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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 nuggé@Ns) 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 critipic sound velocity vanishes for wavelengths much larger
cal temperatureTo~150 MeV, the quark-hadron phase thanl,. The isentropic condition holds for fluctuations with
transition (QHT) occurs. If the QHT is first order, it is de- wave numbek= 10°k,, wherek is the wave number of the
scribed by the nucleation of hadron bubbles and their growthiuctuation that enters the horizon at the QHT, while smaller
in the quark-gluon plasméQGP sea. As hadron bubbles scales are damped away before the QHT] by neutrino
occupy more than half of the whole space, the picture begiffusion [11]. With the vanishing sound velocity, the preex-
comes that of QGP bubbles shrinking in the sea of hadronsgiing fluctuations grow without any pressure gradient and
Witten pointed out that the shrinking QGP bubbles in theeioring force so that their amplitudes are amplified. Ampli-
QHT may evolve to quark nugget®Ns) which can play the o subhorizon scale fluctuations could result in clumps of
role of baryonic dark mattgi]. The baryon concentrationin .4 qark matter such as axions and primordial black holes
the shrinking QGP bubbles also produces inhomogeneitieﬁbBHQ [7]. Although it needs fine-tuned initial conditions

that could affect big-bang nucleosynthe$BBN) [2]. Hy- . 3 .
i . 12], the formation of PBHs of M5~ 10> g, which can be
drodynamical analyses of these shrinking QGP bubbles ha\lreelated to massive compact halo obje#ACHOS) [8], is

been extensively studied in a numerical Way. Although it . e
is still controversial, recent lattice calculations show that theaISO possible. It has been shown that the amplified fluctua-

QHT is weakly first ordef4]. Based on these calculations, it tions i_n the hadronic phase would be Washed_out by neutrino
was estimated that the mean bubble separdgjer. cm[5],  damping before the big-bang nucleosynthesis [&a0] so
which is too small for the QHT to achieve the effects men-they could not have any significant effect on the dark matter
tioned abové. problem or on the IBBN. In this Brief Report, we propose
Recently, it was shown that the growth of subhorizonthat the amplified fluctuations produce QGP lumps, which

scale fluctuations in the QHT is amplified because the sountapidly transform to QNs that could survive until today. With
velocity during the QHT vanishd$ereafter, we will call this @ power-law assumption on the density fluctuation spectrum,
the sound velocity transitio(BVT)] [7,8]. The sound veloc- Wwe find possible parameter ranges for which the QNs formed
ity would not decrease much with the assumption of frozercan play the role of dark matter and produce baryon number
volume fraction of the two phasd®]. However, this as- inhomogeneities for the IBBN within the observational
sumption contradicts the rapid equilibration of pressure andbounds of CMBR anisotropy.
temperature between the two phases and conflicts with the During the coexistence phase with duratioftg
rapid reheating scenarfd0]. With a negligible chemical po- ~(0.1-0.3}o, wheretq is the cosmological time at the
tential, the pressure of the cosmological fluid depends onlyransition, the SVT amplifies the amplitudes of the subhori-
on the temperature. As the QHT proceeds, the pressure re@on fluctuations with horizon crossing amplitudg and
mains constant in phase equilibrium wifly, while the en-  wave numberk up to 63"P= (k/ky)¢sy for ky=<k=10ky
ergy density of the mixed phase decreases. Thus the isentrathere 7~ 3/4 from the fit to the quenched lattice QCD data

and{~1 for the bag mod€]7]. The exponent is obtained

for k>ky, but we simply regard it as valid f&&=ky . Due to

The inhomogeneous nucleation caused by the density fluctuatioffl® SVT, the fluctuations !Vith amplitude larger than the criti-
might produce enough baryon inhomogeneities to affect the inhocal amplitudesy, = (k. /k)¢ will enter the nonlinear regime
mogeneous big-bang nucleosynthe$BBN) [6]. (83™P=1) during the transition. Since this condition is far
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weaker thansy,~1 in the ordinary case without the SVT, celerated by the rapid entropy loss by the neutrinos. So we
even small fluctuations witts,~ (10~ #)¢ could be nonlin- can conclude that the overdense regions Withs, will rap-
earized. idly transform to QNSs.

What will happen as the density fluctuations grow and The mass and size of the QGP lump can be specified by
become nonlinear? The nonlinearization of fluctuations witithe baryon number in the lumpNgxk 3 as Mg
scale\ can be studied by the evolution of overdense regions= (NB/NB_H)MS whereNg.= 1049(TQ/100 MeV) 3 is the
of size\. For simplicity, we will restrict our discussion only total baryon number contained in the horizon at the QHT.
to the fluctuations withsy,(k)<1, i.e., those with size far The minimum scale relevant to the SVTNg~ 10%". If one
smaller than the horizon at the transition. With small ampli-takes the quark matter energy density the QGP energy
tudes, the overdense regions will be approximately in therdensity at the QHT, then the resulting QN malkyy
mal equilibrium with temperatur@, at the first stage of the ~«Mq wherex is the QN to QGP lump volume ratio. The
transition. Overdense regions with largg have a large tem- QN mass and hence can be estimated qualitatively as fol-
perature deviation and this could result in complicated situlows. We simply takel,~10 cm. For large QGP lumps
ations but the number of these regions is negligible comWwhose SIZE§>!V during their evolution, ther_e are no efficient
pared to the small fluctuations. As the fluctuation amplitude&Vays 1o get rid of entropy and the QN will form solely by
grow due to the SVT, the density of the overdense regionSUrface hadronizatiotonly by the increase ofig). Then «
will increase but the temperature of the two phases will not.N(nB/S)bg anplnB should be mcreasegigto about the baryon
For the relevant scale of the phase converdiprl cm number density of 823nucle0ﬁ0.3 fm °. For these Iarge
~10 ®dy, nonvanishing sound velocity,=1/3 would cre- QGP IumpsMQN~1 (Ng/Ne.r)) g. The QGP lumps with

M e s Ng=<(ng/s)p2(l,/dy)3Ngy~10"  however, become
ate equilibrium but superheating is impossible in the fluctu- "B B’ >/bg i . . :
ating system. Instead, the density will grow by convertingsm‘tjlller thanl,, durlng. their evo!utlon, thus causing very
the hadronic phase to the high density QGP phase, maintaiﬁ"Elpld e”t“i%y loss. Since the time _scale for entropy loss
ing the pressure equilibrium and zero sound velocity Xor ~|,/c~10 Sec, the QC.;P lumps rapldly.transforrr; to QNs
>1,. When the overdense regions withs, become nonlin-  When they shrink to a size 1, , resulting ins~(10*/Ng)

~10'8 i
ear, they recover the QGP phase at the end of the transitiof'?.nd.'vI QN 10 g. The entropy loss by. neutrinos also occurs
Note that the degrees of freedom for the QGP phase anft distancess|, from the surface and it needs more detailed
hadronic phase are 51.25 and 17.25, respectively. Thus Iculations to find the conditions for QN formation. In mod-
little larger & is required but we will not consider this dif- els generating Iarge er_1tropy bef_ore.the_Qﬁ'B], the QNs
ference seriously. In fact, even though a small changé, of can be formed easily witk~ 1. This situation is not relevant
’ ¢ tg our work, however, because there can be no SVT.

causes a great difference in number densities, it causes 0 the ONs f h ble t ;
slight change to the minimum scale of the QGP Ilumps and ONce the QNs form, they are unstable to surface evapo-

the QNs, etc. The nonlinearized overdense region will colfation(16]and boiling[17]. Only the QNs with baryon num-

lapse, further increasing the temperature as well as the e€r larger than the critical baryon ”Um“\?é could survive
ergy density of the QGP lumps for the collapsing titpg, urgtl! today. With small baryon pecnetratyllty 4|n the CFTM,
~(Gp) ¥2~t,. Also note that the nonlinearized QGP N i lowered and two results M5=10°10" are known
lumps are decoupled from the cosmic expansion, keepinfl8.19. However, as claimed by the authors, their work
their temperaturdl ogp~To While the outside temperature overestimated the baryon evaporation. In particular, they as-
decreases with the cosmic expansion. Except for black holeumed flavor equilibrium in their calculations. Flavor non-
formation, which requires larger amplitudes and so is negli€quilibrium will reduceNg . So we takeNg as a free param-
g|b|e in amount, the QGP |umps will e\/entua”y disperse out.eter bearing in mind the above values. The baryon number of
Before the dispersion, however, they could transform rapidiythe QNs needed to affect the IBBN is smaller thdég, but

to QNs. The QGP lumps are surrounded by the hadronic sghe difference will not be large considering the rapid evapo-
after the QHT and they evaporate mainly mesons at theiration rate belowNg [18,19.

surfaces. From the chromoelectric flux tube mo@&FTM), Now, we have found the conditions for QN formation,
the meson evaporation rate at the surface increases with i, = 5, and Ng=Ng. To estimate the number of QNs, we
creasing temperature and is “4@0*) gcm 3sec® for  just count how many overdense regions exist satisfying the
Toep=150 (200) MeV[13]. Hence the time needed for conditions. We would like to emphasize that the number den-
the QGP Ilumps to be evaporated away fdiggp  sity of the QNs depends greatly on the details of the density
~150 MeV iste,,p~10 1(1) usee-10 %to(10 tg) for  fluctuation. Although the details of the QHT may rule out
10°%ky(10°)ky, faster thantgy;. For Togp~200 MeV, QN formation from the shrinking QGP bubbles, whether
teyap IS reduced by one more order of magnitude. Mean-QNs can be produced sufficiently from the SVT is another
while, the baryon penetrability turns out to be very 10iM] problem. The SVT relaxes the condition for nonlinearization
so that, as the QGP lumps evaporate, the baryon to entromnd enables more copious QN formation.

ratio inside the lumps, which initially equals the background We assume a simple power-law spectrum of density fluc-
value (Ng/S)pg~ 10719 could increase up to the value of 1 tuation with|8,|?<k", where 8, is the Fourier transform of
needed for the transformation to QNs. Furthermore, wherd(x)=[p(Xx) —ppl/p, and the spectral index is a constant.
the QGP lumps shrink to the size of the neutrino mean fre@he initial power spectrum of the fluctuation amplitude is
path | ,~10(T/100 MeV) > cm, the transformation is ac- defined by the rms amplitude for a given logarithmic interval
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in k, 52(k)=k3|8/%/2m2. From linear analyses, the rms am-
plitude 5,(k) att;, the time when the fluctuations develop, is
related to the rms horizon crossing amplituﬁfa(k) as fol-

lows: S (K) = (k/Kyi) ~28i(K) = (k/ko) "~ D25, (k,) where

kyi is the wave number of the horizon scaletaiand the
subscript 0 denotes the values at present. From the Cosm|o>

Background Explore(COBE) measuremenﬁH(ko) 10°°
[20], and n=1.01"$83(*315 with 68% (95%) confidence
limits from combined analyses of the MAXIMA-1, BOO-
MERANG, and COBE/DMR observatiori21]. The number
density of overdense regions with,= &y, can be found by L e
the Press-Schechter methfieP]. The difference here is in _1037 38 39 40 41 42 43 44 45 48 47 48
the scale dependence of the critical amplit@e<k <. The critical baryon number log(\",)

initial mass spectrum of the QGP lump in the range
(My,My+dM,), where My=M2? is the horizon mass,
n(My )dMHocMH“""ex;{ (f/faH)ZdeH where a=n

+2{=11, 0y =01o(My /Muo) ™" is the filtered ampli-  ¢yen weaker as the reheating temperature incrd28e25.
tude of 5y(k), and o4o=9x10"° [23]. Due to the scale Note that the upper limits on do not depend om; or the
dependence obfy,, the mass spectrum has an exponentiakeheating temperature in inflationary models.
cutoff even with then=1 Harrison-Zel'dovich spectrum. Since QNs have positive electric surface potential of order
For comparisonn(M )M, ("~ Dexp(=M,"D?) with-  ~MeV, they absorb only neutrons. This reduces the neutron
out the sound velocity transitiof24], so if n=1 the mass to proton ratio, so lowering the helium production. Not to
spectrum could have very broad mass ranges withl ) violate the observations, the QNs should have size
«My %2 Since the mass spectrum decreases rapidly, QN=10 ® cm assumingloy=1 and perfect baryon penetra-
with only Ng=N§ form significantly. Then the initial num- bility (even smaller with smaller penetrabiliy26]. The cor-
ber fraction of QNs withNg can be approximated as respondingNg=10", so the QNs considered here easily sat-
isfy the condition. More significant effects on the IBBN can
& be induced by evaporation of the QNs. The minimal requisi-
Bi(M{)=ay(M})exg — = tion for the IBBN is that the mean separation between QNs
‘/E‘TH(MH) should be larger than the proton diffusion length when BBN
Sjnce thg QNs can be r_egarded as pressureless dust, the d%]a_gz |T:|S ée(irl;l|E§%threu|rl1r1]gacr)lustetr;]aeragol\lr; ?:&Nzrﬁézﬁ]s HT
sity fraction at present is QGP bubbles lg~1 cm). We find Igy=ngi?
o [MS,| [aten)| - ~10°(NS/Ngy) Y38, ® m. The upper values af for the
—'( oN cd IBBN (ton=~3 m) are shown in Fig. 2. It can be seen that
Peq\ Mc /| a(t;) the minimal condition is easily satisfied. The closure condi-
tion Qgy=<1 (the bold line in Fig. 2 corresponds to de-
mandinglon=50 m. It goes toloy=100 m, demanding

FIG. 1. The parameter ranges fot and Ng for Tgq
=150 MeV.

2

Qon(te) =Qon(teg) =

where the subscripeq represents the values at matter-
radiation equal timeM,, is the mass contained in the over-

dense region witlk. att;. The density fraction can be ar- 15 . . .

ranged to Qon(tg) =k (To/Teg)Bi- Figure 1 shows the

relation between« and Ng to satisfyQony=1 for somen. 14 ]
Here k is regarded as an undetermined free parameter. |

seems impossible for QNs to be formed solely by surfacec 44 ]
hadronization [ k=(ng/s),q]. The QGP lumps become 3§

smaller thanl , when k= (NB/1§4) 1 (the bold line in Fig. £ 45| | ]
1). So, on the left side of the bold line, the QGP lumps can%

evolve to QNs (iz/s~1) by further losing their entropy via :,i 11 F i
neutrinos. Within the observational limits nf QN formation

is relevant only foNg=<10%. Forn~1, it needsN3=<10°® 1 i
for /=1, which is smaller than the CFTM resuli$8,19.

With {=0.75, QN formation is possible if=1.1. Assuming 0.9 - s - s

37 38 39 40 41 42

c 4y — imi
xk=(Ng/10*)~1, the upper limits om are found from the critical baryon number (V',)

condition thatQ on should not exceed unitfon=1 are the
bold lines in F'Q 2. If N;=10 the QN can give strong FIG. 2. The relation between the spectral index and the inhomo-
constraints omppe~1. With smallerQqy, evenng,per  geneity scaldqy for To=150 MeV. The bold lines are the upper
<1 is possible. PBHs could give at bagf,,e=1.23, and limits on n found fromQqy=1 with k= (10*/Ng).
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Qon=0.1 (not shown in Fig. 2 Interestingly, demanding constrain the spectral index. Our analyses are so far rather

0.1=QgnN=1, lgy lies in the range for the IBBN to be ef- qualitative and include undetermined parameters suck as

fective[27,28. So the QNs can contribute to the density of andNg . Further systematic analyses are needed to get more

the universe in the form of baryonic dark matter as well asguantitative results. Recent balloon experiments on the

affecting IBBN. Enhanced heavy element formation can beCMBR suggest a large baryonic content in the univeise

the signature for QNE28]. =0.03[29], which is significantly higher than the standard
In summary, we have proposed that QNs can be forme®BN result. This is very inspiring to IBBN models and the

by the SVT during the QHT. Their formation depends greatlyQN formation proposed in this work.

on details of the density fluctuation rather than those of the

QHT. We have found that they could be a dark matter can-

didate and affect IBBN, unlike the QNs from shrinking QGP  H.I.LK. and C.H.L. were supported by the Korean Ministry

bubbles whose formation is severely constrained by the reaf Education and the KOSEF. B.-H.L. was supported by Ko-

cent lattice data. Also, QNs from the SVT could strongly rea Research Foundation Grant KRF-2000-015-DP0070.
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