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Nonequilibrium Phase Transition in Rapidly Expanding Matter
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Nonequilibrium features of a first order phase transition from the quark-gluon plasma to a hadronic
gas in relativistic heavy-ion collisions are discussed. It is demonstrated that strong collective expansion
may lead to the fragmentation of the plasma phase into droplets surrounded by undersaturated hadronic
gas. Subsequent hadronization of droplets will generate strong nonstatistical fluctuations in the hadron
rapidity distribution in individual events. The strongest fluctuations are expected in the vicinity of the
phase transition threshold. [S0031-9007(99)09365-5]
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The main goal of present and future experiments The schematic behavior d (T, u; ®) as a function
with relativistic heavy ions is to produce and studyof the order parameter field- at = = 0 is shown in
in the laboratory a new form of strongly interacting Fig. 1. Each curve represents a certain point on the
matter, the quark-gluon plasma (QGP). Because of théT, u) trajectory of expanding matter. The minima of
confinement of color charges, only colorless hadronic final) correspond to the stable or metastable states of matter
states can be observed experimentally. Therefore, QGehder the condition of thermodynamical equilibrium,
properties can be studied only indirectly through the finawhere the pressure B = —Qnmi,. The figure is based on
hadron distributions or by penetrating electromagnetid¢he calculations within the linear model with constituent
probes. quarks [1], which predicts a rather weak first order

The phase structure of QCD is not yet fully understood phase transition. A similar structure 6¥(7, u; ®) but,
Reliable lattice calculations exist only for baryon-free possibly, with a stronger phase transition is predicted by
matter where they predict a second order phase transitidhe Nambu-Jona-Lasinio model [2] and by the random
or crossover af. = 160 MeV. Recent calculations using matrix model [3]. The discussion below is quite general.
different models [1-4] reveal the possibility of a first Assume that at some early stage of the reaction thermal
order phase transition at large baryon chemical potential@ut not necessarily chemical) equilibrium is established
and moderate temperatures. The predicted phase diagrand partonic matter is in a “high energy density” phase
in the (T, u) plane contains a first order transition line Q. This state corresponds to the absolute minimunf)of
(below called the critical line) with a (tri)critical point with the order parameter close to zew,~ 0, & = 0,
at7T = 120 MeV [2,3]. Possible signatures of this point
in heavy-ion collisions are discussed in Ref. [5]. Under 60 =
certain nonequilibrium conditions, a first order transition A Q/V [MeV/fm’]

is also predicted for baryon-free matter [6]. a0 |1
A striking feature of relativistic heavy-ion collisions,

confirmed in many experiments (see, e.g., [7]), is a very

strong collective expansion of matter. The applicability of 201

equilibrium concepts for describing phase transitions under

such conditions becomes questionable. The goal of this or

paper is to demonstrate that nonequilibrium phase transi-

tions in rapidly expanding matter can lead to interesting -20 |

phenomena which, in a certain sense, can be even easier to

observe. 40 |
To make the discussion below more concrete, | adopt a R SR T R

picture of the chiral phase transition for which the mean
chiral field ® = (o, ) serves as an order parameter.
It is assumed that the theory respects chiral symmetry|G. 1. Schematic view of the effective thermodynamic po-
which is spontaneously broken in the vacuum whereaential per volumeQ/V as a function of the order parame-
o = f., w = 0. The effective thermodynamic potential ter field o at = = 0, as predicted by the lineas- model
Q(T, u; @) depends, beside®, on temperaturd” and in the chiral limit m, = 0 [1]. The curves from bottom to

; : . - top correspond to the different stages of the isentropic expan-
baryon chemical potentigk. Since explicit symmetry sion of homogeneous matter starting fr@fn= 100 MeV and

breaking terms are supposed to be small, to a goog = 750 MeV (curve 1). The upper curve 5 is the vacuum
approximatior() is a function of®? = ¢? + 72, potential. The other curves are discussed in the text.
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and chiral symmetry restored (curve 1). Because of &ince this term is negative (typicallyi, > £y), the
very high internal pressureQ matter will expand and bubble formation is favored by the collective expansion.
cool down. At some stage a metastable minimum appeaidoreover, the nucleation can start now even above the
in Q) at a finite value ofo corresponding to a “low critical line, whenPy < Py, and the standard theory
energy density” phasél, in which chiral symmetry is would predict no growing bubbles. In principle, the
spontaneously broken. At some later time, the criticaphase separation can start as early as the metadthble
line in the (T, u) plane is crossed where th@ and H  state appears in the thermodynamic potential, and a stable
minima have equal depths, i.2y = Py (curve 2). At interface between the phases may exist.

later times théH phase becomes more favorable (curve 3), Using Egs. (2) and (3) one can determine the critical
but the two phases are still separated by the potentidiubble radiusk., corresponding to the top of the potential
barrier. If the expansion of th€® phase continues until barrier in AQ(R). The conditiondgAQ) = 0 leads to

the barrier vanishes (curve 4), the system will freely rolla cubic equation forR.. When H — 0 the kinetic
down into the lower energy state corresponding tokhe term vanishes and this equation gives a standard Laplace
phase (spinodal instability). formula for the critical bubble [8]. However, for realistic

According to the standard theory of homogeneougparameters (see below) the kinetic term dominates. In
nucleation [8], supercritical bubbles of thkphase appear particular, in the vicinity of the critical line, wheRy =
only below the critical line. Under condition of thermal P,, one can consider the bulk term perturbatively. Then
equilibrium between the two phases, the supercriticabne obtains
bubbles can grow only through the conversion of new
portions of theQ matter into theH phase on the bubble 4y BB Py — Py
boundary. The bubble growth is then limited by a small ¢ <Agg-[2> [1 B 3(2y2ALH2)1/3 } (4)
viscosity of theQ phase resulting in a slow dissipation
of the latent heat [8]. Therefore, a certain degree offThe bubbles witlR > R, will expand further while those
supercooling is needed in order to convert a significantvith R < R, will eventually shrink. One may even
fraction of theQ matter into theH phase in the form of expect the formation of vacuum bubbles with = 0
nucleation bubbles [8,9]. inside [10].

In rapidly expanding matter the nucleation picture Below the critical line the bubbles will grow faster due
might be very different. Let us consider first an isotropi-to increasing pressure differendd; — Po > 0, between
cally expanding system with the collective velocity field the two phases. It is most likely that the conversion of
which follows the Hubble law locallyy(r) = J{ r. The Q matter on the bubble boundary is not fast enough to
Hubble “constant’H{ may in general be a function of saturate theH phase. Therefore, a fast expansion may
time, e.g.,H ~ 1/t. Suppose that a bubble of thé lead to a deeper cooling of thé phase inside the bubbles
phase has formed in the expandi@gnatter because of a compared to the surroundir@@ymatter. At some stage the
statistical fluctuation. In the thin-wall approximation the H bubbles percolate, and the topology changes to isolated
change in thermodynamic potential of the system can beegions of theQ phase Q droplets) surrounded by the
decomposed into three parts, undersaturated vapor of tiephase.

Standard thermodynamical concepts cannot be used in
AQ = AQpui + AQgurr + AQyn . (1) this nonequilibrium situation. However, the characteris-

The bulk and surface terms are expressed through tH& droplet size can be estimated by applying the energy

bubble radiusR in a standard way, balance consideratiqn first proposgd by Grady [11',12] in
the study of dynamical fragmentation. The idea is that
_ AT s _ the fragmentation of expanding matter is a local process

Al = = K (Pr = Po), minimizing the sum of surface and kinetic (dilational)

AQ. o — 2 energies per fragment volume. The predictions of this
surf. = 47 Ry (2) simple model are in reasonable agreement with molecu-
where Py and P, are the pressures of the butkandQ lar dynamics simulations [12,13] and experimental data
phasesy is the effective surface tension. The last term in®n dynamical fragmentation of fluids and solids (see,
Eq. (1) accounts for the change in the local kinetic energy-9- [11,12,14]). As shown in Ref. [15], this prescription

of expanding matter, works fairly well also for multifragmentation of expand-
R ing nuclei, where the standard statistical approach fails.

o1 2 2 Let us imagine an expanding spheric@ldroplet em-

Alkin 2 fo dar”dré(rjvi(n) bedded in the background of the dilutephase. In the

2 droplet rest frame the change of thermodynamic potential
~ - RIANH?, (3) compared to the uniforil phase is given by the same ex-
5 pression (1) but with indexdd andQ interchanged. The
where A = £, — £y is the difference of energy (more kinetic term is positive now. According to the Grady’s
exactly, enthalpy) densities of the two bulk phasesprescription, the characteristic droplet radiRs can be
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determined by minimizing for the nonequilibrium situation discussed here the values
of 10-20 MeV/fm?, which follow from effective chiral

(ﬂ) = —(Py — Pp) models, should be more appropriate. As a compromise, the
V' Jdroplet valuey = 10 MeV/fm? is used below. It is clear th&tZ

should be close to the latent heat of the transition, i.e., about
0.5-1 GeV/fm3. One can also estimatkZ by realizing

. . : o that nucleons and heavy mesons are the smallest droplets
It is worth noting that the collective kinetic energy term theQ phase. For estimates | take? = 0.5 GeV/fm?,

acts here as an effective long-range potential, similar ©9 ¢ he energy density inside the nucleon. Substituting
the Coulomb potential in nuclei. Since the bulk term doespase values in Eq. (6) one gets = 3.4 fm for H ~' =

not depend orR the minimization condition constitutes &0 fm/c andR* = 1.5 fm for 7! = 6 fm/c. B
the balance between the collective kinetic energy and |, b |owest-order approximation the characteristic
interface energy. This leads to an optimum droplet rad'“%iroplet mass isM* ~ AZV. For spherical and slablike

3y 3 252
+ 2Ly = .
Y AR 5)

( Sy )1/3 ©) droplets one gets, respectively
R" = 6
It should be noticed that this radius is expressed through 7 3 HY st JH? ’

the same combination of model parameters as the critical
bubble radius atty = Py, Eq. (4), but with a slightly whereS is the slab transverse area. It is interesting to
bigger numerical coefficient. This suggests that in thenote that in this approximation/;, is independent of
vicinity of the critical line theH and Q phases occupy AZ. For the two values oR™ given aboveM;, is ~100
roughly equal fractions of the total volume. This mixed and~10 GeV, respectively. The slablike fractures could
state of matter is far from thermodynamical equilibriumhave even larger mass, sinSecould be of order of the
because of the excessive interfacial energy and undersatiiansverse system size. Using the minimum information
ration of theH phase. One can say that the metastéble principle one can show [12,15] that the distribution of
matter is torn apart by a mechanical strain associated wittroplets should follow an exponential law, eéxp}%).
the collective expansion. This has a direct analogy withTherefore, with1% probability one can find droplets as
the fragmentation of pressurized fluids leaving nozzleheavy asM*.
[13,14]. In a similar way, splashed water forms droplets. After separation, the droplets recede from each other
At ultrarelativistic collision energies the expansion will according to the global Hubble expansion, predominantly
be very anisotropic, with its strongest component alongalong the beam direction. Therefore, their center-of-mass
the beam direction. Applying the same consideration forapidities are in one-to-one correspondence with their spa-
the anisotropic flow, one can see that resulting fracturetial positions. Presumably they will be distributed more
will have smaller size in the direction of stronger flow. or less evenly between the target and projectile rapidities.
Therefore, in the case of strong one-dimensional expansiofit this late stage it is unlikely that the thermodynamical
the inhomogeneities associated with the phase separati@guilibrium will be reestablished between tk@and H
will rearrange themselves into pancakelike slabsQf phases or within thél phase alone.
matter layered by the dilutel phase. The characteristic  The final fate of individual droplets depends on their
width of the slab is given by Eq. (6) with a slightly sizes, expansion rate, and details of the equation of state.
different geometrical factor. At a later stage the slabs willBecause of the counteracting pressure ofthghase and
further fragment into smaller droplets. additional Laplace pressure, their residual expansion will
The driving force for expansion is the pressure gradienslow down. In smaller droplets the expansion and cooling
VP = ¢2V¢, which depends on the sound velocity in themay even reverse to the contraction and reheating. The
matter ¢;. In the vicinity of the critical line one may conversion ofQ droplets into theH phase may proceed
expect a “soft point” [16,17] where; is smallest and the through formation of a deflagration front [17] or evapo-
ability of matter to generate the collective expansion isration of hadrons from the surface [18]. Bigger droplets
minimal (small). If the initial state of theQ phase is may expand further until they enter the region of spinodal
close to this point, the primordial droplets will be biggest.instability. As shown in Ref. [19], the characteristic time
Increasing initial pressure will result in a faster expansiorof the “rolling down” process is rather short,1 fm/c, so
and smaller droplets. For numerical estimates | choosthat theQ droplets will be converted rapidly into thd

two values of the Hubble constarf ~! = 20 fm/c to  phase. The energy released in this process can be trans-
represent the slow expansion from the soft point [16] anderred partly into the collective oscillations of the ,(77)
H ! = 6 fm/c for the fast expansion [9]. fields. Numerical simulations [10,20] show that these os-

One should also specify two other parametersand  cillations persist for a long time and give rise to soft pion
AZ. The surface tensiory is a subject of debate at radiation. One should also expect the formation of dis-
present. Lattice simulations indicate that at the criticaloriented chiral condensates (DCC) in the voids between
point it could be as small as a few Mgim>. However, droplets.
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Since rescatterings in the dilutdl phase are rare, in the vicinity of the soft point where the expansion is
most hadrons produced from individual droplets will goslowest. The fragmentation of plasma might be accompa-
directly into detectors. One may guess that the numbenied by the formation of multiple DCC domains and en-
of produced hadrons is proportional to the droplet masshanced soft-pion radiation. Subsequent hadronization of
Each droplet will give a bump in the hadron rapidity QGP droplets will lead to large nonstatistical fluctuations
distribution around its center-of-mass rapidity [19]. If in the hadron rapidity density in individual events. These
emitted particles have a Boltzmann spectrum, the widtmovel phenomena can only be detected through dedicated
of the bump will beéy ~ 2./T/m, whereT is the droplet event-by-event analysis of experimental data.
temperature ang: is the particle mass. At ~ 100 MeV The author is grateful to J.P. Bondorf and A.D.
this giveséy = 2 for pions andéy = 1 for nucleons. Jackson for many fruitful discussions. | thank Agnes
These spectra might be slightly modified by the residuaMocsy for assistance. Discussions with G. Carter, D.
expansion of droplets and their transverse motion. Th®iakonov, J.J. Gaardhoje, L. McLerran, R. Mattiello,
resulting rapidity distribution in a single event will be a L. M. Satarov, and E. V. Shuryak are greatly appreciated.
superposition of contributions from different droplets, andl thank the Niels Bohr Institute for kind hospitality and
therefore it will exhibit strong nonstatistical fluctuations. financial support.
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