
R

C

O

S

T

N

B.C. Paul / BIBECHANA 11(1) (2014) 8-16: (Online Publication:  March, 2014) p.8 

 
 

BIBECHANA 
A Multidisciplinary Journal of Science, Technology and Mathematics 

ISSN 2091-0762 (online) 

Journal homepage: http://nepjol.info/index.php/BIBECHANA 

 
 

 

Dark Matter and Dark Energy in the Universe 
 

B. C. Paul*1 
Department of Physics, University of North Bengal, Darjeeling, 734 013, India 

Email: bcpaul@iucaa.ernet.in 
Accepted for publication: February 02, 2014 

 

Abstract 
Cosmological and astronomical observations predict that the present Universe is passing through an accelerating 
phase of expansion. The Universe emerged out of an exponential phase in the very early Universe. The scalar field 
of the standard model of particle physics when used in cosmology admits such a phase of expansion known as 
inflation. The most favourable condition for inflation with scalar field to admit an Inflationary scenario is that the 
potential energy must dominate over the kinetic energy which one obtains with a flat potential. Thereafter the 
Universe enters into a matter dominated phase when the field oscillates at the minimum of the potential. But it is not 
possible to accommodate the present accelerating phase in the Einstein’s gravity. It is known from observational 
analysis that about 73 % matter is responsible for the late phase expansion and 23 % matter called Dark Matter is 
responsible for a stable galaxy. We discuss here the relevant fields and theories that are useful for describing the late 
Universe. 
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1. Introduction 

 

In 1915, Einstein proposed the General theory of Relativity (GTR, henceforth) which is important in 
understanding the origin and evolution of the Universe [1- 4]. GTR is also important to understand highly 
massive objects where the strength of gravity is not weak. Einstein applied his famous equation in 1917 to 
obtain a model of the Universe which is static but failed to achieve a static model of the Universe with the 
field equation. This is because of the limitation of the then astronomical instruments which could observe 
only upto the periphery of our galaxy (Milkyway) i.e., up to a region which is almost not changing. 
Einstein then modified his GTR field equation by introducing a term which corresponds to repulsive force 
called cosmological constant. In 1927, while studying spectra of galaxies Hubble discovered that the 
Universe is expanding. It may be pointed out here that existence of non-static solution of the Einstein's 
field equation was noted by Friedmann in 1917.  But those solutions were of academic interest for more 
than ten years. Hubble's discovery led Einstein to give away the cosmological constant term from the 
GTR equation. Hubble's discovery also supports the fact that the Universe originated from a Big-Bang in 
the  past  from  a  cosmic egg. The  Universe  was very hot after its  birth  in the Big-Bang model. As  it  
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evolved, the temperature of the Universe decreased due to adiabatic expansion. The nucleosynthesis of 
the Universe might have occurred in the first three minutes. Subsequently stars, galaxies and the large 
scale structure of the Universe came up. After the discovery of Cosmic Microwave Background Radiation 
[5] the Big-Bang model became the standard model of the Universe which has a beginning of the 
Universe at some finite past. 
 

However, Big-Bang model based on perfect fluid model failed to account some of the observed facts of 
the Universe. While probing the early Universe the problems that cropped up are the horizon problem, 
flatness problem, singularity problem.  However, the above problems can be addressed in the framework 
of standard model of   particle physics by invoking the concept of inflation [1-4, 6-12]. The matter is  
replaced by scalar fields and the necessary condition for inflation may be achieved successfully. The 
small quantum fluctuation of the fields that originated  in the very early Universe leads to the structure 
formation of the Universe [3].  It is further known from the study of galaxy rotation curve that in addition 
to visible matter another form of matter known as Dark Matter exists in nature.  
 

Recent astronomical and cosmological observations predict existence of a new form of energy hitherto 
unknown. The discovery of Riess et al. in 1998 [13] and Perlmutter et al. [15] in 1999 changed the 
landscape of vision of the observed Universe in addition to other cosmological observations.  It is 
suggested that the current Universe is accelerating. In most of the investigations the origin of the 
acceleration is attributed to a mysterious component due to a source possessing negative pressure called 
Dark Energy (DE). Not only Type Ia supernova (SN Ia) observations but also cosmic microwave 
background (CMB) and baryon acoustic oscillations (BAO) have continued to confirm that about 73 % of 
the energy density of the present Universe consists of Dark Energy. Dark Energy is a major outstanding 
issue in physics and cosmology today.  In the literature the reported work mainly focused on theory, 
probes DE and on cosmological constant [7,8,16] . The preferred candidate for DE is a cosmological 
constant Λ. Consequently Λ cold-dark-matter (CDM) model is constructed which plays the role of a 
model for alternative approaches to understand the DE-problems. Although ΛCDM fits most 
observational data well, it suffers from two main shortcomings: (i) the low value of the vacuum energy 
and (ii) the cosmic coincidence problem. In order to address the above issues a constant Λ is replaced by a 
time varying Λ resulting in a dynamical DE models. From cosmological observations it is also understood 
that about 23 % matter in the Universe is in the form of Dark Matter (DM). In most investigations DM 
and DE are considered independent substance. But there is a possibility of existing coupling between DM 
and DE. So far DM and DE manifests only through their gravitational action. As a result the motivation 
for unified models of the cosmological substratum in which one single component plays the role of DM 
and DE simultaneously is studied. Recently, holographic principle [17] is incorporated in cosmology 
[18,19] to track the Dark Energy content of the Universe following the work of Cohen et al [20]. In this 
paper we discuss the origin of Dark Matter and Dark Energy in the Universe and possible candidates in 
favour of DM and DE. 
 
1.1. Dark Matter in the Galaxies  
 

In 1932, a Dutch astronomer Jan Oort was the first to interpret evidence and infer the presence of Dark 
Matter. He found that the mass in the galactic plane must be more than the material that could be seen 
while studying stellar motions in the local galactic neighbourhood but this measurement was later 
determined to be essentially erroneous. In 1933, the Swiss astrophysicist Fritz Zwicky, who studied 
clusters of galaxies made a similar inference.  Zwicky applied the virial theorem to the Coma cluster of 
galaxies and obtained evidence of unseen mass. In Fig.1, the observed galaxy rotation curve for M33 is 
shown.  Let us consider an object (say a planet) at a distance r from the gravitating centre (the Sun). The 
gravitational force on it is proportional to the product of masses and inversely proportional to the square 
of the distance. For dynamical equilibrium we determine the velocity of rotation of the planet. In the box 
below we consider solar system to evaluate rotational velocity of the planets. 
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As an example in the above, we consider earth and a distant planet Neptune to estimate their rotational 
velocities. The values obtained using the Newton’s formula is reliable. Now in the case of objects in the 
galaxies, analogously consider a light emitting source at a distance r from the centre of the galaxy. For 
dynamical equilibrium the same velocity equation for the light emitting source will be valid and 
consequently velocity of rotation should fall as square root of the distance r: 

 

  
rr

rGM
rv

1)(
)( ∝=                                                                                                     (1) 

 

where M(r) represents the mass which is supposed to be constant as was found in the case of a star in the 
solar system. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
  
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   Figure 2: Rotation curve 

• For dynamical equilibrium

d

Sun

Planet

V

)(/4.530

/3010150 6

2

2

formulareliablesKmVrr

sKmvKmr

r

GM
v

r

mv

r

GMm

NeptuneEN

earthE

=⇒=
=⇒×=

=⇒

=

Figure 1: Velocity of rotation 
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Now let us consider a galaxy consisting of about 1011 stars of mass equal to or more than the mass of the 
sun. Compare to the centre of the galaxy the stars are like point objects. In the case of M33 galaxy the 
observed velocity rotation curve as shown in Fig.(2), at first increases, it attains a maximum and 
thereafter its change in velocity is almost constant. But the expected velocity rotation curve from 
luminous disk after certain distance from the centre of the galaxy should decrease as shown. It is observed 
that  
 

• Velocity at a distance r (denoted by v(r) )  rises towards a constant after about 2 kpc.                                      
• M(r) interior to r increases linearly with r 

 
Thus the above confrontation with observation may be removed assuming that the disc galaxies are 
immersed in extended Dark Matter (DM) halos, at small distances this DM is only a small fraction of the 
galaxy mass inside; it becomes very large at large distances. Let us estimate the Dark Matter from the 
following data: velocity of a luminous object at 10 kpc away is 120 km/s but its luminous velocity 
expected is 40 km/s. Using Eq. (1), we get 

 
 
 
 

where Mtotal represents the total mass and Mlum  represents the luminous mass corresponding to rotational 
velocity vT   and vlum  respectively. We have the following data: 
 
 
 
 
 
 
 
 
 
 

Thus a major composition of matter in the galaxies is Dark Matter. 
 
1.2. Dark Energy and the Dark Matter in Cosmology 
 

Cosmology is the study of the cosmos consisting of galaxies, clusters, superclusters etc. Einstein’s general 
theory of relativity (GTR) is useful to understand the dynamics of the Universe. About 99 years back 
Einstein obtained field equation connecting geometry in one side and matter in the other side. This is an 
intuitive concept to relate the effect of matter in the space time. The space time geometry is flat in the 
absence of matter, however, in the presence of matter flat geometry changes its shape and it becomes 
curved. This curvature and matter are interrelated. The famous Einstein equation is 
 
   
                                                                                                                                            (2) 
 
 
where Rµν  and R represent the Ricci tensor and Ricci scalar respectively, gµν represents the metric tensor, 
Tµν represents the energy momentum tensor and  G is the Newton’s gravitational constant. According to 
cosmological principle the Universe is isotropic and homogeneous and the most acceptable metric is the 
Robertson-Walker metric which is given by 
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                                                                                                                                                                 (3)         
 
in the (t, r, θ, ϕ)  coordinates, a(t) represents the scale factor of the Universe. In the above k is the index 
which represents a closed Universe for +1, open Universe for – 1 and a flat Universe for 0. In the case of 
perfect fluid the energy momentum is given by 
 
                                           (4) 
             
where ρ and p represent the energy density and pressure respectively. Using Eqs. (3) and (4) in Eq. (2) 
one obtains the field equations 
 
                               (5) 
             
             
                                        (6) 
 
 
 

The famous Raychaudhuri Equation is obtained using Eqs. (5) and (6) as 
 
 
 
 In 1926, Hubble discovered that the Universe is expanding, for which one requires to have matter with negative 
pressure as  
  
which is not permitted classically in the framework of perfect fluid assumption.  Note that even 10-6 sec 
after Big-Bang, E(particle) > 1 GeV. At this energy scale it is necessary to describe matter by quantum fields. 
For energies less than Planck energy, classical description of space-time possible with scalar fields 
permitted by Particle Physics.  As discussed above the concept of inflation in cosmology is therefore 
essential which is permitted if quantum fields are considered. In 1981 Guth [6] proposed inflationary 
Universe scenario using temperature dependent phase transition mechanism in order to get rid of the 
problems of the Big-Bang cosmology. In this scenario there was a phase of expansion of the Universe 
when a small causally coherent region grows to a huge size to encompass the present Universe. 
Subsequently it is found that a graceful exit from inflation is not permitted in the scenario [7]. A new 
inflation is then proposed by Linde [8], Albrecht and Steinhardt [9, 10] where the graceful exit is natural.  
The period of inflation was very short in which the Universe grows rapidly so that at a later epoch it 
allows the different parts we see to come in casual contact with each other, thereby explaining the 
isotropy of the observed Universe. Eventually, the quantum vacuum state decays, dumping its energy into 
the form of thermal radiation and the Big-Bang Friedmann model takes over. In 1983, Linde [8] proposed 
a suitable inflationary Universe model which does not require temperature dependent phase transition 
mechanism instead the Universe can be realized from a chaotic distribution of a homogeneous scalar 
field. In this scenario sufficient inflation required to solve the problems of the Big-Bang model can be 
realized if a causally coherent region grow out with an initial scalar field which picks up values ϕ > 3 MP , 
where MP represents the Planck mass. Quantum gravity region is not important in this case as V(ϕ) ≥MP

4
 . 

Linde [8] has shown that a kinetic energy dominated region can pass on to an inflationary era afterwards 
as the potential energy domination sets in at a late epoch in scalar field cosmology. Paul et al. [11] shown 
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that chaotic scenario is more realistic as it can be accommodated even in the presence of an anisotropy. 
An inflationary Universe model is important as it opens up new avenues not only in Cosmology but also 
in Particle Physics. It can solve some of the outstanding conceptual issues in cosmology Particle Physics 
not understood before.  In the last three decades a number of inflationary models of the Universe 
proposed in the literature in the context of different theories e.g. 
 

• (1980-1989): R2 –inflation [12], Old inflation [6], New inflation [16], Chaotic inflation [8,21], 
Power-law inflation [22], Extended inflation [23],  SUGRA inflation [24],Double inflation [25]. 

•  (1990-1999): Hybrid inflation [26], SUSY D-term inflation [27], Brane inflation [28], Assisted 
inflation [29] . 

•  (2000-2008): Super-natural inflation [30], K-inflation [31], D3-D7 inflation [32], Tachyon 
inflation [33], Hill top inflation [34], DBI inflation [35]. 

 

Till now it is not clear when and how the Universe entered the inflationary phase in the past. A suitable 
model which can describe the entire evolution of the Universe is yet to be constructed. A baby Universe 
i.e., a tiny causally connected region grew into a huge size due to early inflation which engulfed the entire 
Universe in a very short time. During the creation the Universe was very hot as it expands its temperature 
decreases enhancing the formation of atoms from a soup of quark-gluon plasma. A photon thus emitted at 
very high temperature is the sole spectator of the phase which is commoving with the stratum. Its 
temperature decreases and the present 2.73K black body radiation is due to this decoupled photon and 
expansion of the Universe. The frequency range of this radiation  lies in the Microwave region at the 
present epoch which is showering isotropically in the Universe. This  is cosmic Microwave background 
radiation (CMBR). Thus it is important to encode the message hidden in CMBR.  Penzias and Wilson 
discovered the presence of CMBR while scanning the entire sky for source emitting microwave. Later 
they were awarded with nobel prize. In the inflationary theory the quantum fluctuations that developed in 
the early Universe leads to large structure formation which was supported by Cosmic Background 
Explorer (COBE). The present decade is witnessing a transition from speculative science to an 
experimental science because of a number of precision observational projects namely, CMB, SDSS, 
WMAP and PLANCK. The analysis of the data from those missions are confronting with theoretical 
cosmology. When observational data are analyzed in the framework of Big-Bang cosmology it comes out 
that the present Universe is composed of 73 % Dark Energy (darkshade), 23 % Dark Matter (violet) and 
only 4 % (red) are baryons that is visible around us. A pie chart reflects the energy budget of the 
Universe. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3: Energy distribution in the Universe Dark Energy (darkshade), 
                                    Dark Matter (violet) and only 4 % (red) observed matter. 
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One of the most exciting observational discoveries of the past decade is that the Universe is accelerating. 
The source responsible for Cosmic Acceleration is presently unknown and has been called Dark Energy.  
Dark Energy has large negative pressure and could account for up to 73 % of the total matter density in 
the Universe!!  
 

Using eq. (5) with a number of fluids and defining the density parameter (Ω), and critical density (ρc ) 
which represents the energy density corresponding to a flat Universe as below one obtains 
 
 
 
 
 
 
 
 
 
In the case of rapid expansion in a very short period called inflation, through which the Universe emerged 
in the past, we get 
                                              
 
 
 
 
For a number of fluids, we can write as   
 

                                                                                  
 
 
 
 
 
 

Thus it is evident that the observation predicts existence of matter other than the matter we observe 
around us. It is predicted from supernova experiments that the Universe is expanding at a rate much faster 
than that theoretically calculated. This result is amazing! 
 

In the Large Scale Structure (LSS) experiments dedicated telescope measured cosmological red shift of 
more than 2,50,000 galaxies! The derived galaxy-galaxy correlation function provides a tantalizing 
glimpse of the power spectrum of galaxy clustering and places powerful constraints on the density in 
clustered matter. It is also known from High Red shift type I a supernova study that the Universe is 
accelerating and its acceleration is fuelled by unknown form of Dark Energy having negative pressure. 
 
Thus due to advancement of technology the present era is witnessing a transition of cosmology from 
speculative science to experimental science. A number of astronomical and cosmological observations in 
the recent past made it possible to visualize the Universe which is different from what we understood a 
decade ago. Riess et al. [13] and Perlmutter et al. [14] found that the present Universe is accelerating 
which they observed while analyzing data from large red shift survey of supernovae. This late 
acceleration cannot be realized in the framework of standard model of particle physics. It is one of the 
challenges in theoretical physics to develop a consistent theory to address the issue. It is found that old 
cosmological constant term of Einstein again can help to obtain such late accelerating Universe. However, 
origin of a cosmological  constant term  required at late epoch is not known. When observational results  
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are analyzed in the Big-Bang model, existence of a new kind of energy that fills the space is required 
which is termed as Dark Energy. It has a negative pressure and negative gravitational effect causing a 
gravitational repulsion. As the Universe expands, Dark Energy stays at nearly constant energy density 
and, as the matter in the Universe thins out, the Dark Energy begins to dominate. The repulsive effect of 
Dark Energy seems to guarantee that the Universe might continue to expand forever. It is now a great 
challenge to theoretical physicists to give a consistent model for the Dark Energy in addition to Dark 
Matter. In the Einstein field equation this may be achieved by a modification of the gravitational sector 
[36] or the matter sector [37]. The work in this direction is now in progress worldwide to unravel the 
mystery of the Universe. Emergent Universe model in a flat Universe is another interesting model of the 
Universe which can be obtained with a non-linear equation of state [38]. In the emergent Universe 
scenario the initial size of the Universe was large enough so that quantum gravity effect is not important. 
The horizon and flatness problems do not arise. In the EU scenario, the Universe evolves from a static 
phase in the infinite past into an inflationary phase at a later epoch. In the usual description with a scalar 
field it is shown that a Universe starts expanding from the above phase, later on smoothly joins with a 
stage of exponential expansion followed by standard reheating and then approaches the classical thermal 
radiation dominated era of the conventional Big-Bang cosmology. The matter in the Universe may be 
considered as a composition of three kinds of fluids depending on EoS parameter. In the model one of the 
compositions of matter is Dark Energy. It permits an accelerating Universe which is supported by 
observations. 
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