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Brown Dwarfs, Quark Stars, and Quark-Hadron Phase Transition
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It is shown that within an effective model of QCD, the Lee-Wick mode), bodies with quark content
of mass of the order of 10 2 to one solar mass can be formed at a temperature T —

1 MeV much lower
than the quark-hadron phase transition temperature. This ensures their stability until the present epoch.
and we suggest that they can be identified with the dark objects observed recently by gravitational
microlensing.

PACS numbers: 97.20.Vs, 12.38.Mh, 95.35.+d

Introduction. —There has recently been reported, ob-
servations, by gravitational microlensing, of dark objects
in our galactic halo [1,2]. The three bodies identified so
far appear to have masses between 10 and one solar
mass. Simple extrapolations from these first observations
imply that such bodies could be very numerous and make

up the "dark matter" inferred from measurements of the
rates of galactic rotation. In this Letter, we suggest that
basically these objects can be identified as quark stars that
are formed some time much later after the quark-hadron
phase transition in the early Universe.

Quark matter has been postulated in the literature [3—
8]. Starting with the work of Witten, the basic scenario
stems from the idea that the deconfined quark phase
fills the Universe at temperatures greater than a phase
transition temperature T, of the order of 100 MeV. As
the Universe cools below T, bubbles of the hadron phase
nucleate and expand, driving the high temperature phase
with the quarks into small regions of space. The process
is only stopped when the net quark densities in these
small regions are so high that their pressure balances the
overpressure of the low temperature phase. The resulting
aggregates of quark matter have sometimes been called
"quark nuggets" [3—8].

Previous works have generally envisaged the transi-
tion to take place quickly after the temperature T, has
been passed [3,9—11]. In the standard big bang scenario
the Universe would have cooled to the temperature T, —
100 MeV in about 10 4 s and if the nuggets were formed
at such times the horizon size is so small that their
quark content could not be greater than that of a mass
of 10 5Mo [9], too light to be the bodies reported in

[1,2]. Bodies with a quark content whose masses ap-
proach Mo can only be formed at later times, hence
at temperatures lower than T,., and this implies a high
degree of supercooling. In the following, we investi-
gate within a model the possibility of the high degree
of supercooling that is required to make objects with

a quark content of mass of the order Of l0 -' to one
solar mass.

The model. —To achieve a high degree of supercooling
requires the quark hadron phase transition to be first order.
This property of the transition which is essential for the
scenario described in this paper might not be seen in

present day lattice calculations of QCD [12]. However,
lattice calculations of the QCD phase transition are
impeded by the difficulties of handling fermions (quarks)
on a lattice. This is especially true for the light quarks
at high temperatures at which quark-antiquark pairs will
be copiously produced and will provide a substantial
contribution to the free energy density. Because we
believe that a realistic QCD calculation is not feasible
at this time, we investigate the phase transition in an
effective model of QCD where the quarks are confined by
a scalar field, the Lee-Wick model [13],with the Lagrange
density

where

v(oi = o
I

1
——

)
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We include in the model only the two lightest quark
flavors. The scalar field cr represents the nonperturbative
features of the gluons in QCD. Its value is interpreted
as the expectation value of the gluon condensate. go.
represents the effective mass of the quarks. A sketch of
the potential U(o.) is shown in Fig. 1. It has a minimum

at o. = o.o which is the true vacuum expectation value
of o., and another local minimum at o- = 0 but with an

energy density higher than that of the true vacuum by the
amount B.
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A graph of U~ at T = T, and at T = 1.2T, calculated
from Eq. (3) is shown in the figure. At T = T, there
is still a barrier between the two minima meaning that
the transition is of first order. It exhibits an important
feature, which is a consequence of the large barrier at
zero temperature, that both its width clap and its height

32 (mop)2 have very little explicit temperature dependence.
Also from the figure one can see that for cr close to zero,
the results are the satne as given by the expansion [9] in

go/T:

Uy(a)
T= Tc

T=1.2Tc

77T2
Ur(o. ) = U(tr) — T + g'o'—T'.

30 2
(4)

FIG. 1. The effective potential Ur(o) at zero temperature, at
T =T, andT =1.2T, .

E(g)=gk +ga (3)

The cr field excitations contribute very little to the
potential since their masses [g12U/Bo~]'t2 are g. reater than
1 GeV both at cr = 0 and at 0 = cJp so that at the
temperatures of interest, they are strongly suppressed by
the Boltzmann factors e e r [9]. The same arguments
also apply to the thermal excitations of quark-antiquark
pairs in the true vacuum cr = crp but not in the false
vacuum o. = 0.

The Lee-Wick model is able to reproduce the static
properties of the light hadrons and values for the param-
eters of the model have been determined in the literature
[14,15]. For example, quantum fluctuations of o. about op
can be identified with a scalar glueball. QCD estimates
put its mass as m = 1.4 GeV. We expect the parameter
m to be approximately equal to m . The fit also gives
B'i of the order of 100 MeV. For cr = 0 the quarks are
massless, and in the true vacuum their mass is go.p. Val-
ues of o.p —100 MeV have been considered [15]. Such
a value provides a large barrier for U(o.) as in the figure.
The value of the coupling constant g is determined to be
about 10 giving quark masses -1 GeV in the true vac-
uum. However, the actual value of g plays almost no role
in the present calculations.

The phase transition. —This model does allow an
investigation of the effects of the thermal bath of quark
pairs which, within the model, do lead to a strong first
order transition. At finite temperature we have to consider
the thermal excitations of both quark antiquark pairs and
quanta of the o. field. We are particularly interested in
how these thermal excitations affect the two minima. In
the one-loop approximation [16,17] which corresponds to
a thermal free plasma, the contribution of the quark pairs
to the free energy density makes the potential temperature
dependent

Ur(o. ) = U(o) — k dk ln(1 + e )dk,
12T
7T Q

P = 77T2
(T4 T4)

30

At T = T, the two minima of U~ are degenerate, this is
the transition temperature.

Bubble nucleation In the.—early Universe T » T„
cr = 0 everywhere and the quarks were free. As T
falls below T„ the phase with 0 = op becomes the
stable phase and bubbles of this phase will nucleate and

expand, driving and trapping the quarks and antiquarks
into smaller and smaller regions of space. Because
net quark number is conserved, the net quark number
trapped is constant so that the density increases as the
volume available to them is decreased. This will produce
an additional pressure which will eventually equal the
overpressure P. One can anticipate much kinetic energy
in the advancing bubble walls so that even when the net
quark pressure is equal to P a degree of compression
will continue. Dynamic oscillations of the resulting quark
nuggets could ensue, or perhaps, if they are large enough
they could even be compressed into black holes. Our
purpose here is to investigate, within the context of the
model, the number of quarks trapped in the nuggets, and
also their resulting masses and stability. It will be shown
that the determining factors are the rates at which bubbles
of the phase o. = o.p are nucleated when the temperature
has fallen below T, and the rates at which the Universe
cools and expands.

The bubble nucleation rate per unit volume [18] is

( g 3/2

I (T) = T
i e (6)i 27TT

S is an energy factor which accounts for the fact that to
form a critical bubble, an energy barrier has to be crossed
(see Fig. 1). S is the minimum of f d3x[z(Vo. )2 +

At finite temperature, the effective potential still has
a minimum at cr = 0 but the value of U~ is lower

by an amount (7n.2/30) T4 so that the overpressure
(the difference in energy density of the two minima)
becomes P = 8 —(7nz/30)T4 which vanishes at T =
T, = (30B/7m )'t4. T, = 100 MeV corresponds to
B'i = 123 MeV. We can then write

]329
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UT(/7)], with the boundary conditions /T = oo at r = 0
and a. = 0 at r ~. In the thin wall approximation [18]

( 2

5 = 27l' moo ) 1

3 ( 3 ) P2

We have verified numerically that, the accurate procedure
for calculating 5 gives essentially the same result as with
the thin wall approximation. Taking the expression of
Eq. (5) for P, and using the fact that T/T, = Qt, /t we
can express I as a function of time

2 ( D 3/2

I (t) T4
~ f3/2(t/t )

Df(///i)

t (2m

+3 15 ~ mcTo
D =

2 14) 7r T,'

and with the definition x = t/t,
9/2f()=

81+3 (x2 —1)2

Formation Df quark stars. —Taking into account the
expansion of the Universe, the total number density of
bubble nucleation sites at time t is then approximately

/ R(t/) / ( t/ i 3/2

N(» = 1.(t') dt' = r(t')
~

—
~R(t), (, t)

ture T the photon number density is n~ = (2/~2)g(3)T-'
and the quark number density n~ = (2/2r2) g(3) (n /n ~)T'.
After the bubbles have nucleated they expand and co-
alesce, enclosing the quarks. On a cubic lattice, for
example, all the quarks in a volume 1/N at time t„
would eventually be trapped in a nugget which would then
contain Nq quarks

~2g(3) (., ~ eD

Tt~ &n)D
(n„l,D

=i37x i0"
100 MeV ~n, ) D

Of course the nucleation sites would have been randomly
distributed but one can expect the resulting nuggets to
have a distribution of quark numbers around Nq.

An estimate of the temperature at which the nugget is
formed can be obtained by calculating the time at which
the bubble walls meet in the center of the lattice. This
occurs when

/(t) = vR(t) dt'/R(t') = [N(t)] ' '.
4 2

Since R(t)/R(t') = [(t/t/](t2 and with Eq. (12) one obtains
—- ~/3

This expression is somewhat of an overestimate since
bubbles will not nucleate in volumes already enclosed
in bubbles of the new phase. We will see, however,
that with D large almost all of the bubbles are nucleated
at essentially the same time and the number density
is so small that Eq. (10) is correct to a very good
approximation. With Eq. (8)

(D)/ (( / /

N(t) = T,'t, I I ~

—' Lf(x)]"'e "'"'dx.' '&2m. ) ( t ( ~x

N/t) = T„f, (
—

) //e (12)

For values of D as large as found here, this number den-

sity is very small and the separation distance between the
nucleation sites, l = N '/ is very large. At tempera-

f(x) is infinite both at x = 1 and at large x, with a
minimum at x = x„= 3, and for x = x„, f(x) = 1 +
—,6(x —x„)2. Equation (11) shows that N(t) is governed

by the value of D. If we take from hadron spec-
troscopy I = 1 GeV, a-0 = 100 MeV, 8'/ = 100 MeV
(T, = 81.46 MeV), we get a large value D = 203. There-
fore, nucleation is always strongly suppressed, except in
a small time interval around t„= 3t, (or T„= T, /v3) at
which almost all the bubbles nucleate.

Thus, the number density of nucleation sites is approxi-
mately given by

and with the relation between time and temperature
T2t = 4'(5/m3g*) m„(m„ is the Planck mass and g" the
effective number of degrees of freedom in the plasma)
we get

v i5 & 2 g(3) n, &"'
g' (~sr Nq n~ j (16)

This equation shows that the mean temperature at which
the nuggets are actually formed is considerably less
than T„.

The quark to photon ratio, estimated from the "lumi-
nous" matter of ordinary stars and gas clouds, is of the
order n~/n~ = 3 X 10 '0. The question of the origin of
this ratio is not addressed in this paper but if a signifi-
cant amount of quark matter is frozen into quark stars
then 3 X 10 ' is an underestimate. With the previous
values for T, and D and with nq/n~ = 3 X 10 '", we

get Ãq = 4 & 1057 Assuming the mass per quark in

quark matter to be not very different to that in ordinary
matter, the corresponding mass of the quark nugget is
-lrno which is considerably larger than the values ob-
tained by assuming a small supercooling. Because of their
mass we call these quark nuggets quark stars. Assum-

ing that the bubbles expand with the velocity of light,
g* = 6, m~ = 10 MeV, the temperature at which the
quark star is formed can be calculated from Eq. (16) to be
T —0.1 MeV. As Nq is exponentially dependent upon D
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a large range of mass is possible by only a small change
of parameters, for example, the reduction of the value of
D to 200 (or mrro/T, = 18.4) would result in quark stars
with masses of order 10 ' solar mass.

A novel feature of this calculation is that the number
of quarks trapped in the stars is independent of time
and also of the speed of the bubble walls. The feature
of formation at a low temperature has two important
consequences. The first is that it resolves the horizon
problem. As said before, if the quark stars are formed
at the transition temperature (100 MeV) the horizon is
so small as to preclude quark conglomerates with solar
type masses. This is not so at T —0.1 MeV since, in this
case, the quark content within the horizon is increased by
a factor of 109, the cube of the ratio of the temperatures.
The second is that the quark stars formed at such a low
temperature can survive easily until the present epoch.
The survival of the quark stars depend on the boiling and
the evaporation of quarks into hadrons. Concerning the
boiling of quarks inside the stars into a hadron gas it is
clear from our analysis that the formation temperature is
too low for boiling to occur since the boiling temperature
was estimated to be larger than 20 MeV [4,19]. As for
the evaporation of the quarks into nucleons at the surface
region, we have estimated the number of quarks which
would have evaporated since the formation time [see
Eq. (20) of Ref. [4]] and find

hQ 4.32 X 10'9 e Y

dy,
Qo Q .ir Y

where Qo is the initial quark number in the star, AQ
the quark number evaporated into nucleons, a the energy
required to extract a nucleon from the star surface. Now
the quark stars, when formed, could be reheated by the
kinetic energy of the bubble walls generated by the latent
heat released in the transition. This should occur in
their surface regions and could, for example, bring the
temperature to a few MeV. For a quarks star of mass
—mo, Qo = 1057 and taking e —8 MeV, Eq. (16) gives

EQ/Qo =
2 for T —3 MeV. This means that half of

the quark matter evaporated into ordinary matter from
which ordinary stars eventually form. The other half in
the cold inner regions would survive as a quark star until
the present day.
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