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Nonperturbative effects in a rapidly expanding quark gluon plasma
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Within first-order phase transitions, we investigate pretransitional effects due to the nonperturbative, large-
amplitude thermal fluctuations which can promote phase mixing before the critical temperature is reached from
above. In contrast with the cosmological quark-hadron transition, we find that the rapid cooling typical of the
relativistic heavy ion collider and large hadron collider experiments and the fact that the quark-gluon plasma
is chemically unsaturated suppress the role of nonperturbative effects at current collider energies. Significant
supercooling is possible in @early homogeneous state of quark gluon plasma.

DOI: 10.1103/PhysRevC.65.034908 PACS nunierl2.38.Mh, 25.75-q, 64.60.Qb

[. INTRODUCTION critical bubbles of the hadronic phase appear within a homo-
geneous background of the QGP phase. The dynamics of
It is possible to model the gross general features of aveakly first-order transitions will be sensitive to the amount
phase transition from a quark-gluon plast@GP to a had-  of phase mixing afl;: for large phase mixing, above the
ronic phase through a phenomenological potential with &0-called percolation threshold, the transition may proceed
scalar order paramett]. Assuming the transition to be dis- through percolation of the hadronic phase, while for small
continuous, or first order, as suggested by some recent latti@nounts of phase mixing they will proceed via the nucle-
QCD simulationg 2], the QGP is cooled to a temperatdre ation of critical bubbles in thénhomogeneoysbackground
where a second minimum appears, indicating the presence 8f isolated hadronic domains, which grow &sirops below
a hadronic phase. With further cooling, the two phases belc. An ideal quark gluon plasma in one dimension expands
come degenerate at a critical temperatlite with a free-  according to the Bjorken scaling, wheFét is constanf10].
energy barrier which depends on the physical parameterdssuming the initial temperature of the plasma produced at
characterizing the system, such as the surface tensipn ( RHIC and LHC energies to be 2-3 tim&g, scaling implies
and the correlation lengthe]. This general behavior models that the time Qt) taken by the plasma to cool froffy to T
both the cosmological quark-hadron phase transition and thié of order a few fmg, which could be comparable with the
production of a QGP during heavy-ion collision experiments,time scale of the subcritical hadronic fluctuations. On the
as those under way at the relativistic heavy ion colliderother hand, the expansion rate of the early universe in the
(RHIC) and planned for the large hadron collideHC). In ~ rangeT;<T<T is slow enougt11,12] (At could be of the
the latter case, the plasma generated by the collision expan@gder of a fewusec), that nonperturbative thermal fluctua-
and cools, relaxing back to the hadronic phase. Recent inteions may achieve equilibrium. Another difference is that
est has been sparked by the possibility that this relaxatiogollisions at RHIC and LHC energies will lead to the forma-
process is characterized by the formation of disoriented chition of a highly (chemically unsaturated plasma, i.e., the
ral condensate$DCC’s), which are coherent pion conden- initial gluon and quark contents of the plasma remain much
sates similar to the domains typical of quenched ferromagbelow their equilibrium valuegl3-16. A chemically unsat-
netic phase transitions,4]. The nonequilibrium properties urated plasma will cool at an even faster rate than what is
of this relaxation process and DCC formation were also studpredicted from Bjorken scalinid.7,18. The cooling rate will
ied as a first-order chiral phase transition where the supe@!so be accelerated further if expansion in three dimensions
cooled phase may naturally lead to a “quenched” initial con-is considered. Therefore, we will show that although the
dition [5]. equilibrium density distribution of subcritical hadron bubbles
Recent work on the dynamics of weak first-order phases significant—particularly when the transition is weak—
transitions showed that, in certain cases, it is possible to havénlike the situation in cosmology, they do not contribute
nonperturbative, large-amplitude fluctuations before the critistrongly to phase mixing. For the range of parameters we
cal temperature is reached, which promote phase mpghg investigated, of relevance for RHIC and LHC energies, the
Studies performed in the context of the cosmological elecPlasma cools so rapidly that the subcritical bubbles do not
troweak phase transitiofY] and quark-hadron phase transi- have time to reach their equilibrium distribution and promote
tion [8] indicated that, for a range of physical parameterssubstantial phase mixing: significant supercooling is possible
controlling the transition, these effects are present. It is thu§1 a (nearly) homogeneous quark gluon state.
natural to consider if similar effects are present during
heavy-ion collisiong9].
Whenever pretransitional phenomena are relevant, one
should expect modifications from the usual homogeneous To study the dynamics of a first-order phase transition, we
nucleation scenario, which is based on the assumption thaise a generic form of the potential in terms of a real scalar

II. SUBCRITICAL BUBBLE FORMALISM
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order parametes, given by[1,8]

r2
_ ) 3. .4 ¢>(r)=¢+eXp<—Ez), @)
V(¢)=a(T)¢"—bT¢+ce”. 1)

) ) the free energy functional
The parameters, b, and ¢ are determined from physical

guantities, such as the surface tensiof) &nd the correlation 5, |1[d¢
length (£) of the fluctuations, and also from the requirement F(¢):47Tf r dr[§<a—r
that the second minimum of the above potential should be

equal to the pressure difference between the two pH&es can be written a§6]

The bag equation of state is used to calculate the pressure in

the two phases. The potentisl(¢) has a minimum atp F(¢.)=aR+BR?, 9)
=0 and a metastable second minimum at

2

+V(¢,T)} ®

where
3bT+ \/9b2T2—32ac 32 42
_ 3\/§7T
+= 8c 2 a= —(b+ (10)

8

below T<T;. In the thin wall approximatiof19], b, c, and  gpq
T, can be written a§8]

[2a 3bT¢. c¢?
1 1 BT! v B=m2p2 T_T++ 8+' (11
e le 7 B——=V, The equilibrium number densityng) of subcritical bubbles

16 3) is found by solving Eq(5) with dn/dt=0, and imposing the

physical boundary conditionn(R—)=0. Using v,
whereB is the bag constant and ~4mwR3ny/3, we obtain a coupled equation fa, which
can be solved to obtain

3o @ |

is the height of the degenerate barriefTat T, or ata(T,)
= b2T§/4c. A wide spectrum of first-order phase transitions,

Vb( ¢m)

where

ranging from very weak to strong, can be studied by either AT . ) )

changingo or & or both. For example, for a fixed value &f I= JR 3, RT(R, ¢, )dR". (13
the strength of the transition is controlled lby becoming

very weakly first order or second order wher-0. We will consider the statistically dominant fluctuations with

We follow Ref.[6] to obtain the equilibrium number den- R~ ¢, and estimatey,, integrating Eq.(13) from ¢ to .

sity of subcritical bubbles. Let(R,t) be the number density Neglecting the shrinking term in E¢5), the time-dependent
of bubbles with a radius betweddhand R+dR at a timet solution Ofn(f,t) can be written a$6]

that satisfies the Boltzmann equation

n(&,t)=no(§)[1—exp{—q(Ht}], (14

an an
S gt (A= Te=oT . (5)  whereq(&)=[(87£33)I'] andny(&)=T(&)/q(£). Alterna-
tively, in terms ofy, the above solution has the form

The first term on the right-hand side is the shrinking term -~
with velocity v=dR/dt. The terml', is the rate per unit Y(&D=70(&[1~exp(—qot)],
volume for the thermal nucleation of a bubble of radrisf
phase¢= ¢, (hadron phasewithin the phasep=0 (QGP
phase. Similarly, I, is the corresponding rate of the phase
¢=0 within the phasep= ¢, . The factory is defined as
the volume fraction in the hadron phase. Assumiiig
~I', (=T) for a degenerate potential &a=T,, for the rate
we write

(15

where qo=(47&£3/3)I'/ yo. The relaxation timer= qgl de-
pends on two factoryy andI’, out of which only they, is
affected by shrinkindif included). Since we know the com-
plete solution ofy, that includes shrinkingEq. (12)], Eq.

(15) can also be used to estimate its time dependence. Note
that the presence of a shrinking term in E§) results in a
reduction ofy,, and also in a faster relaxation process.

F(é.)
T

(6) I1l. RESULT AND DISCUSSION

r= AT‘@X[{ -

First we consider the slow evolution of the medium as in
where A is a constant of order unity. Using the Gaussianthe case of early univergd 1,12, so that the equilibrium
ansatz for subcritical configurations, scenario is applicable. Figure 1 shows the plotygfas a
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0.6 prrrrrrre rrrreree RaRassass e e 1 TABLE I. Initial conditions are taken from Ref20] as pre-

C ] dicted by SSPM andiJiNG calculations. The fugacities;’s give a
measure of the deviation of the gluon or quark densities from the
equilibrium values.

Code Energy t; (fm/c) T,(GeV) Ng Ng v

SSPM RHIC 0.25 0.668 0.34 0.064 22

SSPM LHC 0.25 1.02 043 0.082 22

HIJING RHIC 0.7 0.55 0.05 0.008 1.9

HIJING LHC 0.5 0.82 0.124 0.02 1.8

0 10 20 39 40 50 ing chemical equilibrium. Following Ref.18], we studied
o (MeV/fm?) chemical equilibration and dynamical evolution of the QGP

with two sets of initial conditionsHIJING [14] and self-

FIG. 1. yovs o at T=T_ for a few typical values oA. ¢ is fixed screened parton cascade mod8BPM [15], as listed in

at 0.5 fm andr, at 160 MeV. Table I. The Perturbative QCD inspired models like parton
_ _ cascade moddPCM) [16] andHIJING (Heavy lon Jet Inter-

function of o at T=T, for a few typical values of the pref-  ,q(ion Generator[14] are generally used to simulate the
actorA. We have fixedf at 0.5 fm andT at 160 MeV, and  \clear collisions at collider energies on the level of micro-
v=1/\/3. As expected, the equilibrium hadronic fraction in- scopic parton dynamics. The PCM calculations describe the
creases with decreasing and becomes as large as 0.5 forgpace-time evolution of quark and gluon distributions by
weak transitions. Recent lattice QCD predictid®} sug-  Monte Carlo simulations of relativistic transport equations.
gested that the quark-hadron phase transition could behe 3nG model also incorporates the perturbative QCD
weakly first order with o values in the range approach and multiple minijet productions; however, it does
2-10 MeVi/fnt. Therefore, the choice of in the above not incorporate a direct space-time description. Early PCM
range andA~1 [19] would imply a significant amount of  cajculations were done by assuming-acutoff to ensure the
phase mixing all =T, so that homogeneous nucleation be-applicability of the perturbative expansion of the QCD scat-
comes inapplicablés]. tering process. In the recently formulated SSPM], early

Next we consider the plasma expected to be formed akard scattering produces a medium which screens the longer
RHIC and LHC energies. Since the expansion of suchange color fields associated with softer interactions. The
plasma is much faster compared to the plasma of the earlycreening occurs on a length scale where perturbative QCD
universe, it will be interesting to know the amount of phasesii|| applies, and the divergent cross sections in the calcula-
mixing (the value ofy) built up by the time the plasma cools tjon of the parton production can be regulated self-
from T, to T.. Assuming ideal scaling, we can estimate theconsistently without aad hoccutoff parameter. The numeri-
time At taken by the plasma to cool froify to T; as cal studies based on the parton cascade model suggest that
the parton plasma produced in the central region is essen-
tially a hot gluon plasma, and the dynamics is mostly domi-
nated by gluons. Gluons thermalize rapidly, reaching ap-
proximately isotropic momentum distributions on a very
wherer=23 in 1+ 1 dimensions. Sinc&, depends o [see  short-time scale. The densities of quarks and antiquarks stay
Eq.(3)], At will also depend onr, being smaller the weaker Well below the gluon density, and cannot build up to the full
the transition. In the standard scenario, we can assume ti@§luilibration values required for an ideal chemical mixture
initial temperatureT,~320 MeV and the formation time Of gluons and quarks. Similar conclusions were also drawn
to~1 fm. However, several perturbative-inspired QCD from the calculations based on theNG approach. Though
models[14—16 suggest a very different collision scenario at Poth PCM andHi3ING models are QCD inspired models, the
RHIC and LHC energies, which lead to the formation oftwo still differ in quantitative predictions possibly due to

unsaturated plasma with high gluon contents. Such a plasnfiifferent treatments of multiple parton interactions and col-
will attain thermal equilibrium in a short timet, lective effects. Inthe following, we take the initial conditions

~0.3-0.7 fm, but will remain far from chemical equilib- obtained both frontiJING and SSPM calculations at the time
rium. Since the initial plasma is gluon rich, more quark andwhen the parton momentum distribution becomes isotropic.

antiquark pairs will be needed in order to achieve chemicalWe consider two dominant reaction channgl$=gg and
equilibration. The dynamical evolution of a plasma undergo-gg—=g9ggg, that contribute to the chemical equilibrium. The
ing chemical equilibration was studied initially by Biet al.  fugacity A 44 (<1) gives the measure of the deviation of the
[17], and subsequently by many othéds], by solving the gluon (quark density from the equilibrium value; chemical
hydrodynamical equations along with a set of rate equationequilibrium is achieved whei;’s —1. For a detail discus-
governing chemical equilibration. It was found that a chemi-sion of chemical equilibration, we refer further to REES].
cally unsaturated plasma cools faster than what is predicted Figure 2 shows a typical example of the effect of chemi-
by Bjorken scaling, since additional energy is consumed dureal equilibration on the cooling rate for SSPM initial condi-
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FIG. 2. The temperatur® and fugacityx as functions of time. FIG. 4. The ratioy(t)/y, as a function oft at three typical
The description of the various curves are given in the text. values ofo for A=1.
tions at RHIC energy Ng=0.34, N\, =0.064, t, Next we proceed to estimate the density of subcritical

=0.25 fm, andT,=0.668 GeV). The dotted curvenarked hadron bubbles built up at=At. Figure 4 showsy(t)/y, as
asTg) shows the cooling rate as a function of time which @ function oft at three differenir values. The equilibration
obeys Bjorken’s scalingT®t=const) corresponding to the rate of sut_)crmcal hadron bubbles of a given radius depends
case of an equilibrated plasmag=\,=1.0). In case of a ©On the ratiol'/y,. Although bothI" and v, are larger for
chemically unsaturated plasma for which the values of initiaWeaker transitions, their ratio decreases with decreasing
fugacities are much less than unity, the hydrodynamical eXTherefore,_ as can be seen, equilibration is faster for a stron-
pansion of the plasma proceeds along with chemical equilig€r transition as compared to the weak one. _
bration. As a result, both, and\ increase with time, and ~ Figure 5 shows the fraction of the density built up at time
the temperaturéshown by dashed curyelrops at a faster t=At as a function ofo with different initial conditions.
rate as compared to Bjorken’s scaling. The solid circles showplthough the equilibrium density distribution of subcritical
the temperature given byT{t=const for v=2.2). In this hadron bubb'les increa;es with decreasingthe time At
work, since we are interested only in the cooling rate, wedecreases with decreasing As a result of these two com-

skip the details of the calculation, and parametrize the coolPeting effects,y at t=At shows a peak at around
ing rate in terms ofv in the rangeT,<T<T, (i.e., Tt ~20 MeV/f¥. The equilibrium fractiony, depends on the

=const). In Table I has been listed for two sets of initial ratio A/v, which increases due either to an increasé or a
conditions obtained usingiJING and SSPM models at RHIC decrease in. However, the variation il andv act differ-
and LHC energies. Note that<3 implies a faster cooling. €ntly onqp as the nucleation rat&' depends only orA.
Figure 3 shows the plot okt as a function ofr as obtained ~Therefore, we study the effect &fandv on y, andy sepa-
from Eq.(16) for different v values. The time\t depends on rately. Figure 6a) shows the plot ofy, (upper curvesand
the initial values of the temperatuf&, formation timeto,, ~ ¥(t) (lower curves as a function o at A=5, 10, and 20,
and cooling ratev. However, except for the SSPM initial respectively. Other parameters are 1/\/3, T,=160 MeV,
conditions at LHC energies, values &f obtained with other and§=0.5 fm. As expectedy, goes up a#\ increases. The

initial conditions have nearly similar values. increase inyy for Afrom 5 to 20 is about 1.5 to 2 times, but
AR U SSPMER e T T E 0.03 T R A
L TSRl : ARRRARRRS nasppAS ]
[ - - = HWING,RHIC ] F — — SSPM.LHC
08f HIUING.LHC - a— HANG.CHE As1.2
~ | R 0.02 f .
£ . e —_ C 1
No - g 3 ]
50.4 5 /// e ; \g . -l E
- - e 22 0.01 f ~ol .
- e I S
0.0 L /.':‘.'.7. T Liseiiaies Lesiiiiis Leiiiiiins ] 0.00 AR Lewiunaan L, ]
0 10 20 39 40 50 40 ) 80
o (MeV/fm®) o (MeV/fm?)
FIG. 3. At as a function ofo for various initial conditions as FIG. 5. The fractiony att=At as a function ol atA=1 and
shown in Table I. v=0.577.
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FIG. 6. (a) The fractionsy, (upper curvgéandy att=At (lower

curve as functions ofr at A=5,10,20, and)=0.577.(b) Same as

above atA=5, but for differentv values with SSPM initial condi-
tions at RHIC energy.

the nucleation rat& goes up by a factor of 4. Therefore, the
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FIG. 7. (a) The fractionsy, (upper curv¢andy att=At (lower
curve as functions ofo for different values ofT. at A=5 andv
=0.577.(b) Same as above at=5, but for different,. values with
SSPM initial conditions at RHIC energy.

ratio I'/ vy also goes up, resulting in a faster equilibrium. Theing the amount of phase mixing considerably. Since phase

net consequence is botly andy(t) go up with increasind\.
For the calculation ofy(t), we have used SSPM and RHIC
initial conditions. Further, we would like to mention here
that, although we have varigdup to 20, the value oA more
than unity is unrealistic. A recent work by (1], as well as
studies in Ref[22] suggested<1. However, the ratid\/v
can also go up with a decreaseunwhich we study in Fig.
6(b). Figure &b) showsy, andy for v=c=1 (upper limi,
1/4, and 1/12. This corresponds Adv ratios of 5, 20, and
60, respectively. Therefore,, goes up with decreasing as
expected. Sincd\ is fixed, I does not change, bu, de-
creases with increasing,, resulting in slower equilibration.
As a result,y(t) does not build up at all. It is also interesting
to note thaty(t) is not affected much by the choice of
although y, has a strong dependence on{it) only de-
pends on parametéy. This aspect is interesting.

From the above studig€igs. 5 and § we can conclude
that the fraction in the range 2 MeV/fso
<10 MeV/fn? does not build up to a significant level due to

the rapid cooling of the plasma, although the equilibrium
concentration is fairly large. It may be mentioned here that

we have considered expansion only if-1 dimensions. In-

clusion of transverse expansion, significant at RHIC and

mixing atT=T, is negligible, the plasma will supercool and
the phase transition may proceed by the nucleation of
critical-size hadron bubbles within @early homogeneous
background of the metastable QGP phase.

We have also studied the effect of other parameters like
T. and ¢ on vy. Figure {a) shows the plots for variou§,
values atA=5. The nucleation rate decreases with decreas-
ing T [see Eq.(6)] resulting in a decrease ify. On the
other hand, a smalleF; will result in largerAt, which may
increasey(t). However, as shown in Fig.(&@, the variation
in y(t) with T, is not very significant, althougl, depends
on it. Similarly, Fig. 1b) shows the plots at various (0.5,

1.0, and 2.0 Increasingé suppresses, and y(t), particu-
larly when the transition is strong. Therefore, the effect of
other parameters like, T., and¢é on vy are not very signifi-
cant to promote phase mixing. The prefacfois the only
sensitive parameter on whicl(At) depends. While the
choice of A=~1 is quite reasonablgl9], we also variedA
from 1 to 20, and did not find significant phase mixing par-
ticularly wheno is small.

IV. CONCLUSION

In conclusion, we have studied the effect of phase mixing

LHC energies, will accelerate the cooling rate further, reducpromoted by thermal subcritical hadron bubbles during a
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first-order quark-hadron phase transition, as predicted to oawith many condensed-matter systems. The question, how-
cur during heavy-ion collisions. Although the equilibrium ever, remains as to what these impurities, if any, might be in
density distribution of these subcritical bubbles can be quitehis context. One possibility—ruled out in this work—-is that
large, their equilibration time scale is larger than the coolingthe subcritical bubbles, being seeds for nucleation, may act
time scale for the QGP. As a consequence, for RHIC ands impurities[24]. However, other possibilities, such as the
LHC energies, they will not build up to a level capable of presence of condensates, may exist, and should be consid-
modifying the predictions from homogeneous nucleationered in the near future. If there is supercooling there will be
theory. The phase transition may proceed either through than extra entropy production which will reflect on the final
nucleation of critical size hadron bubbles itreearly) homo-  hadron multiplicities. In this case, subcritical bubbles are not
geneous background of the supercooled quark-gluon plasn@esent, or are irrelevant. On the other hand, if the transition
or through spinodal decomposition if nucleation rate is notis known to be first order and no extra entropy is observed,
significant[23]. This situation is to be contrasted with the subcritical bubblegor unknown impuritiesdo play a role.
cosmological quark-hadron transition, where substantial
phase mixing may occur, altering the dynamics of the phase
transition. We would also like to add here that even though
our calculations rule out the role of subcritical bubbles, it is We thank A. Dumitru for many fruitful comments and
possible that impurities may decrease the decay time scaliscussions. M.G. acknowledges partial support by the Na-
and that no real supercooling will be measured, as is the cagmnal Science Foundation Grant No. PHY-0070554.
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