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We study the influence of the presence of a magnetic field on chiral symmetry in
the core of compact stars and in the early Universe. We find that the effect of a
magnetic field is to enhance the chiral symmetry breaking in the sense that, in the
presence of magnetic field, chiral symmetry gets restored at a higher temperature
and density compared to the case where there is no magnetic field. However,
the effect of a super strong magnetic field is to restore again chiral symmetry.
We then investigate the dynamical evolution of the confinement-deconfinement
phase transition in the expanding early Universe through bubble nucleation, taking
into account reheating due to the heat released during the expansion of hadronic
bubbles. We estimate the degree of supercooling and the time required to complete
the phase transition. We then consider the formation of quark nuggets and their
possible survival against boiling and evaporation to the present epoch.

1 Introduction

Spontaneous symmetry breaking is one of the most important concepts
of all unified gauge theories. The idea that underlying symmetries of na-
ture are larger than that of the vacuum plays a crucial role in the unification
of forces. Of particular interest is the expectation that, at high tempera-
tures, symmetries that are spontaneously broken today are restored and that
during evolution, the Universe passed through a series of phase transitions
from a higher symmetric phase to a lower symmetric phase associated with
the spontaneous breakdown of gauge or perhaps global symmetry. In par-
ticular, at t = 10−10s, when the temperature was ∼ 200GeV , the Universe
passed through the EWS breaking phase transition and later, at t = 10−5s,
T = 200MeV , there must have been a QCD phase transition from a QGP to
confined hadronic matter and also to chiral symmetry breaking phase transi-
tion. Since the vacuum structure of SSB theories is very rich, topologically
stable configurations of gauge and Higgs fields in the form of domain walls,
cosmic strings and monopoles on the one hand and non-topological solitons
like Q balls, quark nuggets, soliton stars on the other may exist and may have
observable signatures. It is thus very instructive to investigate how the phase
transition takes place in QFT in the environment of the early Universe and in
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the core of neutron stars where temperature, density, external electromagnetic
field and external gravity may all play important roles.

In GUTS, Higgs plays a most important role. They are fundamental
scalars which give masses to fermions and gauge bosons through their VEVs.
In theories like technicolor models, Higgs are composite of some fundamental
fermion fields. QCD is an example of QFT which is invariant under chiral
transformations at the Lagrangian level in the absence of quark mass ma-
trix; the dynamics of QCD are expected to be such that chiral symmetry
is dynamically broken with the vacuum state acquiring a non-zero quark-
antiquark condensate < q̄q >, and the Goldstone theorem then requires the
existence of approximately massless pseudoscalar mesons. To study chiral
phase transition in QCD, we need a non-perturbative treatment and a par-
ticularly attractive frame work to study is the Nambu-Jona-Lasino model.
The linear Sigma model is another framework which has the advantage of
being renormalizable in contrast to the NJL model which, in 4-D, is known
to be non-renormalizable. An elegant and efficient way to study symmetry
properties of vacuum at finite temperature and density in external environ-
ment is through the ‘Effective Potential’ approach discussed extensively in
the literature. We compute here, in the one loop approximation, the effective
potential in the presence of an external magnetic field and gravity at finite
temperature and density in the framework of the linear sigma and NJL mod-
els, respectively. We then study the dynamic evolution of phase transition
through bubble nucleation of the hadronic phase.

2 Chiral Symmetry in External Magnetic Field

It has also been suggested1 that systems with spontaneously broken sym-
metries can make a transition from broken symmetric to restored symmetric
phase in the presence of external fields. Large magnetic fields with strength up
to 1018 gauss have been conceived to exist2 at the time of supernova collapse
inside neutron stars, in other astrophysical compact objects and in the early
Universe. The effect of such a strong magnetic field on chiral phase transition
is thus of great interest for baryon free quark matter in the early Universe
and for high density baryon matter in the core of neutron stars. To study
chiral phase transition in QCD we need a non-perturbative treatment. Lat-
tice techniques and the Schwinger-Dyson equations provide specially powerful
methods to study the chiral structure of QCD. A particularly attractive frame-
work to study such systems is the linear sigma model originally proposed as
a model for strong nuclear interactions. We will consider this as an effective
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model for the low energy phase of QCD and will examine the chiral symmetry
properties at finite density and in the presence of an external magnetic field.
To fix ideas we consider a two flavor SU(2)×SU(2) chiral quark model given
by the lagrangian.

L = iψ̄γµ∂µψ − gψ̄(σ + iγ5~τ .~π)ψ +
1
2
(∂µσ)2 +

1
2
(∂µ~π)2 − U(σ, ~π) (1)

where ψ is the quark field, σ and ~π are the set of four scalar fields and g is
the quark-meson coupling constant. The potential U(σ, ~π) is

U(σ, ~π) = −1
2
µ2(σ2 + ~π2) +

1
4
λ(σ2 + ~π2)2 . (2)

For µ2 > 0, chiral symmetry is spontaneously broken. The σ field can be
used to represent the quark condensate, the order parameter for chiral phase
transition and the pions are the Goldstone bosons. At the tree level, the
sigma, pion and quark masses are given, respectively, by

m2
σ = 3λσ2

cl − µ2; m2
π = λσ2

cl − µ2; m2
ψ = gσcl (3)

where σ2
cl = µ2

λ = f2
π . We compute here, in the one loop approximation,

the effective potential in the presence of an external magnetic field which is
defined through an effective action Γ(σ,B) which is the generating functional
of the one particle irreducible graphs. The effective potential is then

Veff (σ,B) = V0(σ) + V1(σ,B) (4)

where V1(σ,B) is obtained from the propagator function, G(σ,B), through the
known relation V1(σ,B) = − 1

2iTr log G(σ,B). Alternatively, one can compute
the shift in the vacuum energy density due to zero-point oscillations of the
fields considered as an ensemble of harmonic oscillators3. We thus require
the energy eigenvalues(excitations) of particles in the magnetic which, in the
absence of the anomalous magnetic moment for uniform static magnetic field
in the z-direction for a particle of mass M, charge q and spin J, are

E(kz, n, Jz) = (k2
z + M2 + (2n + 1− sign(q) jz) |q|B)

2
(5)

where n represents the Landau levels.
The contribution of scalar particles of mass M to V1(M2) after a Wick

rotation is thus given by

V1(M2) =
1
2

∫
d4ke

(2π)4
ln(k2

e + M2 − iε) . (6)
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In the presence of a magnetic field, all we need to do is to replace the phase
space integral

∫
d4ke

(2π)4
→ eB

2π

∞∑
n=0

d2ke

(2π)2
(7)

and the energy by expression (5) for charged particles. For a scalar field of
charge ±e, we thus have

V1(M2, B) =
eB

4π

∞∑
n=0

∫
d2ke

(2π)2
ln(k2

e + (2n + 1)eB + M2)

= −eB

4π

∂

∂α

Γ(α− d/2)
Γ(α)(4π)d/2

∞∑
n=0

1
(M2 + eB + 2neB)α−d/2

∣∣∣∣∣
α=0,d=2

= −eB

4π
lim
α→0

∂

∂α

Γ(α− d
2 )

Γ(α)(4π)α− d
2

1

(2eB)α− d
2

ζ(α− d

2
,
M2 + eB

2eB
)

∣∣∣∣∣
α=0,d=2

(8)

where ζ(z, q) is the generalized Riemann zeta function

ζ(z, q) =
∞∑

n=0

1
(q + n)z

=
1

Γ(z)

∫ ∞

0

dt
tz−1e−qt

1− e−t
. (9)

The potential (8) has poles at α=0, 1 and 2 for d=2 which can be absorbed
in the counter-terms. The finite part depends on the exact renormalization
conditions that are imposed. In what follows we would use the MS renorma-
lization scheme. From Eqs. (8) and (9) we can write

V1(M2, B) = − eB

32π2
lim
α→0

∂

∂α

(2eB)1−α

Γ(α)

∫
dt tα−2 e−

M2
2eB t

sinh t
2

(10)

which converges for Re α > 2. We analytically continue the result in the
complex α-plane and use the dimensional regularization technique to extract
its finite contribution. To proceed further we first consider the case M2

2eB < 1,

expand e−
M2
2eB t and formally integrate Eq. (10) to obtain

V1(M2, B) = −|q|B
32π2

lim
α→0

∂

∂α

∞∑
n=0

(
M2

2eB
)α+ν−1 (−1)ν

ν! (M2)α−1

2
Γ(α)

(2α+ν−1 − 1) Γ(α + ν − 1) ζ(α + ν − 1) . (11)
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Figure 1. Effective potential in units of (100MeV )4 as a function of σ(MeV ) for different
values of the magnetic field. The curves a, b, c, d and e correspond to B=0, 1016, 1018, 1019

and 3× 1019 Gauss, respectively.

Keeping leading terms in M2

2eB , we obtain

V1(M2, B)=− 1
16π2

[
e2B2

2π
ζ(2) log 2eB +

eBM2

2
log 2−M4 π

2
log 2eB+ ...

]
.

(12)

The leading term for the contribution of charged Goldstone bosons, relevant
for symmetry considerations, is

V1(M2, B) ∼ −eBM2

32π2
log 2 . (13)

For the case of M2

2eB > 1 we write Eq. (10) as

V1(M2, B) = − 1
32π2

lim
α→0

∂

∂α

1
Γ(α)

∫ ∞

0

dx xα−3e−M2x eBx

sinh eBx
(14)

and keeping leading terms, we get

V1(M2, B) ' 1
64π2

[M4(log M2 − 3
2
)− 2

3
(eB)2 log M2] . (15)
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Likewise, for the charged fermion fields using Eq. (5) we obtain

V1(M2, B) =
4 |q|B
32π2

lim
α→0

∂

∂α

(2 |q|B)1−α

Γ(α)

∫ ∞

0

dt tα−2e−
M2

2|q|B t coth
t

2
. (16)

The factor 4 and the positive sign account for the spinor nature of the Fermi
field. In the limits mentioned above, we have

V1(M2, B) =
|q|BM2

8π2
(1− log M2) (17)

and

V1(M2, B) ' − 1
16π2

[M4 (log M2 − 3
2
) +

2
3

(|q|B)2 log M2] (18)

for 2|q|B
M2 > 1 and < 1 respectively. To proceed further we first consider the

case M2

2eB < 1; keeping leading terms and adding the contributions of all the
charged particles, the total Veff (σ,B) for the sigma model, at the one loop
level, is thus given by4

Veff (σ,B) = −1
2
µ2σ2 +

λ

4
σ4 +

1
64π2

(3λσ2 − µ2)2 log(
3λσ2 − µ2

m2
σ

− 3
2
)

+
1

64π2
(λσ2 − µ2)2 log(

λσ2 − µ2

m2
− 3

2
)− eB

16π2
(λσ2 − µ2) log 2

− Nc

16π2

∑

flav

[g4σ4(log
g2σ2

m2
f

− 3
2
) +

2
3
(|q|B)2 log

g2σ2

m2
f

] .(19)

For |q|B
M2 > 1 , the last term in Eq.(19) is replaced by |q|BM2

8π2 (1 − logM2)
summed over quark flavors. In figure 1, we plot Veff (σ,B) as a function of
σ for different values of the magnetic field and compare it with the case of
zero magnetic field. As input parameters we choose the constituent quark
mass mf= 500 MeV, the sigma mass mσ=1.2 GeV and fπ=93 MeV. We find
that, in the presence of intense magnetic fields, chiral symmetry breaking
is enhanced. For magnetic fields large compared to m2

f , we observe that
though the fermionic contribution is towards symmetry restoration, it is not
enough to offset the contribution of charged Goldstone pions. In order to study
chiral symmetry restoration, in the case of neutron stars, as a function of the
chemical potential µ associated with finite baryon number density, we employ
the imaginary time formalism by summing over Matsubara frequencies. This
amounts to adding the fermionic free energy to the one loop effective potential
and is given by

V β
1 (σ) = −γ

β

∫
d3k

(2π)3
ln (1 + e−β(E−µ)) (20)
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Figure 2. Chiral condensate σ(MeV ) as a function of baryon density in f−3
m for B =

0,1016, 1018 and 1019 Gauss, respectively.

which, in the presence of a static uniform magnetic field, becomes

V β
1 (σ) = −γ

β

eB

2π

∞∑
n=0

∫ ∞

0

dkz

2π
ln (1 + e−β(E−µ)) (21)

where γ is the degeneracy factor and is equal to 2Nc for each quark flavor. We
consider cold dense isospin symmetric quark matter for which the integrals
can be performed analytically. The baryon number density corresponding to
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the chemical potential µ is given by the usual thermodynamical relations.

NB(µ, 0) =
1
3

∑

flav

γ

6π2
(µ2 − g2σ2)

3
2 (22)

and

Figure 3. Phase diagram as a plot of the magnetic field (in Gauss) versus baryon density.

NB(µ,B) =
1
3

nmax∑
n=0

γ |q|B
4π2

(2− δµ,0)
√

µ2 − g2σ2 − 2n |q|B (23)

for zero and finite magnetic field respectively. Here nmax= Int
∣∣∣µ2−g2σ2

2|q|B

∣∣∣. To
study the chiral symmetry behavior at finite density in the presence of an
uniform magnetic field, we minimize the effective potential with respect to
the order parameter σ for fixed values of the chemical potential and magnetic
field (which then fixes the baryon density). The results are shown in figure
2 where we have plotted the order parameter σ as a function of density at
T=0 for different values of the magnetic field. The solution indicates a first
order phase transition. The actual transition takes place at the point where
the two minima of the effective potential, at σ=0 and σ=σ(µ,B) non-zero,
become degenerate. The lower values of σ (represented by dotted curves) are
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unphysical in the sense that they do not correspond to the lowest state of
energy. In figure 3 is plotted the phase diagram in the magnetic field-baryon
density plane. We find that the magnetic field continues to enhance chiral
symmetry breaking at low densities as expected but as the magnetic field is
raised, chiral symmetry is restored at a much lower density compared to the
free field finite density case.

3 Dynamical Evolution of Quark-hadron Phase Transition
Through Bubble Nucleation

It is well known that a phase transition from a quark gluon plasma to
confined hadronic matter must have occurred at some point in the evolution
of the early Universe, typically at around 10− 50µs after the Big Bang. This
leads to an exciting possibility of the formation of quark nuggets through the
cosmic separation of phases 5. As the temperature of the Universe falls below
the critical temperature Tc of the phase transition, the quark gluon plasma
super cools and the transition proceeds through the bubble nucleation of the
hadron phase. As the hadronic bubbles expand, they heat the surrounding
plasma, shutting off further nucleation and the two phases coexist in thermal
equilibrium. The hadron phase expands driving the deconfined quark phase
into small regions of space and it may happen that the process stops after the
quarks reach sufficiently high density to provide enough pressure to balance
the surface tension and the pressure of the hadron phase. The quark matter
trapped in these regions constitute the quark nuggets. The number of parti-
cles trapped in the quark nugget, its size and formation time are dependent
sensitively on the degree of super cooling. The duration of the phase transi-
tion also depends on the expansion of the Universe and on other parameters
like the bag pressure B and the surface tension σ.

The quark nuggets formed in the small super cooling scenario are in a
hot environment around the critical temperature Tc and are susceptible to
evaporation from the surface 6 and to boiling through subsequent hadronic
bubble nucleation inside the nuggets 7. However, in the large super cooling
scenario we have the interesting possibility of these nuggets forming at a
much lower temperature than Tc due to the long duration of the transition
and consequent expansion of the Universe. Alcock and Farhi 6 have shown
that the quark nuggets with baryon numbers ≤ 1052 and mass ≤ 10−5M¯
are unlikely to survive evaporation of hadrons from the surface. Boiling was
shown to be even a more efficient mechanism of nugget destruction 7. These
results were somewhat modified by Madsen et.al.8 by taking into account the
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flavor equilibrium near the nugget surface for the case of evaporation and by
considering the effect of interactions in the hadronic gas for the case of boiling.
In the large super cooling scenario the time of formation of these nuggets can
be quite late when the number of baryons in the horizon (of size ∼ 2t) is large
and temperature much lower. These nuggets can easily survive till the present
epoch.

There have been recent observations by gravitational micro lensing9 of
dark objects in our galactic halo having masses of about 0.01− 1 solar mass.
If these objects have to be identified with quark nuggets, they could only have
been formed at a time later than the time (∼ 50− 100µs) when the Universe
cooled through Tc. When the early Universe as a quark-gluon thermodynamic
system cools through the critical temperature Tc, energetically, the new phase
remains unfavorable as there is free energy associated with the surface of
separation between the phases. Small volumes of the new phase are thus
unfavorable and all nucleated bubbles with radii less than the critical radius
collapse and die out. But those with radii greater than the critical radius
expand until they coalesce with each other. So super cooling occurs before
the new phase actually appears and is then followed by reheating due to release
of latent heat. The bubble nucleation rate10 at temperature T is given by

I = Ioe
−Wc

T (24)

where Io is the prefactor having dimension of T 4. The prefactor used tradi-
tionally in early Universe studies10 is given by

Io = (
Wc

2πT
)

3
2 T 4 . (25)

Csernai and Kapusta11 have recently computed this prefactor in a coarse-
grained effective field theory approximation to QCD and give

Io =
16
3π

(
σ

3T
)

3
2

σηqRc

ξ4
q (∆w)2

(26)

where ηq = 14.4T 3 is the shear viscosity in the plasma phase, ξq is a correlation
length of order 0.7 fm in the plasma phase and ∆w is the difference in the
enthalpy densities of the two phases. The critical bubble radius Rc and the
critical free energy Wc are obtained by maximizing the thermodynamic work
expended to create a bubble and are given by

Rc =
2σ

Ph(T )− Pq(T )
(27)
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and

Wc = 4πσR2
c(T )/3 =

16πσ3

3∆P 2
(28)

where

∆P = Ph(T )− Pq(T ) (29)

is the pressure difference in hadron and quark phase.
For simplicity we describe the quark matter by a plasma of massless

u,d quarks and massless gluons without interaction. The long range non-
perturbative effects are parameterized by the bag constant B. The pressure
in the QGP phase is given by

Pq(T ) =
1
3
gq

π2

30
T 4 −B (30)

where gq ∼ 51.25 is the effective number of degrees of freedom. In the hadronic
phase the pressure is

Ph(T ) =
1
3
gh

π2

30
T 4 (31)

where gh ∼ 17.25, taking the three pions as massless.
The fraction of the Universe h(t) which has been converted to hadronic

phase at the time t is given by the kinetic equation

h(t) =
∫ t

tc

I(T (t′))[1− h(t′)]V (t′, t)
[
R(t′)
R(t)

]3

dt′ (32)

where V (t′, t) is the volume of a bubble at time t which was nucleated at an
earlier time t′ and R(t) is the scale factor. This takes bubble growth into
account and can be given simply as

V (t′, t) =
4π

3

[
Rc(T (t′)) +

∫ t

t′

R(t)
R(t′′)

v(T (t′′))dt′′
]3

(33)

where v(T ) is the speed of the growing bubble wall and can be taken to be

v(T ) = vo[1− T

Tc
]
3
2 (34)

where vo = 3c. This has the correct behavior in that closer T is to Tc slower
do the bubbles grow. When T = 2

3Tc we have v(T ) = 1√
3

the speed of sound
of a massless gas. For T < 2

3Tc which occurs when there is large super cooling,
we use the value v(T ) = 1√

3
.
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The other equation we need is the dynamical equation which couples
time evolution of temperature to the hadron fraction h(t). We use the two
Einstein’s equations as applied to the early Universe neglecting curvature

Ṙ

R
=

√
8πG

3
ρ

1
2 ;

Ṙ

R
= − 1

3w

dρ

dt
(35)

where w = ρ+P is the enthalpy density of the Universe at time t. The energy
density in the mixed phase is given by

ρ(T ) = h(t)ρh(T ) + [1− h(t)]ρq(T ) , (36)

where ρh and ρq are the energy densities in the two phases at temperature T
and similarly for the enthalpy. We numerically integrate the coupled dynami-
cal equations (21),(23) and(24) to study the evolution of the phase transition
starting above Tc at some temperature T corresponding to time t obtained by
integrating the Einstein’s Eqs. (25) and (26) in the quark phase. The number
density of nucleated sites at time t, is given by

N(t) =
∫ t

tc

I(t′)[1− h(t′)]
(

R(t′)
R(t)

)3

dt′ . (37)

Therefore, the typical separation between nucleation sites is ln = N(t)−1/3.
This distance scale will eventually determine the number of quarks in a nugget.
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Figure 4. Temperature as a function of time. Solid and dashed curves are for B1/4 =
100MeV and σ = 39.5MeV fm−2 with the standard and the Kapusta pre-factors, respec-
tively. Long dashed and dotted curves are for B1/4 = 113MeV and σ = 57.1MeV fm−2

with the standard and the Kapusta pre-factors, respectively.
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B1/4 σ Tc tf Tf Nq NqH ln
MeV MeV fm−2 MeV µs MeV m
235 50 169 12.1 169 2.6× 1028 7× 1052 8× 10−3

145 57.1 104.4 34.7 99.9 9.4× 1035 3.4× 1053 4.6
125 57.1 90 56.1 78.8 1.1× 1039 7.3× 1053 63
125 77 90 1511.8 17.9 6.3× 1048 1.6× 1056 4.9× 105

100 39.5 71.9 2595 13.9 1.2× 1050 3.8× 1056 8.4× 105

113 57.1 81.3 5138 12.3 9× 1049 2× 1057 1.7× 106

Table 1. Some physical quantities for some representative values of B and σ.

To get an idea about the super cooling before nucleation begins, we can plot
the nucleation time as a function of temperature, defined by

τ−1
nucleation =

4πR3
c

3
I . (38)

The quark number density is given by

nq =
2
π2

ζ(3)(
nq

nγ
)T 3 (39)

where nq

nγ
is the quark to photon ratio estimated from the abundance of lu-

minous matter in the Universe to be roughly equal to 3 × 10−10. The quark
nuggets have Nq quarks at time t given by the number of quarks in a volume

1
N(t) , i.e. Nq = nq

N(t) . The average temperature at which nuggets are formed
when bubbles coalesce is obtained by finding the average time at which the
expanding bubble surfaces meet. Assuming a cubic lattice, we have done this
numerically to get the corresponding time tf and temperature Tf for different
values of B and σ.

Fig.4 shows the temperature as a function of time12. It is clear from
this diagram that reheating takes place as nucleation starts with the release
of latent heat. As σ increases, the super cooling is larger and reheating is
slower. The transition takes much longer to complete with more chance of
nugget formation. This allows the nuggets to be formed at a much lower
temperature when bubble walls meet. For low supercooling there is rapid
reheating, temperature reaches Tc and the phase transition is completed very
swiftly with no chance of any nugget formation. Fig.5 shows the fraction h(t)
of the Universe in hadron phase as a function of time. For small values of σ
the transition completes quickly as h(t) goes to 1. But for larger σ it takes a
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Figure 5. The hadron fraction as a function of time. Curves as in fig.4

larger time for h(t) to become 1. The number of quarks in the horizon NqH

at time t is

NqH ∼ nq(
4
3
πt3) ∼ (

nq

nγ
)
2ζ(3)
3π2

T 34πt3 (40)

and we find that for all interesting cases Nq ≤ NqH and this number is very
sensitively dependent on the surface tension. Physically it is possible to have
NqH ≥ Nq ≥ 1052 for some values of the parameters B and σ. In table 1 we
list some physical quantities for some representative values of B and σ.

4 Conclusions

In conclusion we have examined the chiral symmetry behavior of the Lin-
ear Sigma model in the presence of a static, uniform magnetic field at the one
loop level at zero density and at densities relevant in the core of neutron stars.
We find that the contribution of scalar and fermion loops leads to an increase
in chiral symmetry breaking. At high densities too, this effect persists and
for magnetic fields of strength up to 1018 Gauss, there is enhancement in chi-
ral symmetry breaking resulting in the restoration of symmetry at densities
higher than if no magnetic field were present. However, in the case of an high
magnetic field B ≥ 1019 Gauss, chiral symmetry is restored at lower densities.
Thus, in the core of neutron stars, if the nuclear matter undergoes a transition
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to deconfined quark matter, the presence of magnetic field would imply the
existence of massive quark matter due to enhancement in chiral symmetry
breaking. This would affect the equation of state and will have astrophysical
implications.

Regarding the evolution of quark-hadron phase transition, detailed dy-
namics of the quark-hadron transition in the early Universe show that the
evolution of the Universe does not necessarily follows the small super cooling
scenario and certain choices of B and σ can have a bearing on the present state
of the Universe. As nuggets with Nq ≥ 1052 are expected to survive the tran-
sition, they will contribute to the density of the Universe. We have explored
in detail the possibility of nugget formation and also estimated their average
separation, time of formation, quark content and survivability. Clearly, the
analysis can be improved by taking interactions into account in both phases
and also bubble interactions may be incorporated in the calculations, the
qualitative results however are not expected to change. Thus if the nuggets
studied above are indeed formed in a much cooler environment, they could
contribute significantly to the missing mass in the Universe and be candidates
for dark matter.
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