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Dynamical evolution of the Universe in the quark-hadron phase transition and nugget formation
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We study the dynamics of a first-order phase transition in the early Universe when it was 48-e&Dwith
quarks and gluons condensing into hadrons. We look at the evolution of the Universe in small as well as large
supercooling scenarios, specifically exploring the formation of quark nuggets, their possible survival and
identification with the recently observed dark objects in our galactic halo which may account for the dark
matter component in the Universe.

PACS numbgs): 98.80.Cq, 12.38.Mh, 95.35d

I. INTRODUCTION <10 M, are unlikely to survive evaporation of hadrons
from the surface. Boiling was shown to be an even more
It is well known that a phase transition from quark gluon efficient mechanism of nugget destructi@]j. These results
plasma to confined hadronic matter must have occurred atere somewhat modified by Madsenal. [4] by taking into
some point in the evolution of the early Universe, typically ataccount the flavor equilibrium near the nugget surface for the
around 10-5Qus after the big bang. This leads to an exciting case of evaporation and by considering the effect of interac-
possibility of the formation of quark nuggets through thetions in the hadronic gas for the case of boiling. In the large
cosmic separation of phasgk]. As the temperature of the supercooling scenario the time of formation of these nuggets
Universe falls below the critical temperatufe of the phase can be quite late when the number of baryons in the horizon
transition, the quark gluon plasma supercools and the trans{ef size ~2t) is large and temperature much lower. These
tion proceeds through the bubble nucleation of the hadromuggets can easily survive until the present epoch.
phase. The typical distance between the nucleated bubbles Recently there have been studies in the literaflfg
introduces a new distance scale to the Universe which dewhere the possibility of these quark nuggets collapsing into
pends critically on the supercooling that takes place. As th@rimordial black holegPBHS has been investigated. These
hadronic bubbles expand, they heat the surrounding plasmauthors have shown that preexisting density fluctuations left
shutting off further nucleation and the two phases coexist irover from an early inflationary period of the Universe cross-
thermal equilibrium. The hadron phase expands driving théng into the horizon during the first order QCD transition
deconfined quark phase into small regions of space and @poch would experience a significant reduction of pressure
may happen that the process stops after the quarks reaétrces leading to a lower threshold for PBH formation during
sufficiently high density to provide enough pressure to balthe QCD epoch than during the early eras. This would facili-
ance the surface tension and the pressure of the hadraate the production of PBHs on approximately the QCD ho-
phase. The quark matter trapped in these regions constitutizon mass scale-2M (100 MeV/T.)?. However forma-
the quark nuggets. The number of particles trapped in théon of PBHs even during the QCD epoch is a very rare event
quark nugget, its size and formation time are dependent sefvolving a high degree of fine tuning and the issue is far
sitively on the degree of super cooling. The duration of thefrom settled.
phase transition also depends on the expansion of the Uni- There have been recent observations by gravitational mi-
verse and on other parameters such as the bag pré&sme  cro lensing[6] of dark objects in our galactic halo having
the surface tension. masses of about 0.01-1 solar mass. If these objects have to
The quark nuggets formed in the small super cooling scebe identified with quark nuggets, they could only have been
nario are in a hot environment around the critical temperaformed at a time later than the tinie- 50—100us) when the
ture T, and are susceptible to evaporation from the surfac&niverse cooled througl,. Such a possibility of the nug-
[2] and to boiling through subsequent hadronic bubble nuclegets forming at a temperature0.1 MeV, implying a high
ation inside the nuggetg3]. However, in the large super degree of super cooling and strongly first order phase transi-
cooling scenario we have the interesting possibility of theseion was recently investigated by Cottinghaal.[7] in the
nuggets forming at a much lower temperature tfiamlue to  Lee-Wick model[8]. Their investigation showed that the
the long duration of the transition and consequent expansiotime of formation and the baryon content of these nuggets
of the Universe. Alcock and FarfiR] have shown that the are essentially determined by the rate at which the hadron
quark nuggets with baryon numbers10®? and mass bubbles nucleate. However, there was still the question of
reheating due to the expansion of the bubbles which raises
the temperature towardB,. These studies have also been
*Permanent address: S. G. T. B. Khalsa College, University otarried out by taking interactions into account in both the
Delhi, Delhi-110007, India. phases and by incorporating the effects of curvaf@ieen-
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Studies of quark-hadron phase transitions in the earlyparison. The critical bubble radiuk. and the critical free
Universe[10], in heavy ion collision11], and in high den- energyW, are obtained by maximizing the thermodynamic
sity nuclear matter have been done previously by looking inwork expended to create a bubble and are givenRpy
detail at the dynamics of the phase transition. Kapesi@a.  =20/P(T)-Py(T) and W,=470oR3(T)/3=16mwc°/
have applied a recently computed nucleation {dfd to a  3AP2, whereAP=P(T)—P(T) is the pressure difference
first order phase transition in a set of rate equations to study, hadron and quark phase.
the time evolution of a quark-gluon plasma in heavy ion  For simplicity we describe the quark matter by a plasma
collisions. Based on Bjorken hydrodynamics and on currenbf masslessi,d quarks and massless gluons without interac-
parameter values, they find the transition generates 30% exon. The long range nonperturbative effects are parametrized
tra entropy and also a time delay ef11 fm/c in completion by the bag constar. A possible criterion for choosing the
of the transition. Several authof$0] studied how the early value of the bag constant, for example, could be the one used
Universe during the quark-hadron phase transition evolve@y Farhi and Jaffgsee Ref[1]) based on the stability of
through the mixed phase in a scenario with small initial SU-strange quark matter d&t=0. However, doubts have been
percooling. raised in the literature concerning the meaningr@ndB at

In this paper we calculate the nucleation rate and quantinonzero temperatures and densifi#8]. Based on the argu-
tatively study what happens when the temperature drops tments of entropy conservation at the phase boundary, there
T.. This nucleation rate is used to solve a set of rate equaare calculations available in the literatuie3] where B is
tions to study the time evolution of the quark-gluon phase agjiven as a function of the chemical potentiabnd tempera-
it converts to hadronic matter in an expanding Universe. Aure T such thatB decreases with increase in temperature.
novel feature of this method is that reheating of the plasma&urther in a self-consistent relativistic mean field theoretical
during phase transition is included in the calculations alongrameworko is generally an increasing function Bf[4]. In
with bubble growth in the expanding Universe in contrast tothis work we use a wide parameter rangeBo&ind o-.
the Guth-Weinberg formula which has been used in the lit-  The pressure in the QGP phase is given by
erature so far. This allows for the completion of the transi-
tion and all relevant quantities can be evaluated as a function
of time and temperature. In Sec. Il we study the bubble
nucleation rate and set up the two rate equations to be solved
numerically. In Sec. lll we discuss the results and finally inwhereg,~51.25 is the effective number of degrees of free-
Sec. IV we give our conclusions. dom. In the hadronic phase the pressure is given by

P T—1 772T4 B
aM=39735 ,

1 7
Il. BUBBLE NUCLEATION Ph(T): §gh%-|—4,

When the early Universe as a quark-gluon thermody-

namic system cools through the critical temperaflige en-  whereg,,~17.25, taking the three pions as massless.
ergetically, the new phase remains unfavorable as there is The fraction of the Universé(t) which has been con-
free energy associated with surface of separation between th@rted to hadronic phase at the tineas first given by Guth
phases. Small volumes of new phase are thus unfavorablghd Weinberg14] and applied to cosmological first order
and all nucleated bubbles with radii less than critical radiughase transitions. Csernai and Kapusta] gave a kinetic
collapse and die out. But those with radii greater than thequation for calculating)(t) which takes bubble growth into
critical radius eXpand until they coalesce with each other. Sgccount_ If the ear|y Universe cools TQ at timetc, then at

supercooling occurs before the new phase actually appeasame later time the fraction of the Universe in hadronic
and is then followed by reheating due to release of latenghase is given by the kinetic equation

heat. The bubble nucleation raf&0] at temperaturer is

given by R(t")

t 3

wherel, is the prefactor having dimension @F. The pre- WhereV(t',t) is the volume of a bubble at timtewhich was

factor used traditionally in early Universe studig0] is  nucleated at an earlier timté and R(t) is the scale factor..
given byl ,=(W,/27T)¥2T4. Csernai and Kapusfa 1] have This takes bubble growth into account and can be given sim-

recently computed this prefactor in a coarse-grained effectiv@!Y s

field theory approximation to QCD and give 3

t R(t
(1) @

R[T(t)]+ Jl ey v [Tt ]dt”

, 4
V(t ’t):? /R(t”)

312
ongR;

£q(Aw)?

I_16 T
0737\ 3T

whereuv (T) is the speed of the growing bubble wall and can

wheren,=14.4T° is the shear viscosity in the plasma phase e taken to be
&, is a correlation length of order 0.7 fm in the plasma phase, 1132
andAw is the difference in the enthalpy densities of the two v(T)=vo 1— _} ,
phases. In this letter we use both these prefactors for com- Te
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FIG. 1. Log of the nucleation time in units of fm/ic as a 141 T T T
function of temperature. Solid and dashed curves areBf
=100 MeV ando=39.5 MeV fm 2 with the standard and the Ka- 1.08 i

pusta prefactors, respectively. Long dashed and dotted curves a
for B¥4=113 MeV ando=57.1 MeV fm 2 with the standard and

. 1.06
the Kapusta prefactors, respectively.

where vy=3c. This has the correct behavior in that the 1.04

closerT is to T, the slower do the bubbles grow. Whan

= (2/3)T, we havev (T)=1/3 the speed of sound of amass- , '
less gas. Foil <(2/3)T. which occurs when there is large =
super cooling, we use the valuéT)=1//3. In this analysis 1
collision and fusion of bubbles have not been taken intc
consideration. This seems to be justified as far as fusion ¢ 0.98
bubbles is concerned. Witt¢] and Kurki Suonid 10] have

shown that for small enough bubbles, surface tension wil ¢
cause them to coalesce into larger bubbles. This distanc

scale has been estimated to be given by

0.94

13 -5/3
_ o TC 0.92 I I 1 1 I I
=3 T3 200 MeV mm. 25 30 a5 40 45 50 55 60
c (b) t{micro s)
Since the nucleation scalg is larger tharl . we are justified FIG. 2. (3) Temperature as a function of time. Solid, dotted,
in neglecting fusion of bubbles. dashed, and long dashed curves are as in Fip) Temperature as

The other equation we need is the dynamical equatio function of time for the low supercooling case corresponding to
. . . 14_ — —
which couples time evolution of temperature to the hadrorB”=145MeV ando=57.1MeV fm ? for the standard prefactor.
fractionh(t). We use the two Einstein’s equations as applied

t 1\ 3
to the early Universe neglecting curvature. N(t):f I(t’)[l—h(t’)](%) dt’. (6)
tC
R 87G |, Therefore the typical separation between nucleation sites is
RN 375 (4 1,=N(t) 3 This distance scale will eventually determine

the number of quarks in a nugget. This scale can be up to
10'2Km depending on the parametdédsand o which corre-
1 dp spond to a distance of1.4 Mpc today. The nuggets could
T T 3w dt’ 5 be points in space around which, later in time, the matter in
the Universe may have gravitationally clustered to give the
observed large scale structures in the Universe. The observ-
wherew=p+P is the enthalpy density of the Universe at able separation of galaxies in the Universe can be a remnant
time t. The energy density in the mixed phase is given byof this transition with the centers of the galaxies being the
p(T)=h(t)pp(T) +[1—h(t)]p4(T), wherep, and p, are  quark nuggets. Of course the collision of bubbles and their
the energy densities in the two phases at temperdtwed random nucleation and interaction will also lead to clustering
similarly for enthalpy. We numerically integrate the coupledof the nuggets, which can qualitatively explain the clustering
dynamical equation§2), (4), and(5) to study the evolution of galaxies.
of the phase transition starting abolgat some temperature
T corresponding to time obtained by integrating the Ein- Ill. RESULTS
stein’s equatior{4) and(5) in the quark phase. The number
density of nucleated sites at tinheis given by

R
R

To get an idea about the super cooling before nucleation
begins, we can plot the nucleation time as a function of tem-
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FIG. 3. Average bubble densifyi(t) as a function of time in FIG. 4. The hadron fraction as a function of time. Curves as in
units of (18 km® . The bubble density for the standard prefactor Fig. 1.
(solid and long dashed curJyeis normalized by multiplying with a

factor of 1G. Curves as in Fig. 1. clearly show when nucleation becomes large and how much

super cooling of the Universe occurs. Figure 2 shows the

perature, defined by, Lo (47R3/3)I. The quark num-  temperature as a function of time both for lafdég. 2(a)]
ber density is given b)nq:(2/7-r2)g“(3)(nq/ny)T3 where  and small[Fig. 2(b)] supercooling. It is clear from this dia-
ny/n, is the quark to photon ratio estimated from the abun-gram that reheating takes place as nucleation starts with the
dance of luminous matter in the Universe to be roughly equatelease of latent heat. As increases, the supercooling is
to 3x10° 1% The quark nuggets hawd, quarks at timet  larger and reheating is slower. The transition takes much
given by the number of quarks in a volumeN{t), i.e., N,  longer to complete with more chance of nugget formation.
=ng/N(t). The nucleation sites are actually randomly dis-This allows the nuggets to be formed at a much lower tem-
tributed, but we expect a distribution of quark numbersperature when bubble walls meet. For low supercooling there
aroundN,. The average temperature at which nuggets arés rapid reheating, temperature reacfiegsind the phase tran-
formed when bubbles coalesce is obtained by finding theition is completed very swiftly with no chance of any nug-
average time at which the expanding bubble surfaces meeget formation. From Fig. 3 we see that the average bubble
Assuming a cubic lattice, we have done this numerically todensityN(t) is initially zero and then increases with time. As
get the corresponding tintg and temperatur@; for differ-  soon as reheating starts, bubble nucleation shuts off at a par-
ent values oB and . When the fraction of the space occu- ticular point. The transition now continues only by expansion
pied by the bubbles is around 50%, we expect the bubbles tof the nucleated bubbles. The fall (t) beyond this point
meet in an ideal picture, i.e., if all bubbles are essentiallyis due to the expansion of the Universe. Figure 4 shows the
nucleated at one instant which is the maximum nucleatioriractionh(t) of the Universe in hadron phase as a function of
time and they all have the same radius. However, we have time. For small values of the transition completes quickly
distribution of expanding bubble sizes because of the differash(t) goes to 1. But for larges it takes a larger time for
ent points of time at which they were nucleated. Thereforén(t) to become 1. We also notice that in the large super
the estimate of the time of nugget formation by treating allcooling scenario the Kapusta prefactor becomes much bigger
bubbles to be of the same size is an underestimate. We firthan the standard one by many orders of magnitude. This
that hadron fractior(t) is only around 0.12 when bubbles makes the nucleation rate as well as the reheating faster. In
meet by this criteria. However, we do not expect this tothe case of low supercooling the two prefactors give almost
change qualitatively the broad picture of the transition anddentical results. The number of quarks in the hori2gp, at
the nugget formation apart from reducing the formation timetime t is Ngy~ng(4/3mt®)~(ng/n,)[24(3)/37*| T4 mt?

In Fig. 1 we have plotted the lggof nucleation timeras ~ and we find that for all interesting casbig<Ngy and this
a function of temperature for different values of the bag presnumber is very sensitively dependent on the surface tension.
sureB, surface tensiolr and the prefactor,. These curves Physically it is possible to havél,,=N,= 10°? for some

TABLE I. Some relevant physical quantities for some representative valugsuofl o using the standard

prefactor.
B1/4 o Te t; T I
MeV ~ MeVfim 2  MeV us MeV Nq Ngn m
235 50 169 12.1 169 2261078 7% 10°? 8x 1073
145 57.1 104.4 34.7 99.9 9410°° 3.4x10°° 4.6
125 57.1 90 56.1 78.8 1410%° 7.3x10°3 63
125 77 90 1511.8 17.9 6:310*8 1.6x 10°® 4.9x10°
100 39.5 71.9 2595 13.9 L 3.8x10°® 8.4x 10°
113 57.1 81.3 5138 12.3 >910%° 2% 10°7 1.7x10°

063505-4



DYNAMICAL EVOLUTION OF THE UNIVERSE IN THE . .. PHYSICAL REVIEW D 62 063505

values of the paramete® and o. In Table | we list some We have explored in detail the possibility of nugget forma-
physical quantities for some representative valueB @ind  tion and also estimated their average separation, time of for-
. mation, quark content, and survivability. Clearly, the analy-
sis can be improved by taking interactions into account in
both the phases and also bubble interactions may be incor-
] ) o porated in the calculations. This will be reported elsewhere,
Detailed dynamics of the quark-hadron transition in thepgwever, we believe that qualitatively the results given here
early Universe show that the evolution of the Universe doesyill hold. If the nuggets studied above are indeed formed in
not necessarily follow the small super cooling scenario angy much cooler environment, they could contribute signifi-
certain choices oB ando can have a bearing on the presentcantly to the missing mass in the Universe and be candidates
state of the Universe. As nuggets with= 10°%are expected  for dark matter.
to survive the transition, they will contribute to the density of
the Universe. It may be mentioned that for this scenario to
work one has to use a value of the bag constant that is below
the two flavor stability bound making the-d matter atT We would like to thank J. V. Narlikar for providing hos-
=0 the stable state of quark matter rather than the stranggitality at the Inter University Center for Astronomy and
matter. This problem can be circumvented by using a someAstrophysics, Pune, India where a part of this work was
what unrealistically large value of the surface tension.completed.

IV. CONCLUSIONS
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