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Primordial nuggets survival and QCD pairing

G. Lugones* and J. E. Horvath†

Instituto de Astronomia, Geofı´sica e Ciências Atmosfe´ricas/Universidade de Sa˜o Paulo, Rua do Mata˜o 1226,
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~Received 2 October 2003; published 17 March 2004!

We reexamine the problem of boiling and surface evaporation of quark nuggets in the cosmological quark-
hadron transition with the explicit consideration of pairing between quarks in a color-flavor locked state.
Assuming that primordial quark nuggets are actually formed, we analyze the consequences of pairing on the
rates of boiling and surface evaporation in order to determine whether they could have survived with substan-
tial mass. We find a substantial quenching of the evaporation1boiling processes, which suggests the survival
of primordial nuggets for the currently considered range of the pairing gapD. Boiling is shown to depend on
the competition of an increased stability window and the suppression of the rate, and is not likely to dominate
the destruction of the nuggets. If surface evaporation dominates, the fate of the nuggets depends on the features
of the initial mass spectrum of the nuggets, their evaporation rate, and the value of the pairing gap, as shown
and discussed in the text.
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I. INTRODUCTION

Approximately 1025 s after the big bang, the early Un
verse was filled with a hot and expanding mixture of elem
tary particles. The Universe was composed mainly of p
tons, charged leptons, neutrinos, quarks, and gluons~and the
corresponding antiparticles! coexisting in thermal and
chemical equilibrium through electroweak interactions.
the Universe expanded, this mixture cooled down to a c
cal temperature at which the plasma of free quarks and
ons converted into hadrons. Early studies of this transit
started in the 1980s@1–3# and gave a broad-brush picture
the physics involved~for a more complete reference list, se
@4–9#!.

A very important question is whether the transition is a
tually first order, second order, or just a crossover. Dram
effects are expected in the first case, while a second orde
crossover would be much less spectacular. Lattice nume
simulation is the best approach currently available for
study of QCD near the finite-temperature transition po
While it has been known for a long time that the transition
first order in the case of pure gluonic calculations~corre-
sponding to infinitely heavy quarks! and in the case of fou
light quarks, the actual physical case is elusive. At pres
there are well established nonperturbative lattice techniq
to study this transition atm50 andTÞ0. The order of the
transition is known as a function of the quark masses sh
ing that the physical point is probably in the crossover reg
unless thes quark mass is small~in which case it should be
first order!. For recent reviews, see@10,11# and references
therein.

Interesting baryon fluctuations would have been produ
by a first-order transition. The two phases need to coe
long enough for baryon transport to shuffle the baryon nu
ber across the phase boundary. As pointed out in early s
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ies, the onset of the supposedly first-order transition requ
some degree of supercooling@3#. If the transition is not first
order, no supercooling could possibly occur~even if the
equation of state gave rise to a very rapid change in
energy density! due to the extremely slow expansion of th
Universe.

The generation of primordial isothermal baryon numb
inhomogeneities can be understood within a scenario of c
mic separation of phases@4,8#. When the Universe cools to
the critical temperatureTQCD, nucleation of bubbles of the
hadron phase could begin. However, it is a general featur
the nucleation theory that the nucleation probability is n
large enough at the critical temperature but for temperatu
below it. Therefore, the Universe supercools belowTQCD be-
ing still in the quark phase until the nucleation rate becom
sufficiently large. After a brief stage of nucleation durin
which the hadron bubbles grow and reheat the Universe b
to TQCD, nucleation is again inhibited due to its low prob
ability and the expansion of the Universe causes had
bubbles to grow slowly at the expense of the quark pha
Once hadron bubbles occupy roughly half of the total v
ume, they are able to collide and merge, leaving the Unive
with shrinking droplets of quark-gluon plasma immersed in
hadron matter medium.

The fate of these baryon number inhomogeneities
pends on how heat and baryon number are transported a
the transition front@4,8#. Latent heat~or entropy! could be
carried out by neutrinos, surface evaporation of hadr
~mostly pions!, and by the motion of the transition fron
which converts the volume of one vacuum into another. T
baryon number transport across the conversion front depe
on the bulk properties of both phases and on the penetrab
of the interface~which quantifies the chance of the baryo
number to pass from one side of the boundary to the oth!.
Estimations of baryon number penetrability have been m
within the frame of the chromoelectric flux tube mod
@8,12–14#. If the baryon penetrability indeed happens to
small, it may be possible to accumulate almost all the bar
number density in the quark-gluon phase~see below!. In
©2004 The American Physical Society09-1
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G. LUGONES AND J. E. HORVATH PHYSICAL REVIEW D69, 063509 ~2004!
such a case, and depending on the parameters, the inh
geneities may be large enough to produce strange quark
ter ~SQM!. This results in a universe in thermal equilibriu
but with an inhomogeneous baryon distribution~i.e., out of
chemical equilibrium!.

The study of the extreme case in which quark nugg
form has been undertaken by a number of authors@15–22#.
An absolute upper limit to the baryon number contained
the nuggets is determined by the size of the cosmolog
horizon evaluated at the critical temperature. The simp
estimate yields the well-known value

Amax51049S 100 MeV

TQCD
D 2

. ~1!

Actually, the details of the dynamics will determine a
initial mass function at the end of the transition. This is
quite complicated problem and has not been solved in de
although Bhattacharyyaet al. @23# presented a series of ca
culations showing that the maximum baryon number of
nuggets is;1043 for TQCD5150 MeV, which fit comfort-
ably within the horizon size.

After the QCD phase transition, the temperature in
primordial Universe is still high enough to allow for evap
ration of hadrons from the surface of the nuggets, and
principle to allow for boiling~nucleation of hadronic bubble
inside its volume!. This is a consequence of the presence
the2TS term in the free energy, which disfavors the stran
quark matter phase at intermediate temperatures. It is on
low temperatures (T'2 MeV) that nuggets begin to be pre
ferred to free hadrons. Previous work found that boiling
not possible for reasonable values of the bag constantB since
the time scale is too short for bubble nucleation to take pl
@20,21#. If so, surface evaporation seems to be the o
mechanism able to destroy the primordial nuggets, altho
the very survival of these entities may be considered as
subject to uncertainties. Since it is likely that quarks ins
the nuggets settle in paired states at a relatively high t
perature~see Fig. 1 for a qualitative sketch!, we shall exam-
ine in the remainder of this work the effects of quark pairi
on the evaporation/boiling at intermediates temperatu
thus revisiting the question of nugget survival.

II. BOILING OF CFL NUGGETS

As stated above, quark nuggets are born hot and there
nucleation of hadronic bubbles could occur inside the
Nevertheless, as has been shown previously@21#, boiling is
unlikely to destroy primordial nuggets for reasonable valu
of the bag constantB. However, we must note that pairin
must occur at temperatures below the critical tempera
TD50.57D. Therefore, the analysis made in@21# holds only
in the temperature regime betweenTQCD andTD , while be-
low TD pairing effects must be taken into account. A rema
able consequence of QCD pairing is that the stability w
dow for strange matter is considerably enlarged, allowin
wider range forB @24#. Thus, although pairing should mak
boiling difficult because more energy is necessary to prod
a hadron lump, it is not cleara priori to what extent the
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modification of the stability characteristics of SQM counte
acts this effect.

Let us briefly examine the thermodynamic description
boiling of primordial nuggets including the effect of pairin
between quarks. We assume, for simplicity, that the nuc
ated phase is in thermal and chemical equilibrium with
nugget, which itself evolves at fixedm ~that is, along a path
of the type ‘‘A’’ in Fig. 1!. The work done to form a bubble
of radiusr composed by the hadronic phase inside the qu
phase is

W52
4

3
pr 3DP14psr 222pgr 1

4

3
pr 33

3

2
nBD, ~2!

whereDP5Ph2Pq is the pressure difference between bo
phases,s5sq1sh is the surface tension,g5gq2gh is the
curvature coefficient,nB is the baryon number density in th
hadronic phase, andD is the gap of the CFL pair. The inno
vation here is the last term which is introduced by consid
ing that to put three quarks in a hadron, an energyD must be
expended for each CFL pair that is disassembled inside
quark phase. Further refinements should be considere
hadrons are assumed to be composed by a diquark plus a
quark; in this case, the net energy released~per baryon!
should be; 1

2 D. The effect ofD on s andg themselves is
unknown and will be neglected in this first approach. No
that the gap also enters the free energy through the pres
as a quadratic term. The critical radiusr c is found by extrem-
izing W,

r c5
s

F
@11A12b# ~3!

FIG. 1. Path of the strange quark matter nuggets in theT-m
plane. Nuggets are quickly formed starting atT5TQCD

;150 MeV, and they are fragile to evaporation/boiling at interm
diate temperatures, as discussed in the text. A transition to the
phase occurs at the points marked with crosses. The path lab
‘‘A’’ assumes a very quick formation of the nugget~that is,
t formation!H21, see Ref.@22#!, which evolves at constant densit
afterwards following a vertical path. A~perhaps more realistic! path
‘‘B’’ has been also sketched, in which the formation is slowe
t formation;H21. After crossing the CFL boundary, nuggets a
‘‘safe’’ because the pairing now protects them against evaporat
boiling, and attaining the dashed line temperature is no longer
evant for their fate. Thus, their masses freeze at a higher value w
quarks become locked in CFL states.
9-2
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whereb[gF/2s2 and

F[DP2
3

2
nBD. ~4!

Only those bubbles with a radius greater thanr c will be
able to grow. The nucleation rate for the growing bubbles
given by

Rboil5T4exp~2Wc /T! ~5!

where Wc54ps3/3F2@212(12b)3/223b#. As we shall
see below, the contribution ofD tends to suppress the ra
since it enters in such a way thatF becomes smaller andWc
becomes larger. However, since the stability behavior
modified by pairing, allowing stability for a much wide
range of the bag constantB, it is necessary to determin
which is the leading effect on the boiling process, as we s
do in the following.

The effect of boiling on the quark nuggets can be a
lyzed by means of a slightly different condition~see@21# and
references therein!. Comparing the total area of the nugg
and the bubbles

(
i

Ai
bubbles5Anugget, ~6!

it is found that boiling is less important than surface eva
ration for a baryon numberA below the valueAboil given by

Aboil57.90310261S 2F

~11A12b!Ts
D 6

3expS ps3@212~12b!3/223b#2

TF2 D . ~7!

For a given value ofAboil , the last equation gives the critica
bag constantB ands separating the boiling and the nonbo
ing regions. The value of the criticalB and s is almost in-
sensitive to the value ofAboil . Spanning the range 1,Aboil
,1057 only changes the critical values ofB1/4 ands1/3 by a
few MeV @19#.

From an inspection of Eq.~7! it is easily recognized tha
the main effect of pairing on boiling enters only through
boost in the bag constantB. This can be understood by com
paring the boiling of CFL strange matter with the boiling
unpaired SQM. If we assume that the strange quark masms
is zero, the pressure of SQM and CFL strange matter dif
only by a term proportional toD2, i.e., PSQM5PCFL
2(3D2m2)/p2 @24#. In both the CFL and the unpaired SQM
phases, there exists a symmetric flavor composition withnu
5nd5ns . Note that the last will not be true when conside
ing that the strange quark has a finite mass; in this case
CFL phase will still have a symmetric composition but SQ
will not. However, we do not expect strong departures fr
this simple analysis. The nucleation of hadron bubbles
curs in a very fast time scalets;10224 s, typical of strong
interactions, therefore the transition happens out of w
equilibrium irrespective of the pairing of quark matter. Th
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means that flavor will be conserved during the process
nucleation~only aftertw;1028 s will b decays lead the jus
formed hadron phase to its equilibrium configuration!. The
conservation of flavor during the formation of bubbles, a
the fact of both SQM and CFL strange matter having
same composition~in a first approximation!, guarantee that
exactly the same gas of hadrons will be produced both
ginning with a CFL or with an unpaired SQM compositio
Therefore, the pressure differenceDP0 between the SQM
phase and the hadron phase, and the differenceDP between
the CFL phase and the hadron one, are related by

DP5DP02
3D2m2

p2
. ~8!

The simple relation given by Eq.~8! allow us to gauge
straightforwardly the impact of pairing in the boiling pro
cess. The differenceF can be written, in the case of massle
quarks, as

F5DP2
3

2
nBD'DP02

3

p2
D2m22

3

2
nBD

5Ph2Pfree2Beff . ~9!

The effect of pairing has been included in the bag constanB
by defining an ‘‘effective bag constant’’

Beff5B2
3

p2
D2m22

3

2
nBD, ~10!

wherePfree is the pressure of a flavor-symmetric mixture
free quarks. Note that pairing enters through a leading c
tribution;m3D associated with the condensation work and
second-order contribution;D2m2 associated with the modi
fication of the pressure in the CFL phase. Although o
analysis does not include the important effects of the fin
mass of the strange quark and of the chemical composi
of the phases, it seems clear that the tendency shown
should be qualitatively the same in a more realistic stu
Also, as stated above, some refinements would need to
considered due to the effect of finite temperature and
pairing gap in the surface tension and curvature terms
summary, the only difference with the boiling of quark nu
gets made up of unpaired massless quarks is that here
must use the effective bag constant defined by Eq.~10!.

The likelihood of boiling can be analyzed in theB versus
T plane ~see Fig. 2!. For an unpaired quark mixture, th
critical B above which boiling is allowed~for any baryon
numberA) is always greater than the maximumB that allows
stable SQM for a transition out of the equilibrium@21#. As
we have shown in Eq.~10!, the pairing shifts up the critica
curve by a magnitude (3D2m2)/p21(3nBD)/2. On the other
hand, as shown in Ref.@24#, the maximumB that allows
stable CFL strange matter also shifts up a magnitu
mn

2D2/(3p2). Therefore, the net shift is
9-3
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G. LUGONES AND J. E. HORVATH PHYSICAL REVIEW D69, 063509 ~2004!
hD2h5
~9m22mn

2!D2

3p2
1

3

2
nBD, ~11!

which is clearly positive in the range of interest since t
leading term is the second one and scales asm3D. This
means that nucleation is impossible in the temperature
gime where QCD pairing operates (T,TD), even in the
most favorable situation in which the nucleated phase is
equilibrium.

III. SURFACE EVAPORATION

Surface evaporation of hadrons has been addressed
first mechanism for nugget destruction by Alcock and Fa
@15#, as explained above. Using simple detailed balance
guments, they concluded that the flux of baryons from
surface was more than enough to evaporate the nugget
all but the highest~unphysical! masses. Further work revis
ited the issue by employing chromoelectric flux tube expr
sions@13#, which happened to be much smaller than the
ive flux employed originally. It was found that nugge
having a baryon number larger than 1039 could survive
evaporation. Another detailed study by Madsen, Heiselb
and Riisager@16# also considered explicitly the effect of fla
vor nonequilibrium at the surface of the nugget, and fou
that lumps with baryon number as low asA;1046 could
survive evaporation. These and other calculations@12# sug-
gest that a low surface baryon flux allows the survival
large, but not extreme, nuggets, perhaps down toA;1040

provided the evaporation flux is low enough. Therefore, i

FIG. 2. Sketch of the effects of CFL pairing on the boiling
nuggets. The stability window of SQM is realized between
lower dotted line and the solid horizontal line. Analogously, t
wider stability window of CFL SQM holds between the lower do
ted line and the short-dashed horizontal line, as marked@24#. For a
given temperature, boiling of primordial quark nuggets is allow
only above the parabolic-like curves~solid line for unpaired SQM
and dashed for CFL SQM!. In spite of the rising of the upper sta
bility limit for CFL SQM, the boiling curve also rises, and sinc
both curves lie above the corresponding upper limits for ma
stability ~horizontal lines!, quark matter nuggets must survive bo
ing ~with or without pairing!.
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of interest to understand what happens when quark pairin
introduced in this picture.

An evaporating lump is slightly cooler than the enviro
ment, which for temperatures;100 MeV is composed
mainly by photons, neutrinos, electrons, and their antip
ticles. Heat flows from the surrounding medium into t
lump, providing the energy to power the evaporation. N
the surface of the lump, there is a high concentration
baryons that have just evaporated. Due to their large m
free path, neutrinos are the most efficient energy carriers.
shall discuss the effects of pairing using a scaling of
simplest rate derived by Alcock and Farhi@15#, since the
latter provides a good description of all surface evaporat
rates presented in the literature. The number of hadr
evaporated from the surface per second is written as

R5a
s0mn

2p2
T2A2/3e2I /T ~12!

with I 520 MeV the binding energy, s053.1
31024 MeV22, andmn the neutron mass. The parametera
is introduced in order to reproduce approximately the beh
ior of the flux within very different models, which differ by
several orders of magnitude~see, e.g.,@13–15#!.

Above the critical temperature for pair formationTD , the
evaporation rate would be given by Eq.~12!. Below TD , we
use the same combinatorial criterion as in the previous s
tion for the breakup of quark pairs to write down the rate
evaporation from CFL nuggetsRD in a first approximation
as

RD5R3e23D/2T. ~13!

Since the energy cost of pair breakup is a general fea
of the models, we expect this suppression to hold quite
dependently of the detailed physics. The important featur
that surface evaporation rates get effectively quenched
soon as the CFL phase sets in, at a temperatureTD

50.57D, which is certainly much higher than the;2 MeV
necessary to stabilize the nuggets. Therefore, it may be
that CFL states freeze out the mass of the nuggets once
cool down toTD .

The parametrization of the surface evaporation rates gi
in Eqs.~12! and~13! allows a simple analytic solution of th
evolution equationdA/dt5R of the baryon number of the
nugget. This solution is

A1/3~T!5A0
1/32CE

T

T0e2I /T

T
dT, ~14!

where we have identified the initial baryon numberA0
[A(T0) and C5a(22s0mn)/(6p2)3@45/(172p3G)#1/2

~with G the Newton constant!.
As discussed in Refs.@15,18#, the beginning of the evapo

ration is possible when the nuggets are surrounded by
optically thin environment. The neutrino influx is then c
pable of powering the baryon evaporation at the nugget
face. The transition from the diffusive to transparent regi
satisfies the conditionGF

2T4A1/3'1 ~with GF the Fermi con-

r

9-4
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stant!. Evaporation is small before the nugget crosses
boundary curve. Thus, the temperatureT0 at which each nug-
get begins to evaporate is a function of the initial bary
contentA0, assumed to be the value it had at the format
temperature~see Figs. 3 and 4!.

It can be checked that, depending on the value of
pairing gapD, a subset of nuggets that proceed directly fro

FIG. 3. The baryon number evolution of quark nuggets a
function of the temperature of the Universe forD550 MeV. The
upper dashed line is the baryon number included within the horiz
The lower dashed line~given byGF

2T4A1/3'1) divides the regions
of diffusive neutrino heating and neutrino transparency of the e
ronment of the nuggets. There is almost no evaporation in the
fusive neutrino heating regime, simply because not enough en
is supplied to power the evaporation. The vertical line shows
temperatureTD below which pairing operates. The solid lines sho
the evolution of nuggets with three different initial baryon numbe
The heavier nugget reachesTD even before leaving the diffusive
neutrino heating regime, and therefore freezes out, retaining its
tial baryon number. The lighter of these nuggets evaporates c
pletely as soon as it enters the neutrino transparent regime.
intermediate mass nugget maintains its initial baryon number u
it enters the neutrino transparent regime. Thereafter, it evapo
substantially until it reaches the critical temperatureTD , where it
freezes out with a smaller mass. This nugget would have evapor
in the absence of pairing, as is apparent from the dotted cu
corresponding toD50. These calculations assumea51023, which
is much higher than the values given by chromoelectric flux tu
models but smaller than the extreme value given by detailed
ance.

FIG. 4. The same as the previous figure but forD5100 MeV.
Lower masses can now reach the pairing temperature and fr
out.
06350
is

n

e

the diffusive neutrino heating regime to the CFL paired st
may exist. Therefore, these nuggets remain essentially fro
with the same baryon number they had at their formati
The minimum baryon numberAfreeze that satisfies this con
dition is found inserting the relationTD50.57D in the tran-
sition condition above, and is given by

Afreeze53.3831044S 100 MeV

D D 12

. ~15!

Nuggets smaller thanAfreeze will evaporate substantially
once they enter the optically thin neutrino regime, but m
survive if they manage to cool down toTD with some finite
mass.

While quarks remain unpaired, the evaporation rate w
be given by Eq.~12!. Therefore, forTD,T,T0 the baryon
number density as a function of temperature is given by

A1/3~T!5A0
1/32C@Ei~2I /T!2Ei~2I /T0!#, ~16!

where Ei(x) is the exponential integral.
OnceT,TD , pairing reduces the evaporation rate to t

expression Eq.~13!, and the baryon number density as
function of temperature follows:

A1/3~T!5A0
1/32CFEiS 2I 2

3

2
D

T
D 2EiS 2I 2

3

2
D

TD

D
1Ei~2I /TD!2Ei~2I /T0!G . ~17!

A simple approximation for Ei(x), which is good within a
few percent in the range of interest, is the following:

Ei~x!5
exp~x!

x222x
, ~18!

which is useful for understanding the relative weight of ea
term in the corresponding temperature regimes. The c
plete results are depicted in Figs. 3 and 4. The effects of C
pairing are apparent when nuggets reachTD , since many of
them are able to survive while they would have been eva
rated in the absence of this pairing. As a corollary, we m
state quite generally that a given initial mass function
nuggets would be stretched towards the smallest masse
cause of CFL pairing. Detailed calculations of these featu
will be presented in a future publication. We finally stre
that this evaporating population may not exist at all, depe
ing on the form of the initial mass function.

IV. CONCLUSIONS

We have discussed in this work the effects of QCD pa
ing on the evaporation/boiling rates of quark nuggets
sumed to be formed during the cosmological quark-had
phase transition. These nuggets would be produced atTQCD
;150 MeV with maximum baryon numbersAmax
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;1049(100 MeV/TQCD)2 corresponding to the horizon sca
at that epoch. After formation, the nuggets are fragile
cause of the hot environment and may boil and/or evapo
into hadrons. The nuggets may survive if their destruction
not complete when the Universe cools down to a sufficien
low temperature.

We have shown in this work that the consideration
pairing brings an additional twist to the problem of nugg
survival at intermediate temperatures. Specifically, we h
shown that both the boiling and the surface evaporation
suppressed because of the presence of the gapD in the re-
spective rates.

Boiling of nuggets has already been discussed in the
erature and was found to be unlikely in the most realis
calculations. When CFL pairing is included, the boiling
also unlikely because, in spite of the increase of the stab
window, the rate is suppressed byD and the net effect pro
duceshD.0 in realistic cases.

In the case of surface evaporation, the fate of the nug
depends mainly on the~unknown! characteristics of the ini-
tial mass spectrum of the nuggets, their evaporation rate,
the value of the pairing gap. However, and independently
these uncertainties, many general trends can be notice
the value of the pairing gapD is sufficiently high, the nug-
gets perhaps as small as;1042 and up toAmax enter the CFL
,

tt.
d
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phase before leaving the regime that is opaque to neut
transport. Since pairing quenches the rate by a large fa
all these nuggets freeze out with essentially the same ba
number they had at formation. In general, the net resul
that many nuggets survive with smaller masses, which co
not have otherwise survived if pairing had not operat
Therefore, any initial mass function of nuggets will b
stretchedtowards the low-mass region after being partia
evaporated. Note that this behavior is obtained for evapo
ing fluxes that may be many orders of magnitude larger t
the very small values indicated by the chromoelectric fl
tube models.

We conclude that the survival of the nuggets~if formed! is
quite likely if they settle in a CFL state at a temperatu
TD5573(D/100 MeV) MeV, which may be true for the
whole population. Thus, CFL prevents further evaporati
boiling and effectively freezes out the masses of the nugg
A detailed numerical study of the whole evolution of th
nuggets is desirable to address this issue.
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