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The space-time dynamics and pion—Hanbury Brown—TWi#BT) radii in central heavy ion collisions at
CERN-SPS and BNL-RHIC are investigated within a hydrodynamic simulation. The dependence of the dy-
namics and the HBT parameters on the equation of $E®S is studied with different parametrizations of a
chiral SU3) o— » model. The self-consistent collective expansion includes the effects of effective hadron
masses, generated by the nonstrange and strange scalar condensates. Different chiral EOS show different types
of phase transitions and even a crossover. The influence of the order of the phase transition and of the latent
heat on the space-time dynamics and pion-HBT radii is studied. A small latent heat, i.e., a weak first-order
chiral phase transition, or a smooth crossover lead to distinctly different HBT predictions than a strong first
order phase transition. A quantitative description of the data, both at SPS energies as well as at RHIC energies,
appears difficult to achieve within the ideal hydrodynamic approach using tli®) $biral EOS. A strong
first-order quasiadiabatic chiral phase transition seems to be disfavored by the pion-HBT data from CERN-SPS

and BNL-RHIC.
DOI: 10.1103/PhysRevC.65.064902 PACS nunider25.75—q
[. INTRODUCTION cuss the resulting pion HBT radii. Such a scenario was con-

sidered in Ref[10], however without explicit reference to
General theoretical argumerits] and lattice QCD simu-  chiral symmetry restoration and dynamical hadron masses.
lations[2] predict the occurrence of a transition of strongly  T0 investigate the space-time dynamics and the influences
interacting matter to a state where chiral symmetryaig- of different types of phase transitions, hydrodynamic expan-

proximately restored. Since Bose-Einstein correlations inSton with an EOS obtained from a chiral SU(3)

S . . . X SU(3)ro— w model is considered. The equations of fluid
multiparticle production process¢S] provide valuable in- dynamics describe the collective evolution of the system,

formation on the space-time dynamips of fundameqtal !nterWh“e the chiral SU(3X SU(3) model yields the underlying
actions[4], correlations of identical pions produced in high- equation of state. Thus, as the hot and dense central region

energy collisions of heavy ions may provide information onexpands both in the longitudinal and transverse directions,
the characteristics of that phase transitifor a review on  the hadrons approach their vacuum masses. The initial exci-
QGP signatures, see Rdb]). For recent reviews on this tation energy is converted into both collective flawd mas-
topic we refer to Refd.6,7]. sive hadrons. This purely hadronic model successfully de-
In particular, a first-order phase transition leads to a proscribes nuclear matter ground state properties, finite nuclei,
longed hadronization time as compared to a crossover or and hadron masses in the vaculiti,12. Furthermore, it
hadron gas with no symmetry restoration, and has been rexhibits different kinds of high-temperature transitions, de-
lated to unusually large Hanbury Brown—Twid$BT) radii  pending on the set of parameters. Using the various equa-
[8—10Q. The coexistence of hadrons and QGP reduces thdons of state in a hydrodynamic simulation should discrimi-
“explosivity” of the high-density matter before hadroniza- nate between the different phase transition scenarios. Since
tion, prolonging the emission duration of piof&-10]. This  the model only contains hadronic degrees of freedom, we
phenomenon should then depend on the critical temperatukenly test the influence of the chiral phase transition but not of
T. and the latent heat of the transition. Typically, calculationsthe deconfinement phase transition. In any case, the main
assuming a first-order phase transition are carried out with aeffect as far as collective expansion is concerned, is due to
equation of stateEOS derived from matching the bag the difference in the latent heat for the transition, irrespective
model with an ideal hadron gas model, for which the latentof its microscopic origin.
heat of the transition is largl®,10]. Consequently, the pre- This article is organized as follows. In Sec. Il we present
dicted HBT radii were large. our model. In particular, in Sec. Il A we discuss ideal rela-
Here, we consider also the case of a more weakly firsttivistic hydrodynamics, and in Sec. Il B we refer to our equa-
order transition with small latent heat and study the influenceions of state. Section Ill shows our main results for the
on the space time characteristics of the expansion and on tipace-time evolution and the pion HBT radii. We summarize
HBT radii. Furthermore, we perform explicit calculations for and conclude in Sec. IV. Throughout the manuscript, we em-
a smooth transitioficrossoverat high temperatures, and dis- ploy natural unitc=A=kg=1.

0556-2813/2002/66)/06490210)/$20.00 65 064902-1 ©2002 The American Physical Society



D. ZSCHIESCHE, H. STGKER, W. GREINER, AND S. SCHRAMM PHYSICAL REVIEW ®5 064902

Il. MODEL DESCRIPTION we can leave aside the great technical and principal difficul-
ties related to a treatment of dissipation in dynamical simu-
lations[21], and give an impression of the largest possible
Ideal hydrodynamics is defined bylocal) energy- effects of varying the phase transition parameters that can be

momentum and net charge conservafibg] expected. This will also allow for a comparison to previous
results for the pion HBT correlation functions, which em-
ployed ideal fluid dynamics with an EOS derived from the
bag model9,10].

A. Scaling hydrodynamics

3,TH=0, 3,N#=0. (1)

T#" denotes the energy-momentum tensor, Aifdthe four
current of theith conserved charge. We will explicitly con-
sider only one such conserved charge, the net baryon num-
ber. We implicitly assume that the local densities of all other  To close the system of coupled equations of hydrodynam-
charges which are conserved on strong-interaction timécs, an equation of state has to be specified. Lattice QCD
scales, e.g., strangeness, charm, and electric charge, vanighedicts chiral symmetry restoration at a critical temperature
The corresponding four currents are therefore identicallyf T.=140-170 MeV [2,22] (for pg=0). We obtain the
zero, cf. Eq.(2), and the conservation equations are trivial. equation of state from a chiral SU(3)SU(3)o— w model
For ideal fluids, the energy-momentum tensor and the nethat was discussed in detail in Ref41,12. We will briefly

B. Equations of state from a chiral SU3)X SU(3) model

baryon current assume the simple fofi3] introduce the model here: consider a relativistic field theoret-
ical model of baryons and mesons based on a nonlinear re-
TH'=(e+p)uru’—pg"", Ng=pgu”, (2)  alization of chiral symmetry and broken scale invariance.

The general form of the Lagrangian is
wheree, p, pg are energy density, pressure, and net baryon
density in the local rest frame of the fluid, which is defined

by N&=(pg,0). g*=diag(+,—,—,—) is the metric ten-
sor, andu”=y(1p) the four velocity of the fluidv is the

three velocity andy=(1—v2) "2 the Lorentz factdr The
system of partial differential equationd) is closed by
choosing an equation of stattEOS in the form p
=p(e,pg), see below.

For simplicity, we assume cylindrically symmetric trans-
verse expansion with a longitudinal scaling flow profilg
=2z/t [14]. This should be a reasonable first approximation

for central collisions at high energguch as at CERN-SPS sons through interactions with spin-0 mesons, &pdjives

and BNL-RHIC energies and around midrapidity. A quan- the meson-meson interaction terms which induce the sponta-

titative comparison to experimental data, which we postpone ; ; .
. neous breaking of chiral symmetry. It also includes a scale-
to a future publication, should, however, analyze the effects

due to coupling of longitudinal and transverse flows aroundvanance brea_k|_ng logarithmic pote_nt|al. Finallg intro-
midrapidity. At least up to CERN-SPS energieég duces an explicit gymmetry breaking of the Uf1)the

' : SU(3)y, and the chiral symmetry. All these terms have been
~20A GeV, such a coupling was shown to exisb]. di d in detail in Ref§11 1
The hydrodynamic equations of motion are solved on a Iscussed n detarl n eftll, 2 - .
di tized i {dAf-— R-/100=0.06 fm. A The hadronic matter properties at finite density and tem-
_'SOC:)%&ZG ts)pace- ||me. gnth tTF\:HLTLE | : ith m, 7(-1 perature are studied in the mean-field approximation, i.e., the
N b d rT)d ty teg]p Og'n[go 1eq We h aghorl kn:j tist tﬁ' meson field operators are replaced by their expectation val-
scribed and tested In Relsly, 1. Yve have checked that In€ o4 3nq the fermions are treated as guantum-mechanical one-
algorithm accurately conserves total energy and baryon nur%b

r

L£=Lint > Lemt Lt Lyp—Vo—Vsg. (3)

=X,Y,V,Au

Lyin 1s the kinetic energy term(g,, includes the interaction
terms of the different baryons with the various spin-0 and
spin-1 mesons. The baryon masses are generated by both, the

nonstranger ({qq)) and the strangé ((ss)) scalar conden-
sate.X, Y, V, A u stand for scalar octet, scalar singlet, vector,
axial vector, and pseudoscalar mesons, respectivg)y.
contains the interaction terms of vector mesons with pseudo-
scalar mesonsC, . generates the masses of the spin-1 me-

ber, and that profiles of rarefaction and shock waves are I_g;téclteh g rl)_(zrgrtgrzig?:%.e)A;teeéO;r)ﬁerfsormlng these approxima-
produced accurately for various initial conditiofi6—1§. ’
As already mentioned above, E@), we assume a per- -
fect, i.e., nondissipative, relativistic fluid. In principle, it is Low=—2 il 90 Y00+ i g Yo’ + M T4,
possible to calculate the transport coefficients from the La- '
grangian of our mod€l11,12). (For example, various trans-
.. . 1 2 1 2
port coefficients have been computed in the symmetry bro- [ =—m? X_w2+ —m2 X—¢>2+g4(w4+2¢4)
ken phase based on the assumption of an ideal gas of hadrons vee 2 “2 2 ¢X§ 4 '
[19].) Also, dynamical simulations indicate that dissipation
strongly affects the pion correlation functions at small rela- e
tive momentum, and thus the deduced HBT r§2d]. Quan- Vo=§koxz(02+ ) —ky(o?+ )~ k2(7 + §4) —kaxo?l
titative comparisons to experimental data should therefore
account for dissipative effects. On the other hand, the pur- 1 4 5 o2
. ; ; 4 4 X 4
pose of this paper is to explore the effects from varying the  +k,x*+ 2X In=; — 3X In——,
latent heat and the order of the phase transition. In that vein, Xo 0do
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X 2 1 The characteristicée.g., the order, the latent heatf the
Vsg=| — mifﬁo+ \/Emﬁf,(— —m,sz,, gl various phase transitions depend on the chosen parameters
Xo V2 and on the considered degrees of freedom. We will use three

different parameter sets, which differ in their treatment of the

baryon resonances. This leads to different predictions con-
cerning the behavior of hot hadronic matter. In parameter set
ClI the baryon decuplet is neglected, and the only degrees of

with m; the effective mass of the baryori (i
=N,A,3,E,A, 3%, E*,Q). o and{ correspond to the sca-
lar condensatesy and ¢ represent the isosinglet nonstrange

and strange vector fields, respectively, gnds the dilaton .
field, which can be viewed as representing the effects of thff€6dom in the system are the members of (tet) baryon
octet, the pseudoscalar meson nonet and the vector meson

gluon condensate. In this work we will use the frozen glue- X
ball approximation, i.e., adopt the dilaton field as constant. If'onet. In parameter set CIl and Clll we include tiznt)
the current form of the model this makes sense, since thBaryon decuplet. This increases the number of degrees of
glueball field does not change strongly with temperature anéféedom by 80. The parameter sets Cll and ClIl differ in the
density. In a forthcoming work we will investigate the con- treatment of the strange spinfesonances. In parameter set
sequences of a stronger coupling of the glueball field to th&!l an additional explicit symmetry breaking for the baryon
scalar fields. resonances along the hypercharge direction, as described in
The thermodynamical potential of the grand canonical enRef.[11] for the baryon octet, is included. This is neglected
semble() per volumeV at a given chemical potentiad and  in parameter set ClII.
temperaturel can be written as In Fig. 1 the resulting pressure and energy density are
plotted as a function of temperature for vanishing chemical
potential. The predicted behavior of the hot hadronic matter
differs significantly for the different parameter sets. Param-
eter set Cl exhibits a smooth crossover, while a first-order
¥i . ) phase transition is found for parameter set Cll. Two first-
> 3J' d3k[In(1+e WDIE (=rily] order phase transitions are found for parameter set ClIl. This
t(2m) behavior is due to separate jumps in the nonstrange and the
strange condensate.
The resulting velocities of sound are shown in Fig. 2. The
crossover EOS shows a decrease of around e
=1 GeV/fn?. This is due to the strong reduction of the

The vacuum energy,,. (the potential atp=0) has been baryonic masses around the phase transition region. How-
subtracted in order to get a vanishing total vacuum energy. €Ver, because the latent heat is zero in the crossoveraase,
denote the fermionic angl; the bosonic spin-isospin degen- remains finite. In contrasﬁ vanishes in the phase transition
eracy factors. The single particle energies d&(k)  regions for Cll and Clii(however, it is nonzero ifuq, s
= K2, with m* =m* (o,¢) (see Refs[11,12). The >0). The latent heat for CIl iAE;~600 MeV/m?, while
effective baryonic chemical potentials read = u;—gi,0 ' IS AE;~850 MeV/fr+920 MeV/fP=1770 MeV/
g1y With ;=(n _ni_) +(n _ni_) and the mesonic fm fqr QIII (both values are fop,g=,u,s= 0). Bgtween the
g'¢_ Ki e Ka™ s N Ms & J- i two distinct first-order transitions in model II¢,§ iS nonzero
chemical potentials read; = (Ng—Ng) itq+ (Ns— NgKs-Ngs  again. However, this happens in a very narrow interval of
n'a, ng, andr"gdenote the number of constituemtq, s, and  energy density, and plays no significant role in our analysis.
As can be seen from Fig. ®ottom), the occurrence of a
The mesonic fields are determined by extremizingﬁrSt'Order phase transition depends on the chemical poten-

(Q/V)(1,T): The density of particlé can be calculated by 1@l For small chemical potentialue=100 MeV, ClI

differentiating® with respect to the corresponding chemical STOWS two phase transitions due to the jump indtend the
potential; . This yields ¢ field while CII exhibits one PT due to the jump in tle

field. At higher chemical potentials (100 MeVu,

Q
v =~ Lyect Vot Vsg— Wac

=~

+

; (;)J d3Kk[In(1—e~ /DIE 0=kl ],

—| =

?quarks in particle speciasrespectively.

= 43 1 <370 MeV) CIIl shows a phase transition due to the jump
pi= %f 5 . in the ¢ field only. Furthermore, since in the SU(3) approach
0 (2m)°| exd (Ef —ui)/T]=1 two chemical potentials,,1s) have to be considered, the

L conditionfs=p./pg=0 does not hold for each phase in the
The net density of particle speciess given byp;—p;. The  mixed-phase region, but only for the total strangeness frac-
energy density and the pressure follow from the Gibbstion. This leads to a slight change of the temperature in the
Duhem relatione=Q/V+TS+ uip' and p=—Q/V. The  mixed phase. For chemical potentja}>370 MeV there is
model shows a phase transition or a crossover aroynd no phase transition fors=0.
=150 MeV. Since there are only hadronic degrees of free- The energy densities and entropy densities in the phase
dom in the model, this phase transition is of purely hadronidransition regions are specified in Table I.
nature, i.e., the strong increase of the scalar density reduces The effective thermodynamic potential for parameter set
the masses of the baryons, which in turn again increases th@ll around the phase transition temperatliggs depicted in
scalar densitfcompare, e.g., to Ref24]). Fig. 3. We observe that the effective thermodynamic poten-
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T [MeV] pq= ts=0. Bottom: Phase diagram for the parameter sets Cll and

Clll for fs=ps/pg=0. The two chemical potentialg; , us) of the

FIG. 1. e/T* andp/T* for the three different parameter sets Cl, system lead to a slight change of the temperature in the phase tran-
Cll, Clll at pq=pus=0. Depending on the chosen parameters wesition region.

observe a different phase transition behavior. For ClI a smooth

: 4 . . L
crossover occurs. In contrast Cll leads to a4jumpeiﬁ atT  guestions the applicability of our approach of equilibrium

~150 MeV and a discontinuity in the rise 87T with T. Finally, 1y qrodynamics. However, as a first approximation, we study
Clll even shows two discontinuities i/ T*. The horizontal lines the effects dynamically, assuming that local equilibrium does

correspond to the Stefan-Boltzmann limit with and without the hold. i.e.. that the mean fields in fact assume the value of the
(ant)baryon decuplet. T

tial varies very rapidly around,. The spinodal points, i.e., ~ TABLE . Energy density and entropy density in the phase tran-
the temperatures at which the inflection points for the twgSition regions for Cll,Clll, uq=us=0. The (-),(+) signs stand
minima appear, are only 2—3 % Off.. This potential there- for values below and apgve the phase transition, respectiVegly.
fore varies substantially faster than that from the Grossdenotes the phase transition temperatege: 138.45 MeVifi de-
Neveu model or from the S) linear sigma model investi- notes the energy density of nuclear matter in the ground state.
gated in Ref[25]. However, the variation of the potential
aroundT. obtained from our model is in the same range as

eleyg €'leg s (fm™3) s*(fm™3D) T.(MeV)

for the model used in Ref26], where the authors showed cil 21 6.3 2.3 6.2 156.3
that such a fast variation of the effective potential arolipd cCIll - 1stPT 1.7 7.6 2.0 7.5 153.4
might lead to explosive behavior via rapid spinodal decomji| - 2nd PT 9.4 15.7 9.3 15.2 155.5

position (as opposed to an adiabatic phase transitidhis
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0 = dances of hadrong28]. The initial net baryon density fol-
O T=154.5 MeV lows aspg=4.5p,. The corresponding values @f ,T,uq,
-10 "|\ . Tiseamev and us (g- ands-quark chemical potentials, respectivefgr
20 :||“\\ - T=157.5 MeV the various chiral EOS are listed in Table II.

- i\ - —- T=158.5 MeV The initial net baryon density is independent of the under-
é 30 ‘\“\ lying EOS because the continuity equation for the net baryon
; "g‘_'\_\ current in Eq.(1) does not involve the pressupeexplicitly.

O 40 'i“_‘-\‘\' ---------------------- Due to the higher density at midrapidity, thermalization may
=) AN ‘---——‘f::~;';':'_"_--::::_-_--;; be faster at BNL-RHIC energies — following Refl0] we
R-E»O A --—-—"": — .:'-.'_".'_“.:".:".';‘_’_;?: assume7;=0.6 fm/c. Various microscopic models, e.g.,
c LY e e T e PCM[29], RQMD [30], FRITIOF 7.02[31], and HIJING/B

-60 S [32], predict a net baryon rapidity density diNg/dy~20
70 —35 and specific entropy 08/pg~150—-250 in central
Au+Au at \/s=130A GeV at midrapidity. We will employ
-80 s/ pg=200 anddNg/dy=25. The resulting baryon density at
0 10 20 30 40 50 60 70 80 90

midrapidity isp;=2.3py. Hadron multiplicity ratios at midra-
pidity can be described with these initial conditid88]. The

energy density and baryon density are initially distributed in

FIG. 3. Eﬁectlve poten“a{)/VE - p as afunCtiOI‘l Of the Scalar the transverse plane accordlng to a So_ca”ed “Wounded
condensater aroundT. For parameter set Cll and,= us=0 ({

= nucleon” distribution with transverse radil&=6 fm. For
has been chosen such as to maximize the pressure for ghen ¢ ther getails, we refer to Reff17,20. As seen from Table
global minimum of the potential, and that at the critical tem- ! the initial energy density more than doubles When.g'olmg
perature two phasdsorresponding to the two minima of the 10M CERN-SPS energy to BNL-RHIC energy. The initial

|o|[MeV]

effective potential coexist temperature increases by about 50 MeV, while the initial
' chemical potential fou, d quarks decreases by about 100
i i MeV, in all cases. Note that for a bag model EOS the chemi-

C. Initial conditions

cal potential fors quarks vanishes because of strangeness
The initial conditions in scaling hydrodynamics are speci-neutrality in the QGP phase, see, e.g., RET]. Strangeness

fied on a proper-time hyperbola=r;. On that spacelike neutrality is a global constraint, only84]. Within a mixed
hypersurface one has to specify the entropy per net baryophase, however, the individual phases may adopt nonzero
and the net baryon rapidity density at midrapiditig/dy.  values forfs. In a hadronic model, the hyperons contain
A model with an MIT bag model equation of stdi&7] for nonstrange quarks and adopt a finite chemical potential if
the high-temperature phase and an ideal hadron gas in the,#0. Therefore, the hyperon vector density is positive at
low-temperature region can reproduce b¢tir] the mea- finite temperature. This surplus of strange quarks contained
sured transverse energy at midrapidity and ghespectra of in the hyperons is balanced by the antistrange quarks in
a variety of hadrons at/s=17.4A GeV (CERN-SPS en- strange mesons. This leads to a finite strangeness chemical
ergy), assuming the standard thermalizatigeropey time  potentialus, which is adjusted to yieltis=ng. Hereng,ng
;=1 fm/c, and a specific entropy af/pg=45 and a net denote the total number of strange and antistrange quarks in
baryon rapidity densitylNg/dy=_80. This value fors/pg is  the system, respectively. As already discussed in[Réf, in
also in good agreement with the measured relative aburthe mixed phase only the total strangeness fractipman-
ishes, while each of the two coexisting phases, in general,
TABLE II. Initial conditions for the three chiral EOS, corre- carry net strangeness. Furthermore for the case of a strong
sponding tos/ pg=45 anddNg /dy=80 for CERN-SPS energy and first-order phase transition the evaporation of pions and ka-
s/pg=200 and dNg/dy=25 for BNL-RHIC energy. €  ons and strangeness distillatif8¥] should be studied, since

=138.45 MeV/fn? is the energy density of nuclear matter in the these influence the unlike particle correlatidgasy.,K */K
ground state. Heres ands/pg denote the average values at midra- see Ref[35]).

pidity at the initial timer;, i.e., the mean of the respective trans-
verse distribution. The other quantities have been computed from L. RESULTS
those average values ferands/pg, using the corresponding EOS. )

A. Hypersurfaces
eleg, pleg T(MeV) puq(MeV)  wug(MeV)

Before presenting results on pion correlations, in this sec-

SPS Cl  49.2 105 256.0 236.2 133.0 tion we shall discuss the effects from varying the latent heat
Cll 402 6.6 197.0 241.3 58.6 in the EOS on the space-time evolution of the hadronic fluid.
cli 373 59 180.6 246.6 36.4 Qualitatively, the same effects are observed for both sets of

RHIC CI 1279 29.3 3133 138.4 95.8 initial conditions, and we therefore show only the results
Cll 1004 214 2420 151.6 60.9 corresponding to the BNL-RHIC case. Figure 4 shows the
Cll 937 220 2300 154.6 53.0 calculated hypersurfaces at fixed temperaflireT; in the

transverse plane aj=0 for the three chiral EOS.
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Te= 80 MeV Ty =100 MeV Ty=130 MeV
— CII2PT)
---- CI(1PT)
— — CI(Crossover) 4
3 FIG. 4. Hypersurfaces=T; for the three
chiral EOS. This figure corresponds to initial con-
. 2 ditions as appropriate for central AWu colli-
-\ sions at BNL-RHIC energy(s=130A GeV).
b
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Comparing the freeze-out curves for the different equa- 1 _ 2
tions of state one finds that the different phase-transition be- Ca(p1,p2) =1+ JT/U do-Ke' 79 (u-KIm)| . (4
havior of the three parameter sets is reflected in the space-
time evolution of the system. In cas€drossover the time
until freeze-out is shorter than in case (Hwo first-order
phase transitions This is not surprising, since the occur-
rence of a mixed phase prolongs the expansion time. This

due to the abovementioned drop of the speed of saynd — (pl+ pL)/2, gh= pl— pk are the average four-momentum

The fastest expansion is obtained for a crossover with ng = "0 e four-momentum of the pion pair, respec-
latent heat and, accordingly, no discontinuity in the emmpytively. For midrapidity pionsK=g,=0. Thus, for tf’le cy-

density. , ) ) _lindrical geometry, the correlation function depends on three
The different space-time evolutions for the three EOS iS4 iaples only: that is, the out and side components, aind
most obvious fofT;=80 MeV andT;=100 MeV but_can the transverse momentum of the pion péir. In Eq. (4), f
also be seen fof ;=130 MeV. For CERN-SPS energies we denotes the local distribution function of pions in momentum
obtained similar reSUItS, with Only Sl|ght|y smaller lifetimes space, ata temperatu're_ For S|mp||c|ty, we shall assume a

The normalization factos\V is given by the product of the
invariant single-particle inclusive distributions of the pions
ievaluated at momentg andp,, respectivelyu” denotes the
Rour velocity of the fluid on theT=T; surface o*; K#

and radial extensions. thermal distribution function and neglect the interaction en-
ergy of the pions, which amounts to only~&5 % correction
B. Two particle correlations relative to the vacuum mass of the pion. From

To calculate the two particle correlation function we useCZ(qOUt’%fide’KT) we deterrr:me the HET rid" aRout
the method developed in Refg,8]. We measure the coin- Vi 2165, and Ryige= ‘/m/qside; Where oy, dsige are de-
cidence probability?(p,,p,) of two identical particles with  1€d BY C2(Goyt, Asige=0) = C2(Tsige: dou=0) = 3/2.
momentap, ,p, relative to the probability of detecting uncor- In Fig. 5 we show the resulting HBT radRsjqe and Rou

related particles. The inverse width of the correlation func-ff’r central PbFZb collisions at SPS l_energy \E/A b
tion in the out direction R,y is proportional to the duration =17.4 GeV), and compare to recent preliminary data ob-

of the particle emission, i.e., to the lifetime of the sourcet‘;’:'ge{;j b¥;2i?n§§:r?scr?]lfﬁ%ﬁggﬁggﬁgC:ﬂgshe’;ng/(')erxv gfrison
[8,36]. Analogously, the inverse width of the correlation bp b

function in the side directionR49 IS @ measure for the should be interpreted with care. At=130 MeV, Ro,; IS

. € L reproduced reasonably well. In particular, it appears that the
(transversgsize of the source. Using a Gaussian fit one CarE s with the largest latent heat overestima&ag.. This is

relate the inverse W|dth_s of the correlatlon functions to rad'“?ather similar to the bag model ECJ$0,20.. Note thatR,;
parameters. It was pointed out in R¢fL0] that both for  yascribes the size of the source folded with the mean emis-
model calculation as well as for experimental data it is te-gjgp, duration[7—10,20,36 The average radius of the pion
dious, if not impossible, to relatBsiqe and R,y to the real  soyrce decreases with increasing latent heat, but the emission
source size and lifetime. However, the rafig,/Rsigecan be  duration increases. Integrating over the emission surface,
used as a measure for the lifetime of the system. Fig. 5 shows that fokK;=50 MeV the latter dominates in
The HBT radii shown below are obtained as follows. Wecase of longitudinal scaling expansion, aRg,; increases
assume that the pion correlation function is determined on @ith the latent heat of the chiral transition. The EOS with
hypersurface of given temperatufe, where the pion mean vanishing or small latent heat is closest to the data.
free path supposedly becomes too large to maintain local At T;=80 MeV andT;=100 MeV, the pion source has
equilibrium. As already mentioned above, at present we reexpanded further and hen&®,; is larger. At largeK;, the
frain from a detailed study of transport coefficients of ourEOS with first-order phase transition predicts too large val-
model. Rather, our approach shall be more pragmatic, andes forR,, for both values ofT;. At small transverse mo-

we shall considell; as a free parameter. menta, on the other hand, all three EOS describe the data
On the T=T; hypersurface, the two-particle correlation better than for the high freeze out temperature. This obser-
function is given by{9,10] vation is in agreement with the results of REZ0], which
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shows that due to dissipative effects particles which suffeever, for all three EOSR;4. cOmes out too small. Only for
soft hadronic rescatterings freeze out at much later times,=80 MeV a reasonable description is obtained. This
than particles subject to harder interactions. We cannot aeould be partly due to the neglect of resonance decays, which
count for that effect within our ideal-fluid model, but it can form a “halo” surrounding the direct pion source
be mimicked by choosing a lowér; at smallerK;. In any  [7,9,40,41, and increase its effective size. On the other hand,
case, our main focus is on effects from the chiral phase trarthe resonance decays would also tend to incréage As
sition. Our results suggest that a weakly first-order transitiondiscussed in Ref10], a reasonable measure for the emission
or a smooth crossover, can give a better descriptioRgf  duration of pions therefore is the ratRy,;/Rsjge, Which is
than a phase transition with large latent hés in the bag also less affected by resonance decays. In Fig. 6 we show the
mode). results for initial conditions appropriate for BNL-RHIC en-
Rsige measures the geometric size of the pion source in thergies. Both radii increase as compared to the lower SPS
transverse plang38,39, and does not depend on the emis-energy. That is because the initial entropy density is signifi-
sion duration[7-10,20,38&. First, we note that the effective cantly larger. Thus the system takes longer to cool down to
source radius depends only very weakly on the latent heat fof;, and the system has more time to expand in the transverse
the transition, in particular for larg&;. This is in accord direction. For example, &+=500 MeV, R, increases by
with the space-time evolution as described in Sec. lll A. Atabout 1 fm for the EOS with a strongly first-order phase
smallKt, Rgjge decreases slightly with the latent heat. How- transition. R4 increases even less. This is in contrast to an

Ty = 80 MeV Ty =100 MeV T; = 130 MeV
10 10
9
8
7
‘:oi 6
M s 5
4 4
3 3
= CIII (two 1st order PT)
2 «+++ CII (one 1st order PT) 2 .
-~ CI(Crossover) FIG. 6. Rgjge and Ry @s a function oK at
A 7 data (NA49) . _
. s mimo , RHIC. T;=80,100,130 MeV.
8 8
7 7
‘-8 6 a 6
s £ 4 3 5
4 4
3 T - L'l o71, LN Sy 3
2 2
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EOS with only pions in the hadronic phals$10,36, where R ,/Rq4~1, and a decrease witki;. This behavior can
the ratio of entropies of the two thermodynamic phases igvidently not be reproduced for loW;. Larger freeze-out
very large atT.. The very moderate increase of the radii temperatured;=130 MeV lead to flat, or even slightly de-
from SPS to RHIC energy is in agreement with the resultgreasingR,/Rege. NeverthelessR, i/ Rige iS about a factor

from STAR for Aut+Au collisions at RHIC[42]. On the  of 2 higher forK;=100 MeV than seen in the STAR data.
other hand, as already discussed above, the “geometric size”

of the sourceRgjye is too small. As at SPS energy, this could

be due to decays of resonances. We shall therefore discuss IV. CONCLUSION

next the behavior of the ratiRq/Rsige With K, which is The space-time evolution of ultrarealtivistic heavy ion
less affected by decay$0], and which is a good measure for cojjisions at SPS and RHIC energies has been studied within
the lifetime of the pion source. hydrodynamic simulations using various EOS obtained from

Figures 7 and 8 _show the experimentally_ measured ratiq chiral SU(3)x SU(3) model. HBT radii have been calcu-
Rout/Rsige @S @ function ofky for the three different equa- |ated and compared to data from the NA49 Collaboration and
tions of state for SPS and RHIC energies. One observes thg{e STAR Collaboration. The influence of different orders of
at both energies the shortest lifetime of the system emergege chiral phase transition and the underlying EOS have been
from the EOS featuring a crossovéel), while the slowest iscussed.
expansion results from the EOS with largest latent heat A small latent heat, i.e., a weak first-order chiral phase
(ClIl). At SPS energy, the dafe7] yield a slowly rising  transition or even a smooth crossover, leads to larger emis-
Rout/Rsige ratio. This is obtained for all three EOS, if the sjon regions and smaller emission duration, as well as to
freeze-out temperature is loW;=80,100 MeV. Of course, |arger Ry and smallerR,, HBT radii than a strong first-
the absolute value oR, is too large, whileRgge is 100  order transition as, for example, assumed in the bag model.
small, and so the ratio comes out way too large. As is 0bvi- |n almost all cases, we observe that the results obtained
ous from the figures, we are not able to reproduce the datgith a crossover EOS are closest to the experimental data.
for Rout/Rsige, though a small or even vanishing latent heatHowever, a quantitative description of the data, both at SPS
and a smaller freeze-out temperature improve the picture. energy as well as at RHIC energy, is not possible within our

Turning to RHIC, we see that the predicted general bepresent ideal-fluid approach with longitudinal scaling flow,
havior of Ryt/Rsige is similar as at the SPS, except for a employing the various S@3) chiral EOS.

Sllght overall increase of that ratio. That is because the Iarger Apparent]y, conclusions can 0n|y be drawn after consid-
initial entropy per baryon, which is deduced from the largererable improvements on various aspects of the description of
7/p and p/p ratios, increases the lifetime of the systemhigh-energy heavy-ion collisions.

slightly. On the other hand, the STAR daf42] show In particular, the effective chiral-S8) potential is rather
Ty =80 MeV T; =100 MeV T;= 130 MeV
35 3.5
— CIO{2PT)
------ CII (1 PT)
3.0 === CI (Crossover) 3.0
a 7 data (STAR)
N #* data (STAR)
225
=
{20 FIG. 8. Ry, /Rsige @s a function ofK; at
52 RHIC.
o
1.5
73 73
1.0 & . A . 1.0
0 100 200 300 400 100 200 300 400 100 200 300 400 500
T KT KT
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rapidly varying aroundr.. Therefore, a nonequilibrium de- =130-200A GeV) would be extremely useful to provide a

scription, accounting for supercooling effects and/or rapidnore detailed view of the behavior of the correlation func-
spinodal decomposition, might be in ord@6,26. In fact, it tions. The excitation functions of source sizes and lifetimes
has been argued that the decay of a droplet of chirally symand also so-called “azimuthally sensitive” HBT analysis

metric matter from a region of negative pressure may yielqd47] could be useful to obtain a complete picture of the phase
Sma"er ValueS fOI‘ the HBT radii, as We” as a Sma”er ratiotransition via the structure of the pion source in the space_
Rout/Rsige [43,44). Such considerations are out of the scopetime. With these data emerging, we hope that it will be pos-

of the present manuscript but will be studied in detail in thegjpie to obtain a deeper understanding of the QCD phase
future. More realistic freeze-out descriptioh20,45 may transition in high-energy heavy-ion collisions.
improve the results. However, as dissipative effects are ex-

pected to prolong the lifetime of the pion source even more,
it appears very likely that a quasiadiabatic first-order phase
transition with large latent heat, for which a hydrodynamic
description should be adequate, can not describe the pion We would like to thank A. Dumitru and D. Rischke for
HBT data from CERN-SPS and from BNL-RHIC. This ob- numerous discussions and for providing the relativistic hy-
servation may be viewed as an experimental confirmation ofirodynamics and the appropriate correlation function codes.
the predictions from lattice QCI[2,22], which do not show We also thank K. Bugaev, |I. Mishustin, and L. Satarov for
a large latent heat. discussions. This work was supported by Deutsche Fors-
The nature of the chiral symmetry restoration will be bet-chungsgemeinschafDFG), Gesellschaft fu Schwerionen-
ter understood by analyzing forthcoming experimental datdorschung(GSI), Bundesministerium ‘fuBildung und Fors-
from RHIC. For example, correlations among kaons, prochung (BMBF), Graduiertenkolleg Theoretische und
tons, and nonidentical particles can be analyiz#]. Exci-  experimentelle Schwerionenphysik, and by the U.S. Depart-
tation functions between CERN-SPS energy\/g( ment of Energy, Nuclear Physics DivisioiContract No.
=17.4A GeV) and the present BNL-RHIC energw/{  W-31-109-Eng-38
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