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Relics of the cosmological QCD phase transition
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The abundance and size distribution of quark nuggets~QN’s!, formed a few microseconds after the big bang
due to a first-order QCD phase transition in the early universe, has been estimated. It appears that stable QN’s
could be a viable candidate for cosmological dark matter. The evolution of baryon inhomogeneity due to
evaporated~unstable! QN’s is also examined.
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I. INTRODUCTION

As per the standard model, the universe, after a few
croseconds of the big bang, underwent a phase trans
from quarks and gluons to hadrons. There are well organ
efforts to mimic such a phase transition in the laborat
through heavy ion collisions at ultrarelativistic energies@1#.
Although there are similarities between the two scenar
the relatively long-time scales in the early universe ph
transition may indeed be more conducive to a reliable th
modynamic description. In the absence of any consensu
the order of QCD phase transition for two light and o
medium-heavy quarks from lattice calculations@2#, in the
present work we assume an underlying picture of a fi
order phase transition@3# from quarks and gluons to hadron
The central question we would like to address is what pl
sible remnants may have survived since that primordial
och. Crawford and Schramm@4# and Van Hove@5# argued
that fluctuations in the horizon scale, triggered by the ph
transition, may lead to the formation of primordial blac
holes, which could be as large asM ( , the solar mass
Schramm@6# has recently suggested that these black ho
could even be the candidates for the massive compact
objects@7,8#, which had of late been discovered in the ha
of the Milky Way, in the direction of the large magellan
cloud using the gravitational lensing techniques. On the o
hand, a first-order QCD phase-transition scenario involv
bubble nucleation at a critical temperatureTc;100–200
MeV could lead to the formation of quark nuggets~QN’s!,
made ofu, d, ands quarks at a density somewhat larger th
normal nuclear matter density. If these primordial QN’s
deed survive till the present epoch, they could be a poss
candidate for the baryonic component of the dark matter@3#.
Such a possibility would be aesthetically rather pleasing
it would not require invoking any exotic physics nor wou
the success of the primordial~big bang! nucleosynthesis sce
nario be materially affected@9–12#.

*Present address: Physics Department, Kyoto University, Ky
606-8502, Japan.
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The central question in this context is, thus, whether
primordial QN’s can be stable on a cosmological time sca
The first study on this issue was addressed by Alcock
Farhi @13# who argued that neutrons could be liberated a
emitted from a QN at temperatureT>I N , where I N
(;20–80 MeV) is the neutron ‘‘binding energy,’’ i.e., th
difference between energy per baryon in strange matte
zero temperature and the mass of the nucleon. They ca
lated the rate of baryon evaporation from QN’s by usi
detailed balance between the two processes of neutron
sorption and emission in a system consisting of QN’s~of all
possible baryon numbers! and neutrons. They also assumed
geometric cross section for the neutron absorption by
QN’s and complete transparency of the nugget surface
neutrons. This gave the result that QN’s even with the larg
allowed initial baryon number@i.e., the total baryon numbe
NB,hor'1049(100 MeV/T)3 contained in a horizon-size vol
ume of the universe, at the time of formation of the nugg
T being the temperature of the universe at that time# were
unstable with respect to baryon evaporation. These res
apparently eliminated the possibility of any QN surviving t
the present epoch.

Madsenet al. @14# then pointed out that, since evapor
tion was a surface process, emission of neutrons~proton
emission was suppressed due to the Coulomb barrier! made
the surface layer deficient inu andd quarks, although rela-
tively enriched ins quarks. The rate of conversion ofs
quarks back tou andd quarks as well as convection ofu and
d quarks from the core of the nugget to the surface were b
too slow to establish flavor chemical equilibrium betweenu,
d, and s quarks on the surface layer. As a result of th
deficiency ofu and d quarks in the surface layer, furthe
nucleon evaporation was suppressed. Madsenet al. found
that QN’s with initial baryon numberNB>1046 could well be
stable against baryon evaporation.

QN’s at temperatures above a few MeV could also
subject to the process of ‘‘boiling’’@15#, i.e., spontaneous
nucleation of hadronic bubbles in the bulk of the nugget a
the consequent conversion of the nugget into nucleons. M
sen and Olesen@16# however, showed that although boilin
is thermodynamically allowed, the time scale for bubb
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ABHIJIT BHATTACHARYYA et al. PHYSICAL REVIEW D 61 083509
nucleation inside QN’s is too long compared to the tim
scale of surface evaporation for reasonable values of the
rameters used.

All of the above studies used thermodynamic and bind
energy arguments to calculate the baryon evaporation
the microscopic dynamics determining the probability
baryon formation and emission had been neglected. Cle
for a realistic description of the process a dynamical mo
of baryon emission from QN’s was needed.

Earlier, Bhattacharjeeet al. @17# used the chromoelectri
flux tube model~inspired by QCD! to demonstrate that th
QN’s would survive against baryon evaporation, if t
baryon number of the quark matter inside the nugget w
larger than 1042. For reasons explained in Ref.@17#, this
estimate is rather conservative. Sumiyoshi and Kajino@18#
estimated within a similar approach that a QN with an init
baryon number;1039 would survive against baryon evapo
ration.

It may also be mentioned in this context that Madsen a
Riisager@12# had calculated the minimum size of the QN
from the constraint imposed by the primordial He abu
dance. The authors showed that the minimum radius of
QN’s should be more than;1026 cm, otherwise the ab
sorption of neutrons by the QN’s will upset the neutron
proton ratio in the universe, resulting in a helium abunda
in complete disagreement with the experimental results.

In spite of these efforts, not much attention has been p
towards the issues of formation and size distribution of
surviving quark nuggets in the universe. The size distribut
and abundance of the QN’s is very important in the cont
of their candidature as dark matter. The calculation o
lower cutoff in size, if any, would tell us what can be th
minimum size and the baryon number content of a QN t
we should look for. On the other hand, the distribution fun
tion also indicates the most probable size of the QN’s. S
studies in the framework of the grand unified theory ph
transition and the associated ‘‘trapped false vacuum
mains’’ have been done earlier@19#. The basic contention o
this paper is to carry out these studies for the QCD ph
transition in the early universe. We also study the evolut
of baryon inhomogeneity created by evaporating QN’s, w
baryon number lower than the survivability window, as me
tioned above, due to the conduction of heat by neutrinos,
consequently the dissipation of the baryon inhomogeneit

We organize the paper as follows. In Sec. II we evalu
the size distribution of the QN’s. The results for differe
nucleation rates have been discussed. Section III contain
evolution of baryon inhomogeneity which originated due
the unstable QN’s. In Sec. IV we conclude.

II. THE SIZE DISTRIBUTION OF QUARK NUGGETS

The evolution of the universe during the QCD phase tr
sition is governed by Einstein’s equations:

S Ṙ

R
D 2

5
8pr

3mpl
2

;
d~rR3!

dt
1P

dR3

dt
50, ~1!
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wherer is the energy density,P is the pressure, andmpl is
the Planck mass. In the above equation,R is the cosmologi-
cal scale factor in the Robertson-Walker space time an
defined by the relations

ds252dt21R2 dx25R2~2dj21dx2!,

dx25dX21X2~sin2 u df21du2!, ~2!

whereX is the coordinate radius, i.e., the radius in the unit
the cosmological scale factorR(t).

It is well known that in a first-order phase transition, th
quark and the hadron phases coexist in a mixed phase a
critical temperature of transition. Around the critical tem
perature, the universe consists of leptons, photons, and
massless quarks, antiquarks, and gluons, described in
case by the MIT bag model with an effective degenera
gq(;51.25). The hadronic phase contains relativisticp me-
sons, photons, and leptons with a small baryon con
(rB /rg;10210) and is described by an equation of sta
corresponding to massless particles with an effective deg
eracygh517.25. The energy densities and the pressure
hadronic and quark matter are given by

rh5
p2gh

30
T4; rq5

p2gq

30
T41B,

Ph5
p2gh

90
T4; Pq5

p2gq

90
T42B, ~3!

whereB is the bag constant.
The evolution of the scale factor in the mixed phase

given by ~see also@20#!,

R~ t !/R~ t i !5FcosS arctanA3r 2A 3

r 21

3~ t2t i !/tcD G2/3Y @cos~arctanA3r !#2/3. ~4!

In the process we also get the volume fraction of the qu
matter f (t) in the mixed phase as

f ~ t !5
1

3~r 21!
F tanH arctanA3r 2A 3

r 21

t2t i

tc
J G2

2
1

r 21
,

~5!

wherer[rq /rh , tc5A3mpl
2 /8pB is the characteristic time

scale for the QCD phase transition in the early universe
t i is the time when phase transition starts.~The definition of
r and hence the expressions ofR(t) and f (t) here are some-
what different from that in Ref.@20#!. The characteristic time
scale depends on the bag constant and hence on the cr
temperature of the quark-hadron phase transition (Tc). In
fact tc5144 ms for Tc5100 MeV andtc564 ms for Tc
5150 MeV.

In the coexisting phase, the temperature of the unive
remains constant atTc , the cooling due to expansion bein
compensated by the liberation of the latent heat. In the us
9-2
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RELICS OF THE COSMOLOGICAL QCD PHASE TRANSITION PHYSICAL REVIEW D61 083509
picture of bubble nucleation in a first-order phase-transit
scenario hadronic matter starts appearing as individ
bubbles. With the progress of time, more and more hadro
bubbles form, coalesce, and eventually percolate to form
infinite network of hadronic matter which traps the qua
matter phase into finite domains. The time when the per
lation takes place is usually referred to as the percola
time tp , determined by a critical volume fractionf c , @ f c
[ f (tp)# of the quark phase.

In an ideal first-order phase transition, the fraction of t
high-temperature phase decreases from the critical valuef c ,
as these domains shrink. For the QCD phase transition, h
ever, these domains could become QN’s and as such
may assume that the lifetime of the mixed phaset f;tp .

As mentioned above, just after percolation one can h
pockets of quark matter trapped as bubbles in the amb
hadronic matter. The probability that a spherical region
coordinate radiusX at time tp with nucleation rateI (t) lies
completely within the quark matter domain is given by@19#

P~X,tp!5expF2
4p

3 E
t i

tp
dt I~ t !R3~ t !@X1X~ tp ,t !#3G ,

~6!

whereX(tp ;t) is the coordinate radius of a bubble, at tim
tp , which was nucleated at timet.

For convenience, let us now define a new set of variab
z5XR(t i)/vtc , x5t/tc, and r (x)5R(x)/R(xi), wherev is
the radial growth velocity of the nucleating bubbles. The

P~z,xp!5expF2
4p

3
v3tc

4E
xi

xp
dx I~x!@zr~x!1y~xp ,x!#3G ,

~7!

where

y~x,x8!5E
x8

x

r ~x8!/r ~x9!dx9. ~8!

So the fraction of quark matter present at timetp is

f c5P~0,xp!5expF2
4p

3
v3tc

4E
xi

xp
dx I~x!y3~xp ,x!G .

~9!

Let us now look at the size distribution of the trapp
quark matter domain~TQMD!. In order to do so we will
follow the procedure of Ref.@19#. The difference of our work
from that of Kodamaet al. is that we have considered ex
actly spherical nuggets whereas they have included a de
mation factor. It should, however, be noted that the deform
tion factor, as found by Kodamaet al., is small. Moreover,
due to the presence of nonzero surface tension in cas
QCD phase transition the bubbles are likely to be spheri
Even more importantly, we focus our attention on the per
lation time tp when the hadronic matter forms the ambie
background. All these considerations allow us to consider
false vacuum domains~the quark phase! as being spherical in
shape. Following Ref.@19# let us assume thatF(X;t)dX is
the number of TQMD’s per unit volume within the siz
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$X,X1dX% at time t. ThenP(X,t) can be thought to be the
probability that a QN of coordinate radiusX at a fixed posi-
tion is contained in a TQMD. Now a TQMD of sizeh can
contain such a sphere of sizeX only when the center of
TQMD lies within the coordinate radiush2X from the cen-
ter of the sphere. Ifa is the minimum size of a TQMD, i.e.
F(X,t) vanishes forX,a then one can write

P~X;t !5E
a1X

` 4p

3
~h2X!3F~h;t !dh. ~10!

The distribution function vanishes forX,a. One can
now solve the above equation using Laplace transforma
to obtainF(X) ~see the appendix!.

The result, in terms ofz, is

F~z!5
3u~z2a!R~ t i !

4

4pa3v4tc
4 F2P8~X2a!2

3P~X2a!

a

1
1

a2E
0

`

dh P~h1X2a!$le(2lh/a)1ve(2vh/a)

1v̄e(2v̄h/a)%G
5

R~ t i !
4

v4tc
4 f ~z!. ~11!

The solution of the equationF(a)50 gives the minimum
size of the quark nuggeta. Now, the number of nuggets pe
unit volume is given by

nQ5R23~ tp!E
a

`

F~X!dX5R23~ tp!E
a

`R3~ t i !

v3tc
3 f ~z!dz.

~12!

The volume of each quark nugget is given by4
3 p(zvtc)

3.
Since the visible baryon constitutes only 10% of the clos
density (VB50.1 from standard big bang nucleosynthesis!, a
total of 1050 baryons will close the universe baryonically
T5100 MeV. We emphasize at this point that these QN
would not disturb the standard primordial nucleosynthe
results to any considerable extent, as they would not par
pate in usual nuclear reactions. Therefore, if we assume
the total baryon content of the dark matter is carried by
quark nuggets, then,

NB51050@100/T~MeV!#35VH

4pR3~ t i !

3R3~ tp!
rBE

a

`

f ~z!z3 dz,

~13!

whereVH is the horizon volume andrB is the baryon density
inside each nugget. We now solve the above equations
consistently to obtaina, tp, and f c . These values are the
used to study the size distribution of the quark nuggets.

To calculate the size and distribution of QN’s we need
know the rate of nucleation during the phase-transition p
cess. Many authors@22–24# have proposed various nucle
ation rates for the QCD phase transition. In the absence
9-3
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ABHIJIT BHATTACHARYYA et al. PHYSICAL REVIEW D 61 083509
consensus as to which rate is preferable to others, we loo
several of them. We begin with the rate proposed by Cotti
ham et al. @23# which is based on the Lee-Wick model o
effective QCD. They calculated the Lee-Wick potential
finite temperature to obtain the following nucleation rate:

I ~ t !5T4S S

2pTD 3/2

exp~2S/T! ~14!

with

S5
2p

3 S ms0
2

3 D 3 1

P2 ,

P5
7p2

30
~Tc

42T4!, ~15!

wheres05100 MeV andm5939 MeV.
Csernai and Kapusta@24# proposed a nucleation rat

which is of the form

I ~ t !5r T exp@2D/~12t/tc!
2# ~16!

with

FIG. 1. Distribution of QN,f (n̄B), as a function ofn̄B using
nucleation rate proposed by Cottinghamet al.

FIG. 2. Same as Fig. 1, using nucleation rate proposed by C
nai and Kapusta. The value ofs is 10 MeV fm22.
08350
at
-

t

D5
16ps3

48B2Tc
, ~17!

where s is the surface tension andr T is a temperature-
dependent constant. They have calculated the p
exponential factorr T from an effective field theory of QCD
This nucleation rate is the same as the general form propo
by Landau and Lifshitz@25#, apart from the pre-exponentia
factor.

Let us discuss the results obtained so far. In Table I
have shown the dependence of the minimum radius o
quark nugget and the number of QN’s within the horizon ju
after the QCD phase transition on the value ofTc for differ-
ent nucleation rates. For the nucleation rate proposed
Csernai and Kapusta, we have varied the surface ten
from s510– 50 MeV fm22. We have found that the mini
mum radius varies from 9.631023 meter to 1.66 m.

In Fig. 1 we have plotted the distribution of QN,f (n̄B), as
a function ofn̄B using the nucleation rate proposed by Co
tinghamet al., for different values ofTc , where n̄B is the
baryon number content of a single QN. We see that forTc
5100 MeV distribution of QN peaks at baryon numb
;731045 and there is almost no QN with baryon numb
larger than 1047. For Tc5150 MeV these values are 1042

and 1043, respectively. In Figs. 2 and 3, similar results ha
been shown for nucleation rate proposed by Csernai and

r-
FIG. 3. Same as Fig. 2 withs550 MeV fm22.

TABLE I. Different values of minimum radius andNB for the
different nucleation rates.

s Tc Minimum radius NQN

(MeV/fm22) ~MeV! ~meter!

Cottinghamet al. 100 1.66 7420
150 0.083 1.73107

10
Csernaiet al. 100 0.117 2.13107

150 0.0096 3.831010

50
Csernaiet al. 100 1.25 1.73104

150 0.0882 1.43107
9-4
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pusta, fors510 and 50 MeV fm22, respectively. We see
that for a fixedTc , the minimum radius increases with in
crease ins. Figure 3 shows that the maximum number
nuggets are around a baryon number of;2.531042 at Tc
5100 MeV whereas the number of nuggets goes to z
after 431043. Similar results forTc5150 MeV are also
shown in the figures. We should mention at this stage
the lower cutoffs that we have obtained here are certa
allowed by the study of Madsenet al. @12# within the rea-
sonable set of parameters.

The question which arises next is whether these nug
will survive till the present epoch. Earlier studies@17# have
shown that the nuggets having baryon number less than42

will not survive till the present epoch. This suggests that
the cases considered here forTc5100 MeV will give stable
nuggets. However, from Figs. 1 and 3, it can be seen t
for Tc5150 MeV, some of the nuggets will not surviv
Figure 2 suggests that fors510 MeV fm22, none of the
nuggets will survive whenTc5150 MeV. Given the presen
state of the art, there is no way to choose any one of
possibilities as the preferred one. We should, therefore, c
sider the situation that while some nuggets may indeed
stable and constitute cold dark matter, some smaller nug
may evaporate, creating sizeable baryon inhomogeneitie
Sec. III we will study the evolution of these inhomogeneiti
with time and/or temperature.

III. EVOLUTION OF BARYON INHOMOGENEITIES
DUE TO EVAPORATED QUARK NUGGETS

Our aim in this section is to study the implications
those QN’s that do evaporate away,assuming, of course, that
they were formed in the early universe. When a QN disso
ates into nucleons, the latter initially form a clump with hig
baryon overdensity relative to the density of baryons in
ambient universe. The baryon density in the clump th
gradually decreases as various physical processes ten
‘‘flatten’’ the clump. We study the evolution of the highl
nonlinear baryonic inhomogeneities represented by th
high-density clumps due to dissociated QN’s created a
the epoch of quark-hadron phase transition atT
;100 MeV, T being the temperature of the universe.

The evolution of large, nonlinear baryon inhomogeneit
in the early universe has been studied in detail recently,
pecially in the context of possible creation through ele
troweak baryogenesis process@26–28# of large baryon inho-
mogeneities during the epoch of a possible first-or
electroweak symmetry-breaking phase transition atT
;100 GeV. The single most dominant physical process
determines the evolution of large baryon inhomogeneitie
the early universe before the epoch of neutrino decoup
~at T;1 MeV) is the so-called ‘‘neutrino inflation.’’ Any
large baryonic clump in pressure equilibrium with the am
ent universe would have a slightly lower temperature ins
the clump relative to the temperature of the ambient s
roundings, due to the excess pressure contributed by the
cess baryons inside the clump. As a result, heat would
conducted into the clump from the ambient medium. T
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particles most efficient in conducting heat into the clump
the neutrinos which have, by far, the largest mean free p
~MFP! amongst all the relevant elementary particles. As n
trinos cross the clump they deposit energy into the clu
thereby heating up the clump. The clump then expands
order to achieve pressure equilibrium under this changed
cumstance, and so the baryon density within the clump
creases as the clump expands. This process of expan
~‘‘inflation’’ ! of the clump due to neutrino heat conductio
continues until the neutrinos decouple at aroundT
;1 MeV. For any given size of a clump, the time scale
which a clump achieves pressure equilibrium with the s
roundings is essentially the hydrodynamic expansion ti
scale or the time taken by sound to traverse the clump, wh
can be shown to be smaller than the heat transport time s
for neutrinos. It is, therefore, a good approximation to tre
the evolution of the clump as going through a succession
pressure equilibrium stages with decreasing density ins
the clump. After neutrino decoupling the evolution of th
clump is determined mainly by the process of baryons slo
diffusing out of the high-density clump to the ambient m
dium.

In this section, we study the evolution of the baryon
clumps created by evaporated QN’s under neutrino inflati
It is to be mentioned here that the linear relationship,
sumed in Ref.@26#, between the baryon overdensity within
clump and the fractional temperature difference of the clu
relative to the ambient temperature, turns out to be invalid
our case of extremely large initial baryon overdensity crea
by the evaporated QN’s, as we discuss below. As a con
quence, we need to numerically solve the full nonlinear pr
sure equilibrium equation for a clump in order to obtain t
relationship between those quantities. Furthermore, the
tial baryon overdensity within the clump in our case can
so large ~e.g., ;1012) @21# that baryon-to-entropy ratio
within the clump could be initially greater than unity i
which case the dominant contribution to the MFP of neu
nos would come initially from neutrino-nucleon scatterin
rather than from neutrino-lepton scattering assumed in R
@26#. The above two considerations make a straightforw
application of the results of Ref.@26# invalid in our case of
large baryonic inhomogeneities due to evaporating QN
hence the need to do anab initio calculation for inhomoge-
neities with initial overdensity significantly larger than tho
studied in Ref.@26#. In this respect, we believe the calcul
tions in this paper, although done in the specific context
inhomogeneities due to quark nuggets, have much wider
lidity and application. We would like to mention at this stag
that we are interested in studying only the neutrino inflat
process which will be operative tillT51 MeV. So we re-
strict our calculation up to that temperature. Also, the o
difference from the work of Ref.@26# is that we have solved
the full nonlinear pressure equation.

The pressure equilibrium equation for a baryonic clum
with baryon number densityrB* [dNrB and temperatureT*
[T(12dT) in the background universe at temperatureT
and baryon number densityrB can be written as

rB* T* 1
1

3
geff~T* !aT* 45rBT1

1

3
geff~T!aT4, ~18!
9-5
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ABHIJIT BHATTACHARYYA et al. PHYSICAL REVIEW D 61 083509
wheregeff(T) is the effective number of relativistic degree
of freedom in the universe at temperatureT contributing to
the energy density and pressure, anda5p2/30. The baryons
within the clump as well as outside are assumed to be id
gases of nonrelativistic particles with pressuresrB* T* and
rBT, respectively. AssumingdN>1, dT<1, and geff(T* )
'geff(T), we get from Eq.~18!,

dT.
hdN

11hdN
, ~19!

whereh5rB /s, s being the entropy density. The baryon-t
entropy ratioh in the universe is essentially constant for t
temperature range of our interest,s'2.63108VB

21h22,
where VB is the baryonic mass density in the univer
in units of the closure density, andh5H0 /
(100 km s21 mpc21), H0 being the present value of th
Hubble constant.

Equation~19! shows that if the baryon overdensitydN in
the clump satisfies the conditionhdN!1, thendT.hdN ,
i.e.,dT is linearly proportional todN @26#. On the other hand
for overdensities satisfyinghdN@1, Eq. ~19! gives dT;1,
which is inconsistent with the assumptiondT!1 under
which Eq.~19! is derived. Clearly, then, for sufficiently larg
overdensities for whichdN>h21, the assumptiondT!1 is
not valid, and so we need to solve the full nonlinear press
equilibrium equation, Eq.~18!, to obtain the relationship be
tweendT and dN . This is the essential difference betwe
our work and that of Ref.@26#. The result is demonstrated i
Fig. 4.

Now, for a given overdensitydN of the clump at some
time t when the temperature of the universe isT, the rate of
energy deposited into the clump by neutrinos depends u
whether the sizeL (52R, R being the radius! of the clump
~assumed spherical! is larger or smaller than the MFP (ln),
of neutrinos through the clump at that time. Forln<L the

FIG. 4. The relation between baryon inhomogeneity and te
perature difference. The dotted line corresponds to the solutio
Eq. ~18! and the solid line corresponds to the linear approximat
as discussed in the text.
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clump will not inflate by any significant amount because t
energy deposition by ambient neutrinos will occur mainly
a thin surface layer of the clump leaving the bulk of t
clump unaffected. Indeed in this case the heating of
clump will be governed by slow diffusion@27# of neutrinos
inside the clump. However,ln in the early universe in-
creases rapidly asT decreases, typically,ln}T25. This
means that a clump of any given sizeL will quickly come
within the ‘‘neutrino horizon,’’ such thatln becomes larger
thanL before any significant neutrino inflation of the clum
takes place. Indeed, most of the neutrino inflation of
clump will take place whenL;ln and L>ln . The evolu-
tion of dN with time ~temperature! is governed by the fol-
lowing differential equations@26,29#:

ddN

dt
52

4

R

rn

r
dTdN ~20!

for L;ln ,

ddN

dt
52

3

4

1

ln

rn

r
dTdN ~21!

for L.ln .
The typical values of the overdensitydN and sizeL of

those overdensities expected from QN evaporation, are
culated by Isoet al. @21#. The values ofdN could be as large
as 1012 and R;10 cm. Since nothing is known about th
initial overdensitydN and the length scaleL, we study the
evolution of the baryon overdensities for various initial va
ues ofdN andL by solving Eqs.~20! and~21!. In Fig. 4 we
have shown the importance of considering the nonlin
term. It can be seen from the figure that at highdT/T the
linear relation breaks down quite substantially. The nugg
which will not be stable against evaporation will form high
dense baryonic lumps. We have studied the evolution
these lumps with time. Neutrinos play an important role
the evolution of these lumps up to 1 MeV. The results a
shown in Fig. 5. Lumps with initial overdensity<108 are not

-
of
n

FIG. 5. The evolution of baryon inhomogeneity with temper
ture, for different sizes of the clump and different initial temper
ture, due to neutrino inflation.
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affected by the neutrino conduction. The final values of
overdensity are smaller for higher initial temperature.

From the above discussion and Fig. 5 it is clear that so
overdensity is left out after the neutrino inflation which is
the order of 107. This overdensity, as it looks, is a sizeab
amount. The baryon diffusion starts dominating after
neutrinos fall out of equilibrium (T;1 MeV). From T
51 MeV to the beginning of the nucleosynthesis, i.e.,T
50.1 MeV baryon diffusion is the most dominant proce
as far as the dissipation of the overdensities are concerne
the baryon diffusion lengths are larger than the typical s
of the inhomogeneities then the overdensities will be was
out due to this process. As a result these objects will not a
the standard big bang nucleosynthesis scenario. This
been shown for the baryon inhomogeneity created at
electroweak scale by Brandenbergeret al. @30#. These find-
ings once again support the existence of nuggets. If
evaporating nuggets would have left very high asymmet
in the universe than the observed He4 abundance, which is
thought be very well determined, would have been violat
a scenario not very comfortable with the survival of qua
nuggets.

IV. CONCLUSION

In this work we have estimated the abundance of qu
nuggets in various nucleation scenarios with different val
of critical temperature and surface tension of the bubble.
have found that within a reasonable set of parameters Q
may be a possible candidate for cosmological dark ma
The evolution of baryon inhomogeneities, formed due to
unstable QN’s, have also been studied.

APPENDIX

In this appendix we follow Ref.@19# to solve the follow-
ing integral equation:

P~X;t !5E
a1X

` 4p

3
~h2X!3F~h;t !dh. ~A1!

Differentiating the above equation for four times we get

3

4p
P(4)~X!52D~a]X!F~X!, ~A2!

where

D~a]X!5a3
]3

]X323a2
]2

]X226a
]

]X
26. ~A3!

Let

L„F~X!…5F̄~p!5E
0

`

F~X!e2pX dp, ~A4!
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whereL(A) is the Laplace transform ofA. Now using the
Laplace transformations of the derivatives we have

3

4p
P(4)~X!5D~ap!F̄~p!e2ap, ~A5!

where we have neglected an arbitrary constant. Now,

F~X!5
3

4p

1

2p i Ec2 i`

c1 i` P(4)~p!

D~ap!
ep(X2a) dp

5
3

4pE0

`

dh P(4)~h!
1

2p i Ec2 i`

c1 i` ep(X2a2h)

D~ap!
dp

3F2P(1)~X2a!2
3

a
P~X2a!

1
1

a2E
0

`

dh P~h1X2a!

3$le2lh/a1ve2vh/a1v̄e2v̄h/a%G , ~A6!

F~X!5
3u~X2a!

4pa3 F2P8~X2a!2
3P~X2a!

a

1
1

a2E
0

`

dh P~h1X2a!$le(2lh/a)1ve(2vh/a)

1v̄e(2v̄h/a)%G , ~A7!

wherel, v, andv̄ are the solutions of the equation

x323x216x2650. ~A8!

In terms of the variablez, Eq. ~A7! looks like

F~z!5
3u~z2a!R~ t i !

4

4pa3v4tc
4 F2P8~X2a!2

3P~X2a!

a

1
1

a2E
0

`

dh P~h1X2a!$le(2lh/a)1ve(2vh/a)

1v̄e(2v̄h/a)%G
5

R~ t i !
4

v4tc
4 f ~z! ~A9!

with

a→ avtc

R~ t i !
; h→ hvtc

R~ t i !
. ~A10!
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