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Astronomical observations show that our Universe is dominated by Dark Energy
(DE) and Dark Matter (DM). Understanding the origin and nature of DE and DM
is one of the most challenging and pressing scientific problems of modern science.
Elucidating its solution requires new ideas and new approaches. In this paper,
standard and non-standard theories to explain DE and DM are reviewed with a
special emphasis on recent theoretical developments and their far reaching physical
consequences.

1 Introduction

The main objective of this paper is to review current ideas and theories of Dark
Energy (DE) and Dark Matter (DM). Astronomical observations have supplied strong
evidence for the existence of DE and DM in our Universe. Let us beging with a brief
summary of astronomical observations that led to discoveries of DE and DM, and
determination of their and the most basic physical properties.

Supernovae with no hydrogen features in their spectra used to be classified as
type I. In the early 1980s, this class was subdivided into types Ia and Ib depending
on the presence or absence of silicon line 6150 Å. Adopting type Ia supernovae as
standard candles, two groups, the so-called ‘The Supernova Cosmology Project’ and
’The High-z Supernova Search’, have established the existence of DE in the Universe
and its basic properties; the Nobel Prize in Physics in 2011 was awarded to three
members (Saul Perlmutter, Brian Schmidt and Adam Riess) of these groups for their
discovery. Detailed description of the discovery and its main results can be found in
the original papers Riess et al. (e.g. 1998); Perlmutter et al. (e.g. 1999) as well as in
several review papers, Frieman et al. (2008).

The history of discovery of DM goes back to 1937, when Fritz Zwicky published
a paper in which he studied dynamics of clusters of galaxies and pointed out that
some ’missing mass’ was required for galaxies in the clusters to remain in dynamical
balance. Further confirmation of the existence of DM was supplied by measurements
of rotation curves of many different galaxies; these studies were initiated in 1970
by Vera Rubin and Kent Ford who measured a radial velocity curve for the Milky
Way and established that it was not Keplerian (Rubin & Ford, 1970). Dynamical
evidence for DM galactic halos was presented by Einasto et al. (1974) and Mathews
(1978), and more recently by Persic et al. (1996); Livio (2003); Bertone et al. (2005);
Freeman et al. (2006), who concluded that the galactic rotation curves can only be
explained if the existence of DM distributed in a spherical galactic halo around these
galaxies is postulated; an exception is the so-called MOND theory (Milgrom, 1983b,a)
that currently is not commonly accepted as an alternative to the above explanation
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of the rotation curves (Kaplinghat & Turner, 2002). Additional strong evidence for
the existence of DM was given by NASA’s WAMP (Bennett et al., 2003; Komatsu
et al., 2011) and by some gravitational lensing measurements (Ellis, 2010). Using the
WMAP data, the total amount of DM in the Universe was established. The actual
value is ΩM = 0.27 and it includes both the visible and invisible (Dark) Matter, with
the former being only a very small fraction of the latter (e.g., Komatsu et al. 2011);
for more recent results from Planck see below.

There are fundamental differences between physical properties of DE and DM
and their role in the Universe. DE is an omipresent energy stored in space-time
and smoothly distributed throughout the Universe. It has the same density at any
location in space-time, which is approximately 10−26 kg/m3, and according to the
recent results from Planck, DE accounts for 69% of the total energy and mass of the
Universe It is DE that is responsible for the accelerated expansion of the Universe.
The full account of all possible effects of DE on the Universe, including its clusters of
galaxies, galaxies and stars and planets, still remains to be determined. The results
from Planck also show that the second most dominant component of the Universe is
DM, and that it accounts for 26% of the total energy and mass of the Universe The
remaining 5% is the ordinary matter from which planets, stars, galaxies and clusters
of galaxies are formed.

From a physical point of view the main difference between DE and DM is that
the latter may clump, like the ordinary matter does, and that such DM clumps exist
in clusters of galaxies (Zwicky’s missing mass) and also form extensive DM haloes
around all galaxies. The existing astronomical evidence seems to clearly implied that
the nature of DM is different than the ordinary (barionic) matter; the latter is known
for its strong, electromagnetic, weak and gravitational interactions, however, to the
best of our current knowledge, the DM only interacts gravitationally. A number of
attempts have been made to search for decaying DM and its possible weak interactions
with the ordinary matter (Ibarra et al., 2013). After the initial excitment about the
excess of particle-antiparticle observed by several satellites, the possibility that the
excess is caused by the DM was ruled out by the more recent data from the Fermi
Large Area Telescope (Ackermann et al., 2011). Moreover, the telescope set up strong
limits on masses of DM particles to be less than 30 GeV.

In the following sections of the paper, some current theoretical ideas about DE
and DM are discussed. Obviously, only selected ideas could be presented in such
a relatively short review paper, and these ideas are what the author considers to
be the most interesting. Sections 1 and 2 describe current theories of DE and DM,
respectively, and Section 3 gives some concluding remarks.

2 Current Ideas about Dark Energy

One of the first explanation of DE was given in terms of the so-called cosmological
constant λ, which was originally introduced by Einstein (1916) into his field equations
that are the basis of his General Theory of Relativity (GTR), to obtain a steady-state
model of the Universe The effects on space-time caused by λ are similar to those
resulting from the DE, namely, λ may lead to an exponentially expanding Universe as
first shown by de Sitter (1917). Therefore, it seems to be reasonable to identify λ with
the DE. Actually, one can make it even more interesting by considering λ to be the
energy density of vacuum in Quantum Field Theory (QFT). Even if this idea seems to
be physically justified, its direct applications is not so straightforward because QFT
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gives values of λ of the order of 10153 g/cm3, while it is expected that λ ≈ 10−29

g/cm3. One way to improve this prediction is to account for supersymmetry, which
when included gives λ ≈ 1055 g/cm3 that is still way off from the expected value.
Additional problem with using λ to explain the DE is also the fact that λ is fixed in
time and space, however, the DE may evolve in time with the accelerating Universe.
To account for such effects several different models have been developed.

One such model is based on the concept of scalar field Φ, called quintessence,
which is assumed to fill uniformly space-time and is allowed to evolve in time as the
Universe expands. The scalar field is introduced ad hoc by specifying the following
Lagrangian

Lq =
1

2
∂µΦ∂µΦ− V (Φ) , (1)

where µ = 1, 2, 3 and 4, V is a potential, and the equation of state is wq = pq/ρq <
−0.8, with

pq =
1

2
Φ̇− V (Φ) and ρq =

1

2
Φ̇ + V (Φ) . (2)

The introduced scalar field can be incorporated into Friedmann’s equations and a
potential V can be chosen such that the equations can be solved giving the so-called
tracker model (Steinhardt et al., 1999; Padmanabhan, 2002; Feinstein, 2002). The ob-
tained results are presented in Fig. 1, which shows that density of quintessence tracks
radiation until matter becomes dominant over radiation, which allows quintessence to
start behaving as DE and the acceleration process of the Universe begins.

The third model of DE that will be briefly described here postulates the existence
of a tachyonic field Ψ whose presence in space-time may account for the nature and
properties of DE. The tachyonic field is introduced by writing the following Lagrangian

Lq = −V (Ψ) [1− ∂µΨ∂µΨ] . (3)

With the equation of state wΨ = Ψ̇2 − 1, the resulting equation for Ψ is

Ψ̈ = −(1− Ψ̇2)

[
3HΨ̇ +

1

V

dV

dΨ

]
. (4)

As shown by Padmanabhan (2002); Bagla et al. (2003); Copeland et al. (2005);
Das et al. (2005) and others, the potential V (Ψ) can be chosen in such a suitable
way that it does describe correctly cosmological evolution of the Universe. Typical
solutions of Ψ and their cosmological implications can be found in the papers cited
above.

Both the quintessence and tachyonic field models have similar kind of problems.
First, potentials used so far have no natural field justification and all of them are
non-renormalizable. Second, the dependence of w on time is strongly restricted by
observations; and third, the potentials do require strong fine tuning.

Finally, let us briefly introduce a new idea which is based on the existence of
another scalar wave field in space-time, whose main property is that this scalar wave
is fundamental to all observers, and its presence in space-time may be identified with
the quantum field describing the newly discovered Higgs boson. We begin with a
matter-free universe whose space-time is flat with the Minkowski metric, and introduce
a scalar wave φ, whose labels are given by the irreps of the Poincaré group. To
transform like an irrep φ must satisfy the eigenvalue equations for space and time
translation operators (Musielak & Fry, 2009; Fry & Musielak, 2010; Fry et al., 2011):
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i∂µφ(x̄) = kµφ(x̄) and i∂µφ
∗(x̄) = kµφ

∗(x̄), where x̄ = (t, x, y, z) and kµ = const.
The components of kµ and ω2

0 = ω2−k2 = kµkµ are labels of the irreps as well as the
wave. Since our scalar wave so labeled can be identified by all observers, we refer to
it as a fundamental scalar wave, and identify it here with the Higgs boson.

We require that the energy-momentum tensor Tµν in the Einstein Field Equations
(EFEs) is real and that it satisfies ∇µTµν = 0. Following Wald (1984), we take

Tµν = (∇µφ)(∇νφ∗)− 1

2
gµν

[
(∇σφ)(∇σφ∗) + ω2

0φφ
∗] . (5)

Using the eigenvalue equations and the fact that φ and φ∗ are normalized plane
wave solutions, which means that φφ∗ = 1 everywhere, we obtain Tµν = kµkν−gµνω2

0 .
We consider the EFEs without an arbitrary cosmological constant and write Gµν =
8πTµν (Einstein, 1915, 1916), which gives

Rµν − gµν
(

1

2
R− ΛHiggs

)
= 8πkµkν , (6)

where ΛHiggs = 8πω2
0 . The structure of the resulting EFE’s is very similar to that

originally used by de Sitter (1917), who however started with the EFE’s with a cos-
mological constant Λ. It must be noted that our ΛHiggs plays that same role as Λ
in the de Sitter solutions but there is one fundamental difference between these two
quantities, namely, Λ cannot be determined by de Sitter’s approach, however, our
ΛHiggs is uniquely defined in our approach and it is proportional to its known rest
mass.

A general form of the metric that accounts for all effects caused by the fundamental
scalar wave can be written as

ds2 = −eA(t)dt2 + eB(t)[dx2 + dy2 + dz2] , (7)

where A(t) and B(t) are determined by solving the EFE’s. With A(t) = 0, two
interesting solutions are found: B(t) = B1(t) =

√
2ΛHiggs (t− t0) and B(t) = B2(t) =

−ΛHiggs(t − t0)2/2, where t0 is a time reference point. The first solution shows that
the spatial part of the metric is exponentially expanding as t → ∞, and the second
solution has an interesting Gaussian property that involves both expansion and con-
traction depending on choice of t0 but decaying to the Minkowski metric for large
(t − t0). Clearly, the first solution shows that it is solely the presence of the Higgs
boson that is responsible for the expansion of space this solution describes. The
expansion of space can account for the acceleration of the Universe.

3 Current Ideas about Dark Matter

Theoretical models of DM can be devided into three different groups, namely, hot,
warm and cold DM. The main candidates for the hot DM are left-handed (electron,
muon and tau) neutrinos, however, based on the current limits on their masses: νe < 7
eV, νµ < 0.2 eV and ντ < 18 eV, there are simply too few of them to account for
the observed amount of DM. Moreover, having such small masses, neutrinos are too
fast to be bound and therefore they cannot explain the structure formation in the
Universe (e.g., White et al. 1983; Freeman & McNamara 2006). As long as the warm
DM is concerned, the main candidates are sterile (right-handed) neutrinos, which so
far have not even been discovered, hence the idea is a pure speculation at this point.
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The list of candidates for the cold DM is long (e.g., Sugita et al. 2008) and it includes
weakely interacting massive particles (WIMPs) as originally suggested by Peebles
(1982), supersymmetric (SUSY) particles like gravitino (Pagels & Primach 1982) or
neutralino (Barbier at al. 2005), axions (Wilczek 1978; Rosenberg & van Bibber 2000),
the Klein-Kaluza particles emerging from theories with extra dimensions (e.g., Cheng
et al. 2002), and extremely light bosonic particles (ELBPs). Detailed description of
different DM candidates can be found in many reviews, such as Overduin & Wesson
(2004), Freeman & McNamara (2006), and Sugita et al. (2008).

The most commonly accepted idea for DM is that there exists a new particle
beyond the Standard Model, and that discovery of this particle will explain the nature
and likely the origin of DM in the Universe. Typically this particle is called WIMP,
which stands for a ’weakly interacting massive particle’. Several searches for the
WIMP are going on around the world in underground experiments; one of them is the
XENON experiment at Gran Sasso National Lab in Italy, and another is Cryogenic
Dark Matter Search in Minnesota, USA (see Undagoita & Rauch 2015) for description
of other experiments and the results obtained so far). As of today, no evidence for the
existence of WIMP in these underground experiments has been found but obviously
the searches are still continued.

One way to find a WIMP is to detect it in the underground experiments, and
another way is to produce in a laboratory experiment. With the particle being likely
ouside of the Standard Model, its creation would require large energies that can only
be generated by the LHC detector at CERN, which has recently been credited for the
discovery of the Higgs particle. There are some physical reasons for the exietence of
the so-called supersymmetric (SUSY) particles (e.g., Kane 2000), which would form
an extension of the Standard Model. Most of those SUSY particles quickly decay,
however, at least one of them must be stable, and it is this stable SUSY particle
that has been identified by theoreticans as the best candidate for WIMP. Its possible
creation at CERN would indeed solve the DM problem - a search for such stable
SUSY particle is being now conducted at CERN with max luminosities and energies
available. In the meantime, different theoretical ideas are being considered. One of
them is an extremely light bosonic particle (ELBP), briefly mentioned above.

The main physical reason for introducing the ELBPs is the fact that cold DM
(CDM) models do predict cuspy DM halo profiles and an abundance of low mass
halos, neither actually observed. A possible solution is based on an idea that the
DM is made of extraordinarily light particles with masses of the order of 10−24 eV
(Sin 1994) or 10−22 eV (Hu et al. 2000). As originally suggested by Sin (1994), such
small masses require quantum mechanical treatment on galactic scales because the
Compton wavelength becomes comparable to, or larger than, 10 pc or more. For
this reason, the ELBPs are called ’fuzzy’ cold Dark Matter (FCDM) or quantum cold
Dark Matter (QCDM). In a quantum treatment, the wave functions are overlapping
and, since the particles are bosons, a gigantic Bose-Einstein condensate is formed on
the scale of the entire galaxy (e.g., Böhmer & Harko 2007). Formation of large-scale
structures with the ELBPs was investigated by Woo & Chiueh (2009).

In our approach (Spivey et al. 2013; also Musielak 2012), several density profiles
for galactic DM halos were used to find the corresponding gravitational potentials
and the Schrödinger equation was solved for each potential with the requirement
that the resulting probability distribution must have the same median. The main
result obtained by Spivey et al. (2013) was that the ground state of the ELBPs is
well approximated by an Einasto density profile (Einasto & Haud 1989) and that an
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ELBP of fixed mass cannot account for a variety of sizes and shapes of galactic halos
around different galaxies.

To improve our model based on the ELBPs, we recently included a supermassive
black hole at centers of different galaxies and distribution of luminous matter in
these galaxies. Moreover, we also accounted for the Gross-Pitaevskii scattering term.
Detailed description of our approach and the obtained results are given by Spivey et
al. (2015). Here, we only discuss the effects of including a supermassive black hole.

A time-independent Schrödinger equation with a supermassive black hole (BH)

− h2

2m
∇2ψ +

[
VDM(r)− GmMBH

r

]
ψ = Eψ , (8)

is solved simultaneously with a Poisson equation for the DM potential VDM

∇2VDM(r) = 4πGmρDM , (9)

where m is mass of bosonic particles.
The density profiles resulting from solving the Schrödinger and Poisson equations

together for four different mass ratios MBH/M , where M is a galactic DM halo, are
shown in Fig. 2. It is seen that for small mass ratios 10−5 and 10−2 the resulting
density profiles are almost identical. Clear differences can be seen for the mass ratios
10−1 and 1. Galactic rotation curves corresponding to the density profiles shown in
Fig. 2 are presented in Fig. 3, which presents the rotation curves; note that the curves
do show the characteristic features of flattening consistent with the observational data.

The obtained results demonstrate that ELBPs can explain the existence of DM
galactic halos for dwarf galaxies, for which the Einasto profile seems to be a good
aproximation. However, to produce very extended DM halos of large (elliptical and
spherical) galaxies requires changing the mass of ELBPs; this is rather unphysical to
consider ELBPs of different masses for different galaxies. As pointed out by Spivey
et al. (2015), the idea based on ELBPs may actually not work at all. To safe it, one
may still consider excited states of the bosonic particles instead of all of them being
in the same ground state with zero temperature.

4 Concluding Remarks

Our brief overview of some current ideas about the nature of DE and DM clearly
demonstrates that both DE and DM still remain completely unknown. Because of
the limited size of this paper only several ideas were presented and their selection
reflects what the author considers to be important and interesting. Obviously, there
are other ideas that were not discussed in the paper. For example, in the so-called
brane-world, a force between the brains is identified with the DE (e.g., Koyama 2008,
and references herein). In another idea, gravity is weakened on large cosmological
scales by introducing a new concept of ’Dark (modified) Gravity’ (e.g., Durrer &
Maartens 2008, and references herein). Moreover, it has been suggested that axions
could also be valid candidates for the DM, or even Klein-Kaluza particles associated
with extra dimensions. Despite these many available ideas to explain the natre of
DE and DM, so far there is no observational or experimental verification of these
ideas. However, it is our hope that data to be collected by the Dark Energy Survey
(DES) may set stringent limits on some current ideas and may also put new important
constraints on future theories. A search for SUSY particles at CERN is a significant
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Fig. 1: The type of quintessence known as a tracker scalar field (solid black line) is compared
to changes of radiation and matter with the age of the Universe. When matter dominates
radiation and the tracker field density frezees out, then the acceleration of the Universe
begins.

effort in solving the DM problem and it is encouraging that we shall know the results
very soon.

As of today, neither the nature of DE nor the nature of DM is known. Hence, this
becomes one of the most urgent and challenging problems of modern science. Many
scientists working in this area believe that solutions of these problems will require new
ideas that are likely to revolutionize physics, astrophysics, and other natural sciences.
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Fig. 2: The density profiles computed by solving the Schrödinger equation with a supermas-
sive black hole whose mass ratio to mass of galactic halos is 1 (blue), 10−1 (pink), 10−2 (red)
and 10−5 (orange).
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Fig. 3: The radal velocity curves corresponding to the density profiles presented in Fig. 2;
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and 10−5 (orange).
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