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Determination of temperature and transverse flow velocity at chemical freeze-out
in relativistic nuclear interactions

A. D. Panagiotou,* G. Mavromanolakis, and J. Tzoulis
Physics Department, Nuclear and Particle Physics Division, University of Athens, Panepistimiopolis, GR-157 71 Athens, Hell

~Received 18 July 1995!

We propose a parameter-free method to determine the temperature of a thermalized state in relativistic
nuclear interactions, using the experimentalmq /T andms /T values, obtained from strange particle ratios. The
hadron gas formalism and strangeness neutrality are employed to relate the quark-chemical potentialmq and
ms to the temperature and thus determine its value at chemical freeze-out. This temperature, together with the
inverse slope parameter frommT distributions, enable the determination of the transverse flow velocity of the
fireball matter, thus disentangling the thermal and flow effects. We study several nucleus-nucleus interactions
from AGS and SPS and obtain the temperature, transverse flow velocity, and quark-chemical potentials.
Extrapolating the systematics we predict the values of these quantities for ongoing and future experiments at
AGS, SPS, and RHIC. We discuss the possibility of reaching the conditions for quark deconfinement and QGP
formation and give distinct and identifiable signature.

PACS number~s!: 25.75.2q, 05.30.Ch, 12.38.Mh, 24.85.1p
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I. INTRODUCTION

In the study of relativistic nucleus-nucleus interaction
the determination of the temperature of the produced nuc
state~fireball! is one of the most important tasks. The tem
perature is a fundamental thermodynamic quantity, ente
in the equation of state~EoS! and in the calculation of many
other thermodynamic variables, such as the quark-chem
potentials, energy density, entropy, etc.

The estimation of the temperature of compressed and
cited nuclear matter is strongly interlaced with its transve
flow. One customarily uses the inverse slope parameter o
fit to the mT distributions as the ‘‘apparent temperature
These distributions, however, suffer from possible flow
fects of the compressed nuclear matter, whereby the tr
verse velocity of the flow motion is added to the therm
velocity, resulting in a larger apparent temperature. This
as a consequence the false increase of all other therm
namic quantities depended on the temperature, hence th
roneous evaluation of the state reached in a nuclear inte
tion.

The disentanglement of the thermal and flow effects
mT distributions was very difficult, since it was based on t
use of hydrodynamics models in which many assumpti
and the unknown EoS serve as the basic inputs@1#. ThemT
spectra give only a correlation between the collective tra
verse velocity of the fluid and the local temperature, which
difficult to exploit. Therefore, one is unable to prove t
existence and give the magnitude of transverse flow from
mT distributions alone. Only an indirect proof could b
given, based on the phenomenological analysis and the
drodynamics calculations. For example, the concave shap
pionmT distributions can be reproduced by assuming tra
verse flow of the fireball matter@2#; it can also be reproduce
by allowing higher mass resonances to decay before fre
out.

* Electronic address: apanagio@atlas.uoa.ariadne-t.gr
530556-2813/96/53~3!/1353~10!/$10.00
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In this paper we propose@3# a simple a parameter-free
method to determine the temperature of the state at chem
freeze-out, that is at the stage where strange particles
couple from nonstrange hadrons and the population of e
species remains henceforth unchanged. To achieve this
employ the hadron gas~HG! formalism to interrelate the
quantitiesT, mq , ms and use the experimentalmq /T and
ms /T values, obtained from strange particle ratios, whe
mq andms are the light and strange quark-chemical pote
tials, respectively.

Comparing the temperatureT to the inverse slope param
eter, obtained from the correspondingmT distributions, we
can extract the transverse flow velocity,b5v/c, of the
nuclear fluid and disentangle the effects of thermal and c
lective motion. Note that in our procedure we do not perfor
any fit to experimental distributions, as one is forced in the
mal and hydrodynamics models.

In Sec. II we employ the HG formalism to arrive at th
relation betweenmq , ms , andT, and describe how this is
used to determine the temperature. We also discuss the
posed regions in the phase diagram. In Sec. III we anal
several nucleus-nucleus interactions from AGS
Brookhaven and SPS at CERN and determine the temp
ture and the transverse flow velocity for each interaction
chemical freeze-out. We also study the systematics of
quantitiesT, mq , andb for these systems and extrapola
the corresponding fits to higher energy, predicting the ran
of their values for several interactions at RHIC. We discu
the disappearance of transverse flow at low and high incid
energies, as well as the onset and complete transparenc
nuclear matter. We calculate the energy density for all int
actions discussed, employing both the QGP and HG form
isms and compare it to experimental and theoretical valu
Finally, we examine the effect of incomplete strangene
saturation on the determination of the temperature and fin
to be minimal.

In Sec. IV we discuss our findings in terms of previou
suggestions for a possible attainment of the QGP phase
1353 © 1996 The American Physical Society



so-
45

e

ns

in

d
of

e-

ser-

e

1354 53A. D. PANAGIOTOU, G. MAVROMANOLAKIS, AND J. TZOULIS
S-induced interactions at the SPS. On the basis of the s
tematics of the analyzed data and the empirical extrapo
tions, we recommend appropriate interactions for study
the phase transition~s! at SPS and RHIC.

Our conclusions are that all interactions at SPS (S1A at
200A GeV! have reached, as an ‘‘average’’ event, a tempe
ture ^T&;194 MeV and quark-chemical potentials^mq&;
80 MeV and^ms&;4 MeV at chemical freeze-out. The clos
to zero strange quark-chemical potential is consistent w
these interactions being very near the region of the HG ph
wherems50. Therefore, invoking the formation of QGP fo
understandinĝms&;0 in these data is erroneous. Our pr
diction for the range ofT andmq in Pb1Pb at SPS (160A
GeV! locates this interaction further inside the region of d
confined quark matter. The Au1Au interaction at the AGS
(11A GeV!, producing about the highest possible nucle
matter density and transverse flow velocity, remains in
HG phase, while at RHIC, it should reach well inside th
ideal QGP region. At RHIC, one may also find a baryon-fr
central region for light ion interactions, such as Ni1Ni at
As5200A GeV.

The systematics of the transverse flow velocity as fun
tion of the total c.m. energy (As) for the Au1Au system
indicate the disappearance of flow in nuclear matter at b
low (As;1.4A GeV! and very high (As;200A GeV! ener-
gies. Finally, we suggest possible evidence for the existe
of a distinctly separate region of deconfined quark mat
with correlated, massive and interacting quarks, in betwe
the HG and ideal QGP phases~not a HG-QGP mixed phase!.
We propose that selected Pb1Pb interactions at 160A GeV
may reach this region and produce a state identified bynega-
tive strange quark-chemical potential.

II. THEORETICAL CONSIDERATIONS

A. The formalism

We begin by considering the grand canonical partiti
function of the strange particles in the hadron gas formali
~Boltzmann approximation!, assuming local thermal equili-
bration:

ln Zstrange~V,T,l!5(
k
Zk)

i
l i
k , ~1!

where the fugacityl i
k controls the quark content of thek

particle andi5s,b for the strangeness and baryon numb
(lb5lq

3), respectively. We neglect in Eq.~1! the isospin
asymmetry, assumingmu5md5mq . At first, we also assume
full chemical equilibration, setting the chemical saturatio
factor for strange quarksgs51. The case of incomplete
chemical equilibration will be discussed in Sec. III E.

The one-particle Boltzmann partition function is

Zk~V,T!5~VT3/2p2!(
j
gj~mj /T!2K2~mj /T!

5~VT3/2p2!W~xk!, ~2!

where xj5mj /T and the summation runs over the res
nances of each particle species with massmj ; gj , the degen-
eracy factor, counts the spin and isospin degrees of freed
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of the j resonance;V is the volume of the system andK2 is
the modified Bessel function. For the mass range of the re
nances we have taken all available data: kaons up to 20
MeV/c2, hyperons up to 2350 MeV/c2, and cascades up to
2025 MeV/c2. The V2 resonances are not included sinc
there is only one well-known state at 1672 MeV@4#.

Invoking strangeness conservation in strong interactio
we have

^Ns2Ns̄&5~ls /V!]/]ls@ ln Zstrange~V,T,ls ,lq!#50, ~3!

ZK~lslq
212ls

21lq!

1ZJ~lslq
22ls

21lq
22!12ZJ~ls

2lq2ls
22lq

21!50. ~4!

Defining the quantity

g5ls /lq5exp~ms /T!exp~2mq /T!, ~5a!

Eq. ~4! becomes

~2ZJlq
6!g41@lq

3~ZK1ZYlq
3!#g3

2~ZY1ZKlq
3!g22ZJ50. ~5b!

Equation~5! defines the strange quark-chemical potential
terms ofmq andT:

ms /T5mq /T1 lng. ~6!

Equation~6! correlates the quark-chemical potentials an
the temperature. For example, it gives the allowed values
ms /T as function ofT, for a certain value ofmq /T, or, for a
specific value ofmq /T and ms /T, it gives a well-defined
allowed temperature. We capitalize on this correlation to d
termine the temperature at chemical freeze-out,Tch, having
obtained the values forms /T andmq /T from experimental
strange particle ratios.

In the HG phase the quark-chemical potentialsmq and
ms are coupled through the production ofu, d, ands quarks
in strange hadrons. Due to this coupling, strangeness con
vation does not necessitatems50 everywhere in the HG
phase.1 It may obtain nonzero values in certain regions. Th
conditionms50 in Eq. ~4! requiresls5ls

2151, and it be-
comes@5#

@ZY~lq1lq
21!2Zk12ZJ#~lq2lq

21!50. ~7!

Note that this equation is independent ofZV , which drops
out from Eq.~3!. The second factor givesms50 at mq50
for all T. The first factor gives the range of values ofmq as
function ofT, for whichms50 in the baryon-rich HG phase,

mq5T cosh21~ZK /2ZY2ZJ /ZY!. ~8!

This is shown by the solid curve on the (T2mq) plane
~phase diagram! of Fig. 1, starting atT(mq50);200 MeV
and ending atmq(T50);600 MeV.

1In a baryon-free state (mq50), ms50 for all T, since there could
be no coupling betweenmq andms .
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B. Definitions of regions in phase diagram

To define the various regions in the phase diagram
consider the two order parameters of statistical QCD@6#.

~a! The average thermal Wilson loop̂L&, related to the
free energyF of an isolated quark:̂L&;exp(2F/T). In the
confinement region there are no free quarks andF is infinite,
making^L&50. As color screening sets in progressively, it
possible to separate aqq̄ pair and thusF becomes finite. In
this regime,^L& attains suddenly larger values and sub
quently saturates with increasing temperature.

~b! The scalar quark densitŷc̄c&, which provides a mea
sure of the effective quark mass and hence of the chiral s
metry restoration.̂ c̄c&.0 in the confinement regime. I
decreases abruptly once deconfinement sets in, reachin
ymptotically zero in the ideal QGP phase.

In the phase diagram, we consider thems50 curve as the
upper limitof the HG phase@5#. Statistical QCD and strong
interaction phenomenology suggest a temperatureTH;200
MeV, at vanishing baryon number density, as a limiting te
perature for hadronic physics@6#. Statistical QCD predicts
also the onset of deconfinement at a temperatureTd;200
MeV for mq50. A characteristic of the deconfinement tem
perature is that it decreases with increasingmq in a similar
way as thems50 curve @6#. Lattice QCD calculations, for
three-quark flavors at zero baryon density, give a criti
temperature for the transition to QGP of order 150 Me
Experimental evidence, however, suggests that it may no
so low, since the nuclear state formed at this temperatur
Si1Au interactions at 14.5A GeV hasms;65 MeV, much
larger than the zero value expected in QGP~see analysis of
AGS data in Sec. III A and also Ref.@26#!.

We consider the region above theT (mq50);O ~250!
MeV phase curve~dashed! as thelower limit of the ideal
quark-gluon plasma phase. In this region the order par
eters^L& and^c̄c& are approaching their asymptotic value

The region between the two curves we define to be
deconfined quark mater~DQM! phase with correlated, mas
sive, and interacting quarks@7#. In transversing this region
the deconfined quarks lose mass, their interaction becom
weaker (as,1), achieving the bare quark mass in the ide
QGP phase, whereas;0. We thus surmise that, deconfin
ment and chiral symmetry restoration set in at approxima
T;200 MeV and gradually approach saturation abo

FIG. 1. Variation ofms with temperature, Eq.~6!, is shown on
the vertical plane, formed by thems axis and the linesmq50.5T
and 5T on the (T2mq) plane.
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T;250 MeV. This picture necessitates the existence of d
tinctly different domains for the two phases DQM and QG
as shown in Fig. 1.

What may thems50 curve signify? In the HG phase an
up to this curve, there exists a coupling between the qua
chemical potentialsmq andms in the produced strange had
rons, givingpositivevalues forms . At the crossing of this
boundary, this coupling seizes to exist~in hadrons! and
ms50. This may be taken as sign of deconfinement~vanish-
ing of bag pressure!. Beyond, the coupling is still in effect
among thedeconfined correlated quarks, as long as they pos-
sess noncurrent masses, but in a different form now, resul
in stronglynegativestrange quark-chemical potential2 in the
DQM phase@8#. In the QGP phase whereqq̄(q5u,d,s) are
produced independently in pairs, the absence of coupling
sults in ms50 again throughout this phase. Thus, th
ms50 line may be taken as the boundary between the h
ronic and deconfined phases. Note that there is no rea
forbiddingms to obtain negative values, as is the case w
mq , which can be only positive in nuclear interaction
Negative strange quark-chemical potential has not as
been observed in interactions~‘‘average’’ events! and right-
fully so ~see Discussion!.

In the HG phase, the dependence of the strange qu
chemical potential onmq andT, given by Eq.~6!, is shown
in Fig. 1 on the vertical plane formed by thems axis and
chosen lines on the (T2mq) plane, saymq /T50.5 or 5.
ms starts at zero, attains positive values, and becomes
again atT5198 MeV or 96 MeV, respectively. For highe
temperature,ms becomes negative in the DQM region. No
that thems50 curve on the phase diagram, Eq.~8!, is the
locus of the common points of allms curves, Eq.~6!, with
the (T2mq) plane.

III. ANALYSIS OF STRANGE PARTICLE DATA

A. Determination of temperature

The variation of ms /T with temperature along given
~specified by experiment! mq /T5a6Da lines, is shown in
Fig. 2. We take into account and depict the uncertainty in
experimental value ofmq /T, in order to study the accuracy
in determining the temperature. We note that the uncerta
in the temperature comes exclusively from the uncertainty
the experimental value ofms /T, for the cases considered.

Using the prescribed method we analyze several nucle
nucleus interactions, starting with Si1Au at 14.5A GeV of
the E802 experiment at Brookhaven@9#. From the analysis of
the K1, K2, L, L̄ date we find@10#: mq /T51.3260.06,
ms /T50.4660.08, I519664 MeV, the inverse slope pa
rameter from the fit to theK6mT distributions@9#.

The dependence ofms /T on T along mq /T51.32 is
shown in Fig. 2. We observe that, to the experimental va
ms /T50.4660.08, corresponds a specific temperatu
T514065 MeV. The inverse slope parameter from themT

2Negativems could be seen as due to the mass spectrum of stra
hadrons. The actual shape of the curve in the DQM region is m
different if one allows deconfinement and chiral symmetry resto
tion to set in@8#.
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distributions,I5196 MeV, is much higher than this temper
ture, indicating the existence of a large blue shift of ab
40%, caused by the transverse flow of the fireball matter.
shall discuss this in the next subsection.

TheS1W interaction at 200A GeV, studied at CERN by
the WA85 experiment@11# is analyzed next and we find@7#:
mq /T50.3960.04, ms /T50.03360.07, I5234611 MeV,
the inverse slope parameter from the strange baryonmT dis-
tributions @11#. Figure 2 shows the variation ofms /T with
temperature along themq /T50.3960.04 line. Observe agai
that, to the experimental valuems /T50.03360.07, corre-
sponds a specific temperature,T519669 MeV. In this inter-
action there is a difference between the temperature and
inverse slope parameter of;38 MeV, caused by substanti
transverse flow contribution of about 20% to the therm
effects.

We performed similar analysis of the CERN NA3
@12,10# and NA36 @13,7# strange particle data and dete

FIG. 2. Dependence ofms /T onT for two interactions along the
correspondingmq /T lines. The experimentalms /T values and cor-
responding temperatures are indicated.
a-
out
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mined the temperatures at chemical freeze-out to be in t
rangeTch5191–194 MeV. Table I lists the apparent and
flow-corrected thermodynamic quantities for all system
considered.

Intuitively, the maximum temperature,T0 , produced in
the fireball of two colliding nuclei should depend on the tota
energy available in the center-of-mass system,As, divided
by the number of participant nucleons sharing this energy

T0}As/participant, ~9!

where the number of participants is taken to b
Apr@111.4(Atg /Apr)

1/3#. The temperature we have deter-
mined at chemical freeze-outTch is always lower thanT0 . In
the phase diagram of Fig. 3 we show the points (T,mq)ch at
chemical freeze-out from our calculations and the poin
(T,mq)kin at kinematic freeze-out for the interactions S1S

FIG. 3. Phase diagram showing the trajectories followed by th
two interactions~see Discussion in the text!.
ur
TABLE I. Apparent and correct thermodynamic quantities for several interactions obtained from o
analysis (gs51).

Apparent T ~MeV! mq ~MeV! ms ~MeV!

Experiment Correct T ~MeV! mq ~MeV! ms ~MeV! b

E802, Si1Au, 14.5A GeV, 1,y,1.6
19664 259613 90616
14065 185611 64611 0.3260.04

WA85, S1W, 200A GeV, 2.3,y,2.8
234611 9267 468
19669 7766 367 0.1860.06

NA36, S1Pb 200A GeV, 2.0,y,2.5
214611 126621 3623
194621 114622 3621 0.1060.12

NA35, S1Ag, 200A GeV, 1.1,y,2.2
229611 111610 8621
191617 93611 7618 0.1860.1

S1S 200A GeV, 1.7,y,2.25
202611 78610 7613
192615 74610 6613 0.0560.09

p1S, 200 GeV, 1.7,y,2.25
173610 64611 23627
168638 62617 23626 0.0360.1
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(200A GeV! @2# and Si1Au (14.5A GeV! @14#. The paths
drawn for each interaction, starting from cold nuclear mat
before collision, are somewhat schematic. We assume
the crossing of phases is accomplished at constant entr
@15#. For S1S at 200A GeV, it is suggestive that thems50
line, taken to designate the onset of deconfinement, m
have been crossed insome events, since in the ‘‘average
event’’ analysis we findTch;Td , the temperature on the
ms50 line. This is not the case with Si1Au at 14.5A GeV.

The knowledge of the temperature at chemical freeze-
for interactions at different energies is useful in predicting
lower limit of the maximum temperatureT0 reached in

FIG. 4. Temperature vs@As/( participant )# for several interac-
tions. The small squares indicate predictions for corresponding
teractions.
ter
that
opy

ay

out
a

nuclear collisions. This is shown in Fig. 4, where we pl
Tch versus @As/participant# for the interactions Si1Au at
AGS and S1A at SPS. We include also the temperature
the fireball for Au1Au at 1.15A GeV @16#, obtained from the
study of energy spectra of light particles at midrapidity. Th
meaning of this plot is the following: in the regions betwee
SPS-AGS and lower, it gives the temperature at chemi
freeze-out, while above SPS it predicts the lower limit
T0 reached in an interaction.

We performed three fits to the data:~a! logarithmic, ~b!
exponential and~c! linear. An acceptable~least squares! fit
and extrapolation is obtained with the logarithmic depe
dence. On the basis of this empirical fit we predict that t
Au1Au interaction at RHIC (As5200A GeV! and the
Pb1Pb interaction at LHC (As55.5A Tev! should reach a
temperature of at least 300630 MeV and 450650 MeV,
respectively. For the Pb1Pb interaction at SPS (160A GeV!
the predicted temperature at chemical freeze-out,Tch;193
MeV, is equal to that of theS-induced interactions at 200A
GeV. Similar is the case for Au1Au at AGS (11A GeV!, for
which we predictTch;139 MeV, equal to that of Si1Au at
14.5A GeV. These results are summarized in Table II.

For the same colliding nuclei one can study the variati
of the ~approximate! temperature of the fireballT0 as func-
tion of the total c.m. energy. This is shown in Fig. 5~b! for
Au1Au interactions. The lower two points are experiment
@16,19#, while the others are estimations from Fig. 4~Table
II !. Extrapolating, the ‘‘zero temperature’’ point is reached
about 6A MeV incident energy, corresponding to the lim
for the onset of inelastic scattering for this system.

in-
TABLE II. Thermodynamic quantities obtained from experiments and from our analysis~see text!. The
(l) denotes predictions based on the current AGS and SPS data.

«~GeV/fm3)
Interaction T ~MeV! mq ~MeV! QGP HG b

BEVELAC
Au1Au, 1.15A GeV 81624 l158625 l 0.26 0.3260.05
Au1Au, 0.15A GeV 32610 0.1260.05
AGS
Si1Au, 14.5A GeV 14065 185611 0.48 0.3260.04
l Au1Au, 11A GeV 139611 229640 1.04 0.4860.23
CERN
S1Pb, 200A GeV 194621 114622 1.960.8 2.0 0.160.12
S1W, 200A GeV 19669 7766 1.960.3 1.7 0.1860.06
S 1 Ag, 200A GeV 191617 93611 1.860.5 1.6 0.1860.1
S1S, 200A GeV 192615 74610 1.860.5 1.5 0.0560.09
l Pb1Pb, 160A GeV 193617 161632 2.060.7 3.3 0.3360.2
l Pb1Pb, 80A GeV 178615 180634 1.760.5 2.4 0.3760.2
l Pb1Pb, 40A GeV 164612 199636 1.360.5 1.7 0.4160.2
l Ag1Ag, 200A GeV 197617 120628 2.060.7 2.5 0.2360.17
l Ni1Ni, 200A GeV 197617 88625 1.960.6 1.9 0.1660.16
RHIC

lAu1Au, As5200A GeV 303630 21620 14.667 0.060.1/0

lAg1Ag,As5200A GeV 303630 0.0619/0 14.667 0.060.1/0

l Ni1Ni, As5200A GeV 303630 0.0 14.667 0.0

l Au1Au, As5100A GeV 270627 58623 1064 0.160.15/0.1

l Au1Au, As550A GeV 240623 96626 763 0.260.16
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B. Transverse flow

The compression of nuclear fluid at the initial stage of t
nucleus-nucleus collision results in an outward flow of t
participant matter. The induced transverse flow velocity co
tributes a component to themT distributions, in addition to
the thermal effects. This causes the inverse slope param
of the fit to themT distributions to be larger than the tem
perature. Thermal and transverse flow effects are very d
cult to disentangle, since several thermodynamic variab
and the EoS used, are unknown. One can, however, de
mine the flow velocity,b5v/c, if one knows the tempera-
tureT and the inverse slope parameterI . This is done using
the Doppler shift formula, which interrelates the two quan
ties:

T5IA@~12b!/~11b!#

b5@12~T/I !2#/@11~T/I !2#. ~10!

For Si1Au at 14.5A GeV (I5196 MeV,Tch5140 MeV!
we calculate the transverse flow velocity to b
b50.3260.04. It is a strong flow, which indicates a hig
degree of compression of the participant nuclear matter.
S1W at 200A GeV (I5234 MeV, Tch5196 MeV!, the
transverse flow velocity is found to beb50.1860.06, which
is about half that of the Si1Au interaction, due to the highe
incident energy and consequently higher degree of trans
ency of nuclear matter.

For Si1Au at 14.5A GeV, hydrodynamics model calcula
tions @2#, assuming local thermalization of the collision zon
and subsequent hydrodynamic expansion at constant entr
have hinted, in fitting pion and kaonmT distributions, the

FIG. 5. Transverse flow velocity~a! and quark-chemical poten-
tial, temperature~b! vs As for Au1Au. The lines are to guide the
eye.
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necessity for transverse flow with velocityb50.40–0.45.
For the same experiment, calculations using a therm
model, incorporating longitudinal and transverse motion an
fitting the rapidity and transverse momentum distributions
estimate the transverse flow velocity atkinematic freeze-out
to be ^b&50.33–0.39@14#.

Light ion interactions at high energies should exhibit very
small collective transverse flow of the participant matter, du
to the compression of less nuclear matter and to the high
transparency. This should result in the nearing of the tem
perature to the inverse slope parameter. We find this to be t
case inS1S collisions at 200A GeV @12#, for whichTch ~192
MeV! ;I (202 MeV! andb50.0560.09. To carry this point
further we considered thep1S interaction at 200 GeV@12#.
We cana priori assume that the transverse flow is null, re
sulting in the equality of the temperature and the invers
slope parameter. Analysis of the strange particle data for th
interaction giveb;0.03, having set the strangeness satura
tion factor gs51. Note that, if we requireb to be exactly
zero, thengs;0.4, a value consistent with a hot hadron ga
~see also Discussion in Sec. III E!.

ForS1S at 200A GeV, hydrodynamic model calculations
@1,2# fitting mT distributions of mesons and baryons, treating
b andT as variables, result in a band with many (b,T) pairs
instead of a single point. The best estimate isT;157 MeV
and ^b&;0.25–0.3, independent of the EoS used, hadro
resonance gas or quark-gluon plasma. In a thermal approa
@17# for the same interaction, the model parametersT, mq ,
ms , andgs cannot be determined independently but throug
a set of nonlinear equations fitting the experimental strang
particle ratios. The scenario closest to our analysis@midra-
pidity C(2.0)# givesTch5178 MeV andb50.13 at chemical
freeze-out.

Considering the variation ofb in the interactions studied,
intuitively we anticipate the compression of nuclear matte
~correspondingly the transverse flow! to be inversely propor-
tional to the total energy available per participant nucleon i
the center-of-mass system, divided by the number of partic
pants,

b}@As/~participant!2#21. ~11!

The quantity in the brackets may be thought of as th
transparency parameterof nuclear matter. In Fig. 6~a! we
plot b versus@As/( participant)2# for S1A (200A GeV! and
Si1Au (14.5A GeV!. We fitted the data with three functions:
~a! logarithmic, ~b! exponential, and~c! linear. Logarithmic
and exponential functions give about equally good lea
squares fit. Based on the logarithmic fit we find for Au1Au
(11A GeV! a transverse flowb;0.48. Note that RQMD
calculations for this interaction@18# predict b;0.5. For
Au1Au at RHIC (As5200A GeV!, the predicted flow is
null, b<0.003, indicating an almost transparent nuclear ma
ter. This is more pronounced for lighter nuclei, such a
Ag1Ag or Ni1Ni ~see also next subsection!. For Pb1Pb at
160A GeV we predict a transverse flow velocityb;0.33,
similar to that calculated for Si1Au at 14.5A GeV, Table II.

In nucleus-nucleus collisions we expect the compressio
of nuclear matter, hence the transverse flow velocity, to in
crease with increasing incident energy up to the point whe
nuclear transparency sets in. Then increasing the energy f
ther, both compression and transverse flow should decrea
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and became null at the energy where complete nuclear tra
parency is in effect. It should be noted that this trend is
combined effect of the incident energy and the participa
mass of the colliding system. For the same colliding syste
an asymmetric bell-shape variation should be seen as fu
tion of As alone. In Fig. 5~a! we show that this is indeed the
case for the Au1Au system. We plot the Au1Au (1.15A
GeV @16# and 0.15A GeV @19#! data and the predicted value
from the previous fit of Fig. 6 atAs550, 100 , and 200A
GeV. The trend is clear: as the energy increases the tra
verse flow of nuclear matter increases; it reaches a maxim
in the regionAs;4–5A GeV and then decreases at high
energies. For Au1Au, it suggests an energyAs;1.35A GeV
for the disappearance of transverse flow at low energy,
accordance with other experimental evidence@20#. The dis-
appearance of flow at high energy is suggested to occu
As;200A GeV. From the systematics it appears that t
highest possible transverse flow velocity of nuclear matte
of order 0.5c.

We should point out here that, due to the particular beh
ior of thems /T5 f (T) curve throughout the phase diagram
the transverse flow should decrease upon entering the D
region and become zero in the ideal QGP region@8#.

C. Quark-chemical potential

The quark-chemical potential,mq , of a nuclear matter
fireball represents the baryon number concentration. This
turn depends on the matter density~compression!. We antici-
pate, therefore, the quark-chemical potential to be invers
proportional to the total energy available per participant

FIG. 6. Transverse flow velocity~a! and quark-chemical poten-
tial ~b! vs @As/( participant)2# for several interactions. The smal
squares indicate predictions for corresponding interactions.
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the center-of-mass system, divided by the number of partic
pant nucleons, as in the case of the transverse flow veloc

mq}@As/~participant!2#21.

We have fitted the experimental data with two functions
~a! logarithmic and~b! exponential, Fig. 6~b!. We accept the
logarithmic dependence as more representative of the d
and giving a realistic extrapolation. For the Au1Au interac-
tion at RHIC (As5200A GeV! we find mq;21620 MeV,
which corresponds to an almost transparent nuclear mat
~see previous subsection!. If lighter ions are chosen, Ag1Ag
or Ni1Ni, the quark-chemical potential is predicted to be
zero. This is in contradiction to RQMD@21# and dual parton
model@22# calculations, which predict high baryon density a
midrapidity. If the energy is decreased toAs5100A GeV or
50A GeV, the quark-chemical potential at midrapidity in-
creases toO(60 MeV! orO(100 MeV!, respectively. For the
Pb1Pb at 160A GeV we predictmq;O(160 MeV!, increas-
ing to O(180 MeV! at 80A GeV and toO(200 MeV! at
40A GeV incident energy. The results of our estimations ar
listed in Table II.

Since bothb andmq appear to have the same~logarith-
mic! dependence on the quantity@As/( participant)2# we
plot b versusmq in Fig. 7. This linear relation betweenb
andmq should be considered only in a ‘‘dynamic’’ sense in
nucleus-nucleus collisions. It has no meaning in ‘‘static
cases, such as cold nuclear matter. Using this curve we c
estimate the quark-chemical potential for certain other inte
actions for which we know the transverse flow velocity. Fo
Au1Au at 1.15A GeV (b50.32) we findmq;158 MeV.

In Fig. 5~b! we show the systematics of the quark
chemical potential for Au1Au as a function ofAs. The
maximum value of mq;O(230 MeV! is achieved at
As;4–5A GeV, with corresponding baryon density
r;5r0 . Extrapolation of this curve to zero incident energy
has no meaning, since we arrive at the ‘‘static’’ case.

If our predictions ofT andmq for Au1Au (11A GeV!
and Pb1Pb (160A GeV! interactions are substantiated by the
ongoing experiments, the extrapolation to RHIC and LHC
energies will be more precise and secure. For the time bei
we show in Fig. 8 the currently predicted regions on th

l

FIG. 7. Transverse flow velocity vs quark-chemical potential fo
the interactions of Fig. 6.
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phase diagram reached by several interactions at Brookha
and CERN.

D. Energy density

In our analysis we have determined the temperature
quark-chemical potentials at chemical freeze-out for seve
nucleus-nucleus interactions. The values of these quant
may be used to give a lower estimate of the energy den
created in each interaction. In the QGP formalism, taki
gluons and three-quark flavors, the energy density is

«~mq ,T!QGP5~37/30211as /3p!p2T4

1~122as /p!3mq
2T2

1@3~122as /p!/2p2#mq
41B

1gs@~18T
4/p2!~ms /T!2K2~ms /T!

16~msT/p!2~ms /T!K1~ms /T!#, ~12!

whereKn(m/T) is the modified Bessel function of ordern
andB the MIT bag model vacuum energy density. Takin
as;0.6 andgs;0.4, 0.6 for Au1Au (11A GeV! and Pb1Pb
(160A GeV!, respectively, andas;0.2, gs;1 for RHIC, we
estimate the corresponding values of the energy den
listed in Table II. The relative contribution of strange quar
to the energy density in the baryon-free ideal QGP reg
~RHIC, LHC! amounts to about 35%, almost independent
the temperature in this range.

We have also calculated the energy density of the inter
tions at AGS and SPS in the HG formalism, deriving th
relation from the total partition function, including bot
strange and nonstrange hadrons:

«~mq ,T!HG5~T2/V!]/]T@ lnZ~V,T,ls ,lq!#, ~13!

where the nonstrange meson and baryon resonance ma
extent to 2340 MeV and 2600 MeV, respectively.

ForS1A (200A GeV! the mean value of the energy den
sity is: «QGP51.8 GeV/fm3 and «HG51.7 GeV/fm3. Note
that, foras;0.2–0.0 appropriate for the ideal QGP, we fin
«QGP;3.0–3.3 GeV/fm3. The equality of«QGP(as;0.7) and
«HG may suggest~from another point of view! that we are at

FIG. 8. Phase diagram with the regions predicted to be reac
by the ongoing and future interactions at the AGS, SPS, RHIC, a
LHC accelerators.
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present at the phase boundary between HG and DQM a
that a distinct region of deconfined quark matter with larg
as values should exist. Thus, an interaction should not
directly from the HG (as.0.7) to the ideal QGP (as,0.2)
phase, but through a transition region with 1.as.0.

For theS1A interactions at the SPS, the calculated mea
energy density iŝ«&;1.8 GeV/fm3. It agrees with calcula-
tions from experimentaldN/dy distributions using the
Bjorken approach with a~more realistic! formation time,
t0;1.5 fm/c. The Pb1Pb interaction at 160A GeV should
reach^«&.2 GeV/fm3 for selected events with highT and
mq . It will also produce global thermal equilibrium, a situa
tion where the notion of ‘‘energy density’’ is really appli-
cable. If the critical energy density for deconfinement, a
given by lattice QCD, is of order 2 GeV/fm3, then we are
very close.

Estimates of the energy density in Au1Au collisions ex-
pected at RHIC have been given by Satz@23#. The energy
density is calculated assuming free flow~Bjorken approach!
and extrapolating to (dN/dy)AA from systematics ofpp col-
lisions up to Tevatron energies. Using as rescattering para
eter a51.1, the energy density is found to be ofO(5)
GeV/fm3, a value about three times smaller than our calc
lation for an ideal QGP with three-quark flavors. Howeve
as stated in this reference,« could increase by a factor 3–4 if
a; 4

3, as suggested by several event generators and if
isentropic approach@24# is used. This will bring it in accord
with our estimation.3

E. Partial strangeness equilibration

In our procedure to determine the temperature we ha
neglected the possibility for partial strangeness equilibratio
having set the strangeness saturation factorgs51 in Eq.~1!.
To study the effect ofgs,1 we consider the WA85 data,
which permit the calculation ofgs in the HG formalism:

gs5@~J2/L!~J1/L̄!#1/2/@W~xJ!/W~xL!#. ~14!

We includegs in Eq. ~1! and calculatems /T for a limited
range of temperatures (;190–200 MeV!, near the tempera-
ture of 196 MeV at which WA85 measured the particle ratio
@11,7#: J2/L50.2560.02 andJ1/L̄50.5360.04. We find
a very slight shift of the curve to the right, which increase
the temperature by approximately 2%, as shown in Fig.
For the E802 experiment we find a temperature increase
less than 2%, if we usegs50.4 ~for a hot hadron gas! instead
of gs51.

The incomplete saturation of strangeness phase space
no pronounced effect on the estimation of the temperature
chemical freeze-out. We are, therefore, safe in usinggs51 in
the study of other interactions as well, without significan
error ~see also previous discussion on thep1S interaction in
Sec. III A!.

3In Ref. @23# an estimate of the temperature at RHIC is obtaine
using an ideal QGP with three-quark flavors and«55 GeV/fm3. A
temperatureT;230 MeV is obtained, which is about 75% of our
prediction (;300 MeV! based on the empirical fit toA1A data. An
increase of« by the said factor of about 3 will equate the two
temperature predictions.
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IV. DISCUSSION

A. Strangeness and QGP formation

In the search for quark-gluon plasma via ultrarelativis
nucleus-nucleus collisions, the essential quantities determ
ing whether an interaction has proceeded through a ph
transition are the temperature, the quark-chemical potent
mq ,ms , and the strangeness equilibrationgs , of the state
@5,7#. Strange particle ratios can only determine accurat
the quantitiesmq /T andms /T. Consequently, an overestima
tion of the temperature is passed over to the other thermo
namic quantities, leading to erroneous interpretation of
data. Figure 10~a! shows a sector of the phase diagram a
the (T,mq) points for several interactions. As ‘‘temperature
the inverse slope parameter is used. A number of obvi
discrepancies are noted, stemming from the incorrect lo
tion of the points:

~i! All S-induced interactions at 200A GeV havems very
small, ^ms&;5.5 MeV, while their inverse slope paramete
are very different, by as much as 40 MeV.

~ii ! The Si1Au interaction at 14.5A GeV with ms590
MeV has an apparent location in the same region of
phase diagram as theS-induced interactions at 200A GeV
with ^ms&;5.5 MeV.

The transverse flow-corrected (T,mq) points from our
analysis are shown in Fig. 10~b!. The discrepancy between
the apparent points is now removed and an order is es
lished: allS-induced interactions at 200A GeV have similar
temperature,̂T&;19467 MeV, and strange quark-chemica
potential ^ms&;4.568 MeV, in accordance with all points
being very near thems50 curve, on the HG side. The
Si1Au interaction at 14.5A GeV is located in the core of the
HG region, far from thems50 curve.

The interpretation of the apparent thermodynamic quan
ties of the WA85 experiment arouse considerable interest
speculation as to whether they suggest that the QGP sta
approached@5,7#. The main reasons were the very sma
value ofms and the apparent location of the (T,mq) point far
from thems50 curve in the HG. Our present analysis r
moves the latter by relocating the (T,mq) point at its correct
position, just below the ms50 curve, hence, justifying the
ms>0 experimental value without invoking the necessity f
QGP formation in these interactions~average event!. Consid-
ering the entropy per baryon observed (;35) @12#, compared

FIG. 9. The effect of using incomplete strangeness saturat
gs,1, on the determination of the temperature for WA85 intera
tion.
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to calculations for HG (;25) and QGP (;60) @5# and the
substantial strangeness equilibrationgs50.58 @7#, it is sug-
gestive that some events have crossed thems50 line into the
deconfinement region. This should be seen more clearly
carefully selected events and the signature would be the
servation ofms,0.

B. Recommendations for interactions at SPS and RHIC

Examining the predictions of Table II we can make th
following recommendations for the more appropriate and
teresting interactions at SPS and RHIC.

At SPS, the interaction Pb1Pb at 160A GeV appears to
reach simultaneously the highest temperature and qua
chemical potential in the fireball, intruding furthest inside th
deconfined quark matter domain. All other interactions
lower energy or with lighter projectile target will be at a
equal or less advantaged position. An equally good inter
tion is Ag1Ag at 200A GeV.

At RHIC, the interaction Ag1Ag and more so Ni1Ni at
As5200A GeV, should produce a baryon-free midrapidit
This will result in a stronger concentration of the baryo
number in the fragmentation rapidity, thereby exotic ‘‘Ce
tauro’’ events and strangelets may be formed@25#. If the
energy is reduced toAs;50A GeV, the Au1Au interaction
should produce a state with high temperature (T;240 MeV!
and substantial quark-chemical potential (mq;100 MeV!.
This energy will then facilitate the study of baryon-rich QG
in the central region. Thus RHIC will enable the study of th
decrease and disappearance of nuclear opacity at the
energy end.

At RHIC in an environment withmq;0, it appears that all
nucleus-nucleus interactions at the same incident energy

FIG. 10. A sector of theT2mq phase diagram with the apparen
(T2mq) values~a! and flow-corrected (T2mq) values~b!, for sev-
eral interactions.
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duce the same temperature and energy density. Therefor
one wishes to change the energy density, the only way is
change the colliding energy, contrary to the suggestions
@23#

V. SUMMARY AND CONCLUSIONS

In summary, we have determined the temperature
chemical freeze-out using a parameter-free method and
experimentalmq /T,ms /T values obtained from strange pa
ticle ratios. We have also established the existence and
termined the magnitude of the transverse flow for seve
A1A interactions at AGS and SPS, thus disentangling
~so far elusive! flow from the thermal effects.
We have plotted the determined temperatures and transv
flow velocities, quark-chemical potentials as function of t
empirical quantities @As/( participant)# and @As/
(participant )2], respectively, and have predicted the corr
sponding values for the ongoing and future experiments
AGS, SPS, and RHIC.

Based on our analysis, empirical fits, extrapolations, a
evaluation we put forth the following:

At SPS, theS-induced collisions at 200A GeV indicate
that we have reached~in an average event! the upper limit of
hadronic physics. Some selected events should have pa
the threshold of the quark deconfinement region. At AGS,
Si1Au interaction is far from it.
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The Au1Au at 11A GeV is still far from the deconfined
state, whereas Pb1Pb at 160A GeV will be in the ‘‘door-
way’’ of the deconfined phase. An indisputable indication o
this would be the observation of large negative strang
quark-chemical potential in selected events.

At RHIC, the Au1Au interaction atAs5200A GeV is
well inside the ideal QGP phase, with an almost vanishin
baryochemical potential.

Ni1Ni interactions atAs5200A GeV should present a
baryon-free midrapidity, concentrating the baryon number
the fragmentation region and presenting the possibility fo
‘‘Centauro’’ events and strangelets. On the other han
Au1Au atAs;50A GeV will produce a baryon-rich central
region. Thus, nuclear interactions at RHIC will enable th
study of the variation of transparency of nuclear matter wit
incident energy.

Equally important, the determination of the collective
variables temperature, energy density and transverse flow
locity, will help achieve a reliable hydrodynamic description
of nuclear collisions, essential in determining the yet un
known EoS of nuclear matter.
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