi
increase their distance relative to the center. Because o
effect of transverse inwardly moving rarefaction waves,
transverse freeze-out positions move towards the cente
the fireball~cf. also Ref.@18#!. In the late stage of the hydro
dynamical expansion the hadron-emitting fireballs sepa
into two parts while cooling down until they cease to em

In Fig. 5 we give the full three-dimensional views of th
freeze-out hypersurfaces of directly emitted hadrons for S1S
at 200AGeV as well as for Pb1Pb at 160AGeV. The freeze-
out space-time geometries show a similar behavior for b
heavy-ion reactions although the longitudinal and transve
sizes of the systems differ approximately by a factor of 2

Above we have argued that the initial parametersD and
yD have geometrical scaling features, whiles remains un-
changed. The only parameters which were chosen freely~ex-
cept for the constraint of energy conservation! areKL and
ym ~cf. Fig. 3!. Consistent with expectation the degree
stopping and thermalization is higher in Pb1Pb and the
amount of thermal energy~represented by the paramet
KL) in the central fireball increases from 43%~S1S! to 65%
~Pb1Pb!. The location of the maximum density of the tw
baryon currents,ym , in rapidity space is significantly shifte
into the central rapidity region. The baryons for Pb1Pb are

FIG. 4. Time contour plots of the freeze-out hypersurfaces in
z-r plane. Each line represents the freeze-out hypersurface at a
time t.
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almost stopped. The resulting high baryonic density in t
Pb1Pb case of 2.14 fm23 in the center is 3 times higher than
in S1S. In the Pb1Pb case 73% of the baryons are initiall
located in the central region compared to only 49% in th
S1S case~cf. Fig. 2!.

In Fig. 6 we give for both reactions three-dimension
views of corresponding transverse velocities at freeze-o
The two systems each show a maximum value for the tra
verse velocities: For S1S at 200A GeV we obtain a maxi-
mum transverse velocityu'

max(S)50.43, whereas for Pb1Pb
at 160A GeV we getu'

max(Pb)50.61. But the slope of the
transverse increase of the transverse velocityu' is smaller
for the Pb1Pb system compared to the S1S system. The
reason for this different behavior has its origin in the diffe
ent choice of the initial parameters: Because of a higher i
tial thermal energy density, the internal pressure of t
Pb1Pb system is increased compared to S1S, resulting in a
relatively faster longitudinal and transverse expansion of t
relativistic fluid. The rarefaction waves in Pb1Pb also move
inwardly faster and inhibit the creation of an adequate lar
transverse velocity field at freeze-out, yielding a small
transverse slope foru' compared to S1S.

From our calculations we find that for Pb1Pb a quark-
gluon-plasma with an initial volume of 174 fm3 was formed
while for S1S there is a QGP with an initial volume of 24
fm3. The maximum lifetime of the fireball is increased from
6.9 fm/c ~S1S! up to 14.5 fm/c for Pb1Pb. We observe
approximately the same behavior for the lifetimes of th
QGP. Whereas in S1S the lifetime of the QGP was shor

he
xed

FIG. 5. Three-dimensional view of the freeze-out hypersurfac
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54 1385HYDRODYNAMICAL ANALYSIS OF SYMMETRIC . . .
~1.5 fm/c), in the Pb1Pb case a QGP persists for 3.4 fm/c.
The latent heat of the phase transition is of the order o
GeV/fm3 ~cf. Fig. 1!. Taking into account that the initial
volume of the Pb1Pb system is approximately eight time
larger than in the S1S case, we note that the lifetime in
creases slower than does the volume. This effect is due to
cooling by transverse rarefaction waves which are only se
sitive to the difference in the transverse radius which diffe
approximately by a factor of two from S1S to Pb1Pb.

IV. SINGLE INCLUSIVE SPECTRA
AND BOSE-EINSTEIN CORRELATIONS

In the following we discuss some of the results for th
single and double inclusive spectra of mesons and baryo
All calculations are based on thermal as well as on chemi
equilibrium. In both types of spectra we include the effect
resonance decays. The influence of partial coherence@10#
will not be considered here.

The calculation of single-particle inclusive spectra wit
HYLANDER was extensively discussed in Ref.@7#. In particu-
lar, the momentum distributions are calculated in terms
the generalized Cooper-Frye formula~see Ref.@24#!, where
explicitly a baryon and a strangeness chemical potential h
to be taken into account. These potentials have to be in
duced, because the assumption of chemical equilibrium
quires zero strangeness and~in general! nonzero baryon den-
sity at each freeze-out point. In detail one has to solve
following system of equations for each surface point of giv

FIG. 6. Three-dimensional view of the transverse velocity fiel
at freeze-out.
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baryon densityb in its rest frame:

(
i
bini~mB ,mS!5b, (

i
sini~mB ,mS!5s5 0. ~5!

The indexi enumerates all resonances and their antiparticle
In Eq. ~5!, bi , si , andni(mB ,mS) denote the corresponding
baryon number, strangeness, and number density of thei th
resonance, respectively. For S1S at 200A GeV we find av-
erage values for the baryonic chemical potential^mB&5284
MeV and for the strangeness chemical potential^mS&544
MeV usingTf5139 MeV for the freeze-out temperature. Fo
Pb1Pb at 160A GeV we find average valueŝmB&5363
MeV and^mS&569 MeV using the same freeze-out tempera
ture. As a result, we obtain the chemical compositions
hadrons at freeze-out listed in Table II~cf. also Ref.@7#!. We
stress that due to our choice of the freeze-out temperature
Tf5139 MeV, there are large resonance contribution
~40%–50%! to the pionic spectra.

Figures 7 and 8 show our model calculations for negativ
hadronsh2 and protonsp for S1S at 200AGeV and Pb1Pb
at 160A GeV, respectively. The spectra of negative hadron
h2 are made up by contributions from negatively charge
pions and kaons~directly emitted ones plus those originating
from the decay of resonances!. The K2 spectra consist
mainly of directly emitted kaons; less than 10% come from
theK! resonance. In the case of the NA35 data we obtain
our fit parameters~cf. Table I! from a simultaneous fit to the
rapidity and transverse momentum spectra for the negat
hadronsh2 and the protonsp ~for the S1S reaction the

s

TABLE II. Chemical compositions of mesons, baryons, and an
tibaryons at freeze-out for S1S at 200A GeV and Pb1Pb at 160A
GeV. Listed are their relative fractions.

Particle species Mass@GeV/c2# S1S Pb1Pb

p ~stable! 0.139 51.094 % 49.201 %
v 0.783 2.452 % 2.304 %
h8 0.958 0.297 % 0.279 %
h 0.549 2.941 % 2.765 %
r 0.770 7.429 % 6.980 %
K1 ~stable! 0.494 7.689 % 7.763 %
K0 0.498 2.573 % 2.582 %
L 1.116 1.174 % 1.356 %
S 1.193 2.232 % 2.578 %
D 1.232 4.115 % 5.014 %
N ~stable! 0.939 9.009 % 10.960 %
K! 0.893 0.952 % 0.954 %
S! 1.386 0.613 % 0.707 %
J 1.320 0.497 % 0.541 %
K2 ~stable! 0.494 4.400 % 3.881 %
anti-K0 0.498 1.472 % 1.289 %
anti-L 1.116 0.049 % 0.036 %
anti-S 1.193 0.092 % 0.068 %
anti-D 1.232 0.098 % 0.066 %
anti-N ~stable! 0.939 0.215 % 0.147 %
anti-K! 0.893 0.546 % 0.479 %
anti-S! 1.386 0.025 % 0.019 %
anti-J 1.320 0.036 % 0.028 %
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1386 54ORNIK, PLÜMER, SCHLEI, STROTTMAN, AND WEINER
proton spectra do not include contributions fromL decays
@7# while they do in the treatment of the reaction Pb1Pb!.
By fitting theh2 rapidity spectrum of the NA49 data we als
made sure that the calculated proton rapidity spectrum re
duces simultaneously values observed in the NA44 exp
ment @27#. In the case of the Pb1Pb data the transvers
momentum spectra were not involved in finding a parame
set for the fit of experimental data and are therefore pre
tions. We mention that unlike in the presentation of Ref.@1#,
we now account in our calculations for the asymmetricn/p
ratio, which is 125/82 for Pb nuclei and which results in
approximately 20% smaller proton spectrum than alre
shown in@1#. The feature of higher stopping in the Pb1Pb
collision scenario is nicely reflected in the rapidity spectra
the protons. While the rapidity spectrum for protons in t
S1S case has a minimum aty50, for Pb1Pb, the rapidity
spectrum of protons shows a maximum.

The calculation of Bose-Einstein correlations~BEC’s!
was performed using the formalism outlined in Re
@9,10,18# including the decay of resonances. The had
source is assumed to be fully chaotic. Here we present re
for pion BEC’s only. Kaon correlations have been discus
in Refs.@1,9,10#. In order to extract effective hadron sourc
radii, we fit our results to the Gaussian form1 which has been
widely used by experimentalists for the presentation of th

1If one performs a fit to a BEC function in more than one dime
sion, Eq.~6! does not represent the most general expression,
cause of the existence of an ‘‘out-longitudinal’’ cross term@28#.

FIG. 7. Rapidity spectra for negative hadrons (h2) and protons
(p). The data points of the NA35 data are taken from@8#. The data
points of the preliminary results of the NA49 Collaboration f
negative hadrons from central Pb1Pb collisions at 160A GeV are
shown with two different markers. Circles~diamonds! stand for the
measurements from the VTP2~MTPC! ~cf. Refs.@25,26#!.
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BEC data~for the choice of the variables; cf., e.g., Ref.@10#!:

C2~kW1 ,kW2!511l exp@2 1
2 ~qi

2Ri
21qside

2 Rside
2 1qout

2 Rout
2 !#.

~6!

It should be emphasized that in the present modell doesnot
represent the effect of coherence, but the momentu
dependent effective reduction of the intercept due to the c
tributions from the decay of long-lived resonances~cf. @1#,
@9#!.

Figures 9 and 10 show our calculations for the effecti
radii Ri , Rside, and Rout as functions of rapidityyK and
transverse momentumK' of the pion pair compared to the
corresponding NA35 and preliminary NA49 data@11,12#, re-
spectively. In order to make possible a comparison of
calculated effective radii with the experimentally obtaine
ones, we have to account for detector acceptances. In
case of S1S at 200AGeV the effective radii as a function o
yK have been calculated atK'5200 MeV, while the effec-
tive radii as a function ofK' have been calculated a
yK54.02yc.m.'1.0. In the case of Pb1Pb at 160A GeV the
effective radii as a function ofK' were calculated at
yK54.52yc.m.'1.6. The effective longitudinal radiiRi as a
function of K' are evaluated in the longitudinal comovin
system~LCMS!. All our calculations, which in the case o
S1S have been true predictions, agree surprisingly well w
the data. In Refs.@1,9,10# we have shown also the effectiv
radii for both types of heavy-ion collisions foryK50.0 and
K'50.0. There the effective radii take even larger valu
compared to the ones we show here when comparing them
the data, because the contributions from resonance deca

n-
be-

r

FIG. 8. Transverse momentum spectra of negative hadr
(h2) and protons (p). The data points of the NA35 data are take
from @8#. For Pb1Pb at 160A GeV the integrations with respect to
rapidity y have been performed over the intervaluyu<3.0.
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FIG. 9. Effective radii extracted from Bose-Einstein correlation functions as a function of the rapidityyK of the pair and the transverse
average momentumK' of the pair for all pions compared to NA35 data@11,12#.
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BEC’s take their maximum values at low momenta. Ther
fore, we have strong evidence that one cannot extract
maximal effective radii of the hadron sources from the Bos
Einstein correlation data obtained at the CERN/SPS since
acceptances of the experiments do not obtain data
yK50.0 andK'50.0. It is important to note that in the cas
of the pion interferometry, the presence of a resonance h
increases the size of the fireball in the central region by fa
tors;2.1 (;2.0) in longitudinal and;1.4 (;1.3) in trans-
verse direction for Pb1Pb ~S1S!. Values for the maximal
possible resonance halo size are given in Table I.

In Fig. 11 we show a two-particle Bose-Einstein correla
tion functionC̃2(Qinv) as a function of the invariant variable
Qinv . This BEC function is defined as follows~cf. also Refs.
@16,17,29#!. Let r2(kW1 ,kW2) be the inclusive two-particle
spectrum for two identical pions with momentakW1 and kW2
and r1(kW ) the inclusive single-particle spectrum for a pio
with momentumkW , respectively:

r1~kW !5
1

s

ds

dv
, r2~kW1 ,kW2!5

1

s

d2s

dv1dv2
,

dv5
d3k

~2p!332E
. ~7!

The two-particle BEC for a single pair of two pions with
momentakW1 andkW2 takes the form
e-
the
e-
the
at

alo
c-

-

C2~kW1 ,kW2!5
r2~kW1 ,kW2!

r1~kW1!•r1~kW2!
5 11

c̄~kW1 ,kW2!

r1~kW1!•r1~kW2!
. ~8!

The separate contributionsc̄(kW1 ,kW2), r1(kW1), and r1(kW2)
have to be calculated for each pair of pion momenta inclu
ing also the interference contributions from the pions whic
originate from the decay of resonances~cf. Refs.@9,10,17#!.

The two-particle Bose-Einstein correlation functio
C̃2(Qinv) as a function of the invariant variableQinv is given
by

C̃2~Qinv!5 11
I 2~Qinv!

I 11~Qinv!
. ~9!

With qm5k1
m2k2

m we have

I 11~Qinv!5E dv1E dv2 d@Qinv2A2qmqm#r1~kW1!r1~kW2!,

I 2~Qinv!5E dv1E dv2d@Qinv2A2qmqm# c̄~kW1 ,kW2!,

~10!

and km represents the four-momentum of a pion. The int
grations have to take into account the particular detector
ceptance for the experiment under consideration. Here
considered the phase space 1.1<y<2.1 and 50 MeV
<k'<600 MeV, which covers the detector acceptance
the NA49 experiment.
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In the previous section we mentioned that in the case
pion interferometry we have to deal with a large fraction
40%–50%, of the pions originating from resonances. Th
statement refers to an average over all particle momenta
case of the NA49 detector acceptance the main contributio
to the two-pion BEC come from thermalp2 (72.8%) and
p2 contributions fromr (15.6%),v (8.7%), andh decays
(2.9%). The effects of resonance decays on the two-parti
Bose-Einstein correlation functionC̃2(Qinv) are also shown
in Fig. 11, where we successively have added contributio
from the specific resonance decay channels to the ther
~direct! pion contributions. The more resonances we ta
into account, the narrower the correlation function becom
because the addition of a resonance halo increases the e
tive source size~cf. Refs. @9,10,15#!. As discussed in our
earlier papers, the resonance contributions from theh reso-
nance yield an apparent intercept reduction. The interc
I 05C̃2(Qinv50) of the BEC takes the value
I 0'110.972'1.94 ~cf. also Ref. @10#!. Here we do not
compare our numerical result to the preliminary data of t
NA49 Collaboration@12#, because the current experimenta
correlation function represents a data sample of only 5
events. Furthermore, we believe that there may be proble
in the preliminary data with the experimental two-track res
lution and/or Coulomb overcorrections that are apparent

FIG. 10. Effective radii extracted from Bose-Einstein correla
tion functions as a function of the transverse average moment
K' of the pair for all pions compared to preliminary NA49 dat
@12#.
of
,
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. In
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very small values ofQinv . Nevertheless, the present particu
lar calculation demonstrates the complexity of BEC func
tions as they emerge from measurements.

In general, we expect the observed two-particle BEC to b
strongly dependent on detector acceptances as well on
particular contributions from the decay of resonances. Bos
Einstein correlations are a very complicated observable d
fined through quantum statistics. These functions depend p
definition on the choice of momenta under consideration.
general, different detector acceptances in different expe
mental setups should lead for the same heavy-ion collision
a fixed reaction energy to different results. Thus, the inte
pretation of BEC measurements is also complicated. The i
terpretation of extracted inverse widths~effective radii! of
experimental BEC’s depends on the specific detector acce
tance under consideration. Therefore, rather than interp
experimental fitted quantities such as effective source rad
we propose the reader should pay attention to the mod
which analyzes the data. From the hydrodynamical treatme
we learn that the hadron source~the real fireball! is repre-
sented through a very complex freeze-out hypersurface~cf.
Figs. 4 and 5!. The longitudinal and transverse extensions o
the fireball change dynamically as a function of time, rathe
than show up in static effective radii. A future study@30# of
the BEC’s for both pions and kaons for two different detec
tor acceptances~which could be done by considering simul-
taneously the experimental results of the NA49 and th
NA44 Collaborations! is in preparation.

V. SUMMARY

We have shown that data from two different heavy-io
experiments for single and double inclusive cross sections
mesons and baryons can be reproduced with a self-consist
three-dimensional relativistic hydrodynamic description as
suming an equation of state with a phase transition to a QG
Our data analysis indicates a stronger stopping and an e
hanced transverse flow in the case of Pb1Pb collisions com-
pared to S1S collisions at CERN/SPS energies. In particu
lar, the preliminary Pb1Pb data can be explained by simple

-
um
a

FIG. 11. Two-particle Bose-Einstein correlation functions
C̃2(Qinv) of negatively charged pions. The contributions from reso
nance decays are successively added to the correlation function
thermalp2 ~dotted lines!. The resultant correlation function of all
p2 is given by the solid line. The integrations have been performe
with respect to the detector acceptance of the NA49 experiment~see
text!.
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scaling assumptions in the initial conditions coming from
S1S, although the final distributions do not show these sca
ing features@e.g., compare the final rapidity spectra of pro
tons ~cf. Fig. 7!#.

Bose-Einstein correlation functions for pions have als
been calculated. The NA35 and NA49 data on interferomet
are surprisingly well described. Because the largest contrib
tions to BEC from resonance decays are at small partic
momenta, the current BEC experiments at CERN do n
measure the maximal possible interferometry radii for ide
tical pions. We also exhibit the freeze-out hypersurface
these surfaces rather than the effective radii extracted fro
experimentally measured BEC functions represent the tr
space-time geometries of the sources. This caveat should
ways be kept in mind when trying to interpret the BEC dat

The results of this work constitute further evidence th
heavy-ion collisions in the SPS region show fluid dynamic
behavior and can be described by assuming an equation
a

o
d

.
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ry
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state with a phase transition from QGP to hadronic matt
This result has to be regarded in line with previous hydrod
namical studies of the Marburg group@1,2,7,9,13,14# and
from other groups@31#. Of course, the EOS we have chose
might not be the only one which is able to describe th
current SPS heavy-ion data. Further analysis which allo
for different equations of state is in preparation@32#.
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