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Inhomogeneous nucleation in a quark-hadron phase transition
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The effect of subcritical hadron bubbles on a first-order quark-hadron phase transition is studied. These
subcritical hadron bubbles are created due to thermal fluctuations, and can introduce a finite amount of phase
mixing (quark phase mixed with hadron phaswen at and above the critical temperature. For reasonable
choices of surface tension and correlation length, as obtained from the lattice QCD calculations, we show that
the amount of phase mixing at the critical temperature remains below the percolation threshold. Thus, as the
system cools below the critical temperature, the transition proceeds through the nucleation of critical-size
hadron bubbles from a metastable quark-gluon pli@&&P), within an inhomogeneous background populated
by an equilibrium distribution of subcritical hadron bubbles. The inhomogeneity of the medium results in a
substantial reduction of the nucleation barrier for critical bubbles. Using the corrected nucleation barrier, we
estimate the amount of supercooling for different parameters controlling the phase transition, and briefly
discuss its implications to cosmology and heavy-ion collisions.

PACS numbgs): 12.38.Mh, 64.60.Qb, 05.70.Fh, 25.75

[. INTRODUCTION potential is degenerate with a barrier separating the two
phases. “Pretransitional phenomena” refers to nonperturba-
The hadronization of quark gluon plas@GP possibly  tive dynamical effects abov&c in the rangeTo<T<T;.
produced in the early universe or expected to be formed iBuch phenomena are known to occur in several areas of con-
relativistic heavy-ion collisions has been the focus of muchdensed matter physics, as in the case of isotropic to nematic
attention during the past few years. However, the mechanismphase transition in liquid crystal43], and are also expected
of hadronization(QCD phase transitionremains an open in the cosmological electroweak phase transition leading to
question. The prediction of lattice QCD on the order of thelarge phase mixing af =T [14]. In such cases, the phase
transition is still unclear, if physical masses for quarks areransition may proceed either through percolafibf,15 or,
used[1]. Quenched QCDOno dynamical quarksshows a if the phase mixing is below the percolation threshold, by the
first-order phase transition, albeit a weak one, with smalhucleation of critical bubbles in the background of isolated
surface tension and latent hg&f. Assuming the transition hadronic domains, which grow & drops belowT¢. In
to be first-order, homogeneous nucleation thel@yl] has either case, the kinetics is quite different from what is ex-
been invoked extensively to study the dynamics of the quarlpected on the basis of homogeneous nucledtiéh We will
hadron phase transition both in the context of early universargue that, for a wide range of physical parameters, a large
as well as for the plasma produced during relativistic heavyamount of thermal phase mixing at=T. is expected to
ion collisions[5-12]. In this picture, the transition is initi- occur during the quark-hadron phase transition in the early
ated by the nucleation of critical-size hadron bubbles from ainiverse, as well for the plasma produced in heavy-ion col-
supercooled metastable QGP phase. These hadron bubblisons[17]. For high enough temperatures and low enough
can grow against surface tension, converting the QGP phasmoling, large-amplitude thermal fluctuations will populate
into the hadron phase as the temperature drops below ththe new minimum atp= ¢, in the rangeTo<T=<T,. Al-
critical temperatureTc. This is indeed the case for a suffi- though these fluctuations which are in the form of subcritical
ciently strong first order transition, where the assumption ohadron bubbles will shrink and finally disappear, there will
a homogeneous background of QGP is justified at the timalways be some nonzero number density of hadron bubbles
when the nucleation begins. However, for a weak enougtat a given temperatur€. In this work, we study the equilib-
transition, the QGP phase may not remain in a pure homodum density distribution of subcritical hadron bubbles for a
geneous state evenBt T, due to pretransitional phenom- wide spectrum of very weak to very strong first order QCD
ena. For temperatures much abolg, matter is in a pure phase transition, using the formalism developed in Refs.
QGP phase with the effective potential exhibiting one mini-[18—20. It is found that the density of subcritical hadron
mum at¢é=0. Here¢ is an effective scalar order parameter bubbles builds up faster as the transition becomes weaker,
generally used to model the effective potential describing théeading, in some cases, to complete phase mixindl at
dynamics of a phase transition. As the plasma expands andT.. Further, using reasonable values for the surface ten-
cools to some temperatuiie, an inflection point is devel- sion and correlation length as obtained from lattice QCD
oped away from the origin which on further cooling sepa-calculations, we find thatalthough large the amount of
rates into a maximum ap= ¢, and a local minimum at phase mixing remains below the percolation threshold.
= ¢y, corresponding to the hadron phase. BT, the  Therefore, the quark-hadron phase transition will begin with
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the nucleation of critical-size hadron bubbles from a superUsing these relations, the barrier heighfTatcan be written
cooled and inhomogeneous background of quark-gluoms

plasma. Since the background contains subcritical hadron

bubbles, the homogeneous theory of nucleation needs to be Vp=b*T¢/256c°, 4
modified. In Ref.[16], an approximate method was sug-

gested to incorporate this inhomogeneity by modeling Sub]'rf:erefore_, if the pgrameterls kep]E fixed,b car|1( be varied to
critical bubbles as Gaussian fluctuations, resulting in a larggharacterize a wide spectrum of very weak to very strong

reduction in the nucleation barrier. Here, we will study inho-Irst-order phase transitions. The transition is strong enough

mogeneous nucleation in the framework of homogeneoufOr 1argeVy, and very weak or close to second orden\gs

theory, but with a reduced nucleation barrier that accounts™0- In the following, we relate the parametérandc to the

2

for the inhomogeneity of the medium. Finally, we also surface tension and the correlation length in the quark phase.
briefly discuss possible implications of inhomogeneousTh’_a surface tension can be defined as the one dimensional
nucleation to relativistic heavy-ion collisions and cosmology.2Ction given by

The paper is organized as follows. In the next section, we 1/ ¢
begin with the discussion of a quartic double-well potential ‘T:f dx _(_ +V(¢)} (5)
used to describe the dynamics of a first-order quark-hadron 2| ox
phase transition. The parameters of the potential are Obtain%’nder the thin-wall limit,A=|V(0)— V()| —0, the sur
. . o . A = y = h [} -
in terms of relevant ph_yS|caI quantme; such as critical temface tension can be expressed 28]
perature, surface tension and correlation length. In Sec. lll,

we estimate the equilibrium fraction of subcritical hadron o
bubbles from very weak to strong first-order phase transi- ‘T:f dé\2V(9),
tions. We also estimate the reduction in the nucleation bar- 0
rier by incorporating the presence of subcritical bubbles in 33
, - : . V2 b3TE
the medium. Using this reduced barrier, we study nucleation S (6)
and supercooling in Sec. IV. Finally, we present our conclu- 48 52

sions in Sec. V. o i )
Similarly, the correlation length around the quark phase is
obtained using = 1/\V" ()| 4—0 = 1/V2a(T). At the criti-

IIl. PARAMETRIZATION OF THE EFFECTIVE cal temperature, using E(), we get

POTENTIAL
We consider a general form of the potentiat equiva £o(Te) = @
T pTe

lently, the homogeneous part of the Helmholtz free energy
density to study the quark-hadron phase transition in terms
of a real scalar order parametg¢rgiven by From Egs.(6) and(7) we get

V(¢ T)=a(T)¢?~bTe+ce?, (1) S S ®

S 1280 6&eT2

whereb andc are positive constants. Ignatiesal. [21] use ) .
this parametrization to describe the phase transition from ¥ terms of the values of- and & at Tc . The barrier height
QGP (symmetric phaseto a hadron phastoroken symme- Vb €an now be written as

try). The meaning of is obvious for a symmetry-breaking 3

transition, but the same description can be used if no sym- h=on L_
metry is involved. The order parameter could then be related 16 £4(Te)
to energy or entropy density. The paramet&rb, andc are
determined in terms of surface tensiowr)( correlation
length (), and critical temperatureT¢). The potential has
two minima, one at¢,=0 and the other atp,=(3bT
+./9b?T?—32ac)/8c, which in our case will represent
guark and hadron phases, respectively. These phases
separated by a maximum defined byp,=(3bT

€)

Thus, the barrier height is proportional to the ratiZ, . The
transition becomes very weak as decreases and, in-
creases. Here, we fig;=0.5 fm atT=T¢ and varyo to
investigate phase transitions with different strengths. The
éeemperature dependence afis deduced by equating the
Jepth of the second minimum with the pressure difference

— J9b?T?—32ac)/8c. At T=T, inPekael:Jt\a/\;%in the two phases at all temperatures. This yields
V(g Tc)=V(n, Tc)=0, (2 AP=pp—pa=V(0)—V(¢p)=—(@(T)—bTe,+chd)$?,
(10)

having the required degeneracy. The above condition yields
which is solved to get the paramei(T), giving the tem-

a(TC)zbZTéMc, bn(Te)=bTe/2c, and ¢(Te) perature dependence &f,. The surface _tension_ will also
have small temperature dependence which we ignore, as we
=bTc/4c. (3 are not going too far from the critical temperature. Thus, we
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o 07— —— I1l. MODEL FOR LARGE-AMPLITUDE FLUCTUATIONS
g —— 1.0145 T | i
§ [ - — T,=160 Mev ;o We closely follow the work of Refs[16,19,2Q to esti-
2 30 - 099 T, | . mate the equilibrium density distribution of subcritical had-
o 2 . ron bubbles by modeling them as Gaussian fluctuations with
"~ 0=30 MeV/fm [ . .
Q . amplitude¢, and radiusR
§ 20 [ £(T.)=0.5 fm Ll
~ ! g 202 _2p2
s N ;o ban()=dae "' and ¢p_q(r)=pa(l—e %),
E 10 i o ~ N /o 7 (13)
a ; ® VA ] . . )
§ SO ] The amplitude¢, is the value of the field at the bubble’s
S O T core away from the quark phase. For smooth interpolation
2 between the two phases in the system=¢,,. The free
510l ] energy of a given configuration can then be found by using
5 i the general formul§22]
—20 T R R R 1
0 50 100 150 200 = 3l = 2
Order parameter ¢ (MeV) F j d r[Z(V(ﬁ(r)) +V(¢(I’)) ' (14)

FIG. 1. The effective potential as a function of order parametensing Eqs.(13) and (1) in Eq. (14) we get
¢ at, below, and abové..
Foh=Fh=anR+ByR® and F,_ =F,=aqR+B,R?
have parametrized the free-energy density in terms of the (15
surface tension, correlation length, critical temperature and )
equation of state, which can be obtained from lattice QCDVhereay, Bh, aq, andp, are given by
calculations. The bag equation of state which is a good de-

piction of the lattice results is used to calculate the quark/ = :3\/5773,2(752 B = \/Ea_ V3bT
hadron pressurpy, as follows: h=%a" g A Py g TA
C
Pq=2a,T*—B, pp=asT*, (11 + 5 ¢h| T, (16)

whereBz(aq—ah)T‘é is the bag constant. The quark phase g
is assumed to consist of a massless gasarfdd quarks and
gluons, while the hadron phase contains massless pions. \/E \/§ 3\/5
Thus, the coefficients, anday, are given bya,=3772/90 Bq=<7—2 am e ( 5 3+ T) bT7%2¢3
and a,=372/90. The critical temperature is taken @g
=160 MeV. 1 32 43 o2 .4

Figure 1 shows the plot 0f/(¢) as a function of¢ at tlgt 3 9 4T % 17

three different temperatures for a typical value of
=30 MeV/f? and&,(Tc)=0.5 fm. At T=T, the poten-
tial is degenerate with a large barrier that separates the twgQ,
phases. Belowl -, the phasep= ¢y has lower free-energy
density, and the QGP phase becomes metastable. Aove
the potential has a metastable minimadat ¢y (hadron  A¢ T=T_ hoth g, and B, are positive for all amplitudes.
; ' q

phas¢ as long asT rema|£132belowT1. The temperaturdy o wever, belowT., 3, may become negative for some val-
[at which ¢n=¢m and DT7=32a(T,)c] can be obtained o5 of ¢,. For such configurations, the free energy has a
analytically by solving Eq(10) as maximum atR,,= /a,/3B, and these bubbles are not strictly
subcritical. The same is true fg, aboveTc. We thus re-
strict the amplitude, to the range whergy, ) is positive.

27 Te. (12) If not exactly the same, the limits of integratiafy,;, and
B=1gVo dmax TOr @, are found to be quite close te¢,, and ¢y,

respectively.

It may be mentioned here that,(= a,) is positive and is
uch greater thaByq . Therefore, the free energy grows
linearly for small values oR. Further, hadron bubbles of all
configurations will be subcritical as long B q) is positive.

Tl:

It may be mentioned here that the dynamics of the phase
transition has also been studied in Réf7] using a different
form of the potential which has been parametrized as a fourth There will be fluctuations from quark to hadron phase and
order polynomial in the energy density]. This form is un-  back. To obtain the number density of subcritical bubbles,
suitable over a wide range of temperatures due to the persisve define the distribution functioh=d°n,/JRJp, Where
tence of metastability at much above and belbw. f(R,da,t)dRdp, is the number density of bubbles with ra-

A. Equilibrium fraction of subcritical bubbles
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dius betweerkR and R+dR and amplitude betwee, and 05 T 7T

pat+dep, at time t. It satisfies the Boltzmann equation .\\ T=Tg A=1, ;=05 fm]

[16,2Q [\ - = G,=G, ]

0.4 | — G, %G .

If(R,pa,t) of A hT g 1
= ol S5+ (1-9)Gh G, (18)

©
w0

The first term on the RHS is the shrinking term. Herts,is

the shrinking velocity, which we assume to be given by the
velocity of sound E1/y/3) in a massless gas. The second
term is the nucleation term whe@is the Gibbs distribution
function defined a$’' = fdRd¢G. Herel'}, is the nucleation
rate per unit volume of subcritical bubbles from the quark
phase to the hadron phase. Similarlyis the corresponding
rate from the hadron phase to the quark phase. The factor
is defined as the fraction of volume in the hadron phase and
is obtained by summing over subcritical bubbles of all am-
plitudes and radii within this phase. The Gibbs distribution

o
o

Subcritical hadronic fraction y
=)

function is defined af19,22 o (MeV/fm®)
Gh/q:AT‘le_Fh/q(Rv‘f)A)/T, (19) F_IG. 2. Subcritical hadronic fractiog as a function of surface
tensiona.
whereA is of O~1 [22].
If the equilibration time scale is smaller than the expan- Is
sion time scale of the system, we can obtain the equilibrium Y= m (23
number density of subcritical bubbles by solving E#8)
with 9f/dat=0. Since the early universe expands at a muchyhere
slower ratd10,11], the above assumption is quite reasonable
in the context of the cosmological QCD phase transition. Smax Rmad 77 5
However, QGP produced during heavy ion collision may ex- IS(T):f J 3 RWsn)(R,¢a, T)dRAPA.
pand at a faster rate as compared to the early universe. In this min. * Rimin (24)

case, it is possible that the density distribution of the sub-
critical bubbles will not attain full equilibrium. For simplic-
ity, we will assume an equilibrium situation so that the(‘f

present results on the fraction of subcritical bubbles and,itical pubbles taken @, the correlation length of the
phase mixing can he considered as an upper “m't: .Us.mg thﬁuctuations. TheR integration should be carried out over all
bpundary copdltlonf(R—>oc):0, we get the equilibrium bubbles with radii fromR,,=&; t0 Rya=2°. For very weak
distribution given by transitions, bothw and 8 are very small and thR integration
_a _ may not have good convergence. However, we found that the
(R ¢a T)=(1=7)Ws(R, ¢a,T) VWT(R’d)A'T)’(ZO) y value is maximized wheR,,, is about 3 to 4 fm. There-
fore, we useR,,,=3.5 fm. This is a reasonable choice as
where bubbles withR~ £, will be statistically dominant and larger
fluctuations have larger free energy and are exponentially
suppressed.
Figure 2 shows the plot of the subcritical hadron fraction
v as a function ofo at T=T, and at a fixed value of
x ) s £4(Tc)=0.5 fm. The fractiony has been estimatedashed
WT(R,¢A,T):(A/|U|)T4I e (@RI BRIITYR! curve assuming that, for a degenerate poten@al=G,, as
R in Ref. [16]. This assumption is valid only for the configu-
(1) ration for which¢,= ¢,,. However, when we include other
configurations in the rang@mi, to dmayx, the integral  turns
out to be always higher thdg at T . Therefore,y obtained
usingG# G, is always lower than when the approximation

Here, ¢min and ¢na define the range within which both
nh and By are positive.Ry,, is the smallest radius of the

Ws(R,¢a, T)= (A/|v|)T4j e (@R + R ITYR
R

The equilibrium fractiony of volume occupied by subcritical
bubbles is given by

Y(Dmin s Pmaxs Rmin » Rmas) G =G, is used. In both cases, the valuejpincreases with
4 decreasingr, i.e., when the transition becomes weak. It may
Pmax (Rmadh 7w be mentioned here that as per lattice QCD calculations with-
— _ p3
_f o mein 3 R f(R.da,TIdRADA, (22 dynamical quark§2], o lies between 2 MeV/frh and

10 MeV/f?. There would be 15% to 30% phase mixing
which is solved to get corresponding to these values, which is still below the
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percolation threshold =<0.3). If y>0.3, the two phases
will mix completely, the mean-field approximation for the
potential breaks down, and the phase transition may proceed
through percolatiorf15,20. However, for a surface tension

in the range 2 MeV/fii< 0<10 MeV/fn?, the phase tran-
sition will proceed through the formation of critical-size had-
ron bubbles from a supercooled metastable QGP phase.
Since the QGP phase is no longer homogeneous, the dynam-
ics of the phase transition will be quite different from what is
expected on the basis of homogeneous nucleation theory

[16]. We refer to it as “inhomogeneous nucleation.” oF 7
o | | | | | | | | | | N N | 1

Nucleation barrier for
critical bubbles FC/T

We would also like to mention here that the present re- &~ e
sults are in disagreement with the findings of REf7], E : o=50 MeV/fm" ]
where a large fraction of subcritical hadron phase was found *g 05 5 ¢ (T)=0.5 fm E
at and abovel-. This scenario is highly unrealistic and < o4l :=1 ]
probably could be due to the choice of the potential param- = C ]
etrization, which shows a metastable hadron phase much ¢ g3 tL 3
aboveT.. Therefore, the authors of Réfl7] found a finite S E ]
fraction of hadron phase at temperatures as high as twice “ o2 - .
T . Furthermore, the value o strongly depends on how g . ]
the shrinking term is incorporated in the calculation. In our 15} 0.1 3
case, it is proportional to the gradienif(JdR) that appears 2 00 F e e
in the kinetic equationi18) in a natural way, whereas in Ref. wo 0.90 0.95 1.00
[17], a specific assumption is made to take into account the /T,

shrinking of the hadronic volume.

FIG. 3. The nucleation barrigfc /T for critical bubbles with
(solid line) and without subcritical bubble correctigdashed curve
as function of temperature far=50 MeV/fn? is shown in the
upper panel. Corresponding subcritical hadron fractoils shown

The nucleation rate in the standard the®8y4] which  in the lower panel.
neglects phase mixing, is given by

®max [ Rmax
I=AT%e Fe/l. (29 Fse= L) _ JR - Fr(R,¢a, TF(R,da, T)dR A,

B. The total free energy of subcritical bubbles and the
nucleation barrier

HereF: is free energy needed to form a critical bubble in the —(1—y) bmax RmaxF WedRd
homogeneous metastable background. For an arbitrary thin- B Y bmin J Ronin htvs A
wall spherical bubble of radiuR and amplitudepyi,< ¢y,

- ¢max Rmax
the free energy of the bubble takes the well-known form B yf f F WodRdd,. (29)
min ¥ Rmin

Fuin(R) = — 4_7TR3A\/+ 47R%r. (26) Once we know the hadronic fractiop and the free energy
3 Fy, for a bubble of a given radiuR and amplitudep,, we
can estimate the free-energy density correction due to the
In the above AV is defined as the difference in free-energy presence of Gaussian subcritical bubbles.
density between the background medium and the bubble’s Since, for a critical size bubbléF/JR|g =0, we can use
interior. For a homogeneous backgroufrdetastablg we  Eq.(26) to obtain the free energy needed to form a thin-wall

can write critical bubble in a background of subcritical bubbles,
AV=AVo=V(0)~ V() 27) Fom T oR2. Ro=- 2 29
0 h)- c=g3 oRe, Re=xy 7. (29)

If there is significant phase mixing in the background meta+or a very strong first-order phase transition, the subcritical
stable state, its free energy is no lony€0). Onemust also  bubbles are suppressed{(—0), and bothF- and R ap-
account for the free energy density of the nonperturbativgoroach the homogeneous background expression. However,
large amplitude fluctuations. Following Réfl6], we write  in the presence of subcritical bubbles, extra free energy be-
the free energy density of the metastable stateVéd) comes available in the medium, reducing the nucleation bar-
+ Fse, WhereFg is the extra free energy density which canrier. In other words, the extra background energy enhances
be estimated from the density distribution of subcriticalthe nucleation of critical bubbles. To illustrate this, we have
bubbles as follows: plottedF< /T andy as a function ofl /T in Figs. 3—5 with
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10 p ] transition. Since the height of the nucleation barrier de-
e I ] creases, the nucleation rate will also be enhanced, reducing
k :o 8 F ] the amount of supercooling further. The time evolution of
Ta ot ] the temperature and the supercooling are discussed in the
23 6r ] next section.

58,1 ;
§ § IV. NUCLEATION AND SUPERCOOLING
; ?, 2 ] As mentioned before, the background metastable state is
inhomogeneous due to subcritical hadron bubbles. It is now
or ] possible to study the kinetics of the nucleation of critical
° L B e B L hadron bubbles using the corrected nucleation rate, as ob-
S o5tk 0=30 MeV/fm" ] tained in the previous section. In the present work, the pref-
§ T £,(T)=05 fm actor in the nucleation rate is takenA3* [see Eq(25)]. In
S oafl A=1 ] our previous work[9], we have used a prefactor derived by
| E ] Csernai and Kapus{®] for a dissipative QGP. In Ref23],
o F 4 . . .
5 o03F > Ruggeri and Friedman had derived a prefactor for a non-
& ; ] dissipative QGP. Recently, using a more general formalism,
5 02 ¢ ] we have also derived a prefaci@4] which has both dissi-
;§ o1 b ] pative and nondissipative components corresponding to Refs.
g o E [6] and[23], respectively. However, for consistency with the
2 ool subcritical formalism, we use a more generic fdrgs AT,
0.92 0.94 0.96 0.98 1.00 1.02 with A a constant of order unity, as used in many studies of
T/T, quark-hadron phase transitiofsee, for example, Refs.

[10,11)). The question of how to estimate the prefactor ap-
pearing in the nucleation rate of subcritical bubbles remains
open. Using the nucleation rak€T), the fractionh of space

o values of 50 MeV/fri, 30 MeV/f?, and 10 MeV/fmd,  which has been converted to hadron phase due to nucleation
respectively, which are widely used in the literature. As evi-of critical bubbles and their growth can be calculated. If the
dent, with decreasing temperature, the nucleation barrier desystem cools tdl' at a proper timer., then at some later
creases and the subcritical hadron fractipincreases. The time 7 the fractionh is given by[6],

reduction in barrier height due t&, (or due toy) is more
significant for lower values ofr, corresponding to a weaker

FIG. 4. Same as Fig. 3 but at=30 MeV/fn?.

h(r)= frdr’l(T(T’))[l—h(r’)]V(T’,r). (30)

']O_""I""I""I"'I

Here,V(7',7) is the volume of a critical bubble at time
which was nucleated at an earlier timé; this takes into
account the bubble growth. The factdat—h(7)] accounts
for the available space for new bubbles to nucleate. The
model for bubble growth is simply taken g25]

o0
T
1

47

] r 3
] V(7' 7)= 3 (RC(T(T’))+f’dT”U(T(T"))) , (3D

Nucleation barrier for
critical bubbles F./T

e where v(T)=3[1-T/T.]¥? is the velocity of the bubble
] growth at temperatur& [6,26]. The evolution of the energy

2 :
0=10 MeV/fm" 4 density in 11 dimensions is given by

£,(T)=0.5 fm 3
A=1

0.5
0.4 — ] de o
' —+ —=0. (32

0.3 | dr 7

0z E The energy densitg, enthalpy densitys and the pressurg

in pure QGP and hadron phases are given by the bag model

Subcritical hadronic fraction y

0.1} — equation of state. In the transition region, thend » at a
. | . . 3 time 7 can be written in terms of the hadronic fraction as
oo b
0.985 0.990 0.995 1.000 1.005
/T, (1) =€q(T) +[en(T) —eq(T)1h(7),
FIG. 5. Same as Fig. 3 but at=10 MeV/fn?. o(7)=0g(T)+[wn(T) = o (T)Ih(7). (33
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1~06""I'"'I""I""I""I"2" ]~~06''"I"''I""I""I""I"'I
=50 MeV/fm 0=30 MeV/fm" 1
1.04 |- 5q(Tc):O'5 fm 1.04 | £(T.)=0.5 fm A
q " C
T, =160 MeV T,=160 Mev
1.02 |- Te=38 fm/c 1.02 | 7= 38 fm/c
[ io
= [
1.00 |- 1.00 |-
0.98 |- 0.98 -
0.96 0.96 -
0.94....I....I....I....I....I.... 0.94....I....I...‘I....I..‘.I....
0 10 20 30 40 50 60 0 10 20 30 40 50 60
T (fm/c) T (fm/c)
FIG. 6. The temperature variation as a function of proper time FIG. 7. Same as Fig. 6 but at=30 MeV/fn?.

with (solid curve and without subcritical bubble correctiddashed

curve) for =50 MeVin. Apart from o, the amount of supercooling also depends

) on 7., the time taken by the system to cool frofg to T.
Equations(30), (32), and(33) are solved to get the tempera- |, QGP phase, the solution of E@2) (T37=const) predicts

ture as a function of time in the mixed pha$ with the 7o=10(To/Tc)3. The choice ofro=1 fm, To=250 MeV
initial conditions for temperatur&,=250 MeV and proper 4 To=160 MeV results inr,=3.8 fm/c. However, for-
time 7o=1 fm/c at Tc=160 MeV. After gettingT andh as  5tion of QGP with higher initial temperatufas high as 3
a function of tl_me, the density of nucleating bubbles at a timg, 4 timesT¢ resulting in larger,) cannot be ruled out at
7 can be obtained in our model as RHIC and LHC energief27]. Therefore, we have also stud-
ied the effect ofr. on supercooling, specifically, on the had-
T ronization rate as well as on the density of nucleating
N(T):f dr'I(T(7")[1-h(7")]. (34 pubbles. Figures (@ and 8b) show the plots oN(7) and
e h(r) as a function of7 for two typical values of 7,

(3.8 fm/c  and 25 fmt) corresponding to o
The densityN would increase as the temperature drops be-

low T. and would ultimately saturate &sincreases.

Figure 6 shows the temperature variation as a function of
proper timer at c=50 MeV/fn?. As the system cools be- 06 L ]
low Tc, the nucleation barrier decreases and ajsan- h T 7,=3.8 fm/c T,=25 fm/c
creases. If only homogeneous nucleatidashed curveis
considered, the system will supercool up to 0.9%5. At
this temperature, the hadronic fractignhas reached 10%

0.2 | - .
(see Fig. 3 which corrects the amount of supercooling [ / b ]
(solid curve by about~10% (up to 0.95Tc). Figure 7 I FTPN T T TR 40 .|.()

shows a similar study ar=30 MeV/fm?. Since the nucle-

0.8 (L LA B B BN BN ILELELELE BLELELELE AL

0.4 i P

: 2 ]
ation barrier reduces with decreasing the system super- T8 F 0=10 MeV/fm .
cools only up to 0.98T: under homogeneous nucleation. E : £q(Te)=05 fm ]
c < 6 [ — .
The hadronic fractiony corresponding to this value is 12 s . T=160 MeV ]
— 13 % (See Fig. 4 which reduces the amount of supercool- Z 4L Pt 3
ing by about~20% (up to 0.984T.). For ¢ around 10 z E pad
MeV/fm?, the supercooling will be reduced furthéup to ©r g (a)'_
~0.997T¢). Lattice QCD calculations predict a surface ten- Y S T D S TR
sion even smaller than 10 MeV/fmindicating a very weak 0 5 10 15 20 25 30 35 40 45
first order transition. Although supercooling will be reduced 7 (fm/¢)
further with decreasing-, we do not use very smait due to FIG. 8. (a) Density of nucleating bubbles as a function of proper

increased numerical inaccuracy. Further, it may be mentgme with (solid curve and without subcritical bubble correction
tioned here that, although the fractigngrows with decreas- (dashed curvefor c=10 MeV/fn®. (b) The hadronic fractiory as
ing o, we never encountereglgreater than 0.3: we remained a function ofr. The left curves are forc=3.8 fm/c and the right
within the subpercolation regime throughout our analysis. curves forrc=25 fm/c.
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=10 MeV/f? both with (solid curve and without(dashed mean interbubble separation as compared to homogeneous
curve inhomogeneity corrections. A genera] observationnUdeation, a quantitative estimate would require a more de-
(both with and without correctigris that the amount of su- tailed analysis, including expansion. However, since the cos-
percooling, the rates of hadronization and bubble nucleatiof?°logical expansion rate is typically much slower than the
are reduced whenm, becomes larger. Although supercooling sub(_:rltlcal bubble_ nucleathn rate, we _belle_ve our results for
reduces with increasing, , the system will get reheated at a the interbubble distance will carry on in this case as well.
higher temperature and also will encounter a larger nucle-
ation barrier as compared to the case whgis small. As a
result, the rate of hadronization and also the rate of increase We have estimated the amount of phase mixing due to
of density of the nucleating hadron bubbles will proceed at aubcritical hadron bubbles from very weak to very strong
slower rate whenrr; is large. However, the reverse happensfirst-order phase transitions. With a reasonable set of values
when the inhomogeneity correction is applied. Even thougHor the surface tension and correlation lengés obtained
the medium gets heated up earlier, the reduction in the baiffrom lattice QCD calculations we found that phase mixing
rier height is quite significant a approached .. Another is small atT=T¢, building up as the temperature drops
parameter that affects boti(7) andh(7) is the expansion further. We have shown that the system does not mix beyond
rate of the medium, i.e., the rate of change of temperaturée percolation threshold, allowing us to describe the dynam-
betweenr, and 7, which also depends om,. The overall €S of t_he phase transition on the bas!s of hqmogeneous
effect is that bottN(7) andh(r) rise faster as compared to _nucleatlon theory with a reduced nuclea}t|on barrier. Accord—
their homogeneous counterpartsee Fig. 8 for =, mg_ly, we have found an enhancement in the n_ucleatlon rate
=25 fmlc), particularly whenr, is very large.(Compare which further_reduces the amount of superc_oolnjg. Although
. - ' we have not included cosmological expansion in our analy-
the left and right curves on Fig.)8.

For weak enouah transition. the presence of inhomo enes_is, we believe that our results indicate that the presence of
9 ’ P 9 inhomogeneous background of subcritical bubbles will

. . a
ity may also affect several observables which can be d?te(.:teégcrease the interbubble mean distance, and thus the fluctua-
experimentally. For example, the faster rate of hadronlzatloEII

V. CONCLUSIONS

; - tions in baryon number which could damage homogeneous
at larger. as compared to its homogeneous counterpart wil

lower the amount of entr roduction, which, in turn, will ucleosynthesis.
ower the amount ot éntropy production, ch, In turm, We have assumed that the equilibration time scale for

ﬂtecsttljg%J'nha;rgagggnb?ﬁgﬁflg% %';E{Z'%ﬂ%%?}swﬁ‘lltgg%ggesubcritical fluctuations is much larger than the cooling time
affected by the d' namics of nucleatifsl. Since the nucle- scale of the system. This may be the case for a quark-hadron

. y he dy ! u 106l SINCE 4 hase transition in the early universe, where the expansion
ating bubble will act as a source of pion emission, the effec

. . : . ate is quite slow. In the case of QGP produced at RHIC and
of inhomogeneity can also be inferred through mterferometryLHC the cooling rate is much faster than cosmological time-
measurements. '

. . scales, and the subcritical bubbles density distribution may
In a cosmological context, the value @f is much larger

than what w ted here. Since the presen £ inhom not attain full equilibration. We are presently investigating
an what was quoted nere. since the presence o OMOYfis issue in more detail. However, the present results should
neities weakens the transition, more critical bubbles will be

leated it vol d ina the interbubbl OI.Sgrovide an upper bound on the fraction of subcritical hadron
nuclea’'e p,elr, unit volume, decreasing the INLerbubbie diss hhles and their effect on supercooling and nucleation rates.
tance fi=N~1?); the presence of subcritical bubbles can be

thought as seeds for nucleation. As a consequence, the tran-
sition will produce smaller fluctuations in baryon number,
protecting homogeneous nucleosynthesis. Although the M.G. is partially supported by a National Science Foun-
present study is indicative enough of the reduction in thedation Grant No. PHYS-9453431.
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