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The general formalism of homogeneous nucleation theory is applied to study the hadronization pattern of the
ultrarelativistic quark-gluon plasm@GP undergoing a first order phase transition. A coalescence model is
proposed to describe the evolution dynamics of hadronic clusters produced in the nucleation process. The size
distribution of the nucleated clusters is important for the description of the plasma conversion. The model is
most sensitive to the initial conditions of the QGP thermalization, time evolution of the energy density, and the
interfacial energy of the plasma-hadronic matter interface. The rapidly expanding QGP is first supercooled by
aboutAT=T—-T.=4-6 %. Then it reheats again up to the critical temperaiyreFinally it breaks up into
hadronic clusters and small droplets of plasma. This fast dynamics occurs within the first 5€10Henfinite
size effects and fluctuations near the critical temperature are studied. It is shown that a drop of longitudinally
expanding QGP of the transverse radius below 4.5 fm can display a long-lived metastability. However, both in
the rapid and in the delayed hadronization scenarios, the bulk pion yield is emitted by sources as large as 3—4.5
fm. This may be detected experimentally both by a Hanbury—Brown-Twiss interferometry signal and by the
analysis of the rapidity distributions of particles in narrpwintervals at smallp;| on an event-by-event basis.
[S0556-28189)07502-0

PACS numbegps): 12.38.Mh, 24.10.Pa, 25.75q, 64.60.Qb

[. INTRODUCTION calculations[17] have shown that the latent heat released
during the plasma conversion is not sufficient to prevent the
The hadronization of quark-gluon plasif@GP possibly  strong(20—35 % supercooling of the system. Thus, the rap-
produced in the early Universe or in ultrarelativistic heavyidly quenched system leaves the region of metastability and
ion collisions has received much activity during the last de-enters the highly unstable spinodal region. Here the theory of
cadeq 1-21]. Despite significant progress in the understand-spinodal decomposition might be in order to describe the
ing of the variety of possible signals and features of thefurther evolution of the fluctuations leading to the breakup of
QGP, the nature of the phase transiti®T) between decon- that system.
fined and confined phases is not clear yet. Assuming a first Second, since the critical radius drops quickly when the
order PT, usually an adiabatic scenario is invoked to describeemperature is lowered, the bulk creation of the hadronic
the conversion of plasma into hadrons. A few years ago, iphase should begifl16] when the bubble radii are
[15] it was pointed out that the coarse-grained field theory of<0.8 fm. Finally, in the nonscaling scenario the bubbles
homogeneous nucleati¢9f2,23 can be relevant for the rela- grow independently of the total expanding volume. Then the
tivistic PT also. This scenario assumes the nucleation of hadcompletion of the PT will be significantly delay¢ti7]. Even
ronic bubbles, e.g., bubbles of pion gas, within tmtially ~ within the scaling scenario the time necessary for the
homogeneoussupercooled metastable QGP as the startingompletion of the PT varies from 50 to 90 fon{depending
point of the PT. These bubbles are nucleated because of thsrongly on the numerical value of the surface tengion
thermodynamic fluctuations of the energy density in the sys- Hence, from the above one may conclude that either
tem. Then bubbles with radii smaller than the critical radiusthe homogeneous nucleation scheme is inappropriate to de-
R. shrink and bubbles of critical size are in metastable equiscribe the hadronization of relativistic systems (by that
librium, while bubbles with radii larger thaR. gain in size  some important features of the first order PT are still miss-
and develop into the new phase. The treatment of the rela¥ing. The situation would change if it turned out that the
ation of the metastable state within the framework of theamount of plasma converted into hadrons had been underes-
nucleation theory provides the fundamental nucleation ratéimated in earlier works.
[23-25, which expresses the number of viable nucleating Recently, the calculation of the dynamical factorgov-
clusters of the new phase via the equilibrium number of criti-erning the growth rate of subcritical bubbles was reexamined
cally large clusters. [26], and the size distribution of bubbles in configuration
Langer’s theory has been appligl6,17] to calculate the space has been used to estimate the supercooling of rapidly
hadronization of rapidly expanding baryon-free QGP, pro-expanding QGH27]. The latter plays an important role in
duced in heavy ion collisions at RHIC and LHC energies.the hadronization of plasma produced in relativistic colli-
Although this approach seems to be more realistic than thsions. When the critical radius of hadronic bubbles drops due
idealized adiabatic PT, several questions remain open: These the rapid fall of the temperature in the expanding system,
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the subcritical bubbles transfer to the region of supercritical S,

sizes for these new conditions in the system. These bubbles e=hey,+(1-hjegtoy—. (4)
then stop to shrink and start to gain size, thus increasing the tot

total volume of the hadronic phase. Here o is the surface tension of the interface between the

In the present paper we study the effect of the bubble sizgyo phases. The last term in E€) is usually disregarded
distribution on the dynamics of the plasma-hadrons phasgi5-17 though its contribution to the total energy density
transition. The paper is organized as follows: the model usethay be comparable with the other two: the ratio of the inter-
to Study the QGP hadronization is described in Sec. II. SeCfaCe between the phases to the hadronic volume is not too
tion Ill reviews the formalism of nucleation theory. The small. For instance, assume that all bubbles are of the same
evaluation of both dynamical and statistical prefactors apradius, |R|=a. Then, ato=0.1T2 [28] the surface energy

pearing in Langer’s theory is discussed. A coalescence—typ&ensity scales ass~ale,. Therefore, the surface term in
model for the further evolution of the nucleated hadronicEq_ (4) may be omitted only for sufficiently larger (

bubbles is proposed. The role of initial conditidas wellas  — 4 fm) hadronic clusters.

effects of variations pf the modgl _parame’;ers, i.e., the _val'ue Similarly to the energy density, the total pressure also

of the surface tension, the minimum size of the pionic.gnsists of three terms

bubbles, the nonscaling regime and dilution factor, the pre-

factors, etg.on the relaxation of the metastable QGP is stud- 0

ied in Sec. IV. Section V presents the investigation of the p:hph+(1_h)pq+2 GipL, )

finite size effects, the creation of long-lived states with meta-

stable QGP and hadronic bubbles, and temperature fluctugshere the pressure of the spherical surface of raBiuss

tions in the system. Finally, the results are summarized in thgiven by the Laplace formula;)(Li)=2cr/Ri , andc; is the

Conclusions. local concentration of bubbles of radi& in the total vol-
ume.

Il. MODEL The Bjorken mode[3] of scaling longitudinal expansion

is applied to find the time evolution of the energy density. It

~ We consider a QGP produced in collisions of two heavyyjie|ds the derivative of the energy density with respect to the
ions at RHIC or LHC energies. Itis assumed that the plasmgroper timer,

is thermalized soon. A wide range of initial conditions is
studied; see Sec. IV. The expansion and cooling is ruled by de e+p
relativistic hydrodynamics. dar
When the plasma cools below the critical temperaiyre
a first order phase transition is initiated by the appearance of Next one needs to compute the fraction of the total vol-
hadronic bubbles. The bag model equation of SBB@S for ~ ume converted to hadronic phase. The pionic bubbles, ap-
the QGP consisting of gluons and massless quarks reads pearing because of the fluctuations in the energy density, will
either shrink or grow. This problem cannot been solved on
the basis of the thermodynamic theory of fluctuations only. It
requires a kinetic description of the process of bubble evo-
lution. The volume fractiorh(R,t) of bubbles of sizeR at

with the number of flavors); , and bag consta. The EOS  fimet obeys the equation of motion in size space
of the relativistic pion gas is Sh(R.1)

J
———=——=[v(RhRH]+h"R1), (7)
o at JR""
Ph=7gT =anT" 2

(6)

71_2

Pa= 90 2

21
16+ —-n¢|T*~B=a,T*~B, (1)

wherev (R) is the radial velocity and"*® denotes the had-
) _ N ) ronic fraction created at time Without the nucleation term
By imposing the conditiop,=pp, atT=T. one may findthe Eq. (7) transforms into the continuity equation of the
critical temperature Lifshitz-Slyozov theory[30]. The volume fractiorh™(R)

of bubbles of sizeR nucleated per unit time is givedi31] by

B |\ the distribution

T.=
aq_ ap

)

hnucl( R) —

For a two-flavored QGP witB4=235 MeV/[15] this gives J2m(97+272) ex;{ 2

T.=169 MeV.

The total energy density of the mixed quark-hadron
phaseg, can be treated in the capillatthin wall) approxi-
mation as a linear combination of the energy density of the
hadronic phaseg,,, in the fraction of the volume occupied 97+2\5
by hadronic bubblety=V, /V,y, the energy density of the Xex;{ N 2
QGP, gy, in the rest of the volum¥ ;= (1—h)V,y, and the
energy density of the quark-hadronic interfaceg  containing the nucleation ratethe critical exponent, and
=0S,/Viot: the two dimensionless variablas andr (see below, so that

X f a[3r(a’+a+1)+2\2a?]
r

(a—1)?|da, )
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- at {»°} the free energy density functional reaches its local
fo h™(R)dR=1. (9 maximum. Therefore, at least one of the eigenvalyesiust
be negative. Following Langer, we denote it\gs Then one
Instead of using a continuous spectrum, hadronic matter if’@y approximate the potential barrier between the meta-

our model is represented by a discrete spectrum of piogtable and stable states well by the excess of the Helmholtz
bubbles starting fromy=1 fm. free energyAF, corresponding to the formation of a spheri-

cal bubble of sizeR. In the thin wall approximationAF is

Ill. THEORY OF HOMOGENEOUS NUCLEATION the sum of the bulk and the surface energies,
Homogeneous nucleation has been the subject of inten- A )

sive investigation both theoretically and experimentally for a AF(R)=— 5-R*Ap+47R’o, (13

long period(for reviews se¢32-34 and references thergin

In our analysis we follow the coarse-grained theory by, Ap being the difference in pressures inside and outside

Langer_[22,2?], who extended the.classmal Begkerfm- of the bubble. In the droplet model of Fish&8], the acti-

Zeldovich (BDZ) theory of nucleatiori35,3@ to field theo-  4iion free energy includes also the so-called curvature term.

ries. The nucleation rate in both classical and modern coarser ;ises due to small fluctuations in the shape of the bubble

grained field theories reads which leave unchanged both the volume and the surface area

AF, of the bubble,
I=lgexp — T/ (10

4 R
, , , AFF(R)=— = 7R3Ap+47moR?+37T In—. (14
Herel, is the preexponential factor anklF, is the excess 3 Mo

free energy of the critical cluster in the system. In Langer’s
theory the prefactot, is a product of a dynamical and a Here 7=~2.2 is the Fisher critical exponent ang is the

statistical prefactorx and(},, respectively radius of the smallest bubble in the system. Minimization of
AF with respect to the radiuR yields the free energy of the
K critical bubble:
R
It is interesting that under certain assumptions the prefactor AFE:§7TR§U+ 1|3 |”r—:— 1)- (15

derived in the classical theory may be obtaifgd| identical
to that of the modern theory.

To clarify the meaning of both the dynamical and the
statistical prefactors, let us consider a classical systemNvith
degrees of freedom described by a setNofollective coor-
dinates , i=1,... N. The coarse-grained free energy
functionalF{ } of the system has local minini&{ #;} in the
{n} space, corresponding to metastable and stable states,

Here the critical radiu&, should be evaluated by solving the
equationdAFF/9R=0.

It is convenient to introduce new variablgd9]: the simi-
larity number A;=R.y47o/T and the reduced radius
=R/R.. In terms of these variables we have

separated by the energy barrier. The point of minimal energy AFE -y )\_é 43 InR—E (16)

along the barrier is the so-called saddle p¢int}. Note that T "3 4 ro’

this saddle-point configuration corresponds to the critical

cluster of a condensing phase in the classical theory. In con- AEF 2 RF

trast, in field theory the critical cluster of a condensing phase - = —( T+ §A§ r3+ A§r2+ 37-Inr—c. a7
0

may not necessarily be a physical object but rather corre-
sponds to a certain saddle-point configuration in phase space. ) o o
The phase transition occurs when the configuratjos} In the harmonic approximation for the activation energy
moves from the vicinity of a metastable minimum to the Of @ bubble near the critical radius, E4.7) reads

vicinity of a stable one. When the potential barrier is over-

come, it is most likely for the trajectory of the system to pass AFF  [AFF 1 [ 9*AFF )
across a small area around the intermediate saddle point ?:(T) +ﬁ TR (R—Rc)

{75}. The rate of the decay of the metastable state is deter- R=R; R=R

mined by the steady-state current across the saddle point AEF 974202

from the metastable to the stable minimumFdfz}. _ 2 7 Z(r ~1)?, (18)

Performing a Taylor series expansionfgf»} around the T 2
{75} and keeping only quadratic terms yields
and we get finally, for the only negative eigenvalg

N
1
_ - _ .S\
F{n}—F{7%= 5 kgl M7= 737, (12 A= —T(97+2)\2). (19)
where \, are the eigenvalues of the matriM;; This expression will be used to determine the nucleation rate

=32F/577i<9771 , evaluated at the saddle point. By definition, of the process, in particular the statistical prefactor.
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A. Dynamical prefactor

The dynamical prefactae=d/dt[In(R—R.)], which is re-
lated to the single negative eigenvalhe, determines the
growth rate of the critical bubble of siZ@; at the saddle
point. To computex one has to solve the hydrodynamic
equationg 15,40 which describe the growth of a bubble of
the hadronic phase due to the diffusion flux through the in-
terface.

For a baryon-free plasma, where the thermal conductivity
is absent because of the absence of a rest frame defined by
the baryon net charge, the dynamical prefactor has been cal-
culated by Csernai and KapugtEb] to be

Dynamical prefactor, ¥ (c/fm)

4
40' §+ § 77)
T eR 20 | .
FIG. 1. Dynamical prefactorg; (solid line) and x, (dashed
containing the bulk and the shear viscositjesnd », and the  line) calculated witho=5 MeV/fn? (a) ando=25 MeV/f¥ (b)
differenceA w between the enthalpy densities of the plasmaVs the temperature of the system.
and hadronic phasey=e+p. )
Here it is implied that the energy flowv, wherev is the o(R)= d_R=|K|(E) (R-R.) 23
velocity of the net particles, is provided by viscous effects. dt R .
Recently Ruggeri and Friedma&@6] argued that the energy
flow does not vanish even in the absence of heat conductio. R=Rc, the radial velocity drops to zero and the bubble is
Since the change of the energy densitin time is given in  in (metastable equilibrium. If R<R;, v(R) is negative
the low velocity limit by the conservation equation and, hence, the bubble collapsesRi* R, the radial veloc-
ity is positive and the bubble grows.

Je >
—=-=V-(wv), (21

ot B. Statistical prefactor

The statistical prefactdi, is a measure of the volume of
the saddle-point region in phase space available for nucle-
ation. Sometimedg), is called also a generalization of the
Zeldovich factorZ [32], although this is a crude simplifica-

this means that the energy flomwy is always present. Then
the calculation of the dynamical prefactor for a system with
zero thermal conductivity leads to the expression

Pow 1/2 tion, since the relation between these two factors is actually
K= 3—q) , (220  more compleX37]. The product of), and the exponential
Ri(Aw)? exp(—AF./T) gives the probability of finding the system at

the saddle point—rather than at the metastable configuration.

systems; i.e., the viscous effects cause only small perturbggritten as

tions to Eq.(22). Note that the dynamical prefactap might

violate the dynamical scaling laws of Kawasd&B] in the

vicinity of the critical point(for details se¢40,42,43) and, Qo=
therefore, should be handled with great care.

Figure 1 shows the evolution of the dynamical prefactors . .
o . whereV is the available phase space volume at the saddle
x4 and k, below the critical temperature for different values

of the surface tension. To calculakg we use the fact that po_int, Fhe. index 0" denotes t.he metastable state, and the
the shear viscosity. of a two-flavored QGPz prime indicates that the negative eigenvalue as well as

. the zero eigenvalues of the matfik;; , is omitted.
=1.29T%/[ a2 In(1/ag)] [41], is much larger as compared : W : :
. TES ' : The calculation of the fluctuation det t /
with the bulk viscosity,. One can see that E(R2) predicts e calculation of the fluctuation determinant in &2¢)

high ¢ d K ina. | is usually extremely difficult and, moreover, a very impor-
higher ratesc for moderate or weak supercooling. It means, i, uncertainty exists in the determination(d§. Indeed, in
in particular, that the minimal temperature, reached by th

%he h i imatiofi.2) for the f densit
system during the cooling stage, should be highegfis  c Narmonic approximatiofi2) for the free energy density

. ; o functional F{ },
used in the calculations rather thap. We will discuss the {n}

112
: (24)

27T\ Y2

N4l

de(M,/27T)
de(M' /27 T)

effect of the replacement of the dynamical prefactor on the 172 N /2 N (0)\ 172
A . 2wT 2@ T A
course of the plasma hadronization in the model in Sec. IV. QO:V(_ i ——| . (25
Homogeneous nucleation theory permits us also to deter- Nl i=ige2 \A(® ) =\ 2aT

mine the macroscopic radial velocity of bubb[&F] via the

dynamical prefactok and the critical radiuR,. Assuming  Herex(S and\ (% are eigenvalues of the mobility matri,

that bubbles of hadronic phase grow due to the diffusion flusevaluated at the saddle point and at the metastable point,
through their interface, we have respectively, andl, is the total number of symmetries {}
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FIG. 3. Supercooling of the system as function of critical time
7. and surface tensioor. (a) Bubbles grow together with the total
volume(scaling regimg entropy of the bubble surface is neglected.
(b) Bubbles grow independently on the total volurfreonscaling
regime; entropy of the bubble surface is neglecté).Nonscaling
regime, surface entropy is taken into accoyd}j. The same asgc),

which are broken by the presence of the saddle-point corput prefactork, is substituted by, .
figuration. Since it is the translational symmetry of the sys-
tem that is broken due to bubble creation, the three translahe lower panel, the curves in the upper panel divergé at

tion invariance zero modes omitted in the fluctuation
determinant give rise to the prefactor proportionak {¢*? in
the expression for the available phase space volime

) 32

HereV is the total volume of the system. [@3] the fluctua-
tion corrections in the products ovaf® and\(®) from Eq.

8mo

V=V|
3\

(26)

=T,.. This is an unphysical result, which is due to the fact
that the nucleation process is turned off Bs>T.. It is
worth noting, however, that the rise 8f; is counterbalanced
by the factor expt AF./T), which drops to zero at the criti-
cal temperature. Therefore, the total nucleation rate will in-
crease with dropping temperature for both prefactors. Also,
the correlation lengttE is not a constant, but rather scales
with the temperature in the proximity of the critical point,
where the PT turns to second order, &6T)=¢£(0)(1

(25) are absorbed into the free energy of the metastable re- T /T) ", with the critical exponent=0.63[42]. Since

gion and the saddle-point region, namely,

1/2

N
2
exp(—FO/T)Eexp(—F{no}/T)lH1 o (27)
= |
N o)\ V2
exq_FS/T)EGXK—F{‘/]S}/T)I=1I_O[+2 (W
(28

Therefore, the activation energy of a critical cluster is simply|
AFC: FS_ FO and
) 3/2

In Ref.[42] it was mentioned that there are four more terms
in the product ovek (% than in that ovei (¥ . Therefore, the
free energy difference can not be precisely a logarithm o

32m?T?
N2

o

3 29

0=

these products. The final expression for the statistical prefac-.

tor, which accounts for the four unpairad® modes, reads
2V

EERENC 3( 1%

where¢ is the correlation length.

o&®
T

R

z (30

]sio

such a critical point does not exist in the plasma to hadron
gas phase transition scheme presented herg(28gis used
to calculate the statistical prefactfy,.

IV. RELAXATION OF THE METASTABLE QGP

As in any phenomenological model, the scenario of a ho-
mogeneously nucleating QGP is based on a set of model
parameters. Here, the role of each parameter for the dynam-
ics of the PT is studied in order to reveal those most relevant
parameters to which the model results are most sensitive.

The theory of homogeneous nucleation is valid for sys-
tems which are not too far from equilibrium. In particular,
the supercooling in the system should not be too strong—
otherwise the nucleation theory fails. The minimum tempera-
ture reached by the expanding and cooling plasma is shown
in Fig. 3 as a function of the surface tensionand the
critical time 7.. The most reliable value of the surface ten-
n lies within the range 0.0%50/T.<0.1[28,44, i.e., 2
o<12.5 MeV/fn? for the givenT,. Note that even in the
case of an extremely fast expansion and very low values of
o, the supercooling of the system does not exceed 8%. This
result does practically not change when bubbles grow inde-
pendently in the nonscaling regime on the growing total vol-
ume[Fig. 3(b)]. Even when the surface tension and pressure
of the bubble surface are included in the expressions for total
energy density and pressure, E(8.and(5) [Fig. 3(c)], the

<

The statistical prefactors corresponding to the expression@sults stay put.

(29) and(30) are shown in Fig. 2. In contrast to the curves in

If the dynamical prefactor given by EqR0) is replaced
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¢
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5
T- TC (fm/c FIG. 5. (8—(c) The same as Figs.(d, 4(d), 4g) with o

=5 MeV/fm? but for the solutions of the rate equations with

FIG. 4. i ith ti i . . .
4. The temperature evolution with time for the expan3|on(SOIId lines and with x, (dashed lines

scenarios with7.=1.5 fm/c [(@—(c)], 3 fmlc [(d)—(f)], and
6 fmlc [(g)—(i)]. The sequence of conditions within each subgroup .
of panels corresponds to that of Figga3-3(c). The dotted curves M€ A7 needed for the systeffior c=5-10 MeV/fnf) to
are the idealized adiabatic scenario of the PT; the others show tH€ach the zone of the oscillations scales withas

result of solving of rate equations wii="5 (solid lineg and 10 12

(dashed linesMeV/fm2. A7=2.9r."7, (31

by that of Eq.(22), the amount of QGP volume converted to within the interval 1.5 7.<9 fm/c.
hadrons at the earlier stages of the supercooling is increased. Changing the dynamical prefactor from to «, (Fig. 5
Thus, the supercooling of the system in the latter case ifeads to negligibly small shifts in the time needed to reach
about 2% weakefFig. 3(d)] than that shown in Figs.(8—  the vicinity of the critical temperature. This is due to the fact
3(c). that the late time evolution of the system is governed by the
The analysis of the QGP equilibration times within the Lifshitz-Slyozov dynamics, which is generally much more
parton cascade mod@?CM) by Geiger{45], which has been important[30] for the course of a first order PT than the
done for the RHIC and the LHC energies, yields the earliesinitial size distribution of clusters given by the nucleation
equilibration time for the plasma as,;=3/8 fm/c with  theory.
Tinii=~2T.. Then the critical temperature will be reached at Therefore, the model does not appear to be very sensitive
7.=3 fm/c, which corresponds to a supercooling of aboutto a nonscaling growth of the nucleated bubbles, to the in-
5—6 % in our figures. Therefore, one may conclude that theorporation of the surface entropy in the rate equations, and
application of the homogeneous nucleation theory to the hado the numerical values of the dynamical prefactors obtained
ronization process of even a relativistic expanding QGPwithin the range of model parameters applied. The most im-
seems quite reasonable. portant parameters are the value of the surface tensiand
The temperature is plotted as a function of the proper timghe time to reach of the transition temperaturg, which is
Tin Fig. 4 for7.=1.5, 3, and 6 fm¢. The upper panels in determined by the initial conditions and by the expansion
this figure corresponds to conditiof® of Fig. 3, the middle  dynamics of the system. The effects of varying just these two
row corresponds to conditior(®), and the lower row corre- factors for the relaxation process of the metastable QGP are
sponds to conditiongc) of the same figure. Hadronization studied below.
causes the release of the latent heat, and the system reheats td=-rom Fig. 6 one may conclude that, at the very beginning
temperatures close f,. Then the nucleation and growth of of the phase transition, the process of bubble nucleation is
hadronic bubbles come to a halt. the main mechanism of plasma conversion. The creation of
The continuing increase of the total volume leads again tédhe new phase reaches its saturation value soon after
a decrease of the temperature, and the phase transition cdh5—-1.5 fmE, and the growth of the total hadronic fraction
tinues immediately. These oscillations of the temperature if the total volume proceeds due to the diffusion growth of
the vicinity of T, are well observable in Fig. 4. The mixed already nucleated bubbles. Both the nucleation and the dif-
system is quite unstable at this stage, since any negligiblfusion process contribut@imost equally to the hadroniza-
small rise of the temperature forces the system to reach thigon of the QGP.
critical point, where, in turn, it may break up into fragments.  The critical radius in the system initially drops to about 1
Then the theory of spinodal decomposition might be relevantm (Fig. 7); then, as a result of reheating, it rises upRp
to describe the hadronization of the rest of the QGP. The=2—4 fm. Then the oscillations begin. At=T,, the criti-
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3 FIG. 8. Size distribution of hadronic bubbles&t=1, 2, and
|

3 fm/c after the beginning of the nucleation, and at the freeze-out
T _% (fn‘;/c) 5 6 for 7=1.5, A7=4 fm/c (solid curve$, 7=3, A7=6 fm/c
¢ (dashed curvgsand7=6, 2A7=11.5 fm/c (dotted curvep

FIG. 6. The part of the QGP volume converted into hadrons for . o .
the idealized adiabatic PTdotted line$ and for homogeneous Matter in the vicinity of the bubble surface. These oscilla-
nucleation scenario withr=5 MeV/fm2. Solid lines correspond to  iONs are analogous to the pulsations of a hot quark blob,
the total volume fractions of hadronic matter, dashed lines denotéliscussed i29]. Note, also, that bubble pulsations, occur-
the increase of hadronic volume due to the nucleation of newing in the medium, generate sonic waves in the expanding
bubbles, and dash-dotted lines indicate the enlargement of the haglasma, but a discussion of this topic lies outside of scope of
ronic bubbles due to diffusion. this paper.

When the nucleation just begins, the size distribution of
cal radius is, of course, infinite. The weak changes of thd1adronic bubbles shown in Fig. 8 has a characteristic pla-
temperature near the critical point cause significant oscillateaulike profile. AtAr=1 fm/c, just after entering the
tions in the value of the critical radius which, in turn, are metastable region, the critical radius drops to its minimal
responsible for the irregularities in the size distribution ofvalue of about 1 fm. Then practically all bubbles are grow-
bubbles at the final stage of the R3ee Fig. 8, right lower ing. Reheating of the system leads to a rise of the value of
pane). The radial oscillations of the intermediate-sized had-the critical radius. As a result, a noticeable fraction of shrink-
ronic bubbles can result in the pulsed emission of matter antg bubbles appears. The central plateau becomes narrower,

radiation owing to the strong acceleration and deceleration /S0 because of the increase of bubble density per unit of
radial interval. At the end of the homogeneous nucleation
————— stage, as mentioned above, dips and peaks in the bubble size
(@) distribution arise due to the temperature oscillations. Note
- é‘ifo 4 that the bubble size distribution established in the first order
] PT deviates clearly from the power-law distributidégA)
with scaling «A~7" (A being the size of a clustgrwhich is typical for
woS,, . the second _order PT. _
T The scaling of the change of the average radius of the
: (b)] hadronic bubbles with timéFig. 9 demonstrates that the
average radius depends mainly on the duration of the phase
transition, but not on the expansion scenario. Since the
nucleation of new bubbles is turned off after,
~1.2 fm/c, we fit the distribution to the power law

(fm)

R

(R(1)—(R(7o))=consi (7= 0)*", (32

with R(7p)=3 fm, which is the Lifshitz-Slyozo({LS) t**
law [30] of the coalescence process. We see that at the coa-
lescence stage of the plasma conversion the agreement with
6 8 10 12 the LS law is good. The deviations from this law at the late
-1 (fm/c) stage of the hadronization of QGP are also caused by the
¢ temperature fluctuations.
FIG. 7. Change of the critical radius as a function of time Finally, the dependence of the results on the minimum
— 1. for the expanding system with,=1.5 (a), 3 (b), and 6(c)  radius of the nucleated bubbles is studied. The upper panel of
fm/c, with =5 (solid lineg and 10(dashed lingsMeV/fm?. Fig. 10 depicts the temperature curves calculated with
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A-Tczl.s T 1-05 T T T T T Tc=\3 \(a)_
O-t=3 c=5
a- ‘Cc=6
E 5 — LS power-law ° 1 E
= = N Y.
S— O ; .........................................
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FIG. 9. Average radius of hadronic bubbles as a function of 10 E
— 7. for the longitudinal expansion withr=5 MeV/fm? and with 8f E
7.=1.5 (triangles, 3 (circles, and 6 (squares fm/c. The solid 10 57— 2 3 4 35
curve is the fit to Lifshitz-Slyozov power lagR)oct*3, R (fm)

FIG. 11. Upper: the same as Fig. 10 but for maximum radius of
=1and 2 fm, and the lower panel compares the size distrinadronic bubblesR,,,=5 (solid line) and 4 (dashed ling fm.
butions of the bubbles at the end of the PT. Again one cahower: size distributions of hadronic bubbles at the freeze-out for
see that the effect of the cutoff of small bubbles is negligiblethe same scenario as in upper panel i&h,=5 (solid line) and 4
because of the rather broad initial distribution of bubbles in(dashed lingfm.
size space.

The results of this section may be summarized by con-
cluding that the most important parameters of the model are The biggest problem which has to be overcome before a
the initial conditions, timer;,; and temperaturd,,;, of the  careful investigation of the finite size effects can be tackled
QGP thermalization, as well as the scenario of further plasmis the problem of the first order phase transition itself. Then,
expansion and the value of the surface tensiorAll other @ consistent treatment of the finiteness of the system and,
factors cause only small deviations from the solutions ob€specially, of the surface induced phenomena is still an open
tained with the fixed set of the aforementioned parametergjuestion. Attempts to estimate the role of the finite size ef-
Note that effects like the final transients near the criticalf€Cts on the phase transitions in nuclear matter have been
point are sensitively dependent on the fluctuations in the sydnade in[46—48 on a basis of a purely thermodynamical
tem, and these mighfor might no} wash out these tran- picture of fluctugtlorjs. Can Fh|s approach be modn‘_|ed.and
sients. Real systems produced in experiments with hea pplied for our klneth analysis of the plgsma_l hadronization?
ions are not infinite. Therefore, to complete our analysis, we 0 answer the question note that the situation we face here

have to clarify the role of the finite size effects. may be SUbd'V.'ded _|nto tWo cases. .
First, let us imagine that a droplet of plasma is immersed

into a hot gas of hadrons which acts as a heat bath; i.e., the
temperature fluctuations in the droplet are suppressed. The
compound system expands longitudinally, and the final size
effects come into play via the finiteness of the transverse
direction. The results obtained in Sec. IV are valid for central
collisions of gold or lead ionsR=7 fm) at relativistic en-
ergies. If then, by chance, the transverse radius of the ex-
panding cylinder is smaller than 7 fm, the cutoff of large
bubbles should reduce the volume fraction occupied by had-

V. ROLE OF FINITE SIZE EFFECTS

1 2 4
° %'Tc (fm/c)5 rons and affect the course of the phase transition. Figure 11
T hnalsage @) preser]ts Fhe gvolution of both thg tempe_rature anq'the bubble
10 | —R,,=1fm ] size distribution as calculated with maximum radii of 5 fm
= 10 St i 4 ] and 4 fm, respectively. The behavior of the system differs
& 5f drastically between these rather close valuesRofas the
=10 r 1 central plateau in the size distribution lies within the range of
10 - 1 3=<r=<4.5 fm att~10 fm/c, the cutoff of bubbles witlR
10 '3(; : >5 fm does not cause noticeable deviations from the sce-

nario discussed in Sec. IV. However, feR<4 fm the maxi-
mum temperature reached by the system during the reheating
FIG. 10. (a) Temperature as a function of time for the expansionis reduced and the conversion of the QGP into hadrons is
with =5 MeV/fm? and 7.=3 fm/c. Curves show the result of significantly delayed. As a result, the bubble size distribution
solving of rate equations with minimum radius of hadronic bubbleshas a pronounced peak R&=4 fm (Fig. 11, lower pangl
Rmin=1 (solid line) and 2(dashed ling fm. The values of the cutoff radius, at which the slowly vary-

4 5
R (fm)
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TABLE I. Maximum transverse radius of longitudinally expand- V = 1000 fm®
ing QGP at which the long-lived metastable state appears. The

maximum temperature reached by the system during the plasma
conversion is less than 0.98. =
o> 0.02 4
Surface tension 7.,=1.5 fmlc 7,=3 fm/c 7.=6 fmlc :A
o (MeV/fm?) Rmax (fM) Rumax (fm) Rumax (FM) e 0.0157
|
T,=150 MeV 2 o001
2 3.64 3.96 4.35 v
5 3.70 4.25 4.63 5% ] 09
10 3.85 4.35 4.76 047 e
T,=170 MeV h 1
2 3.40 3.71 4.05 FIG. 12. Temperature fluctuatiof§AT)?))Y4T as function of
5 3.60 4.00 4.35 reduced temperatuf®/T, and hadronic fractiom of the total vol-
10 3.76 4.20 4.50 ume of the system.
T.=200 MeV
2 3.13 3.37 3.69 nucleation rate depend only very weakly on temperature
5 3.23 3.60 3.98 variations within the rangdT/T.~2%.
10 3.39 3.79 4.20 The situation changes completely when the temperature

approaches the critical one. Since the hadronic matter here
occupies already about 70% of the total volume, fluctuations
ing temperature of the long-lived object does not exceed thef the temperature should be as large as 1% aof i.e., 1.7
0.98T upper limit, are listed in Table | for various critical MevV for V=10 fm3. For smaller volumes, say, 10 fm
temperatures, surface tensions, and expansion rates. Itis eafg fluctuations rise to 10%, while for a volume as large as
to see that all values are within the range of the central plaj_6>< 1§ fm3 the width of the temperature Smearing drops to
teau in the bubble size distribution. Thus the most probablg 250 of T, still almost fully covering the range of the
size of the em|tt|ng sources is not affected by the ﬁnitenes&mperature fluctuations. Thus the expanding mixed System
of the system. should breakup into fragments even earlier than in the sce-
For radii smaller than 2-3 fm, surface-induced effectsnario with the presence of heat bath. The conclusions drawn
must be taken into account. Undoubtedly, the theoreticailn Sec. IV remain true except for the appearance of irregu_

treatment of the interface between plasma and hadronic mafgrities in the size distribution of small and intermediate size
ter is oversimplified as compared with realistic system.pnadronic bubbles.

Therefore we are not able to make any quantitative predic-

tions, based on the homogeneous nucleation theory, for the

hadronization of such plasma filament. VI. DISCUSSION AND CONCLUSIONS
Second and perhaps more realistic is the case of the for-

mation of a plasma pattern as an isolated system, i.e., With-t. . h_as be(Ia_n sbflmvtvn(;chat t_f;)e ttf;]eorr]y gf h(_)m(t)_genefous rllutqle-

out any contact with a heat reservoir. Although the energy oftion IS applicable to describe the hadronization of a refativ-

the expanding system is conserved, fluctuations of the ten{§t'ca"y. gxpandlng quark-gluon plasma produced in heavy
perature[49] of the order of lon collisions. We have proposed a coalescence-type model

to follow further the evolution of hadronic bubbles produced

T2 in a metastable QGP. The change of the average radius of the
2\ _ bubbles with time is shown to be consistent with the LS
((AT)%) (33
C 113
v power law(R)ot™",

Various sets of model-dependent parameters are used to
should occur. HereC\,=(JE/JT)y, is the heat capacity at study the role of each of them on the course of the plasma-
constant volume. For the two-component system consistingadron PT. With rather good accuracy the number of these
of QGP and hadronic matter, the temperatlirss smeared parameters may be reduced to the few main ones, namely,

around its mean value with width initial conditions of plasma thermalization, expansion sce-
nario, and the value of the surface tension of the interface

1 between plasma and hadronic matter. The supercooling of

(((AT)2))Y2= \/ . (34 expanding QGP is found to be relatively moderate, 5-6 %
2(Tv)¥2 Vha,+(1-hja, only. Then the system reheats up to the critical temperature,

where the temperature oscillations may occur. At

The smaller the volum¥ of the system, the larger the tem- =5-10 fmi after the beginning of the nucleation process
perature fluctuations and vice versa. Moreover, from Fig. 12this time depends strongly on the initial conditions and
one may conclude that these fluctuatidasany giveriT) are  model of expansionthe system hits the critical point. Since

larger in the hadronic system rather than that in the pureat that time already about 70—-80 % of the total volume is
QGP phase. This is due to the smaller specific heat of theccupied by hadronic matter and the system is dilute com-
hadronic phase. We have seen in Sec. IV that—at tempergare to initial state, the rest of the QGP may not be sufficient
tures of about 0.9B. (or lowen—the critical radius and enough to “glue” the hadronic bubbles in a compound state.
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The expanding system simply breaks up into fragments: haddistribution in the model discussed departs from a simple
ronic clusters and small droplets of plasma. Because of finitpower-law falloff, which is expected for the second order
size effects, the hadronization of QGP may be delayed anBT. The most probable radius of emitting sources, which is
long-lived objects containing plasma and hadronic bubblegully determined by the evolution of the value of critical
are produced. But the temperature fluctuations cause a broaghdius with temperature and by kinetics of the PT, varies
ening of the critical temperature region and earlier disintefrom 3 fm to 4.5 fm. This signal may be checked by the
gration of the system. One has to appreciate, however, thanalysis of data on Hanbury—Brown-Twi§dBT) correla-
using the given EOS it is impossible to get the conversion otions. However, the rest of the plasma dispersed between the
total amount of QGP faster than that of the idealized adiahadronic bubbles is hadronizing also, giving rise to a sub-
batic transition. It means that small sources like the QGFstantial yield of small bubbles. Therefore, the presence of a
droplets will burst, emitting hadrons, from time to time up to plateau in the rangB@=3-4.5 fm in the size distribution of
about 40-50 fmg, while the bulk amount of plasma is con- hadronic clusters can be considered as a signal of the first

verted into hadrons within first 10 fro/ order phase transition.
The entropy increase during the PT stage in the proposed
scheme is small, 2—7 %, and there should be no significant ACKNOWLEDGMENTS
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