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Abstract

In this paper we begin with the standard cosmological model of universe & present picture of current universe by observa-
tional results. A general theory of two-fluid cosmological models has been presented where one fluid portray the dark energy
content and other fluid represent the dark matter content of universe. A detail overview of two-fluid cosmological models has

been studied with proposed future space based observations.
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Introduction

In the standard cosmological model, the universe came
into existence from a space-time singularity of infinite
density as predicted by Einstein’s general theory of relativity.
The expansion started from a state of infinite density, which
we call the big bang singularity. The laws of physics break
down at the singularity. The big bang models are based
on the theory of relativity and stand in good agreement of
present observation on large angular scales. These models
are based on assumptions that space-time is homogeneous
and isotropic. The assumptions of homogeneity imply that
all points of space are equivalent and properties associated
with each point are the same, whereas the isotropy means
that there is no privileged direction in space.

Cosmology has been a hub of theoretical research
activities since the beginning of the twentieth century.
A majority of these investigations has been much of a
speculative nature due to the very reason that the subject
had a meager observational backing till the early nineties.
The modern study of cosmology was initiated by Einstein
[1] and De Sitter [2] in 1917 who proposed a static model
of the universe. The concept of an expanding universe was
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introduced by Fridemann [3] and Lamaitre [4]. Expanding
models of the universe gained considerable interest after
the discovery velocity-distance linear relationship among
galaxies due to E. Hubble [5] in 1929, given by

V=cZ= HOD (1)
where D is the distance of the galaxy and Z is its redshift
and H; is known as the Hubble constant. The value of H_ is
believed to be 100h, kms'Mpc', where h lies between 0.5 to
1. Hubble’s law implies that galaxies are receding each other
and the recession is directly proportional to distance.

Another landmark discovery in the field of cosmological
observation is the detection of cosmic microwave background
radiation (CMBR) by Penzias and Wilson in 1965 [6]. These
are two notable observational pillars on which stood the
entire speculative edifice of theoretical cosmology and
supports the Big Bang model.

Thehistoryofcosmologyhaswitnessed many conjectures.
The latest is accelerated expansion of the universe indicating
that in present universe the dominant energy components
are dark energy and dark matter. Dark energy and dark
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matter are the cornerstones of modern cosmology and it has
not yet been directly or indirectly detected but searches are
currently under way. The presence of dark energy revealed
by the recent speeding up of the expansion of the universe.
In observational point of view, this discovery confirmed by
the fluctuations of Cosmic Microwave Background Radiation
(CMBR) [7,8] observation of Large Scale Structure(LSS)
[9], nine years cosmological results by WMAP [10,11] and
PLANK(XVI) [12] measurements that dark energy and dark
matter are basic constituents of the universe.

The observational results by Baryon Oscillation
Spectroscopy Survey(BOSS) [13]; Abell cluster A586 [14];
optical, X ray and weak lancing data from 33 relaxed galaxy
clusters [15] find out the signature of coupling between
dark matter and dark energy. Hence, one could investigate
cosmological models in which dark energy and dark matter
interact each other. Also, interacting dark energy and dark
matter models are known to solve the coincidence problem
(why the densities of dark matter and dark energy are same
order at present epoch?). Recently, the results by Shah &
Igbal confirms that gravitational collapse of dark energy and
dark matter with interaction leads to the formation of the
black hole [16,17].

The projects HETDEX - the Hobby-Eberly Telescope Dark
Energy Experiment, DES: Dark Energy Survey, LSST: Large
Synoptic Survey Telescope, WFIRST: Wide-Field Infrared
Survey Telescope & Euclid has been planned for the next
generation search to provide a more complete picture of the
history of the universe and the role of dark energy and dark
matter.

General Theory of Two-fluid Models

The infinitesimal distance between two adjacent points
in a four dimensional Riemannian space-time is given by

ds? = g dstds’ )

where the latin suffixes i and j take values in the range 1,2,3

and 4. Here g, Is the metric tensor; x!, x?, x® denote space-
like coordinate and x* the time like coordinate. A semicolon
followed by a suffix denotes covariant differentiation with

respectto g .

Einstein’s general relativistic field equations for non
empty space-time are given by

87G
Gij = _0_47;,' (3)
where |
Gij ERij _Egin"'Agij (4’)
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is the Einstein tensor. Rﬁ is the Ricci tensor, which is

symmetric iniand j and expresses the curvature of the space-
time region. It is given by

a k a k a7k a Tk
Rij = @Fik _yri‘j +F[k1—‘j[ _Fijrak (5)
where
ak
P g 0 0 0
Fi,- ZT(gg/a +@giu - P gi‘jj (6)

are Christoffel symbols of second kind and
g'g,, =05/ =diag(1,1,1,1) (7)
R=g"R, is the scalar curvature and G is the Newtonian

constant of gravitation. In C.G.S. units G =6.67 x 10 cm3g s
and c=3 x 10 cm s A is the cosmological constant. It was

introduced by Einstein in the field equations in order to geta
static model of the universe. The interpretation is that the
positive value of cosmological constantintroduces a repulsive
force at every point of the space, which can counterbalance
the attractive force of gravity and vice-versa.

T;, is the energy-momentum tensor, represents the total
non-gravitational energy content in a unit proper three
volume. For a perfect fluid of isotropic pressure p and density
p, T, isgiven by

ij
Y;j:(p-‘rpcz)uiuj_pgij (8)

where the four-velocity, u, satisfies the equation (7).The
conservation of energy-momentum tensor for Einstein field
equations implies that,

T/, =0- 9)

In 1917, static, homogeneous and isotropic cosmological
models were proposed by Einstein [1] and DeSitter [2]. In
Einstein space-time hyper surfaces t = constant are filled
with incoherent matter of constant density. It satisfies Mach
principle and the density of matter determines the precise
geometrical nature of the space-time. The DeSitter universe
is an empty space-time that is in the dynamical sense the
universe is empty, whereas in the kinematical sense it is
expanding. Eddington pointed out that; DeSitter universe
has motion without matter in respect to Einstein universe
which has matter without motion. Both the models have
their own advantages. So, various author’s recognized the
need of cosmological models of universe, which contain the
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advantages of both of these models.

Cosmological Models which contain both Matter
and Radiation

The discovery of isotropic cosmic microwave
background radiation encouraged many cosmologists to
investigate cosmological models which contain both matter
and radiation. In a two-fluid model, each of the density and
the isotropic pressure has two components:

pLP=p +p,..pr=p +p, (10

where subscripts m and r respectively correspond to
matter and radiation. The isotropic pressure of radiation is
givenby p = 1/3prcz. Consequently, the energy momentum

tensor for a source of gravitational field consisting of a
perfect fluid and diffused radiation, is given by

T, =TT Y
where
™ =(p, +p,c v} = p,g, .
r 4 ot 1
T(, ) =§Py cul u; _Epr ¢ 8i; (13)

Four- velocity " and u, satisfy

g”u"" u'/” = g”u" uf =1 (14)
The energy conditions are
Pu +pmcz >0, Pus P, >0. (15)

Ithasbeen observed thatthe cosmic microwave radiation
has a black body spectrum. Therefore, its temperature T is
related to its density as follows:

p=aTl’ (16)

where a = 7.57x10"> erg cm? K? is Stefan’s constant. In
two-fluid model, the law of conservation of energy and
momentum leads to the equation

7" +T " =0, (17)
i Jii
where
0

T, =—T -T,T}, +T'T, withT/ = g""T,

Ji ax,' ki (18)
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It is to note that the two fluids are interacting if
they satisfy the unified conservation law given above.
This situation is most relevant to portray the scenario
before the recombination epoch when the photons were
bound to matter. The two-fluids are non interacting if the
corresponding energy-momenta are conserved separately:

T./i,f(m) = T/i,[(r) =0- (19)

The situation is generally considered to model the post
recombination eras when the photons got themselves free to
form CMBR being observed presently.

A general feature of the two-fluid model is that it expands
out an absolute radiation phase towards a final matter phase.
It is found that the inclusion of radiation in a matter universe
will tend to decrease the age of universe, whereas inclusion
of matter in a radiation universe will tend to decrease comic
microwave radiation temperature [18].

Cosmological Models which Contain Dark
Matter and Dark Energy

For two-fluid source, consisting a dark energy field and
dark fluid source T]‘ is,

i i(dm) _i(de)
=14 41 (20)

where T]l.(d ) are TJl.(d ©) the energy momentum-tensor

for dark matter and dark energy field source.
For two-fluid model, the law of conservation of energy
and momentum leads us,

T;jij -0 (21)

From equation (20), it implies that

ridm)  rilde) _, (22)
5] 5J

The two-fluids are interacting if they satisfy the unified
conservation law (22) and non-interacting each other if the
corresponding energy-momentum for dark matter and dark
energy field source are conserved separately, that is

T.i]]:(d m) _ Tz'jjj(d e _y (23)

In the literature, it is usual to assume that dark energy
and dark matter interact through a coupling term Q, given by

pdm+3H'0dm:Qpde+3dee(1+Wde):_Q (24)
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where p, and p,, are densities of dark matter

and dark energy respectively (ignoring the baryon
component) and an overdot denotes differentiation with
respect to comoving time t. w,,_is the EoS parameter of

dark energy givenby w,, = p_, / p,. and His the Hubble
parameter.

Putting Q = 0 in equation (24), the two-fluids becomes
non-interacting each other and energy-momentum for dark
matter and dark energy field source are conserved separately.
It is be noted that, equation (24) preserve the total energy
conservation equation given by (21) as follows,

PTotal + 3H'DTotal (1 + WTotal) =0 (25)

where o, == p, + P, s the total energy and

W, is the total effective EoS.

For O > 0 or QO < O expresses energy transfer from dark

energy to dark fluid or dark fluid to dark energy. The forms of
QO considered in literature are completely arbitrarily, with

the obvious requirement to depend only on time due to
homogeneity and isotropy. The usual choices of O are (i)

O = axp,, ¢ (in string theory or scalar-tensor theory or

Brans-dicke theory) [19,20],
(i) © = 362 H p,,., (in Modified Chaplygin Gas)  [21],

(i) O =3B8H (p,, + ps)or Q=3nHp,, [22-23].

Also, one can use observations in order to restrict their
forms for dark energy EoS and effective EoS for dark energy
and dark fluid [24].

Conclusion

Recent cosmological investigation by high red-shift
[aSuper-nova (SN Ia) [25-27], Cosmic Microwave Background
(CMB) Anisotropy [28], Large Scale Structure (LSS) [29]
indicate that the expansion of the universe is expanding
with acceleration and dark energy dominates in the present
universe (4% for baryonic matter,23% for non baryonic dark
matter and 73% of dark energy) [30]. Dark matter and dark
energy are mysterious and we presently do not know what it
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is. By definition, dark matter has attractive gravity whereas
dark energy is some kind of repulsive gravity with negative
pressure.

This acceleration is realized with negative pressure
and positive energy density that violates the strong energy
condition. This violation of strong energy condition provides
a reverse gravitational effect and universe gets jerk from its
earlier deceleration phase to recent acceleration phase [9].

Recently, many authors studied two-fluid scenario in
different geometries filled with barotropic fluid and dark
energy [31-41]. We can get more information insight about
nature of dark matter, dark energy and the interaction witin
the dark sectors by the satellite mission Euclid and WFIRST
scheduled for launch in 2020 and 2023.
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