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Abstract

We have studied quark matter coupled with string cloud and domain walls in the context of general relativity. For this
purpose, we solved Einstein’s field equations for quark matter coupled to the string cloud and domain walls in
spherical symmetric kink space-time. It is found that cosmic strings and domain walls do not survive in this
space-time. Hence, the space-time in both the cases reduces to Minkowskian and the space-time is flat.
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Background
It is still a challenging problem to know the exact phys-
ical situation at very early stages of the formation of our
universe. At the very early stages of evolution of universe,
it is generally assumed that during the phase transition
(as the universe passes through its critical temperature)
the symmetry of the universe is broken spontaneously.
The topological stable defects [1] which occur during the
phase transition are identified as strings. The other topo-
logical defects are monopoles and domain walls. Sponta-
neous symmetry breaking is an old idea, described within
the particle physics in terms of the Higgs field mecha-
nism. The symmetry is called spontaneously broken if
the ground state is not invariant under the full symmetry
of the Lagrangian density. Thus, the vacuum expecta-
tion value of the Higgs field is non-zero. In quantum
field theories, broken symmetries are restored at high
temperatures.

A star which is smaller than neutron stars, the possibil-
ity of a quark star or a compact star, which is supported
by degenerate pressure of quark matter, has been pointed
out. Such a quark star has been investigated by many
authors [1-4]. In their view, it is commonly assumed that,
such quark stars contain quark matter in the core region
and are surrounded by harmonic matter, although they
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are in the branch of neutron stars [5]. One of the interest-
ing consequence of the first-order phase transition from
quark phase to hadron phase in the early universe is
the formation of strange quark matter and it has been
attracting much interest [6,7]. It is plausible to attach
strange quark matter to the string cosmology. Because
string is free to vibrate and different vibration modes of
the string represent the different particle types. The dif-
ferent modes are observed as different masses or spins.
Satchel [8] and Letelier [9] initiated the relativistic treat-
ment of strings. The gravitational effects of cosmic strings
have been extensively discussed by Vilenkin [10], Gott
[11] in general relativity. Krori et al. [12], Chatterjee and
Bhui [13], Tikekar and Patel [14], and Bhattacharjee and
Baruah [15] obtained relativistic string models of Bianchi
space time.

In the present paper, we have attached strange quark
matter to the string cloud, since one of such transition
during the phase transition of the universe could be the
quark-glucon plasma (QGP) harden gas when cosmic
temperature was T ≈ 200 MeV. Itoh [4], Bodmar [16],
and Witten [6] proposed two ways of formation of strange
quark matter: the quark-hadron phase transition in the
early universe and conversion of neutron stars into strange
ones at ultrahigh densities. Alcock et al. [17] and Haensel
et al. [18] examined that some neutron stars could actu-
ally be strange stars built entirely of strange matters if the
hypothesis of the quark matter is true. Cheng et al. [19]
have studied strange star properties, while Yavuz et al. [20]
studied strange quark matter attached to the string cloud
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in spherical symmetric space-time admitting conformal
motion.

Typically, quark matter is modeled with the equation
of state (EOS) which is based on the phenomenologi-
cal bag model of quark matter. In the framework of this
model, quarks are thought as degenerate Fermi gas which
exists only in the region of space endowed with vacuum
energy density BC . Also in the framework of this model,
the quark matter is composed of massless u, d quarks
and massive s quarks and electrons. In the simplified bag
model, it is assumed that when quarks are massless and
non-interacting, we then have quark pressure

pq = ρq
3

, (1)

where ρq is the quark energy density.
The total energy density is

ρm = ρq + BC , (2)

but the total pressure is

pm = pq − BC . (3)

The equation of state for strange quark matter is [21,22]

pm = 1
3
(ρm − 4BC). (4)

Recently, the quark-gluon plasma is created as the per-
fect liquid in the Brookhaven National Laboratory [23-25].
So, we shall consider the quark-gluon plasma in the form
of perfect fluid and also use the following equation of
state:

pm = (γ − 1)ρm, (5)

where 1 ≤ γ ≤ 2 is a constant.
It is possible to couple quark matter with cosmic strings

and domain walls. Because, the strings are free to vibrate
and different vibrational modes of the strings represent
the different particle types since different modes are seen
as different masses or spins. Yilmaz [26,27] have studied
5-D Kaluza-Klein cosmological models with quark matter
attached to the string cloud and domain walls. Adhav et al.
[28,29] have discussed string cloud and domain walls with
quark matter in n-dimensional Kaluza-Klein cosmologi-
cal model in general relativity and strange quark matter
attached to string cloud in Bianchi type-III space time
in general relativity. Khadekar et al. [30] have confirmed
their work to the quark matters which attached to the
topological defects in general relativity. Katore and Shaikh
[31] have obtained a cosmological model with strange
quark matter attached to a cosmic string for axially sym-
metric space-time in general relativity. Mahanta et al. [32]
have discussed string cloud with quark matter in self cre-
ation cosmology. Recently, Sahoo and Mishra [33,34] have
studied string cloud and domain walls with quark matter
for plane symmetric cosmological model and string cloud

with strange quark matter in axially symmetric space-time
in bimetric theory.

A formulation of the general relativity theory is given
in terms of three postulates about a mathematical model
for space time. This model is a manifold M with a met-
ric g of the Lorentz signature. The physical significance
of the metric (space time) is given by the first two postu-
lates: those of local casualty and of local conservation of
energy momentum. These postulates are common to both
general and special theory of relativity, and so are sup-
ported by the experimental evidence of the latter theory.
The third postulate, the field equations for the metric
g, is less well experimentally established. However, most
of our results will depend only on the property of field
equations that gravity is attractive for positive matter den-
sities. This property is common to both general theory
and alternative theories of relativity.

The metrical kinks discovered by Finkelstein and
Misner [35] have arisen in the context of topology chang-
ing space-times [36] and in the study of black holes
[37,38]. Although some interesting kink space-times can
be found by explicit construction [39,40]; however, in
view of the profusion of space-times representing known
solutions of the Einstein equations (of varying degrees of
physical reasonableness) [41], it is logical to look for kink
space-times in this well-established list. Williams [42] has
studied the rotating kink space-time in 2+1 Dimensions.
The Gödel kink space-time has been identified by Harriott
and Williams [43]. A natural generalization of a previously
known (2+1)-dimensional kinked perfect fluid space-time
[42] was shown to produce a (3+1)-dimensional space-
time that does not represent a physically acceptable (per-
fect or imperfect) fluid but which, nevertheless, can satisfy
the weak, strong and dominant energy conditions [44].
Our purpose in this paper is to construct this topic in
relation to a broader class of kink space-time. The pur-
pose of the present work is to study spherically symmet-
ric kink cosmological models in general relativity with
quark matter coupled to the string cloud and domain
walls.

Field equations and their solutions for string cloud
with quark matter
Here, we considered the simplest spherically symmetric
space-time in the presence of a kink which is given by [35]

ds2 = − cos 2αdt2 −2 sin 2αdrdt+cos 2αdr2 +r2d�2,
(6)

where d�2 = dθ2 + sin2 θdϕ2 and α = α(r).
The energy momentum tensor for string cloud is given by

Ti
j = ρuiuj − λxixj, (7)
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where ρ is the rest energy density for a cloud with particle
attached to them and λ is the tension density of the strings;
they are related by

ρ = ρp + λ, (8)

where ρp is the rest energy density of particles.
The string is free to vibrate and different vibrational

modes are seen as different masses or spins. Therefore,
we will consider quarks instead of particles in the cloud of
strings. In this case from (8), we get

ρ = ρq + λ + BC (9)

From (7) and (9), we can write the energy momentum ten-
sor for strange quark matter attached to the string cloud
as [20]

Ti
j = (ρq + λ + BC)uiuj − λxixj, (10)

where ui is the four velocity of the string and xi represent-
ing the direction vector of anisotropy. The string source is
along the z-axis, which is the axis of symmetry.

Orthonormalisation of ui and xi is given as

uiui = −1, uixi = 0, xixi = 1 (11)

In the co-moving coordinate system, from Equations (10)
and (11)

T1
1 = 0 = T2

2 ; T4
4 = ρ; T3

3 = λ; Ti
j = 0, i �= j (12)

The Einstein’s field equation in general relativity is

Ri
j − 1

2
Nδi

j = −8πGTi
j (13)

Here, we consider geometrized units so that 8πG = c = 1.
The Einstein’s field Equation (13) for the line element (6)
with the help of Equations (7, 10,11, and 12) becomes

2
r2 sin2 α + 2

r
α1 sin 2α = 0 (14)

2
r
α1 sin 2α + α11 sin 2α + 2α2

1 cos 2α = 0 (15)

2
r
α1 sin 2α + α11 sin 2α + 2α2

1 cos 2α = λ (16)

2
r2 sin2 α + 2

r
α1 sin 2α = −ρ (17)

Here afterwards, the suffix 1 following an unknown func-
tion denote ordinary differentiation with respect to r.

The field equations (14 to 17) gives the solution

λ = 0 and ρ = 0 (18)

From (14), we obtain

(r sin2 α)1 = 0 (19)

which on integration yields

α = sin−1
√

k
r

, (20)

where k is a constant.

Hence, the simplest spherically symmetric kink space-
time takes the form

ds2 = −
(

1 − 2k
r

)
dt2 − 4

√
k
r

(
1 − 2k

r

)
drdt

+
(

1 − 2k
r

)
dr2 + r2(dθ2 + sin2 θdϕ2) (21)

For r = 2k, there is no singularity in the space-time.

Field equations and their solutions for domain
walls with quark matter
The energy momentum tensor TD

ij of a domain wall in the
conventional form [45] is given by

TD
ij = ρUiUj + p(gij + UiUj), (22)

where Ui is time-like vector such that UiUi = −1 other-
wise 0. Here, we also use the co-moving co-ordinate sys-
tem. This perfect fluid form of the domain walls include
quark matter [26] described by ρm = ρq + BC and pm =
pq − BC as well as domain walls tension σw is given by
ρ = ρm + σw and p = pm − σw which are related by the
bag model equation of state (Equation 4) and equation of
state (Equation 5).

Using the line element (6), the field Equation (13) take
the form for (22) as

2
r2 sin2 α + 2

r
α1 sin 2α = −p (23)

2
r
α1 sin 2α + α11 sin 2α + 2α2

1 cos 2α = −p (24)

2
r2 sin2 α + 2

r
α1 sin 2α = ρ (25)

The set of field Equations (23 to 25) immediately yields

p + ρ = 0 (26)

In view of reality conditions p > 0, ρ > 0, Equation (26)
implies that

p = 0 and ρ = 0 (27)

when p = 0 = ρ (vacuum), from Equations (23-25) which
in turn yield the same vacuum solution given by Equation
(20).

Conclusion
General relativity provides a rich arena to understand
the natural relation between geometry and matter fur-
nished by the Einstein equations. Field equations mean
that any two field configurations connected by a diffeo-
morphism which are empirically indistinguishable and
physically identical. Topological stable objects like domain
walls and cosmic strings play a fundamental role in the
formation of universe during the early stage of evolution.
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It is evident from the literature that Einstein’s theory of
general relativity has been extensively used to establish the
existence of thick domain walls and cosmic strings. Here,
it is shown that the spherically symmetric kink universe
does not accommodate domain walls and cosmic strings
coupled with quark matter in the general theory of rela-
tivity. In both the cases, the space-time turns up to be flat.
Hence, a vacuum kink model is obtained. It is interesting
to note that the vacuum model (21) obtained here has no
singularity at r = 2k.
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