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Relics of cosmological quark-hadron phase transition
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We propose that the density fluctuations amplified by the vanishing sound velocity effect during the cosmo-
logical quark-hadron phase transition lead to quark-gluon plasma lumps decoupled from the expansion of the
universe, which rapidly transform to quark nuggets~QNs! before they disperse out. Assuming a power-law
spectrum of density fluctuations, we investigate the parameter ranges for the QNs to play the role of baryonic
dark matter and give inhomogeneities that could affect big-bang nucleosynthesis within the observational
bounds of CMBR anisotropy.
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As the temperature of the universe cools down to the c
cal temperatureTQ;150 MeV, the quark-hadron phas
transition ~QHT! occurs. If the QHT is first order, it is de
scribed by the nucleation of hadron bubbles and their gro
in the quark-gluon plasma~QGP! sea. As hadron bubble
occupy more than half of the whole space, the picture
comes that of QGP bubbles shrinking in the sea of hadro
Witten pointed out that the shrinking QGP bubbles in t
QHT may evolve to quark nuggets~QNs! which can play the
role of baryonic dark matter@1#. The baryon concentration in
the shrinking QGP bubbles also produces inhomogene
that could affect big-bang nucleosynthesis~BBN! @2#. Hy-
drodynamical analyses of these shrinking QGP bubbles h
been extensively studied in a numerical way@3#. Although it
is still controversial, recent lattice calculations show that
QHT is weakly first order@4#. Based on these calculations,
was estimated that the mean bubble separationl b;1 cm@5#,
which is too small for the QHT to achieve the effects me
tioned above.1

Recently, it was shown that the growth of subhoriz
scale fluctuations in the QHT is amplified because the so
velocity during the QHT vanishes@hereafter, we will call this
the sound velocity transition~SVT!# @7,8#. The sound veloc-
ity would not decrease much with the assumption of froz
volume fraction of the two phases@9#. However, this as-
sumption contradicts the rapid equilibration of pressure
temperature between the two phases and conflicts with
rapid reheating scenario@10#. With a negligible chemical po-
tential, the pressure of the cosmological fluid depends o
on the temperature. As the QHT proceeds, the pressure
mains constant in phase equilibrium withTQ , while the en-
ergy density of the mixed phase decreases. Thus the ise

1The inhomogeneous nucleation caused by the density fluctua
might produce enough baryon inhomogeneities to affect the in
mogeneous big-bang nucleosynthesis~IBBN! @6#.
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pic sound velocity vanishes for wavelengths much lar
than l b . The isentropic condition holds for fluctuations wit
wave numberk&104kH wherekH is the wave number of the
fluctuation that enters the horizon at the QHT, while sma
scales are damped away before the QHT@10# by neutrino
diffusion @11#. With the vanishing sound velocity, the pree
isting fluctuations grow without any pressure gradient a
restoring force so that their amplitudes are amplified. Amp
fied subhorizon scale fluctuations could result in clumps
cold dark matter such as axions and primordial black ho
~PBHs! @7#. Although it needs fine-tuned initial condition
@12#, the formation of PBHs of 1M (;1033 g, which can be
related to massive compact halo objects~MACHOs! @8#, is
also possible. It has been shown that the amplified fluct
tions in the hadronic phase would be washed out by neut
damping before the big-bang nucleosynthesis era@7,10# so
they could not have any significant effect on the dark ma
problem or on the IBBN. In this Brief Report, we propos
that the amplified fluctuations produce QGP lumps, wh
rapidly transform to QNs that could survive until today. Wi
a power-law assumption on the density fluctuation spectr
we find possible parameter ranges for which the QNs form
can play the role of dark matter and produce baryon num
inhomogeneities for the IBBN within the observation
bounds of CMBR anisotropy.

During the coexistence phase with durationDtQ
'(0.1–0.3)tQ , where tQ is the cosmological time at the
transition, the SVT amplifies the amplitudes of the subho
zon fluctuations with horizon crossing amplitudedH and
wave numberk up to dH

amp5(k/kH)zdH for kH&k&104kH

wherez'3/4 from the fit to the quenched lattice QCD da
andz'1 for the bag model@7#. The exponentz is obtained
for k@kH but we simply regard it as valid fork*kH . Due to
the SVT, the fluctuations with amplitude larger than the cr
cal amplitudedH

c 5(kH /k)z will enter the nonlinear regime
(dH

amp*1) during the transition. Since this condition is fa

on
o-
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weaker thandH
c ;1 in the ordinary case without the SVT

even small fluctuations withdH;(1024)z could be nonlin-
earized.

What will happen as the density fluctuations grow a
become nonlinear? The nonlinearization of fluctuations w
scalel can be studied by the evolution of overdense regi
of sizel. For simplicity, we will restrict our discussion onl
to the fluctuations withdH

c (k)!1, i.e., those with size fa
smaller than the horizon at the transition. With small amp
tudes, the overdense regions will be approximately in th
mal equilibrium with temperatureTQ at the first stage of the
transition. Overdense regions with largedH

c have a large tem-
perature deviation and this could result in complicated s
ations but the number of these regions is negligible co
pared to the small fluctuations. As the fluctuation amplitud
grow due to the SVT, the density of the overdense regi
will increase but the temperature of the two phases will n
For the relevant scale of the phase conversionl b;1 cm
;1026dH , nonvanishing sound velocityvs51/3 would cre-
ate equilibrium but superheating is impossible in the fluc
ating system. Instead, the density will grow by converti
the hadronic phase to the high density QGP phase, main
ing the pressure equilibrium and zero sound velocity forl
@ l b . When the overdense regions with;dc become nonlin-
ear, they recover the QGP phase at the end of the transi
Note that the degrees of freedom for the QGP phase
hadronic phase are 51.25 and 17.25, respectively. Thu
little larger dc is required but we will not consider this dif
ference seriously. In fact, even though a small change odc
causes a great difference in number densities, it caus
slight change to the minimum scale of the QGP lumps a
the QNs, etc. The nonlinearized overdense region will c
lapse, further increasing the temperature as well as the
ergy density of the QGP lumps for the collapsing timetcoll
;(Gr)21/2;tQ . Also note that the nonlinearized QG
lumps are decoupled from the cosmic expansion, keep
their temperatureTQGP;TQ while the outside temperatur
decreases with the cosmic expansion. Except for black h
formation, which requires larger amplitudes and so is ne
gible in amount, the QGP lumps will eventually disperse o
Before the dispersion, however, they could transform rap
to QNs. The QGP lumps are surrounded by the hadronic
after the QHT and they evaporate mainly mesons at t
surfaces. From the chromoelectric flux tube model~CFTM!,
the meson evaporation rate at the surface increases wit
creasing temperature and is 1023(1024) g cm23sec21 for
TQGP.150 (200) MeV @13#. Hence the time needed fo
the QGP lumps to be evaporated away forTQGP
;150 MeV is tevap;1021(1) msec;1022tQ(1021tQ) for
104kH(103)kH , faster than tcoll . For TQGP;200 MeV,
tevap is reduced by one more order of magnitude. Mea
while, the baryon penetrability turns out to be very low@14#
so that, as the QGP lumps evaporate, the baryon to ent
ratio inside the lumps, which initially equals the backgrou
value (nB /s)bg;10210, could increase up to the value of
needed for the transformation to QNs. Furthermore, w
the QGP lumps shrink to the size of the neutrino mean f
path l n;10(T/100 MeV)25 cm, the transformation is ac
06730
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celerated by the rapid entropy loss by the neutrinos. So
can conclude that the overdense regions withd*dc will rap-
idly transform to QNs.

The mass and size of the QGP lump can be specified
the baryon number in the lumpNB}k23 as MQ

5(NB /NB-H)MH
Q whereNB-H51049(TQ/100 MeV)23 is the

total baryon number contained in the horizon at the QH
The minimum scale relevant to the SVT isNB'1037. If one
takes the quark matter energy density. the QGP energy
density at the QHT, then the resulting QN massMQN
;kMQ wherek is the QN to QGP lump volume ratio. Th
QN mass and hencek can be estimated qualitatively as fo
lows. We simply takel n;10 cm. For large QGP lumps
whose sizes@ l n during their evolution, there are no efficien
ways to get rid of entropy and the QN will form solely b
surface hadronization~only by the increase ofnB). Thenk
;(nB /s)bg andnB should be increased to about the bary
number density of a nucleon;0.3 fm23. For these large
QGP lumps,MQN;1023(NB /NB-H) g. The QGP lumps with
NB&(nB /s)bg

21( l n /dH)3NB-H;1044, however, become
smaller thanl n during their evolution, thus causing ver
rapid entropy loss. Since the time scale for entropy lo
; l n /c;1029sec, the QGP lumps rapidly transform to QN
when they shrink to a size; l n , resulting ink;(1034/NB)
andMQN;1018 g. The entropy loss by neutrinos also occu
at distances& l n from the surface and it needs more detail
calculations to find the conditions for QN formation. In mo
els generating large entropy before the QHT@15#, the QNs
can be formed easily withk;1. This situation is not relevan
to our work, however, because there can be no SVT.

Once the QNs form, they are unstable to surface eva
ration @16# and boiling@17#. Only the QNs with baryon num-
ber larger than the critical baryon numberNB

c could survive
until today. With small baryon penetrability in the CFTM
NB

c is lowered and two results ofNB
c 51039,1044 are known

@18,19#. However, as claimed by the authors, their wo
overestimated the baryon evaporation. In particular, they
sumed flavor equilibrium in their calculations. Flavor no
equilibrium will reduceNB

c . So we takeNB
c as a free param-

eter bearing in mind the above values. The baryon numbe
the QNs needed to affect the IBBN is smaller thanNB

c , but
the difference will not be large considering the rapid evap
ration rate belowNB

c @18,19#.
Now, we have found the conditions for QN formatio

dH*dH
c and NB*NB

c . To estimate the number of QNs, w
just count how many overdense regions exist satisfying
conditions. We would like to emphasize that the number d
sity of the QNs depends greatly on the details of the den
fluctuation. Although the details of the QHT may rule o
QN formation from the shrinking QGP bubbles, wheth
QNs can be produced sufficiently from the SVT is anoth
problem. The SVT relaxes the condition for nonlinearizati
and enables more copious QN formation.

We assume a simple power-law spectrum of density fl
tuation with udku2}kn, wheredk is the Fourier transform of
d(x)[@r(x)2rb#/rb and the spectral indexn is a constant.
The initial power spectrum of the fluctuation amplitude
defined by the rms amplitude for a given logarithmic interv
1-2
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in k, d̄2(k)[k3udku2/2p2. From linear analyses, the rms am
plitude d̄ i(k) at t i , the time when the fluctuations develop,
related to the rms horizon crossing amplituded̄H(k) as fol-
lows: d̄H(k)5(k/kHi)

22d̄ i(k)5(k/k0)(n21)/2d̄H(k0) where
kHi is the wave number of the horizon scale att i and the
subscript 0 denotes the values at present. From the Co
Background Explorer~COBE! measurementd̄H(k0)'1025

@20#, and n.1.0120.07
10.09(20.14

10.17) with 68% (95%) confidence
limits from combined analyses of the MAXIMA-1, BOO
MERANG, and COBE/DMR observations@21#. The number
density of overdense regions withdH*dH

c can be found by
the Press-Schechter method@22#. The difference here is in
the scale dependence of the critical amplitudedH

c }k2z. The
initial mass spectrum of the QGP lump in the ran
(MH ,MH1dMH), where MH}MQ

2/3 is the horizon mass
n(MH)dMH}MH

a/4exp@2(dH
c /A2sH)2#dMH where a5n

12z211, sH5sH0(MH /MH0)(12n)/4 is the filtered ampli-
tude of d̄H(k), and sH05931025 @23#. Due to the scale
dependence ofdH

c , the mass spectrum has an exponen
cutoff even with then51 Harrison-Zel’dovich spectrum
For comparison,n(MH)}MH

(n211)/4exp(2MH
(n21)/2) with-

out the sound velocity transition@24#, so if n51 the mass
spectrum could have very broad mass ranges withn(MH)
}MH

25/2. Since the mass spectrum decreases rapidly, Q
with only NB.NB

c form significantly. Then the initial num-
ber fraction of QNs withNB

c can be approximated as

b i~MH
c !5sH~MH

c !expF2S dH
c

A2sH~MH
c !

D 2G .

Since the QNs can be regarded as pressureless dust, the
sity fraction at present is

VQN~ t0!5VQN~ teq!5
r i

req
S MQN

c

Mc
D S a~ teq!

a~ t i !
D 23

b i

where the subscripteq represents the values at matte
radiation equal time.Mc is the mass contained in the ove
dense region withkc at t i . The density fraction can be a
ranged to VQN(t0)5k(TQ/Teq)b i . Figure 1 shows the
relation betweenk and NB

c to satisfyVQN51 for somen.
Here k is regarded as an undetermined free paramete
seems impossible for QNs to be formed solely by surf
hadronization @k.(nB /s)bg#. The QGP lumps becom
smaller thanl n whenk5(NB

c /1034)21 ~the bold line in Fig.
1!. So, on the left side of the bold line, the QGP lumps c
evolve to QNs (nB /s;1) by further losing their entropy via
neutrinos. Within the observational limits ofn, QN formation
is relevant only forNB

c &1040. For n'1, it needsNB
c &1038

for z51, which is smaller than the CFTM results@18,19#.
With z50.75, QN formation is possible ifn*1.1. Assuming
k5(NB

c /1034)21, the upper limits onn are found from the
condition thatVQN should not exceed unity (VQN51 are the
bold lines in Fig. 2!. If NB

c &1038, the QN can give strong
constraints onnupper.1. With smallerVQN , even nupper
,1 is possible. PBHs could give at bestnupper*1.23, and
06730
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even weaker as the reheating temperature increases@23,25#.
Note that the upper limits onn do not depend ont i or the
reheating temperature in inflationary models.

Since QNs have positive electric surface potential of or
;MeV, they absorb only neutrons. This reduces the neut
to proton ratio, so lowering the helium production. Not
violate the observations, the QNs should have s
*1026 cm assumingVQN51 and perfect baryon penetra
bility ~even smaller with smaller penetrability! @26#. The cor-
respondingNB

c .1013, so the QNs considered here easily s
isfy the condition. More significant effects on the IBBN ca
be induced by evaporation of the QNs. The minimal requ
tion for the IBBN is that the mean separation between Q
should be larger than the proton diffusion length when BB
starts. This requires the mean separation of QNs at the Q
to be l QN*3 m @27#, ruling out the QNs from shrinking
QGP bubbles (l b'1 cm). We find l QN'nQN

21/3

'108(NB
c /NB-H)1/3b i

21/3 m. The upper values ofn for the
IBBN ( ł QN'3 m) are shown in Fig. 2. It can be seen th
the minimal condition is easily satisfied. The closure con
tion VQN<1 ~the bold line in Fig. 2! corresponds to de
manding l QN*50 m. It goes tol QN*100 m, demanding

FIG. 1. The parameter ranges fork and NB
c for TQ

5150 MeV.

FIG. 2. The relation between the spectral index and the inho
geneity scalel QN for TQ5150 MeV. The bold lines are the uppe
limits on n found fromVQN51 with k5(1034/NB

c ).
1-3
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VQN<0.1 ~not shown in Fig. 2!. Interestingly, demanding
0.1&VQN&1, l QN lies in the range for the IBBN to be ef
fective @27,28#. So the QNs can contribute to the density
the universe in the form of baryonic dark matter as well
affecting IBBN. Enhanced heavy element formation can
the signature for QNs@28#.

In summary, we have proposed that QNs can be form
by the SVT during the QHT. Their formation depends grea
on details of the density fluctuation rather than those of
QHT. We have found that they could be a dark matter c
didate and affect IBBN, unlike the QNs from shrinking QG
bubbles whose formation is severely constrained by the
cent lattice data. Also, QNs from the SVT could strong
-
,
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constrain the spectral index. Our analyses are so far ra
qualitative and include undetermined parameters such ak
andNB

c . Further systematic analyses are needed to get m
quantitative results. Recent balloon experiments on
CMBR suggest a large baryonic content in the universeVb
.0.03 @29#, which is significantly higher than the standa
BBN result. This is very inspiring to IBBN models and th
QN formation proposed in this work.
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