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Relativistic hydrodynamics of partially stopped baryonic matter
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Relativistic hydrodynamics including final-state interactions is used for a detailed description of the
experimental data on particle spectra of sulphur-sulphur collisions at 200A GeV from the NA35 Colla-
boration. Under the assumption of thermalization of the entire detected baryonic matter it is found that
a consistent reproduction of both pion and proton spectra requires strong stopping as an initial condi-
tion for the expanding fireball. The results from these calculations are then used to extract a transverse
radius which includes also contributions from the decay of unstable particle resonances. Its value is
found to be rapidity dependent within the range of 3-4 fm, which agrees with experimental results from
Bose-Einstein correlations. In addition, the analysis of the strange particle distribution indicates chemi-
cal equilibrium for E and A particles.

PACS number(s): 25.75.+r, 12.40.Ee, 13.85.Ni, 14.20.—c

I. INTRODUCTION

Statistical and hydrodynamical concepts have been
successfully used for the description of multiparticle pro-
duction in strong interactions. Within the hydrodynami-
cal picture of a relativistic heavy-ion reaction one can
divide the evolution of the system into three stages: First
there is a compression and thermalization of nuclear
matter, then this highly excited fireball begins to expand
according to the laws of relativistic hydrodynamics, and
finally the system decouples and particles are emitted.
The description of the second and the third stage can be
given in a more or less straightforward manner, whereas
there are severe problems in the treatment of the first
stage due to the lack of knowledge about the soft-QCD
interactions, the very short time scale and thus the re-
stricted applicability of thermodynamical concepts. This
first step in the evolution of the system is usually de-
scribed by initial conditions. One of the main tasks of
research in this field is to investigate the details of this
first stage and the present paper is an attempt in this
direction. In particular, we look at some new aspects of
the application of hydrodynamics to heavy ion collisions
by including the consideration of baryons, the spectra of
which have been measured very recently. It turns out
that the information about baryons modifies substantially
our knowledge about the initial system and especially
about the amount of stopping power. Using an exact
solution of three-dimensional hydrodynamics we are also
able to estimate the transverse radius of the nuclear fire-
ball and to investigate the production of strange particles
which is sensitive to the existence of the quark-gluon-
plasma (QGP) phase. All calculations presented here in-

elude resonance production and the inhuence of the sub-

sequent decay on the particle system.

II. INITIAL CONDITIONS

There are two types of initial conditions in the hydro-
dynamics of high energy collisions: Landau-type initial
conditions and Bjorken-type initial conditions. In the
original formulation of Landau [l], the system is assumed
to be completely stopped and the entire energy is deposit-
ed in an initial volume, the longitudinal size of which is
Lorentz contracted by the factor

y =E/m,

where E is the projectile energy in the equal-velocity
frame and m its mass. This energy is thermalized and be-
comes available for particle production. Subsequently,
after the discovery of the leading-particle effect, the
inelasticity concept was introduced in the Landau model
by postulating that only a fraction

K =M/v's

called "inelasticity" is locally thermalized and contrib-
utes to particle production [2,3]. Here M is the invariant
mass of the system. Furthermore, with the introduction
of an eff'ective Lorentz contraction y'=Kg [2—4] and the
determination of the longitudinal extension of the source
in agreement with the uncertainty relation many of the
experimental data in hadron-hadron as well as heavy ion
collisions in the available energy range (2 GeV
(&s (1800 GeV)' could be explained (see, e.g. , Refs.
[5—7]).
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In the case of Bjorken-type initial conditions the sys-
tem is emitted from a pointlike source, rapidity-boost in-
variant and thermalized after a proper time of the order
of 1 fm [8]. The experimental fact known for many years
that the rapidity distribution of secondaries is not pla-
teaulike strongly suggests that this condition as such can-
not be maintained.

However, new experimental data by the NA35 Colla-
boration on sulphur-sulphur collisions at 200
GeV/nucleon indicate that (a) also has to be modified and
this is one of the main results of the present investigation.
Both types of initial conditions refer to reactions in
which no baryons are stopped in the central region and
therefore are clearly separated in phase space from the
central fireball. Such a behavior has been observed in
high energy nucleon-nucleon reactions (leading particle
effect) and is also expected to occur in heavy ion col-
lisions at energies much higher than presently accessible.
The S +S data of the NA35 Collaboration at 200
GeV/nucleon however suggests that baryons are present
in the central region and their final (observed) distribu-
tion is more or less uniform with indictions of two slight
peaks at rapidities k2 (cf. Figs. 2 and 5). As will be ex-
plicitly proved in the following this however does not im-

ply that the initial baryon distribution is uniform as
would be expected in the case of boost invariance (cf.
below).

As long as no baryons were present the Landau initial
conditions were fixed by giving (i) the longitudinal initial
size b, of the system (Lorentz contracted) and (ii) the en-

ergy U~,„z,„deposited in this region. A time scale t, for
the initial conditions is given by the time it takes for two
nuclei at the speed of light to penetrate each other. This
scale is of the order of 1 fm/c and it serves as a causal
limit for the longitudinal extension of the whole system.
In our new model we additionally impose an initial rapi-
dity field y (z) on the fiuid. Its modulus is supposed to be
a function only of the longitudinal coordinate z with its
shape constrained by two boundary values: The rapidity
should vanish at z =0 and asymptotically reach its max-
imum value ~y, ~

at z =+t, (y, being the center-of-
mass rapidity). Thus the two parameters of the original
Landau approach have to be supplemented by giving the
function y (z) which we parametrize by the free parame-
ter a as

y (z) =y, tanh(ayz)

1 db dyao(z) =
dy dz

(3)

and the initial baryon-rapidity distribution, for which we
write

db —(y —y ) /2a —(y+y ) /2cr
(2)

dy

and which depends on two parameters y and the width
o. . C is a normalization constant the value of which can
be determined from the requirement that (2) integrated
over the whole accessible rapidity interval is equal to the
total baryon number of the system. A spatial baryon dis-
tribution is then easily derived from Eqs. (1) and (2}:

where R is the radius of the cylindrical fireball. Thus the
initial volume in which the baryons are located is some-
what bigger than the Landau volume. Note that Bo is
the baryon density in the equal-velocity frame, which is
the 0 component of the baryon-four current

Etpt = U~z„~z„+Uput +Ekin (4)

where Ekin is the kinetic energy of the fluid and U&MI&, „

and U,„,are the thermal energies inside and outside the
Landau volume, respectively. Their densities are given as
follows:

e„;„(z)=e(z)(1+c}u, ,

ei,„~,„(z) if ~z~ (6/2,
e,„,(z) if ~z~

& b, /2,

e„,„~,„(z)=const,

e,„,(z) = b (z)m)v(1+)r[cosh[y, —
y (z)]—1 }),

(5)

where m)v denotes the nucleon mass and c=p /e is given

by the equation-of-state (cf. next section). Instead of
e~,„z,„we take as a parameter the fraction
Kz =U~,„~,„/E„t.The ansatz for e,„tis motivated by
the assumption that for a single nucleon the amount of
thermal energy (in its rest system after the collision) is
proportional to the loss of kinetic energy in the longitudi-
nal direction which is m)vjcosh[y, —y(z)] —1}. The
proportionality constant ~ can be determined by the
demand that integration of the density of kinetic and
thermal energy over the whole system yields the value

Etpt'
To summarize, there are five parameters in this model

which fix the initial conditions of the fireball: (i) The
length b, of the Landau volume; (ii) the fraction J(:r of
thermal energy inside the Landau volume which corre-
sponds to e„,„~,„;(iii) the absolute value of rapidity at
z =+6 /2, denoted by yz, which determines the slope pa-
rameter a of Eq. (1); and (iv) the parameters y and (y of
the double-Gaussian initial rapidity distribution of the
baryonic charge.

Table I shows the values of all these quantities. In par-
ticular, for the length parameter 6 we obtained a value of
0.7 fm. A model with compression shocks as that pro-
posed by Belenkij and Milekhin [10] suggests a smaller
value of 0.45 fm. Nearly the same number can be ob-
tained by the mechanism described in Ref. [7] which ex-

plicitly uses the uncertainty relation to estimate a lower
bound for the longitudinal localization of the system.

B"=bu" .

Here b is the baryon-density in the rest frame of a fluid
cell with four-velocity u".

Because only a fraction K „,of all participant nu-

cleons is really detected in experiment, the total c.m. en-

ergy and the total baryon number of the system should be
multiplied by a factor E „„whichis about 85% in the
NA35 experiment [9].

The total energy E«, =K~„,&s of the system is com-
posed of three parts:
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TABLE I. Initial fireball quantities describing the experimental S +Sdata.

Given by experiment

Total available energy Et
Total baryon number
c.m. rapidity y,
Radial extension R of Landau volume

528.1 GeV
54.4
3.028
3.81 fm

Free parameters of the model

Fraction KL of thermal energy in Landau volume
Longitudinal extension 6 of Landau volume

Rapidity yz at edge of Landau volume
Parameter y of initial baryon y distribution
Parameter 0 of initial baryon y distribution

43.5%
0.7 fm
0.9
0.82
0.4

Derived quantities

Parameter a„in Eq. (1)
Parameter ~ in Eq. (6)
Fraction of baryonic charge inside Landau volume
Lifetime of the system
Thermal energy UL,„&,„

in Landau volume
Thermal energy U,„,outside Landau volume
Total kinetic energy E„;„
Energy-density e&,„d,„

in Landau volume
Temperature in Landau volume

0.876 fm
1.718
49.8%
5.3 fm/c
22918 GeV
66.7 GeV
231.6 GeV
7.2 GeV/fm'
228 MeV

„...„,. before expansion16—
t7 after decay

16—......... before expansion

after decay
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I
I
I
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FIG. 1. Initial distributions of energy and baryon density, as
well as the rapidity, normalized to their maximum values and
plotted against the longitudinal coordinate z. In the upper right
corner we give also the rapidity distribution of the baryonic-
charge. The parameters are chosen according to Table I.

FIG. 2. (a) and (b) illustrate the effect of hydrodynamical ex-
pansion and final-state interaction on the proton-rapidity distri-
butions. Dashed are the initial distributions and solid those
after freeze-out and decay of particle-resonances. For (b) we
chose the "correct" initial parameters (cf. Table I) ~ The plots (c)
and (d) demonstrate different choices of initial parameters. The
solid curves are identical with that of (b) and for all other curves
only the quoted parameters differ from those in (b).
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Compared to this the modified Landau model without
compression shocks gives a value 1.5 fm (=2R /Ky). So
our value is between these two limiting cases but is closer
to the lower bound given simultaneously by the shock-
wave and the uncertainty-relation approach.

In Fig. 1 we give the initial spatial distributions of en-

ergy and baryon density, as well as the rapidity field,
which lead to satisfactory spectra of pions and protons
(see the section "results" ). We have tried different vari-
ants of parameters and found among other things that an
initial uniform rapidity distribution of the baryons does
not lead to the observed distribution. This and other at-
tempts are illustrated in Fig. 2. As can also be seen there
the "correct" initial baryon distribution is sharply peaked
at comparatively low rapidity values giving rise to strong
stopping. This means that the majority of baryons is ac-
celerated to high rapidities by the internal hydrodynami-
cal pressure. The latter is growing with the initial con-
centration of baryonic matter and can thus be controlled
by the parameter ya, because according to Eq. (3) 80(z)
is proportional to the slope ofy (z). A modification of the
length 5 at fixed EL only slightly influences the final

proton-rapidity distribution and is thus not shown in Fig.
2, whereas the increase of KL, the other parameters being
kept fixed, leads to a sharpening of the rapidity peaks.

III. THE HYDRODYNAMICAL MODEL

A. Hydrodynamical expansion

The choice of the EOS mentioned above is due to our
previous findings for the reaction 0' +Au' at 200
GeV/nucleon [5], that other EOS which do not include a
QCD-phase transition lead to unacceptable results for the
rapidity distribution of secondaries. This observation has
been recently supported by the hydrodynamical investi-
gations of Ishii and Muroya [11]. In S+S at the same

energy, which is the subject of the present investigation,
the initial energy density is higher and therefore the use
of an EOS with a QGP is even more compelling.

B. Freeze-out and Anal-state interactions

In the hydrodynamical model particles are supposed to
decouple from the fireball if their mean free path exceeds
the dimension of the system. In the picture of an expand-
ing fluid the former is connected to the local temperature
of a given fluid cell. Thus as a criterion for the so-called
"freeze-out" one chooses a critical temperature Tf of the
order of the pion-mass at which particles are emitted
from the fireball.

Collecting all space-time points of temperature Tf to a
hypersurface in Minkowski space, one can give the
momentum distribution of a particle of four-momentum
p" in terms of the generalized Cooper-Frye-Schonberg
formula (see Ref. [12])

E dn g p dc'~
d p (2rr) & exp[(p "u„b;p~

——s;ps )/Tf ) ]+I

After specifying the initial conditions the nuclear
matter is treated as an ideal relativistic fluid obeying the
laws of hydrodynamics which are written in a brief form
as follows:

The equation of state (EOS) is written

P =c (e, b)e .

This coupled system of partial differential equations is
solved numerically in 3+1 dimensions by the program
HYLANDER. For the EOS we chose a parametrization of
results from lattice QCD with a first order phase transi-
tion from hadronic matter to quark-gluon plasma. Un-
fortunately the presence of baryons (fermions) is not yet
introduced in the EOS. It is well known that this is a yet
unsolved problem in statistical QCD. Nevertheless the
present approach which considers explicitly baryons in
the equations of hydrodynamical expansion is a step for-
ward towards the solution of this complex problem and
we do not expect drastic changes from the introduction
of baryons in the EOS. Although lattice QCD does not
yet permit the introduction of baryons in the EOS, there
are phenomenological models which allow this (Ref. [11],
cf. also the note at the end of the paper). This problem is
under investigation.

2Hydrodynamical Landau expansion routine.

where g denotes the degeneracy factor of the particle and
the sign in the denominator of the integrand depends on
whether one deals with bosons or fermions. X is the
freeze-out hypersurface, u" is the four-velocity of the ele-
ment do„and JM& and p& are the baryon and strangeness
chemical potential, respectively. These potentials have to
be introduced, because the assumption of chemical equi-
librium requires zero strangeness and (in general) nonzero
baryon density at each freeze-out point (the baryon num-

ber couples to strangeness via hyperons like A and X). In
detail one has to solve the following system of equations
for each surface point of given baryon density b in its rest
frame:

gs, n, (Ps,gs)=s =0,

where the inde' i enumerates all resonances and their an-

tiparticles. b, , s, , and n;(ps, ps) denote the correspond-

ing baryon number, strangeness, and number density of
the ith resonance, respectively. In Table II we give a list

3This is even more interesting as in [11]different initial condi-

tions were used.
4This is given by a Bose or Fermi distribution integrated over

the whole momentum space with mass, chemical potential, and

degeneracy factor of the particle properly taken into account.



RELATIVISTIC HYDRODYNAMICS OF PARTIALLY STOPPED. . . 2051

TABLE II. Particle resonances included in this calculation.

Name

s

7l

P

E*+
ac*'
7l'

m/MeV

139
494

494

548
770
783
892
892
958

Spin

0
1/2

0
1

1

1/2
1/2
0

Mesons
1

1/2

0
1

0
1/2
1/2
0

Decays

stable
stable

stable

3m (56%), 2y (39%), m+n y (5%)
2'

3m (90%), m. y (8.5%), m+m (1.5%)
Em.

Km

2~g (65%), p y (30%)

938
1115
1119
1232
1321
1385

1/2
1/2
1/2
3/2
1/2
1/2

Baryons
0 1/2

—1 0
—1 1

0 3/2
—2 1/2
—1 1

stable
Nm

X' Ay, X
N~
Am

Ap (88%), Nm (12%)

of all particle resonances included in the calculation. For
the S +S fireball we obtained on the average a baryon po-
tential of about 310 MeV and a strangeness potential of
about 50 MeV. The resulting chemical composition of
the source at freeze-out is depicted in Fig. 3. It can be
seen there that the pions contribute only about 50% to all
directly produced particles. In the following we will refer
to particles which do not originate from resonance decay
as direct. Additional contributions are mainly kaons and
baryons (each around 15%). The latter are about 50%
nucleons.

We then calculate the distribution of all stable particles
after the decay of resonances. We consider for simplicity
only two and three particle decays of resonances. We
also took into account the widths of those resonances
wherever they exceeded 100 MeV by following the stra-
tegy proposed by Sollfrank, Koch, and Heinz in Ref. [13].

The quoted method consists in introducing an addi-
tional integration of the Cooper Frye distribution [Eq.
(8)] over the mass of the resonance weighted by a Breit-
Wigner distribution, where the parametrization of the
width I of the resonance is derived from a phenomeno-
logical potential ansatz for resonance formation(cf. Ref.
[14]):

(poro)'r= VP0 1+( )2

onti-
boryons

boryons

boryons

~:: ~: A. -K'

meson s

A. —6 A. —Z

A. —A

A. —N

o nti —baryon s

ro is the range of the scattering potential, I the reduced
width, and po is the momentum of one of the decay parti-
cles in the rest frame of the resonance.

C. Transverse radius

We calculated a transverse radius of the fireball in the
same manner as already proposed in Ref. [15] and (in
parts) in Refs. [16,17]. This method consists in calculat-
ing the space-time distribution of produced hadrons
(mostly pions), which are assumed to be created on a hy-
persurfaee X in Minkowski space and their momentum
distribution described by Eq. (8). For the transverse ra-
dius R~ we then write

FIG. 3. Chemical composition of frozen-out particles. In the
upper left quarter we give a general composition. The subcom-
positions of the three offset sectors "mesons, " "baryons, " and
"antibaryons" are shown in the remaining parts.

Rq= (10)

P dOp
R

exp[(p "u„p)/T]+1-
P~d C7p

& exp [(p"u„p)/T]+ —1—
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where u", T, and p denote four-velocity, temperature,
and chemical potential on the hypersurface X, respective-
ly. The radius for direct pions (R~) can be calculated
directly from Eq. (10), whereas the radii for pions from
decay also include the radial distance which unstable par-
ticle resonances can travel during their lifetime. Denot-
ing the contribution from the resonance j by 8 ~ and in-

troducing weight factors w- for all the contributions one
can write

10

C3
10'

CL
O

10
C
O

1

10
3

2
10

horged

y & 2.2

R~=w„R~+gw R~j,
J

To investigate in detail the rapidity dependence of the
transverse radius, we remove the dependence on the
transverse momentum and the azimuthal angle of
momentum by taking the average. Thus we can take for
the m the relative contribution of the "source" j to the
total y distribution of pions. The radius for pions from
the decay of the resonance j can be written as

10

-2—
1 0 I I I I I I I I I I I I I I I I I I I I i I

0 0.4 0.8 1.2 1.6 2

2
10

O
C3

10
ev

CL

C
1

10

-3
10~ I I I I I I I I ~ I I I I I I I I I I

0 04 08 12 16

10
3

10

10

I

2

&R~) =(RJ )+ &p, )r
m

(12)
10

10

where (p~ . ) and r, denote the mean transverse momen-
tum and the lifetime of the resonance j, respectively, and
(R~~ ) is evaluated from Eq. (10) for a particle of mass
m.

IV. RESULTS

A. Transverse momentum

-2
10 ''''I''''

0 0.4 0.8

-2—
1 0 I I I I I I I I I I I I I I I I I I I I I I k II I I I I I I I t I
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FIG. 4. Upper half: transverse momentum spectra of nega-

tively charged secondaries of different rapidity intervals. Lower
half: plots correspond to the entire accessible rapidity-interval

( —3~y ~+3). In the lower left figure we plot the proton
transverse-mornenturn distribution and in the lower right are
the different contributions to the pion-p, distribution.

Our results for the transverse-momentum distributions
of negatively charged particles and protons are shown in
Fig. 4. Concerning negatives (which are mostly pions) we
are able to describe the data both in the central rapidity
region (0 ~ y ~ 1) and in the fragmentation region
(1 ~y ~ 2.2). This fact again underlines the nonsta-
tionanty in rapidity for heavy-ion-collisions at these ener-
gies.

As can also be seen in Fig, 4, resonance decay becomes
very important for the transverse-momentum spectrum
at low p~. There baryonic resonances provide by far their
greatest contribution whereas this effect is not so strongly
present for the mesonic resonances. A reason for this can
be found in the kinematics of decay: A particle which de-

cays into a pion and another particle of much bigger
mass gives most of its momentum to the heavier particle.
This is the case for baryonic resonances and thus one can
easily understand this effect which is discussed in more
detail in Refs. [6,13]. The p~ distribution of protons is
also quite well reproduced by our model.

A few remarks should be made about the experimental
data. The proton spectra were gained in a first approxi-
mation by subtracting the number of negatively charged

particles from the positively charged ones. This can be
done because the sulphur nuclei are isospin scalars so
that there should be an equal number of m+ and m

Necessary corrections were applied first to account for
the nonvanishing strangeness induced by hyperon pro-
duction which favors the production of K+ with respect
to K . The information how to correct the data was tak-
en from a FRITIOF Monte Carlo simulation. As a second
important correction, all protons from the decay of A

particles were subtracted. For this reason we did the
same with our results and this distribution is shown in

Fig. 4. One must not forget that these corrections of ex-

perimental data involve errors because, e.g., the usage of
Monte Carlo routines assumes the validity of certain
models that need not be consistent with our approach.
The apparent slight overestimate of low p~ baryons (cf.
Fig. 4) is a one standard deviation e6'ect and thus not
significant from our point of view.

B. Rapidity distributions

5In our calculation these are p, co, K*(892), 6, and X*(1385).

Figure 5 shows the distributions in rapidity of nega-
tively charged particles and protons. The latter were
again exposed to the same corrections as for the p~ distri-
bution. Concerning the negatives it becomes very cled. i-
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30
C
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oil negatives

oil pions

that only about 40% of these are directly produced pions
whereas the other are either kaons or pions from the de-
cay of particle resonances. For the protons we have plot-
ted additionally the different contributions to the spec-
trum. Contrary to the pions most of all protons are
direct ones and only about one-fourth of them stems from
the decay of baryon resonances. It can also be seen that
the latter ones have a nearly constant y distribution and
the maxima and minima of the net distribution are main-
ly caused by direct protons. That our model possibly un-
derestimates the number of baryons at y =+2.5 may be
due to the fact that these baryons are not sufficiently
thermalized.

In order to get an idea about the origin of the shape of
the rapidity distributions Fig. 6 shows the longitudinal
space-time evolution of the fireball-system. There one
can find that the freeze-out process can be separated into
two difFerent space-time regions: First there is the so-
called "sitnple-wave region" (SWR) which can be
identified with the world-line of the forward-proceeding
edge of the system. Second there is the so-called "non-
trivial region" (NTR) which describes mainly the cooling
from the interior. Contrary to the latter one the SWR
consists of Quid cells of approximately the same (higher)
rapidity. Thus one can interpret the peaks in the proton
rapidity and the "shoulders" of the negative-particle rapi-
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FIG. 6. Upper half: projection of the freeze-out hypersur-
face in the z-t plane at R =0. For each of the two branches of
this curve, simple wave region (SWR) and nontrivial region
(NTR), we give in the upper right corner the fluid rapidity as a
function of the longitudinal coordinate z. Lower half: baryon-
density distributions Bp of the fireball system in longitudinal
direction at R =0 in time steps of 1.35 fm/c (to illustrate the
flow of baryonic charge).

15

10

~'4
0 -3

10
C

~ ~

~ ~

~ eee ~ e
~ ee ee

ee ~

~ e
~ ~

~ ~
~e ~

~ eee

Protons

~...~..~ ~ oil protons

without h-decoys

s s s I s

direct pions

4"'i
s s s I s s s II%I s s I s I s I I s

2 3 4 5

Protons
direct

.~ ~...... h-decoy

.....4-decoy

dity at about +2 to be caused by particles emitted from
the SWR and the more central rapidity region to be built
up mainly by particles from the NTR. The comparative-
ly higher probabilities of the SWR for protons than for
pions can be directly related to the How of baryonic
charge depicted in the lower half of Fig. 6. There it is
shown that the bulk of the baryonic charge is located
near the edges of the system so that one can conclude
that the SWR is baryon rich whereas the NTR is baryon
poor.

0 -3
s s I s s s s I s s s s I s 0-2 -1 0 1 2 3 -3 -2 -1 0 1 2 3

C. Transvers radius

FIG. 5. Upper half: Rapidity distribution of negatively
charged particles (solid line). Lower left: entire proton rapidity
distribution [dashed, also plotted in Fig. 2(b)] and the resulting
one after the subtraction of protons originating from the decay
of A particles (solid, to be compared with the experimental data
points). Lower right: main contributions to the proton-rapidity
distribution; direct protons (solid), protons from A (dashed), and
5 decay (point-dashed). Like in experiment the upper p& cut
was chosen equal to 2.0 GeV.

Naively one might expect the mean radial distance of
pion production to be larger than the nuclear radius of
sulphur because of radial expansion. Figure 7 however
shows that the expansion time of the fireball is larger
than its cooling time, so that the radial coordinate of
freeze-out points cannot exceed the initial fireball radius
which is 3.8 fm for S +S. This effect is a typical
deAagration process and is discussed in more detail in
Ref. [17]. It is thus not very surprising that the direct
contribution to the transverse radius defined by Eq. (10)
lies within the range of about 2.5 fm.

There exists a measurement of the transverse radius for



2054 J. BOLZ, U. ORNIK, AND R. M. WEINER 46

0.24—

0.2—
1-2 :

E

lY

0.12—

0.08—

0.04—

p i s s i I

0 1

4

I I i I I I I ) I I I I I I , ( I l ~ I I

2 3 4 5 6 7 8 9 10 11 12

R [fmj

0.8—

0.6—

0.4—

0 —3
I»») i i » I r i » I » i i I i i i s I i i i i I i s

-2.5 -2 —1.5 —1 —0.5 0 0.5 1 1.5 2 2.5 3

2—
inciud. resonances

without resonances

T,
T,
T,

T,
Tf

100 MeV
120 MeV
140 MeV
160 MeV
180 MeV
200 MeV

p I

0
I I I I I I I I I I I I I I I I I ) I I I I I I I a i I I i I I I I I I I I I I I I I I I I I I I I I I i I I I

025 05 075 1 1 25 1 5 1 75 2 225 2 5 2 75 3
'~

FIG. 7. Upper half: temperature distributions of the fireball

system in radial direction at z =0 in time-steps of 1.35 fm/c.
The decoupling-temperature of 0.139 GeV is plotted as a dashed
horizontal line. Lower half: transverse radius R, with {solid}
and without inclusion of resonance decay (point-dashed line).
Here is also shown the region of R, consistent with the rnea-

surements of Ferenc [18] (3-4 fm, two dashed lines).

0 l

—3 -25 -2 —1 5 —1 -05 0 05 1 1 5 2 25 3

FIG. 8. Transverse radii of a pointlike source with the pa-
rarneters chosen according to Table III. In the upper plot the
temperature is kept constant at 139 MeV and in the lower plot
the baryon density is kept constant at 5.58 X 10 ' fm

the "S+S-source" using Bose-Einstein correlations with
the result [18]

Ri =3.5+0.5fm .

This value is consistent with our calculations. It is also
remarkable that results including only direct pions yield
much too low values for Ri. Thus it seems very impor-
tant to consider resonance-decay in the calculation of
transverse radii.

In order to get a deeper qualitative understanding of
this decay contribution, we additionally investigated it
for the case, where in Eqs. (11) and (12) the first terms are
absent and thus all direct contributions vanish by
definition. In particular, we varied first the baryon densi-
ty b at fixed temperature TF and then T+ at fixed b. The
results are shown in Fig. 8, and the corresponding pa-

rameters are listed in Table III. It can be seen there that
the baryon density has only a very small inAuence on the
decay contribution to the transverse radius whereas this
quantity is very sensitive to the freeze-out temperature.
This means that if one is able to measure the y depen-
dence of R i by pion interferometry more accurately, the
variation of Ri in the accessible rapidity range can also
provide indirect information about the freeze-out temper-
ature. In the case of the considered S+5 fireball, we ob-
serve that in our model the contribution from direct
pions is nearly a constant over the entire rapidity interval
and the variation of the net Ri is caused by resonance-

decay (cf. Fig. 7). Thus one could "measure" the freeze-
out temperature by the variation of R i.

The rapidity dependence of the resonance contribution
to the transverse radius can be understood as follows: On

Tf {MeV} IM~ {MeV)

TABLE III. Parameters for pointlike sources in Fig. 8.

b (10 '/fm'} I, (Mev)

Tf constant 1.00
1000

139
139

14.0
436

1.37
83.8

b constant 5.58
5.58
5.58
5.58
5.58
5.58

100
120
140
160
180
200

366.8
196.4
71.0
25.7
11~ 1

5.66

25.1

13.4
7.35
4.21
2.55
1.63
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the average particles at large y have smaller p~ (because
of energy-momentum conservation). The mean rapidity
of pions from resonance decay equals the mean rapidity
of the resonance itself. Therefore the second term on the
right-hand side of Eq. (12) is decreasing with increasing y,
whereas the first term is almost independent of y as can
be concluded from the radius for direct pions, where the
second term is absent. A possible way to determine ex-
perimentally transverse radii with nearly negligible con-
tributions from resonance decay would be not to consider
pions but kaons, because in a thermal model the only
significant decay contribution to kaon production comes
from the E'(892) which itself is thermally suppressed
relative to E(494) by about a factor of 10. Thus Bose-
Einstein-correlations with kaons would yield only the
R~-value from direct kaons, provided the statistics are
sufficient.

D. Strangeness production
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TABLE IV. Multiplicities of strange particles in comparison
with experimental values from the NA35 experiment.

Our values
NA35 exp.

A Mult.

8.77
8.2+0.9

A Mult.

0.38
1.5+0.4

Ez Mult.

12.53
10.7+2.0

6It was argued by Brown et al. [19]that a partical restoration
of chiral symmetry with the increase of temperature in the ha-
dronic phase might lead to a decrease of the strange particle
masses and therefore could cause strangeness equilibration even
in the hadronic phase. See however [20] where an opposite be-
havior of kaon masses with temperature is expected.

As was mentioned in the Introduction the problem of
equilibration is not yet solved. It is expected that chemi-
cal equilibrium can be much easier achieved if the fireball
spent some time of its evolution in the QGP phase, be-
cause there all quarks are massless and especially strange
matter is assumed to be produced faster than in the
hadronic-phase. In the latter case it is even doubtful
that the lifetime of the fireball suffices to reach chemical
equilibrium, so that the investigation of strange-particle
production may under certain circumstances serve as a
signal for QGP formation. Our calculations are based on
the existence of chemical equilibrium and the QGP-phase
transition. These two assumptions could be tested by
studying the spectra of strange particles.

In Fig. 9 we show the transverse-mass and rapidity
spectra of A and Ez. There is a surprisingly good agree-
ment of our calculations with experimental data obtained
by the NA35 Collaboration [21]. In Table IV we give the
total multiplicities of A, A, and Ez. The values for A and
E& lie within the error-region of experiment whereas
there is a discrepancy in the cas of the A yield, which-
at the level of one standard deviation —is 4 times smaller
in our model than in experiment.

There are several reasons which could account for this

0,2

p I I I I I I I I I I

0 05
I i i s i I s i s & s s I i I i s i I I i i i i I i i I i I

1.5 2 0 0.5 1 1.5 2

FIG. 9. Transverse-mass (m&) and rapidity distributions of A
and E& in comparison with the experimental data from Ref.
[21]. The rapidity intervals for the rn~ spectra are 1.0~y ~2.2
for A and 0.3 y~1.5 for Ez. The transverse momentum
ranges are p&

~ 0.5 GeV for A and p, ~ 0.625 GeV for E&.

7A reduction of the number of X+ by this amount has been

suggested to occur due to the change of the dispersion relation
for kaons in a nuclear medium [23].

discrepancy: First it is conceivable that A particles freeze
out at a higher temperature than the rest of the system.
We checked this possibility and found that a temperature
of about 160 MeV is sufficient to obtain the right multi-
plicity without disturbing very much the other "good"
results. A higher decoupling temperature is associated
with a smaller collision cross section inside the fireball
[22]. It is however unclear why A's would react less with
pions and nucleons than other particles.

Another reason is the fact that we are dealing with a
very small absolute yield of A production. To consider
the A discrepancy significant, one would have to require
more stringent statistical criteria, i.e., standard devia-
tions. Note also that the errors in the K+ yield are of the
order of 10%-20% (cf. Table IV) which amounts to 1 —2
kaons. However, because of strangeness conservation, a
change of the kaon yield of this size must be compensated
by an equal change in the number of other higher mass
particles with strangeness. The resulting change in the A
yield, the multiplicity of which is around 1, can then
amount to several 100%. Finally, and most probably, we
cannot expect chemical equilibrium to be established
with less than say 10% accuracy. It is conceivable that A
particles are more sensitive to the chemical equilibrium
assumption and this could then serve as a test of this as-
sumption.
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V. CONCLUSIONS

In this study we introduced a new model for initial
conditions of hydrodynamical expansion, which in partic-
ular takes into account baryons. Our treatment is based
on the assumption of thermalized nucleons and from the
comparison with data one can conclude from our results
that this assumption appears to be valid for most of the
baryonic matter. The nearly thermal pi-distribution of
the protons again underlines this property.

The observed rapidity and pi spectra of negatively
charged particles and protons are well reproduced by the
theory and a value for the transverse radius of the S +S
fireball is obtained purely from hydrodynamical con-
siderations. Resonance decay appears to play an impor-
tant role in transverse expansion. Furthermore, strange-
ness production was investigated and also compared to
experiment. The agreement is again satisfactory.

Finally it has to be emphasized that the model can
reproduce all these data provided one uses an equation of
state obtained from lattice @CD which includes a phase
transition from QGP to hadronic matter. It remains to

be seen how the introduction of baryons in the EOS will
modify this conclusion.

After the completion of this paper we received a pre-
print by Ishii and Muroya [1I], in which part of the to-
pics investigated by us are also studied. The authors use
different hydrodynamical initial conditions, which they
fix on a w=7O 1 fm hypersurface according to Bjorken
[8], and they introduce a phenomenological baryon-
dependent EOS. However they do not consider reso-
nance decay and do not study strangeness-production and
sizes of the fireball.
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