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The fast simultaneous hadronization and chemical freeze-out of supercooled quark-gluon plasma, created in
relativistic heavy ion collisions, can lead to the reheating of the expanding matter and to the change in a
collective flow profile. We use the assumption of statistical nature of the hadronization process, and study
quantitatively the freeze-out in the framework of hydrodynamical Bjorken model with different simple quark-
gluon plasma equations of state.
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[. INTRODUCTION It is shown that the first-order quasistatic phase transition
is far too slow{9,10] to give the hadron chemical decoupling
The hydrodynamical models have been used extensiveliime of t-r5=10 fm/c determined experimentally, see Ref.
to study the evolution of the hot, strongly interacting matter[11] and references therein. Thus, in order to avoid the en-
created in relativistic heavy ion collisions. These models aptropy decrease in the nonequilibrium hadronization, QGP
ply on the space-time region, where the initial, hard pro-must be allowed to supercool, i.e., to develop mechanical
cesses have reached the stage where the local thermal edgstability before the phase transitigil]. Although the si-
librium can be assumed, and the strong interactions betwegfjyitaneous phase transition and CFO are assumed to be a

constituent particles are very frequent. nonequilibrium process, we can still exploit the apparent

On the other hand, the thermal statistical models appliedqyilibrium parametrization—the consequence of statistical
to describe the final hadron abundances have been very sU¢sire of hadronization.

cessful for nucleus-nucleusA{A) [1-5], proton-nucleus
(p-A) [6], and even for elementany-p, p-p, ande*-e~
[7,8] reactions. The latter ones, particularly, suggest the st
tistical nature of the hadronization process.

The purpose of this work is more the qualitative under-
standing of the phenomenon than quantitative comparison
Ruith experiment. We use simplest, but not meaningless, ge-

In this work, we study the fast hadronization and chemicalo.me”y. and equations Of. s_ta([EoS. Nevertheless, our con-
freeze-out(CFO) of locally thermalized quark-gluon plasma S|derat|o_n leads to nontrivial res_ults. o
(QGP described by hydrodynamical evolution. This process Ve Will show that the shocklike hadronization of super-
is idealized by sudden hadronization over a three_cooled_ QGP leads to the change in collective flow proﬁle and
dimensional hypersurface. The matter crossing the hypersufeheating of the system. We study the system with various
face is controlled by conservation of energy-momentum anghices of the EoS on both sides of the FO hypersurface.
relevant current conservation laws, and additionally, by as-
sumption of apparent thermal and chemical equilibrium dis-
tribution of the resulting hadron g&slG). By apparentequi-
librium distribution we mean that although there is clearly no  The fast hadronization process, idealized to take place on
room for kinetic equilibration in elementary collisions —or the zero-volume hypersurface, leads to a discontinuity in
in fast, simultaneous phase transition and CFO in nucleaenergy-momentum and charge conservation equations. In
collisions—the final hadron spectra are dictated by maxi-general, this leads not only to change in density quantities in
mum entropy bound by conservation of energy and chargeRF, but to the change in flow velocity profile as well
densities. [12,13. In order to have a sudden or rapid hadronization, the
system should be out of equilibrium considerably. Then pro-
cesses such as spinodal decomposition or surface instabili-

Il. THE CHEMICAL FREEZE-OUT PROCESS
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do, leads to a set of four equations, analysis of hadron yield systematics at high energ®&3S
, and higher done within the statistical models is the approxi-
T*"do,=Tgqdo,. (1 mate independence of the temperature paramefer (

=160-180 MeV) of the system size and collision energy.

We assume that the electric charge and the baryon charge Aother important feature found in statistical analyses is the

locally connected becguse the electromagnetic mteractlogommon freeze-out condition, energy per hadr&N
has lesser importance in our study. Then we do not have to

deal with the electric charge separately. Thus we are left wit N;SGl%\(/)’ éOL\JZiLOLi" s3|/|§t_ems Ig)rln (Tshs 12 Ga IltI-NI tob
local baryon number and strangeness conservation equations: N "F'b co ision$18,1]. These resu S can be
attributed to the statistical character of the hadronization pro-

Ngdo,=(Ng)ecdo,, (2)  cess.
Statistical (therma) and dynamical(coalescende type
NZdo,= (N eodo, . 3) models describe similarly well the final hadron abundances.

This “puzzle” was discussed by one of us recenth®], with

Here, we restrict our considerations to timelike FO hyper-the conclusion that the similarity of the two results is due to
surfaces in order to avoid currents entering from post-FO tdhe fact that both approaches are dominated by statistical
pre-FO side. The complications in the general case, wherglegeneracyfactors. Thus, with a few exceptions, hadron
the spacelike FO is included, are discussed extensively iAPundances can be approximately predicted in the statistical
Refs.[12,13. For the timelike hypersurface, there is always model also, although the time span of the reaction is not

a proper Lorentz transformation for each poinsuch that  Sufficient to reach real thermal equilibrium. _
solving Egs.(1)—(3) can be carried out in a frame, where  Calculations within statistical models are straightforward

flow velocities are u(x)=uy(1,0,0p) and Uge(X) when the mean number of particles of interest is large, and
= (Ug)ro(1,0,0v o) On pre- and post-FO sides, respectively. consequently, it is enough to fulfill the conservation laws in
Here we denote the Lorentzfactor byu,. After solving the the average sense, i.e., the grand canor{ed)) description
FO equations, the actual flow velociyo= (Uo)ro( 17 ro) iS can _be useo_l. In the G(_: ensemble, the mean particle multi-
obtained by a simple spatial rotation. Provided with thesd/iCities are just proportional to the volumeof the system.
tools, only two of the four equations in E€L) are indepen- Thus, the particle densities and the ratios of the multiplicities
dent. of two different particle species, which are usually used for
Strangeness is one of the first and basic QGP sigaals the comparison with the data, are vo[ume independent. '
Usually, the strangeness in hydrodynamical simulations is ThiS simple volume dependence is, however, not valid
assumed to be homogeneously distributed, so the conditiof"’y more for a small system in which the mean particle
ne(X)=(nd)ro(X)=0 binds the parameters associated Withmult|pll|0|ty is low, spch as irp-p coII|S|on$. In this case the
strangeness conservation. Equati@ leaves room to in- material conservation laws should be imposed exactly on
clude dynamical strangeness evolution which leads to delg2@ch charge configuration of the system, i.e., canonical en-
calization of the net strangeness. The possibility of such efS€émble(CE) description should be used. This condition in-
fects is well established in the literature, e.g., the works orfroduces a significant correlation between particles who carry
strangeness distillation beginning with works in the 19g8oconserved chargessee Refs.[20,21, and references
[16] and the measured rapidity distributions of kaons, antitherein. n ,
kaons, hyperons, and antihyperons, which show at SPS large In Pb-Pb collisions at the SPS collider and Au-Au reac-
local differenceg17]. In a dynamical model one has to in- 1ons at RHIC, we produce large and hot systems, where the
troduce additional dynamical equations to govern the negorrections are negligibteand QC description is satisfactory
strangeness flow to account for these processes. for most of the produced particles. Nevertheless, the number
In this limited study, our aim is to describe strange hadrorPf Strange particles created is rather low, and the net strange-
abundances due to the strict treatment of freeze-out condfl€SS iS exactly zero. Therefore the CE description would be
tions. This is an effect that alone influences the post-FO hadRreferable for the strange particlése are not going to in-
ron spectrum. Thus, in this work we do not intend to mix up¢lude particles with charm or heavier quarkowever, the
these two effect§see Eq.(8)], although in a full realistic Pasic assumption of the hydrodynamics is theal thermal
reaction model the strangeness dynamics should also be a%nd chemical equilibrium, whereas the canonical conserva-

counted for. tion laws can only be realizeglobally [because locally, cell-
The process described is generally nonadiabatic, but thgy-céll, the conservation laws of the QEequiring integer
entropy constraint numbers of baryon charge and strangeness chaegmot be

realized in a real calculatignThis prevents us using the CE
S'do,<Stdo, 4

must be satisfied in every point on the FO hypersurface. Un heavy ion collisions, most of this large volume consists of
causally disconnected regions. In cosmology, one speaks in this
context of the horizon paradox and introduces “inflation” in order
to explain homogeneity of the horizon. Without inflation, the size of

In addition to the surprising success even in the analysisausally connected regions is so small that local conservation laws
of elementary reactions, one of the important results of théxave, in principle, to be considered.

A. The statistical post-freeze-out hadronization
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in post-FO, which is nothing but the extension of the hydro-where the “eq” refers to the complete equilibrium values.
dynamical part with different EoS. In kinetic theory this The assumption of the survival of s over the FO hypersur-
problem has been solved, so conservation laws in the CE céace yields yet another equation to be included in the set
be implemented22]. This drawback is not of a serious con- (5)—(8) above:

cern, because the conditions reached in high energy heavy

ion systems are expected to fulfill the requirements for GC NssUo= (Ns3)ro(Uo)Fo- (10
description[21].

In the relativistic GC ensemble for ideal hadron ¢d&),  Thus, due to Egsi8) and (10), the numbers of strange and
the properties of matter in unit volume are parametrized byantistrange quarks are conserved separately during the FO
temperatureT and fugacities\s and Ag (or corresponding Process, and inhomogenedgsistribution is allowed by re-
chemical potentialsfor conserved chargesisually we omit  leasing the local neutrality conditioi8).

\q associated with electric change

In case of sudden freeze-out, there might not be sufficient [1l. NUMERICAL STUDIES
time to achieve chemical equilibration of number of strange L )
and antistrange quarks. Thus, an overpopulation or under- FOF guantitative studies of the FO, we have chosen a
population of strange hadron species may persist after hadi@mework of Bjorken mode[25] for the expanding QGP.
ronization. This can, however, be treated in the GC approachiS allows us to cover many FO scenarios with relative
as we will see. ease. Within the Bjorken model, the evolution of matter in

Now that the thermal ideal gas of hadrons provides uQN€ Spatial dimensiomand charge densitias is governed
with tools to calculate post-FO quantities, we can collect the?Y €guations

set of equations needed to describe the simultaneous FO and

hadronization taking place at a timelike hypersurface. For the @ etP =0, (12
sake of simplicity, we choose a hypersurface of constant co- aT T
ordinate time,do,=(1,0,0,0), which is, of course, con-
nected with any timelike hypersurface by a proper Lorentz aP
. ; 5 — =0, (12
transformation. Recalling the energy-momentum, baryon ay
current, and strangeness conservation equations yields
an; n
(e+P)u3— P=(erot Pro)(Ug) 26— Pro, (5) a_l+_|:°' (13)
T T
(e+P)vug= (ero+ Pro)vro(Uo) fo (6)  wherer=\t?—Z7% is the proper time angl is the rapidity of

a given fluid element. For vanishing net charges, thermody-
namical quantities are constant along constant proper time
curves on {,z) plane. Taking the FO to take place at con-
stantcoordinatetime, the proper time of freezing out fluid
NsUo=(Ng)ro(Ug)Fo=0. (8)  element decreases with increasing spatial coordinate, so the
temperature is an increasing functionofThe constant co-

Given the pre-FO quantities, the solution of this set of equaprdi”ate time choic_e is_made in order to_ have a clear picture
tions gives the post-FO parametessio, Tro, (As)ro, and of the FO process in different thermal circumstances. In ad-
(A\9)ro, flow velocity of the fluid element, and temperature dition to the equations above, one needs an equation to de-

and fugacities for conserved currents, respectively. These p cribe the thermodynamical structure of the evolving matter,

rameters describe completely the hadron spectra and othH}e €duation of state.
statistical quantities at the LRF of the fluid element.
In order to take into account the possible overpopulation A. The equation of state—supercooled QGP

or underpopulation of strange and antistrange quarks in T4 different equations of state for quark-gluon plasma
post-FO side, a parametrization of the conservation of thg e considered. The QGP is assumed to be an ideal gas of
number ofs,s pairs must be introduced. In the GC formula- e flavors ¢,d,s) of quarks and their antiquarks. We will
tion, a conservation law gives rise to a fugacity parametennoqel the thermodynamics of the QCD vacuum in terms of

The one associated with the number 8 pairs, nss, IS the MIT bag mode[26] by introducing a phenomenological
usually calledys. In Boltzmann approximationys is the bag constanB.

ratio of actual and equilibrium values of the number of,s
pairs[21]. In the original definition[23], y is the ratio of
strange and light quark fugacitiess/\y. The relation be-
tween these definitions is written as

NgUo=(Ng)ro(Uo)Fo, (7)

Light quarks (,u,d,d) can be considered as massless,
but the mass of strange quark cannot be neglected. For mass-
less quarks and gluons, integral in partition functidgep
can be evaluated analytically, but the contribution of strange-
ness must be calculated numerically. It is convenient to split
Nss A b Zqgp into four parts:

=y ©

s eq = 1o :
q €q
nS,gS_ )\S )\S

In ZQGP: |n Zf+ |n Zb+ |n ZS+ |n ZvaC!
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where InZ;, InZ,, and InZg are the contributions of massless This EoS can be justified as resulting from the nonperturba-

quarks, gluons, and massive strange quarks, respectivelyve QCD effects: The lattice calculatiorisee, for example,

In Z,4 is the contribution of the bag constant added to theRef.[31]) show that close to the critical temperature for had-

energy-momentum tensor. Evaluation of analytical parts ofonic matter, QGP phase transition energy density has a

In Zocp leads[27] to the expressions sharp increase and soon saturates with an equilibrium Stefan-
Boltzmann valuee(T)=esg(T), while pressure increases

1 1 much more slowly and reaches Stefan-Boltzmann limit only

ﬁ“q? ' (14) at very highT. There are many recent works on QGP EoS
close to deconfinement point with different physics behind:
quasiparticle descriptioffor example, Ref{32]), condensed

.
INZ¢=V| 357 T°+ ugT+

|an:ETFZVT3, (15) Polyakov loops(for example, Ref[33]), and quark-gluon
45 liquid model(for example, Ref[34]). These models, valid in
the regionT>T_, can quantitatively fit the lattice results
_ ﬂ/ mentioned above. In order to illustrate the hadronization pro-
INZ,..= , (16 : ; )
T cesses, we considered several simple model equations of

S _ _ state. The advantage of the spinodal EoS is a simple analyti-
wherepu, is a light quark chemical potentigh,= ug/3. The  cal form, and a possibility to “extrapolate,” or just simply
total strangeness is zero during the whole collision evolutionyse it in the same form in the regioh<T,. The special
If one assumes that the strangeness produced in a collisionfgature of this EoS is a local minimum in the pressure profile
spread homogeneously in QGP, thenmust be zero in any at some temperatuf®=T,, (T, <T.).
given fluid element, so the contribution sfands quarks is The spinodal EoS considered here will be of fai2) but

with three quark flavors and finite net baryon density:

In Zs=6—\:fwdp pzln(1+e*BVp2+m§), 17 1
/0 P(T,ui)= §9(T,Mi)—bT, e(T,ui)=esg. (22

wheremg is the mass of the strange quark, here chosen t% ing th . ith the b del EoS
vary between 150 and 250 MeV. omparing these expressions wi e bag model EoS, one
can see that for the pressure the bag con&astreplaced by

If one puts the bag constant to ze®®=£0), then InZ,, . .
term vanishes and we end up with the normal quantum disl” @nd u-dependent ternb T, while for energy density the

tribution for the ideal gas. In this case, the explicit f6raf analogy with bag mgfjel disappears qlue to relaf@t).
the three-flavor QGP EoS is If the phase transition temperaturgis known, parameter

b can be fixed from the Gibbs conditiofyg(T.,x)

1 =PacHTc,u). This same condition fixes the constaBt
P(T,ui)= 3© e(T,ui)=esg. (18)  within the bag model.
In the case of finite bag constant, EoS reads B. Freeze-out illustrated

The post-FO matter is described by the quantum ideal gas,
(19) composed of hadrons up to a mass of 2.5 GeV, listed in the
year 2000 issue dReview of Particle PhysidS5]. In order

) ) ) N ~ to satisfy the conservation equatighO) for strange quark
The third equation of state in addition to ones with finite-

and zero-MIT bag constants considered here was suggested

1
P(T,MB,B):ge:SB_B, e(T,ug)=€sptB.

in Refs.[28,29 (and first time applied for heavy ion colli- ' ' '

; ; 1t Ideal gas E0S ------ -
sions in Ref.[30]) for the case of baryon-free QGR{ Bag o e Eas a
=0) with two quark flavors: 08 I Spinodal E0S

e HG ——
1 S 06f AR
P(T)= §e(T)—bT, e(T)=egg. (20 8 oal g
(]
We call this aspinodal EoS, inspired by the existence of a 2 021
local minimum in pressure profil€0). It is easy to check 0 = T
thate andP are connected by the thermodynamical equation 02| STy P |
dpP 04 b _ : :
e=T— —P. (21 0 0.05 0.1 0.15 0.2
dT Temperature [GeV] Te

FIG. 1. Hadron gas pressure and quark-gluon plasma pressures
°The massives,s quarks give a little correction to this simple rule, with ideal gas, bag model, and spinodal model equations of state
but we suppress that in the text. with parametergtg=100 MeV andT.=160 MeV.
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FIG. 2. Various quantities on the FO surface. Panels fromtop to  FIG. 3. Various quantities on the FO surface. Panels from top to
bottom: (a) ideal gas EoS for QGRb) MIT bag EoS, and(c)  pottom: (a) ideal gas EoS for QGRb) MIT bag EoS, and(c)
spinodal EoSRis the ratio of entropy currents in HG and QAR,  spinodal EoSvy anduq are the HG and QGP flow velocitiess,
andTj, are the temperatures on the HG and QGP side Tanslthe  gpg ys, are the strangeness saturation fugacities veitquark
critical temperature. The mo_d_el parameters in the bag and SpInOdf‘“asses 150 MeV and 250 MeV, respectively. The model parameters
,EOS are fixed to produce critical temperature at 160.MeV..For th(?n the bag and spinodal EoS are fixed to produce critical tempera-
ideal gas EOS.’ thgre is no reg, the chose_n 160 MeV is arbitrary. ture at 160 MeV. For the ideal gas EoS, there is no feal the
The vertical line in pan_e_(c) marks the point where the HG tem- chosen 160 MeV is arbitrary. The vertical line in pael marks
perature crosses the critical value. the point where the HG temperature crosses the critical value.
paw_s, add|t|onal fuglgc‘ntyys |_s.|ntroduced for each strahge C.=0.5 for 7 mesons, and,=1 for ¢, fo(980), ,(1510),
particlei as\j—X\;jyg" . Additionally, the mesons carrying $(1680, and ¢5(1850).
sspairs must be taken into account. In this work, the number | Fig. 1, we show the pressures of the HG and QGP as
of mesons(i) is affected by the fugacity factox;= yécs, functions of temperature. The parameters appearing in differ-
wherecs is the relativess content in the meson. We take ent equations of state for QGP are fixed by setting the critical
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temperature td =160 MeV. The pressure minimum in the from the survival ofss pairs through the FO process, is
spinodal EoS is labeled by,,. Of course, the critical tem- calculated for two different values sfquark massns. ys
perature varies with baryon densiiyr ug), but we find this  corresponds tans=150 MeV andySZ is for mg=250 MeV.
variation to be negligible within reasonable range of FO de“AIthough ys is always 1 on the quark side, for smail we
sity. The strangeness saturation parameteis set 1o 1, Cor-  haye a largers;s number that for the larger strange quark
responding to the full strangeness equilibration. We alway$nass that is well above the freeze-out temperature. This
let the QGP side be in full strangeness equilibrium, so th%trange quark pair number remains unchanged during the
Gibbs condition for the adiabatic, isothermic phase transitioyeeze-out, and so for the smaller mass we have an oversatu-
compelsys=1. In the following, however, the phase transi- (ation of strangeness on the hadronic sige;~ 1.4 [for
tion is neither isothermic nor adiabatic, so the change ingqg Fig. 30)]. In case of the large strange quark mass we
fugacities is allowed and unavoidable. _ have less strange quarks, which leads to strangeness under-
Figure 2 depicts the variation of some relevant variablegatyration on the hadronic side compared to the hadronic
along the coordinate time=10 fm/c in the Bjorken model. equilibrium, ys,~0.85 (for the same EoS Comparing the
Going from the edge of the light cone<10 fm) to the  figyres, we findys to be very sensitive to the choice of QGP
nonflowing center of the systenz€ 0 fm), we describe the g5 anq thems. It is worth noting that fixingys to one or

changes of quantities in proper time of the givgn_ﬂuid ele'varying them gives only negligible change to other quanti-
ment from7=0 to 7=10. That is, going from the originto the aq in Figs. 2 and 3.

right, we go from the later, cooler and more dilute stage of
evolution to the earlier, hotter and more dense stage. We
have chosen the initial values for energy density and baryon
density asey=5 GeVfim 3 and (g),=1 fm 3, respec- We have found that the realistic and accurate study of the
tively, at the timer=1 fm/c. For the ideal gas QGP EoS, the freeze-out process in hydrodynamical models is important
highere,=8 GeV is used in order to keep the figure moreand cannot be neglected. Our results show that the FO pro-
descriptive. The model parametd&sn the MIT bag EoS and cess is very sensitive on the properties of the EoS. Since our
b in the spinodal EoS are fixed to produce critical temperamain goal is to identify the EoS from the data, this is an
ture at 160 MeV, while for the ideal gas EoS there is noobservation of basic importance.

critical temperature. The arbitrary value.=160 MeV is The correct treatment shows that FO is not even possible
chosen to give similar scaling for temperatures in all casedrom an arbitrary kind of initial state, and the entropy con-
For realistic FO conditions, the ratR of entropy currents in  straint is a sensitive condition.

HG and QGP is well above unity for bag and spinodal EoS. From the point of strangeness, we can also conclude that
A more realistic form of the QGP equation of state may alterstrangeness production is very sensitive to the correct FO
this behavior. Or, considering that there is insufficient timetreatment and to the pre-FO Eo0S. Thus, strangeness data not
for substantial entropy production to occur in a sudden hadenly provide a signal of QGP formation, but with proper and
ronization process, the hadrons could be produced far fromealistic description of freeze-out, strangeness provides the
chemical equilibriunj23,24). For the reference, tHefor the  most sensitive signal indicating different properties of the
ideal gas QGP is, as expected, far below one. The crossing pfe-FO E0S.

HG temperatureTy with T. marks the end point of the In conclusion, this study shows that collective, continuum
physically allowed FO. For the bag model, there is no suctreaction models, such as fluid dynami¢BD) models(one-
crossing, but the FO stays unphysical with all reasonabléluid FD, multifluid FD, and chiral FI) can and must be
values of QGP temperatuil, . We could choose lower ini- supplemented with realistic freeze-out treatment to evaluate
tial value for the QGP energy density, but the degree of sumeasurable data. These calculations indicate that this is now
percooling,To /T, would be of order 0.5 at the HG critical possible cell by cell in FD models, although it requires more
point. For the spinodal model QGP, the case is different. Athan average computational capacity and needs preferably
the point T, /T.=1, the degree of QGP supercooling is high performance parallel computing.

about 24%, and stays rather constant when going towards the
cooler system.

In Fig. 3 we illustrate the changes in flow velocities and
strangeness saturation parameter in the circumstances equalWe acknowledge the constructive discussions with Esko
to the ones in Fig. 2. For both cases, bag and spinodal QGBuhonen. Two of u$A.K. and V.M.) acknowledge the sup-
the flow is decelerated at the FO to HG, indicated by theport of the Bergen Computational Physics Laboratory in the
ratio of HG and QGP velocities;; /vg . At the point Ty framework of the European Community—Access to Research
=160 MeV for the spinodal EoS, this ratio is 0.80, indicat- Infrastructure action of the Improving Human Potential Pro-
ing the final HG flow velocity of 0.5d. The yg, resulting  gram.

IV. CONCLUSIONS
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