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ABSTRACT

The thesis consists of seven chapters. First chapter contains the intro-
duction about dynamical system analysis while in next five chapters, my
research works have been described. Recent observations suggest that the
Universe is passing through a late stage accelerated expansion phase which
standard cosmology fails to explain. Contemporary physicists seek to find
an answer by fostering ingenious schemes. Their speculation ranges from
the assumed existence of the ‘dark energy’ to the modification of the stan-
dard geometry of the spacetime.

This thesis considers both kind of approaches and investigates them in
the light of dynamical systems theory. Precisely, the following attempts
have been undertaken.

e In second chapter, self-interacting three-form field cosmological model
has been studied using dynamical system approach. Possible bifur-
cation scenarios have been examined using Poincaré index theory to
recognize possible cosmological phase transition.

e Third chapter contains three-form field dark energy model with bary-
onic matter which has been studied using dynamical system approach.
Also global behavior and bifurcation analysis for this model has been
studied.

e In the fourth chapter, we have studied a dynamical system analysis of
cosmic evolution with coupled phantom dark energy with dark mat-
ter. In this chapter, cosmological phase transitions have been detected
through bifurcation analysis which has been done by Poincaré index
theory.

e In the fifth chapter, we have studied dynamical system analysis of the



universe with spatial curvature. Bouncing cosmological scenarios has
been shown in this chapter also.

e In the sixth chapter, we have done discrete dynamical system analysis
of quintessence dark energy scalar field model with exponential poten-
tial. The critical points are analyzed with center manifold theory and
stability has been discussed using Schwarzian derivative.

Finally, the last chapter contains the brief discussion and future prospects
of my work.
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6.4 The figure shows the time evolution of cosmological parameters of our cosmo-
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CHAPTER 1
INTRODUCTION

Some basic questions regarding the origin, structure, evolution, and the ultimate fate of the
Universe have compelled people to investigate the evolution of the Universe from very begin-
ning. ‘Cosmology’ is that branch of science which can provide the possible route map to find
answers to the above questions. In other words, Cosmology is the study of the Universe as a
whole. A cosmological model can be described by a mathematical formalism of the Universe
in some particular averaging scale. Simply, it is structured mathematically as a differential
manifold M in which the space-time geometry is determined by a Lorentzian metric g, and
the matter source of the Universe is characterized by a family of fundamental observers whose
congruence of world lines are four-velocity vector u. So, in notation, a cosmological model is
described as triplet (M, g, u) [1].

Thus any cosmological model should be based on the following:
(1) Physical theories of gravity.
(2) Description of matter field of the Universe.
(3) Hypothesis on symmetries for solving the equation of gravity, and
(4) Topology or global structure of the Universe.

e Cosmological Principle
Cosmological principle is one of the fundamental pillars of modern cosmology. The principle
states that at every epoch, the space-like hypersurface is assumed to be homogeneous and
isotropic [2, 3] at a sufficiently large scale! (> 100 Mpc). The space-like hypersurfaces of the
four dimensional manifold M constitute our universe, where slicing of space-like hypersur-
faces defines the cosmic time ¢.

The term ‘homogeneous’ means uniformly distributed matter content throughout the Uni-
verse observed by co-moving observers. Although, the Universe is not exactly homogeneous
at small scales, the presence of locally visible stars, galaxies, cluster of galaxies makes it
inhomogeneous. But, on averaging over the cosmological scale, a co-moving observer will see
the uniform spatial expansion of the Universe.

Iwhere 1 Mpc ~ 3.26 x 10° light years ~ 3.08 x 10 km
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On the other hand, isotropy confirms the phenomenon of the Universe to stay the same
in all directions, i.e., there is no preferred direction. In fact, spatial section of the manifold
will remain unaltered under the rotation. Observations of Cosmic Microwave Background
(CMB) suggest that the temperature (~ 2.73k) of the Universe is same in all directions that
is there exists isotropy of one part in 100,000 [4]. Simply, any inhomogeneity and anisotropy
in the matter distribution of the universe can lead to anisotropy in radiation, and also in
order to verify the homogeneity, one requires to test isometry from at least two different
points separated by cosmic distances because isometry may be verified only from earth point
of view, but homogeneity can not be verified from observations obtained from single location.
In conclusion, for all observers (stars, galaxies etc.), isotropy implies the spatial homogeneity.

The main statement of Cosmological Principle (sometimes called as “Copernican Prin-
ciple”) is that we (earth) are not privileged observers. Although the principle has been
challenged by several authors [5, 6, 7, 8, 9], nonetheless we shall follow the Cosmological
Principle throughout our work as it is valid in the cosmic scales where it establishes the
FLRW line element for the four dimensional space-time. In the next section (1.1), we have
discussed the standard cosmological model and its failure. Then, various dark energy mod-
els as well as interacting dynamics and their physical consequences have been presented. A
short discussion on dynamical system analysis and its applications in cosmology have been
presented. Finally, cosmological models have been analyzed in the dynamical system per-
spective.

1.1 Standard Cosmological model and its
failure

The modern relativistic cosmology is the four dimensional manifold (M) of space-time ge-
ometry. Einstien’s General Relativity (GR) is the mathematical basis of cosmology in which
Einstein Field Equations (EFE) [10, 11] are the basic constituents relating the geometry of
space-time to the energy momentum tensor of matter source as

1
G = Ry — iRguv = "GZTMV : (1.1)
Here, G, is the Einstein tensor, and the quantity 7),, in the right hand side of (1.1) is known
as the stress energy tensor of the matter content of the universe, and k2 = SZTG is the coupling

constant, where ¢ represents the velocity of light 2. G is the Newton’s gravitational constant
having value G = 6.673 x 107! Nm?kg~!. The geometry of the space-time metric is defined
by the line element

ds* = g datda” (1.2)

where g,,, is the metric tensor. The Ricci tensor R, is the contracted Riemann tensor RKW
defined as Ry, = RS, and the Ricci scalar is found to be R = R}, = ¢" R,

uovr

2We assume the velocity of light ¢ = 1 throughout the work
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For different kinds of matter source term in EFE, the decomposition of stress-energy
tensor with respect to time-like four- velocity vector u may be different. The symmetry of
space-time (i.e., Weyl postulate) forces the stress-energy tensor to be in perfect fluid form

T = (p+ p)uguy + g with w,u = -1, (1.3)

where p is the thermodynamic pressure and p is the energy density of the perfect fluid, and
u* is the four-velocity vector of the co-moving observer. The ratio between the pressure and
the energy density is termed as equation of state parameter of the fluid, which is expressed
as

p
w==. (1.4)
p
Now, for stiff fluid is described by w = 1; for the non-relativistic matter (pressureless
matter), w = 0, while for relativistic matter (i.e., radiation), the value of equation of state
parameter will be w = 1/3.

We now focus our attention on Friedmann-Lemaitre universe which is based on the
Robertson-Walker metric. Assuming the validity of the cosmological principle at some cosmo-
logical scale, a four dimensional manifold with symmetry must possess the maximally spatial
symmetric Robertson-Walker (RW) metric [12, 13, 14, 15] in that scale. The Friedmann-
Lemaitre Robertson-Walker (FLRW) metric in co-moving coordinates (using spherical polar
coordinates) takes the form

dr?

d52 = gw,dx‘“dxl' = —dt2 + a2(t) m

+r2dQ?| (1.5)
where dQ? = d#? +sin? 0d¢? is the metric on the unit 2-sphere. Here, K describes the spatial
curvature of hypersurface, and it takes the value —1, 0, or, 1. For K = —1, the Universe is
assumed to be open, while for K = 1, the Universe is closed, and the Universe is spatially flat
for K = 0. The coordinate ‘t’ measures the proper time along the world lines with the tangent
vector u. The function a(t) in the line element is called the scale factor that describes the
expansion of the Universe. The matter sector in the Universe having the energy-momentum
tensor (1.3) follows the conservation law

p+3g(p+p):0. (1.6)

By substituting the line element (1.5) in (1.1), we get the Friedmann equation as

H? = <d>2:’““2p—K, (1.7)

and the Raychaudhuri equation (acceleration equation) is (expressed in terms of scale factor)

2
= —%(p+3p) ; (1.8)

3
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where H, the Hubble scalar, measures the rate of expansion of the Universe (having the
dimension of (time)~! ), k? = 87, and an ‘over-dot’ denotes differentiation with respect to
cosmic time ¢t. However, we must note that only two of the above three equations (1.6),(1.7),
and (1.8), are independent.

It should be noted that the Raychaudhuri equation (1.8) provides the conditions for ac-
celerating or decelerating state of expansion of the Universe. One can easily check that for
d > 0, the Universe will accelerate that means the Universe filled with the matter having
energy density p and pressure p must follow the condition p + 3p < 0.

From (1.8), we have the condition p+3p > 0 (which is called the strong energy condition)
for matter field in decelerating phase of the Universe. Now, a normal matter always enjoys
positive energy density and pressure (p > 0 and p > 0). Hence, a universe filled with normal
matter satisfying the condition p 4+ 3p > 0 (which implies @ < 0 from equation (1.8)) must
always produce decelerated expansion of the Universe. This conditions can be put in terms
of the 1equautiom of state parameter as universe accelerates for w < —% and decelerates for
w > —3.

Here, equation (1.8) obtained from General Relativity predicts only decelerated expansion
of universe for ordinary matter (such as dust, radiation etc) having equation of state param-
eter (w) ranging from 0 to 1, and this model is termed as the Standard Cosmological Model
(SCM). If the equation of state parameter is chosen as constant, then from the conservation
equation (1.6), p can be obtained as

poca 3@ (1.9)

So, for dust (p,, = 0) like ordinary non-relativistic matter fluid, we have

pm X @, (1.10)

and for radiation like fluid (where p, = &),

procat . (1.11)

The density parameter 2, which describes the dynamical effect of the matter density, is
defined as

P

= — . 1.12
3H? (1.12)
So, the Friedmann equation (1.7) can be rewritten in terms of  as
K
Qt)—1 = 1.13
which implies Q(t) + Qx = 1, where Qi = _a?% is the curvature parameter. This equation

shows that the value of €2 determines the geometry of the 3-spaces t = constant and vice-versa:

4
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> 1 = corresponds to closed 3 space (K =+1)
Q(t) § =1 = corresponds to flat 3 space (K =0)
< 1 = corresponds to open 3 space (K = —1)

In agreement with the present astronomical observations [16], the value of curvature
parameter can be estimated very close to zero, i.e., Qg = 0 and hence, from the Friedmann
equation (1.7), we obtain the condition = 1 [16]. The argument behind this observed
flatness of universe is the existence of an inflationary phase of universe at very early times.
More precisely, one can assume the spatially flat (K = 0, 2 = 1) universe from the Big bang
to the present phase. We will assume this flat nature throughout the thesis for this argument,
and also for mathematical simplicity. For K = 0, using (1.9), the Friedmann equation (1.7)
leads to

2
a(t) oc 3+ | (1.14)

So the scale factor a(t) in terms of time ¢ for different kinds of fluid can be written as

a(t) < t3 (1.15)

for ordinary dust matter fluid, and

a(t) o t2 (1.16)

for radiation respectively. The deceleration parameter g can be expressed as

ai i H
= 4 (142 1.1
a a2~ aH? ( * H2> (1.17)

So, we have the restrictions for decelerating or accelerating universe in terms of gq. The
Universe will decelerate for ¢ > 0 (i.e., when @ < 0 from acceleration equation) and will
accelerate for ¢ < 0 (i.e., when d > 0).

1.1.1 Failure of standard cosmology: Introduction of DE model

In 1998, two Supernovae search teams, namely, Riess et al. [17] in the “High-redshift Su-
pernovae Search Team” (HSST) and Perlmutter et al. [18] in the “Supernovae Cosmology
Project Team” (SCPT), independently analyzed Supernovae type Ia (SNe Ia), and declared
that the Universe is going through an accelerating phase. This discovery has brought a total
surprise in Cosmology. Since then, many observations like Cosmic Microwave Background
radiation (CMB) [16, 19, 20, 21, 22, 23, 24|, Large Scale Structure of the Universe (LSS)
[25, 26, 27], Baryon Acoustic Oscillation (BAO) [28, 29], weak lensing (WL) [30], and many
others [31, 32, 33, 34, 35, 36, 37] have also shown that the Universe is expanding with ever
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increasing speed. Standard cosmology asserts that the Universe is decelerating because it is
filled with ordinary matter field which follows the strong energy condition

p+3p>0. (1.18)

Hence, it does not support the observations. So, if we consider Einstein’s General Relativity
to be the correct theory of gravity, the above observations demand the existence of a new
kind of matter which violates the strong energy condition, that is,

p+3p <0, (1.19)

and as a result there is an accelerated expansion of the Universe. This new kind of matter
is responsible for acceleration violating the strong energy condition, so it must have a large
negative pressure (since the energy density of matter is positive). This type of matter is
referred to as ‘Dark Energy’ (DE). Thus, one can conclude that the failure of SCM gives
a new type of matter in this context. However, the nature of DE is completely unknown
(except for its negative pressure) and is still an unresolved problem in modern cosmology
[38, 39, 40, 41].

After formulating his general theory of relativity, Einstein wanted to model the universe
using it. At that time, he was of the opinion that the Universe is static in nature. In order
to get a static solution, he introduced cosmological constant (the famous A term) to his field
equations to balance the attractive force of gravity. Later, when Hubble [42] observationally
discovered that the universe is expanding, Einstein discarded this constant term from his field
equations, and confessed it as the greatest blunder of his life. Recent observations have led
people to reintroduce it into the gravitational equations as a dark energy candidate [43, 44].
Although, there are two severe problems related to the cosmological constant, namely, the
cosmological constant problem [43, 45, 46] (where its value is so small to its predicted value
using quantum field theory (QFT)) and the coincidence problem [47, 48] (why the energy
densities of A and matter sector are of same order while they evolve so differently?), but
recent observations [49] suggest that the cosmological constant is the best candidate for DE
[43, 44] compared to other DE models. For a review of DE models, one can see Refs. [47, 50].

e Dark Matter:

Another mysterious component of matter speculated to be present in the universe is “Dark
Matter” (see for a review [51]). The origin of dark matter has not been identified yet, but its
existence can only be probed by gravitational effects on visible matter, although it interacts
very weakly with standard model particles. From the data analysis of two fundamental ob-
servations depending on the behavior of the galactic rotation curve [52] observed by Zwicky
[53, 54], and the mass discrepancy in the clusters of galaxies at a galactic and extra galactic
scale indicate the existence of dark matter. The rotation curves of spiral galaxies [55, 56, 57]
do not match with the expected ones as predicted by Newtonian and standard cosmology
at the galactic/intergalactic scales. As a result, the behavior of galactic rotation curves and
virial mass of clusters of galaxies are realized mainly by postulating the existence of invisible
(dark) matter. This matter is cold, pressureless, and distributed in the spherical halo in
the galaxies [58] known as Cold- dark- matter (CDM). There is another candidate for dark

6
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matter called Hot Dark Matter (HDM) which is relativistic at the photon decoupling epoch
and whose representative candidate is the neutrino. Many possible candidate for DM have
been proposed in the literature. They are usually classified into two types — baroynic type
DM such as in astrophysical candidates like black holes, neutron stars, and white dwarfs etc.
and non-baryonic type CDM, namely, axion [59] and WIMPs (Weakly Interacting Massive
Particles) (see Ref. [60] for an interpretation of DM from the point of view of particle physics)
usually motivated by superstring theory. The latter is a good candidate for non-relativistic
Cold Dark Matter [50]. Further, it is worthwhile to mention that detection of dark matter
from space or from high-energy collisions of particles (see for instance [61, 62, 63, 64]) is being
carried out at LHC.

1.1.1.1 Cosmological Constant: As Dark Energy

We stated earlier that standard cosmology provides only decelerating universe for normal
matter and Einstein, in 1917, introduced a cosmological constant term [10] in the field equa-
tions to counter the attractive gravitational pull by other normal fluids. In other words, his
main goal was to obtain a universe that satisfies Mach’s Principle of relativity of inertia. So,
he modified his field equations as

Gy = Gy + Ngpy = K2T). (1.20)

However, cosmological constant was not considered as a part of the stress-energy tensor 7},
at first. But one may put the term Ag,, in the right hand side of the field equations as
a part of the source term for the stress-energy tensor and simply assume it (K% = pp) as
vacuum energy from the point of view of quantum field theory. Thus, ps can take part in

the dynamics of the Universe and the field equations (1.20) can be rewritten as

G;w = HQ(T/W - pAg/w) . (1'21)

In the context of perfect fluid (1.3), from the above stress-energy composition, one obtains
the energy density and the pressure of vacuum energy as

with the equation of state parameter

_ bA
wp=—=-1.
PA
The important feature of cosmological constant is that it will be constant throughout the
expansion of universe and this plays an important role in the dynamics of the Universe. This
is considered to be the simplest candidate of dark energy. Now, Friedmann equation (1.7)

changes in terms of the quantity py [65] as

72 K2 3K

and the acceleration equation becomes
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a K2

—=——(—2pA+p+3p) . (1.23)
a 6

Thus, by changing the above equations, we see that the cosmological constant can overcome
the gravitational pull by other matter. Note that the equations of gravity remain unaltered,
only a new component is added to the content of the Universe. The new component of stress-
energy tensor has the nature of an ideal fluid having negative pressure. Let us note that A
may take positive or negative values, though positive A is more acceptable for balancing the
gravitational pull. So, it acts as gravitational repulsion. However, in string theory, sometime
negative A is necessary to explain some theoretical issues. Introducing Q2 = ﬁ, the first
Friedmann equation can be written as

K

(1.24)
So, for a flat universe, €2 + 25 = 1, for an open universe, 0 < 2+ Q4 < 1, and for a closed
universe, 2 + Q > 1. Thus, it may be treated as a cosmic fluid with energy density pa and
pressure pj.

1.2 Various Dark Energy models

The discovery of present accelerated expansion of the Universe have compelled to consider
various dark energy component in the context of General Relativity. Though it has a math-
ematical explanation, the idea of DE is completely hypothetical. The universe is assumed to
be largely dominated by DE. WMAP 5-year constraints [24] indicate that the sum of energy
densities of radiation, baryons, and DM must not exceed 30 % of the total energy of the
universe. Also, from the present observations bound the spatial curvature as |Q%| < 0.01.
This shows that there should still be needed to identify remaining 70 % of cosmic matter
[50]. And this remaining part is assumed to be responsible for the present acceleration of
the universe. The data collected from WMAP 5-yr constraint (WMAP+SN Ia+ BAO) have
explored the constraint for present density of DE as

Que = 0.726 + 0.015. (1.25)

The character of DE is completely unknown, and has never been detected or created in
laboratory . Only it is characterized by its huge negative pressure which distinguishes DE from
other constituents of the Universe. The equation of state parameter for any DE component
should be

1
Wee < —§

So, in one side it is mysterious, very less known to us. Another side is its interesting
dynamics to provide the accelerating scenario of universe. However, motivated from the fact,
many DE models have been extensively studied, among them ACDM is the simplest one
where cosmological constant A is treated as DE component with equation of state ‘wy = —1’

8
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driving the late time acceleration of the universe. Though this model shows a good fit to a
large number of observations, it suffers from several complexities in the cosmological point
of view such as fine tuning, coincidence problem, cosmic age problem etc. which we shall
discuss later.

The dynamically evolving DE can give the possible solutions of the two major problems
with cosmological constant and thus dynamical dark energy model is assumed to be a viable
alternative to cosmological constant. Various dynamical DE models based on scalar field
have been reported in the literature:

(i) Quintessence [66, 67, 68, 69, 70, 71, 72, 73, 74, 75, 76, 77, 78],
(ii) K-essence [79, 80, 81, 82, 83, 84],

(iii) Tachyon [85, 86, 87, 88, 89, 90, 91]

(iv) Phantom [92]

(v) Chaplygin gas: perfect fluid models [93, 94, 95]

1.2.1 ACDM model:

In the ACDM concordance model, gravity theory from the General Relativity theory is as-
sumed to be true where the constituents of the universe are the particles and fields of the
standard model of particle physics, together with the Cold-Dark Matter (non-relativistic)
and a Cosmological Constant (A). The action for the ACDM model is

1
S = 35 d*z/—g(R — 2A) + Sy, (1.26)

K
where the Lagrangian density is a linear term in R plus A and S, is the matter action.
Although this model provides a very good fit to observations, it suffers from two major prob-

lems, namely, Cosmological Constant or fine tuning problem, and the coincidence problem.
e Cosmological Constant Problem:

To realize the present observed accelerated expansion of the Universe, one requires that
the value of the Cosmological Constant is of the order of the present value of the Hubble
parameter Hy (observationally), i.e.,

A~ HZ = (2.1332h x 107%2GeV)?, (1.27)

where h defines the uncertainty in the value of the present day Hubble (Hy) parameter®. This
defines the energy density as

3Hy (= H(t = tg)) is the present value of the Hubble parameter usually written as Hy =
100k km sec™! Mpc=t = 2.1332h x 10~2GeV. The observations of the Hubble Key Project constrain
this value to be h = 0.72 4 0.08 [96].
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A
m o= 5o ~ 10" GeV4, (1.28)
v

Now, from the particle physics point of view, if we consider this as the energy density coming
from empty space (vacuum energy density), then by summing over all zero point energies for
some field of mass m with momentum p upto a cut-off scale, the vacuum energy density reads

1 o0

Pvac = m 0 p2\/p2 +m2dp. (1'29)

The vacuum energy is estimated to have a value pye. =~ 1072GeV?, so this is larger the
102! orders of magnitude when compared to the observed value py ~ 10747 GeV*.
This discrepancy in energy density is termed as the Cosmological Constant problem [43, 45, 46]
in cosmology. It is a fact that the vacuum energy with the energy density of order pyqc =~
10" GeV* already existed in the past, so, the Universe would have continued in an accelerated
phase forever. This is in contradiction with the known evolutionary history of the Universe
since it has undergone a decelerated phase of radiation and matter dominated eras [50].

e Coincidence Problem:

The Cosmological constant DE model faces another big problem from the observational
point of view that the energy densities of both the dark energy and the matter are of the
same order today even though they evolve differently in the expansion history of the universe
since ppy = constant for Cosmological Constant while p, oc a=* for radiation and p,, o a3
for matter. This problem with the Cosmological Constant is referred to as the cosmological
Coincidence Problem [4T].

When the energy density for matter scales as p,, o< a2, the crossover must have occurred
at a cosmological time corresponding to the scale factor a, given by

Wl

1
Pmo-G.° = pA — Gy = <pA> . 375 ~0.7, (1.30)
Pmo

which corresponds to a redshift of z, ~ 0.4. At the earlier epochs of the cosmological evolu-
tion, the energy density of cosmological constant was less compared to the energy density of
the other cosmic components. Thus, this is an unexpected coincidence between the appear-
ance of Cosmological Constant and the present epoch which is termed as coincidence problem
for the Cosmological Constant [65].

1.2.2 Dynamical Dark Energy model: Scalar field as DE

We have mentioned earlier that the lack of many orders of the observed energy density of the
Cosmological Constant in comparison to the estimated value of vacuum energy has forced
to introduce (theoretically) a new type of dynamically (time varying) evolving dark energy
model which introduces the classical scalar field. Scalar field naturally arises in particle
physics and string theory and this would be a good candidate for dark energy.

10
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1.2.2.1  Quintessence:

The Quintessence scalar field (¢) moving in a self-interacting potential V' (¢) can be described
by a most general form of Lagrangian density in terms of a scalar and its four-derivative
p(¢,0,¢). The action for the quintessence scalar field is given by

s = [aev=g [—vw)—;(wﬁ , (1.31)

where (V¢)? = g"9,60,¢. Now, applying the least action principle to (1.31), we obtain the
stress-energy tensor as

2 S
V=g g+

= 000006 — g | 59" 000036+ V(5)] . (132

Tw =

For a flat (K = 0) FLRW metric, the expression of the energy density ps and the pressure
pe of a perfect fluid scalar field ¢ are given by

1.
po =-T8= S#+V(@). (1.33)
. 1.
pe =Ti= S¢"=V(9), (1.34)
and then the equation of state parameter (wy) for the quintessence scalar field takes the form
302 = V(9)
302 +V(9)

In the flat FLRW Universe, the Friedmann equation (1.7) and the Raychaudhuri equation
(1.8) respectively read as

(1.35)

LL)¢) =

b"’@
© [©

H? = “( , (1.36)
3
2

1
2
e ) a3

Now, for the flat FLRW space-time, varying the action (1.31) with respect to ¢ gives the
evolution of scalar field ¢ as

¢+3H¢+d‘; = 0. (1.38)

The evolution of the scalar field ¢ is known as the Klein-Gordon equation. In fact the
evolution equation (1.38) can also be obtained either from the energy conservation equation

11



Chapter 1. Introduction

po +3H(ps+ps) = 0, (1.39)

or from the equations (1.36) and (1.37). The continuity equation (1.39) gives the solution of
energy density in terms of the equation of state parameter (wg) for the scalar field

da
po = s~ [30+00%] (1.40)
Equations (1.35) and (1.40) provide some important features of the scalar field model of DE.
For the slow roll, i.e., when the potential (V(¢)) dominates over kinetic energy (1 $?) of scalar
field, it recovers the cosmological constant. So from equations (1.35) and (1.40),

¢* < V(p) = wy =~ —1, py = constant.

For the opposite case, i.e., when the scalar field evolves very rapidly (in this case, the
kinetic energy dominates over the potential energy ) with time, DE behaves as a stiff fluid.
From the equations (1.35) and (1.40), we have

P >V(p) = wy~1, pyoca

Thus, wy of scalar field is no longer a constant rather it is evolving dynamically ranging
from —1 to +1 throughout the expansion history of the universe and such a type of dynamic
nature (—1 < wy < +1) of the scalar field can solve the fine tuning problem. Also, from (1.37)
we see that this kind of fluid gives acceleration (d > 0) when wy < —% which corresponds to
P? < V(¢). The model based on a canonical scalar field explaining the late time acceleration
of universe is denoted by the name ‘Quintessence’.

In an inflationary scenario, inflation will occur if the slow roll parameters €, 7 satisfy the

2 2
relations € < 1 and || < 1, where the slow roll parameters are described as € = % (% %) ,

2
= %%% [97]. However, since the Universe can have DM also during the evolution, it is

not a completely trustworthy proof of inflation in the context of DE only. Nevertheless, they

H

still can provide an accelerated expansion by defining the slow roll parameter € as ¢ = — 15

in terms of H and H, and this includes the contribution of both DE and DM [47].

It should be mentioned that various quintessence potentials of the scalar field have been
proposed in order to describe the present acceleration of the universe. Among them, the
exponential, the inverse power law, and the hyperbolic types are most popular. The various
type of quintessence potentials are shown in a tabular form in the table (1.1) [98, 99].

1.2.2.2 K-essence:

In the scalar field DE model, the quintessence potential can give rise to acceleration; modified
kinetic energy of the scalar field is also modelled as a candidate of DE in order to produce the
acceleration. The model K-inflation [79] was first used to describe the early inflation of the
Universe where the acceleration is driven by the kinetic energy of the scalar field. Gradually

12
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Table 1.1: The table shows different quintessence potentials of scalar field studied in
the literature.

Quintessence Potential (V' (¢)) References

I Vo exp(—Ao) Ratra & Peebles [70]; Wetterich [69];

IT m2¢?, Ao Ferreira & Joyce [74].

11 Vo/o%, a>0 Ratra & Peebles [70].

1Y Vo exp(\é?) /¢ Brax & Martin. [100, 101]

\ Vo (cosh Agp — 1)° Sahni & Wang [102].

VI Vo sinh™(\¢) Sahni & Starobinsky [103]; Lopez & Matos [104].
VII Vo (e79 + eP79) T. Barreiro et al. [105].

this idea was conceived in Ref. [81] to describe the late time acceleration of the universe.
Subsequently, this idea was extended to a more generalized version in Refs. [80, 82] and this
is called the K-essence dark energy model. The most general action of this model is

s = [dey=g Fo.x), (1.41)
where the Lagrangian density function F(¢, X) is a function of ¢ and the kinetic term X :=
—%(VQS)Q = —%8M¢8,,¢. Here, the Lagrangian density is described by the pressure F'(¢, X).

Since this model modifies kinetic energy term, so, X — 0 = F(¢,X) — 0 (since

Lagrangian density is vanish for this case). Now, one can expand the Lagrangian density in
the neighbourhood of X =0 as

F($,X) = K(®)X + L)X + ..., (1.42)

neglecting the higher power terms of X. Then, we can redefine the the scalar field ¢ as

follows:
Dold L
¢new - / d¢ ) (1.43)
| K|

and the Lagrangian takes the form

F(¢,X) = flo)(-X +X?), (1.44)

2
where ¢ = Gnew, X = Xnew = (1) Xota and (@) = 5224

In a flat (K = 0) FLRW universe, the pressure and the energy density for this K-essence
model can be written as

po=F(,X) = [(¢)(-X+X?), (1.45)

13
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pe = [(P)(—X +3X?). (1.46)

The conservation equation remains the same as in (1.6), the Friedmann equation and the
Raichudhuri equations modify as

H? = ’if(gb) (-X +X?), (1.47)
. 2
g - %(—2X+3X2). (1.48)

From the equations (1.45) and (1.46), we have the equation of state parameter for the
K-essence model as

1-X
1-3X"°

we (1.49)

Il
3
< [

Equation (1.49) gives the conditions of DE in terms of X i.e., for wy < —% == X > %
which gives the accelerated expansion of the universe since ¢ > 0 (from the acceleration
equation 1.48). On the other hand, when wy behaves as a cosmological constant (wy = —1),
we get a condition for X as X = 3 [47, 106].

1.2.2.3 Tachyon:

Rolling tachyon is also assumed to be a source of dark energy. It has an interesting feature
that it has an equation of state parameter varying between —1 to 0 [107], thus showing a
dynamic nature, which confirms rolling tachyon as a good candidate for DE. For suitable
choice of the potential, the tachyon can give the accelerated scenario of the Universe and also
may produce dark matter. Thus a tachyon based model could be viable to produce inflation
[108, 109, 110] and dark energy [85, 111, 112, 113, 114, 115] depending upon the potential
associated with the tachyonic field. The decay of D-branes producing pressureless gas having
a finite energy density treated as classical dust has been reported in [87, 88, 89]. The action
of the tachyon field [88, 90] is

S, = — / A2V (6)y/—det (g + 00039) (1.50)

where V(¢) is the tachyon potential. The action (1.50) gives the energy momentum tensor
as

V($)8,,60,0 -
T, = — 9 V(D1 + g%0,0,0 . 1.51
L T o0 000 GV (®)V 1+ g0, ¢0p0 (1.51)

In a spatially flat FLRW universe, the pressure and the energy density of perfect fluid
model take the forms

14
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V(9)
\/1—¢?
pe =Ti= -V(e)y1-¢*. (1.53)

Further, for a flat FLRW Universe, the Friedmann equation (1.7) and the acceleration equa-
tion (Raichaudhury) equation (1.8) become

py =-T5 = (1.52)

K2 V(o)
02 = & : (1.54)
3 /1_(2'32

& V() <1 f gqp) 7 (1.55)

%: 3 /1_¢2

respectively, and the continuity equation for this case has the form

.14V
Hp+—— = 0. 1.
+3HO+ 0 (1.56)

5
1 — 2

Now, the equation of state parameter for this model will be

we = ]ﬁ:g.bg—l. (1.57)
Po

From the acceleration equation (1.55), the condition ¢? < 2 /3 refers to the acceleration
of the Universe (¢ > 0). Also from Friedmann equation (1.54) and Raychaudhuri equation
(1.55), we have the boundary —1 < ¢32 < 1 implying that the equation of state parameter wy
varies within the values —1 and 0.

1.2.2.4 Phantom:

Hoyle first introduced phantom field in his Steady State Theory. Then Caldwell used this to
derive the accelerated expansion of the Universe. Phantom field with negative kinetic energy

is produced from S-brane construction. The action for the phantom field minimally coupled
to gravity [92, 116] is

s = [dav=g [;(Wﬁ)?—v(@] , (1.58)

which when compared to the action (1.31), has an opposite sign in the kinetic term for the
quintessence scalar field. The energy density (ps) and pressure (pg) for this phantom field
are as follows:
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ps = —%¢2+V(¢)7 (1.59)
o = 5 V(o). (1.60)

We have the equation of state parameter for this kind of field as

po _ —59°—V(9)

“ = e T IR V) —
From equation (1.61), we have the condition
2V (4) > ¢* = wy < —1.
This shows that the equation of state parameter crosses the line wy = —1 [16, 117] which

confirms the present observations. This new type of scalar field bearing a negative kinetic
energy term with the equation of state wy < —1 responsible for the present accelerated ex-
pansion of the Universe.

1.2.3 Chaplygin gas

The perfect fluid model of dark energy namely “Chaplygin gas” has played an important role
as a dark sector candidate since it has a possibility for the unification of dark energy and dark
matter [93, 94, 95, 118, 119]. This was first introduced by Sergey Chaplygin in aerodynamics
to find out the lifting force on a wing of an air plane. It has the following equation of state

(EoS) [93]:

p = -2 (1.62)

where A is a positive constant. This is the simplest form of the equation of state for the
Chaplygin gas DE model. It has the ability to describe the late time acceleration of universe.
In a flat, homogeneous and isotropic FLRW metric, the conservation equation (1.6) together
with the EoS (1.62) gives the energy density of the Chaplygin gas as

B
= A+ — | 1.63
p + 5 (1.63)
where B is an arbitrary constant. Now, one can easily check the behavior of Chaplygin gas
at early and late times respectively by the help of the solution (1.63). When ‘a’ takes small
values, i.e., at early times of the Universe, the Chaplygin gas mimics as a pressure less dust
since from (1.63), we have

VB B\© A
P~ g a << <A> , p~———=a’ . (1.64)
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On the other hand, at late times, i.e., for large values of a, we have the scenario:

1

B\&
p ~ VA p~—VA, a> <A> , (1.65)
which implies the relation p = —p, and thus Chaplygin gas behaves as cosmological constant

at late times.

Further, if Chaplygin gas is treated as an ordinary scalar field ¢ with energy density pg
and pressure pg, we can easily get the corresponding potential V' (¢) for the Chaplygin gas
by using equations (1.62) and (1.63) as follows:

1, B
po = FOHV(O)=p=y/A+ 5, (1.66)
1. A A
po = SO0 -V(@)=p=-—=-—+—. (1.67)
P A+ L
Now, solving the equations (1.66) and (1.67), we obtain
. B
R (1.68)
ab/A+ &
1 B A
Vo) = 5 [\A+ 5+ —F—] (1.69)
a A+a§6

Hence, for flat FLRW line element, the Friedmann equation, i.e., H? = %2 p gives the following
by using equation (1.68):

w _ (V3B )
da £ | av/Ad®+ B’ '
which implies
2\/55(]5
o = _1Be . (1.71)

A (1 — 62\/3"“15)2

Now, using the equation (1.71) in (1.69), we obtain the explicit form of the potential

Vig) = \/22<cosh\/§/£¢+ (1.72)

1
cosh \@mp) ’

which leads to equivalency between a minimally coupled scalar field and the Chaplygin gas
[47].
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e Generalized Chaplygin gas (GCG)

Generalized Chaplygin gas is described by the the equation of state[95]

p = —— (1.73)

with A > 0. The parameter « is assumed to be in the range 0 < a < 1. According to
observational data at 95% confidence level, o can be restricted in the interval 0 < o < 0.2
[120]. In a similar way as we have derived the energy density for the CG case, we have the
energy density for the GCG from (1.73) as

g Y0+
o = L4+¢Mﬂﬂ] : (1.74)

where B is an arbitrary constant. It also shows a similar behavior as the Chaplygin gas at
early times and late times of the Universe depending on parameters involved. Note that it
corresponds to pure chaplygin gas for a = 1.

e Modified Chaplygin gas (MCG)

Benaoum further modified the CG [118, 119]
p = Ap——, (1.75)
known as the modified Chaplygin gas model, where A > 0, B > 0, and 0 < a < 1. The

energy density in this MCG model can be obtained as

P= Ay T paaTe ’

(1.76)

where C' is the arbitrary constant of integration. MCG has a huge impact in describing the
evolution of the Universe in different phases from radiation dominated era to late ACDM
[99]. Finally, it can be concluded that CG, GCG, and MCG unify the DE and DM.

1.3 Coupling between dark matter and dark
energy

Modern cosmology has grown with two theoretical difficulties that can be summarized as
“Dark Energy” and “Dark Matter” problems. The central issue of modern cosmology is
the present acceleration of the Universe driven by dark energy. Observations from several
independent astronomical sources reveal that almost 96% energy density of the total energy
budget of the Universe is coming from the dark sectors in which DE contributes nearly 73%
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and the rest 23% is DM. DE is modelled in the framework of Einstien’s General Relativ-
ity theory when the Universe is assumed to be homogeneous and isotropic. The nature of
DE is completely unknown to us except its huge negative pressure, which results in the late
time acceleration. On the other hand, DM can be detected only through its gravitational
effect. The observations from the behavior of galactic rotation curves and mass discrepancy
in galactic clusters prove the existence of dark matter.

In the framework of GR, ACDM provides the best fit to several observations. But, it faces
severe problems, namely, the fine tuning and the coincidence problem. Fine tuning problem
can be resolved by introducing dynamically evolving DE model where scalar field DE mod-
els, namely, quintessence, phantom, tachyon etc is considered to be a good candidate which
have been discussed earlier in details. Now, the main puzzling issue in modern cosmology
is the coincidence problem. According to the coincidence problem, why we are living in a
particular epoch having similar order of energy densities of DE and DM even though they
evolve differently with cosmic evolution?

However DE has gravitationally repulsive force for which the Universe is accelerating,
while DM shows its gravitational attractive nature and thus at the first sight, there does not
seem to be any interaction between them in a standard approach. On the other hand, DE
is assumed to be very homogeneously distributed in universe and the dark matter clumps
around ordinary matter. The possibility of a weak or even a negligible dynamic interaction
between two dark components in the dark sectors can not be excluded.

Further, cosmological models where dark matter (DM) and dark energy (DE) interacts
with each other have gained significant attention with successive number of observational
data. In fact, very latest observations indicate in favour of a non-zero interaction in the dark
sector [121, 122, 123]. Thus, the interaction between DE and DM could be a major issue to
be confronted in studying the physics of DE. However, the nature of these two components
(DE and DM) are still unknown, and since there are no guiding principles to account for the
interaction, so, this will necessarily be phenomenological ( see Refs. [124, 125, 126, 58, 127,
128, 129, 130, 131, 132, 133, 134, 135].)

In the framework of field theory, it is natural to consider the inevitable interaction between
the dark components. In fact, an appropriate interaction between DE and DM can provide
a mechanism to alleviate the coincidence problem, phantom crossing, cosmic age problem
[136, 137, 138, 139, 140, 141, 142, 143, 144, 145, 146], and also the transient nature of
the deceleration parameter. Various DE models interacting with DM have been extensively
studied in several works [125, 147, 148, 149, 150, 151, 152, 153, 154, 155, 156, 157, 158, 159,
160, 161, 162, 163]. Some interactions due to their mathematical simplicity are more realistics
compared to others which have better physical justification. So, for a detailed study one may
follow the Refs. [98, 164, 165, 166, 167, 168, 169, 170, 171, 172, 173, 174, 175, 176, 177].

The coupling models are well known for providing a possible solution to the cosmic coin-
cidence problem [147], as well as yielding a physical explanation for measuring a DE phantom
equation of state [178, 164]. It should be noted that there are other options apart from the
above mentioned choices for explaining the cosmic coincidence and other cosmological conun-
drums. In particular, there is the LXCDM type of models (for detailed study see [179, 180])
where there exists an interaction between the vacuum energy and another DE component.
In this case matter can be conserved and nevertheless the ratio between the DE and DM
remains bounded in the entire cosmic history. Further, in this context one finds effective
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quintessence and phantom like behaviors in Refs. [181, 182, 183].

A decisive test for achieving similar energy density of the dark components is to perform
phase space analysis of the given cosmological model in the perspectives of dynamical system
analysis. In this connection, note that the uncoupled models of scalar field, phantom field,
etc. provide late time acceleration with O(24.) = 1. In these cases, however, coincidence
problem can not be alleviated. To alleviate the coincidence problem, one has to construct an
interaction model in which the coupling leads to an accelerated scaling attractor satisfying
[98]

QpE

— O(1) and ¢ < 0. (1.77)
Qpp

Now, it is easy to understand that any cosmological model suffering from coincidence
problem can be realized as above in terms of the parameters involved giving rise to a possible
solution of coincidence problem by reducing the choice of parameters to match Qpr/Qpas
with observations.

We shall now concentrate on the dynamics of the Universe affected by introducing the
interaction term in the dark sectors. Introducing DE and DM in the stress-energy tensor,
the Einstein’s field equations (1.1) take the form

1
Ry = 3R = (T,Sfie) + T}LZm)) : (1.78)
Applying contracted Bianchi’s identity on it, we have

Vi (T, + Tl ) = VTl + VTl =0, (1.79)

where V, indicates the covariant derivative. In an interaction model, the total energy density
of the dark sectors is conserved, however, they are not conserved separately. Hence the
conservation equation is defined as

VLT = Qb (1.80)

where Q7 is the four-vector of interaction indicating the transformation of energy-momentum
tensor between the dark sectors, the subscript i is referred as i = dm for dark matter compo-
nent and i = de for dark energy. As DE and DM are not separately conserved, from equation
(1.79), the energy-momentum tensor T(’;Z) of DE transfers energy-momentum to or from the

DM field T(‘f;l) such that

v”T(lfil:z) - _VMT(ljiZn) = Q) - (1.81)
So, for DE and DM, we have
Ql(/dm) = _Ql(jde)-
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In the spatially flat FLRW universe, the conservation equation for DM and DE read

Pam + 3H(1 + wdm)ﬂdm = Q s (1'82>
Pde +3H (1 4+ wge)pge = —Q . (1.83)

Here, @) indicates the rate of energy density exchange between DM and DE, where

DE — DM

DM — DFE

>0
Q { 0 —> Energy exchange occurred {
<

We have mentioned that there are no guiding principles to choose the form of interaction
in the dark sectors so any interaction model will necessarily be phenomenological, although
some models give more realistic results than others, or are more convenient due to their
mathematical simplicity. Various interaction models in terms of () have been proposed in
order to alleviate the coincidence problem. Linear and non-linear terms of () are important
amongst them.

The possible linear form of @ is Q@ = Q(H, pam, pde,t). However, in view of coupling
conservation equations (1.82), (1.83), the interaction @} can be thought to be the function
of energy densities and other covariant quantities with unit of inverse of time, therefore, the
time independent interaction will be required in place of the above term Q = Hq(pam, Pde)-
For this kind of factorization, the effect of coupling on the dynamics of energy densities pg,,
and pg. become independent from the evolution of the Hubble scale H. These kinds of linear
interactions are as follows:

= aHpan [147, 151, 184, 185], (1.84)
aHpae [163, 186, 187], (1.85)
aH (pam + pae) [149, 152, 161], (1.86)
H(gmpdam + agepde) [163, 142, 188, 189, 190]. ( )

OO OO

Thus, linear interactions involve the linear form of pg,, and pge or linear combination of both
the energy densities.

Cosmological models with non-linear interactions (for a review, see [127], and references
therein) have also gained much interest nowadays in the study of dark energy physics due to
the fact that from the physical point of view the interaction should depend on both of their
chemical or nuclear reactions also. The non-linear interaction is motivated by the structure
formation of energy densities as [127]:

= 7,," = 71 T = pdm = —|—
1+TP’ Pde 1+rpa = pde’ 1% Pdm Pde -

Pdm

The general non-linear interaction term based upon the above can be formed as:
Q o< Hpy, " pim = Q o Hpljer™ .
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For different values of m and n, the interaction terms take the forms

P
2
Q o« Pdm (1.89)
p
2
Q %. (1.90)

There are some interactions motivated from scalar tensor theories ([148, 191]) and also from
local properties which have been shown in Ref. [125].

We have assumed here that in the equations (1.82) and (1.83), the dark components, i.e.,
DM and DE are perfect fluids satisfying the barotropic equations of state, i.e.,

Pdm = WdmPdm (191)
Pde = WdePde - (192)
Further, one can get the uncoupled form of equations (1.82) and (1.83) by introducing

the effective equation of state parameters for both DM (= wgm, eff) and DE (= wge, eff) in
the sense that the new system of equations represents the non-interacting scenario:

Pdm + 3H <1 + Wam — ) pim = 0, (193)

3H:0dm

. Q
e+ 3H |1 e+ ——— e = 0, 1.94
Pde + ( + Wye + SH pae Pd ( )

where the effective equation of state for both the dark components read as:

Q
Wim, eff = Wim = g (1.95)
m
Wde, eff = Wde T 3H7pd . (196)
e

It follows that

0 {> 0 = We, eff > wWde;,  DE has less acceleration power

< 0= Wge, eff <Wde, DE has more acceleration power

However, concerning the late-time dynamics of the Universe, in general, one can neglect
baryons due to its tiny presence as well as radiation too due to its very small percentage. For
this, the Friedmann equation gives the constraint, Q4,, + 24 = 1, and the total equation of
state parameter is of the form

Ptot
Ptot

Wtot = = WamSlam + WdeLlde (197)
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while the energy conservation equation for the total matter is

pt.ot + 3H(1 + wtot)ptot = 0. (198>

1.4 Cosmological models from gravity mod-
ification

The most puzzling issue in modern cosmology is related to the present accelerating phase of
the Universe leading to a new imbalance in the governing field equations. If General Rela-
tivity theory is the correct gravity theory in an averaging cosmological scale, the standard
cosmological models intend to address such imbalance by introducing a new matter compo-
nent (entitled as DE) in the energy-stress tensor (right hand side) of Einstein’s field equation
in that scale. The new matter source (DE) with a huge negative pressure is parameterized

by the equation of state w = % and hence, the GR equations change to the form

G,uzx = K’ (T/ﬂ/ + T;Z?w)

Now, from the Friedmann equation and the acceleration equation, the condition for ac-
celeration of the Universe is w < —%. Various DE models have been studied which satisfy
this relation. Many of them have serious problems which forces us to think of other models.

On the other hand, a group of physicists have explored the second possibility and modify
the geometric part (left hand side) of the Einstein’s equations on very large scales (r > H 1)
have been introduced to justify the presently observed accelerating universe [192, 193, 194].
In this case, the field equations are modified as [98]

Gu + Gt = /@2TW )

It should be noted that at large scales, Einstein’s theory of GR, breaks down and a more
general action is needed to describe the gravitational field. It is well known that the Einstein’s
field equations were first derived from the Hilbert action with a linear function of the Ricci
scalar R (curvature scalar) in gravitational Lagrangian density. The action in GR can be
presented as

1

S L
2K2

/ﬂ d'z R+/N d*z Ly, . (1.99)

However, there are no guiding principles to restrict the gravitational Lagrangian to
the form in (1.99), rather several attempts have been taken to generalize the Einstein-
Hilbert Lagrangian. As for example, the generalization may include the quadratic La-
grangians involving second order curvature invariants such as R?, R, RM, RQBWRO‘B“V,
B RQ/MR”‘SW, Caﬁwcaﬁuv etc. (see [195] and references therein). Thus, for modified
gravity theories, the Ricci scalar R inside the action (1.99) should be transformed to an ar-
bitrary function f(R). These modified gravity theories include f(R)- gravity, Scalar tensor
gravity, Einstein-Gauss-Bonnet gravity, Brane world gravity and many others [38, 39, 40, 41,
196, 197, 198, 199, 200, 201, 202, 203, 204, 205, 206, 207, 208, 209, 210, 211]. As of now a
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number of works has been suggested in the context of f(R) gravity [38, 41, 198, 208, 212,
213, 214, 215, 216, 217, 218].

1.4.1 f(R) gravity and Cosmology

A more general modification of Einstein-Hilbert action in the gravitational Lagrangian (1.99)
should be an involvement of an arbitrary function of R which is f(R) first considered in [217]
and it is then developed in [200, 201, 219]. Recently, several authors have explored their
investigations of f(R) modified theories of gravity explaining the accelerated expansion of
the Universe [38, 214]. The most general action for the f(R) gravity theory is

1

S
2K2

d*z\/—g f(R) + Sy, (1.100)
where S, = f V=g d*xz Ly, Ly, is the matter Lagrangian, S, indicates the action of the
matter sector, and standard Einstein-Hilbert action is replaced by an arbitrary function of
Ricci scalar R given by

R = g (03T = 0T, — ToT0 + g T7, ) (L.101)
with the Christoffel symbol
1
Fﬁu = igk)\ (aug)\u + al/g)\,u - 8/\guu) . (1102)

There are two possibilities in order to obtain the field equations from the given action
(1.100) of f(R) gravity— one is by varying the action (1.100) with respect to the metric
tensor g, defined as metric formalism where the Christoffel symbol (affine connection) I'j,
depends on the metric g,,. The second is the Palatini formalism [220] — different from the
first approach. Here, g, and F%‘V are assumed to be independent variables when the action
is varied. These two approaches give different field equations.

Now, in metric formalism, one obtains the field equation

FR) R — 3 F(R) g — VuVuf (B) 4 guVVaf (R) = wTZ,  (1103)

where f'(R) = 8](;(1? and T} is the energy-momentum tensor arising from the matter action
Spn- For the flat FLRW metric, the field equations (1.103) lead to the Friedmann equation

18 4H2H+HH} F'(R)+3 [HMH} f’(R)—f(2R)+/i2p = 0, (1.104)

where p is the total energy density of the matter field while the calculated Ricci scalar is
given by
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R = 6(2H%+ H). (1.105)

It is worth mentioning that, motivated from the inflationary scenario, Starobinsky in
1980 [199] proposed an f(R) model with f(R) = R + aR?> (a > 0) which provides an
early accelerated expansion of the Universe due to the presence of the term aR?. After the
discovery of DE and DM, models based on f(R) theories have been extensively studied in
order to realize the late time acceleration of the Universe as an alternative theory of DE.
Further, the model with Lagrangian density f(R) = R — %=, (a >0, n > 0) was proposed
for DE in the metric formalism [41, 208, 212, 221, 222] (see the review [214] on f(R) theories).

1.4.2 f(T) gravity and cosmology

Modified gravity theory is popular for explaining the acceleration of the Universe without
need of dark energy. Several modified gravity theories have been proposed to address this
fact. Among them, f(7T) gravity theory is the attractive one. Let us now start with the
discussion of f(T') gravity theory.

o f(T) gravity:

The torsion based gravity modified from the Teleparallel Equivalent of General Relativity
(TEGR) allows us to construct the extension of gravity theory named as f(T") gravity theory,
where the Lagrangian is the torsion scalar 7' rather than the curvature scalar R. Here, in
the underlying manifold (M, g,,,), the basic dynamical object is the vierbein ey forming an
orthonoraml basis* at each point z* of the manifold of tangent space which defines the metric
tensor g, as

Juw = 17,436:365 (1.106)

on this manifold®, where nap = diag(+1, —1, —1, —1); ea.eg = nap. Also, torsion-less
Levi-Civita connection with Einstein-Hilbert action replaces the curvature-less Weitzenbock
connection defined as [249, 250]

w
Iy, = e\dues , (1.107)
where the gravitational field is described by the following torsion tensor

Th, = ¢ (Oue) — duey) (1.108)

W w
where T[f,, :Fﬁu — FZ,,. Moreover, the torsion scalar T is generalized from the contraction
of torsion tensor as [250, 251, 252]

4et, (n=0,1,2,3) are components of the vierbein field e4(z*), (A = 0,1,2,3) in a coordinate

basis, i.e., ea = el Op
Swhere Greek indices label the coordinate of manifold and Latin indices refers to tangent space.
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1 1
T = T T+ 5T Ty =TT (1.109)
Now, one can extend T to a generalized function T+ f(T') as in f(R) modified gravity theory.
The action for this model is [211, 253]

S = 222/d4x el +f(T)], (1.110)

where e = det(eﬁ) = y/—g. It should be mentioned that for f(7") = 0 in equation (1.110), the
general relativity is recovered, while for f(7') = constant, GR is recovered with a cosmological
constant (see for instance [254] and references therein).

e f(T) cosmology:

Let us consider the cosmological model of the Universe to be governed by f(T') gravity
theory. In this theory, the idea is the generalization of torsion scalar T" to T plus f(T") which
is similar to the f(R) theory as it is an extension of Ricci scalar R in Einstein-Hilbert action.
In f(T) gravity, the generalized action reads

1
S = 53 d*z e [T+ f(T)] + Sy (1.111)
K
where S, is the matter action. We have the equation of motion from the variation of the
action (1.111) with respect to the vierbein

e 10, (eeh)SH) [1+ f/(1)] — eﬁTSAS”“ 1+ (1) +
2

LI (T (T) + Jes [T+ /()] = "Tef {'ﬁ] (1.112)

where eri’; on the r.h.s of the equation (1.112) indicates the usual energy-momentum tensor
satisfying the perfect fluid model in equation (1.3). Let us now consider the opposite signature
metric to describe the scenario of f(T") cosmology. The common choice of vierbein considering
the homogeneous and isotropic geometry is

ey = diag(1, a(t), a(t),a(t)), (1.113)

and this leads to flat FLRW background metric of the form

ds® = dt* —a*(t)d;da'da? (1.114)
a(t) is the scale factor. Now, for a perfect fluid model of the constituents of the Universe, using

the vierbein (1.113) in the field equation (1.112), one obtains the background (Friedmann)
equation as
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2 T
H? = %pm - f(6) — 2f(T)H? (1.115)
and the acceleration equation as
: K? (pm + pm)
H = —— 1.116
2 [+ f(T) — 12H>f"(T)] ’ (1419
where we have used the relation T = —6H? [255]. There are some recent works in f(T)

gravity and cosmology in references [256, 257, 258, 259].

1.4.3 f(R,T) gravity

Let us introduce another gravity theory which is a mixture of both R and T', namely, f(R,T)
gravity theory. This gravity theory is a modified gravity theory extended from the general rel-
ativity theory. This simple theoretical model is based on the replacement of Einstein-Hilbert
action by an arbitrary function of Ricci scalar known as f(R) gravity theory. Consequently,
f(T) gravity theory is also proposed as a modified theory of GR. These two models can
successfully explain the present acceleration which we have discussed earlier in this section.

In f(R,T) gravity, the gravitational Lagrangian is a function of the Ricci scalar R and
the trace of the stress-energy tensor 7. The most general action for this modified gravity
theory is the following [260]:

S = 2;/f(R,T)Jng4x+/Lm¢?gd4x, (1.117)

where f(R,T) is an arbitrary function of R and T'. Here, R is the Ricci curvature scalar and
T is the trace of the stress-energy tensor [260] of matter 7}, ( or, sometimes 7" indicates the
torsion of space-time [261, 262, 263]). L, is the matter lagrangian density. The stress-energy
tensor for the matter is given by [264]

_ 2 0(vV=9Lm)
T = ~ == g (1.118)

and the trace is T = ¢"7T},,,. The model with f(R,T) gravity can successfully provide an
acceleration of the universe [265, 266].

1.5 Gravitational particle creation and Ther-
modynamics

In Cosmology, particle creation mechanism plays a crucial role in explaining many cosmic
scenarios, mainly the present acceleration of the Universe without the need of DE. Let us

27



Chapter 1. Introduction

now present a brief review of particle creation mechanism from the thermodynamics point of
view and how a cosmological model changes due to the effect of this mechanism.

We shall first discuss the terms related to thermodynamics, and its basic laws. In ther-
modynamics, a system® is described as any part of matter large enough to be described by
macroscopic parameters. A open system can exchange matter as well as energy with the sur-
roundings whereas a closed system can only exchange its energy with the surroundings, but
not matter. For the case of an isolated system, neither matter nor energy can be exchanged
with the surroundings. A system can be identified by its many properties such as mass, in-
ternal energy etc. Internal energy of a system is an extensive property which depends on the
mass of the system whereas intensive property is mass independent. So, internal energy of a
system depends upon the state of the system. Any thermodynamic state can be described as
(P,V,T), where P is the pressure, V is the volume, and T is the temperature of the system.
So, for a particular state, internal energy is definite. A thermodynamical system is said to be
in thermodynamical equilibrium state when it satisfies the conditions of mechanical, chemical,
and thermal equilibrium 7. If any one of them fails, then it is in non-equilibrium state. In a
thermodynamical equilibrium state, the equation of state is described as f(P,V,T) = 0 with
the state parameters P,V, and T, and it reduces the number of independent parameters by one.

1.5.1 Thermodynamics at a glance

Let us start with the laws of thermodynamics that play very important role in constructing
several cosmological models.

1.5.1.1 Zeroth law of thermodynamics:

This law is related to the thermal equilibrium of a system. The law states that if any system
A is in thermal equilibrium with another system B and B is in thermal equilibrium with a
third system C, then the systems A and C are in thermal equilibrium. That is according to
Zeroth law, thermal equilibrium satisfy the transitive property.

1.5.1.2  First law of thermodynamics:

This law is related to the conservation of energy. That is, if heat flows in between two systems
A and B, then according to the first law, the heat absorbed by A is equal to the transmission
of heat by B, and this fact assigns the definition of ‘temperature’. We have stated before that
the internal energy of a system is a definite function of its state. The sate can be changed by
a flow of heat in a system, and eventually, it increases the internal energy to perform work.
Thus, when a particular process takes place, the energy conservation has the following form
(for infinitesimal changes):

dE = dQ+dW | (1.119)

6Usually, a system is a region within an arbitrary boundary.

"Note that thermodynamical and thermal equilibrium are different. Thermal equilibrium is related
to heat only. This equilibrium describe the state in which two or more systems are communicate
through a diathermic wall (which allows the transmission of heat only.)
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where dE is the infinitesimal increment of internal energy, dQ is the heat flow into the system,
and dW is the work done by the system on the environment (surroundings). Let us consider a
system in a gaseous medium which has the state parameters p and V as the pressure and the
volume respectively. For a ‘quasi-static’® or ‘adiabatic’ condition with a particular pressure
‘p’, the increment of volume ‘dV’ is related to quantity ‘dW’ ( work done by the system) as
dW = —pdV, which implies that

dE = dQ —pdV , (1.120)

and this is the mathematical formulation of the first law of thermodynamics.

1.5.1.3 Second law of Thermodynamics:

The second law of thermodynamics is based on the idea of ‘entropy’ (‘S’) changes in the
system. As internal energy ‘E’ and heat ‘H’ are the functions of the system, entropy ‘S’ is
also a function of system. Entropy depends on the mass of the system. The term ‘entropy’
was first introduced by Clausius and according to him, it measures the disorder of the system
such that when gas expands in an empty space cannot be brought back to its original form
with decreasing entropy. He also thought that “ the energy of the universe is constant and
the entropy of the universe tends to a maximum”. When a system absorbs heat, the entropy
increases, while it decreases for releasing heat. Now, for an irreversible process, the level of
disorder always increases, and it tends to a maximum. So, entropy increases always for an
irreversible process. Also, the change in entropy depends only on the initial state and the
final state of the system. The change in entropy is described by the following relation:

s = 29

- (1.121)

where dQ is the heat flow into the system from environment and T is a particular temperature
of the thermodynamic system. We put the statements of second law of thermodynamics of

Clausius and Kelvin as:

Clausius statement: “There exists no thermodynamic transformation whose sole effect is
to transfer heat from a colder reservoir to a warmer reservoir.”

Kelvin statement: “There exists no thermodynamic transformation whose sole effect is
to extract heat from a reservoir and to convert that heat entirely into work.”

So, for an irreversible process, the second law of thermodynamics states that the entropy
of a system is ever increasing (even it may be constant, but not decreasing) i.e.,

s > 0. (1.122)

Now using (1.121) and (1.120), one arrives at

8Quasi-static process takes place so slowly that the system will always stay nearly in equilibrium.
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TdS = dE+pdV , (1.123)

which gives a mathematical derivation of the second law of thermodynamics.

1.5.2 Thermodynamics in FLRW Cosmology

When thermodynamics is considered, we naturally employ some thermodynamic variables,
such as the entropy, temperature and some others, that often characterize the state of a
cosmological model. Since the geometry of our universe is perfectly described by a FLRW
universe, so we shall focus our discussions in such a universe. In particular, we shall consider
the spatial flat case where the fluid distributions take perfect fluid orientation T° = (p +
p)uu’ + pgP.

in which p is the thermodynamic pressure and p is the energy density of the perfect fluid
having four velocity vector u®. The particle flow vector N is given by

N% = nu®, (1.124)

where n is the particle number density. Considering the thermodynamically reversible process
without dissipative phenomena in which the particle number is conserved because there are
no unbalanced creation or annihilation processes, by (1.124), the covariant form of particle
conservation is [267]

N% = 0 <=n+3Hn=0, (1.125)

Ned

that means na® = co-moving const. Similarly, the perfect fluid follows the conservation law

reads T,%B =0 = p+3H(p+p) = 0. So clearly, when the particle creation is not
allowed,’ then the basic equations remain unaltered. Now, let us see the effects of the main
dynamical equations when the backgrund universe allows particle creation by the time varying
gravitational field.

In an adiabatic (or isentropic) system the specific entropy (entropy per particle) is also
conserved, so that § = 0, so ‘s’ is constant for each fluid particle. It should be mentioned that
s is constant along fluid particle worldlines, and not throughout the fluid in general. The
temperature is defined via Gibbs’ equation

Tds = d(p)+pd(1> . (1.126)

n n

So, in thermodynamic equilibrium state, perfect fluids do not generate entropy and no fric-
tional type heating, because their dynamics is reversible and without dissipation. On the
other hand, a perfect fluid model is sufficient for many processes in cosmology and astro-
physics, but real fluids behave irreversibly, and some processes in cosmology and astrophysics
cannot be understood except as dissipative processes, requiring a relativistic theory of dis-
sipative fluids. However, to model such processes, we require nonequilibrium or irreversible
thermodynamics, and perhaps the most satisfactory approach to irreversible thermodynamics
is via nonequilibrium kinetic theory [267].
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Eckart, in 1940 [268], first extended the standard, or classical, irreversible thermody-
namics from Newtonian to relativistic fluids. Now, for non-equilibrium, irreversible process
of perfect fluid model can be applied to cosmology. Here, we consider the cosmic matter
component to be characterized by the energy momentum tensor of a bulk viscous fluid [269]

T = puP + (p+ AP (1.127)

and the particle flow vector N® has the form (1.124). Here, h®? = ¢®8 4+ 4®u” is the spatial
projection tensor, and the quantity II is the dissipative term which denotes that part of the
scalar pressure which is connected with entropy production. The dynamical effective pressure
in presence of viscous fluid becomes p. ;¢ = p + II. Usually, II is termed as the so-called bulk
viscous pressure. In cosmological context, it has a significant role when particle number is
not conserved and for this case, II is called as creation pressure (here p, = II) [270]

It is to be noted that there is a restriction |II| < p (correction to the thermostatic pressure)
near to equilibrium. But this restriction can be neglected by using it as creation pressure (p.).
In irreversible thermodynamics, the entropy is no longer conserved, but grows, according to
the second law of thermodynamics. So, for particle production/annihilation, the conservation
of the particle flux vector satisfies N, # 0, that means

i+ 3Hn =nl | (1.128)

where I' describes the rate of particle creation or annihilation. That is, the creation of
particles take place when I' > 0, while particle annihilation occur for I' < 0. For I" = 0, the
particle number is conserved.

Now, the Friedmann equations in a flat FLRW cosmology are essentially modified (in-
cluding the creation pressure) as

(2
H? = 5P (1.129)
. /432
2H = g(p—i—p—i—ﬂ), (1.130)
However, using (1.129) and (1.130), one can derive the conservation equation p+3H (p+p+

II) = 0.
Now using (1.128) in (1.126), the variation of the entropy is given as

nTs = —3HIL—T(p+p), (1.131)

which, for an adiabatic condition, turns out to be

= _3%(p+p). (1.132)

Thus, for an adiabatic thermodynamical system, the dissipative pressure is determined by
the particle creation rate. In this connection, one important thing to be pointed out is that,
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sometimes, the expression (1.132) is written as p, = —%(p+p) in terms of the creation pres-
sure (p.) which can be obtained in the framework of the so-called first-order non-equilibrium
relativistic thermodynamics. But several authors have formulated relativistic second-order
theories which circumvent some theoretical difficulties of the first order approach. (see [271]
and references therein).

1.6 Dynamical system analysis

Dynamical system is a mathematical way out to realize the evolution of a point in physical
state space. Using the dynamical systems tools, the evolution of any particle can be visualized
in any space or state space (phase space) clearly. By the term ‘state’ of the system, one can
realize position of a point, more precisely, the coordinate of a point in the system. For
example, in a physical system in thermodynamics, the triplet (P, V,T') describes the state of
a certain quantity of a gas, denoted here by X, at any time ¢. Let us consider from now, x
is the state (element) of the physical system and state space or phase space X is considered
as the set of all states at an instant of time ¢ in that system. Note that in Mathematics,
Euclidean space R™ or its open subset can be treated as phase space. In this thesis, we
closely follow Refs. [1, 272] to present dynamical system analysis. Interested readers may
follow the famous books on dynamical systems [273, 274, 275, 276, 277, 278, 279] and also
related articles [280, 281, 282]. The dynamical system is the evolution of any point x in space
X which may be described by a system of Ordinary Differential Equations (ODEs)

dx
x = — =f(x,t 1.133
x = X, (1133
where t € R and x = (21,29, ...... ,xn) € R™ at any point/ state in the phase space of the

dynamical system (1.133). Here, ‘over dot’ denotes differentiation with respect to time ‘t’.
Also, the function f : R*™! — R” can be interpreted as the vector field on R” where
f = (f1, fa, sy fn) is at least of class C! (continuously differentiable). Therefore, when a
physical system evolves with time is referred to as a dynamical system. Dynamical system is
of two types: continuous dynamical system and discrete dynamical system. Here, our study
is only with the continuous dynamical system.

1.6.1 Autonomous System

Any system of differential equation is called an autonomous system of ordinary differential
equations when f is explicitly time independent, i.e., the dynamical system (1.133) is said to
be autonomous if f on r.h.s is a function of x only and does depend on time ¢. Thus, the
autonomous system of ODEs for the given dynamical system (1.133) can be rewritten as

dx_

- =fx), xeR" (1.134)

X =
The system can ne expressed as
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.1:1 = fl(ZL’l,ZL‘Q,.....I‘n),
:L:2 = fl(l'l,l’z,....xn),
Tn = fi(z1, 22, ... 2p). (1.135)

1.6.1.1  Solution and orbit of an Autonomous System

The solutions of the system (1.134) can be expressed as a differentiable function ¢ : R — R"
satisfying 1/1(15) = f(y(t)) for all ¢t € R. This solution v represents a curve in R with tangent
vector t(t) which is equal to £(t(t)) (from (1.134)). The image of a solution in R" is referred
to as an orbit of the DE. The motion of state vector x € R™ along the orbit represents the
evolution of the associated physical system in time. Thus, the DE reveals that the vector
field f(x) is a tangent to the orbit and so, this can be realized as the velocity of the moving
point in state space.

Now, we state (without proof) the existence and uniqueness of the solution of ODE with
the given initial conditions x = x¢ at t = ty. The theorem states that:
considering the system (1.134) with the initial conditions

x =f(x), x(0)=x€R" (1.136)

with f : R® — R is of class C'! and for all xg € R" there exists an interval (—4,5) and a
unique function ¥ (xg) : (—9,) — R” satisfies the relation

Y(t;xo) =f(¥(t,%0)) ; ¥(0,%0) = Xo. (1.137)

Flow:

Let us assume the autonomous system of ODEs (1.134) is valid having solutions for all
t € R. The flow of (1.134) can be defined as one parameter family of maps {¢; }tecr from R™
into itself such that

¢r(x0) = (t;x0), V x0 €R", (1.138)

where 1(t; X0) is the solution of the initial value problem (1.136). So, the flow ¢, is defined
in terms of the solution functions ¢ (¢; xg). Now, for a specific time ¢, the flow ¢; : R — R"
provides the state of the system v = ¢;(xg) for all initial states xg. On the other hand, an
orbit 1(t;x0) passing through x¢ can also be defined from the flow as

P(t;xg) = {xeR"|x=¢(x0), t€R}. (1.139)

Thus, we see that the ODEs (1.134) produce a flow and vice versa, i.e., x = f(x) +—
{bt}ter- It can also be seen that the flow of ODEs (1.134) can hold the group property.
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Now, to achieve the qualitative behavior of the solutions of the system of differential
equations which is our main goal in this thesis, we have to find out the flow of the given
system since it is equivalent to the solutions. Thus, the flow of the system may be a powerful
tool to analyze the qualitative behavior as the properties of flow can be derived by studying
the vector field f. For this, we have to find out the critical points of this system at first.

1.6.1.2  Critical Points of an Autonomous System

To get a qualitative idea about the solutions of ODEs (1.134), one has to find out the critical
points (sometimes called equilibrium points or fixed points) of the system. A critical point
of the system (1.134) is defined as a point (in phase space) x = x. € R™ for which

f(x) = O, (1.140)

or the zeros of the vector field f in the ODE x = f(x), or equivalently, one may define the
critical point x. as that which satisfies ¢;(x.) = z. V t € R, where ¢, is the flow of the
ODEs (1.134). The fixed point x. in a physical system shows its equilibrium state because it
does not change with time, i.e., f(x.) = 0 or equivalently, x¢ is unchanged by the action of
flow. Mathematically, in follows from equation (1.139) that the orbit through the equilibrium
point is the point itself

Y(t,xo) = {xo} . (1.141)

e An orbit connecting different equilibrium points is referred to as a heteroclinic orbit.
On the other hand, an orbit connecting equilibrium points to itself is called a homoclinic orbit.

In this thesis, we wish to apply the dynamical system approach to cosmological models
using the known technique. In a cosmological model, there are governing equations which
are highly nonlinear in nature and it is not quite possible to derive the solutions in analytic
form. Therefore, one has to convert them to a system of ODEs or an autonomous system,
and by finding the critical points of the system, the local properties of flow near the critical
points can be realized by linearizing the system (ODEs) in the neighbourhood of the points.
That is, the idea about the stability of the critical points and for that one must have the idea
to linearize the system about the point. For that, we use the Hartman-Grobman theorem to
relate the linear and non-linear differential equations.

A linear system of ODEs can be obtained from the system (1.134) by replacing the
nonlinear function f(x) (on the r.h.s of (1.134)) as a linear function, i.e., f(x) = Ax, where

A is a matrix of order n x n. Therefore, the linear system of ODEs (for the non-linear system
(1.134)) can be expressed as

X = Ax (1.142)
on R™ and the flow for the linear ODEs (1.142) is defined as

pi(x) = eMx V teR, xeR"™ (1.143)

34



Chapter 1. Introduction

1.6.2 Linear Stability Theory

Let x = x. be the critical point of the system (1.134). We shall now linearize the system
around the critical point x = x. by using Taylor series expansion such that

f/ /!
f(x) ~ f(xo)+ S‘)(X—XCH Q(!X)(x—xc)Q—i— .......... (1.144)
f(x) ~ Df(x.)(x— %), (1.145)
where
Df(x.) = <§?> . i=1,2,.m; j=1,2.n (1.146)
J/ x=x%xc

is called as Jacobian of f(x) at x.. Now, we consider a perturbation near the critical point
as u = X — X.. Let us assume that the perturbation u is very small, so we neglect the square
and higher powers of it. Therefore, the system (1.134) can be expressed as

u = Df(x.)u. (1.147)
Further, if we assume (1.134) is linear in form (when f is linear ), it can be written as

f(u) = Au (as in (1.142)) for u € R™. The derived linear dynamical system will be of the
form

i = Au (1.148)
Since Df(x.) is actually a n x n matrix with constant coefficients, ODE (1.147) represents

a linear dynamical system. Now, for a linear dynamical system (1.148), the general solution
with the initial conditions u(tg) = up will be

u(t) = ugelrlt=t), (1.149)

where the exponential matrix of A is given by

© AN(4 _ 4 \N
eAlt—to) Z AT —t)” . (1.150)
(1.151)
e Local behavior near the critical points

To get information about solutions near the critical points of the autonomous system, we
have linearized the system near the points and then considering the eigenvalues (complex in
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general) \; and the associated eigen vectors, we have the following three subspaces of R" :

The stable subspaces E* = span (e1, eg, ....€5)
The unstable subspaces E* = span (€541, €512, -..-€54u)
The centre subspaces E® = span (€siy+1, €stut2s ---Cstute)s

where the eigenvectors {ej, g, ....e5} in E® is derived from the linearized Jacobian matrix
corresponding to the eigenvalues \; having negative real parts form the stable subspaces in
R™ whereas {€sy1, €542, ....6544} are the eigenvectors of A corresponding to the eigenvalues
A; with positive real parts which form the unstable subspaces. Finally, the eigenvectors
{€stut1,€stut2, --Cstutcr belonging to the eigenvalues having vanishing real parts. It is
clear that

Ef@eE*®E° = R", ie, stut+c=n (1.152)

Therefore, the union of three subspaces form the state space or phase space R".

The linear ODE (1.148) on R™ provides the above three stable, unstable, and centre sub-
spaces which describe the invariant set  (specifically subspaces). From the general solution
(1.149), we see that the orbits passing through uy remain in the same subspace for all ¢t € R,
and also we have

w € B = lim u(t) = lim ue™) =0, (1.153)
oo o0

w e EY = lim u(t) = lim ugeAt%) =, (1.154)
t——o0 t——o0

where 0 is a null vector assumed to be the origin in the state space R". Equations (1.153) and
(1.154) represent the asymptotic behavior of the orbits in the phase space of linear dynamical
system. The orbits in the stable subspaces E° are attracted to the origin while the orbits are
repelled by the origin in the unstable subspaces E". In particular, if s = n (i.e., E® = R"),
all the orbits are attracted to the origin as t — 400 which is known as sink, while for u = n
(i.e., E* = R™), all are repelled by the origin as t — —oo which is referred to as source.

e Hyperbolic and non-hyperbolic critical points:

In the ODEs (1.134), i.e., x = f(x) on R", an equilibrium point x = x. is called hyperbolic
type if all the eigenvalues of the linearized Jacobian matrix Df(x.) have non-zero real parts.
On the other hand, if at least one of the eigenvalues has zero real part, the point is called
non-hyperbolic critical point. Linear stability theory can be employed only on hyperbolic
critical points to check their stability, but it fails to check the stability for non-hyperbolic
critical points. However, center manifold theorem can be employed to check the stability for
the non-hyperbolic one which will be discussed later.

e Non-isolated critical points:

9A set S is called an invariant set of the flow ¢; of the system (1.134) means that for all ¢ € R,
o¢(x) € S, where S C R™.
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We are interested another type of critical point, namely, non-isolated critical points which,
sometimes, arising from the system of ODEs (1.134), are a curve of points (i.e., set of points)
or a line of critical points. This non-isolated critical points is called a critical set or equi-
librium set. Mathematically, critical sets (set of points) S (€ R™) of points x. satisfy the
relation f(x.) = 0 for every x. € S. In the set of points, the linearized Jacobian matrix nec-
essarily has one zero eigenvalue at each point x. of the critical/equilibrium set, which follows
that every critical point of a critical/equilibrium set is a non-hyperbolic critical point. The
equilibrium set with exactly one vanishing eigenvalue (all other eigenvalues have Re()\;) # 0)
at each point is called a normally hyperbolic set. The stability of the normally hyperbolic
set can, however, be determined by the signature of the eigenvalues in the remaining direc-
tions. Hence, for the negative eigenvalues, the set is an attractor, otherwise a repeller [1, 106].

e Stable, unstable, and saddle-like critical points:

Now, we are able to linearize the system around the critical points to realize the stability
of the points. It is worthwhile to know the behavior of orbits near the critical points x., i.e.,
whether they are attracted or repelled by that point. First of all, we have to compute the
eigenvalues of the linearized Jacobian matrix, then identify the following:

(1) If all the eigenvalues have negative real parts (in this case E* = R"), then all the
trajectories are attracted to the point x. and the point is called a stable critical point or sink.

(2) If all the eigenvalues have positive real parts (E* = R™), then all the trajectories
emerge from the point x. i.e., they will be repelled by the point and the point is said to be
an unstable critical point or source.

(3) When the eigenvalues have negative as well as positive real parts, then the point is
called a saddle point.

It is very clear that critical points will show its nature if any one of the eigenvalues be-
comes positive, however, nothing can be concluded about its stability.

e Stable, unstable, and center manifold:

We have discussed earlier that the subspaces E°, EY, E° arising from linearized ODE
(1.147) are invariant subspaces. The behavior of orbits near the critical points of non-linear
ODE (1.134) are equivalent to those in (1.147). This can be concluded from Hartman-
Grobman theorem. Now, one can generalize the idea of stable, unstable, and centre subspaces
for non-linear ODE derived from linear ODEs.

A stable manifold W# of a critical point x. is a differentiable manifold which is tangent
to the stable subspaces E® at x. and all orbits in W* are asymptotic to x. as t — +o0.

In a similar way, an unstable manifold W* of critical point x. is a differentiable manifold
which is tangent to the unstable subspaces E* at x. such that all orbits in W* are asymptotic

to x. as t — —oo.

Lastly, a center manifold W€ (when neither all of eigenvalues are positive nor negative)
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of equilibrium point x. is a differentiable manifold which is tangent to the centre subspaces
E€ at x.. Asymptotic behavior of the orbits in this center manifold cannot be determined by
linearization.

¢ Hartman-Grobman Theorem:

The flow and ODE are equivalent. So, we obtain a nature of trajectory/orbit in the
neighbourhood of critical points by finding the solution curve of ODE. The information of
a non-linear system is completely determined from a linearized system (provided that the
critical point is hyperbolic) by the Hartman-Grobman theorem which states that

“Let ¢¢ be a flow and x. be a hyperbolic critical point of the non-linear ODE (1.134),
there exists a neighbourhood Nj(x.) of the point x., where ¢, is topologically equivalent *°
to the flow of the linearized system (1.147) at x..”

Generally, a non-linear system cannot be rearranged as in matrix notation, the matrix
form of a linear system is possible only for hyperbolic critical points. Keeping it in mind, us-
ing Hartman-Grobman theorem (as the flows arising from two system have same qualitative
behavior), one can fully analyze the non-linear ODE by linearizing the system around at the
hyperbolic critical points. So, by this theorem, wee see that non-linear flow of original non-
linear ODE is equivalent to linear flow of linearized ODE. That is, the qualitative behavior
of non-linear ODE is same as the linearized system. Therefore, it can be concluded that the
stability of a point (hyperbolic) obtained from linearized ODE corresponds to the stability
of the non-linear ODE. This is the importance of the Hartman-Grobman theorem.

1.6.2.1 2D autonomous system

Let us assume a 2-dimensional autonomous system

has a critical point (x., y.) such that P(z¢,y.) =0, Q(xc,y.) = 0. From the earlier discussion,
we have shown that the behavior of the phase path near the point (z.,y.) may be realized
by linearizing the system. To do so, we have to perturb the system around the point and
observe whether the perturbation grows or decays. Let the small perturbation be

§) = 2(t) — 7o, E(t) = y(t) — e, then #(t) = 2(t), £(t) = y(t) since v, and y, are
constants. Thus, we have 1(t) = & = P(z,y) = P(z. +n(t), y. + &(t)) and using Taylor’s
theorem, 7(t) = P(x.,y.) + n%—i + 5% + O(n?, €2, n¢). Since P(z,y.) = 0, we have from
the above:

) = ngo +§7y+0(n27 €%, ng). (1.156)

Similarly,

0Let us assume flows ¢, and ¢, are on R"™. They are said to be topologically equivalent when there
exists a homeomorphism A : R™ — R™ which maps orbits of the flow ¢; onto orbits of ¢;, preserving
their orientation.
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Q

) = Urm +§8Q

Assuming the quadratic term in r.h.s to be small, we write (1.156) and (1.157) in matrix

form as
n & & n
. = P . 1.158
() (%Q ?)(Q (1.158)

The system (1.158) is the linearized form and the matrix

P  apP
J = (35 2 ) : (1.159)
(xmyc)

is called the Jacobian matrix at (z., y.).

For a 2D autonomous system, the stability of the critical point (x.,y.) depends on the
eigenvalues \1, A2 arising from the linearized Jacobian matrix (1.159) as follows:

(i) The equilibrium point shows stable nature for A\; < 0, Ay < 0.

e (ii) The point has unstable nature for A\; > 0, A2 > 0.

(iii) The point is saddle-like in nature if any one of the eigenvalues is positive (or,
Ao < 0).

(iv) If two eigenvalues are complex conjugates A\ = « + i3, Ao = a — i3 with a >
0, 8 # 0, the point will be an unstable spiral.

(v) If two eigenvalues are complex conjugates A\; = a + i3, Ao = o — i with o <
0, B # 0, the point will be a stable spiral.

(vi) If the eigenvalues are purely imaginary i.e., Ay = i85, A2 = —i/3, then the point is
a center.

e Lyapunov stability theory:

We have seen that negativity of eigenvalues of the linearized Jacobian matrix corresponds
to local stability of the critical points. This linear stability theory is only applied for the case
of hyperbolic critical points. For the case of non-hyperbolic critical points, linear stability
fails to describe their local stability and in this case, center manifold theorem may be applied
to check their stability, or one can predict the stability by finding out the Lyapunov functions.
In this paragraph, we shall discuss the Lyapunov stability theory.

Let x. be the critical point for ODEs x = f(x). Let N be the neighbourhood of the point
xcand V : R — R be a function of class C! such that V(x.) =0, V(x) >0V x € N—{x.}.

39



Chapter 1. Introduction

Then

(1) if %V(x) <0V x€eN—{x.}, x.isasymptotically stable.

(2) if %V(x) <0V x€N—{x:}, x.is stable.
(3) if %V(x) >0V x€ N —{x.}, X.is unstable.

Now, a function V' that satisfies the conditions of the theorem with %V(X) < 0is called a
Lyapunov function. Moreover, if V' satisfies the conditions of the theorem with %V(X) <0,
then this is called a strict Lyapunov function. Therefore, in order to determine the stability
of critical points, it is only required to identify the Lyapunov function in the neighbourhood
of critical points. Thus, the existence of such Lyapunov function would guarantee the asymp-
totic stability and we don’t need to solve ODEs explicitly.

e Center manifold theorem:

We have discussed the local stability (linear stability theory) properties of critical points
by evaluating the eigenvalues of the linearized Jacobi matrix Df(x.). This process can be
applied only when the eigenvalues have non-zero real parts (i.e., for hyperbolic type critical
points). This theory is no longer valid when at least one of the eigenvalues have vanishing real
parts. This type of critical points are called non-hyperbolic critical points. In this section,
we shall discuss the stability of non-hyperbolic critical points. We have pointed out how
to determine the stability of points having eigenvalues with zero real parts by finding the
suitable Lyapunov functions using Lyapunov stability theory. However, it has a limitation
that sometimes, it is not possible to find out proper Lyapunov functions for the system. So,
Center Manifold theorem is an effective one to characterize the stability for these kind of
points. This theorem allows us to simplify the system by reducing their dimensionality [280]
(for a review see [279]).

We follow Perko [474] and Boehmer [609], for discussing the mathematical background of
the center manifold theory. When Jacobian matrix corresponding to the given autonomous
system at the equilibrium point has zero eigenvalue(s), linear theory fails to provide infor-
mation on the stability of that equilibrium point. In this case, use of center manifold is
interested because it reduce the dimension of the system near that equilibrium point so that
stability of the reduced system can be investigated. There always exists an invariant local
center manifold W€ passing through the fixed point to which the system could be restricted
to study its behavior in the neighborhood of the fixed point. The stability of the reduced
system determines the stability of the system at that point.

Let x € RP and y € R?. An arbitrary dynamical system with zero eigenvalues in the
Jacobian matrix can always be written in the following form

%:Ax+ﬂ%w’ (1.160)
y = Bz +g(z,y),
where
f(0,0) =0, Df(0,0)=0,

g(0,0) =0, Dg(0,0) = 0. (1.161)
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Here we assume that the critical point is located at the origin and D f denotes the matrix of
first derivatives of the vector valued function f. A is a p X p matrix having eigenvalues with
zero real parts and B is an ¢ X ¢ matrix having eigenvalues with non-zero real parts.

It is noted that a dynamical system with zero eigenvalues can always be rewritten into the
above form by linear shifting and matrix coordinate transformations. We will show this con-
struction explicitly when we discuss the scalar field model below.

Definition. We call the space
W) = {(x,y) € R x Ry = h(z),|z| < J,h(0) = 0,Dh(0) =0} (1.162)
for ¢ sufficiently small, the center manifold for the system (1.160).

Next, we need to construct this center manifold explicitly. By differentiating the con-
sidering equation y = h(z) with respect to the independent variable, we get y = Dh(z)&
where we used the chain rule. Eliminating & and gy via (1.160), one arrives and the following
quasilinear partial differential equation which h has to satisfy

N(h(z)) = Dh(z)[Az + f(z, h(z))] — Bh(z) — g(z, h(z)) = 0, (1.163)
and the flow on the center manifold W?(0) is defined by the system of differential equations
&= Cx+ f(x,h(x)) (1.164)

for all z € RP with |z| < ¢.

It is interesting to note that for a non-hyperbolic critical point having the eigenvalues of
Jacobi matrix Df(0) with some positive or negative real parts, ideas of stability are realized
by reducing the dimensions of dynamical systems. If we get p numbers of eigenvalues with
positive real parts and q with negative real parts, then obviously, the number of eigenvalues
with zero real parts will be r(=n — p — ¢). It is clear that there exists a stable manifold of
dimension q tangent to the stable subspace E? whereas there exists a p-dimensional unstable
manifold tangent to the unstable subspace EP, and a r- dimensional center manifold also
exists. All are invariant under the flow ¢¢ of the non-linear system [106].

1.7 Analysis at Infinity

Consider the simple autonomous system in R

ZThe function f(z) = 1, defined over (0,00) has no zero. However if the extended real
number system is considered, then x = oo is a critical point and the solution z(t) = /2t — 1
suggests that oo is a stable critical point of the system, as ¢ — oo implies z(t) — oc.

There is a method due to Poincaré which addresses this kind of situation in more general
set up. For the sake of simplicity, the entire discussion on Poincaré method [474] will be
carried out for an autonomous system of dimension two. For higher dimensions, similar
techniques are employed.
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1.7.1 Poincaré projection

The Poincaré sphere [474] is the usual sphere S? = {(X,Y,Z) € R3 | X2+ Y2 + 722 = 1}.
The points in the sphere is projected in an one-one fashion onto R? = {(z,y) | z,y € R} as

Y Y
= Y=o (1.165)
The inverse of this projection map is
X = #, Y = Y , 4= i . (1.166)
V1+a?+y? V1t+y?+ 22 V1422 + 22

From (1.166), it can be easily seen that the critical points at infinity are spread out along
the equator of the sphere, whereas the origin is mapped to the north pole.

1.7.2 Poincaré method

Given the dynamical system on R?,

= M ) )
&= M(zy) (1.167)
where M, N are polynomials, define
m = max{degree(M), degree(N)}.
The system (1.167) can be written as
dy _ N(z,y)
dr M(z,y)
or as
N(z,y)dx — M(z,y)dy = 0. (1.168)
It follows from (1.165) that
ZdX —XdZ ZdYy -YdZ
dl‘ == T’ dy == T-
Therefore (1.168) can be written as
N(ZdX — X dZ) — M(ZdY — Y dZ) =0 (1.169)
where X v
M=M =M|—=,—=].
(z,y) ( 7 Z)
and

N:N(a;,y):N<)Z(,}Z/>.
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are rational functions.

To eliminate Z from the denominators, one can multiply (1.169) by Z™ to obtain

ZN*dX — ZM*dY + (YM* — XN*)dZ = 0 (1.170)
where
XY XY
MY (XY, Z)=Z"M | —, — N*(X,Y,Z)=Z"N | =, =
(x.v.2) (Z7) Mavz-zmv(Z)
are polynomials in (X,Y, 7).

The equation (1.170) can be rewritten in the form of determinant equation as

dX dy dz
X Y ZzZ|=o. (1.171)
M* N* 0

The flows of the system (1.170) in the sphere S? correspond to the flows of the system
(1.165) in a one-one manner. The equator (Z = 0) of S? contains the critical points at oo of
the system (1.170).

When Z = 0, the system (1.170) becomes
(YM* — XN*)dZ = 0.

For a critical point at oo, if it is approached by the trajectories from the finite plane, then
dZ =0, consequently Y M* — XN* = 0.

If

and
N(z,y) = No(x,y) + - + N (2, y)

where M; and N; are homogeneous j-th degree polynomials in x and y, then

XY XY
YM*—XN*:ZmYM1< >+-~-—|—ZmYMm( )

ZZ 7z 7
. XY . XY
— ZmX N, <Z,Z> — - = Z™XN,, (Z,Z>
= 72" WM (X,)Y)+ -+ YM,(X,Y)
—Z™IXN|(X,Y) = — XN,(X,Y)
=Y M, (X,Y) - XN, (X,Y) (1.172)

for Z = 0.
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For Z = 0 also X2 + Y2 = 1. Therefore transforming (1.172) to the polar coordinates,
one gets
sin @M, (cos 0, sin ) — cos O Ny, (cos 0, sin 0) = 0.

These results [474] are summarized in the following

Theorem 1 The critical points at infinity for the m-th degree polynomial system (1.165)
occur at the points (X,Y,0) on the equator of the Poincaré sphere where X2 +Y? =1 and

Y My (X,Y) = XNp(X,Y) =0 (1.173)

or equivalently at the polar angles 0; and 0; + 7 satisfying

Gm+1(0) = sin O M, (cos 0, sin 0) — cos O Ny, (cos §,sin ) = 0. (1.174)

This equation has at most m + 1 pair of roots 6; and 6; + m unless Gp11(0) is identically
zero. If G11(0) is not identically zero, then the flow on the equator of the Poincaré sphere
is counter-clockwise at the points corresponding to the polar angles? where Gp,+1(0) > 0 and
it is clockwise at the points corresponding to the polar angles 6 where Gp,11(0) < 0.

The behavior of the flows of (1.172) in a neighborhood of any critical point at infinity
can be obtained by projecting that neighborhood onto a plane tangent to S? at that point.
Actually it is only necessary to project the hemisphere with X > 0 onto the plane X = 1 and
to project the hemisphere with Y > 0 onto the plane Y = 1 in order to determine the behav-
ior of the flow in the neighborhood of any critical point on the equator of S2. This follows
because the flow on S? defined by (1.172) is topologically equivalent at the antipodal points
of §% if m is odd and it is topologically equivalent with the direction of the flow reversed, if
m is even. For an example, if the critical point at infinity for the system (1.165) is (o0, 0);
then one can project the flow on S? near that critical point defined by (1.172) onto the plane
X =1 by setting X =1 and dX = 0in (1.172). Similarly, for the critical point (0, c0) of the
system (1.165), one can project the flow near (0, 00) defined by (1.172) onto the plane Y =1
by setting ¥ =1 and dY =0 in (1.172).

These results [474] are summarized as follows

Theorem 2 The flow defined by (1.172) in a neighborhood of any critical point of (1.172) on
the equator of the Poincaré sphere S, except the points (0,%+1,0), is topologically equivalent
to the flow defined by the system

1 1
+y =yz"M <,y> — 2N <,y> ,
z z 2z z

(1.175)
45— g <1 y) ,

2’z
the signs being determined by the flow on the equator of S? as determined in the Theorem (1).
Similarly, the flow defined by (1.172) in a neighborhood of any critical point of (1.172) on

the equator of the Poincaré sphere S, except the points (£1,0,0), is topologically equivalent
to the flow defined by the system

+z = 22" N (x, 1) —2"M <$, 1) ,
2z 2’z
1.176
+i ="t z 1 ( )
z'z)’
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the signs being determined by the flow on the equator of S® as determined in the Theorem

(1).

An example [474] demonstrating the application of the Poincaré method is as follows

Consider the autonomous system
T =z,
Y= -y
This system has (0,0) as the only finite critical point which is also a saddle point. According
to the Theorem (1), the critical point at infinity for this system is determined by the solutions

of
XN (X,)Y)-YM(X,Y)=-2XY =0.

Therefore, there are critical points on the equator of S? at (41,0,0) and at (0,£1,0). Tt
is seen from the left hand side of the above expression that the flow on the equator of S? is
clockwise for XY > 0 and counter-clockwise for XY < 0. According to the Theorem (2), the
behavior in a neighborhood of the critical point (1,0, 0) is determined by the behavior of the

system
R ORNE
—y=yz\ - +z(7>,
z z

aeo(

y:_2y7
Z=—z

or equivalently

near the origin. This system has a stable (improper) node at the origin. The y-axis consists of
trajectories of this system and all the other trajectories come into the origin in tangent to the
z-axis. This completely determines the behavior at the critical point (1,0,0). The behavior
at the antipodal point (—1,0,0) is exactly the same as the behavior at (1,0,0). There is
also a stable (improper) node at (—1,0,0), as m = 1 is odd in this example. Similarly, the
behavior in a neighborhood of the critical point (0,1, 0) is determined by the behavior of the

System
T =2,

=z

near the origin. It can be inferred that this system has unstable (improper) nodes at (0, +1,0).
Another example [474] of this method is in the following

Consider the following autonomous system

i=a?+y? -1,
Yy =5(zy —1).

Since the circle 22 +y? = 1 and the hyperbola 2y = 1 do not intersect, there are no finite
critical points of this system. The critical points at infinity are determined by

XNy(X,Y) =Y My(X,Y)=Y(4X? -Y?) =0
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together with X2+Y?2 = 1. Hence, the critical points at infinity are at (+1,0,0), & (%, %, 0)
and (%, —%, ) For X = 0, the left hand side of the equation is negative while ¥ > 0
and positive while Y < 0. It indicates the direction of the flow on the equator of S2. Then

by using the Theorem (2), the behavior near each of the critical points (1,0,0), (%, %, O)

and (—%, —%, O) and (%, —%, 0> on S? is determined by the behavior of the system
§ =4y — 522 +y22 — o3,

z':—z—zy2+z3

near the critical points (0,0), (2,0) and (—2,0) respectively. For this system one has

DF(0,0) = <g _01>

and

Df(£2,0) = <_08 _05) :

By obtaining eigenvalues of the above two matrices, we can conclude that (0,0) is a saddle
point and (£2,0) are stable improper nodes for this system. Since m = 2 is even in this ex-

ample, the behavior near the antipodal points —(1,0,0), — (%, %, 0), and — (%, —%, 0)
is topologically equivalent to the behavior near (1,0,0), (%, \%, ), and (%, —%,O) re-

spectively with the directions of the flow reversed. So —(1,0,0) is a saddle point whereas

- (%, :I:%, 0) are unstable (improper) nodes.

1.8 Bifurcation

Bifurcation theory is the mathematical study of changes in the topological structure of a
given family such as the flows of an autonomous system. A bifurcation occurs when a very
small and smooth changes made to the parameter values (also called the bifurcation value of
the bifurcation parameters) of a system causes a sudden qualitative change in its topological
behavior [699]. This concept was first introduced by Poincaré.

It is often useful to divide a bifurcation in one of the two following classes

e Local bifurcations A local bifurcation occurs when a parameter change cause the
stability of a critical point to change.

e Global bifurcations Global bifurcations occur when ‘larger’ invariant sets, such as
periodic orbits, collide with the equilibrium points. The effect is a change in the topology
of the orbits in the phase space which cannot be confined to a small neighborhood, as is the
case with local bifurcations. In fact, the changes in topology extend out to an arbitrarily
large distance.

46



Chapter 1. Introduction

1.8.1 Local theory

Examples of local bifurcations include

e Saddle-node bifurcation The Saddle-node bifurcation is a local bifurcation in which
two critical points of a dynamical system collide and annihilate each other.

e Transcritical bifurcation A transcritical bifurcation is a type of local bifurcation
in which a fixed point exists for all values of a parameter and is never destroyed. However,
such a fixed point interchanges its stability with another fixed point as the parameter is varied.

e Pitchfork bifurcation A pitchfork bifurcation is a particular type of local bifurcation
where the system transits from one critical point to three critical points, hence the name
‘Pitchfork’. Pitchfork bifurcations have two types, supercritical and subcritical.

e Period-doubling bifurcation A period doubling bifurcation in a discrete dynamical
system is a local bifurcation in which a slight change in a parameter value leads to the system
switching to a new behavior with twice the period of the original system.

e Hopf bifurcation A Hopf bifurcation is a local bifurcation where a system’s stability
switches and a periodic solution arises. To be more precise, it is a local bifurcation in which a
critical point of a dynamical system loses its stability, as a pair of complex conjugate eigenval-
ues of the linearization matrix at that critical point crosses the complex plane imaginary axis.

e Neimark-Sacker bifurcation A Neimark-Sacker bifurcation (also called a secondary
Hopf bifurcation) is a type of local bifurcation where the formation of a closed invariant curve
happens from a critical point in a discrete dynamical systems, when the critical point changes
its stability via a pair of complex eigenvalues with unit modulus. This type of bifurcation
can be supercritical or subcritical, resulting in a stable or unstable closed invariant curve,
respectively.

1.8.2 Global theory

Examples of global bifurcations include

e Homoclinic bifurcation Homoclinic bifurcation is a global bifurcation where a limit
cycle collides with a saddle point. Homoclinic bifurcations can occur supercritically or sub-
critically.

e Heteroclinic bifurcation Heteroclinic bifurcation is a bifurcation of global type where
a limit cycle collides with two or more saddle points. They involve a heteroclinic cycle. Het-
eroclinic bifurcations are of two types, resonance bifurcations and transverse bifurcations.
Both types of bifurcations result in the change of stability of the heteroclinic cycle.

e Infinite-period bifurcation Infinite-period bifurcation is a type of global bifurcation
where a stable node and saddle point simultaneously occur on a limit cycle. As the limit of
a parameter approaches a certain critical value, the speed of the oscillation slows down and
the period approaches infinity. The infinite-period bifurcation occurs at this critical value.
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Beyond this critical value, two fixed points emerge continuously from each other on the limit
cycle to disrupt the oscillation and form two saddle points.

¢ Blue sky catastrophe Blue sky catastrophe is a global bifurcation where a limit cycle
collides with a non-hyperbolic cycle.

1.9 Criteria for stability corresponding to
discrete dynamical system

In this section, we will establish some simple but powerful criteria for the local stability of
fixed points [422]. Fixed (equilibrium) points may be divided into two types: hyperbolic and
nonhyperbolic. A fixed point z* of a map f is said to be hyperbolic if | f'(2*)| # 1. Otherwise,
it is nonhyperbolic. We will treat the stability of each type separately.

Definition 1.9.1 (Fixed points.) A point z € R? is called a fized point [}21] of W if
W(z) = z.

1.9.1 Hyperbolic Fixed Points

The following result is the main tool for detecting local stability.

Theorem 3 Let x* be a hyperbolic fixed point of a map f, where f is continuously differen-
tiable at z*. The following statements then hold true [}22]:

L If|f'(x*)| < 1, then o™ is asymptotically stable.
2. If | f'(z*)| > 1, then z* is unstable.

1.9.2 Nonhyperbolic Fixed Points

The stability criteria for nonhyperbolic fixed points are more involved. They will be sum-
marized in the next two results, the first of which treats the case when f’(z*) = 1 and the
second for f/(z*) = —1.

Theorem 4 Let x* be a fixed point of a map [ such that f'(z*) = 1. If f'(x), f"(z), and
" (x) are continuous at x*, then the following statements hold [/22]:

L If f"(z*) # 0, then ™ is unstable (semistable).
2. If f"(z*) = 0 and f"'(z*) <0, then x* is aymptotically stable.
3. If f"(z*) =0 and f"(z*) > 0, then ™ is unstable.

The preceding theorem may be used to establish stability criteria for the case when
f/(z*) = —1. But before doing so, we need to introduce the notion of the Schwarzian
derivative.
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Definition 1.9.2 The Schwarzian derivative, Sf, of a function f is defined by [}22]

@) 3{#@@?

SIE) =y "2 | Pl

And if f'(x*) = —1, then

SF") = ")~

2 [f”(l'*)]2 )

Theorem 5 Let x* be a fized point of a map f such that f'(z*) = —1. If f'(x), f"(x), and
() are continuous at x*, then the following statements hold [/22]:

1. If Sf(z*) < 0, then x* is asymptotically stable.
2. If Sf(z*) > 0, then =™ is unstable.

Theorem 6 Let f : G C R? = R? be a C' map, where G is an open subset of R?, X*
is a fized point of f, and A = Df(X*). Let p(A) be the spectral radius of A defined as
p(A) = max{|A1], |[A2| : A1, A2 are the eigen values of A}. Then the following statements hold

true:
1. If p(A) < 1, then X is asymptotically stable.

2. If p(A) > 1, then X™ is unstable.
3. If p(A) =1, then X™ may or may not be stable.

1.9.3 Center Manifolds

Consider the s-parameter map F(u,u), F: R®* x R¥ — R* with u € R¥, 4 € R*, where F is
C" (r > 3) on some sufficiently large open set in R* x R*. Let (u*, u*) be a fixed point of F,
i.e.,

F(p*u") =u".
The stability of hyperbolic fixed points of F' is determined from the stability of the fixed
points under the linear map

J = D, F(u*,u"). (1.177)

However, the situation is drastically different if one of the eigenvalues A of J lies on the unit
circle, that is, |\| = 1. There are three separate cases in which the fixed point (ug, po) is
non-hyperbolic.

1. J has one real eigenvalue equal to 1 and the other eigenvalues are off the unit circle.
2. J has one real eigenvalue equal to —1 and the other eigenvalues are off the unit circle.
3. J has two complex conjugate eigenvalues with modulus 1 and the other eigenvalues

are off the unit circle.
Let us temporarily suppress the parameter . Then the map F' can be written in the form

z— Az + f(z,y),

(1.178)
y+— By + g(z,y)
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where J in equation (1.177) has the form J =

61 . Moreover, all of the eigenvalues of

B
A lie on the unit circle, and all of the eigenvalues of B are off the unit circle. Furthermore,

f(0,0)=0, ¢(0,0) =0,

Df(0,0) =0, Dg(0,0)=0.
Theorem 7 There is a C"-center manifold for system (1.178) that can be represented locally
as [122]
M. = {(z,y) e R' x R® : y = h(z),|z| < §,h(0) = 0, Dh(0) = 0, for a sufficiently small §} .
Furthermore, the dynamics restricted to M, are given locally by the map

x v+ Az + f(z, h(x)),z € R (1.179)

This theorem asserts the existence of a center manifold, i.e., a curve y = h(z) on which
the dynamics of System (1.178) is given by Equation (1.179). The next result states that
the dynamics on the center manifold M. determines completely the dynamics of the System
(1.178).

Theorem 8 The following statements hold.[}22]

1. If the fized point (0,0) of Equation (1.179) is stable, asymptotically stable, or unsta-
ble, then the fized point (0,0) of System (1.178) is stable, asymptotically stable, or unstable,
respectively.

2. For any solution (x(n),y(n)) of the system (1.178) with an initial point (xo,yo) in a
small neighborhood around the origin, there exists a solution z(n) of Equation (1.179) and
positive constants L, 8 > 1 such that

|z(n) — 2(n)| < LA™, and |y(n) — h(z(n))| < LB" for alln € Z™.

The question that still lingers is how to find the center manifold M, or, equivalently, how
to compute the curve y = h(x). The first thing that comes to mind is to substitute for y in
System (1.178) to obtain the system

z(n+1) = Az(n) + f(z(n), h(z(n))),
y(n+1) = h( (n+1))
hlAz(n) + f(z(n), h(z(n)))]
= Bh( (n)) + g(z(n), h(z(n))).
Equating the two equations for y(n + 1) yields the functional equation
F(h(x)) = h[Az + f(z, h(x))] — Bh(z) — g(z, h(x)) = 0. (1.180)

Solving Equation (1.180) is a formidable task, so at best one can hope to approximate its
solution via power series. The next result provides the theoretical justification for our ap-
proximation.

Theorem 9 Let ¢ : Rt — R® be a Ct-map with 1(0) = ¢'(0) = 0. Suppose that F(¢(z)) =
O(|z]") as x — 0 for some r > 1 [}22]. Then,

hz) =¢(z) + O(z]") as x — 0.
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1.10 Cosmology from the DSA perspective

We have achieved a set of non-linear governing equations, namely, Friedmann equation and
the acceleration equation from the study of Einstein’s General Relativity. The solutions of
those equations make a huge impact on cosmology in understanding the origin, evolution, and
the ultimate fate of our Universe. There are many ways to solve these analytically which have
been reported in the literature. Dynamical system analysis (DSA), a mathematical branch, is
one of the attractive approach to solve the system of ODEs. People are trying to solve cosmo-
logical problems with the help of dynamical system tools. Recently, many models incorporat-
ing DSA have been proposed (see some of them [1, 47, 149, 281, 282, 283, 284, 285, 286, 287]
and references therein). In this thesis, we use dynamical system tools in some cosmological
models to get some relevant idea of evolution of the Universe.

We have discussed the governing equations (Friedmann equation and Raychaudhuri equa-
tion) derived from the field equations in describing the evolution of the Universe. In this study,
we assume that our Universe is filled with dark energy and dark matter (dark sector) and an
interaction is possible between them atleast at a phenomenological level. As the evolution
equations — Friedmann equation and Raychaudhuri equation are highly non-linear and the
conservation equation of matter source are also complicated in presence of interaction, so,
analytic solutions are not possible to obtain in that case. This has compelled us to find a
new way to determine the solutions of the cosmological models.

We have already discussed DSA mathematically in detail. We know that many scientific
disciplines use the dynamical system tools. Here, we focus only on the applications to physics,
mainly in Cosmology. As the evolution equations are a system of second order differential
equations, so it is hard to solve them analytically. So, we have to rewrite the Einstein’s field
equations for cosmological models in terms of dynamical system of autonomous system of
ODEs. DSA is a powerful tool to sketch the picture of the Universe as a whole. First, we
choose the phase variables (variables for autonomous system) in terms of the cosmological
variables. There is no definite rule to choose such phase variables for converting the cos-
mological equations to an autonomous system of ODEs, however, one may follow the simple
rules below to choose the phase variables:

e (1) The variables should be dimensionless.

e (2) The variables should be bounded in nature if possible, because only then a ‘finite’
analysis is possible. Otherwise one may have to resort to the techniques like the
Poincaré map method.

However, dynamics of phase space reflects the same image as that of the cosmological model
since the phase variables are framed from the cosmological variables. Also, it should be men-
tioned that there is an one to one correspondence between the exact solution of cosmological
field equation and the point(state) in the phase space.

By analyzing the critical points extracted from the autonomous system, we get informa-

tion regarding the dynamics of the Universe. To get an idea about the stability criteria of the
critical points, one has to perturb the system around the points and for hyperbolic critical
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points, first order perturbation is sufficient to get information about the qualitative behavior.
To determine stability of the nonhyperbolic critical points, we use Center Manifold Theory.
Therefore, the knowledge of critical points of the phase space derived from the ODEs for the
given cosmological model is very important to achieve information about the dynamics of
the Universe. In the study of Cosmology with the help of dynamical system tools, one must
encounter the following scenarios.

e (1). Early phases of the Universe:

In cosmological studies, we know that the early phases of the Universe is likely to have
an inflationary scenario and a radiation dominated era. In early inflationary scenario, the
decelerating parameter is negative valued which indicates the initial accelerated phase of the
Universe. On the other hand, to describe the radiation dominated era in the point of view
of dynamical system analysis, one has to show that there exists a critical point in the phase
space which is unstable in nature because all trajectories are emerging from that critical
point. There exists a decelerating phase because deceleration parameter is positive valued.
This phase will continue for a very small time interval.

¢ (2). Intermediate phase of the Universe:

After the inflation, radiation dominated era came and from that, the Universe transits
into a matter dominated era. In this phase, the critical points should have a saddle-like
nature. Some trajectories entering into the point and some are emerging from those points.
The critical point in this phase shows a transient cosmological solution.

e (3). Late-time accelerated expansion phase of universe:

In the perspective of dynamical system, in order to describe the late time accelerated
expansion of the Universe, there must be a critical point in the phase space derived from the
cosmological model that has the nature of a stable sink. That is, all the trajectories entering
into the point which is called an attractor. Many cosmological and astrophysical observa-
tions suggest that our universe is undergoing an accelerated phase at present which is mostly
dominated by dark energy. Therefore, to describe a phenomenologically viable evolution of
the Universe, one must find a heteroclinic orbit connecting to a matter dominated critical
point to the DE dominated solution and such a trajectory describes a transition from DM to
DE domination.

Therefore to describe a phenomenologically viable evolution of the Universe, one must
find a heteroclinic orbit connecting a radiation dominated critical point to a matter domi-
nated critical point further to a dark energy dominated critical point in the corresponding
autonomous system and such a trajectory describes a transition from the radiation to the
dark matter to the dark energy domination.
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CHAPTER 2

DYNAMICAL SYSTEM ANALYSIS OF
SELF-INTERACTING THREE-FORM
FIELD COSMOLOGICAL MODEL:
STABILITY AND BIFURCATION

2.1 Prelude

The series of observations for more than last two decades strongly confirm that our universe is
currently going through a phase of accelerated expansion [587] preceding a smooth transition
from decelerated era in recent past. There is a difference in opinion about the cause of
this transition among the cosmologists. One group has preferred modification of the gravity
theory while others are in favour of Einstein gravity with introduction of some exotic matter
having large —ve pressure (known as dark energy (DE)). Observational evidences show that
the cosmic fluid consists of 69% DE, 26% dark matter (DM) and rest is in the form of baryonic
matter and radiation [613]. Although, the cosmological constant is the simplest choice for
the DE candidate and is observationally most favourable one, still cosmologists search for
dynamical DE models due to two severe drawbacks namely cosmological constant problem
and cosmic coincidence problem of cosmological constant [614].

Initially, Cosmologists have chosen the dynamic DE in the form of perfect fluid with
variable equation of state parameter of various forms (viz; quintessence, tachyon, phantom
[580] and chameleon [616, 581] etc). Subsequently, some complicated fields namely spinors
[601], vectors [573], and even higher order spin fields are chosen as DE candidate. A three-
form field has been shown in Ref.[602, 603] as a possible DE candidate and the dynamical
system analysis of the corresponding cosmological model has been studied in Ref. [609]. Tt
has been shown that the dual of the three form fields is a scalar field and for non-quadratic
potential, the kinetic term of the scalar field is non-canonical to have an equivalence with
K-inflation model [610]. Further, a non-quadratic dependence on the three-form Faraday
term is responsible for self-coupling nature of the scalar field [602]. For non-minimal coupling
of the three form, the dual scalar field character of the three-form will no longer hold.
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There are no observational /experimental evidences for the fundamental scalar particles.
In fact, some higher form field are very much likely to be a candidate for DE and from cos-
mological point of view these field do not violet the cosmological principle. The higher form
fields are very common in String theory. Hence, attempts have been made to use a vector
field, a one-form field the DE candidate [489, 490, 491, 492]. However, most of the vector
field models (also two-form fields) are not stable in nature [493]. However, it is found that
three-form field models are very much stable [495, 494]. Hence, it is interesting to consider a
three-form field as a candidate for DE. In recent past, it has been shown [494] that a three-
form field as a DE candidate provides accelerating universe.

The present work deals with dynamical system analysis of the evolution equations of the
Cosmological model with three form scalar field as the choice of DE while interacting DM in
the form of dust. Although the choice of interaction is purely phenomenological but still the
interaction term may resolve the coincidence problem as energy densities of DE and DM are
comparable at stable fixed points.

Our present work has lots of differences with earlier works in [609, 486, 604]. In Ref.[609]
the autonomous system [(19)-(21)] is identical to our autonomous system [2.22 — 2.24], but
they have determined few critical points and have analyzed only one critical point by center
manifold theory. On the other hand, we have determined all possible critical points both
for interacting and non-interacting cases. For non-hyperbolic critical points center manifold
theory has been used and global stability has been discussed with reference to bifurcation
analysis using Poincaré index. In another work [486] the authors have similar autonomous
system confined to a finite region. They have also analyzed few critical points from cosmo-
logical point of view. Some of our cosmic epochs are identical to them but we have procured
other significant cosmic eras. They have not analyzed the critical points using center mani-
fold theory and have not discussed global stability (as we have extensively done in our work),
rather they have performed cosmological perturbations. In Ref.[604] the authors have 5D
phase space as they have considered baryon and radiation as matter field in addition to in-
teracting DE (three-form field) and DM. They have chosen various form of the interaction
term and have analyzed some of the critical points in cosmological context. They have not
employed center manifold theory nor have discussed global stability for any critical point.
Therefore, present work is rich in dynamical system analysis and have studied various cosmic
scenarios with reference to cosmic phase transition using bifurcation analysis [611, 488, 475].

This chapter is organized as follows: Basic equations for interacting 3-form field with DM
in the form of dust has been formulated in Section 2.2. In Section 2.3 the above evolution
equations are converted into an autonomous system by suitable choice of the dimensionless
variables and critical points are determined. Also stability of the non-hyperbolic equilibrium
points are discussed by formulating center manifold at the equilibrium points. Finally cos-
mological implications and conclusions are presented in Section 2.4.
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2.2 Basic equations for Three-form field
Cosmological model

The action of a three-form field A, ,, minimally coupled to gravity is given by [609]

1 F?
_ 4 2
where R is the Ricci scalar and V(A?) is the potential of the three-form field A,,, having
field strength tensor

Fuupa = 4 V[,u Al/pa] (22)

By notation, the square bracket indicates anti-symmetrization of the indices involved and
A? = A PA,p- Now, variation of the above action with respect to the metric tensor gives
the usual Einstein field equations: G, = k*Tuv with

1 1
Tr = §Fan 554 OV (A2 Ao A5 — gy (G Fang P07 4V (49)) 29
while the equation of motion of the three form field is obtained by varying the action (2.1)
with respect to A*P as

VO Fouyp = 12V/(A) AL, (2.4)

with V/(A?) = %. As in the present work, we are considering homogeneous and isotropic
FLRW space-time geometry, so the three-form field depends only on time. Hence, the evo-
lution equation (2.4) gives Agyu, = 0, i.e., a zero component of the three-form field is non-

dynamical and spatial components are given by
Aijk = as(t)eiij(t). (25)

The co-moving field X is related to the three field as A? = 6X? and the evolution equation
(2.4) simplifies to

X = -3HX -3HX —V,x (2.6)

where an over dot indicates differentiation with respect to the cosmic time ‘¢’ and a comma
in the suffix denotes differentiation with respect to the corresponding variable. Further, the
energy-density and thermodynamic pressure of the effective perfect fluid corresponding to
the energy-momentum tensor (2.3) of the three-form field are given by

pa=—T0 = é (X + 3HX>2 +V(X), (2.7)
pA:TZ-i:—% <X+3HX>2—V(X)+XV,X (2.8)
with equation of state
wa=PA AV (2.9)
pa pa
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Now, in the context of series of recent observations the above three-form field (chosen as dark
energy), interacting with dark matter (in the form of dust) is chosen as the matter context
in the universe. So, the explicit form of the Einstein field equations in the background of
homogeneous and isotropic space-time model are

3H? = K*(pa+ppm), (2.10)
20 = —k[(pa+pa)+ pDM] (2.11)

with energy conservation equations

ppym +3Hppy = Q, (2.12)
pa+3H(pa+pa) = —Q. (2.13)

Here the two matter components are assumed to be interacting and Q represents arbitrary
coupling. As a result of this coupling between the matter fields, the evolution equation (2.6)
modifies to

X 43HX 430X+ @ (2.14)

dX X +3HX

2.3 Autonomous system, Critical points and
stability analysis
In the present work we shall consider interacting three-form field with exponential potential
as
V(X) = Vpe "X, (2.15)

where p is a dimensionless parameter and Vg > 0. This type of potential is termed as runaway
potential, i.e., Xlim V(X) =0 and % < 0V X. The runaway potential will correspond to
—00

well-behaved evolution of the background [604].
Using the dimensionless variables (u,v,w, s) as defined in [609], viz;

u: = \/éH(X-i-?)HX), (2.16)
v: = \/‘/g{ (2.17)
w: = %tan_l ?z/)é, (2.18)

vV PDM
JRH (2.19)

The expression of equation of state parameter wx = px/px and the total equations of
state parameters wy, can be written as [609],

X‘/aX 1 \/5 2 W
= -1 = 1= /50 tan | T 2.20
wx + ox 2 31; potan | — ( )
1
Wy = Pt PX 2 22 <3 + 6y tan {ﬂ]) _ (2.21)
Ptot  PX T PDM 3 2
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Thus the evolution equations in Section 2.2 can be converted to an autonomous system
as follows [609]

3 3 1—u2—?
¢ = et (1w ) o=

2u
o= %fu(l —u? —v?) — \/gvu (u + (=14 v?) tan [%D : (2.23)
, 6 W W
wo= - cos? [7] (u — tan [TD (2.24)

where the interaction @ is chosen as Q = apparH [604] and prime over a variable denotes
differentiation with respect to N = In a. Hence, the first Friedmann equation gives constraint
on the variables as

w4+t 4% =1 (2.25)

(as s is not independent so the dynamical system is of 3D nature). The phase space is con-
fined in a half cylinder of height 2 where —1 <u < 1,0<v <1, -1 <s<land -1 <w< 1.
Some non-hyperbolic critical points are already analyzed in [609]. In the present work, non-
hyperbolic critical points are studied with a view to analyze bifurcation and Poincaré index.
Cosmological evolutions are also examined near these critical points.

2.3.1 Non Interacting Model : =10

Due to a = 0, the above autonomous system [2.22 — 2.24] simplifies to

o = gu(l —u? —v?) + \/5112/1, (1 — utan [%D , (2.26)
Vo= %v(l —u? —v?) — \/gv,u (u + (=1 +v?) tan [%UD , (2.27)

w’ 6 cos? {%] (u — tan [%D . (2.28)

™

As the critical points of the above system are enclosed by a half cylinder, so the only physically
meaningful critical points are

1 1
P (1,0, 2), P (—1,0,—2> and P3(0,0,0)

and these critical points are same as in Ref.[609]. But the authors have analyzed only one
critical point by using center manifold theory. But in this context we analyze the stability of
all critical points by center manifold theory (for non-hyperbolic case) and Hartman-Grobman
theorem (for hyperbolic case) and also discuss global stability with reference to bifurcation
analysis using Poincaré index. The cosmological parameters, eigenvalues and the nature of
critical points are presented in Table 2.1.

All the three critical points of the above autonomous system for non-interacting case has v = 0

which corresponds to vanishing of the potential (as well as vanishing of the potential slope for
the present choice of V(X)). Thus the three-form field behaves as a cosmological constant.
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Table 2.1: The cosmological parameters, eigenvalues (A1, Ag, A3) and the nature of
critical points for the non-interacting model.

Critical Points A1 Ao A3 | wx wier | g | Nature of Critical points
P :(1,0,3) -3 0 -3|—-1 —-1]-1 nonhyperbolic

Py:(-1,0,—3) | -3 0o -3|-1 —-1]-1 nonhyperbolic
P5:(0,0,0) 3 5 -3]/-1 0 |1 hyperbolic

Also for the first two critical points, i.e., P and P» there is no DM so the cosmological
scenario purely corresponds to de Sitter phase [604, 486]. For the third critical point Ps, the
evolution corresponds to non-interacting three form field (behaves as cosmological constant)
with dark matter (DM) in the form of dust. Here DM dominates (three-form field DE is sub-
dominant) the evolution and the resulting cosmic scenario represents the matter dominated
era of evolution. This type of critical point is also obtained in [604] (see critical point (a) in
Table 1 of Ref.[604]).

STABILITY ANALYSIS

We now investigate the stability of above nonhyperbolic critical points corresponding to
this non interacting model. Most of the cases, the stability of non-hyperbolic critical points
can be determined by center manifold (CM) theory. For this we first perform coordinate
transformations so that the critical points moves to the origin.

2.3.1.1 Ciritical Point P;

First we shift the critical point P; to the origin by using the coordinate transformation
u—=>U+1L, o=V, w—W+ %, then the system of equations [2.26 — 2.28] changes to

9 3 3 3 3
I _arr_ 22 273 2y2 2 (2 2
U =-3U 2U 2U 2V 2UV \/;uUV
- \/gﬂ,uVZW + higher order terms, (2.29)
i 3 3y (3 \/§ 3 \/§
V= <3+\/;u uv 2UV 2+ 5 H Ve 4 QWLLVW
V3 o
+ ——=7m“uVW* + higher order terms, 2.30
22" 8 (2:30)
3 3T 2
W' '=-3W+=U—-3UW + <3 - 2) W2+ 7W3 + higher order terms. (2.31)
™
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The Jacobian matrix at the origin corresponding to this autonomous system can be written
as

-3 0 0
JP)=10 0 0]- (2.32)
3.0 -3

So the eigenvalues of the above matrix are 0, —3, —3 and [0,1,0]” and [0,0,1]7 are the eigen-
vectors corresponding to the eigenvalue 0 and —3 respectively. As Hartman-Grobman Theo-
rem can not be used to analyze the nonhyperbolic critical point, we shall use center manifold
theory (CMT). By center manifold theory there exist a continuously differentiable function
h:R—R? such that

U alV2+aV3+0 (V4
h(V) = = | ? VI (2.33)
w b1V2 + b2V3 + O (V4)

Differentiating both side with respect to N yields

U' = (2a1V + 3a2V?*)V’ + higher order terms, (2.34)
W' = (2b1V + 3bV?)V’ + higher order terms. (2.35)
Comparing coefficients corresponding to power of V| we get a1 = —% and ag = 0; by = —ﬁ

and by = 0, i.e., the expression of center manifold can be written as

3
|

} 2 4
-5V +0 (V*Y), (2.36)

_ _i 2 4
= —5-V +0 (VY. (2.37)

The flow on the center manifold near the origin is determined by

3 4
— = 4/ ZuVv V) . 2.38
dN \/; O( ) ( 3 )

Here the stability of the vector field depends on the sign of p. If x> 0 then V' < 0 for V > 0
and V' > 0 for V < 0. So for x> 0 the origin is a stable node. The vector field in UV -plane
is shown in FIG.2.1(a) and the vector field near the origin in WV-plane is also same as of
FIG.2.1(a). If 4 < 0 then V' > 0 for V > 0 and V/ < 0 for V < 0. So for x < 0 the origin
is a saddle node, i.e., unstable in nature. The vector field in UV -plane near the origin is

shown as in FIG.2.1(b) and the vector field near the origin in WV -plane is also the same as
of FIG.2.1(b).
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Figure 2.1: These figures show the vector field near the origin corresponding to the
critical point P, in UV -plane. The phase plot (a) is for 4 > 0 and (b) is for p < 0.

If 4 = 0, the expression of center manifold is same with the equations (2.36) and (2.37)
and the flow on the center manifold is determined by

av

dN

So the origin is a stable node and the flow near the origin is same as for p > 0 case (FIG.2.1).

= —gv5 +0O (V). (2.39)

2.3.1.2 Critical Point P,

First, we shift the critical point P» to the origin by using the coordinate transformation
u—>U-1,v—=>V, w—->W-— % The Jacobian matrix for the shifted autonomous system
is same as of J(P;). So the set of eigenvalues and the corresponding eigenvectors of the
Jacobian matrix are also same. Thus by center manifold theory, there exist a continuously

differentiable function h : R—R2 such that

U alV?+aV3+ 0 (V4
h(V) = = | ? I (2.40)
w b1VZ+bV3 4+ 0 (VY
Differentiating both side with respect to N yields
U' = (2a1V + 3a2V?*)V’ + higher order terms, (2.41)
W' = (201 V + 3b,V?)V’ + higher order terms. (2.42)

Comparing coefficients corresponding to different power of V', we have a1 = % and as = 0,

b1 = % and by = 0. Then the center manifold is given by
U = %W +0(V?), (2.43)
W = %xﬂ +0 (V3. (2.44)
The flow on the center manifold near the origin is determined by

Vo= \/guvﬂo(v‘*). (2.45)
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Figure 2.2: These figures show the vector field near the origin in UV -plane correspond-
ing to the critical point P,. The phase plot (a) is for g > 0 and the phase plot (b) is
for u < 0.

Here the stability of the vector field depends on the sign of u. If p > 0 then the ori-
gin is a saddle node, i.e., unstable in nature and the vector field near the origin is shown
as in FIG.2.2(a) and the flow on the center manifold in the WV-plane is also same as in
(FIG.2.2(a)). If i < 0 then the origin is a stable node and the vector field near the origin is
shown as in (FIG.2.2(b)) and the flow on the center manifold in WV -plane is also same as
(FIG.2.2(b)). If u = 0 then the center manifold is same as of equations (2.43) and (2.44) and
the flow on the center manifold is same as of equation (2.39), that is., the plot of the vector
field near the origin is same as for p < 0 case (FIG.2.2(b)).

2.3.1.3 Ciritical Point P;

The Jacobian matrix at Ps for the autonomous system [2.26 — 2.28] can be put as

50 0
J(P)=10 2 0 (2.46)
S0 -3

The eigenvalues of the above Jacobian matrix are %, % and —3. [3%, 0,1]7 and [0,1,0]7 are the
eigenvectors corresponding to the eigenvalue % and |0, 0, 1]T is the eigenvector corresponding
to the eigenvalue —3. Since the critical point Ps is hyperbolic in nature, so we can analyze
the stability of this critical point by Hartman-Grobman theorem. Since two eigenvalues are
positive and one is negative, so the origin is a saddle node and the phase portrait near the

origin is unstable in nature (FIG.2.3).

Poincaré index and Bifurcation Analysis
The index of an isolated critical point of a vector field is defined by the winding number of
a small counter-clockwise oriented circle with center at that point. If we restrict ourselves

on VW-plane, P; is stable node in nature for x4 > 0 and the index of Pi|yw is 1. On the
other hand, P; is saddle for p < 0 and index of P;|yw is —1. We get identical nature of P;
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u axis 10

Figure 2.3: This figure shows the phase portrait near the origin corresponding to the
equilibrium point Ps.

restricted on the UV-plane. On UW-plane, P; is stable node for all ;1 and the index is 1.
Thus at g = 0 the system is structurally unstable in nature and bifurcation occurs.

If we restrict ourselves on VW-plane, P» is saddle in nature for p > 0 and the index of
Py|yw is —1. On the other hand, P, is stable node for p < 0 and index of Ps|yy is —1. We
get identical nature of Ps restricted on the UV-plane. On UW-plane, P> is stable node for
all p and the index is 1. Thus at 4 = 0 the system is structurally unstable in nature and
bifurcation occurs.

The index of P35 restricted on any plane is independent of p. So in this case there is no
bifurcation value.

Thus P; is stable for ;4 > 0 and the universe undergoes an exponential de-sitter expansion
near P;. For p < 0, the universe goes away from P; as time evolves. On the other hand, P,
is unstable in nature for yu > 0 and stable for p < 0. So there may be a de-Sitter generic
evolution of the universe from the neighborhood of P, towards P; for p > 0 and reverses
the trajectory for u < 0. At u = 0, there may be a non-generic evolution from early time
decelerating phase to late time accelerating phase. So a non-generic evolution of the universe
may occur when p passes through the bifurcation value.

2.3.2 Interaction Model : o # 0

Now we shall study the stability analysis for interacting model with « as arbitrary parameter.
For this case we consider the primary autonomous system [2.22 — 2.24]. The critical points
for this autonomous system are:

1 1 « 2 3
Py (1,0, - Ps(—1,0,—= P, —,0, = cos !
4<7a2>a 5< s Uy 2>7 6<\/;777TCOS Oé+3>
2 /3
and P; (—\/g,o,—wcos_1 713 >
There is also a line of critical point: P, = (uc, %,%tan_l uc), where u. €

[—1,0)U(0, 1] and which exists only for « = 3. The cosmological parameters corresponding to
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Py, are given by wx = — (%), wiot = —1 and ¢ = —1. Note that except line of critical

points P, all critical points are same as in Ref.[609]. But the authors have analyzed only
one critical point by using center manifold theory. In this context we analyze the stability of
all critical points by center manifold theory (for nonhyperbolic case) and Hartman-Grobman
theorem (for hyperbolic case) for all possible values of the parameters a and p and also
discuss global stability with reference to bifurcation analysis using Poincaré index. The
cosmological parameters, eigenvalues and the nature of critical points for this interacting
model are presented in Table 2.2.

In the present interacting DE (in the form of three-form field) and DM (in the form of
dust) cosmological model, the above autonomous system has four critical points of which
top two (i.e., Py and Pj) are identical in nature to the critical points P, and P» for the
non-interacting case. The other two critical points namely P and P; are quite interesting
as they may stand for various cosmological scenarios [604, 486] with different choices of the
interaction coupling parameter ‘a’. Note that « should positive to have these critical points
to be real and as a consequence there is a flow of matter from DM to DE (as speculated by
recent observations for DE dominance). If « is very small (i.e., close to zero) then the present
model has DM dominance and the cosmic scenario corresponds to matter dominated era while
DE (i.e., 3-form field as cosmological constant) will dominate the evolution for a > 1 and
may be termed as LCDM model. In fact by adjusting o (o & 3), it is possible to match recent
Plank observation w = —1.028 4+ 0.031 [617]. Further there is a line of critical points given

by Plc:(uc, %,%tanfl uc), with u. € [—1,0) U (0, 1] and it exists only for @ = 3.

For this line of critical points the three form field behaves as a perfect fluid with equation of
_ V3+V2puc : : : : :

state parameter wxy = — (T\@ZZE) < —1, i.e., a phantom fluid. However, interacting with

DM, the resulting single fluid behaves as a cosmological constant. So effectively this line of
critical points correspond to de Sitter era of evolution.

STABILITY ANALYSIS

We shall discuss the stability analysis of the critical point (P4 — Pr) both for & = 3 and « # 3.
The stability analysis for the line of critical point P, is very complicated and laborious, so
here we will not present the stability of this critical point.

2.3.2.1 Critical Point P,
Case 1: =3

At first we put @ = 3 in (2.22) and then shift the critical point P, to the origin by using
the coordinate transformation u - U+1,v -V, w — W + % Then the system of equations
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(2.22 — 2.24) modifies to

l]’:-—6U2——<3—k\/gu> Uvﬂ-—\/gwMVQM/+Jﬁgheronkxtenn& (2.47)
i 3 _32_3\/53\/§
V' = <3+VGM UV = SUV = | 54 /gu | Vi [ 5mV W

3
+ L?T2/LVW2 + higher order terms, (2.48)

22
’ 3 3T R )
W' = -3W + ;U —3UW + 3 +3 )W+ EW + higher order terms. (2.49)

The Jacobian matrix at the origin corresponding to the above autonomous system can be
written as

00 0
J(Py)la=s =10 0 0 |- (2.50)
3.0 -3

So the eigenvalues of the above matrix are 0, 0, —3; and [1,0, %]T and [0,1,0]” are the
eigenvectors corresponding to the eigenvalue 0 and [0, 0, 1]7 is the eigenvector corresponding
to the eigenvalue —3. Using the matrix of eigenvectors of the stability matrix of the system
in U, V, W we introduce another set of new coordinates

Ur 1 0 0| |U
Vrl=1]0 10| |V]. (2.51)
Wr -1 0 1| |W

In these coordinates, the system of equations is now in the correct form

Ur 00 0] |Ur non
Vi|=10 0 0 Vr | + |linear| - (2.52)
Wi 0 0 =3| |Wr terms

Thus by center manifold theory, there exist a continuously differentiable function A : R2—R
such that Wp = h(Up, V) = aU% +bUrVr + CV% + highe order terms, where a,b,c € R. We
only concern about the nonzero coefficients of the lowest power terms in CMT as we analyze
arbitrary small neighborhood of the origin. Now differentiating both sides of the expression
of Wr with respect to N yields

Uy
dW- dN
L = [2aUr + bVr  bUr + 2¢V7] : (2.53)
dN Ve

dN

Comparing L.H.S. and R.H.S. of (2.53) we get, a = %, b=0 and ¢ =0, i.e., the expression
of the center manifold can be written as

3
LW::%%. (2.54)
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The flow on the center manifold near the origin is determined by

dUr
dN

av; 3 3 3
=L = 33UV + (\/éu — 2) UZVr + ( + \/QM) Vi 4 higher order terms.  (2.56)

—GU% - (3+ \/é,u)UTV% + higher order terms, (2.55)
dN 2

Now to analyze the stability of this critical point, we divide both sides of (2.55) by 6 and both
sides of (2.56) by 3. Since we divided both sides of these equation by positive integers, so the
direction of the vector field will be unchanged. We take r? = UZ + V2, then differentiating
both sides with respect to N and using (2.55) and (2.56) yields v’ = —Upr. So r’ depends on
the sign of Up. If Ur > 0 then 7’ < 0 and if Uy < 0 then r’ > 0. So, the origin is a saddle
node and hence the vector field near the origin is unstable in nature (FIG.2.4). Now we try

to see the vector field near the origin for pu = —\/g because for p = —\/g the coeflicient of

V3 in equation (2.48) vanishes. The vector field in V' W-plane near the origin for y = — %

is shown as in FIG.2.5.

(+ve wraxis)
iy center manifold
NN v i
RN g’
Fifie
N -
L=
L
(-ve uraxis) 4 (+ve ur axis)
-
A I
M IS
A N
(-ve wraxis)

Figure 2.4: Projection of the vector field on UpWp-plane near the origin corresponding
the critical point P, for oo = 3.

Case 2: o # 3

After shifting the critical point P to the origin and by using same transformation as
above the autonomous system [2.22 — 2.24] changes to
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Figure 2.5: This figure shows the vector field near the origin in V' W-plane corresponding
to the critical point Pj for (a =3,u= —\/§>

U= (-3+a)U - <9+0‘> U2+ <_32+0‘> US + <_32+0‘) V24 <_3+0‘> Uv?

2 2
3 V3
— 4/ =pUV? — ZZqpV2W + higher order terms, 2.57
\gu Vol g (2.57)
3 3 3 3 3
r_ e G 322 VAR e 3 e
V= (3—1—\/;u> uv 2UV <2+\/;,LL>V —I-\/;WVWu
V3 2
+ ——7“uVW? + higher order terms, 2.58
22 8 (2.58)
, 3 3T g T 4 .
W'i=-3W+—-U—-3UW + 5 +3 )W+ ?W + higher order terms. (2.59)
T

The Jacobian matrix at the origin corresponding to the above autonomous system can be
written as

-34+a 0 0
JP)lazz=| 0 0 0] (2.60)
20 -3

So the eigenvalues of the above matrix are —3 + o, 0, -3 and [%*,0, 117, [0,1,0]%, [0,0,1]"
are the corresponding eigenvectors, respectively. Then by using similar arguments which we
have done for the critical point P, the center manifold can be expressed as

U = —%V2+O(V4), (2.61)

_ _ 1o 4
W= -V +0 (VY. (2.62)
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Figure 2.6: These figures show the vector field near the origin in UV -plane correspond-
ing to P;. The phase plot (a) is for (o < 3, > 0) and (b) is for (o > 3, u > 0).

The flow on the center manifold near the origin is determined by

av 3 3 4
N \/;,LV +0 (VY. (2.63)

For o # 3, we get four different phase diagram near the origin depending on the values of «
and p. For g > 0 there arises two cases o > 3 and o < 3 and for p < 0 there also arises two
cases o > 3 and o < 3.

Case (i): u> 0

For ao < 3 the origin is a stable node, i.e., the vector field near the origin is stable in nature
(FIG.2.6(a)). For a > 3 the origin is a saddle node, i.e., the vector field near the origin is
unstable in nature (FIG 2.6(b)).

Case (ii): p< 0

In this case, the origin is a saddle node for a < 3 (FIG 2.7(a)) and an unstable node for a >
3 (FIG 2.7(b)), i.e., for both of the cases the vector field near the origin is unstable in nature.
Case (iii): p=0

If we calculate the center manifold for ;1 = 0 then we can see that the center manifold is same
as of equation (2.61) and (2.62) and the flow on the center manifold is determined by

dv

av. 3y 6
N - 37 +0 (V). (2.64)

For o > 3 the origin is a saddle node, i.e., unstable in nature and for o < 3 the origin is a

stable node, i.e., stable in nature and the vector field near the origin is same as for p > 0
case (FIG 2.6).

2.3.2.2 Ciritical Point P;

Case 1: =3

Similarly as above after putting o = 3 in (2.22), we shift the critical point P5 to the
origin by using the coordinate transformation u - U — 1, v =V, w - W — % After using

68



Chapter 2. Dynamical System analysis of Self-interacting Three-form field Cosmological model:

Stability and Bifurcation

+ve V axis .
center manifold ( ) center manifold [+ve V axis)

(- ve U axis)

5 < (+ve U axis) (-ve U axis) (+ve U axis)

i

=

(-ve V axis) {-ve V axis)

(a) ()

Figure 2.7: These figures show the vector field near the origin in UV -plane correspond-
ing to P;. The phase plot (a) is for (v < 3, < 0) and (b) is for (a > 3, < 0).

this shifting transformation, the Jacobian matrix at the origin corresponding to the modified
autonomous system can be written as

0 0 O
J(P5)la=3=10 0 0 (2.65)
3.0 -3

So the eigenvalues of the above matrix are 0, 0, —3 and [1,0,%]7 and [0,1,0]” are the
eigenvectors corresponding to the eigenvalue 0 and [0, 0, 1]7 is the eigenvector corresponding
to the eigenvalue —3. By computing the matrix of eigenvectors of the Jacobian matrix of
the system in U, V, W; we introduce another set of new coordinates (Ur, Vp, Wr) in terms of
(U, V,W) as follows

Ur 1 0 0| |U
Vrl=|0 1 0||V]- (2.66)
Wr -1 0 1| |Ww

In these coordinates the system of equations is now in the correct form

U 00 O Ur non
Vi|=10 0 0 Vr | + |linear| - (2.67)
W, 0 0 =3| |Wr terms
Thus by center manifold theory there exist a continuously differentiable function h : R? —R
such that Wp = h(Up, V) = aU%+bUTVT+cV72+higher order terms, where a, b, ¢ € R. We

only concern about the nonzero coefficients of the lowest power terms in CMT as we analyze
arbitrary small neighborhood of the origin. Now differentiating both side with respect to NV,
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Figure 2.8: This phase plot shows the projection of the vector field on the (UrWr)-
plane near the origin corresponding to Ps for a = 3.

we get
dUr
AW, dN
—L = [2aUr +bVy  bUr + 2¢Vy] : (2.68)
dN dVr
AN
Comparing L.H.S. and R.H.S. of (2.68) we get, a = —%, b =0 and ¢ = 0, i.e., the center
manifold can be written as
3 9

The flow on the center manifold near the origin is determined by

dU

dfj\? = GU% + (-3 + \/EM)UTV% + higher order terms, (2.70)
dv; 3 3 3

dil\:; = 3UrVp — <\/6M + 2) UZVp — <2 — \/gu> V2 4 higher order terms. (2.71)

Similarly to analyze the stability of this critical point, first we divide both sides of (2.70)
by 6 and divide both sides of (2.71) by 3. Since we divided both sides of these equations by
positive terms, so the direction of vector field will be unchanged. We take 72 = U% + VTQ, then
differentiating both sides with respect to N and using (2.70) and (2.71) yields ' = Urr. So
r" depends on the sign of Ur. If Ur > 0 then 7’ > 0 and r’ < 0 while Ur < 0. So the origin
is a saddle node and hence the vector field near the origin is unstable in nature (FIG.2.8).

Now we try to see the vector field near the origin for yu = \/g because for p = \/g the

coefficient of V3 in R.H.S. of the second equation of transformed autonomous vanishes. The
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Figure 2.9: These figures shows the vector field near the origin in VW-plane corre-
sponding to P for (04 =3, u= \/§>

vector field in VW plane near the origin for p = % is shown as in FIG.2.9.

Case 2: o #3

After shifting the critical point Ps to the origin, by similar calculation we can easily see that
the Jacobian matrix for the transformed autonomous system is same as of (2.60). Hence, we
have the same eigenvalues and corresponding eigenvectors which already obtained for (2.60)

and the center manifold near the origin can be written as
1o 4
- = 2.72
U SV oV, (2.72)
1
W::%W+OWﬂ (2.73)

The flow on the center manifold near the origin is determined by

awv 3 3 4

For o # 3 we get four different phase diagram near the origin depending on the values of «
and p. For p > 0 there arises two cases a > 3 and a < 3 and for p < 0 there also arises two
cases a > 3 and a < 3.
Case (i): >0
The origin is a saddle node if & <3 (FIG.2.10(a)) and an unstable node if a >3 (FIG.2.10(b)),
i.e., the vector field near the origin is unstable in nature for both of the cases.
Case (ii): <0
For a < 3 the origin is a stable node, i.e., the vector field near the origin is stable in nature
(FIG.2.11(a)). The origin is a saddle node if o >3; i.e., the vector field near the origin is
unstable in nature (FIG.2.11(b)).
Case (iii): p=0
If we calculate the center manifold for g = 0 then the expression of center manifold is same
as of equation (2.72) and (2.73) and the flow on the center manifold is determined by

av 3 5 6

N - 5 +0 (V). (2.75)
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Figure 2.10: These figures show the vector field near the origin in UV plane for the
critical point Ps. The phase plot (a) is for (o < 3, > 0) and (b) is for (o > 3, u > 0).
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Figure 2.11: These figures show the vector field near the origin in UV plane for Ps.
The phase plot (a) is for (o < 3, < 0) and (b) is for (o > 3, u < 0).
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Figure 2.12: These figures show the phase potrait near the origin corresponding to the
critical point Ps. (a) is for a > 3 (considering o = 4) and (b) is for o < 3 (considering
a=2).

For a >3 the origin is a saddle node, i.e., unstable in nature and for o < 3 the origin is a
stable node, i.e., stable in nature and the flow near the origin is same as of the flow near the
origin for p < 0 case (FIG.2.11).

2.3.2.3 Ciritical Point Fy

First we shift the critical point FPs to the origin by using the coordinate transformation
u—>U+%,v—>Vandw—>W+%cos_1[ o%ri%

for the transformed autonomous system can be written as

. Now the Jacobian matrix at the origin

3—a 0 0
JP)=| 0 == ol (2.76)
18
w(a+3) 0 -3
The eigenvalues of the above Jacobian matrix are (3 — «), (3;a) and —3. [1,0, W}T,

[0,1,0]7 and [0,0,1]T are the eigenvectors corresponding to the eigenvalues (3 — «), (350‘)

and —3 respectively. Since, the Jacobian matrix has nonzero real eigenvalues for o # 3,
so the critical point is hyperbolic and so we can analyze the stability of the critical point
by Hartman-Grobman theorem [496]. For a > 3 all eigenvalues are negative and hence the
origin is a stable node and the phase portrait near the origin is asymptotically stable in nature
(FIG.2.12(a)). For o < 3 two eigenvalues are positive and one is negative and hence the origin
is a saddle node and the phase portrait near the origin is unstable in nature (FIG.2.12(b)).

2.3.2.4 Ciritical Point P

If we determine the Jacobian matrix corresponding to the autonomous system [2.22 —2.24] at
the critical point P7, then we will get the same Jacobian matrix as (2.76) and hence we have
the same eigenvalues and corresponding eigenvectors. Since, the eigenvalues are nonzero,
so we analyze the stability of this critical point by Hartman-Grobman theorem. The phase
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portrait near the origin is shown as in FIG.2.12.

For a = 3 the critical points P and P; are non-hyperbolic. For this case, the stabil-
ity analysis of those critical points is the same as Case 1 of the critical points P, and Ps
respectively.

Poincaré index and Bifurcation Analysis

For ae < 3 four critical points (Py-Pr) appear to exist but at o = 3 two critical points (Ps and
P;) disappear. Again they appear for a > 3. If we restrict ourselves on UW-plane, P; and
P5 are stable node in nature for o < 3 and index of each Py, Ps|yw is 1. On the UV -plane,
for 4 > 0, Py is stable node for & < 3 with index 1 and saddle for @ > 3 with index —1.
For p = 0, the index of Py|yy is 0 as the neighborhood has two hyperbolic sectors. On the
VW-plane, for a # 3, the index of Py|yw is 1 for p > 0 and —1 for u < 0. For @ = 3, index

of Pylyw is —1 for pp > —\/g and 1 for p < —\/g.

Similarly on the UV -plane, for p > 0, Ps is saddle for a@ < 3 with index —1 and stable node
for @« > 3 with index 1. For p = 0, the index of Ps|yy is 0 as the neighborhood has two
hyperbolic sectors. For u < 0, P5 is stable node for o < 3 with index 1 and saddle for o > 3
with index —1. For p = 0, the index of Ps|yy is 0 as the neighborhood has two hyperbolic

sectors.On the VW-plane, for a # 3, the index of Ps|yw is —1 for g > 0 and 1 for p < 0.
For a = 3, index of Py|yw is 1 for p > \/g and —1 for u < \/g Again Pg and P; are saddle

for @ < 3 and stable node for @ > 3. So at « = 3 and pu =0, :l:\/g the system is structurally
unstable.

For a < 3 and i > 0, Py is a stable node and P is a saddle in nature. So generic de-Sitter
evolution can be found from Ps of index —1 plane to P, of index 1 plane. For y < 0, the
generic evolution reverses its direction. At o < 3 and p = 0 there may occur a non-generic
evolution from FPg or P; to Py or P5 and the universe changes its phase from decelerating
matter dominated era to phantom barrier. A similar non-generic evolution also can be found
for @ > 3. At a = 3 a de-Sitter generic evolution can be found from the plane of index —1 of

P; to the plane of index 1 of P4 for p < —\/g and the direction reverses for p > \/g .

2.3.3 Interaction Model : Q) = 2uppy H

For this interaction the autonomous system [2.26 — 2.28] modifies to

u = <2u - 1) (1—u?—v?)+ \/§U2M (1 — utan [%D , (2.77)
v = gv(l —u? —0?) — \/gvy (u + (=1 +v?) tan [%D , (2.78)

" 7] (- an [ =

The above autonomous system has the following three critical points:

1 1 2 2 [2
Py <1,0, 2) , Po <—1,0, —2> and Pig <3,O, - tan {3]) .
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Note that in Ref.[609] the authors have not analyzed this model. So all critical points are
new and here we analyze each critical points by center manifold theory (for non-hyperbolic
case) and Hartman-Grobman theorem (for hyperbolic case) and also discuss global stability
with reference to bifurcation analysis using Poincaré index. The cosmological parameters,
eigenvalues and the nature of critical points are presented in Table 2.3.

Table 2.3: Table shows the value of cosmological parameters, eigenvalues (A;, Ao,
A3) and the nature of the critical points for the interaction model with interaction
Q = appy H where a = 2u.

Critical Points wx Wit | ¢ | M1 Ay A3 | Nature of Critical point

P : (1,0, %) -1 —-1|—-1|—-1 0 —=3 | always non-hyperbolic

Py:(—1,0,—3) -1 —-1|-1]-5 0 =3 | always non-hyperbolic
Po:(3,0,2tan ' [2]) | -1 -2 |-t] 5 5 -3 always hyperbolic

The three critical points Ps — Pjg for the second choice of the interaction are very similar
to the previous ones. The critical points Ps and Py are exactly identical to P; and P, (or Py
and Ps). The critical point Pjg represent a DE dominated era of evolution. Due to interaction
of the three form field (i.e., cosmological constant in the present context) with DM (in the
form of dust) the resulting single fluid is in the quintessence era not closed to phantom divide
line. This critical point may be termed as LCDM model.

STABILITY ANALYSIS

2.3.3.1 Ciritical Point Py

First we shift the critical point Py to the origin by using the coordinate transformation
u—U+1L,v—=>V, w—> W+ % If we determine the Jacobian matrix at the origin for the
shifted autonomous system, we have the eigenvalues —1, 0 and —3 and [1,0, %]T, [0,1,0]"
and [0, 0, 1] are the corresponding eigenvectors, respectively. Since, the critical point is non
hyperbolic so we use center Manifold theory for analyzing the stability of the critical point.
Proceeding in similar way for determining the center manifold, the center manifold can be
expressed as

Lo 3
- _- 2.
U SV oV, (2.80)
1
W = ——V?+0(V?). (2.81)
2
The flow on the CM near the origin is determined by

Vo= \/guv3+(9(v4). (2.82)

5



Chapter 2. Dynamical System analysis of Self-interacting Three-form field Cosmological model:

Stability and Bifurcation

Here the stability of the center manifold depends on the sign of u. If g > 0 then the origin
is a stable node and if ;1 < 0 then the origin is a saddle node, i.e., unstable in nature.

2.3.3.2 Critical Point P,

We shift the critical point Py to the origin by the coordinate transformation v — U — 1,0 —
Vaw—W-— % If we determine the Jacobian matrix at the origin for the shifted autonomous
system, we get the eigenvalues —5, 0 and —3 and [1, 0, —%]T, [0,1,0]" and [0,0,1]7 are the
corresponding eigenvectors respectively. Since the critical point is non-hyperbolic so we shall
use center Manifold theory for analyzing the stability of the critical point. Proceeding in
similar way for determining center manifold, the expression of center manifold can be written
as

U = %V2+O(V3), (2.83)
_ L 3
W= -V +0 (V7). (2.84)

The flow on the center manifold near the origin is determined by:

vV o= \/guv3+0(v4). (2.85)

The stability of the manifold depends on the sign of p. If u > 0 then the origin is a saddle
node; i.e., unstable in nature and if g < 0 then the origin is a stable node; 4.e., asymptotically
stable in nature.

2.3.3.3 Ciritical Point P

We shift the critical point Py to the origin by using the coordinate transformation u — U + %,
v—=>V,w—>W+ %tanfl [%} Now the Jacobian matrix at the origin for the transformed
autonomous system can be written as

5
5.0 0
sPo=lo 3 ol (2.86)
54 33
B 0 13
The eigenvalues of the above Jacobian matrix are %, %, and —%. The eigenvectors corre-
sponding to the eigenvalue % are [1,0, %]T and [0,1,0]7; and [0,0,1]” is the eigenvector

corresponding to the eigenvalue —%. Since the critical point is hyperbolic in nature, so by
Hartman-Grobman theorem we can analyze the stability of this critical point. We can notice
that two eigenvalues are positive and one is negative, so the origin is a saddle node and the
phase portrait near the origin is unstable in nature.

Poincaré index and Bifurcation Analysis
Critical points Pg and Py are sink (sum of index is 2) in nature when restricted on UW -plane.

On the other hand, Ps and Py swap their stability and indices (1 to —1 or —1 to 1) when
the parameter p passes through zero. Similar phenomenon can be found on the VW-plane.
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Despite each of Py and Py changes its stability at u = 0, they together produce topological
equivalent phase space for all u. Since the phase space is confined in a finite region of space,
there is a trajectory of non-generic evolution between Py and Py on UV or VW-plane. As
there is no u in the eigenvalues of (2.86), so qualitative behavior near Pjy does not depend
on p. The Poincaré index of Pjg restricted on uv-eigenplane is 1 and each on the two other
planes is —1 and is independent of the sign of i . But in cosmological point of view, near the
critical point Pjg, for u > 0, the comoving field behaves as a phantom field with runaway po-
tential, whereas the field behaves as non-phantom with non-runaway potential when crosses
the phantom barrier at ;. = 0 from positive to negative.

Now we consider a power-law potential as
V(X)=1XA

where A is a dimensionless parameter and V; > 0. Then by using similar dimensionless
variables [2.16-2.19] we have the following autonomus system

u = gu(l —u? — %) + g)\’UQ (cot {%] - u) - %(1 —u? —v?), (2.87)
v = gv(l —u? —v?) — g)\v (ucot [%} + v? — 1) , (2.88)
w' = gcos2 [%] (u — tan [%D . (2.89)

We have two nonhyperbolic critical points R; and Rp similar as P; and P» respectively
corresponding to the non-interacting case, four nonhyperbolic critical points R3, R4, Rs and
Rg similar as Py, P5, Ps and Pr repectively corresponding to the interacting case when « # 0.
Note that R5 and Rg are hyperbolic for « # 3. Lastly, for a = 2u we have two nonhyperbolic
critical points R7 and Rg similar as Pg and Py respectively and one hyperbolic critical points
Ry is similar as of Pjg. wx = px/px and the total equations of state parameters wyp
corresponding to this model can be expressed as

Av?
= —1-— 2.90
wx uz T U2 ) ( )
wiot = —u®— A+ 1)k (2.91)

To avoid similar calculations we only state the stability of every critical points, value of
Poincaré index and bifurcation value on the o — A plane corresponding to each critical points
in tabular form (Table 2.5) and the value of cosmological parameters corresponding to each
critical points are shown as in Table 2.4.

2.4 Cosmological Implications and Conclu-
sions

The present work deals with a cosmological model where the matter field in the context
of recent observations is chosen as DE and DM interacting/non-interacting in nature. The
three-form field acts as DE, interacting with CDM. Due to very complicated form of the
evolution equations the present cosmological model has been studied by dynamical sytem
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analysis, forming the autonomous system from the evolution equations by transformation
with suitable dimensionless variables. There are two hyperbolic critical points (namely P;
and Pjp) and remaining eight critical points in P, — Pjg are non-hyperbolic in nature. Also
there is a line of critical points P, for the first choice of the interacting term and only for these
critical points the three-form field behaves as perfect fluid with variable equation of state in
phantom era. In the present work, non-hyperbolic critical points are mainly studied using
center manifold theory and global stability has been examined through bifurcation scenarios
using Poincaré index.

For the critical points (P, P,), (P4, P5) amd (Ps, Py), DM is absent and the cosmic matter
is only the three-form field behaving as cosmological constant. So they represent the early
inflationary era or the de Sitter phase. For critical point P; the three form field (i.e., DE)
is insignificant and cosmic evolution represents dust era due to dominance of DM. Similarly,
for the critical point Pjg, the three form field (i.e., DE) has an edge over DM and there is
accelerated expansion in the quintessence era and this can be termed as LCDM model. The
remaining two critical points Ps and P; have the same features-both of them represents the
scaling cosmological solution with ‘@’ as the scaling parameter-for very small « (i.e., « is
positive but very close to zero) the present model corresponds to matter dominated era while
late time accelerated era is represented for a > 1.

For the power-law potential V' (X) = V1 X, the autonomous system [2.87-2.89] has nine
equilibrium points R; (i = 1,2,...,9), of which three are hyperbolic (R5, Rg and Ry) in nature
while the remaining six are non-hypernbolic type. These equilibrium points are similar to
the critical points P; for the exponential potential form discussed earlier. The equilibrium
points Ry, Ro, R3, R4, R7 and Rg correspond to de Sitter era of cosmic evolution. Here the
universe is fully dominated by DE which behaves as cosmological constant. The remaining
three equilibrium points (R5, Rg and Rg) represent cosmological scaling solution. Rg still
has DE dominance and the universe is in accelerating phase. The critical ppoints R5 and Rg
correspond to matter dominated era of evolution for a < 1, while they will also correspond
to accelerated model of the universe for o > 1.

As the phase space for the present model is confined to a finite region (given in Eq.2.25),
so there should not be an critical point at infinity. Thus the critical points correspond to
different cosmic scenarios (namely, inflationary era, matter dominated epoch and present ac-
celerated phase) and stability analysis (using center manifold theory for non-hyperbolic equi-
librium points) has been presented with existence of possible bifurcation at cosmic transition.
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Table 2.4: Table shows the set of critical points corresponding to the autonomous
system (2.87 — 2.89) and the value of cosmological parameters corresponding to each
critical points:

Interaction Critical points wyx Wiot q
Ry (1,0,4) -1 | -1 ~1
Q=0
Ry (—1,0,-3) -1 | -1 —1
1
R3(1,0,3) . 4 1
Q =appuH Ry (_17 7_%)
: -1 -1 -1
where « is
Nnonzero
arbitrary R ( 2 () 2oL [ [ 3 ) a 1
5 » Yy oo a — — 5 —
constant ’ 3 L 3 2 (1 a)
« 1
R (—\/g,o,—%cos_l [,/O%F?’D -1 —3 s(1—a)
Rz (1,0,%) —1 -1 -1
Q = 2uppy H Rs (—1,0,—1) -1 -1 -1
o (3.0, 2 an 2] | 4|
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Table 2.5: Table shows the stability of every critical points corresponding to the au-
tonomous system (2.87 — 2.89), value of Poincaré index and bifurcation value on the

a — A plane corresponding to each critical points.

Interact ion CPs Stability Poincard Index ; Bifurcation value \
|.om the a— A pl:uw;
Stable node for A =0 1 for A = 0 and O for A=10
A1 | and saddle node for A < 0 A<
Q=10
Hz Stable node for A < 0 1 for A < 0 and O for A=10
and saddle node for A =0 A=0
For o = 3, Hgiza
saddle node for any
value of A, If 0 for o = 3 and anv A
o 7 4, My is a saddle Ofor A =00 >3 and
node for (A = 0,0 = 3) A< 0o = 31 for
and also for (A < 0,0 < 30 o < 3,0t = 0 and
Further for (o < 3, A = 0), >3 A<0 )
. : ’ A=0, =373
H iz a stable node
and mnmstable node for
(A =<0o=3)
For oo = 3, Ry isa
saddle node for any 0 for o = 3 and any A
valie of A, If Ofor A = 0,0 < 3 and
a7 3, fy is a saddle node M= 0oer = 3 1 for o i
R for (A = 0,0 < 3) and also a < 3.4 < 0 and “ .ﬁ)\ln}f. 01.1
for (A < 0,0 > 3). Further o = AN =0 fe = A plane.
Q) = avppne H for (o <2 3,0 < 0) Ry
where o i nonzero ie a stable node and
arbitrary constant imstable node for
(A =00 >3)
For v = 3, Fs is a 1 for oo = 3 and X =10 o — 3 line on
R. stable node for A =10 0 for v = 3 and X < 0 o — X plane
“ | and saddle node for A < 0. | 1 for &= 3 and any A o
Further Fs is stable node | 0 for o < 3 and any A
o = 3 and for any
values of A and
saddle node for o < 3.
For a =3, Re o = 3 line on
e is a stable node for 1 for oo = 3 and X < 0 a— ) plane
A < 0 and saddle node 0 for v = 3 and X =10 o
for A = 0. Further Hg 1 for & = 3 and anv A
ig stable node o = 3 0 for < 3 and anv A
and for anv valnes of A
and saddle node for o < 3.
Stable node for A =0 1 for A = 0 and O for A=10
Ry | and saddle node for A < 0. Ao
Q = Duspar H Stable node for A < 0 1 for A < 0 and 0 for A=10
- Fs | and saddle node for A = (0. A=
Ha Always saddle node. 0 for any A N.A
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CHAPTER 3

DYNAMICAL SYSTEM ANALYSIS OF
THREE-FORM FIELD DARK ENERGY
MODEL WITH BARYONIC MATTER

3.1 Prelude

The cosmologists for the last two decades are tirelessly searching for a theory which shows the
present accelerated expansion of the universe as predicted by a series of observational results
[587]. Cosmologists are not unanimous over this issue rather they have two distinct opinions
- one group is in favour of standard cosmology and they introduce some exotic matter (known
as DE having large negative pressure) to explain this accelerated expansion while the other
group prefers some modified gravity theory instead of Einstein gravity and they speculate
that the extra geometric terms may responsible for this accelerated expansion [554].

In the context of the opinion of the first group the best candidate so far for DE is the
cosmological constant which is simple in nature and observationally most favourable. But
unfortunately, it has two severe drawbacks namely cosmological constant problem and cosmic
coincidence problem [614]. As a result, several dynamic DE models in the form of perfect
fluid with variable equation of state parameter (of various forms) come into picture (namely
quintessence, tachyon, phantom [580] and chameleon [616, 581] etc). Also some complicated
fields namely spinors [601], vectors [573], higher order spin field and three-form field [602, 603]
are considered as DE (also one may refer [623, 619, 621, 620] on the p-form and their stability
properties, the three-form inflation and the center manifold). Also other positive aspects
of the three-form fields in the context of cosmology are to obtain dynamically the late-time
acceleration, to describe the phantom like behaviour [618] and to produce non-Gaussianities
[556].

In the present work the three-form field is chosen as DE candidate. It has been shown
that the dual of the three-form field is a scalar field which has an equivalence with K-
inflation model [610] if the potential is non-quadratic in form. The present cosmological model
contains this three-form field with (interacting, non-interacting) baryonic matter in the form
of dust and radiation. Due to complicated form of the Einstein field Equations, the evolution
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equations are converted into an autonomous system by suitable choice of the dimensionless
variables and non-hyperbolic equilibrium points are analyzed by Center manifold theory
on the Hilbert space [551, 552, 553]. Bifurcation analysis [555] has been done to find the
qualitative changes of global behavior due to different parameter values. The plan of this
chapter is as follows: Section 3.2 deals with basic equations for the three form field, Einstein
field equations and energy conservation equations of both types of fluids. Autonomous system
is formed and critical points are determined in Section 3.3. Also stability analysis and possible
bifurcation scenarios have been examined in this section. Finally, the summary of the present
work is proposed in Section 3.4.

3.2 Basic Equations
For a three-form field A, ,, the field strength tensor is given by

Fuupa = 4 V[u Aupa] (31)

where square bracket indicates anti-symmetrization of the indices. The action of this three-
form field is given by

Sa = /d%\/fg [Z; +V(A2)} (3.2)

where V' (A?) is the potential of the field with A> = A*?A,,,,. The energy-momentum tensor
corresponding to this action is given by

1 1
T,tw = 7Fua57Fz(/1'8’y + 6V,(A2)AM045AICJXﬂ — Guv (

il aByp 2
; 15 om0 + V(A )> (3.3)

and the evolution equation of the three form field is obtained by varying the above action
(3.2) with respect to A**P as

VO Fopwp = 12V/(AY AL, (3.4)

where an over dash denotes differentiation with respect to the argument. The present cosmo-
logical model is considered in the background of homogeneous and isotropic flat Friedmann-
Lemaitre-Robertson-Walker (FLRW) space-time manifold having line element (choosing ¢ =
1)

ds® = —dt* + a*(t) [dr® + r* (d6* + sin*0d¢?)] . (3.5)

So the three form field has only time dependence and the above evolution eqn.(3.4) results
Aopuy = 0. Thus the spatial components of the three-form field can be written as

Aijk = a3(t)el-ij(t), (3.6)

where ¢, is the three dimensional Levi-Civita symbol (with €123=1). So the scalars A? and
X are related as A% = 6X? and the equation of motion (3.4) of the three-form field gives the
evolution of the scalar field X (¢) as

X -3HX -3HX = -V (3.7)
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where differentiation with respect to the cosmic time ‘¢’ is denoted by over dot in the above
equation. Now from the expression (6.14) of the energy-momentum tensor for the three-form
field, the explicit form of the energy-density and the pressure of the scalar field X are given
by

1 /. 2
= (X + 3HX) +FV(X), (3.8)
Py = —% (X + 3HX)2 ~V(X)+ XVix (3.9)

having equation of state parameter

X
w, = Px — gy 2V (3.10)

Ty Px

Thus if V,x (= 2¥) is positive then the three-form field behaves as DE (i.e., non-phantom)
while the field behaves as phantom field if V,x < 0.

Now for the present cosmological model the action integral for the whole system (assuming
the three-form field to be minimally coupled to gravity) is given by

1 F?

where k2 = 87G, R is the usual Ricci scalar and Sp, the standard action integral for the
baryonic matter (in the form of dust and radiation) is given by

Sp = —/d%\/fg Py = /d“x\/fg Dy (3.12)

The last equality in the above expression for Sp holds upto a total derivative [622]. Here p,
and p, are the energy density and thermodynamic pressure of the baryonic matter respec-
tively. Now varying the action with respect to the metric tensor gives the usual Friedmann
equations as

BH? = r2(py+p, +0,), (3.13)
2H = —r%[(py +p4) +p, (1+w)+p,, (3.14)
where p,, pg are respectively the energy density of radiation and dust part of the matter

and w, = % is the equation of state parameter for radiation. Also the energy conservation
equations are (assuming three form field interacts with dust, the cold dark matter(CDM))

pa+3H(p,+p,) = -0, (3.15)
g +4Hp, = O, (3.16)
p,+3Hp, = Q. (3.17)

Now due to this interaction, the evolution of the scalar field X (i.e., eqn. (3.7)) modifies to

X+3HX+3HX+Q = @

—_—. 3.18
dX X+3HX ( )
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In the present work, two possible choices for @ are taken as (i) Q = ap, (X + 3HX) and
(ii) @ = ap,H, where « is the coupling parameter. Note that the above choices of () are
purely phenomenological and the only motivation of choosing such @ is the formation of the
autonomous system (in Section 3.3 below) with the choices of the dimensionless variables
(in eqn.(3.20)). Further, in order to derive the evolution equations (3.15) and (3.17) for the
three-form field and dust, the interaction Lagrangian is of the form [622]

Lint = —/=9 f (X,X,pm,H> : (3.19)

where ‘f’ is an arbitrary function which will specify the particular model. Also ‘f’ depends
only on the dynamical degrees of freedom of the fluids.

3.3 Formation of Autonomous System: Crit-
ical point and stability analysis

We now define a set of dimensionless variables as [604]

K K2V K2p K2p 1V,x
=kX, y= —(X'4+3X), 2=, =2 =11 \z)= ——= 3.20
v RX y= S 48X), 2= Bt = TR = T @) = - 5EL (320)
the equation of state parameter can be written in the form
Wiot = —Yy2 — 22(1 + Az)x) + u? (3.21)

and the cosmic evolution equations (in the last section) can be written in an autonomous

system as
, 2
r = 3 VT (3.22)
3 2 3 /4
roo_ 2 2 _ “ < =2 2
y = 2)\(m)z <$y \/;> + 5 <3u +v >y, (3.23)

4

Vo= —gv [1 + Az)x2? — guz — UQ] ) (3.24)
3 |4 4

W= —u [3 + AMx)z2? — §u2 - ’U2:| , (3.25)

where ‘dash’ over a variable denotes differentiation with respect to N = Ina. Note that all the
above dimensionless variables are not independent, rather due to first Friedmann equation
(i.e., eqn.(3.13)) they are constrained by the relation

VA2 e 40 = 1 (3.26)

and we have 4D phase space for the dynamical system.

In the present work for simplicity of calculation the potential of the scalar field X (i.e.,
V(X)) is chosen as

V(X) = Voe (3.27)
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where Vp(> 0) and p are constant parameters, so that A(X) is a non-zero constant. Also u
can be interpreted as the rate of decrease of the logarithm of the potential function. The
properties of the critical points of the above autonomous system (3.22 - 3.25) are represented
in the following lemmas.

Lemma 1 Critical points can be located either on u-nullcline or on v-nullcline.

Proof : Let us prove this by contradiction. We assume that both v and u # 0. Then
from eqn.(3.24) and eqn. (3.25) we have

4
1+R=0 and g—i-R:O

where R = \(x)xz? — §u2 — v2. But it is not possible to exist any such R.
Lemma 2 Ifv =0 and u # 0, then either y =0 or \/g)\(:v)y # —2v/2 and \(z)y < 0.

Proof : If v =0, then either © =0 or %(1 —u?) + A(x)z2? = 0. From eqn.(3.22) we have
x = \/gy This implies
4 2
g(l —u?) + \/;/\(ac)yz2 =0. (3.28)
—2v2(1—u?)

So either y = 0 or 22 = ==Y/ For v = 0, we also have the condition u? + y? + 22 = 1.

V3A(2)y
If \/g/\(x)y = —2¢/2, then 22 = 1 — u? which implies ¥ = 0. This proves \/g)\(a;)y £ —2¢/2
and A(z)y < 0.

Lemma 3 Ifv =0, u#0 and y # 0, then (u?> —1)(y? — 1) = u?y>.
Proof : From eqn.(3.22) and eqn.(3.23) we have
3 2,2 2
—5)\(55)2 (y"=1)+2uy=0
Multiplying both side by y and using eqn.(3.28) we get (u? — 1)(y? — 1) = u?y?.
Lemma 4 Ifu=0 and v # 0, then either y =0 ory = —\/g)\(:c)z2.
Proof : From eqn.(3.23) we have
3
\/;v2y — A(2)22(2 — 1), (3.29)
On the other hand, for y # 0, from eqn.(3.24) we have
2 2 2 2
vy=9y+ \/QA(J:)y z (3.30)
Equating v?y in eqn.(3.29) and eqn.(3.30) we can derive y = —\/g)\(ac)zQ.
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Theorem 10 1. z= :I:\/g are the critical points of the autonomous system (3.22-3.25).

2. There is no critical point for which v # 0 and v # 0.
3. Ifv=0and u#0, then u= +£1.
4. Ifu=0 and v #0, then v = +1.

Proof : (1) Follows form eqn.(3.22) and eqn.(3.23) when u and v are both 0.
(2) Follows from lemma 1.

(3) If we consider the hypothesis of lemma 3, then from lemma 2 we can derive \/g)\(a:)y =

—21/2 which is a contradiction to our hypothesis. So y must be 0. Then from the relation
u? + 4% + 22 = 1, we have z = +v/1 — u2. But due to eqn.(3.23), z = 0 which yields u = +1.
(4) If y = 0, then z = 0. And eqn.(3.23) implies z = 0. Then the relation y2 + 22 + v? =1
yields v = %1.

If y # 0, then by lemma 4 we have v = :l:\/l - %)\2(33)24 — 22, But > + 22 +9%2 =1 and
eqn.(3.23) yield z = 0. So v = +£1.

3.3.1 NON-INTERACTING THREE-FORM FIELD

The vector fields of the autonomous system (3.22 — 3.25) for non-interacting three-form field
for exponential potential can be analyzed as follows. By taking exponential potential we
will get A(z) = pu. The set of critical points, existence of critical points and the value of
cosmological parameters are shown in Table 3.1 and the eigenvalues and the nature of critical
points are shown in Table 3.2.

The first two critical points (i.e., Cpy, C1) represent the evolution of the universe with
barotropic matter and vanishing DE. In fact, the critical point Cjy describes the relativistic
radiation era of evolution while C; represents the dust phase of evolution. The remaining
three critical points namely Co — Cy are fully dominated by DE and they correspond to
de-Sitter phase.

STABILITY ANALYSIS
1. Critical Point Cy

The Jacobian matrix at the critical point Cy can be put as

-3 V6 0 0
0 2 0 FV6
JC)=1| o & 1 ™ O“ . (3.31)
2
0 0 0 4

The eigenvalues of J(Cy) are —3, 2, % and 4 (hyperbolic in character) with eigenvectors

T
[1,0,0,0]7, [?, 1,0, O}T, [0,0,1,0]” and [$37“, $\/§,u, 0, 1} respectively. So we can use
Hartman-Grobman theorem for analyzing the stability of this critical point. As three eigen-
values are positive and one is negative, so the critical point Cj is a saddle node and unstable
in nature. For o > 0 the phase portrait in all possible 3D coordinate system near the origin

are shown as in FIG. 3.1.
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Table 3.1: Table shows the set of critical points, existence of critical points and the
value of cosmological parameters corresponding to the autonomous system (3.22—3.25).

CPs | Existence x Y z v U | Wt | ¢
Co all 0 0 0 0 +1| 1 | 2
Cy | all p 0 0 0 +1 0| 0 | 3
Cy | all p 2 1 0 0 0 |-1]-1
Cy | all _@ 1 0 0 0 |-1]-1
Cy =0 2y 0<y. <1 /1—¢2 0 0 |-1]|-1

2. Critical Point Cq

The Jacobian matrix at the critical point C; can be put as

-3 V6 0 0
0 3 FVéu 0
— 2 .32
0 0 0o -1
The eigenvalues of J(C1) are -3, 3,3 and —3 (hyperbohc in character) with eigenvectors

[1,0,0,0]7 { f, 1,0, 0] , [I%", ¢2\/§u, 1, O} and [0,0,0,1]7 respectively. So we can
use Hartman Grobman theorem for analyzing the stability of this critical point. Since, two
eigenvalues are positive and another two eigenvalues are negative, hence the critical point C;
is unstable due to its saddle nature.

3. Critical Point Co

The Jacobian matrix at the critical point Cy can be put as

-3 v6 0 0
0 0 0 0
J(Cy) = 0 0 -3 0 (3.33)
0 0 0 -2
The eigenvalues of J(Csy) are 3 0, —3 and —2 (non-hyperbolic in character) with eigen-

vectors [1,0,0,0]7 [\/;, 1,0, O] [0,0, 1,0] , and [0,0,0, 1] respectively. To apply Center

87



Chapter 3. Dynamical system analysis of Three-form field dark energy model with baryonic matter

Table 3.2: Table shows the eigenvalues (A1, Ay, A3, A4) of the Jacobian matrix cor-
responding to the critical points and the nature of all critical points for this non-
interacting model:

Critical Points A Ao A3 A4 | Nature of Critical points
Co -3 2 % 4 hyperbolic
Ch -3 % 3 —% hyperbolic
Cy -3 0 - % —2 non-hyperbolic
Cs -3 0 - g -2 non-hyperbolic
Cy -3 0 - % -2 non-hyperbolic

Manifold Theory, we first transform the coordinate system (z = X +1/2/3, y=Y +1, v =
V, uw=U) so that Cy moves to the origin. As a result, the autonomous system (3.22 — 3.25)
changes to

X' = -3X +6Y, (3.34)

3 3 9 3 3 3
Y = V6uY? 4 3uXY + 5V2 +20% + \[2#1/3 + iuXYQ + 5MXU2 + §MXV2 + 5NXY?’

+ guXYUQ + guXYVQ + \/gﬂzﬂy + \/gmﬂy +2U%Y + gVQY, (3.35)
)3 3 2 3 2, 3 3 3 U3
Vi= -V + VouVY +3uVXY + SHVXU? 44 [SpVU? 4+ SpXVE 44 [ oV
3 3 3
- 5MVXYQ + \/;,LVYQ +2U%V + 5&/3, (3.36)

3 3 3 3
U = —2U +V6uUY + 2U° + 5Uv2 +3uUXY + \gw?’ + §MUXY2 + \/;uUYQ

3 3 3
+ 5MXU3 + §MUXV2 + \/;MUVQ. (3.37)

Now, we can see that there is a linear term of Y in the R.H.S. of (3.34), so we have to

introduce another set of new coordinates so that the Jacobian matrix (3.33) transforms into
the diagonal form. By using the eigenvectors of the Jacobian matrix (3.33), we introduce the
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Figure 3.1:  Panel of the figures show 3-dimensional phase plots corresponding
to the critical point Cy(0,0,0,1) for g > 0. In this panel (a) represents the
phase portrait in zyv—coordinate system (saddle node), (b) represents the phase
portrait in yvu—coordinate system (unstable node), (c) represents the phase por-
trait in xyu—coordinate system (saddle node), (d) represents the phase portrait in
rvu—coordinate system (saddle node).

following coordinate system

Xr 1 —/2 00 |[X
o100 | |Y (3.38)
Vr 0 0 10 v
Ur 0 0 01 u
and in these new coordinates the equations are transformed into
X7, -3 0 0 0] [Xr non
Y/ | 00 0 O0f|Yr lin
Vil | 00 —% o |Vr * ear |’ (3.39)
Ur 00 0 =2||Ur terms

So by Center Manifold Theory there exists a continuously differentiable function h : R—R3
such that

Xr aleg + angi + O (Y;%)
hYp)= | Vo | = |bYZE+0Y7+O(YF) | . (3.40)
Ur cleg + CQY% + O (Yfl)

Differentiating both sides with respect to N, we get

Xp = (aYr +3aYR)Y) + 0 (Y7), (3.41)
Vi = (2hYr+30YA)Y; + 0 (Y7), (3.42)
Up = (2a1Yr +3cY7)Y7 4+ 0 (Y7), (3.43)

where a;,b;,¢; € R. We only concern about the nonzero coefficients of the lowest power
terms in Center Manifold Theory as we analyze arbitrary small neighborhood of the origin.
Comparing both sides the coefficients of the corresponding power of Y7, we get the following
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center manifold

4 4 20 /2
Xpo= Uy (LB 2005, (3.41)
3 3 3 V3
Ve = 0, (3.45)
Ur = 0. (3.46)

This implies that one dimensional center manifold lies on the (X7Y7)— plane and tangent to
the center subspace (Y7 axis) at the origin. The flow on the center manifold near the origin
is determined by

dYr

= 2V6uY7 + (2vV6u — 44°)Y7 + O (Y1) . (3.47)

The flow on the center manifold depends on the sign of . For both the cases > 0 and
p < 0, the origin is a saddle node and unstable in nature (FIG. 3.2). As the new coordinate
system (X7, Yrp, Vp,Ur) is topologically equivalent to the old one, hence the origin in the
new coordinate system, i.e., the critical point Co in the old coordinate system (x, y, u, v)
is a saddle node and unstable in nature.

[+veYr axis) - (+ve ¥+ axis)
anifold ‘Z_T_
\j\; N center manifold cener manso = Y‘_
~
|
= 4 S
z
>> <<<
(-vexr axis) = (+veXr axis) [-ve Xr axis) e 2
S = <
32 <
P - <
> <
] [
X A& i) B
N A
=
(-ve ¥r axis) (-ve Yr axis)
(a) (b)

Figure 3.2: These figures show the vector field near the origin corresponding to the
critical point Cy in (X7Y7r)—plane. The phase plot (a) is for 4 < 0 and (b) is for u > 0.

4. Critical Point Cy

The Jacobian matrix at the critical point C3, the corresponding eigenvalues and eigenvectors
are same as for the critical point Cy. If we put forward similar argument as we have mentioned
for the analysis of Cy then we get the following center manifold

4 dp 20 [2

Xp = —Pyzy ”+0\[u2 Y+ 0 (Y4, (3.48)
3 3 3V3

Ur = 0 (3.50)
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and the flow on the center manifold is determined by

dYr

AN
Since our interest only on the coefficient of the lowest power term of Y7 in the expression
of the center manifold and also the flow on the center manifold, so the vector field near the
origin is same as for the critical point Co (FIG.3.2). Hence, the critical point C5 is unstable
due to its saddle nature in the old coordinate system.

2V6uYE — (2V6p + 42 YE + O (V7). (3.51)

5. Critical Point Cy

The critical point Cy exists only for p = 0. The Jacobian matrix at the critical point Cy is
same as of (3.33), so the eigenvalues and corresponding eigenvectors are also same. Since,
the critical point Cy is non-hyperbolic in nature so we can use center manifold theory. But
here the equations of the center manifold are expressed by

Xr = 0, (3.52)
Vi = 0, (3.53)
Ur = 0 (3.54)
and the flow on the center manifold is determined by
dYr
— = 0. 3.55

Since, from this information we can not determine the nature of the vector field near the
origin, due to this reason we should try to define the stability of the vector field near the
origin on each plane. The stability of the vector field on each plane is shown in Table 3.3.

3.3.2 Coupling Three-form field with dark matter

The existence of the coupling can be represented by the modified continuity equations (3.15)
and (3.17), where p, stands for energy density of dust, p, is the energy density of three-form
field and @ is the energy transfer between dark energy and dark matter.

Then the autonomous system changes due to eqn. (3.15) and eqn. (3.17) as follows

¥ = 3 (\/gy - x) , (3.56)

2 3 /4
y = I-— §)\(LE)2’2 (wy - > + = <u2 +v2> v, (3.57)

2 3 2\3
I 3 4
Vo= _7y —5v [1 + M)z — §u2 - vz] , (3.58)
3 |4 4
o o= —QU [3 + MNz)z2? — guz - ’U2:| , (3.59)
where I = WCJ{IX)H? and ‘prime’ denotes derivative with respect to N = In a.

The properties of the critical points corresponding to the above autonomous system (de-
pending on the choices of I) are presented in the form of lemmas as follows (we shall consider

the relation z = \/gy due to eqn.(3.56)).
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Table 3.3: Stability of the vector field on each coordinate plane for the critical point
042

Coordinate Plane Stability
XrYr — plane vector field is stable about Y7 axis
XpVr — plane vector field near the origin is stable star
XrUr — plane vector field near the origin is stable star
YrUr — plane vector field is stable about Y7 axis
YV — plane vector field is stable about Y7 axis
UrVr — plane vector field near the origin is stable star

Lemma 5 If u, v and y are non-zero, then z = 0 and the following relations must hold
together

2. 2 +u +0? =1,

3. 4u? + 30?2 =4.

Proof : (1) From eqn.(3.59), it is to be noted that R = —3. Then from eqn.(3.58), we
have I = 5—2
(2) The eqn.(3.57) and I yield

VA (x) 22 (y? — 1)y = 4u?y® + 302y + 02 (3.60)
On the other hand, R = —3 yields
VOA(z)yz? = 4u? + 3v% — 4 (3.61)
So form eqn.(3.60) and eqn.(3.61) we have y? + u? + v% = 1.

(3) The result of (2) implies z = 0 due to relation (3.26). So from eqn.(3.61) we have
4u? + 30* = 4.
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Lemma 6 If only u =0, then the following conditions must hold together

U2
1 Mz) = /3%,

2. 1=-32

Yy 7

N

3. PP+ 22=1.

Proof : (1) From eqn.(3.58) , we have

1+ \/g)\(m)yZQ - 1)2] (3.62)

Iy = \/gk(fﬂ)yf(y2 -1) - ng- (3.63)

302
Iy=-""
Y 2

From eqn.(3.57), we have

Eliminating Iy from (3.62) and (3.63) and using (3.26), we have A(z) = /34

2

(2) Put the expression of A(z) in (3.58), we have I = —%%
(3) Due to relation (3.26), we get y? +v% + 22 = 1.

Corollary 1 If only u =0 and I = ga, then o = —37“ and critical points contain any real
y,v and z with y* +v? + 22 = 1.
Lemma 7 If only w and z =0, then I = —%vzy and critical points contain any real v and y
with v2 + % = 1.
Proof : From (3.57), we have
3
I= —§v2y. (3.64)
From (3.58), we have
3 2 1— 2
po _Svd=v) (3.65)
2y
From (3.64) and (3.65) we get v? + 3? = 1 which also satisfies (3.26).
Corollary 2 If only u, z=0 and I = %a, then o = —%va and critical points contain any

real v and y with v? + y? = 1.
Lemma 8 Ifv =0 and I = va, then y must be 0 and u = £1.

Proof : From (3.58). we have y = 0. Then from (3.59), we have u = £1 which satisfies
(3.57) due to (3.26).

Lemma 9 Consider I = v?a. Then if v =0, then z = 0 and critical points contain any real
u and y with u? +y? = 1.
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Proof : We consider y # 0. So from (3.57), we have
V() yz2 (y? — 1) = du?y>. (3.66)
From (3.59), we have
VB (z)yz? = 4u? — 4. (3.67)
So eliminating v/6A(z)yz? from (3.66) and (3.67) we get u? 4+ 4% = 1 and (3.26) yield z = 0.

Corollary 3 Consider I = v’a. Ifv, u=0 and y # 0, then z = 0 which implies y = +1. If
v,y =0 and u # 0, then z = 0 which implies u = £1 and if v, u, y =0, then z = 1.

Lemma 10 If y =0, then either u = +1 or v ==1 and I =0 at the critical points.

Proof : From (3.58) and (3.59) we get at least one of v and v is 0. If u = 0 then v = +1
and if v = 0 then v = 1. For the both cases, (3.26) yields z = 0. The eqn.(3.57) implies
I = 0 at the critical points.

*If y, w and v are 0, then z = +1. In this case, [ = —\/gk(:z:)

Lemma 11 Ifz# 0 and y # 0, then u =0 and v # 0, so lemma 6 can be applied.

Proof : Let us assume v and u # 0. From (3.58), we have I = % From (3.59), we have
V6A(2)y2z? = 4u® + 3v? — 4. Then from (3.57) we get u® +v2 4+ y? = 1. So by (3.26), z = 0
which contradicts to our hypothesis.

Now we consider only v = 0. Then by lemmas 8 and 9, z = 0 which contradicts to our
hypothesis. So u = 0 and lemma 6 can be applied.

Theorem 11 1. There is no critical point with all non-zero coordinates for any I and
Az).

2. Any critical point can not contain both u and v non-zero coordinates.

3. critical points on the u-nullcline satisfy z°X(z) = — %I.

4. On the v-nullcline the critical points form a right cylinder of height 2\/§ with circular
base for I = v"a, (n>1).

5. Origin is the only critical point on zy-plane.

(1) If any critical point contains all non-zero coordinates then lemma 5 contradicts.
(2) If both u and v are non-zero, then y has to be non zero. Otherwise, theorem 10 contradicts.
Now by lemma 5 z turns out to be 0 and I = 2. On the other hand, if we put the expression
of I and 4u® + 3v% = 4 in (3.57) we derive that v? + 4y? = 0 which implies both v and y are
0. But this contradicts our hypothesis.
(3) For u-nullcline, by lemma 6, we have \(z) = \[ . So 22 \(x \/7.7
(4) For n =1, by lemma 8, we have u = +1. Now the result true for n =2 by lemma 9. It is
also should be note that the result is true for n > 2 with exactly same argument as of n = 2
in lemma 9
(5) Origin is a critical point. Now by lemma 11 we can derive that both u and v cant not be
0 in this case.

For two choices of Q, i.e., (a) Q = ap,(X +3HX), (b) Q = ap,H; I becomes & S, a;;
respectively. Now for these two choices of ) we analyze the stability of the vector field near

the origin for the autonomous system (3.56 — 3.59).
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() Q = ap,(X +3HX)

For this choice of interaction the autonomous system (3.56 — 3.59) changes to

¥ = 3 (\/gy - a:) , (3.68)

1o Q9 _§ 2 _ 2 34, 2
yo= vt gue <xy 3) + 5 <3u +v° |y, (3.69)
/ avy 3 2 45 2
- 2 %k I :
v 5 5Y [ + pxz g¥ v } , (3.70)
3 |4 4
o= —5u {3 + pxz?® — §u2 — ’U2:| : (3.71)

The critical points, existence of critical points and the value of cosmological parameters are
shown in Table 3.4 and the eigenvalues and the nature of critical points are shown in Table
3.5.

In Table 3.4 there are six critical points of which the first four namely Py— Ps are equivalent
to the critical points Cy, Cy — Cy respectively in Table 3.1 from cosmological view point. The
critical point P4 describes the cosmic evolution due to interacting DE and CDM for o # +3.
For a« = 43, the matter is purely in the form of cosmological constant. So this critical
point corresponds to scaling solution in cosmology. As long as the coupling parameter ‘o’ is
restricted as a? < 3 then CDM dominates over DE otherwise there is accelerated expansion.
For critical point P5 the DE in the form of a scalar field interacting with CDM. But here
cosmic evolution is dominated by DE and is in the de-Sitter era of evolution.

STABILITY ANALYSIS

1. Critical Point Py

The Jacobian matrix at Py is same as of (3.31). So the eigenvalues and the corresponding
eigenvectors are also same. Since the critical point is hyperbolic, we can analyze the stability
of this critical point by Hartman-Grobman theorem. The stability of this critical point is the
same as the stability of Cp (FIG.3.1).

2. Critical Point Py

The Jacobian matrix at the critical point P; can be put as

-3 6 0 0
0 0 0 0

J(P) = 0 0 -G g (3.72)
0 0 0 2

To analyze the stability of the critical point P;, we consider four choices of «:

(1) « 75 3, 1,3;
(i) o
(7i1) a = 1;
(v) o = 3.
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Table 3.5: Table shows the eigenvalues (A1, A2, A3, A4) of the Jacobian matrix for the
autonomous system (3.68 — 3.71) corresponding to the critical points (P, — P,) and the
nature of the critical points (Py — Py):

CPs | M\ Ao A3 Ay Nature of CPs
Py | -3 2 % 4 hyperbolic
P | -3 0 _ (3;a) 9 alwaysf Oriogfll;/pfrbolic
P, | =3 0 (a;?)) 9 aulvvaysf Or;o;il;/[;?rbolic
P, _3 0 B w 9 always nonhyperbolic

for any «

nonhyperbolic for o = £3
P, | -3 3 (1 — ‘“—2> % (1 — O‘—2> —% (1 + %) and hyperbolic for all
a € (—3,0)U(0,3)

Case (i): a# —3,1,3

(3+a)
5

For this case, the eigenvalues of the Jacobian matrix (3.72) are —3, 0, — —2 (non-

T
hyperbolic in nature) and [1,0,0,0]7, [1, %,0,0} , [0,0,1,0]7, [0,0,0,1]7 are the corre-
sponding eigenvectors, respectively. We put forward similar argument as we have mentioned
for the analysis of Co then the center manifold is given by (3.44 — 3.46) and the flow on the
center manifold is determined by (3.47). So the origin is a saddle node and unstable in nature
(FIG.3.2). Hence, in this case the origin in the new coordinate system, i.e., the critical point
P in the old coordinate system is a saddle node and unstable in nature.

Case (ii): a=-3

In this case, the Jacobian matrix at the critical point P} can be put as

-3 V6 0 0
0 0 0 0

J(Py) = 0 0 0 o (3.73)
0 0 0 —2

The eigenvalues of the above Jacobian matrix are —3, 0, 0, —2 (non-hyperbolic in nature).
[1,0,0,0]7 and [0,0,0,1]7 are the eigenvectors corresponding to the eigenvalues —3 and —2

T
respectively, [1, \/g ,0, 0} and [0,0,1,0]7 are the eigenvectors corresponding to the eigen-
value 0. Since the algebraic multiplicity and the geometric multiplicity corresponding to each
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eigenvalues are equal so we can transform the matrix (3.73) to its diagonal form. Similarly
as above we shall take the same transformations so that P; moves to the origin and then
introduce another transformation (3.38) (by using the eigenvectors of (3.73)) to make the
Jacobian matrix (3.73) into the diagonal form. In these coordinates, our system of equations
are transformed into

X7, -3 0 0 O] [Xp non
vil oo o ofl|v lin
vilT 1o o0o0 of vt er |- (3.74)
Uk 0 0 0 —=2| |Up terms

So by Center Manifold Theory, there exists two continuously differentiable functions y:RZ2—R
and ¢:R?—R such that

Xr=x(Yr,Vp) = aerﬁ + as YTV + a3V:,% + higher order terms, (3.75)
Ur =o¢(Yr,Vp) = blYﬁ 4+ boYrVp + 53\/72 + higher order terms. (3.76)

Now differentiating both sides with respect to N, we get

Yy
dX N
T]\? = [2a1YT 4+ asVp  aUp + 2a3VT] ) (3'77)
avp
dN
dU- Cd
F = [20Yr 4 bV boUr + 255V ol (3.78)
avr
dN

Comparing L.H.S. and R.H.S. of (3.77) and (3.78), we get a; = —%, az =0, az = 0 and
b; = 0 for all ¢. Then the center manifold is given by
_Ap

Xr = 3 Y#+ higher order terms, (3.79)

Ur = 0. (3.80)

The flow on the center manifold is determined by
dYr
dN

d
di‘]/\r:; = (; + \/6u> VrYr + 3\/§uVTY;,2 + (g + \/jd) V2 + higher order terms. (3.82)

3
= 2V/6uYE + (2\/6# - 4,u2> Y3+ <2 + \/6,u> VAYr + higher order terms, (3.81)

Case (ii)(a): ¢ >0

In this case, the coefficient of lowest power terms of (3.81) and (3.82) are positive. Now divide
both sides of (3.81) and (3.82) by 2v/6u and (3 + v/64) respectively and since by dividing
both sides any positive number there will no effect on the flow of the vector field Now let’s
take 72 = Y2 4+ V2, in arbitrary small neighborhood of the origin. Differentiating both sides
with respect to N, we get ' = Ypr. For Y < 0 one has 7/ < 0 while ' > 0 for Y7 > 0. So
for p > 0, the origin is a saddle node and unstable in nature (vector field near the origin is
same as of FIG.3.2(b)).
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Case (ii)(b): p< —34/3

Then the coefficient of lowest power terms of (3.81) and (3.82) are negative. We assume
2v6pu = —o? and (2 + v6p) = —? and divide (3.81) by o? and (3.82) by 7% and we take
r? = YT2 + VTQ, in arbitrary small neighborhood of the origin. Differentiating both sides with
respect to N, we get v = —Ypr. For Y < 0 one has ' > 0 while ' < 0 for Y7 > 0. So for

n < —%\/g , the origin is a saddle node and unstable in nature (vector field near the origin
is same as FIG.3.2(a)).

As for both of the subcases of this case, the origin is unstable due to its saddle nature,
thus in the old coordinate system (z, y, v, u) the critical point P; is a saddle node, i.e.,
unstable in nature.

Case (iii): a =1

In this case, the eigenvalues of the Jacobian matrix are —3, 0, —2, —2 and [1,0,0,0}T,
T
[1, \/g , 0, O] are the eigenvectors corresponding to the eigenvalues —3 and 0 respectively,
[0,0,1,0]7 and [0,0,0,1]7 are the eigenvectors corresponding to the eigenvalue —2. But for
this case we will get the same vector field as Case-(i).
Case (iv): a =3
Then the eigenvalues of the Jacobian matrix are —3, 0, —3 and —2. [1,0,0,0]” and

T
[0,0,1,0]T are the eigenvectors corresponding to the eigenvalue —3 and [1, \/g ,0, 0} and|0, 0,0, 1]
are the eigenvectors corresponding to the eigenvalues 0 and —2 respectively. But for this case
also we will get the same vector field as Case-(i).

8. Critical Point Py

The Jacobian matrix at the critical point P, can be put as

-3 v6 0 0
0 0 0 0
0 (a—3) 0

0

J(Py) = (3.83)

0 2

0 0 -2

For avoiding similar calculation, we only state the expression of the center manifold and the
flow on the center manifold. Here we also take four choices of « for analyzing the stability of
this critical point:

(1) a ;é -3, —
(17) a =
(7i1) o =
(v) a = —3.

Case (i) : a# —3,-1,3

T
The eigenvalues of the Jacobian matrix are —3, 0, (a;?’), —2 and [1,0,0,0]7, [1, \/g,(),()] ,
[0,0,1,0]7 and [0,0,0,1]7 are the corresponding eigenvectors, respectively. In this case, the
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center manifold is same as (3.48 - 3.50) and the flow on the center manifold is determined by
(3.51). So the origin is a saddle node and unstable in nature (FIG.3.2). Hence in the new
coordinate system due to saddle nature of the origin, the critical point P, is a saddle node
and unstable in nature.

Case (ii) : =3
In this case, the center manifold is given by
4
Xr = -+
Ur = 0. (3.85)

Y?+ higher order terms, (3.84)

The flow on the center manifold is determined by

Y- 3
ZWT = 2V/6uY: — (2\/6,u + 4,u2> Y3+ <2 — \/6,u> VAYr 4+  higher order terms, (3.86)
% _ <_;’ T \/6,“) VoYy — 3\/§,LLVTY:/% + (; _ \/3“) Vﬁ + higher order terms.

(3.87)

Case (ii)(a) : p > %\/g

In this case as above, divide both sides of (3.86) and (3.87) by 2v/6p and (—3 +v/64) respec-
tively and by taking r? = Y2 + V2 | we can get 7' = Ypr. If Y7 > 0 then v/ > 0 and v’ < 0
while Y7 < 0. So the origin is a saddle node and unstable in nature (same as FIG.3.2(b)).
Case (ii)(b) : £ <0

In this case also by taking r? = YT2 + ng , we can get v = —Ypr and as above we can
determine that the origin is a saddle node and unstable in nature (same as FIG.3.2(a)).

As for both of the subcases, the origin is a saddle node, hence in the old coordinate system
(x, y, v, u) the critical point P» is a saddle node and unstable in nature.

Case (iii) a = —1

In this case we will get the same eigenvalues and eigenvectors as in Case (iii) of the critical
point P; and the center manifold is given by (3.48 — 3.50) and the flow on the vector field
near the origin is determined by (3.51).

Case (iv) a = -3

In this case, we will get the same eigenvalues and eigenvectors as in Case (iv) of the critical
point P; and the center manifold is given by (3.48 — 3.50) and the flow on the vector field
near the origin is determined by (3.51).

4. Critical Point P

The Jacobian matrix at the critical point P3 can be put as

-3 V6 0 0
0 0 0 0

J(Ps) = 0 0 —Gtm g (3.88)
0 0 0 -2
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the center manifold is same as (3.52 - 3.54) and the flow on the center manifold is determined
by (3.55). So here we only define the stability near the origin on each coordinate plane which
is shown in Table 3.6.

5. Critical Point P,

The Jacobian matrix at the critical point P, can be put as

3
2

o) o)
J(Py) =
R R R G R G G N
0 0 -3 (1+9)
(3.89)
The eigenvalues of J(Py) are —3, 3 (1 — 0‘—2), g (1 - Oﬁ) and —1 (1 + %2) and the cor-

V6(k—n+p) :i:k n+p 1 O]T

responding eigenvectors are [1,0,0,0]7, [:I: G hntn)

m(6+k+n—p)’

o (1) = [ %) (34 1) 0= 2(1-8) (1 D). -

(1 — —) The critical point P4 is nonhyperbolic for a = +3 and for o = —3 the critical

T
[j: V6(k—n—p) :l:k_;?:“p, 1, 0} ,and [0,0,0, 1]7 respectively; where k = (1 - %2) (% + a;z\/%),

pomt is same as P; and we have already analyzed the stability of this critical point and for
a = 3 the critical point is same as P, and we have already analyzed the stability of this
critical point. So we have to analyze the stability of the critical point P, only when this is
hyperbolic in nature and by Hartman-Grobman theorem we shall analyze the stability of this
critical point. All eigenvalues of the above Jacobian matrix are negative only when o > 3
or o < —3 but this contradicts the existence of this critical point. So we have two positive
and two negative eigenvalues and by Hartman-Grobman theorem we can say that the critical
point Py is unstable due to its saddle nature.

If we try to analyze the stability of the critical point P5; then we see that the values of af L

%—];1, %, %—];2, %, %, %—JS’, %, % are non-zero and without %, %—];1 all other elements at
this critical point contain complicated terms and this is very difficult to find the eigenvalues
and corresponding eigenvectors of the Jacobian matrix. Due to this complicated calculation,

we skip the stability analysis of this critical point.

(b) Q= ade

For this choice of interaction with exponential potential the autonomous system (3.56 -
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¥ =3 ( %y - :U> , (3.90)

3.59) changes to

= —v°—= /- |+ zu+ 91

Y 2yv 2;@2 (:cy 3) 5 <3u v7 )y, (3.91)

= — — v |14+ pxz” — -u” — .92

v 5 21} [ HTz 3u v ] , (3.92)
3 4 4

uo= ff2u [3 + ,usz — f3u2 — v2] . (3.93)

The critical points, existence of critical points and the value of cosmological parameters
are shown in Table 5.3 and the eigenvalues and the nature of critical points are shown in Table
3.8.  The first three critical points By — B3 in Table 3.7 are cosmologically equivalent to the
critical points Co — Cy in Table 3.1. The critical point By represents a scaling cosmological
solution where DE is interacting with CDM. The CDM dominates the evolution for —1 <
a < 0, otherwise there is accelerated expansion due to dominance of DE. For o« = —3 the
matter is purely in the form of cosmological constant.

STABILITY ANALYSIS
1. Critical Point B

The Jacobian matrix at the critical point By is same as (3.72). So here we also take four
choices of a (same as P;) for analyzing the stability of this critical point.

Case (i): a# —3,1,3

In this case, we have the same eigenvalues and corresponding eigenvectors of the Jacobian
matrix. We put forward similar argument as we have mentioned for the stability analysis in
case (i) of Pp, then the center manifold is given by (3.44 - 3.46) and the flow on the vector
field near the origin is determined by the equation (3.47) (FIG.(3.2)).

Case (ii): a=-3

In this case, we also get the same Jacobian matrix (3.73), so have the same eigenvalues and
corresponding eigenvectors. We put forward similar argument as we have mentioned for the
analysis in case (ii) of Pj, then we get the center manifold same as (3.79 — 3.80) and the flow
on the center manifold is determined by

Y;
% = 2V/6uY2 + (2\/6,U — 4,uz) Y32+ (; + \/6/1) VAYr + higher order terms, (3.94)
dV; 3 3 3
dil\i = \VouVrYr + 3\/;MVTY72 + (2 + \/;p> V2 + higher order terms. (3.95)

Case (ii)(a): © >0
Divide (3.94) and (3.95) by 2¢/6u and /6y respectively and as the flow on the vector field is
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not changed due to divide by positive number on the flow equation, we take 12 = Yr_,% + VT2,
then we get v/ = Ypr. If Y > 0 then 7/ > 0 and v/ < 0 while Y7 < 0. So the origin is a
saddle node and unstable in nature (FIG.3.2(b)).

Case (ii)(b): p <0
We put forward similar argument as we have mentioned above then we also obtain that the
origin is a saddle node and unstable in nature (same as FIG.3.2(a)).

As for both of the subcases, the origin is unstable due to its saddle nature, thus in the
old coordinate system (x, y, v, u) the critical point B is a saddle node, i.e., unstable in
nature.

Case (iii): a =1

In this case the eigenvalues of the Jacobian matrix are —3, 0, —2, —2 and [1,0,0,0]7,

T
[1, %, 0, O] are the eigenvectors corresponding to the eigenvalues —3 and 0 respectively,

[0,0,1,0]7 and [0,0,0,1]” are the eigenvectors corresponding to the eigenvalue —2. But for
this case we will get the same vector field as Case (i).

Case (iv): a =3

Then the eigenvalues of the Jacobian matrix are —3, 0, —3 and —2. [1,0,0,0]” and [0,0, 1,0]

are the eigenvectors corresponding to the eigenvalue —3, [1, %,0,0] and [0,0,0, 1]T

the eigenvectors corresponding to the eigenvalues 0 and —2, respectively. But for this case
also we will get the same vector field as Case (i).

2. Critical Point Bs

The Jacobian matrix at this critical point is also same as (3.72). Here four cases also arises.
The Center manifold and the flow on the center manifold are shown in the Table 3.9. As
for all possible cases in the new coordinate system (Xp, Y, Vp, Ur) the origin is a saddle
node, i.e., unstable in nature. Hence, in the old coordinate system (z, y, v, u) the critical
point By is a saddle node and unstable in nature.

8. Critical Point Bs

The Jacobian matrix at the critical point Bs is same as (3.72). In this case also, we get the
center manifold same as (3.52 — 3.54) and the flow on the center manifold is same as (3.55).
So here we only define the stability of the vector field near the origin on each coordinate
plane, shown in Table 3.10.

4. Critical Point By

The Jacobian matrix at B4 can be put as

-3 V6 0 0
3
(BFv=2ap)  FVou(l+%) 0

_ |0 +3)
TB) =1 \/; \/7 (1+2) (3 +v=2ap) 0 - (39%9)

0 0 U )
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The eigenvalues of the above Jacobian matrix are —3, a+3, a+3 and —%(1 —a). [1,0,0,0]7,

[0,0,0,1]T are the eigenvectors corresponding to the eigenvalues —3 and — % (1—«) respectively

and [%, l‘é‘—m", l,O]T be the eigenvector corresponding to the eigenvalue o + 3; where

k=(1+%)BFV-2au),m= :F\/g,uaw (1+%)andn=(1+%) (3£v—2au). We clearly
see that this critical point is nonhyperbolic only when o« = —3 and the stability analysis for
this case already studied for By. So here we analyze the stability of this critical point only
when a € (—3,0). For this case the two eigenvalues are positive and another two are negative.
So by Hartman-Grobman theorem we can say that the critical point B, is unstable due to
its saddle nature.

4 — vectorfield

line of critical points
b origin

Figure 3.3: This figure shows the vector field near the origin in Y7 Vyr—plane for a = —3
corresponding to Bs. After applying shift-transformation and then matrix transforma-
tion, the line of critical points Bs (in the old coordinate system (x, y, v, u)) is completely
lying on the Y7 axis in the new coordinate system. We have considered y. = % to de-
termine this vector field, that is, in this phase plot the origin corresponds to (0, %, 0, 0)
in the old coordinate system.

GLOBAL BEHAVIOR AND BIFURCATION ANALYSIS

For non-interacting model with exponential potential, we have five critical points (Cp—Cy)
for various choices of p. It is to be noted from matrix (3.32), that Cj is saddle with one stable
and three unstable eigen-directions. On the other hand, C is saddle with two stable and
two unstable eigen-directions. The stability of Cyp and C; do not depend on the parameter
p. At Cy and Cs the effective potential [603] reaches its extreme point in the dark energy
dominated period. We can have global behavior of phase space and the main property of
bifurcations on different nullclines. On the Y-nullcline, the vector field does not depend on
p. But on the center manifold of Cy and C3 the flow reverses its direction when p passes
through the value p = 0. But the vector fields remain topologically equivalent even after p
changes its sign. At p = 0, the stability is classified by considering the flow of the remaining
eigen-directions. At p = 0, new non-isolated critical point Cy appears to exist. Cy is normally
hyperbolic and stable in nature. It is to be noted that, for u # 0, Cy and C5 are saddle-node
in nature. So there exists a non-generic de-Sitter evolution of the universe through only one
trajectory (i.e., invariant manifold) from past (C or C3) to future (C3 or Cy). For p > 0, if
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the trajectory starts near Cy and ends asymptotically to C3, then the three form field transit
from phantom field to non-phantom field and reverse transition happens for yu < 0. As Cy
is stable with de-Sitter phase, so there is a generic evolution near Cs or (5 towards Cy at
w=0.

Next, we have considered the interaction Q = a(p,)(X +3HX). For exponential potential
there exists three critical points (Py — Ps) for various choices to pu. At o = £3, P} and Py
change its stability. On the other hand, at u = 0, new non-isolated critical point P3 appears
to exist. Ps is normally hyperbolic and on the Y-nullcline P3 becomes stable node to saddle
node when o becomes smaller than —;—C, (ye # 0) for any fixed y. (0 < y. < 1). When «
touches £3 and lies in [—3,0) U (0, 3], a new critical point P, appears to exist. P; and P are
the special case of Py at o = £3.

For interaction Q = «a(p,)yH, at o # 3, —3, both P; and P, are saddle node in nature. So
there exists a non-generic de-Sitter evolution of the universe through the invariant manifold
(3.86) from past P, to future Ps.

For the interaction ap,H, a new critical point By appears to exist for a € [—3,0). This
critical point changes its stability at —3 and p = 0. For u # 0, By is saddle node in nature. So
the evolution of the universe through the invariant manifold is performed as in the previous
case.

Now, it is to be noted that at u = 0, the system associated with non-interacting model
becomes structurally unstable. On the other hand, two new bifurcation values appear for the
interacting model, namely o = —3,3. Moreover, at u = 0, the system associated with inter-
acting model becomes structurally unstable. Also one may note that the potential becomes
runaway to non-runaway through bifurcation value g = 0 [604]. On the other hand, if we
neglect the contribution of matter and radiation, the fixed points at the extremum point of
the effective potential [603] are same as in our non-interacting dynamical equation, i.e., Co
and ('3 which trigger non-generic evolution of the universe.

3.4 SUMMARY

The present work is an example where without making any attempt of solving the complicated
coupled cosmic evolution equations (Einstein field equations), the cosmological interferences
have been done using the technique of dynamical system analysis. The cosmic matter is
chosen as three-form field (DE) interacting/non-interacting with baryonic matter (radiation
with CDM). By suitable choice of the dimensionless variables the evolution equations are
converted into an autonomous system for non-interacting case and for two suitable choices
of the interaction. Out of total fifteen equilibrium points (presented in Tables 3.1, 3.4 and
3.7) the following sets of critical points (Co, Py), (C2, P1, B1), (Cs, P2, Ba), (C4, P5, B3) are
equivalent both cosmologically as well as from dynamical system analysis. It is to be noted
that the set of critical points (Cy, P3.B3) are essentially a line of critical points. The first set
describes the radiation era of evolution while the remaining three sets correspond to acceler-
ated expansion at the de-Sitter phase. The critical point C7 describes the CDM dominated
decelerated expansion. Although the critical point Ps; represents interacting DE and CDM
but it also corresponds to de-Sitter phase. The most interesting critical points are Py and By
which are representing scaling cosmological solutions. Also the cosmic evolution representing
these two critical points are observationally important as by choosing the coupling parameter
a to be closed to +3 (for critical point Py) / —3 (for By4) the equation of state parameter
agrees (within confidence limit) with the latest plank data [617].
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The stability of the critical points are analysed by studying the eigenvalues of the Jacobian
matrix for hyperbolic critical points while center manifold theory has been employed for non-
hyperbolic critical points. The two parameters p (in the potential) and « (coupling) on the
system are found to be important for bifurcation analysis. Usually, it is speculated that at
the bifurcation point there may be a cosmic phase transition.

Finally, the general nature of the critical points both for non-interacting and interacting
cases have been presented in the form of lemmas and theorems. Lastly, one may note that
the present work does not depend effectively on the choice of V(X).
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Table 3.6: Stability of the vector field on every coordinate plane for the critical point
Ps.

Coordinate Plane Stability

X7Yr — plane Vector field is stable about Y7 axis

Vector field near the origin is stable star (if y. = 0 or a > —yi),

c

XrVr — plane vector field near the origin is a saddle node (if o < —% ),
vector field is stable about Vi axis (o = —i)
XrUr — plane Vector field near the origin is stable star

Vector field is stable about Y7 axis (if y. = 0 or a > —%),
vector field is unstable about Y7 axis (if o < —% )

YrVr — plane vector field near the origin for a = —i is parallel

to Vr axis and the direction of the vector field

is from negative Vi axis to positive Vp axis

YrUr — plane Vector field is stable about Y7 axis

Vector field near the origin is stable star (if y. = 0 or a > —%),

UrVr — plane vector field near the origin is a saddle node (if o < —% ),
vector field is stable about Vr axis (for o = —yi)
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Table 3.7: The set of critical points, existence of critical points and the value of cos-
mological parameters corresponding to the critical points for the autonomous system

(3.90 - 3.93).

CPs FEuxistence T Y z v U | Weot q
By YV uand « % 1 0 0 0| -1 -1
By, | Vpanda _@ 1 0 0 0| -1 -1
By | u=0andV « 2ye 0<y.<1 /1-y¢2 0 0| —-1] —1
By | v pand £ /5/F £ /T 0  +/T+3 0] g [

a € [-3,0)

Table 3.8: Table shows the eigenvalues (A1, A2, A3, A4) of the Jacobian matrix for the
autonomous system (3.90 - 3.93) corresponding to the above critical points and the
nature of the critical points:

CPs | M Ao A3 Ay Nature of Critical points
By | -3 0 — (?’;a) —2 nonhyperbolic

By, | =3 0 (0‘53) —2 nonhyperbolic

Bs | =3 0 — %&c) —2 nonhyperbolic

Bl s avs ass oo | mmebde e = g
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Table 3.10: Stability of the vector field on every coordinate plane for the critical point
Bs.

Coordinate Plane Stability

XrYr — plane Vector field is stable about Y7 axis

Vector field near the origin is stable star (if a > —3),

XrVr — plane vector field near the origin a saddle node (if & < —3 ),
vector field is unstable about Vi axis(if a = —3)
XpUr — plane Vector field near the origin stable star

Vector field is stable about Y7 axis (if & > —3),
Y+ Ve — plane vector field is unstable about Y7 axis (if « < —3 ),
vector field for & = —3 is shown in FIG.3.3

YrUr — plane Vector field is stable about Y7 axis

Vector field near the origin is stable star (if a > —3),

UrVr — plane vector field near the origin is a saddle node (if « < —3)
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CHAPTER 4

A DYNAMICAL SYSTEM ANALYSIS OF
COSMIC EVOLUTION WITH COUPLED
PHANTOM DARK ENERGY WITH
DARK MATTER

4.1 Prelude

The unexpected accelerated expansion of the universe as predicted by recent series of obser-
vations is speculated by cosmologist as a smooth transition from decelerated era in recent
past [640, 653, 654, 655, 656]. The cosmologists are divided in opinion about the cause of
this transition. One group has the opinion of modification of the gravity theory while others
are in favour introducing exotic matter component. Due to two severe drawbacks [666] of
the cosmological constant as a DE candidate dynamical DE models namely quintessence field
(canonical scalar field), phantom field [660, 661, 662, 663, 664, 665] (ghost scalar field) or a
unifield model named quintom [657, 658, 659] are popular in the literature.

However, a new cosmological problem arises due to the dynamical nature of the DE
although vacuum energy and DM scale independently during cosmic evolution but why their
energy densities are nearly equal today. To resolve this coincidence problem cosmologists
introduce interaction between the DE and DM. As the choice of this interaction is purely
phenomenological so various models appear to match the observational prediction. Although
these models may resolve the above coincidence problem but a non-trivial, almost tuned
sequence of cosmological eras [667] appear as a result. Further, the interacting phantom DE
models [668, 669, 670, 672, 673, 674, 688] deal with some special coupling forms, alleviating
the coincidence problem.

Alternatively cosmologists put forward with a special type of interaction between DE and
DM where the DM particles has variable mass, depending on the scalar field representing the
DE [676]. Such type of interacting model is physically more sound as scalar field dependent
varying mass model appears in string theory or scalar-tensor theory [677]. This type of
interacting model in cosmology considers mass variation as linear [678, 676, 679], power law
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[680] or exponential [681, 682, 683, 684, 685, 686, 687] on the scalar field. Among these the
exponential dependence is most suitable as it not only solves the coincidence problem but
also gives stable scaling behaviour.

In the present work, varying mass interacting DE/DM model is considered in the back-
ground of homogeneous and isotropic space-time model. Due to highly coupled nonlinear
nature of the Einstein field equations it is not possible to have any analytic solution. So by
using suitable dimensionless variables the field equations are converted to an autonomous
system. The phase space analysis with non-hyperbolic equilibrium points by center mani-
fold theory has been done for various choices for the mass function and for the scalar field
potential. This chapter is organized as follows: Section 4.2 deals with basic equations for
the varying mass interacting dark energy and dark matter cosmological model. Autonomous
system is formed and critical points are determined in Section 4.3. Also stability analysis of
all critical points for various choices of the involving parameters are shown in this section.
Possible bifurcation scenarios [544, 611, 475] by Poincaré index theory and global cosmolog-
ical evolution have been examined in Section 4.4. Finally, brief discussion and important
concluding remarks of the present work is proposed in Section 4.5.

4.2 Varying mass interacting dark energy
and dark matter cosmological model :
Basic Equations

In the background of flat Friedmann-Lemaitre-Robertson-Walker (FLRW) space-time with
line element

ds? = —dt* + a*(t) d¥?, (4.1)

the Friedmann equations are
3H° = K (Po + Poar)s (4.2)
2H = —k*(py + Do+ Pour); (4.3)

with ¢, the comoving time; a(t), the scale factor; d¥?, the 3D flat space line element. Here
k = 8rG is the coupling parameter, (pg,py) are the energy density and thermodynamic
pressure of the phantom scalar field ¢ (considered as DE) having expressions

1.
ps= =58+ V(9), )

1.
ps = 5" = V(9),
and p,,,, is the energy density for the dark matter in the form of dust having expression

Ppy = MDM (¢)anf’ (4'5)

where n the number density [642] for DM satisfies the number conservation equation

DM
fop, +3Hn,,, = 0. (4.6)

In the present work we have considered interaction between dark matter and dark energy.
Normally the interaction term is introduced by phenomenological choice. In particular, the
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form of the interaction term is chosen so that either the problem is solvable or it is simplified
to a great extend. Further mathematically one can see that the phenomenological choice of
the interaction term ‘@’ arises when we break up the conservation equation of the total matter
(dark matter and dark energy) into their individual conservation form. Now differentiating
(4.5) and using (4.6) one has the DM conservation equation as

d .
pDM + 3HpDM = % {hl MDM (¢)} (prAI? (4'7>

which shows that mass varying DM (in the form of dust) can be interpreted as a barotropic
fluid with variable equation of state : w,,, = % {InM,,,(¢)} ¢. Now due to Bianchi identity,
using the Einstein field equations (4.2) and (4.3) the conservation equation for DE takes the
form

d .
p¢ + 3H(p¢ + p¢>) - _% {ln MDM (¢) } (pr]\i' (48)
or using (4.4) one has
. .0V d
¢+3Ho — % = % {lnMDAI(¢)}pDAI' (4'9)

The combination of the conservation equations (4.7) and (4.8) for DM (dust) and phantom
DE (scalar) shows that the interaction between these two matter components depends purely
on the mass variation, i.e., Q = % {InM,,,(¢) } épp,,- So, if M., is an increasing function
of ¢, i.e., @ > 0 then energy is exchanged from DE to DM while in the opposite way if M,
is a decreasing function of ¢. This type of interaction term is chosen in [?] also and according
to that work, the presence of gf) in the interaction term is related to alleviate the Hy tension.
However, in our work of dynamical system analysis we have chosen this interaction for the
simplicity of calculations. Further, combining equations (4.7) and (4.8), the total matter
Ptot = ppM + ppE satisfies

Ptot + 3H (prot + Ptot) = 0 (4.10)
with
1%
Wtot = ———————— = W¢Q¢. (411)
° Pé + Ppou
Here wy = %Z is the equation of state parameter for phantom field and €, = ;;j’g is the
2

K

density parameter for DE.

4.3 Formation of Autonomous System : Crit-
ical point and stability analysis

In the present work the dimensionless variables can be taken as [642]
Ko
T = , 4.12
V6H (4.12)
VAL ()
y: = ——=, (4.13)
V3H
V6
P = — 4.14
o= X (414)
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together with N = Ina and the expression of the cosmological parameters can be written as

2

_ Kpp 2 2
Qyp = sz = ¢ +y°, (4.15)
2 y2
and
Wiot = —x2 — Y. (4.17)

For the scalar field potential we consider two well studied cases in the literature, namely the
power-law

V() = Voo~ (4.18)

and the exponential dependence as
V(p) = Vie "9 (4.19)
For the dark matter particle mass we also consider power-law

My, (‘b) = Moop™" (4.20)

and the exponential dependence as
My, (6) = Mle—nmﬁ’ (4.21)

where Vp, Vi, My, M1 (> 0) and A, pu are constant parameters. Here we shall study the dynami-
cal analysis of this cosmological system for five possible models. In Model 1 (4.3.1) we consider
V() = Voo, M,,, () = Mop~*, in Model 2 (4.3.2) we consider V(¢) = Voo™, M, (¢) =
Mye= " in Model 3 (4.3.3) we consider V(¢) = Vie ™% M, (¢) = Mo, in Model 4
(4.3.4) we consider V(¢) = Vie™" M, (¢) = Mie "% and lastly in Model 5 (4.3.5) we
consider V(¢) = Vagp e ™ M (¢) = Magd He "¢ where Vo = VyVi and My = MoM;.

4.3.1 Model 1: Power-law potential and power-law-dependent
dark-matter particle mass

In this consideration, the evolution equations in Section 4.2 can be converted to an au-
tonomous system as follows

3 Ay?
¥ = —-3z+ 533(1 — 2% —9?) — y2 G gz(l + 22 — o), (4.22)
3 Aryz
o= Sul—a?—yf) - = (4.23)
2 = —z2? (4.24)

where ‘prime’ over a variable denotes differentiation with respect to N = Ina.

To obtain the stability analysis of the critical points corresponding to the autonomous
system (4.22 — 4.24), we consider four possible choices of p and A as (i) pu # 0 and A # 0,
(1) p#0and A =0, (4i) p=0and A # 0, (iv) p=0and A =0.
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Case-(i) p# 0 and X\ # 0

In this case, we have three critical points Ay, A2 and As. First we determine the Jacobian
matrix at these critical points corresponding to the autonomous system (4.22—4.24). Then we
shall find the eigenvalues and corresponding eigenvectors of the Jacobian matrix. After that
we shall obtain the nature of the vector field near the origin for every critical points. If the
critical point is hyperbolic, we use Hartman-Grobman theorem and while the critical point
is non-hyperbolic, we use Center Manifold Theory [636]. The set of all critical points with
the value of cosmological parameters are shown in Table 4.1. The eigenvalues corresponding
to the Jacobian matrix at each critical points A1, A2 and A3 and their nature are shown in
Table 4.2.

Table 4.1: The set of critical points corresponding to the autonomous system (4.22 —
4.24) with the values of cosmological parameters.

Critical Points Existence r oy z|Q We Wiot q
Ay Foral Aand o | 0 0 0] O | Undetermined 0 %
As Forall Aand o |0 1 0] 1 -1 -1 | -1
As Forall A\and o |0 -1 0] 1 -1 -1 | -1

1. Critical Point Aq

The Jacobian matrix at the critical point A; can be put as

(4.25)

O Nw O
o [« RN

The eigenvalues of J(A;) are —%, % and 0 and [1,0,0]” , [0,1,0]” and [-£,0, 1]7 are the
corresponding eigenvectors, respectively. Since, the critical point A; is nonhyperbolic in
nature, so we use Center Manifold Theory to analyze the stability of this critical point. From
the entries of the Jacobian matrix we can see that there is a linear term of z corresponding to
the eqn.(4.22) of the autonomous system (4.22 —4.24). But the eigen value 0 of the Jacobian
matrix (4.25) is corresponding to (4.24). So we have to introduce another coordinate system

(X, Y, Z) in terms of (z, y, z). By using the eigenvectors of the Jacobian matrix (4.25), we
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Table 4.2: The set of eigenvalues of the Jacobian matrix corresponding to each critical
points with their natures.

CPs Al s A3 Nature of critical points

Nonhyperbolic, behaves as stable node for p < 0

Ay -3
2 and saddle node for p > 0

ol
o

Nonhyperbolic, behaves as stable node for A < 0

Ay -3 =3 0 and saddle node for A > 0

Nonhyperbolic, behaves as stable node for A < 0

As -3 =3 0 and saddle node for A > 0

introduce the following coordinate system

X L0 & |z
Y| =101 0] |y (4.26)
VA 0 0 1f |z
and in this new coordinate system the equations (4.22 — 4.24) are transformed into
X' -3 0 o] |X non
Y'[=| 0 3 0| |Y]|+ |linear| - (4.27)
zZ' 0 0 of |Z terms

By Center Manifold Theory there exists a continuously differentiable function h : R — R?
such that

X a1 2?4 aaZ® + a3 Z* + O (2°)
hZ)= = : (4.28)
Y b122+ng3+agZ4+(’)(Z5)

Differentiating both side with respect to N, we get

X' = (2amZ+3a22% + 4a323) 7' + O(Z%), (4.29)
Y' = (2017 + 30227 + 40323 7' + O(Z*), (4.30)

where a;, b; € R. We only concern about the non-zero coefficients of the lowest power terms in
CMT as we analyze the stability in arbitrary small neighbourhood of the origin. Comparing
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coefficients corresponding to power of Z we get, a1 = 0, ag = QQL;, az = 0 and b; = 0 for all

i € N. So the expression of the center manifold is given by

2 2
X = 2—“723, (4.31)
Y = o (4.32)

and the flow on the Center manifold is determined by
7 = §Z3 +0O(2%). (4.33)

The flow on the center manifold depends on the sign of p. If 4 > 0 then Z’ > 0 for Z > 0

(+ve) X axis .
(+ve) X axis

center manifold
center manifold

(+ve) Zaxis  (-ve) Z axis

(-ve) Z axis (+ve) Z axis)

(-ve) X axis (-ve) X axis

(a) (b)

Figure 4.1: These figures show the vector field near the origin corresponding to the
critical point A; in X Z-plane. The phase plot (a) is for g > 0 and (b) is for u < 0.

and Z' < 0 for Z < 0. Hence, we conclude that for g > 0 the origin is a saddle node and
unstable in nature (FIG.4.1(a)). Again if y < 0 then Z’ < 0 for Z > 0 and Z’' > 0 for Z < 0.

So we conclude that for u < 0 the origin is a stable node, i.e., asymptotically stable in nature
(FIG.4.1(b)).

2. Critical Point As

The Jacobian matrix at As can be put as

-3 0 -3
J(A2)=1|0 -3 0f-: (4.34)
0 0 0

The eigenvalues of the above matrix are —3, —3 and 0. [1,0,0]” and [0, 1,0]” are the eigen-

. . T . . .
vectors corresponding to the eigenvalue —3 and [—%, 0, 1] is the eigenvector corresponding
to the eigenvalue 0. Since the critical point As is non-hyperbolic in nature, so we use Center
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Manifold Theory for analyzing the stability of this critical point. We first transform the
coordinates into a new system x = X, y =Y + 1, z = Z, such that the critical point As
moves to the origin. By using the eigenvectors of the Jacobian matrix J(As2), we introduce
another set of new coordinates (u, v, w) in terms of (X, Y, Z) as

u 10 2| |X
vl=10 1 0f|Y (4.35)
w 00 1||Z

and in these new coordinates the equations (4.22 — 4.24) are transformed into

u' -3 0 0] |u non
=10 =3 0| |v]| + |linear| - (4.36)
w' 0 0 0f |w terms

By center manifold theory there exists a continuously differentiable function h : R—R? such
that

u a1w? + agw? + O(w*
hw)y=| | =] ? Wiy (4.37)
v biw? + bow? + O(w?)
Differentiating both sides with respect to NV, we get
v = (201w + 3asw?)w’ + O(w?), (4.38)
v = (2bjw + 3bgw?)w' + O(w?) (4.39)

where a;,b; € R. We only concern about the nonzero coefficients of the lowest power terms in
CMT as we analyze the stability in arbitrary small neighbourhood of the origin. Comparing
coefficients corresponding to power of w both sides of (4.38) and (4.39), we get a; = 0,
ag = % and b; = A2 by = 0. So the center manifold can be written as

72
Ao 5
u = 15gY + O(w?), (4.40)
Ao, 4
vo= pw + O(w") (4.41)
and the flow on the center manifold is determined by
w = %w?’ + O(w). (4.42)

Here we see that the center manifold and the flow on the center manifold is completely same
as the center manifold and the flow which was determined in [609] and the stability of the
vector field near the origin depends on the sign of A. If A < 0 then w’ < 0 for w > 0 and
w’ > 0 for w < 0. So for A < 0 the origin is a stable node, i.e., asymptotically stable in
nature. Further if A > 0 then w’ > 0 for w > 0 and w’ < 0 for w < 0. So for A > 0 the
origin is a saddle node, i.e., unstable in nature. The vector field near the origin for both of
the cases is shown separately in (wu)-plane (FIG.4.2) and (wv)-plane (FIG.4.3). As the new
coordinate system (u, v, w) is topologically equivalent to the old one, hence the origin in
the new coordinate system, i.e., the critical point A in the old coordinate system (x, y, z)
is a stable node for A < 0 and a saddle node for A > 0.
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(+ve) u axis

center manifold

(-ve) w axis

NA

(-ve) u axis

(+ve) u axis

center manifold

/

(+ve) w axis (-ve) w axis

Kl

(-ve) u axis

(+ve) w axis

Figure 4.2: These figures show the vector field near the origin corresponding to A, in
(uw)-plane. The phase plot (a) is for A > 0 and (b) is for A < 0.

(+ve) v axis (+ve) v axis
R
iR ARV \
it center manifold ¥ / center manifold
v il
v 1
TR 7
1
(-ve) w axis (+ve) waxis  (-ve) w axis (+ve) w axis
Y £
2 <
A T = <
e M A A -
(-ve) v axis (-ve) v axis
(a) (b)

Figure 4.3: These figures show the vector field near the origin corresponding to A, in
(vw)-plane. The phase plot (a) is for A > 0 and (b) is for A < 0.
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3. Critical Point Az

The Jacobian matrix at the critical point As is same as (4.34). So the eigenvalues and
corresponding eigenvectors are also same as above. Now we transform the coordinates into
a new system x = X, y =Y — 1, z = Z, such that the critical point Ay transforms to the
origin. Then by using the matrix transformation (4.35) and after putting similar arguments
as above, the expressions of the center manifold can be written as

2

AT 3 5

= —— 4.4
u T0sY + O(w?), (4.43)
v o= —)\—211)2 + O(w?) (4.44)

T2 '

and the flow on the center manifold is determined by
/ A 3 4
W= s + O(w?). (4.45)

Here also the stability of the vector field near the origin depends on the sign of A\. Further
as the expression of the flow on the center manifold is same as (4.42), so we can conclude
as above that for A < 0 the origin is a stable node, i.e., asymptotically stable in nature and
for A > 0 the origin is unstable due to its saddle nature. The vector fields near the origin in
uw-plane and vw-plane are shown as in FIG.4.4 and FIG.4.5 respectively. Hence, the critical
point Aj is a stable node for A < 0 and a saddle node for A > 0.

(+ve) u axis center manifold  (+ve) u axis

I w1y +y W ~

e W | &
4
(-ve) w axis (+ve) w axis (-ve) w axis (+ve) w axis
J\
A
A “
Ao YTy 7 AN

(-ve) u axis center manifold (-ve) u axis

Figure 4.4: These figures show the vector field near the origin for the critical point As
in (uw)-plane. L.H.S. phase plot is for A > 0 and R.H.S. phase plot is for A < 0.
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W v L 5
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(-ve) w axis (+ve) w axis (-ve) w axis (+ve) w axis
e - e
1 F -
e Ty S I~
ifold N 7 R t ifold
center manifold A LA A i center manifo
. ESESEN
(-ve) v axis (-ve) v axis

Figure 4.5: These figures show the vector field near the origin corresponding to the
critical point Az in (vw)-plane. L.H.S. phase plot is for A > 0 and R.H.S. phase diagram
is for A < 0.

Case-(ii) p #0and A =0

In this case the autonomous system (4.22 — 4.24) changes into

3
¥ = -3z+ ix(l —2? -y - %z(l + 2% — y?), (4.46)
3
yo= Sul—a =y, (4.47)
2 = —zt (4.48)

We have also three critical points corresponding to the above autonomous system, in which
two are space of critical points. The critical points corresponding to this autonomous system
are C1(0,0,0), C3(0,1,2.) and C5(0,—1, z.) where z. is any real number. Note that the
critical point C5 is not physically meaningful. Corresponding to the critical points C1, Co
and C3 the eigenvalues of the Jacobian matrix are same as the critical points A1, Ao and Ag
respectively and also the value of cosmological parameters at C; and Cy are same as of A
and As respectively.

1. Critical Point Cy

The Jacobian matrix J(C1) for the autonomous system (4.46 — 4.48) at this critical point is
same as (4.25). So, all the eigenvalues and the corresponding eigenvectors are the same as
for J(C1). If we put forward argument like the stability analysis of the critical point A; then
the center manifold can be expressed as (4.31 — 4.32) and the flow on the center manifold is
determined by (4.33). So the stability of the vector field near the origin is same as for the
critical point Aj.

2. Critical Point Cy

The Jacobian matrix at the critical point Cy can be put as

-3 pze 0
J(C)=] 0 -3 0 (4.49)
—22 0 0

Cc
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T
The eigenvalues of the above matrix are —3, —3, 0. [1,0, %} and [0,1,0]7 are the eigen-

vectors corresponding to the eigenvalue -3 and [0, 0, 1]7 is the eigenvector corresponding to
the eigenvalue 0. To apply CMT for a fixed z., first we transform the coordinates into a
new system x = X, y=Y + 1, z = Z 4 z., such that the critical point is at the origin and
after that if we put forward argument as above to determine center manifold, then the center
manifold can be written as

X = 0, (4.50)
Y =0 (4.51)

and the flow on the center manifold is determined by
Z' = 0. (4.52)

So, the center manifold is lying on the Z-axis and the flow on the center manifold can not
be determined by (4.52). Now, if we project the vector field on the plane which is parallel
to XY-plane, i.e., the plane Z = constant (say), the vector field is shown as in FIG.4.6. So
every point on Z-axis is a stable star.

2. Critical Point C3

If we put forward argument as above to obtain the center manifold and the flow on the center
manifold, we will get the center manifold same as (4.50 — 4.51) and the flow on the center
manifold is determined by (4.52). In this case also we will get the same vector field as FIG.4.6.

From the above discussion, firstly we have seen that the space of critical points Cy and Cj
are non-hyperbolic in nature but by using CMT we could not determine the vector field near
those critical points and also the flow on the vector field. So, in this case the last eqn.(4.48) of
the autonomous system (4.46 — 4.48) did not provide any special behaviour. For this reason
and as the expressions of €y, wy and Wy depends only on z and y coordinates, we want to
take only the first two equations of the autonomous system (4.46 — 4.48) and try to analyze
the stability of the critical points which are lying on the plane, parallel to xy—plane, i.e., the
plane z = constant = ¢ (say). In z = ¢ plane the first two equations in (4.46 — 4.48) can be
written as

3
¥ = -3r+ 5:13(1 — 2% —9?) — gc(l + 22 — o), (4.53)

y = %y(l — 2" —y?). (4.54)
In this case we have five critical points F;, Fs, E3, FE4 and Fs5 corresponding to the
autonomous system (4.53 — 4.54). The set of critical points, their existence and the value
of cosmological parameters are shown in Table 4.3. The eigenvalues of the Jacobian matrix
at each critical points and their nature are shown in Table 4.4. Note that for critical point
E3, Qg = —% and for critical point Fy, Q4 = 1 — M%—EZQ. As 0 < Qp < 1 [642] and so
we can say that Fs is physically relevant only for ¢ = 0 and F4 is physically relevant while
0§1—M£§2 <1l = chSﬂorucg—S\/i
To avoid similar arguments which we have mentioned for analyzing the stability of the
above critical points, we only state the stability and the reason behind the stability of these
critical points in a tabular form, which is shown as in Table 4.5. Note that |uc| > 3 is
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Table 4.4: Table shows the eigenvalues (A1, A3) of the Jacobian matrix corresponding
to the critical points and the nature of all critical points (E; — Ej).

Critical Points A Ao Nature of Critical points
Ey -3 -3 Hyperbolic
Ey -3 -3 Hyperbolic

. . Non-hyperbolic for uc = £3
Es 1 (1+£2) 1(1-£2) and
hyperbolic for uc # +3

Non-hyperbolic for uc = +3

2 2 hyperbolic for pc # +3

Non-hyperbolic for uc = £3
Es AR AT 73*\/@ and

2 2 hyperbolic for pc # £3
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Z axis

Figure 4.6: This figure shows the vector field near about every point on Z—axis corre-
sponding to the critical points Cy and Cj.

the domain of existence of the critical point F4 and Es and due to this reason we did not
determine the stability analysis of the critical points E; and E5 while puc € (=3,3). In
FIG.4.8 by using Mathematica software, we have shown the vector field corresponding to the
autonomous system [4.53 — 4.54] for pc = —3. From this phase plot, we can conclude that
the stability of the critical points F1, Fs and Ej3 is same as the statements about the stability
which we have written in Table 4.5.

Case-(iii) p =0 and XA # 0

In this case the autonomous system (4.22 — 4.24) changes into

3 Ay?
¥ = —3x+ 53:(1 — 2% —9?) — %, (4.55)
3 Azyz
yo= py-at—yh) - =, (4.56)
2 = —z2t (4.57)

Corresponding to the above autonomous system we have three space of critical points P; (0,0, 2.),
P5(0,1,0) and P3(0, —1,0) where 2. is any real number. The value of cosmological parameters,
eigenvalues of the Jacobian matrix at those critical points corresponding to the autonomous
system (4.55—4.57) and the nature of critical points P;, P, and Ps are same as for the critical
points Ay, As and Ajs respectively, shown as in Table 4.1.
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Figure 4.7: These figures show the vector field near the origin corresponding to the
critical point F5. The phase diagram (a) is for uc = 3 and (b) is for puc = —3.

1. Critical Point Py

The Jacobian matrix at the critical point P, can be put as

-2 .00
JP)=1 0 3 0 (4.58)
—22 0 0

c

The eigenvalues of the above matrix are —%, % and 0, and [1, 0, %zE]T, [0,1,0]" and [0,0, 1]
are the corresponding eigenvectors, respectively. For a fixed z., first we shift the critical
point Py to the origin by the coordinate transformation + = X, y = Y and z = Z + 2,
and then if we put forward argument as above for nonhyperbolic critical points, the center
manifold can be written as (4.50 — 4.51) and the flow on the center manifold is determined
by (4.52). Similarly as above (the discussion of stability for the critical point Cy) we can
conclude that the center manifold for the critical point P; is also lying on the Z—axis but
the flow on the center manifold can not be determined. Now, if we project the vector field
on the plane which is parallel to XY-plane, i.e., the plane Z = constant (say), then we
get the vector field FIG.4.9. So every point on Z-axis is a saddle node. Further if we want
to obtain the stability of the critical points in the plane which is parallel to zy-plane, i.e.,
z = constant = ¢ (say), then we only take the first two equations (4.55) and (4.56) of the
autonomous system (4.55 — 4.57) and replace z by ¢. Then we can see that there exists three

hyperbolic critical points B1(0,0), Bs (—AGC, 1+ A§g2> and Bj <—)g:, —/1+ )‘?2’§2>. In
which Bj is not physically relevant. So by obtaining the eigenvalues of the Jacobian matrix
corresponding to the autonomous system at those critical points and using the Hartman-
Grobman theorem we only state the stability of all critical points and also write the value
of cosmological parameters corresponding to these critical points in tabular form, which is
shown as in Table 4.6.
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Table 4.5: Table shows the stability and the reason behind the stability of the critical
points (E; — Ej).

CPs Stability Reason behind the stability

Az hoth eigenvalues Ay and Az are negative and equal. By Hartman-
Ey, Es Both are stable star Grobman theorem we can conclude that the critical points E, and

E3 both are stable star.

For pe = -3 :
After shifting the this critical point into the origin by taking the
transformation # = X — &, y = Y and by using CMT, the CM is
given by X = - Y2 + O(Y*} and the flow on the CM is determined
by ¥ ' = 2V + (Y. ¥ <0 while Y < 0and for ¥V =0, V' = (.
S0, the critical point Ej is a saddle node and unstable in nature.

For pe =3 :
. The center manifold is given by X = ¥ + O(Y*) and the flow
Saddl le f =43, 5 ;o . .
E qahlsxnozgl;:;: :;{1‘;‘ or. < —3 on the center manifold is determined by ¥ = L:}'.i’"a +O(Y"). Y =0
T saddle node fl::r. _,J; - F;"‘ -3 o while ¥ < 0 and for ¥ = 0, ¥ = (I. So, the critical point Ej is a

saddle node for this case also.

For pe = 3 or, pe < =3
Both of the eigenvalues A; and Ay are negative and unequal. So by
Hartman-Grobman theorem the critical point s is a stable node.

For =3 < e < 3:
Ay is negative and Az is positive. So by Hartman-Grobman
theorem the critical point E3 is a saddle node.

For pe = 3 and pe = —3:
The expression of the center manifold and the flow on the center
manifold is same as the expressions for pe = 3 and pe = -3

E. E Both are saddle node for cases respectively of ;.
4 ]

pe € (=00, =3 U [3; o0) For pe > 3, or < =3 :
Ay is positive and Az is negative. Hence, by Hartman-Grobman
theorem we can conclude that the critical peints Ei and
Ex both are saddle node and unstable in nature.

For the critical points P and P, we have the same Jacobian matrix (4.34) and if we will
take the similar transformations (shifting and matrix) and using the similar arguments as

Ao and Ajs respectively, we conclude that the stability of P> and P3 is same as As and As,
respectively.

Case-(iv) u=0and A =0

In this case the autonomous system (4.22 — 4.24) changes into

3
¥ = -3r+ 53:(1 — 2% —9?), (4.59)
3
vo= Ju-at =), (4.60)
2 = —z2t (4.61)

127



Chapter 4. A Dynamical System Analysis of cosmic evolution with coupled phantom dark energy

with dark matter

0 # 2\ 10J opou d[(rIs
Ferr) = Bary) = (v pue (Fe+r)e- (B5+1)e- | vaa
() = 9\ 10} Iv)s O[qRIS

[l fa]
|

'q

aella]

m 0 peuruLILlepu () opou o[ppes

b #%m ?m °G fippqnig 4% Iy SdD

(8g — 1g) syutod eonyuo A10a9 09 Surpuods
-01100 sIvjomreIed [ROISO[OWISOD JO oN[eA puR AN[IGRIS ‘XLIJRUW URIGOIR[ oY) JO (%Y ‘Ty) son[eAusSId o) SMOUS d[qR], :9'F d[e],

128



Chapter 4. A Dynamical System Analysis of cosmic evolution with coupled phantom dark energy
with dark matter

7 /” x | % \\ N
- 7 VAR, R NN \\ AN ~
Yy i Lk \ NN N v
A A S A4 ] T AN Ll \ L N
v PV AV NN N N NN

o
X

Figure 4.8: This figure shows the vector field corresponding to the autonomous system
(4.53 — 4.54) for pc = —3.

Corresponding to the above autonomous system we have three space of critical points S (0, 0, z.),
S2(0,1, z.) and S3(0, —1, z.) where z. is any real number. The critical points S, S and S3 are
similar as C'1, Co and (5 respectively. In this case also all critical points are non-hyperbolic
in nature. By taking the possible shifting transformations (for 1 (z = X,y =Y, 2 = Z+ z.),
for So (r=X,y=Y +1,z2=2Z+z2)andfor S5 (x =X,y=Y — 1,2 =27+ 2.)) as above
we can conclude that for all critical points the center manifold is given by (4.50 — 4.51) and
the flow on the center manifold is determined by (4.52), i.e., for all critical points, the center
manifold is lying on the Z-axis. Further, if we take the projection of the vector field on
Z = constant plane, we can see that for the critical point S7 every points on Z-axis behave
as a saddle node (same as FIG.4.9) and for Sp and S3 every points on Z-axis are stable star
(same as FIG.4.6) and asymptotically stable in nature.

4.3.2 Model 2: Power-law potential and exponentially-dependent
dark-matter particle mass

In this consideration, evolution equations in Section 4.2 can be converted to the autonomous
system as follows

3 y? 3
¥ = —3z+ 5.@(1 —x? =) — y2 S §u(1 + 2% — y?), (4.62)
3 Azyz
y o= pyl-a? -yt - (4.63)
7 = —x (4.64)

We have five critical points L1, Lo, L3, L4 and Ls corresponding to the above autonomous
system. The set of critical points, their existence, and the value of cosmological parameters
at those critical points are shown as in Table 4.7 and the eigenvalues of the Jacobian matrix

129



Chapter 4. A Dynamical System Analysis of cosmic evolution with coupled phantom dark energy
with dark matter

Z axis

Figure 4.9: This phase diagram shows the vector field near about every point on Z—axis
corresponding to the critical point P;.

corresponding to the autonomous system (4.62 — 4.64) at those critical points and the nature
of the critical points are shown in Table 4.8.

Here we are only concerned about the stability of the critical points for g # 0 and A # 0
because for another possible cases we will get the similar types of results that we have obtained
for Model 1.

1. C'ritical Point Ly

The Jacobian matrix corresponding to the autonomous system (4.62 — 4.64) at the critical
point L; can be put as

-3 Vou -3
JIL)=|0 -3 0 (4.65)
0 0 0

The eigenvalues of J(L1) are —3, —3, 0 and [1,0,0]7, [—%,0, 1]T are the eigenvectors cor-
responding to the eigenvalues —3 and 0, respectively. Since the algebraic multiplicity cor-
responding to the eigenvalue —3 is 2 but the dimension of the eigenspace corresponding to
that eigenvalue is 1, i.e., algebraic multiplicity and geometric multiplicity corresponding to
the eigenvalue —3 are not equal. So, the Jacobian matrix J(L;) is not diagonalizable. To
determine the center manifold for this critical point, a problem arises due to the presence of
the nonzero element in the top position of the third column of the Jacobian matrix. First,
we take the coordinate transformation x = X,y = Y 4 1,z = Z which shift the critical
point L to the origin. Now let’s introduce another coordinate system that will remove the
term in the top position of the third column. Since, there are only two linearly independent
eigenvectors, so we have to obtain another linearly independent column vector that will help
to construct the new coordinate system. Since, [0, 1,0]7 is the column vector, linearly inde-
pendent to the eigenvectors of J(Lj), thus a new coordinate system (u,v,w) can be written
in terms of (X, Y, Z) as (4.35) and in this new coordinate system the equations (4.62 — 4.64)
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are transformed into

u’ -3 Véu 0| |u non
o]l =10 =3 ol |v]| + |linear]| - (4.66)
w' 0 0 0 |w terms

By similar arguments which we have derived in the stability analysis of the critical point
As, the center manifold can be written as (4.40-4.41) and the flow on the center manifold is
determined by (4.42). As the expression of center manifold and the flow are same as for the
critical point As, so the stability of the critical point L; is same as the stability of As.

2. Critical Point Lo

After shifting this critical point to the origin (by taking the shifting transformations (z =
X,y =Y —1,z = Z) and the matrix transformation (4.35) and by putting similar arguments
which we have mentioned for the analysis of L1, the center manifold can be expressed as
(4.43 — 4.44) and the flow on the center manifold is determined by (4.45). So the stability of
the critical point Lo is same as the stability of As.

3. Critical Point L3

The Jacobian matrix corresponding to the autonomous system (4.62 — 4.64) at the critical
point L3 can be put as

J(L3)= |3 [3 3 3 L 3 |- (4.67)
3 1- 3, —3(1—TQ> A3 8

The eigenvalues corresponding to the Jacobian matrix J(Lg) are shown in Table.4.8. From
the existence of the critical point L3 we can conclude that the eigenvalues of J(L3) always
real. Since the critical point L3 exists for p < —\/g or i > %,
stability in all possible regions of p. Due to this reason we will define the stability at four

possible choices of p for simplicity. We first determine the stability of this critical point at
0= :l:\/g . Then for p < —\/E we shall determine the stability of L3 at p = —+/3 and for

our aim is to define the

29
o> \/g , we shall determine the stability of L3 at p = v/3.

For pu = =£4/3, the Jacobian matrix .J(L3) converts into

S O W
o O O
o O O
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and as the critical point Lz converts into (F1,0,0), first we take the transformation x =
X F1l,y=Y,z = Z so that L3 moves into the origin. As the critical point is nonhyperbolic
in nature, we use CMT to determine the stability of this critical point. From center manifold
theory, there exist a continuously differentiable function h : R? — R such that X = h(Y, Z) =
aY? 4+ bY Z + ¢Z? + higher order terms, where a, b, ¢ € R. By taking differentiation both
sides with respect to N yields

dy

dX dN

T = [20Y +0Z bY +2c7] . (4.68)
az
dN

Comparing L.H.S. and R.H.S. of (4.68) we get, a = 1, b = 0 and ¢ = 0, i.e., the center
manifold can be written as

X = +Y? 4 higher order terms (4.69)

and the flow on the center manifold is determined by

dY A .

N - :|:§YZ + higher order terms, (4.70)
az 2 | 1

N = +7* + higher order terms. (4.71)

We only concerned about the non-zero coefficients of the lowest power terms in CMT as we
analyze an arbitrarily small neighborhood of the origin and here the lowest power term of the
expression of center manifold depends only on Y. So, we draw the vector field near the origin
only on XY-plane, i.e., the nature of the vector field implicitly depends on Z not explicitly.
Now we try to write the flow equations (4.70 — 4.71) in terms of Y only. For this reason, we
divide the corresponding sides of (4.70) by the corresponding sides of (4.71) and then we will
get

Y _\Y
dz 27’

7\ 2/
Z = <C’> , where C is a positive arbitrary constant.

After substituting this any of (4.70) or (4.71), we get

AY A i
AN 202/ ’

(4.72)

As the power of Y can not be negative or fraction, so we have only two choices of A, A =1
or A =2. For A =1 or, A = 2 both of the cases the origin is a saddle node, i.e., unstable in

nature (FIG.4.10 is for g = 1/3/2 and FIG.4.11 is for u = —/3/2). Hence, for = £4/3, in
the old coordinate system the critical point L3 is unstable due to its saddle nature.

For y = /3, the Jacobian matrix J(L3) converts into

O Nw olw
S Nl N
(>R PN
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(+ve) X axis (+ve) X axis
\;/\/ K center manifold A N \</\/ center manifold
A\ | A
A\ _'2| / 2 % j;lj
I [\T & A7 Ay 7
\ 4
(-ve) Y axis (+ve) Y axis (-ve) Y axis = (+ve) Y axis
-7
I : 7 A
U /\/\/\/\ /\/\ AlA
(-ve) X axis (-ve) X axis
Figure 4.10: These figures show the vector field near the origin for u = ‘%’ correspond-

ing to the critical point L3. L.H.S. phase plot is for A = 1 and R.H.S. phase plot is for
A=2.

(+ve) X axis (+ve) X axis
S| e VY. MM
VYL YO e
Y N
=
—
-
(-ve) Y axis (+ve) Yaxis  (-ve) Yaxis (+ve) Y axis
L i
1 5 3 A A N
1 Sl Y. N
L e | J
- AL L o | — A R
AT center manifold AL /<\ center manifold
(-ve) X axis (-ve) X axis

corre-
2.

Figure 4.11: These figures show the vector field near the origin for u = —\/g
sponding to Ls. L.H.S. phase plot is for A = 1 and R.H.S. phase plot is for A =

The eigenvalues of the above Jacobian matrix are —3(1 +v/3), —3(1 — v/3) and 0 and the
corresponding eigenvectors are [—+/3,1,0]7, [v/3,1,0]7 and [—%,O, l]T

w = /3, the critical point Lz converts into (—%, %, 0); so first we take the transformations

, respectively. As for

r=X— %, y=Y+ % and z = Z which shift the critical point to the origin. By using the

eigenvectors of the above Jacobian matrix, we introduce a new coordinate system (u,v,w) in
terms of (X,Y, Z) as

1 1 A
Ul 17nE 2 Tl | X
= 1 1 A
v 33 3 503 Y (473)
w 0 0 1 Z

135



Chapter 4. A Dynamical System Analysis of cosmic evolution with coupled phantom dark energy
with dark matter

and in this new coordinate system the equations (4.62 — 4.64) are transformed into

—u' 4+ S(1+v3) —-3(1-v3) 0| |u non
u 4+v | = —%(1 +/3) —%(1 —V3) 0| |v]| + |linear| - (4.74)
w’ 0 0 0| |w terms

Now if we add 1st and 2nd equation of the above matrix equation and then divide both sides
by 2, then we get v'. Further, if we subtract 1st equation from 2nd equation and divide
both sides by 2, we get v/. Finally, in the new coordinate system, the autonomous system in
matrix form can be written as

u —3(1+3) 0 0] |w non
v | = 0 —%(1 —V3) 0| |v]| + |linear| - (4.75)
w' 0 0 0 |w terms

If we put similar arguments which we have mentioned for the analysis of Ay, then the center
manifold can be expressed as

B 2 (V3 —1)A2 — 4\
u= ) { W }w2 + O(w?), (4.76)

2 (V34 1)A% 4 4)
v= 3(\/5_1){ W }w2+(’)(w3) (4.77)

and the flow on the center manifold is determined by

f = L’LU w
o= 24 0@w?). (4.78)

From the flow equation, we can easily conclude that the origin is a saddle node and unstable
in nature. The vector field near the origin in uw-plane is shown as in FIG.4.12 and the vector
field near the origin in vw-plane is shown as in FIG.4.13. Hence, in the old coordinate system
(x,y,2), for p = V/3 the critical point L3 is unstable due to its saddle nature.

Lastly, for s = —/3, we have the same eigenvalues —%(1—}—\/3), —%(1 —+/3) and 0 and the
corresponding eigenvectors are [v/3,1,0]7, [-v/3,1,0]” and [—%, 0, 1]T
After putting corresponding arguments which we have mentioned for u = v/3 case, then we
will get the same expressions (4.76 — 4.77) for center manifold and (4.78) for the flow on the

center manifold. So, for this case also we conclude that the critical point L3 is a saddle-node
and unstable in nature.

respectively of J(Ls).

4. Critical Point Ly

The Jacobian matrix corresponding to the autonomous system (4.62 — 4.64) at the critical
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Z 777 center manifold center manifold \_T\_ :
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(-ve) w axis (-ve) w axis
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Figure 4.12: These figures show the vector field near the origin in uw-plane for u = /3
corresponding to the critical points L3 and L,. For the critical point Ljz, the phase
plot (a) is for A < 0 or A > —=— and the phase plot (b) is for 0 < X < ¢§—1' For the

V3
critical point Ly, the phase plot (a) is for 0 < A < \/5471 and the phase plot (b) is for
4
A<Oor A> .
point L4 can be put as
9 3 (3 /3 A 3
& VTERE) 40-3)
J(Ly)=|_3 /3 3 3 L 3 |- 4.79
=12 3 /1- % -3(1-5%) ~EVi/1-% | WY
0 0 0

For this critical point also we analyze the stability for the above four choices of u, i.e.,
p==x %,,u:\/gand,u:f\/g.

For pu = i\/g , we will get the same expressions of center manifold (4.69) and the flow on
the center manifold (4.70 —4.71). So, for this case the critical point L4 is unstable due to its
saddle nature.

For ;1 = /3, after putting corresponding arguments as L3z, the center manifold can be
written as

2 (1—=V3ANZ+4x| 5
= +0 , 4.80
B 3(1+\/§){ 48v/6 v (w?) (4.80)

2 (V3+1DA2+40 | 5
= +0 4.81
Y 3(\/3—1){ 48v/6 v (w? (4.81)

and the flow on the center manifold is determined by

w' = \}in + O(w?). (4.82)
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By
. 4 7 = T
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Figure 4.13: These figures show the vector field near the origin in vw-plane for © = /3
corresponding to the critical points L3 and L4. For the critical point Ls, the phase plot

(a) is for A < —\/gﬂ or A > 0 and the phase plot (b) is for —\/§4+1 < A < 0. For the

critical point Ly, the phase plot (a) is for ——2— < X\ < 0 and the phase plot (b) is for

. V341
>‘<_\/§+1 or A > 0.

From the flow equation we can conclude that the origin is a saddle node and hence in the
old coordinate system L4 is a saddle node, i.e., unstable in nature. The vector field near the
origin in uw-plane is shown as in FIG.4.12 and the vector field near the origin in vw-plane is
shown as in FIG.4.13.

For ;1 = —+/3 we also get the same expression of center manifold and flow equation as for
u= \/§ case.

5. Critical Point Ls

First, we shift the critical point Ls to the origin by the transformation x = X — \/g wy=Y
and z = Z. For avoiding similar arguments which we have mentioned for the above critical
points, we only state the main results center manifold and the flow equation for this critical
point. The center manifold for this critical point can be written as

X =0, (4.83)
Y =0 (4.84)

and the flow on the center manifold can be obtained as

dz 2
N \/;MZ2 +0(23). (4.85)

From the expressions of the center manifold we can conclude that the center manifold is lying
on the Z-axis. From the flow on the center manifold FIG.4.14, we conclude that the origin
is unstable for both of the cases p > 0 or p < 0.
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origin

= direction of the flow on
the center manifold
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N\

N
N
/N

(a) (b)

Figure 4.14: These figures show the flow on the center manifold near the origin corre-
sponding to the critical point Ls. The phase plot (a) is for 1 > 0 and (b) is for u < 0.

4.3.3 Model 3: Exponential potential and power-law-dependent
dark-matter particle mass

In this case evolution equations in Section 4.2 can be written to the autonomous system as
follows

3 3
¥ = —3x+ 5:5(1 —2? -y - \/g)\yQ - %z(l + 2% — y?), (4.86)
3 3
yo= Sy(l—a -y - \/;:cy, (4.87)
2 = —z2l (4.88)

We have three critical points R;, Ro and R3 corresponding to the above autonomous system.
The set of critical points, their existence and the value of cosmological parameters at those
critical points corresponding to the autonomous system (4.86 — 4.88) shown in Table 4.9 and
the eigenvalues of the Jacobian matrix corresponding to the autonomous system (4.86 — 4.88)
at those critical points and the nature of the critical points are shown in Table 4.10.

Here we are also concerned about the stability of the critical points for p # 0 and A # 0
because for other possible cases, we will get the similar results that we obtained for Model 1.

To avoid similar types of argument, we only state the stability of every critical point and
the reason behind the stability in the tabular form, shown as in Table 4.11.

4.3.4 Model 4: Exponential potential and exponentially-dependent
dark-matter particle mass

In this consideration evolution equations in Section 4.2 can be written to the autonomous
system as follows

¥ = -3+ gx(l — 2% —9?) — \/g)\yz - \/g,u(l + 22 — o), (4.89)
3 3
y = Ey(l —z? =y - \/;)\:L'y. (4.90)

We ignore the equation corresponding to the auxiliary variable z in the above autonomous
system because the R.H.S. expression of 2’ and 3’ does not depend on z.
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Table 4.9: Table shows the set of critical points corresponding to the autonomous
system (4.86 — 4.88) their existence and value of cosmological parameters.

CPs | Existence | = Y z | Qy We Wrot q
Ry Vi and A 0 0 0] O | Undetermined 0 i
H 2
A 2 A2 A2 A2
Rs Y and A 7 1+ 5 0] 1 1—3 1—-3 5
a A A2 1 D G RN
Rs Vi and A 7 I+4% 0] 1 -5 -5 5
(+ve) Y axis (+ve) Y axis
7: center manifold  center manifold rr\—
1 I
e vy
— << > —=
(-ve) X axis - = (+ve) Xaxis (-ve) Xaxis = - —— (+ve) Xaxis
> & % iz
=l L
o L
] 1
=l L
=y p
(-ve) Y axis (-ve) Y axis

Figure 4.15: These figures show the vector field near the origin corresponding to the
critical point M;. L.H.S. phase plot is for u > 3 and R.H.S. phase plot is for u < 0.

Corresponding to the above autonomous system we have four critical points My, My, M3
and M,4. The set of critical points, their existence and the value of cosmological parameters
at those critical points corresponding to the autonomous system (4.89 —4.90) shown in Table
4.12 and the eigenvalues of the Jacobian matrix corresponding to the autonomous system
(4.89 — 4.90) at those critical points and the nature of the critical points are shown in Table
4.13.

Note that for the critical point M, we have written the eigenvalues in terms of a, b,
¢ and d, where a = —ﬁ()\2+3—)\u), b= $\/§<ﬁ+2) —3—pu(A—p), c =

Ty R =0 d = o (2 - ) -

Here we only stated the stability of every critical point (M; — M) and the reason behind
the stability in the tabular form, which is shown in Table 4.14.

From the Table 4.14, we see that M;, My and Ms are stable node (in some region of A or

w) although the point M; and M3 are not physically meaningful. Note that M;, My and M3
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Table 4.10: The eigenvalues (A1, Ay, A3) of the Jacobian matrix corresponding to the
autonomous system (4.86 — 4.88) at those critical points (R — R3) and the nature of
the critical points.

Critical Points A Ao A3 | Nature of critical Points
Ry — % % 0 Non-hyperbolic
Ry -3+ - (3 + )‘72> 0 Non-hyperbolic
R -3+ 2% - (3 + ’\72> 0 Non-hyperbolic

Figure 4.16: This figure shows the vector field corresponding to the autonomous system
(4.89 —4.90) for A\=1 and p = —1.

are stable for A =1, y = —1. Now let’s check that for A = 1 and p = —1 which of the critical
points are attracting the system. To see that we plot the vector field corresponding to the
autonomous system (4.89 —4.90) by using Mathematica software for A = 1 and y = —1. From
the phase plot (Fig.4.16) we can conclude that the ultimate fate of the system depends on
the initial position of it. More precisely, we can say that if the initial position of the system
is in the basin of attraction or on the stable manifold that asymptotically disembogues into
the basin of attraction of the critical point M; then the system is attracted by the critical
point M; for ¢ = 1,2,3. Also note that for hyperbolic case of My, the components of the
Jacobian matrix a,b,c and d are very complicated and after determining the eigenvalues, it
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Table 4.13: The eigenvalues (A1, A2) of the Jacobian matrix corresponding to the au-
tonomous system (4.89 — 4.90) at the critical points (M; — M,) and their nature.

CPs A Ao Nature of critical points

Hyperbolic if (12 — 2) # A,

My =G+w)  —W =5+
non-hyperbolic if (/LQ — %) =\
Hyperbolic if (A% + 3) # A,
2
My | —(3+ A% + A\ —<3+%>
non-hyperbolic if (A% 4+ 3) = A\u
Hyperbolic if (A\? + 3) # Ay,
Ms | —(3+ 22 + A\ —(3+A§>

non-hyperbolic if (A\? + 3) = A\u

Hyperbolic when p? — 2 > Ap

and A\? + 3 > Ay,
a+d++/ (a—d)2+4bc a+d—+/ (a—d)2+4bc

2 2

M,
non-hyperbolic when p? — 2 = A
or A2 +3 =My

is very difficult to provide any conclusion about the stability and for this reason we skip the
stability analysis for this case.
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Table 4.14: Table shows the stability and the reason behind the stability of the critical
points (M; — M,).

CPs Stability Reason behind the stability

For (p* — 3) > A, as both eigenvalues
of the Jacobian matrix at M, are negative, so by
Hartman-Grobman theorem we can conclude that
the critical point M, is a stable node.

For (i — 3) < Ap. as one eigenvalue is positive
and another is negative, so by Hartman-Grobman theorem
Stable node for (4 — 2) > we can conclude that the critical point Af; is a saddle node.

A, and For (u* — £) = Ap, after shifting the critical point
M to the origin by the coordinate transformation

saddle node for (p® — 2) < A
r (p z]'_ i (_r:X—ﬁ#_y=)’)_thecentermanihldcanbe“ﬁttenas

X = }_ﬁr’-@ﬂ{rs}
and the ﬂuwonthe_cemﬂ manifold can be determined as
&= ﬁ,}”+o(1f‘],
Hence. for both of the cases u > 0 and p < 0 the origin
is a saddle node and unstable in nature.

For (A + 3) > Au. as both eigenvalues
of the Jacobian matrix at M5 are negative, so by
Hartman-Grobman theorem we can conclude that
the critical point M3z is a stable node.

For (A* +3) < Au. as one eigenvalue is positive
and another is negative, so by Hartman-Grobman theorem
we can conclude that the critical point M2 is a saddle node.
Stable node for (A +3) > Ap
For (A% +3) = Ap, after shifting the critical point
M2, M3 and M, to the origin by the coordinate transformation
. X o A2 .
idle node for (A?+3) < Ap (:—X—ﬁ.y—}’:t:”‘l+?I‘thecentermamfo]dcanbe
. = 1 -2 3
written as Y = :le +O(X7)
and the flow on the center manifold can be determined as
3 "
X - gﬁ{n— S8 (1+5) 2 roxy.
Hence, for all possible values A due to the even power X

in the R.H.S. of the flow equation, the origin is
a saddle node and unstable in nature.

For p? — g = Ap, as M, converts into

Saddle node for both of the - e Ay, so we get the same stability like M.

M
. _;:2—;:=Apmhz+3=.\;:

For A% 4+ 3 = Ap as Mi converts into M2 and Ms,
so we get the same stability like M5 and M;.

145



Chapter 4. A Dynamical System Analysis of cosmic evolution with coupled phantom dark energy
with dark matter

4.3.5 Model 5: Product of exponential and power-law poten-
tial and product of exponentially-dependent and power-
law-dependent dark-matter particle mass

In this consideration evolution equations in Section 4.2 can be written to the autonomous
system as follows

A
¥ = -3x+ gm(l — 22—y - \/gx\yf - §y22 — \/g,u,(l + 2% —y?) — gz(l + 2% — y?),

(4.91)
3 3 A
/ — = 1 _ 2 _ 2 _ \/> _ 4
y =gyl —a”—y) S ALY — STYz, (4.92)
2 = —x22. (4.93)

To determine the critical points corresponding to the above autonomous system, we first
equate the R.H.S. of (4.93) with 0. Then we have either x = 0 or z = 0. For z = 0 then the
above autonomous system converts in to the autonomous system of Model 4. So, then we will
get the similar types of result as Model 4. When x = 0, we have three physically meaningful
critical points corresponding to the above autonomous system for p # 0 and A # 0. For
another choices of p and X like Model 1, we will get similar types of results. The critical
points are N1(0,0, —v/6), No(0,1, —/6) and N3(0, —1, —/6) and all are hyperbolic in nature.
Although the critical point N3 is not physically relevant because near this critical point the
universe contracts. Note that x and y coordinates of these critical points are same as Ay, As
and Asz and the value of cosmological parameters are not depending on z coordinate, so we
get the same result for the value of cosmological parameters as Aj, Ao and As respectively,
which are presented in Table 4.1.

1. Critical Point N

The Jacobian matrix corresponding to the autonomous system (4.91-4.93) at the critical point
Nj has three eigenvalues %, —% (3 + 9+ 48,u) and —% (3 -9+ 48,u,) and the correspond-

ing eigenvectors are [0, 1,0]7, [i (3+v9+48u) ,0, 1]T and [2—14 (3—+9+48u),0, 1]T, re-
spectively. As the critical point is hyperbolic in nature, so we use Hartman-Grobman theorem
for analyzing the stability of this critical point. From the determination of eigenvalues, we
conclude that the stability of the critical point N; depends on u. For u < —-%, the last two

48>
eigenvalues are complex conjugate with negative real parts. For p > —4%, all eigenvalues are
real.

For p < —%, due to presence of negative real parts of last two eigenvalues, xz-plane
is the stable subspace and as one eigenvalue is positive and this is corresponding to the y
coordinate, y-axis is the unstable subspace. Hence, the critical point N; is saddle-focus, i.e.,
unstable in nature. The phase portrait in xyz coordinate system is shown as in FIG.4.17.

For p > —%, always we have at least one positive eigenvalue and at least one negative

eigenvalue and consequently the critical point N;j is unstable due to its saddle node nature.
2. Critical Point Ny & N3

The Jacobian matrix corresponding to the autonomous system (4.91 — 4.93) at the critical
point No and N3 has three eigenvalues —3, —% (3 +v9+ 12)\) and —% (3 —V9+ 12/\) and

the corresponding eigenvectors are [0, 1,0]7, [% (3 +v9+ 12)\) , 0, l]T and
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Figure 4.17: This figure shows the phase portrait near the origin for the critical point
Ny in zyz coordinate system when p < —%. To draw the projection of the vector field
on xz-coordinate plane, we consider p = —1.

[% (3 —v9+ 12)\) , 0, 1]T, respectively. From the determination of the eigenvalue, we con-
clude that the last two eigenvalues are complex conjugate while A < —% and the eigenvalues
are real while \ > —%.

For \ < —%, we can see that the last two eigenvalues are complex conjugate to each other
with negative real parts and the first eigenvalue is always negative. Hence, by Hartman-
Grobman theorem we conclude that the critical points No and N3 both are stable focus-node
in this case. The phase portrait in xyz—coordinate system corresponding to the critical point
Ny is shown as in FI1G.4.18.

For —% < A <0, we can see that all eigenvalues are negative. So, by Hartman-Grobman
theorem we conclude that the critical points No and N3 both are stable node in this case.

For A > 0, we have two negative and one positive eigenvalues. Hence, by Hartman-
Grobman theorem we conclude that the critical points No and N3 both are saddle node and
unstable in nature.

4.4 Bifurcation Analysis by Poincaré in-
dex and Global Cosmological evolution

The flat potential plays a crucial role to obtain the bouncing solution. After the bounce, the
flat potential naturally allows the universe to penetrate the slow-roll inflation regime, as a
result of that making the bouncing universe compatible with observations. We can divide
the evolution of the universe with respect to the critical points into two groups: representing
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Figure 4.18: This figure shows the phase portrait near the origin corresponding to the

critical point Ny in xyz coordinate system when \ < —%. To draw the projection of

the vector field on xz-coordinate plane we consider A = —1.

generic and non-generic evolution. The generic evolution occurs,when there exists a family
of solutions satisfying given initial conditions, while the non-generic evolution takes place if
one particular solution exists for given initial conditions [544].

In Model 1 (4.3.1), for the inflationary scenario, we consider A and p very small positive
number so that V(¢) ~ Vj and Mpy; = My. The Eqn. (4.24) mainly regulate the flow
along Z-axis. Due to Eqn. (4.24) the overall 3-dimensional phase space splits up into two
compartments and the ZY-plane becomes the separatrix. In the right compartment, for
x > 0, we have 2/ < 0 and 2/ > 0 in the left compartment. On the ZY plane we have
2 = 0. For A\ # 0 and p # 0, all critical points are located on the Y-axis. As all cosmological
parameters can be expressed in terms of z and y, so we rigorously inspect the vector field on
XY-plane. Due to Eqn. (4.15), the viable phase-space region (say S) satisfies 32 — 22 < 1
which is inside of a hyperbola centered at the origin (FIG.4.19). On the XY -plane 2z’ =~ 0. So
on the XY -plane, by Hartman-Grobman theorem we can conclude there are four hyperbolic
sectors around A; (a-limit set) and one parabolic sector around each of Ay and Az (w-limit
sets). So, by Bendixson theorem, it is to be noted that, the index of A;|xy is 1 and the index
of As|xy and As|xy is —1. If the initial position of the universe is in left compartment and
near to the a-limit, then the universe remains in the left compartment and moves towards
w-limit set asymptotically at late time. Similar phenomenon happens in right compartment
also.

e The universe experiences a fluid dominated non-generic decelerating evolution near A;
for ;1 > 0 and a generic evolution for ;4 < 0. For the perturbation of sufficiently flat potential,
near Ay and As, a scalar field dominated de-Sitter non-generic and generic evolution occur
for A > 0 and A < 0 respectively.

The Poincaé index theorem [474] helps us to determine Euler Poincaré characteristic
which is x(S) = n — f — s, where n, f, s are the number of nodes, foci and saddle on S.
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Figure 4.19: This figure shows the vector field on the projective plane by antipodal
points identified of the disk.

Henceforward we consider ‘index’ as ‘Poincaé index’. If we confine the vector field of case-(i)
on XY-plane (5), then one may note that x(S) = 1. This flow is topologically equivalent to
a vector field on the projective plane, i.e., if we consider a closed disk on the XY -plane of
radius one and centered at the origin embedded in 3-dimensional phase-space, then we have
the same vector field on the projective plane by antipodal point identified (see FIG. 4.19).
On the other hand, the vertical flow along Z-axis regulates the character of the vector field on
z = constant(# 0)-plane, ergo the characterization of vector field changes from the previous
instance.

Using Bendixson theorem [474] we can find the index of non-hyperbolic critical points by
restricting the vector field on a suitable two-dimensional subspace.

o If we restrict ourselves on X Z-plane, A; is saddle in nature for ;¢ > 0. On the X Z plane
the index of A; is -1 for u > 0 as four hyperbolic sectors are separated by two separatices
around A;. For p < 0, there is only one parabolic sector and the index is zero (FIG.4.1). On
the Y Z plane A; swap its index with the index on X Z plane depending on the sign of pu.

So on the XZ plane near A; the universe transits its phase from matter dominated
decelerating phase to scalar field dominated de-Sitter phase when p crosses zero from negative
to positive, while on the Y Z plane generic scalar field dominated de-Sitter late time solution
is observed for p > 0 and A < 0 owing to the effect of the flow on center manifold (4.33).

On uv-plane the index Ay or As is 1 and does not depend on A\. On the uw and vw-plane
around Ao or As the number of hyperbolic sectors is four and there is no elliptic sector. So
each of the index of Ay and A3 (0rigin)|uw piane/vw plane 18 —1 for A > 0 and for A < 0 each
of the index is 1 as there is no hyperbolic or elliptic orbit.

A set of non-isolated equilibrium points is said to be normally hyperbolic if the only
eigenvalues with zero real parts are those whose corresponding eigenvectors are tangent to
the set. For the case (ii) to case (iv), we come by normally hyperbolic critical points as
the eigenvector [0 0 1]7° (in new (u,v,w) coordinate system), corresponding to only zero
eigenvalue, is tangent to the line of critical points. The stability of a set which is normally
hyperbolic can be completely classified by considering the signs of the eigenvalues in the
remaining directions. So the character of the flow of the phase space for each z = constant
plane is identical to the XY-plane in the previous case. Thus the system (4.22-4.24) is
structurally unstable [474] at A = 0 or p = 0 or both. On the other hand, the potential
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changes its character from runaway to non-runaway as A crosses zero from positive to negative.
Thus A = 0 and g = 0 are the bifurcation values[611]. However we do not detect any phase
transition of the universe near the bifurcation points Ay and Az. The universe is scalar field
dominated and has late time de-Sitter phase solution near these critical points.

Model 2 (4.3.2) contains five critical points L1 — Ls. Near L; the flow is unstable for
A > 0 and for A < 0, the flow on the center manifold is stable. Around Lo, the character of

the vector field similar to Ly. For p = :t\/g, the flow on the center manifold at L3 or Ly

depends on the sign of A (FIG.4.10 & FIG.4.11). For p > 0, the flow on the center manifold
at Ls moves increasing direction of Z. On the other hand, for u < 0, the flow on the center
manifold aims at decreasing direction of Z. The index of L; is indistinguishable from As.
For pu = :l:\/g and A = 1, the index of La|xyplane is —1 as there are only four hyperbolic
sectors. But for A = 2, there are two hyperbolic and one parabolic sectors, ergo the index is
zero. The index of L3 is indistinguishable from Lo. The index of Ly on ZX or XY plane is
zero as there are two hyperbolic and one parabolic sector for each > 0 and p < 0. So it is

to be noted that, for A = 0, i\/g and p = 0 the system is structurally unstable.

e Cosmological phase transition occurs at p = ++/3 near Ls or Ly. Near these points the
universe is in matter dominated era at ;1 = ++/3 but changes its phase to scaling solution as
1€ (—00, —V/3) or p € (V/3,00).

The universe experiences a scalar field dominated non-generic evolution near L; and Lo
for A > 0 and a scalar field dominated generic evolution for A < 0. Near L3 and L4, a scalar

field dominated non-generic evolution of the universe transpires at p =~ i\/g. At pt~0a
scaling non-generic evolution takes place near Ls.

Model 3 (4.3.3) contains three critical points Ry — Rs. R; is saddle in nature for all values
of . On the zy -plane the index of R; is same as A;. On the projection of the zy-plane Ro
and Rj3 are stable nodes for all values of \. On the center manifold at Ro or R3, the vector
field goes towards positive direction of Z-axis for A > 0 and goes towards negative direction
of Z-axis for A < 0. On the XZ or Y Z-plane, the index of Ry or Rj is zero due to there are
two hyperbolic and one parabolic sectors around each of them. Thus we note that, for 4 =0
and A = 0, the stability of the system bifurcate.

e We observe that no scaling solutions or a tracking solutions exist in this specific model
like in the quintessence theory. However, the critical points which describe the de-Sitter
solution, do not exist in the case of quintessence for the exponential potential. The universe
experiences a fluid dominated non-generic evolution near critical point R; and a scalar field
dominated generic evolution (u > 0) near critical point Re and Rz due to the flow on the
center manifold (see Table 4.11). For sufficiently flat potential, early or present phantom /non-
phantom universe is attracted towards ACDM cosmological model. However, for the generic
cases near R; the universe transits its phase from matter dominated decelerating late time
solution to non-generic scalar field dominated de-Sitter solution when p crosses zero from
negative to positive. Near Ry or Rs the universe asymptotic to phantom boundary due to
unstable nature of the flow on center manifold.

Model 4 (4.3.4) contains four critical points M; — My. Mj is stable-node for (u%— %) > AU

On the other hand, M, — My are stable node (index 1) for (A% +3) > A and (1 — 5) > Ap.
For other parameter values the stability of these points turn out to be saddle in nature.
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e It is to be noted that the evolution of the universe is generic in nature for ()\2 + 3) > A\l
and (u%— %) > Ap and non-generic otherwise. For generic case, we find the kinetic dominated
late time solution near M and scalar field dominated late time solutions near My and Ms.
Near M; we observe a scaling solution but as the parameters cross the bifurcation region
and enter into the saddle condition the non-generic evolution of the universe turns out to be
either scaling or scalar field dominated solution. On the other hand, the universe immerses
in the phantom phase from phantom boundary for perturbation of A at zero. So the phase
changes at the bifurcation line A = 0 (constant potential) and pu? > % At the bifurcation line
we acquire late time accelerating solution of the evolution of the universe near Ms and Ms.

Model 5 (4.3.5) contains three critical points Ny, Na, N3. For p < 3 the Shilnikov’s

-3,
saddle index [651] of Ny is vy, = % = 0.5 and saddle value is oy, = —pn, +7n, = 0.75. So
1

Shilnikov condition [651] is satisfied as vy, < 1 and oy, > 0. The second Shilnikov’s saddle
value is 01(31) = —2pn, + N, = 0. Accordingly, by L. Shilnikov’s theorem (Shilnikov, 1965)
[651], there are countably many saddle periodic orbits in a neighborhood of the homoclinic
loop of the saddle-focus Nj. As vy, is invariant for any choice of p, ergo Shilnikov’s bifurcation
does not appear.

However, for —% < pu < 0, the vector field near V; is saddle-node in nature. On the other
hand, Vi is saddle for g > 0. Thus, u = 0 and —13—6 are bifurcation values for the bifurcation
point Nj. Similarly, No and N3 change its stability from stable-focus to stable-node as A
Crosses —% to —% < A < 0 and stable-node to saddle-node as A crosses zero from negative to
positive. So, A = 0, —% turn out to be bifurcation values for the bifurcation points Ny and
Njs.

e It is to be noted that, for A < 0 we have scalar field dominated de-Sitter late time
generic solution of the universe near Ny or N3. But as A crosses zero to positive, the attractor
depends on the initial conditions of the universe and immerses in non-generic evolution. So
the evolution of the universe bifurcates from constant scalar field potential.

4.5 Brief discussion and concluding remarks

The present work deals with a detailed dynamical system analysis of the interacting DM and
DE cosmological model in the background of FLRW geometry. The DE is chose as a phantom
scalar field with self-interacting potential while varying mass (a function of the scalar field)
DM is chosen as dust. The potential of the scalar field and the varying mass of DM are chosen
as exponential or power-law form (or a product of them) and five possible combination of
them are studied.

Model 1: V(¢) = V0¢_/\’ My, (¢) = Mop™"

For case (i), i.e., p # 0, # 0; there are three non-hyperbolic critical points A, As,
As of which A; corresponds to DM dominated decelerating phase (dust era) while Ay and
Ag purely DE dominated and they represent the ACDM model (i.e., de-Sitter phase) of the
universe.

For case (ii), i.e., u # 0, A = 0; there is one critical point and two space of critical points.
The cosmological consequence of these critical points are similar to case (i).
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For case (iii), i.e., u = 0, # 0; there is one space of critical points and two distinct
critical points. But as before the cosmological analysis is identical to case (i).

For the fourth case, i.e., u = 0, A\ = 0; there are three space of critical points (51, S2, S3)
which are all non-hyperbolic in nature and are identical to the critical points in case (ii).
Further, considering the vector fields in Z = constant plane, it is found that for the critical
point S, every point on Z— axis is a saddle node while for critical points Sy and S3 every
point on Z—axis is a stable star.

Model 2: V(¢) = Voo, M,,,(¢) = Mye "#®

The autonomous system for this model has five non-hyperbolic critical points L;, i =
1,...,5. For L1 and Lo, the cosmological model is completely DE dominated and the model
describes cosmic evolution at the phantom barrier. The critical points Ls and L4 are DE
dominated cosmological solution (u? > 3) representing the ACDM model. The critical point
L5 corresponds to ghost (phantom) scalar field and it describes the cosmic evolution in
phantom domain (2u2 > 3).

Model 3: V(¢) = Vie ™% M, (¢) = Moo~

There are three non-hyperbolic critical points in this case. The first one (i.e., Ry) is
purely DM dominated cosmic evolution describing the dust era while the other two critical
points (i.e., Ro, R3) are fully dominated by DE and both describe the cosmic evolution in
the phantom era.

Model 4: V(¢) = Vie " M, (¢) = Mie "H®

The autonomous system so formed in this case has four critical points M;, : = 1,...,4
which may be hyperbolic/non-hyperbolic depending on the parameters involved. The critical
point M; represents DE as ghost scalar field and it describes the cosmic evolution in the
phantom domain. For the critical points Ms and Ms, the cosmic evolution is fully DE
dominated and is also in the phantom era. The cosmic era corresponding to the critical point
My describes scaling solution where both DM and DE contribute to the cosmic evolution.

Model 5: V(¢) = Vo~ re ™ M, (¢) = Mo~ He FH?

This model is very similar to either model 4 or model 1, depending on the choices of the
dimensionless variables x and z. For z = 0, the model reduces to model 4 while for x = 0 the
model is very similar to model 1 and hence the cosmological analysis is very similar to that.

Finally, using Poincaré index theorem, Euler Poincaré characteristic is determined for
bifurcation analysis of the above cases from the point of view of the cosmic evolution described
by the equilibrium points. Lastly, inflationary era of cosmic evolution is studied by using
bifurcation analysis.
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CHAPTER 5

A DYNAMICAL SYSTEM ANALY®SIS OF
BOUNCING COSMOLOGY WITH
SPATTAL CURVATURE

5.1 Prelude

The ACDM model is the simplest and very well-known cosmological model that describes the
evolution of the universe from the early inflationary paradigm to the present era of expansion.
Despite being successful, according to the largest part of the cosmology community, in describ-
ing the formation and evolution of the large scale structure in the universe, ACDM model has
a large family of challenges that have not been resolved. Also, it is not consistent with many
observations e.g. HO-tension [745], missing satellites [746], cosmological constant problems
[747], the initial condition of the universe before the inflationary era [723, 721, 724, 724, 718]
etc.

As the present observations are consistent with the expanding universe so it is reasonable
to choose a model of the universe which keeps expanding from the very beginning till the
present era [731]. However, from theoretical point of view, the universe may have an era
of contraction in the very early epoch before inflation or the universe may experience a
contracting phase at far future [740, 732, 741]. Friedmann equations tell us that for negative
spatial curvature, the universe is an ever-expanding model, for flat model the expansion
continues until the total energy of the universe is positive, for positive spatial curvature the
expansion will halt at a finite time and there will be a phase of contraction [700]. Further,
for a scalar field cosmology, there will have a contraction followed by an expanding era for
a range of values of the scalar field. Usually, in the contracting phase, the kinetic energy
of the scalar field increases, and it stands to dominate the evolution. Then there will be no
mechanism to halt this collapse leading to a singularity [730].

However, it will be interesting if by some mechanism the contraction can be halted and
again there is expansion - the bouncing model universe. If the bouncing phase occurs be-
fore the plank energy scale, then Einstein’s gravity may be chosen as an effective field theory.
Further, the existence of the bouncing solution depends on the spatial curvature of the space-
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time. For flat or open universe, bouncing phase is characterized by the null energy condition
while for closed model of the universe, the bouncing era occurs when the curvature term
balances the total energy of the universe. Thus there are two essential ingredients for the
bouncing scenario namely the positive spatial curvature and the scalar potential that gradu-
ally becomes flatter as the scalar field goes away from the minimum. It is to be noted that
the transition from expansion to contraction is possible due to positive spatial curvature.
Due to the suppression of the kinetic energy as the potential becomes sufficiently flat, the
scalar field slow-rolls over a flat part of the potential and as a result, there is an accelerated
contraction of the universe. Thus for the occurrence of the bouncing scenario, the positive
curvature term should balance the scalar field energy [738, 737, 736, 735, 734].

The present work deals with scalar field cosmology in the background of FLRW space-
time with positive spatial curvature. The potential of the scalar field is chosen to be flatter
as the scalar field goes away from the minimum. One can induce a transition from expansion
to contraction either by the spatial curvature. The scalar field continues to climb up the
potential after passing through the minimum potential and by converting most of the kinetic
energy to the potential energy. More specifically, for sufficiently flat potential (by suppressing
kinetic energy) the scalar field experiences a slow roll on a flat plateau of the potential, and
as a result, there will be an accelerated contracting phase of the universe. Further, if the
positive spatial curvature term is equivalent to the scalar field energy during this epoch then a
bouncing scenario will occur. Thus the accelerated contracting phase due to the flat potential
is very much relevant for the bouncing universe [700, 702].

From an observational point of view the bouncing model is not a universally accepted
model because positive curvature can at most be weakly supported by the latest CMB ob-
servation [721, 718] but in addition, when lensing and baryon acoustic oscillation constraints
are incorporated then the flat model is the best choice. However, if future observations favor
positive curvature then one may interpret it as the remnant of a contracting phase at the
very early universe, firstly, it is to be mentioned that there are few works in the literature
[716, 717] related to the cyclic universe where a negative cosmological constant and positive
spatial curvature were considered. Instead of the scalar field, they have used domain walls
for the requirement of the bouncing era.

The entirety of our work is swotted as follows: section 5.2 deals with the basic equations
of the present cosmological model. Also, the corresponding Einstein field equations, matter
conservation equations, and the condition for the bouncing scenarios are also presented in
this section. With a suitable choice of the variables the evolution, equations are converted
to an autonomous system in section 5.3. The non-hyperbolic critical points are analyzed
using center manifold theory and stability analysis has been discussed in the same section
5.3. We expound compactification and dynamics around the points at infinity in section
5.4. We present cosmological implications in a section 5.5. Finally, the brief discussion and
concluding remarks of the present work are proposed in section 5.6.

5.2 Basic Equations

In the background of Friedmann-Lemaitre-Robertson-Walker (FLRW) space-time with line
element

dr?

2 _ 2 2

+ r%(df? + sin? d®?)| , (5.1)
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in co-moving coordinates (¢, , 8, ¢), where a(t) is the scale factor and K is the spatial curvature
with L = 0,1, —1 corresponding to a flat, closed, or open universe, respectively. We consider
the Einstein-Hilbert action with a real scalar field ¢ [700],

5= [d'av=g (;R — 59" 00000 — V<¢>> , (5:2)

where R is the Ricci scalar and V(¢) is the scalar potential. Now the Friedmann equations
are given by

3 <H2 + C’;) = pg, (5.3)
2 (H - fz) = —(ps +ps), (5.4)

where the ‘dot’ denotes the derivative with respect to time, and H = % is the Hubble param-
eter. Here py and py are energy density and pressure of the scalar field having expression

py = %éQ +V(9), (5.5)
po= 58~ V(0). (5.6

Differentiate both sides of (5.3) with respect to ‘¢’ we get
6HH — GlCﬁ = Po-

and substituting the expression of H from second Friedmann equation (i.e., eqn. (5.4) in our
manuscript), we get the continuity equation of scalar field as follows

pe = —3H (py + pg)- (i)
Now differentiate both sides of (5.5) with respect to ‘t’ we get
P = 06+ V'()6. (ii)

Now adding the corresponding sides of (5.5) and (5.6) and substituting the value py + pg in
the right hand side of (i), we get
po = —3¢2H.

Putting this expression of pj in (ii), we get the evolution equation of the scalar field ¢ as
¢+3Ho+V'(¢) =0, (5.7)

where V/(¢) denotes differentiation of the scalar potential V' (¢) with respect to ¢. Now the
above field equations (5.3 — 5.4) can be rewritten as

3H? = pg + px,
2H = —(pg + py) — (pxc + pr)
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where
3K K
P = —?, and P = ? (510)

are energy density and pressure of the hypothetical curvature fluid having equation of state
parameter wig = —%. Thus the density parameter associated with the curvature fluid in the
above first Friedmann equations is given by [700]

Peurv K
Peritical a’H?

Q=

One may note from the first Friedmann equation (i.e., Eq.(5.3)) that for a given scalar field
energy density if the positive curvature term is significant then it gradually tries to reduce the
expansion of the universe. The expansion can even be stopped if the curvature term balances
the scalar field energy density. However, from the second Friedmann equation (i.e., Eq.(5.4)),
it is easy to see that at the very early era when ‘a’ is very small then positive curvature term
dominates over the kinetic energy of the scalar field and consequently H is positive (i.e., H
is increasing) and the universe is going through an expanding era. But with the expansion,
the scale factor gradually increases and at one stage the curvature term balances the kinetic
energy term of the scalar field and H vanishes at that instant. Subsequently, due to dominance
of the kinetic energy of the scalar field H becomes negative. So H gradually decreases and
then there are two possibilities (i) H reaches a minimum (where H > 0) and then again H
starts increasing indicating a bouncing era at minimum H, or (ii) H gradually decreases,
passing through zero and then becomes negative, indicating a contracting phase [700]. This
may be considered as an example how Einstein gravity may also describe a contracting phase
for which so far there are no observational predictions.

On the other hand, during the contracting phase the scalar field experiences a negative
friction contribution (anti-friction) and if |H| is assumed to be small compared to the mass
or characteristic curvature of the scalar potential. Then the friction (i.e., second term in
equation (6.18)) will be negligible compare to the acceleration term and the force term. So,
the evolution equation of the scalar field approximately becomes

- oV
o+ 36~ 0.

In particular, if V = %m2¢2 then the scalar field oscillates like a simple harmonic oscilla-
tor. Subsequently, when |H| becomes comparable to (or larger than) the characteristic mass
scale, then the kinetic term gradually grows rapidly and the universe enters the big crunch.
However, to avoid this ever-contracting evolution, one may note that during the simple har-
monic motion of the scalar field, the kinetic term temporarily vanishes at the two endpoints.
If the potential has a flat nature at the endpoints with V' (¢) > 0, then the evolution will be
dominated by the potential energy for a longer time. But as the kinetic term grows much
faster so at some epoch it balances the potential term and also the positive curvature term
and the Hubble parameter vanishes again. This phase is known as the bouncing era. Af-
ter this bounce, the universe again starts expanding. The well-known bouncing solution in
cosmology is the de-Sitter bounce solution given by

0= (5.

where K > 0 is the spatial curvature and A is the positive cosmological constant [700].
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5.3 Formation of the autonomous system:
critical point and stability analysis

We try to obtain a qualitative picture of this cosmological model, that’s why we adopt a
dynamical system approach and for that choose the following dynamical variables

o (5.11)

Y= V. (5.12)

V6H'
V3H'

z: f, (5.13)
1

(5.14)

U

By using these dynamical variables the cosmic evolution equation (in the last section) can be
written in an autonomous system as

dy ) ) \/§ v’

N = y(x* — Ku?) + 5 \ 7 )@Y (5.16)
dz 9

W = —Iz, (517)
du 9 9

together with N = Ina. Using dynamical variables, the first Friedmann equation (5.8) can
be rewritten as

Qi + 22+ 92 =1, (5.19)
where the density parameter due to the curvature term can be expressed as
_ P _ 2
It is to be noted that the dynamical variable u is proportional to the comoving Hubble
horizon. The amplitude of the scalar field ¢ is inversely related to the variable z. From
Eq.(5.19) we can clearly conclude about the meaning of the dynamical variables (5.11) and
(5.12): x? stands for the relative kinetic energy density of the scalar field while 32 stands for
its relative potential energy density of ¢ and the total relative energy density parameter due
to the scalar field can be written as [739]
_ 2,2
Q¢—W—x +y°. (5.21)

The equation of state parameter (wy) can be expressed as

_:c2—y2

-5 (5.22)

We
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and the equation of state parameter corresponding to the combined matter field is given by
Wtotal = xQ - y2- (523)

From (5.19), (5.20) and (5.21), we can conclude that the variables x, y, and u are not
independent, they are dependent by the constraint equation

z? +y? — 3Ku* = 1. (5.24)

This equation is nothing but the conservation of energy with proper scaling. In Proposition
(3), we have shown that (5.15), (5.16) and (5.18) are not independent, in other words Eq.(5.18)
can be obtained by using Eqgs.(5.15), (5.16) and the constraint equation (5.24). Thus we omit
equation (5.18) from the autonomous system and by substituting (from 5.24)

1
Ku* = g(x2 +y?—1)

into the right hand side of (5.15) and (5.16), we get the following modified autonomous system

d 3 !

% = -2z —/3 < V) y? — zy? + 22°, (5.25)
dy \/§ v’ 2 3

dz 9

Note that the scalar field model corresponds to stiff matter if potential energy (P.E.) is
negligible compared to kinetic energy (K.E.), while it corresponds to ACDM if kinetic energy
is negligible compared to potential energy. In between these two extreme cases radiation
will occur if K.E.=2 times the P.E. In that case the dimensionless variables z and ¥y are not
independent and the system becomes a 2D system. Also as we are interested in late time
cosmology so radiation is not taken into account.

To determine a suitable form of the autonomous system, we consider several choices
of the scalar field potential [742, 711, 712, 713, 714, 715, 743, 705, 706, 707, 709]. But
only for power-law [706, 707] V(¢) = Voo * and the exponential dependence [704, 705,
706, 707] as V(¢) = Vie ¥ where V,Vi > 0 and g, v are constant parameters, we get
the suitable form of the autonomous system. These two potentials are interesting because
we find that scalar-field potential is “nonlinear” (i.e., the scalar-field equation of motion is
nonlinear); usually it tends to be made from exponential of the scalar field. We have not
succeeded in determining the general solution of the scalar-field equation of motion (6.18),
but a special solution (cosmologically relevant) can be found (in which the scalar-field energy
density redshifts in a requisite manner). Somehow particularly, we find that this solution
dominates at large time and a study of phase space shows that it is an attractive, time-
dependent, equilibrium point [708].

5.3.1 Model 1: Power-law potential

At first we shall analyze the above dynamical system for power-law potential. The above
system of first order differential equations (5.25 — 5.27) reduces to an autonomous system.
The justification for such a power law form is that it satisfies the sufficiently steep condition
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namely I'" = % > 1. As a result the scalar field rolls down such a potential and favours

a common evolutionary path for a wide range of initial conditions [748, 742]. The form of
power law can be expressed as

V(g) = Voo .

Substituting this into the right hand side of Equation (5.25) and Equation (5.26) and then
the system (5.25 — 5.27) modifies to

dx ©oo 2 3

R YRy P 2 2
N x+2yz xy” + 227, (5.28)
d .

% =y— gacyz + 222y — o3, (5.29)
d

ﬁ — (5.30)

We have a total of five critical points corresponding to the autonomous system (5.28—-5.30)
out of which four are isolated critical points and another point is a line of the critical point.
The set of critical points and the value of cosmological parameters corresponding to the above
autonomous system are shown in Table 5.1.

Table 5.1: Table shows the set of critical points, the existence of critical points, and the
value of cosmological parameters corresponding to the autonomous system (5.28 —5.30):

CPs Existence x y oz | Q| Q We Wiotal | ¢
Cy |Foraluy#0] 0 1 0] 0 | 1 -1 -1 | -1
Cy |Foraluy#0| 0 -1 0] O 1 -1 -1 | -1
Cs For all 1 0O 0] O 1 1 1 2
Cy For all u -1 0 0] 0 1 1 1 2
Cs For all i 0 0 =z | 1 0 | Not applicable 0 %

STABILITY ANALYSIS
e The critical points C7 and Cy exist for all u # 0. Near these points the curvature is

negligible. These solutions are completely dominated by scalar field (24 = 1) which behaves
as cosmological constant (wiptqr = —1). The cosmic evolution near the points characterizes
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(+ve) w axis (+ve) w axis
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77/ﬁ—%
(-ve) w axis (-ve) w axis
(a) (b)

Figure 5.1: This figure shows the vector field near the origin corresponding to the
critical point C; for positive and negative values of the parameter p. (a) is for p < 0
and (b) is for p > 0. This figure indicates that for u < 0 the critical point C behaves
as a saddle node and for p > 0 the critical point C; behaves as a stable node.

the de-Sitter expansion (¢ = —1) of the universe. On the other hand, we note that |Qx| ~ 0.
Then from equation (5.9) we have H~ 0, i.e., the expansion rate H becomes constant.

The eigenvalues of the Jacobian matrix J(C1) (J(C2)) are Ay = —3, Ag = —2, and A3 =0
corresponding to the eigenvectors v() = [1,0,0]7, v(® = [0,1,0]7, and v(® = [%,O, 1]T
respectively. Since the Jacobian matrix has one zero eigenvalue so we use center manifold
theory to discuss the stability of the critical point. To apply center manifold theory, first,
we use the shifting transformation ¢ = X, y = Y £ 1, 2z = Z to transform the critical
point C1(Cs) into the origin. Next, we use a coordinate transformation u = Pv where u =
XY 217", v=[uvw?, P= [v(l) v V(3)]. From the calculation (see Proposition (4) in
the Appendix), the expressions of center manifold are given by u = 0 and v = $’7‘—;w2 +O(w?)
and the flow on the center manifold is determined by C‘ll—]l\”, = —%w3 + O(w?). Notice that the
flow on the center manifold depends on the sign of u. If yu < 0 then %’, > 0 for w > 0 and
j—}\‘} < 0 for w < 0. So, for u < 0 the origin is a saddle point, i.e., unstable in nature. Further
if 4 > 0 then j—}@ < 0 for w > 0 and g—}’\’, > 0 for w < 0. Thus for x> 0 the origin is a stable
node. The vector field near the origin for both of the cases are shown in figures (5.1) and
(5.2). It is to be noted that the new coordinate system (u, v, w) is topologically equivalent
to the old one, hence the origin in the new coordinate system, i.e., the critical point C1(C3)
in the old coordinate system (x, y, z) is a saddle point for u < 0 and a stable node for p > 0.

if we take the projection of the vector field in z = 0 plane, that is, on the xy-plane, we
can see that the system converges to the critical point C7(C2). Note that the eigenvalues of
the Jacobian matrix at the point C;(C3) are real and negative, it follows that the critical
points C1 and Cy are stable node and asymptotically stable in nature (see figure (5.3)).

Near C; and Cy the evolution equation (6.18) takes the form ¢+ V’(¢) ~ 0. So the scalar
field potential behaves as a simple harmonic oscillator and for ¢ > 0 the oscillation amplitude
decreases gradually due to the stability of the critical points.

e The critical points C3 and Cy exist for u € R. The critical points correspond to solutions
where the constraint equation (5.9) is dominated by the kinetic energy of the scalar field with
a stiff equation of state wy = 1. There exists a decelerating phase of the universe and we also
have |Qi| =~ 0 near these critical points. Then from equation (5.9) we have H is negative,
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Figure 5.2: This figure shows the vector field near the origin corresponding to the
critical point Cy for positive and negative values of the parameter p. (a) is for p < 0
and (b) is for g > 0. This figure indicates that for p < 0 the critical point Cy behaves
as a saddle node and for > 0 the critical point C5 behaves as a stable node.

i.e., the expansion rate H decreases.

The eigenvalues of the Jacobian matrix J(C3) (J(Cy)) are 4, 3, and 0 corresponding to
the eigenvectors [1,0,0]7, [0,1,0]7 and [0,0, I]T respectively. After applying shifting trans-
formation z = X + 1, y =Y and z = Z to the autonomous system (5.28 — 5.30) and then
by using the center manifold theory, the equation of center manifold can be expressed as
X =0, Y = 0. This implies that the center manifold completely lying on the Z axis and
the flow on the center manifold is determined by % = ¥Z2. Notice that % < 0 for both
of the cases Z > 0 or Z < 0 for the critical point C3, and % > 0 for both of the cases
Z > 0 or Z < 0 for the critical point Cy. From which one concludes that the critical point
C3(Cy) is a saddle node, that is, along the Z direction the orbits approach critical point C
for positive(negative) Z and move away from it for negative(positive) Z. The flow on the
center manifold is shown as in figure (5.4) which implies that the critical points C3 and Cy
are unstable due to its saddle-node nature.

Now if we take the projection of the vector field in z = 0 plane, that is, on the xy-plane,
the system diverges from the critical point C3(Cy4). Note that the eigenvalues are real and
positive which implies that the critical point C5(Cy) is unstable in nature due to the unstable
node type instability (see figure (5.3)).

If the kinetic energy grows much faster than the radiation, matter, or curvature to prevent
the kinetic energy from dominating the universe, the universe continues to contract until its
size becomes zero. So the Big Crunch may happen if the flow of the vector field goes towards
Cs or C4 asymptotically. As the critical points are saddle in nature, so to avoid the Big
Crunch we need to fine-tune the initial condition.

e The set of critical points C5 exist for all 4 € R. This set of critical points is normally
hyperbolic where the stability is confirmed by the signature of the remaining non-vanishing
eigenvalues. The constraint equation (5.9) is dominated by spatial curvature near this set of
points. In this case, the kinetic term is subdominant compared to the curvature contribution
in eq. (5.9). Then, for K > 0, H is positive, and the expansion rate H increases. On
the other hand, for K < 0, H is negative, and the expansion rate H decreases. Note that
the line of critical point Cs arises on the z axis so to determine the vector field near Cy
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Figure 5.3: Profile of the global analysis in finite phase space for several values of p.
This figure shows the projection of the vector field on the zy plane corresponding to
the autonomous system (5.28 — 5.30). The horizontal axis represents variable x and
the vertical axis represents variable y. This phase plot indicates that in xy plane the
critical points C and Cs behave as a stable node, C3 and C, behave as an unstable
node, and the critical point C5 behaves as a saddle node for all p.

Z-axis

@ origin
e flirection of the flow on
the center manifold

\
- 7

£ . i N\
< AN 7
(a) (b)

Figure 5.4: This figure shows flow direction on the center manifold corresponding to
the critical point C3 and Cy. (a) is for the critical point C3 and (b) is for the critical
point C4. The direction of the flow on the center manifold indicates that both of the
critical points are saddle-node in nature.
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we consider only the first two equations of the autonomous system (5.28 — 5.30) and taking
z = const. Due to presence of one positive and one negative eigenvalue corresponding to first
two equations of the autonomous system, by Hartman-Grobman theorem, we conclude that
the line of critical point Cs is a saddle point and unstable in nature (figure (5.5)) for all
. So depending on the initial condition there exists late time (along stable eigen direction)
decelerating dust-dominated universe.

The eigenvalues of the Jacobian matrix at all critical points corresponding to the au-
tonomous system (5.28 — 5.30) and the nature of critical points are shown in Table 5.2.

Table 5.2: Table shows the eigenvalues (A1, A2, A3) of the Jacobian matrix correspond-
ing to the autonomous system (5.28 — 5.30) at each critical points and the nature of
all critical points :

CPs A Ao A3 Nature of Critical points

i | -3 -2 0 Saddle node for ;< 0 and stable node for p > 0.

Co, | =3 =2 0 Saddle node for u < 0 and stable node for p > 0.

Cs 4 3 0 | Saddle node for all p (unstable node in zy-plane).

Cy | 4 3 0 | Saddle node for all p (unstable node in xy-plane).

Cs | =2 1 0 Saddle node for all p.

5.3.2 Model 2: Exponential potential

As before this choice of the potential simplifies the system of equations (5.25 — 5.27) into an
autonomous system. The choice of exponential potential corresponds to an extreme example
of quintessence [748, 742]. Exponential potential will remain subdominant if it was so initially.
Further, nucleosynthesis constraints the energy density of the quintessence field to be smaller
than the associated background energy density at the early era. The form of exponential
dependence can be expressed as

Vig) = Voe V?.
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Z axis

Z=constant

Figure 5.5: This figure shows the projection of the vector field near C5 on z = const.
plane. This phase plot indicates that the line of critical points C5 behaves as a saddle
node for all p.

Substituting this into the right hand side of Eq.(5.25) and Eq.(5.26) and then the system
(5.25 — 5.27) modifies to

dx 3 2 2 3

2 9 Co? - 2 31
I ac—i-\@uy xy” + 227, (5.31)
dy \/§ 2 3

v =Y 5Ty +2zy —y°, (5.32)
dz 9

We can see that the first two equations of the autonomous system (5.31 — 5.33) are
independent of the variable z. So when we are going to determine the critical points, we
can see that most of the physical meaningful critical points are lying on the xzy-plane. Thus
the last equation of the autonomous system, that is, equation (5.33) is not interesting to
provide the stability criteria of the critical points corresponding to the autonomous system
(5.31 —5.33). Further, note that the variable z can not impact physically on this model as all
the expressions of the cosmological parameters are independent of z. That’s why it is more
interesting if we consider z = 0 and analyze the stability of the critical points in zy-plane.
We have a total of seven physically meaningful isolated critical points corresponding to the
autonomous system (5.31 —5.32). The set of critical points corresponding to this autonomous
system and the value of cosmological parameters are shown in Table 5.3.

STABILITY ANALYSIS

e The critical point Py exists for all v. For this solution, the kinetic term is subdominant
compared to the curvature contribution in eq. (5.9). Then, for I > 0, H is positive, and the
expansion rate H increases. On the other hand, for K < 0, H is negative, and the expansion
rate H decreases.

The eigenvalues of the Jacobian matrix J(Py) are A\; = —2, and A2 = 1. Since J(Fp)
has no eigenvalue whose absolute value is equal to 0, the fixed point P is hyperbolic. Since
A1 < 0 and Ao > 0, thus by using the Hartman-Grobman theorem, we conclude that the
critical point Py is a saddle-node and unstable in nature (see figure (5.6)). depending on
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Table 5.3: Table shows the set of critical points, the existence of critical points, and the
value of cosmological parameters corresponding to the autonomous system (5.31—5.32)

CPs Existence x Y Q| Qg | we Wtotal q
Py For all v 0 0 1 0 NA 0 %
P For all v 1 0 0 1 1 1 2
I For all v -1 0 0 1 1 1 2
Py [For0<12<6| % /1-% | 0 |1 |%—1/%-1|3(%-2)
Py |[For0<12<6| % —\/1-%| 0 |1 |5—-1|%—-1|30*-2)
Pl Ralvgo |WE G [1-E | E b | <k |0
Fs For all v # 0 % % —% 1—% % —% —# %(1—%)

the initial condition there exists a late time (along stable eigen direction) decelerating dust-
dominated universe.

e Similar to the case of C3 and Cjy, the critical point P; and P, exist for all v and
correspond to the solutions where the constraint equation (5.9) is dominated by the kinetic
energy of the scalar field with a stiff equation of state wgy = 1. There exists a decelerating
phase of the universe and we also have Qx| &~ 0 near these critical points. Then from equation
(5.9) we have H is negative, i.e., the expansion rate H decreases.

The eigenvalues of the Jacobian matrix J(P;) are A} = 4, and A\g = 3 — \/gu. Notice
that the eigenvalue \; is always positive which implies that the critical point P; is always
unstable in nature but the type of instability is determined by the nature of the eigenvalue
Xa. The critical point P; is hyperbolic for ¥ # /6 and nonhyperbolic for v = /6. For
v < /6, the eigenvalue \y is positive which implies that the critical point P; is an unstable
node. For v > /6, we have Ay < 0 and consequently the critical point P; is a saddle node.
To determine the stability of P; for v = \/6, we use center manifold theory which we have

already applied to discuss the stability of the critical point C. To apply this theory, first,
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we use a shifting transformation (z = X + 1,y = Y) to transform the fixed point P; into
the origin. Then using the similar arguments that we have used to determine the stability
analysis of C1, we obtained that the expression of the center manifold is X = —%YQ +0O(Y?)
and the flow on the center manifold is determined by the equation g—}\/, = —%Y?’ + O(Y4).
Note that % < 0 while Y > 0 and Z—}\/, > 0 for Y < 0. This implies that the flow on the
center manifold is stable but the origin is a saddle node. As the transformed system (X,Y’)
is topologically equivalent to the old one, the critical point P; also exhibits saddle-node type
instability for v = V6. Hence, the critical point P; is a saddle-node for v > v/6 and unstable
node for v < v/6 (see figure (5.6)).
3

The eigenvalues of the Jacobian matrix J(P2) are \; = 4, and Ay = 3 + \/;y. Notice
that the eigenvalue \; is always positive which implies that the critical point P» is always
unstable in nature but the type of instability is determined by the nature of the eigenvalue
A2. The critical point P» is hyperbolic for v # —/6 and nonhyperbolic for v = —+/6. For
v > —+/6, the eigenvalue Ay is positive which implies that the critical point P, is an unstable
node. For v < —/6, we have A\s < 0 and consequently the critical point P is a saddle node.
To determine the stability of P, for v = v/6, we use center manifold theory and to apply this
theory, first, we use a shifting transformation (zr = X —1,y = Y) to transform the fixed point
P; into the origin. Then the expression of the center manifold is given by X = %YQ +0O(Y?3)
and the flow on the center manifold is determined by the equation g—}\/, = —%Y?’ + O(Y*4).
Note that % < 0 while Y > 0 and % > (0 for Y < 0. This implies that the flow on the
center manifold is stable but the origin is a saddle node. Hence, the critical point P, is a
saddle-node for ¥ < —+/6 and unstable node for v > —/6 (see figure (5.6)).

So the Big Crunch can be avoided for —v6 < v < /6 due to the instability of the critical
points. One may note that depending on the initial condition there exists a late time (along
stable eigen direction) kinetic dominated decelerating universe.

e The fixed point P3 and P; exist for v2 < 6. Varying v we get a non-isolated set of critical
points which are completely dominated by kinetic energy (€24 = 1 and b # 0). The DE can
represent either quintessence or any other exotic type fluid depending on the parameter v.
Specially, the depletion v? < 2 (v # 0) implies that the scalar field behaves as quintessence
like fluid and there exists an accelerated universe (since for this case, —1 < wyptar < —%, q<0)
near these critical points whereas the scalar field DE behaves as dust for v? = 3 (wgs = 0)
and in this case the solutions insinuate dust-dominated decelerating phase (wiptqr = 0, ¢ =
%, Qx =0, Q4 =1) of the cosmic evolution.

The eigenvalues of the Jacobian matrix J(Ps) are A; = —2+ 1%, and Ay = §(v?—6). The
critical point Py is hyperbolic for v # 4v/2, 416 because \; = 0 for v = +v/2 and Ay = 0
for v = +v/6. Consequently, the critical point P; is nonhyperbolic if v = +v/2 or v = +/6.

Hyperbolic case (u £ 4+/2, :l:\/é): As the region of existence of the critical point is
—V6 < v < /6, to determine the stability of this critical point in this case, we consider
three intervals (i) —v6 < v < —v/2, (ii) —v2 < v < V/2, and (iii) v2 < v < v/6. For
v € (—V6,—v/2), we have A\; > 0 and )\ < 0, it follows that the critical point P is a saddle
node and unstable in nature. For v € (—ﬂ, \/i), we can see that A\, As < 0 and this implies
that P; is a stable node and asymptotically stable in nature. Lastly, for v € (v/2,/6), we
have Ay > 0 and A9 < 0, thus in this interval of v the critical point Pj is a saddle-node and
unstable in nature (see figure (5.6)).

Nonhyperbolic case (y =vV2orv=—2o0rv=+v6orv= —\/6):

We use the center manifold theory to determine the stability of P; for this case. To
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apply this theory, first, we use a shifting transformation <:n =X+ ﬁ, y=Y +4/1— ”62>

to transform the critical point Pj into the origin. Next, we use a coordinate transformation
u = Pv where u = [X Y], v =[U V], P = [v1 v2] and v1, and vz are the eigenvectors
corresponding to the eigenvalues A;, and Ay respectively. For v = v/2, the equations of center
manifold is given by U = \/§V2 +O(V3), and the flow on the center manifold is determined

by 5 = 4v/6V% + O(V?). Note that 9 > 0 for V > 0 or V < 0 which implies that the
origin is a saddle-node and unstable in nature (see figure (5.6)). For v = —+/2, the expression
of the center manifold and the flow on the center manifold are the same as of v = /2 case
and consequently, the origin exhibits a similar type of stability in this case also. For v = /6
the critical point P3 converts into P; and for v = —/6, P converts into P, and the stability
analysis of these critical points already discussed.

The eigenvalues of the Jacobian matrix J(Py) are A; = —2+1%, and Ay = 5(v?—6). The
critical point Py is hyperbolic for v # :tﬂ, +1/6 because \; = 0 for v = £v/2 and Ay = 0
for v = +1/6. Consequently, the critical point P4 is nonhyperbolic if v = +1/2 or v = ++/6.

Hyperbolic case (u £ 4+/2, j:\/é): As the region of existence of the critical point is
—v6 < v < /6, to determine the stability of this critical point in this case, we consider
three intervals (i) —v6 < v < —v/2, (ii) —v2 < v < V/2, and (iii) v2 < v < v/6. For
v € (—v6,—+/2), we have A\; > 0 and Ay < 0 which implies that the critical point Pj is a
saddle node and unstable in nature. Now while v € (—v/2,1/2), we can see that A, Ay < 0
and this implies that Py is a stable node and asymptotically stablein nature. Lastly, for
v € (v/2,v6), we have \; > 0 and Ao < 0 which implies that the critical point Py is a
saddle-node and unstable in nature (see figure (5.6)).

Nonhyperbolic case (u =v2orv=—20rv=+vV6orv= —\/6):

We use the center manifold theory to determine the stability of P, for this case. To

apply this theory, first, we use a shifting transformation <a: =X+ \Lf, y=Y —/1— ”62>

to transform the critical point P, into the origin. Next, we use a coordinate transformation
u = Pv where u = [X Y], v = [U V], P = [v1 v2] and vy, and va are the eigenvectors
corresponding to the eigenvalues A;, and Ay respectively. For v = v/2, the equations of center

manifold is given by U = —\/g V24+0(V3), and the flow on the center manifold is determined

by V! = —4y/6V? + O(V3). Note that V' < 0 for V > 0 or V < 0 which implies that the
origin is a saddle-node and unstable in nature (see figure (5.6)). For v = —/2, the expression
of the center manifold and the flow on the center manifold are the same as of v = /2 case
and consequently the origin exhibits the similar type of stability in this case also. For v = /6
the critical point P; converts into P; and for v = —/6, P, converts into P, and the stability
analysis of these critical points already discussed.

Therefore, one can conclude that the points P3 and P, correspond to kinetic dominated
solutions which behaves as quintessence like fluid (v? < 2) and there exists an accelerated
universe at late times, although cosmological coincidence problem can not be alleviated by
these points. On the other hand, late time decelerated solution (2 < v? < 6) depending on
the initial condition of the autonomous system of model 2.

e Scaling solutions represented by the critical points Ps and Py exist for all v £ 0. Varying
v we get a non-isolated set of critical points where the nature (hyperbolic or normally-
hyperbolic) of points depending on the values of v. Near these critical points scalar field

DE behaves as quintessence boundary (wy = —3). As 0 < Q4 < 1 when K < 0 (from
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where F, is a saddle node, P, and P, are unstable node, P; and P, are stable node,

and P5; and Py are saddle node, (e) corresponds to v =1 : P, is a saddle node

and vertical axis represents variable ‘y’. (a)

corresponds to v = —/6 : Py and P, are saddle node, P, is an unstable node, and

Ps and Py are spiral sink, (b) corresponds to v = —v/2 : Py, P; and P, are saddle
node, P, and P, are unstable node, (c) corresponds to v =0 : Fy is a saddle node, P,
and P, are unstable node, and P; and P, are stable node, (d) corresponds to v

Figure 5.6: Profile of the global analysis in finite phase space for several values of v.
X

The horizontal axis represents variable

P, and

b

and Ps and Py are saddle node, (f)

Py, P3 and P, are saddle node, P, and P» are unstable node,

P, are unstable node, P; and P, are stable node,

V2

(g) corresponds to v = 2 : Py, P3 and P, are saddle node, P, and P, are unstable node,

corresponds to v

V6 : Py and P; are saddle node,

P; is an unstable node, and Ps and Py are spiral sink, and (i) corresponds to v = 3 :

Py and P; are saddle node, P, is an unstable node, and P5; and Fy are spiral sink.

and Ps; and Py are spiral sink, (h) corresponds to v
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eq.(5.24)), so for cosmological viability the parameter v must satisfy 2 > 2. In this case,
there exists always a decelerating universe. On the other hand, for IC > 0 there exists an
accelerating universe when v? < 2. Cosmic coincidence problem can be alleviated by these
points depending on the values of v.

The eigenvalues of the Jacobian matrices J(P5) and J(FPs) are same and those are A\; =

_ 2 /(R_— 2\,,2 2 /(_ 2Y,,2
W, and Ay = %. Thus the critical points P5 and Py are hyperbolic

for v #£ ++/2 and nonhyperbolic for v = +v/2. For v? < 2, we can observe that A\; > 0 and
Ao < 0 which concludes that Ps and P saddle point and unstable in nature. For 2 < 12 < %,
we can see that A1, A2 < 0 which implies that the critical points P5 and Py are asymptotically
stable in nature due to the stable node type stability. For v? > %, the eigenvalues are complex
conjugate to each other with negative real part which implies that the critical points P5 and
Ps are spiral sink and asymptotically stable in nature (see figure (5.6)). For v = ++/2,
the coordinate of P5(Pg) is the same as of P3(Py) for v = ++/2 and the stability analysis
corresponding to these two cases already discussed. From the discussion, we conclude that
P5 and Py both are saddle-node and unstable in nature for v = ++/2. The eigenvalues of the
Jacobian matrix at all critical points corresponding to the autonomous system (5.31 — 5.32)
and the nature of critical points are shown in Table 5.4.

Therefore, the kinetic dominated solution at v? = 2 is saddle-node in nature. For suffi-
ciently flat potential 2 < 2 one may get accelerating universe at late time depending on the
initial condition of the model 2. Depending on some parameter restrictions, the decelerating
universe is the late-time attractor describing by these points.

If we consider our analysis in the three-dimensional coordinate system, that is, in (x,y, 2)
coordinate system, then we can observe that for all possible cases, the critical points are
nonhyperbolic in nature. To determine the stability of the critical points by applying the
center manifold theory, we conclude that for all critical points, the center manifolds are lying
on the z-axis and the flows on the center manifold are unstable in nature.

5.4 Compactification and the dynamics
around the critical points at infinity

The idea to compactify the space R™ by the addition of points at infinity and to map them
into finite points is frequently used in the setting of two-dimensional differential equations
[725, 726, 727]. An early study of analyzing the global behavior of a planar dynamical
system via compactification was carried out by Bendixson using the stereographic projection
of the sphere (often called Bendixson sphere) onto the plane. However, this stereographic
projection has the drawback of obliterating the “different directions at infinity” [728]. French
mathematician Henri Poincaré overcame this difficulty by projecting R? onto the Poincaré
hemisphere through its center.

In this compactification scheme, we draw straight lines starting from the center of the
unit sphere S? = {(X,Y,Z) € R3 | X2 +Y? + Z2 = 1} to wy-plane which is tangent to S? at
either the north or south pole. It is to be noted that each straight line meets the unit sphere
once and the zy plane once. Let a straight line intersects the sphere at (X1,Y1, Z1) and the
xy-plane at (z1,y1), then our projective transformation is realized by the transformation

X1 Y1

- - = 5.34
Tl Zlv Y1 Z1 ( )
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Table 5.4: Table shows the eigenvalues (A1, Ag) of the Jacobian matrix corresponding
to the autonomous system (5.31 — 5.32) at each critical points and the nature of all
critical points :

CPs A Py Nature of Critical points
B, -2 1 Saddle node for all v.
3 Saddle node for v > /6 and
P1 4 3 — SV
2 unstable node for v < /6.
Saddle node for v < —v/6 and
P. 4 3 =
2 3Hy/2Y unstable node for v > —/6.
Stable node for v? < 2 and
_ 2 10,2
Py 2+v 3(v" = 6) saddle-node for 2 < v? < 6.
Stable node for v? < 2 and
_ 2 10,2
P 2+v (V" —6) saddle-node for 2 < v? < 6.
) s ) ~— | Saddle node for v? < 2, stable node
p | 27 1(2_3” W S_gy v for 2 < 1? < %, and
stable focus if 12 > 3.
o e Y reriry Saddle node for v? < 2,
P | =X l(/; i 1527 il stable node for 2 < 1?2 < %,
and stable focus if v? > 3.
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So an arbitrary point (z,y) on the xy-plane can be expressed uniquely by a point (X, Y, Z)
on the upper/lower half of the sphere as (5.34) [728]. This scheme has the advantage that
the critical points of different directions at infinity are spread out along the equator of the
sphere.

Given an autonomous system of differential equations on R?

7' = P(z,y), (5.35)
v =Q(z.y) (5.36)

where P and (@) are polynomial functions of z and y. We can write (5.35) and (5.36) in the
form of a single differential equation

dy _ Q(z,y)
dv  P(z,y)
which yields

Now for any point (z,y), using (5.34), we obtain

dr — ZdXZ—QXdZ’ dy — ZdYZ—ZYdZ' (5.39)
Hence, the differential equation (5.37) can be represented as
Q(ZdX — XdZ) — P(ZdY —YdZ) =0 (5.39)
where
P=P(x,y)=P(X/Z2,Y/Z)
and

Q=Q(z,y)=Q(X/2,Y/Z).
Let m be the maximum degree of the terms in P and . We multiply both side of the
equation (5.39) by Z™ to eliminate Z from the denominator and obtain

ZQ*dX — ZP*dY + (YP* — XQ*)dZ =0 (5.40)

where

PYX,Y,Z)=Z"P(X/Z,Y/Z)

and
QN(X,Y,2)=72"Q(X/Z2,Y/Z)

are polynomials in (X,Y, 7).

The equator of S? can be expressed by {(X,Y,0)|X?% + Y? = 1}. So, the critical points
of (5.40) on the equator of S? where Z = 0 are given by the equation

XQ*-YP =0. (5.41)
On the equator of the Poincaré sphere we can derive
XQ"-YP" = XQuX,)Y)-YP,(X,)Y) (5.42)
= S (say),
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where Py, and @Q,,, are homogeneous m!" degree polynomials in  and y of the system (5.35) —
(5.36). So the critical points at infinity are the set {(X,Y,0) | X2+Y2 =1and S = 0}. Here
we do not consider the Eq.(5.30) of the autonomous system (5.28 — 5.30) and Eq.(5.33) of
the autonomous system (5.31 —5.33). It is to be noted that we get vanishing center manifold
equation and vanishing flow near the point at infinity for both of the models for the two
equations (5.30) and (5.33). So it is convenient to study the characteristics of the vector field
on zy plane for the autonomous systems (5.28 — 5.30) and (5.31 — 5.33). Then both of the
above autonomous systems can be converted to the following two-dimensional system

d
dTa\cf = 2z — ay? + 223, (5.43)
dy

For the autonomous system (5.43 — 5.44), we obtain the equation (5.41) as
XQ3(X,Y)-YP(X,Y) = X(2X%Y - V?) -V (-XY? +2X3) = 0. (5.45)
Hence, the critical points on the Poincaré sphere are (X, Y., 0) with X2 + Y2 = 1.

It is to be noted that the critical points are non-isolated in nature and the flow in a
neighborhood of any critical point (X,, Y., 0) on the equator of the Poincaré sphere S2,
except the points (0,+1,0), is topologically equivalent to the flow defined by the following

system
L e (L0 _ymg (L
dN w w w’ w
(5.46)
Ldo _ map (L0
dN w’ w
where
P l,g — _z_ﬁ_i_i?
w’ w wo wd wd
o(L.2) = vy,v v
w’ w w w3 w3
or equivalently,
d
qu\]f = 3vw?, (5.47)
dw
— = 2w+ 2w + v*w. A
N w + 2w + viw (5.48)

by considering negative signs. Note that (v.,0) is non-isolated critical points for the
above system (5.47). The eigenvalues of the Jacobian matrix at (v., 0) are 0 and —2+v2. For
lve] < 1, we get so —2+v2 < 0 which follows that the vector field near the critical point (v, 0)
is stable along w axis. On the other hand, for w # 0 and v > 0, we have form equation (5.47)
that j—;\’[ > (0 and for v < 0, we have j—]\’, < 0. One may note that the flow comes towards
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the line of critical points rapidly compare to it goes away from the critical line. So we can
conclude that except the points (0, £1,0), the other non-isolated points on the equator of the
Poincaré sphere are saddle node (see figure (5.7(a))) in nature and cosmological bounce may
happen near the points at infinity (see section 5.5.3).

Similarly, the flow in a neighborhood of any critical point (X.,Y,0) on the equator of
the Poincaré sphere S2, except the points (£1,0,0), is topologically equivalent to the flow
defined by the following system

du u 1 u 1
bl m 2 2 wmp (2=
an ~— " Q(w’w) v <w’w>

(5.49)
dw u 1
:l:i — m+1 _
an ~ " @ <w’ w>
where
1 3
P<U,> R L
w’ w wow w
u 1 I e |
Q<w’w) = w i
or equivalently,
d
ﬁ = 3uw?, (5.50)
d
% = —w + 2u?w + w?. (5.51)

by considering positive signs. Notice that (u.,0) is non-isolated critical points for the

above system (5.50). The eigenvalues of the Jacobian matrix at (u.,0) are 0 and —1 + 2u2.

Since |ue] < 1so —1 < —1+ 2uz < 1 which follows that the vector field near the critical

point (uc,0) is repelling along w axis if \% < U <lor—-1<u < —\% and attracting
1

along w axis if —% < U < 75 On the other hand, for w # 0 and u > 0, we have form

equation (5.50) that 9% > 0 and for u < 0, we have 9% < 0. One may note that the flow
comes towards the line of critical points rapidly compare to it goes away from the critical
line (see figure (5.7(b))). So the vector field near the (:l:%,()) are also saddle in nature.

Cosmological bounce may take place near the points at infinity when the non-isolated critical
points on the equator of the Poincaré sphere are saddle in nature (see section 5.5.3).

5.5 Cosmological Implication

5.5.1 Cosmological Implication for Model 1

For the critical points C and Cs, as along the eigen-direction of x, x decreases to 0 so qS — 0.
This implies ¢ = const. and it indicates that the scalar field behaves as a cosmological
constant. Further due to the presence of negative eigenvalue corresponding to y coordinate,
along the eigen-direction of y, y — £1 which follows that V(¢) — 3H? = Constant. So we
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wﬂ wT

wo

Figure 5.7: Vector fields near non-isolated critical points except (0,41,0) are shown
in figure (a), and vector fields near non-isolated critical points except (£1,0,0) are
shown in figure (b) on the equator of the Poincaré sphere.

have the Hubble parameter to be constant. Thus the scale factor grows exponentially. Hence,
the critical points described the quasi-deSitter expansion in the early inflationary era.

Now from the stability analysis of C; and C5, we have that z — 0 for 4 > 0, 2z = o
for ;4 < 0 along the eigen-direction of z which implies that ¢ — oo for g > 0 and ¢ — 0 for
< 0. Thus for p < 0 the scalar field behaves as a cosmological constant and for p > 0 the
observation is not cosmologically significant.

For the critical points C'3 and Cy, as along the eigen-direction x — oo so gf) — oo and this
is not interesting from a cosmological point of view. Further due to the presence of positive
eigenvalue corresponding to y coordinate along the eigen-direction of y, y — oo which follows
that V' (¢) — oo and this is not interesting from a cosmological point of view. Now from the
stability analysis of C'3 and Cy, we have z — oo along the eigen-direction of z which implies
that ¢ — 0 and so the scalar field behaves as the cosmological constant.

5.5.2 Cosmological Implication for Model 2

For the critical point Py : along the eigen-direction of x as t — oo, * — 0 which follows
that ¢ — 0. This implies ¢ = const. and it indicates that the scalar field behaves as a
cosmological constant. Further along the eigen-direction of y as ¢t — oo, y — oo which
follows that V(¢ — oo. For the critical point P; : along the eigen-direction of = as t — oo,
x — oo which follows that qS — 00. Further along the eigen-direction of y as ¢ — oo, y — 0
fory>\/€andy—>oofory<\/6. It follows that V — 0 for v > v/6 and V — oo for
v < /6. For the critical point P, : along the eigen-direction of = as t — oo, © — oo which
follows that gb — 00. Further along the eigen-direction of y as t — oo, y — 0 for v > —v/6
and y — oo for v < —/6. Tt follows that V. — 0 for v > —v6 and V — oo for v < —/6.
These results are not interesting in cosmological point of view.
v

For the critical points Ps and P, : along the eigen-direction of x as t — oo, x — % if

]V]<\/§anda:—>ooifl/>\/§oru<—\/§. Itfollowgthatast—>oo,g[3—>yH —
¢—>thimlna(t) = ¢ — o for [y| < V2 and also ¢ — oo if v > V2 or v < —/2.
—00

As the critical points P3 and Pj both exist for 0 < v? < 6, so as t — 0o, y — £4/1 — Vg
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Figure 5.8: The figures shows the time evolution of cosmological parameters of our
cosmological model. In panel (a), Power potential: Late time solutions of cosmological
parameters. For p = 1, the kinetic energy dominated late time accelerated solutions
are attracted towards phantom boundary. In panel (b), Exponential potential: Late
time solutions of cosmological parameters. For v? < 2, the kinetic energy dominated
late time accelerated solutions are attracted towards quintessence era which agrees the
present observed accelerated universe (—0.56 < ¢ < —0.49).

which follows that V — 3H? (1 — %2) so for v = 0 it leads to an accelerated era of evolution.
Further for the critical points P; and Py : along the eigen-directions of z and y as t — oo,
T — %\/g and y — ﬁ respectively while |v| > % which follows that as ¢ — oo, ¢ — %
and V — 4%2 while |v| > % Further for v € (—\/5, ()) U (O, \/ﬁ) as t — oo, r — oo and
Yy — ﬁ which follows that as ¢ — oo, ¢ — 0o and V — 4%)2 while v € (—\/5, 0) U (0, ﬂ)

It leads to an accelerated phase of the universe for v = :t%.

5.5.3 Cosmological Bouncing Scenarios

Generally speaking, the cosmological bounce takes place for @ =~ 0 and ¢ > 0 or & < 0. On the
other hand, one can derive that @ > 0 or @ < 0 iff py + 3py < 0 or py + 3py > 0 respectively
(see Proposition (1) in Appendix). For @ > 0 the universe experiences accelerating phase and
for @ < 0 the universe experiences decelerating phase of evolution. Now for @ &~ 0 we have
H~ g So, in terms of Hubble parameter H we can say that the bounce takes place when
H~0and H> or <0. We also note that @ > or < 0iff y2 > 222 or y? < 222 respectively
(see Proposition (2) in the Appendix and Table (5.5)).

e For model 1, as mentioned previously, near the critical points C; — Cy the solutions are
completely dominated by scalar field and H ~ 0 due to the condition |Qx| ~ 0. So bounce
does not take place if the initial conditions are given near these points. Nevertheless, near
C3 and Cy (unstable in nature) the spatial curvature is negligible and H is negative. As
expected, we also note that y? < 222 near these critical points and d < 0 (see Table (5.5))
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for all values of p. So, if the Hubble parameter takes positive sign (expanding universe) near
these critical points, the expansion rate begins to decrease (as @ < 0) and the trajectory
goes towards the critical points at infinity (Minkowski limit with H — 0) in the compactified
phase space (see section (5.4)). The trajectory soon commences to go away from those critical
points (at infinity) which are saddle/saddle node in nature and H becomes soon negative,
i.e., the universe begins to contract.

On the other hand, near the critical point C5, H is positive for positive spatial curvature.
So, if the Hubble parameter takes negative sign (contracting universe) near these critical
points, the expansion rate begins to increase and the trajectory goes towards the critical
points at infinity (Minkowski limit with H — 0) in the compactified phase space (see section
(5.4)). The trajectory soon commences to go away from those critical points (at infinity)
which are saddle/saddle node in nature and contrary to the previous instance, H becomes
soon positive, i.e., the universe begins to expand. The cosmological bounce takes place for
> 0 when the Hubble parameter H changes its sign and the trajectory asymptotically goes
towards C or C (see table 5.5).

So on the proviso that the bounce takes place, there may appear homoclinic and hetro-
clinic orbits due to the existence of saddle points. So, there are several prospects to acquire
various late time solutions which depends on the initial condition; for instances, we acquire
scalar field dominated late time de-Sitter solution to the evolution of the universe if the tra-
jectory asymptotically goes towards Cy or Cy (see figure (5.3)) on the XY plane, late time
decelerating dust-dominated universe if the trajectory asymptotically goes towards Cs along
stable eigen direction.

e For model 2, we have discussed earlier that near Py (saddle for all v) the kinetic term
is subdominant compared to the curvature contribution. If initially the universe is in the
contracting phase then near P, the expansion rate H increases for positive spatial curvature.
Depending on initial condition if the flow goes away from Py towards infinity (as H — 0)
where the Hubble parameter changes its sign (when critical points at infinity are saddle/saddle
node in nature) then the universe begins to expand. The expansion rate decreases soon when
the spatial curvature contribution becomes negligible.

On the other hand, near P; and P» (saddle node / unstable node) the solutions are
dominated by the kinetic energy of the scalar field and H is negative. As expected, it is also
to be noted that y? < 222 near these critical points and G < 0 (see Table (5.5)) for all values
of v. Similar to the case of C'5 and Cy in Model 1, the cosmological bounce takes place when
the Hubble parameter changes its sign at Minkowski limit with H — 0, i.e., at critical points
(at infinity) which are saddle/saddle node in nature.

The non-isolated critical points P3 and P, are completely dominated by kinetic energy
and saddle-node in nature for 2 < v < 6 and H is negative near these points. Unsurprisingly,
y? < 222 near these critical points and @ < 0 (see Table (5.5)) for 2 < 2 < 6. So depending
on initial condition, the cosmological bounce may take place if the flow starts near these
critical points. The non-isolated critical points Ps and Ps are saddle in nature for v? < 2. If
v — 0, then the critical points are dominated by spatial curvature and the sign of H depends
on the sign of IC. If v? ~ 2, then the critical points are completely dominated by kinetic
energy and H < 0. Similar to the previous case, the initial condition plays an important role
to initiate the cosmological bounce.

Similar to the model 1 when it comes to the case of cosmological bounce, there may
appear homoclinic and hetroclinic orbits due to the existence of saddle points. So, there are
several prospects to acquire various late time solutions which depends on the initial condi-
tion; for instances, we come by late time decelerating dust-dominated universe if trajectory
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Table 5.5: Table shows the sign of ‘G’ near the critical points of Model 1 and 2 in terms
of dynamical variables (for details, see Proposition 2 in Appendix)

Model | Critical points | vy > 2z i.e., >0 y? < 22%ie., <0
Ch Satisfied for all u # 0 Not applicable
Co Satisfied for all p # 0 Not applicable
Model 1 Cs Not applicable Satisfied for all
Cy Not applicable Satisfied for all p
Cs Not applicable Not applicable
=) Not applicable Not applicable
P Not applicable Satisfied for all v
Py Not applicable Satisfied for all v
Model 2
P Satisfied for 0 < v? < 2 | Satisfied for 2 < 1?2 < 6
P, Satisfied for 0 < v? < 2 | Satisfied for 2 < 2 < 6
Ps, P Not applicable Not applicable

asymptotically approaches towards Fp, late time kinetic energy dominated solutions with a
stiff equation of state if trajectory asymptotically approaches towards P; or P», late time ki-
netic energy dominated accelerated solution as trajectory asymptotically approaches towards
P; or Py, late time scaling solutions where DE behaves as quintessence boundary if trajectory
asymptotically approaches towards Ps or Fjg.

5.6 Brief discussion and concluding remarks

We have studied the cosmological model with spatial curvature in the background of FLRW
metric where the scalar field is minimally coupled and plays a role of dark matter content.
Two models have been discussed here. In the first model, potential V' (¢) of scalar field is
taken as power-law function of scalar field ¢. Whereas in the second interaction model, the
potential term is taken as the exponential function of scalar field ¢. Since the cosmological

177



Chapter 5. A dynamical system analysis of bouncing cosmology with spatial curvature

evolution equations are non-linear and complicated in nature, we have performed dynamical
system analysis to accomplish the qualitative behavior of the cosmological model. We have
explained all possible scenarios of the bouncing universe and the corresponding late-time
solutions.

We have obtained five non-hyperbolic type critical points from model 1 and from model 2
we have obtained seven critical points which are characterized (hyperbolic and non-hyperbolic)
by the parameter v. To study the nature of hyperbolic critical points we apply linear stability
theory (Hartman-Grobman theorem). On the other hand, to analyze non-hyperbolic points
center manifold theory is employed to obtain the exact dynamical nature of the points on the
sets. Since at the bouncing scenarios, some variables become singular, we have performed the
dynamical analysis around the critical points at infinity in section IV. At infinity, the critical
points are normally hyperbolic and saddle/saddle-node in nature (see figure (5.7)). Model 1
can not alleviate the cosmic coincidence problem whereas model 2 can take the edge off the
cosmic coincidence problem depending on the parameter v.

In Model 1, there are five non-hyperbolic equilibrium points. The first two equilibrium
points C; and Cs describe the flat model of the universe with a cosmological constant and
they describe the phantom barrier of accelerated expansion. The point C; represents an
expanding model while C5 corresponds to a contracting model of the universe. The other
three equilibrium points C3, Cy, C5 represent a decelerating phase of expansion. From a
cosmological point of view only equilibrium point Cj is interesting, it describes a dust era
of evolution. Further, the critical points C; and C5 are purely DE dominant (Q4 = 1) and
they are analogous to the observationally favored ACDM model. The critical points Cs and
Cy are not of much interest. Here the result matter behaves as stiff fluid which is effective
at the very early era when quantum effects are important. The last critical point C5 has no
effect of DE (€24 = 0, Qx = 1) and the resulting fluid behaves as dust.

In Model 2, there are seven equilibrium points all of which are non-hyperbolic in nature.
The dust era of decelerated expansion is characterized by the equilibrium point FPy. The
equilibrium points P; and P, are not interesting from a cosmological point of view. The
other four equilibrium points P3, Py, Ps, and Py represent scaling cosmological solutions.
The equilibrium points P3 and P, describe a flat FLRW model with an accelerating phase
of expansion for v? < 2 and the scalar field describes a dark energy model. The equilibrium
points P5 and Py also describe the decelerating era of expansion for v2 > 2 and here curvature
contribution of the matter is non-zero and the scalar field behaves as perfect fluid at the
quintessence barrier. Further, if v > 2 then curvature matter contribution will dominate over
the scalar field while if v/2 < v < 2 then the scalar field is the dominant matter component.
Moreover, from cosmological view point the critical point Py describes a dust era of evolution
having no effect of DE (4 = 0). Due to unacceptable cosmological parameters the critical
points P; and P» may be discarded. The critical points P3 and P, are completely dominated
by DE (94 = 1). For 0 < v? < 2 the present model describes the late time accelerated
phase (as predicted by observational data) and v = 0 describes the observationally supported
ACDM model (as expected V(¢) becomes Vj, a constant), while for 2 < v? < 3 the model
goes back to the decelerated era of evolution with v? = 3 represents the dust epoch. Lastly
the critical points P; and Pg have similar behaviour as P; and P, and they describe the
ACDM model with the choice 2 = 2/3. Thus it is possible to have an analogy of the present
models with the well-known ACDM cosmology. Moreover, if 12 < 2/3 then the critical points
P5; and P may go beyond ACDM and they may be related to other tensions in cosmology.
Though both the potential models are cosmologically viable yet model 2 has an edge over
model 1. In model 2, there are scaling solutions (corresponding to critical points Py — Fg)
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indicating the possibility of decelerating era of expansion to the present accelerated expansion
phase. However, such type of expansion is not possible for power law of potential.

Thus, in summary, the present cosmological model based on the spatial curvature with
power law and exponential potential may describe different evolutionary phases of the universe
for which bounce takes place. To study the bouncing universe we need to analyze the behavior
of the vector field at the Minkowski limit with H — 0, i.e., at critical points (at infinity) which
are saddle/saddle-node in nature. Depending on the initial condition, either the transition
comes to pass from expansion to contraction and vice versa, from contraction to expansion of
the universe. It is a well-known fact that so far no observational evidences show the bouncing
nature of the Universe nor there is any evidence of contracting phase of evolution. But due to
rapid improvement in the observational data specially after detection of gravitational wave,
no one can firmly say that such phases of evolution will not reveal through the observations
in future as theoretically it is consistent with Einstein gravity.

The present model describes a change in the universe’s expansion rate (i.e., from expan-
sion to contraction) so it may be possible to have an explanation or it may alleviate the
standard Hy-tension. The uncoupled scalar field models do not really increase the Hy value
[718, 430]. Though a coupled scalar field model can reduce the Hy tension, a proper choice
of the coupling function between the scalar field and dark matter [431], it is possible to in-
crease the Hp value compared to the ACDM based Plank’s estimation [718]. As a result,
the obtained value of Hy could be closer to the SHOES value [432]. One may note that the
inclusion of curvature in the cosmological models does not offer any solution to the Hubble
constant tension, rather the tension on Hy increases. Therefore, even if the consideration of
the curvature of the Universe gives a complete picture of the underlying cosmological model,
however, the increasing tension in Hy needs special attention with the growing sensitivity
in the upcoming astronomical probes. In addition, two other additional tensions related to
Hy-tension in cosmology, namely the og tension and the galaxy rotation curves problem may
have some issues which we shall study in a future work.

5.7 Some important propositions of this
chapter

Proposition 1 If p, is the energy density and py is the pressure of the scalar field (given by
equations (5.5) and (5.6)) then the second order derivative of the scale factor a(t) with respect
to the cosmic time t, that is, @ > 0 or a < 0 iff pg + 3py < 0 or py + 3ps > 0 respectively.

PROOF: The expression of Hubble parameter H(t) in terms of scale factor a(t) is defined by
H=2
a

Taking differentiation on both sides of the above with respect to ¢ yields
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Substituting H = ¢ in left hand side of Eq.(5.8) yields

a2 1., K
39 = §¢ +V(g) - 39,
a?  1(1 ., K
53 <2¢ +V(¢) - 3@2) : (5.52)

Plugging the values of H in left hand side of Eq.(5.9) and using (5.52) yields

. .2

a a . K
2 <—2) = —¢"+2,

a a a

. .2
@_o0 g2yl
2= =25 - 42,
a 2/(1. K : K
% =3 (2¢2 +V(¢) _3a2) _¢2+2?7
a@_ Lo 2000 - @2
20 =307+ V() — ¢,
” 1.
%= (' - V(o). (5.53)
From equations (5.5) and (5.6), we have
1.
1.
pg = §¢2 - V(o)

Note that L. 5. .
po+ 305 = 30° +V(9) + 55 —3V(6) = 2 - V(9))
which implies
F = V(9) = (o0 + 3p0).
Using the above result on the right-hand side of (5.53) yields

a 1
- = —= 3pg). 5.54
2 — = (ps+ 3py) (5.54)

Now one may note from the equation (5.54) that d > 0 iff

1
—g(p(j) + 3p¢) > 0,
Pe + 3pp < 0.

and a < 0, iff
Ps + 3p¢ > 0.
This completes the proof.

Proposition 2 The second order derivative of the scale factor a(t) with respect to the cosmic
time t, that is, @ > 0 or & < 0 iff y*> > 222 or y?> < 222 respectively where x and y are the
dynamical variables given by the equations (5.11) and (5.12).
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PROOF: In the previous proposition, we have shown that at the point of bouncing condition
pPs + 3py < 0 or py + 3py > 0.
From the equations (5.5) and (5.6), we have

1-

1

—¢* =V (9).

p¢=2

Plugging the expressions of py and py into the first bouncing condition (i.e., py + 3py < 0)
yields

1. 1.
37410 +3 (37 -v@)) <o
2¢° —2V(¢) <0,
¢ < V(9). (5.55)
In terms of dynamical variables, from equations (5.11) and (5.12), we have
¢ = V6Hz,
V() = 3Hy*.
Substituting these into (5.55) yields

(V6Hz)? < 3H??,
6H%z? < 3H?y?,
y? > 222,

Similarly, by substituting the values of pgs and p, from the equations (5.5) and (5.6) into the
second bouncing condition (i.e., py + 3ps > 0), we can show that y? < 222, This completes
the proof.

Proposition 3 Equation (5.18) can be obtained by using equations (5.15), (5.16) and the
constraint equation (5.24).

PRrOOF: By taking differentiation both sides of (5.24) with respect to N yields

dx dy du

du 1 f dv Ay
AN~ 3Ku \"aN " Yan §-

Now by substituting the equations (5.15) and (5.16) in the right hand side of above yields
du 1 2 \/§ V' 2 4 2,2 2,2 2,2 \/§ ' 2
2 - ) g2 /2 _ _3K 2
N 3]Cu{ 3z 2<V>:Ey + 3z" — 3Ku“z” + 3y“x uy” + 5 (7 Ty

1
= %—u{—s/cﬁ(x? + %) + 32%(y? + 2% — 1)}
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From the equation (5.24), we have
22 +y? — 1 =3Ku?

Plugging this into the second term of the right-hand side of the last expression yields

% = %%{9/Cu2x2 — 3Ku?(z* + y?)}
1
= ?)IC—U{?)ICUQ(&Q:z — 2% — %)}
= u(22? — o).

This completes the proof.

Proposition 4 The expressions of the center manifold corresponding to the critical point
2

C1 are given by u = 0 and v = —%w2 + O(w?), and the flow on the center manifold is

determined by w' = —Ew? + O(w?).

PROOF: The Jacobian matrix at the critical point C; can be put as

-3 0 &
JC)=10 -2 0 (5.56)
0 0 0

The eigenvalues of the above matrix are —3, —2 and 0 with [1,0,0]%, [0,1,0]" and [%, 0, 1]T
are the corresponding eigenvectors respectively. To apply center manifold theory, first, we
transform the coordinates into a new system z = X, y =Y +1, z = Z, such that the critical
point C moves to the origin. By using the eigenvectors of the Jacobian matrix J(C1), we
introduce another set of new coordinates (u, v, w) in terms of (X, Y, Z) as

u 10 —#||Xx
ol=101 o]|Y (5.57)
w 00 1|z

and in these new coordinate system, the equations (5.28 — 5.30) are transformed into

u' -3 0 0| |u non
o] =1 0 =2 0| |v|+ |linear| - (5.58)
w' 0 0 0f |w terms

By center manifold theory there exists a continuously differentiable function h : R—R? such
that

U aw? + asw’ + O(w*
hw)y=| | =] 2 Wit (5.59)
v brw? + byw?3 + (’)(w4)
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Differentiating both sides with respect to IV, we get

v = (201w + 3asw?)w’ + O(w?) (5.60)
v = (2bjw + 3byw?)w' + O(w?) (5.61)

where a;, b; € R. We only concern about the non-zero coefficients of the lowest power
terms in CMT as we analyze the stability in an arbitrarily small neighborhood of the origin.
Comparing coefficients corresponding to power of w both sides of (5.60) and (5.61), we get

a; =0 and b = ’7‘—2, by = 0. So, the center manifold can be written as
u = 0, (5.62)

12
v o= —ﬁuﬂ + O(w?) (5.63)

and the flow on the center manifold is determined by

w = —%w3+0(w4). (5.64)
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CHAPTER 6

DYNAMICAL SYSTEM ANALYSIS OF
QUINTESSENCE DARK ENERGY
MODEL

6.1 Prelude

In cosmology, till the early 90’s the challenging issue was to find the analytic solution of the
evolution equations which are highly non-linear and coupled in nature. As a result, it was
very hard to find any cosmological inferences from the cosmological models. But the situation
changes since late 90’s [749] when the dynamical system approach has been applied in the
field of cosmology. Dynamical system analysis is a very powerful mathematical tool that
provides information from the evolution equations without any reference to initial conditions
or any specific behavior at any intermediate instant [750]. There may be infinite possible
evolution for a general cosmological scenario but its asymptotic behavior particularly at late
times are limited to a few different classes. These few classes can be identified as stable
critical points if the cosmic evolution equations can be converted into an autonomous form.
Thus by analyzing such critical points, one may infer about the late time evolution of the
universe without going for any analytic solution or ambiguity to the initial conditions not
arise. So far most of the dynamical analysis at cosmological scenarios is restricted to the
background level, i.e., formation of autonomous system, determination of critical points, and
estimation of the relevant cosmological parameters namely density parameter, the equation
of state parameter and so on.

This chapter deals with a standard cosmological model in the context of the present ac-
celerating phase namely the quintessence dark energy scalar field model having exponential
potential. Using suitable choice of the variables the evolution equations are converted into a
discrete type autonomous system and the critical points are analyzed using center manifold
theory and stability analysis has been presented with Schwarzian derivative. The manuscript
is organized as follows: In Section 6.2 we discuss the background of Quintessence scenarios
under flat FLRW space-time. In Section 6.3 we construct the autonomous system corre-
sponding to the basic equations of the cosmological model and critical points are determined
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in this section. Stability analysis of all critical points for various choices of the involving pa-
rameters is shown in Section 6.4 from the perspective of discrete dynamical system analysis.
We present global dynamical analysis and cosmological implications in Section 6.5. Finally,
a brief discussion and important concluding remarks of this work are proposed in Sec. 6.6.

6.2 Background of Quintessence Scenarios

In the perspective of phase space analysis of the basic dynamical dark energy scenario, namely
the quintessence one with an exponential potential, which is the archetype quintessence sce-
nario due to the well-posed theoretical justification of exponential potentials [751, 752, 753,
754, 755]. In the background of flat FLRW space-time, the Friedman equations for the general
cosmological model are (choosing 87G' =1 = ¢)

3H? = py + pa (6.1)

and

2H = — {(pm + Pm) + (pa + pa)} (6.2)

with (pm, pm) and (pg, pq) the energy density and thermodynamic pressure for the matter
component and the dark energy component respectively. The ‘dot’ denotes the derivative
with respect to time, H = % is the Hubble parameter. The energy-momentum conservation
relations for these matter components are (assuming non-interacting)

pm + 3H (pm + pm) = 0, (6.3)
pa+ 3H(pa+pa) =0 (6.4)

with wy, = pm/pm and wyg = pg/pa, the equation of state parameters for the two compo-
nents.

As a particular choice, if we assume pg = —pg = —A, the cosmological constant, wy, (i.e., py) =
0, then the above cosmological model is termed as ACDM model. On the other hand, if the
dark energy is introduced as a scalar field ¢ with self-interacting potential V' (¢), we have the
basic quintessence model, i.e.,

pa=po= 302+ V(0), (65
and
pi=py= 58 ~V(9) (6.6)

then the conservation equation (6.4) becomes the Klein-Gordon equation

. .0V
¢>+3H¢+8—¢:0 (6.7)

where V'(¢) = 0V /0¢. This is usually known as the quintessence dark energy model.
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On the other hand, the equation (6.2) can be written as the following
2H = = — (14 wm)om (6.8)

As the above evolution equations are coupled and nonlinear in nature so it is hard to solve
them analytically. However, even without any solution, it is possible to get information about
cosmological evaluation by using a dynamical system approach [756, 757, 639, 636, 758]. This
powerful method does not depend on the initial conditions or the evolution pattern at any
intermediate instant [750]. Using suitable dimensionless variables the evolution equation can
be converted into an autonomous set whose stable critical points correspond to different cos-
mological epochs. Since late 90’s, this approach has been widely used in various cosmological
models to get inferences from critical points. These studies are mainly confined to the back-
ground level and the critical points mostly correspond to behavior at early cosmological eras
[749, 759, 760, 761]. The dynamical analysis can be enriched further with using bifurcation
theory methods [421]. In this method, we inspect the phase transition of the evolution of the
Universe. We also characterize the generic and non-generic evolution of the Universe based
on the initial and late time states of the evolution of the Universe [762, 763, 764, 708].

6.3 Formation of the autonomous system
and critical points determination

The essence of the dynamical system approach is to transform the equations into an au-
tonomous system using 7 = Ina as the dynamical variable. In the case of the quintessence
scenario, the potential as of the form V' = Vye™*? (exponential potential) [627, 754, 765, 707]
is imposed on the scalar field. We introduce the auxiliary variables

o _VV
\/éH’ y_\/gH’

where z2 stands for the relative kinetic energy density of the scalar field and y? stands for its
relative potential energy density of ¢.

The equations (6.7) and (6.8) can be expressed as the following autonomous system using
the above auxiliary variables

r =

(6.9)

3 3
2 = 37 227 + 7 (1 — 2® — y?)] — 32 + \/;)\yQ, (6.10)
;3 2 2 2 3
V=59 [23} +ym(l —2° —y )] — §>\xy, (6.11)
with v, = wy, + 1, in terms of which the various density parameters are expressed as g =
2 2
22+ 2, Qp = 1 — Qg, while wy = ig_lyﬁ and the expressions of total equation of state

parameter wyotq; and deceleration parameter ¢ are given by

Wiotal = 222 — 1 + (1 — 2% — ?),
3

q= ifym(l —2? —y?) +32% — 1.
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In this paper, we study the discrete time dynamical systems associated with the system
(6.10 —6.11). To study discrete time dynamical system analysis, first, we write the following
proposition:

Proposition 5 Let us consider the two dimensional nonlinear system of equations

X faw), (612

The discrete dynamical system corresponding to the above system is given by

Tntl = Tp + hf(linv yn))
Ynt+1l = Yn + hg(a:n, yn)

PrOOF: We start with a discrete set of points tg, t1,..., tn,..., with h = t,41 — t,, as
step size. Then, for t, <t < t,41, we approximate z(t) by z(t,) and % = f(2(t),y(t)) by

w where z(t) and y(t) respectively denotes \/g’g)(t) and 7 ‘I;((tt)). Equation (6.12) can

be approximated as
z(tnt1) = z(tn) + hf(2(tn), y(tn))
Proceeding in similar way, from (6.13), we get

Y(tnt1) = y(tn) + hg(z(tn), y(tn))

Consideing z(t,) = xp, x(ty+1) = Tny1, we can write the above two equations in the simpler
form

Tptl = Ty + hf([l,‘n, yn)7
Yn+l = Yn + hg(mn, yn)

The discrete time dynamical systems associated with the system (6.10 — 6.11) can be
expressed as

Tpi1=h <2xn [290721 + V(1 — 22 — yg)} — 3z, + \/gx\yi) + z,, (6.14)
3 3
Ynt1 = h <2yn [2:(:% + (1 — x% — yi)] — \/;)\xnyn) + Yn. (6.15)

Let us define the operator W : R? — R? by W (x,y) = (Z,7), where (considering the step
size h =1 [421])

T = gx [21‘2+7m(1_x2 _yQ)] _3$+\/§)‘y2+xa (6'16)
_ 3 3
7=y [20% + (1 —2® = y*)] - \/;\ﬂfy +y. (6.17)

Here, we considered z,11 =T, yn+1 =y and z, = x,y, = y for simplicity of calculation.
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Definition 6.3.1 (Fixed points.) A point z € R? is called a fized point [421] of W if
W(z) = z.

By using the definition of fixed points, we can obtain the fixed points corresponding to
the system (6.16 — 6.17) which are shown in Table 6.1. The existence of the fixed points is

also shown in this table.

Table 6.1: Table shows the set of critical points and their existence corresponding to
the autonomous system (6.16 — 6.17) :

CPs Existence x Y Qq Wy Wiotal q
A For all A 0 0 0 NA | ym—1]3y, -1
B For all A 1 0 1 1 1 2
C For all A —1 0 1 1 1 2

D | —V/6<A<V6

Sl

)\2 )\2 A2 )\2
-5 g1y g-1] 5-1
Tm 3(2_7771)’7771 m

VT e [ e ]

e

K A2 > 39,

6.4 STABILITY ANALYSIS

In this section, we will establish some simple but powerful criteria for the local stability of fixed
points [422, 766, 767]. Fixed (equilibrium) points may be divided into two types: hyperbolic
and nonhyperbolic. A fixed point z* of a map f is said to be hyperbolic if |f/(z*)| # 1.
Otherwise, it is nonhyperbolic. To find the type of a fixed point of the system (6.16 — 6.17)
we write the Jacobian matrix at (z,y):

(_2 + %’Vm) + z? (9 - %) - %'meQ —3VYmxy + \/éAy
J(z,y) =
6xy — 3Ymry — \/g)‘y (%’Ym + 1) - \/g)\x + (3 - %’Ym) 2% — %'mez

Now we discuss the stability of all fixed points corresponding to the system (6.16 — 6.17).
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e The fixed point A exists for all A\. For this solution, the kinetic term is subdominant com-
pared to the matter contribution in equation (6.8). The DE can represent either quitessence
or any other exotic type fluid depending on the parameter ~,,. Specially, for 0 < v,,, < %, the
scalar field behaves as quintessence like fluid and there exists an accelerated universe (since
for this case, —1 < wiptar < —%, g < 0) near the critical point whereas the scalar field DE
behaves as cosmological constant for +,, = 0 and in this case the cosmic evolution near the
point characterizes the ACDM model (wiorq; = 0, ¢ = —1, Q4 = 0) of evolution.

The eigenvalues of the Jacobian matrix J(A) are Ay = —2+4 27,,, and Ay = 2v,,, + 1. The
fixed point A is hyperbolic if v, # 0, % because for these values of 7, (that is, for 7, = 0, %),
the absolute value of one of the eigenvalues of J(A) is 1 and the fixed point is nonhyperbolic

2

if v = 0 or 5. Now we analyze the stability of the critical point A for both of the cases

(hyperbolic and nonhyperbolic).
Hyperbolic case (fym #0, %)

For the physically meaningful case: 0 < 7, < 2. So for the hyperbolic case we consider

the value of ~,, only when ~,, € (O, %) U (%,2). We can easily see that 0 < A1 < 1 for
Ym € (5:2), =1 <AL <0 for ym € (3,3), Mt < —1if v, € (0,3) and Ay > 1 for 7, € (0,2).
That means, for v, € (%, 2) we have 0 < A1 < 1 < A9 which implies that the critical point
A is a saddle point, for ~,, € (%, %) we have —1 < A1 < 0, A2 > 1 which suggests that the
critical point A is also a saddle point, and for ~,, € (0, %) we have A\ < —1, Ao > 1 which

concludes that the critical point A is a source.
Nonhyperbolic case (’ym =0or %)

To analyze the fixed point A for this case, we use the center manifold theory. For ~,,, = 0,
the system (6.16 — 6.17) modifies to

3
T=—2x+ 32 + \/;Ay2,
_ 9 3
y=y+3x7y — iAfcy.

Consider the map F = <§> defined by

x -2 0\ [z 3m3+\@)\y2
— + ) 3 .
y 0 1 y 3xy — \/;)\xy

M, = {(x,y) ER?:x = h(y),h(0) = h'(0) = 0}.
The function h must satisfy Equation (1.180)

h(By + g(h(y),y)) — Ah(y) — f(h(y),y) =0

h <y + 3yh2(y) — \/g)\yh(y)) + 2h(y) — <3h3(y) + \/g)\yQ) =0. (6.18)
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Let us assume that h(y) takes the form
hy) = a1y’ + cay® + O(y*). (6.19)

Then, substituting Equation (6.19) in Equation (6.18) and writing the terms upto degree 3
yields

3
c1y2 + 02y3 + 2(cly2 + 02y3) - \/g)\yz +---=0.

As we analyze the arbitrary neighborhood of the origin so by comparing both sides the
coefficient of y? and v yields

3 A
Cl+201—\/;)\20 — 61:%;

cg+2c0=0 = co3=0.
Consequently, h(y) = %yQ + O(y*) and the map g on the center manifold is given by

2

A
yr—y— 33/3 +O(y").

Notice that y* = 0 is a fixed point of g at which ¢/(0) = 1, ¢”(0) = 0, and ¢"’(0) = —3X2 < 0.
This implies by Theorem 4 that the critical point A is asymptotically stable (see figure 6.1)

under the map F = (g) To verify our conclusion, we also draw the phase portrait of

the original system numerically (see figure 6.2). From that plot, we can conclude that our
theoretical result is exactly the same as the result which is obtained by plotting the system
numerically.

For v, = %, the calculation of the center manifold is shown in Appendix 2. From the cal-
culation and the second equation corresponding to the autonomous system, we can conclude
that the critical point A is unstable in nature for this case.

e The critical point B corresponds to solution where the constraint equation (6.8) is
dominated by the kinetic energy of the scalar field with a stiff equation of state wgy = 1 and
there exist a decelerating phase of the universe.

The eigenvalues of the Jacobian matrix J(B) are A\ = 7 — 37, and Ay = 4 — \/E)\
The fixed point B is hyperbolic if A # /6, 5\f because for these values of A (that is, for
A =16, ) the absolute value of one of the elgenvalues of J(B) is 1 and the fixed point is

nonhyperbohc if A=+v6o0r A= % Now we analyze the stability of the critical point B for
both of the cases (hyperbolic and nonhyperbolic).

Hyperbolic case ()\ £ /6, %)

For the physically meaningful case: 0 < 7, < 2. We can easily see that Ay > 1 for all
€ [0,2). Further, we can see that Ay > 1 when A < v/6, 0 < Ag < 1 when v6 < \ < 42

\/7 b

—1 < Jg <0 when %2 < A < 22 and A, < —1 when A > 22 Tt follows that the fixed
5v2 - 42 4/2 5v2

point B is a source for A < v/6 or \ > Nl and saddle point for A € (\/6, NG ) U ( NeR f)
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y y
/ M, Mc\
(a) (b)

Figure 6.1: The curve h(y) = \/igy2 + O(y*) is the graph of the center manifold M,.

The orbits on the z-axis oscillate but converge to the origin. (a) is for A > 0 and (b)
is for A < 0.

Figure 6.2: The panel of the figures show the phase portrait of autonomous system
(6.10 — 6.11) corresponding to the fixed point A. (a) is for A > 0 and (b) is for A < 0.
From these plots, we can easily observe that there exists a curve along which the system
converges to the origin and that curve is nothing but the center manifold which we
have obtained theoretically.
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Nonhyperbolic case ()\ V6 or A = %)

To apply center manifold theory, first, we have to transform the critical point B to
the origin. To do that, we consider the shifting transformation + = X + 1, y = Y and
after applying the shifting transformation and putting A\ = /6, we can determine that the
equations of center manifold [422] is given by h(Y) = —3Y2 + O(Y?) and the map g on the
center manifold is

3
Y — Y — §Y3 +O(Y?).

Notice that Y* = 0 is a fixed point of g at which ¢’(0) =1, ¢”(0) = 0, and ¢’ (0) = -9 < 0.
This implies by Theorem 4 that the flow is stable along the center manifold but the critical
point is unstable (semistable) as Ay > 1 for all ~,,.

After applying the shifting transformation and putting A = 5V2 the equation of the center

=22,
manifold is given by h(Y) = ;é;jl"é) Y2+ O(Y*) and the map g on the center manifold is

given by

6\ Ym—2

Notice that Y* = 0 is a fixed point of g at which ¢’(0) = —1. Now we determine the
Schwarzian derivative, Sg, of the function g.

Vi v+ <2_3’Y’”> Y3+ O(Y9).

89(0) = 9"(0) = 5 [5"0)) = 2222,

We can easily check that Sg(0) > 0 while 7, < 2 and Sg(0) < 0 while 2 < v,,, < 2. Thus
by using Theorem 5, we can conclude that Y* = 0 is stable along the center manifold when
% < Ym < 2 but as Ay > 1 for all ,,, this implies that Y* = 0 is semi stable for % < Ym < 2

5v/2
V3
the fixed point B is semi stable under the map F' for % < Ym < 2 and unstable under the

map F for v, < %

and unstable under the map g when ~,, < % This implies by Theorem 8 that for A =

e Similar to the critical point B, the critical point C' also corresponds to solution where
the constraint equation (6.8) is dominated by the kinetic energy of the scalar field with a stiff
equation of state wgy = 1 and there exist a decelerating phase of the universe.

The eigenvalues of the Jacobian matrix J (C) are Ay =7 — 3y, and Ao = 4+ \/E)\ The

fixed point C' is hyperbolic if X\ # —v/6, —
value of one of the eigenvalues of J(C) is 1 and the fixed point is nonhyperbolic if A = —/6

\f because for these two values of \, the absolute

or A = —%. Now we analyze the stability of the critical point C' for both of the cases
(hyperbolic and nonhyperbolic).

Hyperbolic case ()\ £ —/6, —%):

For the physically meaningful case: 0 < v, < 2. We can easily see that A\y > 1 for
all v, € [0,2). Further, we can see that Ay > 1 when \ > —\/6 0 < X2 < 1 when

4f<A< \@,—1<A2<0when—%<A<—%,andA2<—1whenA<—% Tt

follows that the fixed point C is a source for A € (—o0, —%) U (—/6,00), and saddle point
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o r e (-4fv8) o - 40

Nonhyperbolic case ()\ =—V6or\= —5—\‘//5):

To apply center manifold theory, first, we have to transform the critical point B to
the origin. To do that, we consider the shifting transformation + = X — 1, y = Y and
after applying the shifting transformation and putting A = —/6, the equation of the center
manifold can be written as h(Y) = 1Y%+ O(Y*) and the map g on the center manifold is
given by

3
Y — Y — 51/“‘" +O(Y9).

Notice that Y* = 0 is a fixed point of g at which ¢’(0) =1, ¢”(0) = 0, and ¢"’(0) = —9 < 0.
This implies by Theorem 4 that the critical point C' is stable along the center manifold but
as A1 > 1 for all ~,, so the critical point is sem: stable in nature.

52

V3
center manifold can be written as h(Y') = %YQ + O(Y*) and the map g on the center
manifold is given by

After applying the shifting transformation and putting A = the equation of the

Yy 42 <2_3%”> Y34+ 0.

6 \ Ym—2
Notice that Y* = 0 is a fixed point of g at which ¢’(0) = —1. Now we determine the
Schwarzian derivative, Sg, of the function g.
3 503vm — 2)

S9(0) = —¢"(0) = 5 [¢"(0)]" =

We can easily check that Sg(0) > 0 while 7, < % and Sg¢(0) < 0 while % < Ym < 2. Thus
by using Theorem 5, we conclude that Y* = 0 is asymptotically stable for % < Ym < 2 and

’Ym_2

unstable under the map g when v, < % This implies by Theorem 8 that for A = — 7 the

fixed point C' is asymptotically stable under the map F' for % < Ym < 2 and unstable under
the map F' for v, < %

e The critical point D exists for —v/6 < A < /6. Varying A\ we get a non-isolated set
of critical points which are completely dominated by kinetic energy (24 = 1 and b # 0). It
is to be noted that the DE can represent either quintessence or any other exotic type fluid
depending on the parameter A. The restriction 0 < A\? < 2 implies that the scalar field
behaves as quintessence like fluid and there exists an accelerated universe (since for this case,
—1 < Wiotal < —1/3, ¢ < 0) near these critical points whereas the scalar field DE behaves as
dust for A2 = 3 (wp = 0) and in this case, the solutions insinuate decelerating phase of the
cosmic evolution.

The eigenvalues of the Jacobian matrix J(D) are A\; = (A2 —4) and Ay = 1+ A2 — 3,,.
The fixed point D is hyperbolic if v,, # %, ’\2; 2.\ # £6, +v/2 because for these values
of v, and A, the absolute value of one of the eigenvalues of J(D) is 1 and the fixed point
is nonhyperbolic if v, = ’\; or Yy = % or A = £v/6 or A = £v/2. Now we analyze the

stability of the critical point D for both of the cases (hyperbolic and nonhyperbolic).

Hyperbolic case (’ym =+ ’\3—2, ’\2;2; A # +4/6, j:\/§>:
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For 7, € [0,2), we can see that A;, A2 < 1 while A2 < 3Ym; A1 < 1, A > 1 while
3Ym < A% < 6; A, A2 > 1 while A2 > 6. It follows that for ~,, € [0,2), the fixed point D
is a stable node (sink) while A2 < 37,,, saddle point while 3v,, < A\?> < 6 and unstable node
(source) while \? > 6.

Nonhyperbolic case ('ym = /\3 or Yy = M or A =+v6, or A = if)

First of all, note that for A\ = v/6 the coordinate of critical point D is equivalent to the
coordinate of critical point B and the stability of the critical point B for A = /6 already
discussed. Further note that for A = —v/6 the coordinate of critical point D is equivalent
to the coordinate of critical point C' and the stability of the critical point C' for A = —v/6
already discussed. So here we will not discuss the stability of the fixed point D for A = £/6.
Now we discuss the stability of the fixed point D for A = v/2.

To analyze the fixed point D for A = /2, we use center manifold theory. To apply center
manifold theory, first, we have to transform the critical point D to the origin. To do that, we

consider the shifting transformation z = X + %, y=Y +4/1— %2 and after applying the

shifting transformation and putting A = v/2, the discrete dynamical system associated with
the system (6.10 — 6.11)can be written as

_ 3 3 V3
X=X- §X3vm — 2 — XYm — 5XY2% ~V6XY,, — 7’”2% —V2Y 9,

+3X°% 4+ 3vV3X?2 +V3Y2% +2V2Y,
— 3 3 3 3
V=Y =[5 X m - 5 X me—ﬂXfym—ﬁXY%—§Y Ym — 3 me 2Y Ym

+3X%Y +V6X2% 4+ V3XY + V2X.

3V3
Vix

Next, we use a coordinate transformation u = Pv where u = (X Y)!, v = (v ), P =
(v1 va2), and vy, vg are the eigenvectors corresponding to the eigenvalues A1, A9 respectively.

The equation of center manifold can be written as h(u) = %u + O(u?) and the
map f on the center manifold is given by

1 3 o 3(27793, — 5442, — 12y, +56) A
— —u+ ———— | =5V6+ 94/ = O(u*).
u u+4_37m< V6 + \/;')/m)U + 243 G- " + O(u”)

Notice that u* = 0 is a fixed point of f at which f/(0) = —1. Now we determine the
Schwarzian derivative, Sf, of the function f.

3

SF(0) = —"(0) - 5

2 162 (1593, — 4277, + 367, — 8)

- (4= 3ym)*(3ym — 2)
We can check that Sf(0) < 0 when 7, < 0.342 or ~,, > % and while 0.342 < ~,, < %
then Sf(0) > 0. Thus by using Theorem 5, we can conclude that u* = 0 is asymptotically
stable under the map f when ~,, < 0.342 or v, > % and unstable under the map f while
0.342 < v, < 2 . This implies by Theorem 8 that for A = /2 the fixed point D is asymptot-
ically stable under the map F' when 7, < 0.342 or ~v,,, > % and unstable under the map F'

[£"(0)]
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when 0.342 < 7,,, < 2.

For A = —/2, after considering the shifting transformation z = X + %, y=Y+4/1— %2
and putting A = —/2, the system (6.16 — 6.17) modifies to

— 1 3 3 1
X=X- §3X3vm + §¢§X2vm — XY — §XY2%” —V6XY,, + §¢§Y27m +V2Y

+3X3 —3V3X2 —V/3Y?% — 22,

_ 1
Y=Y - gx%m - ;XQY’ym +V2X Y + V3X Yy, — §3Y37m — 3\/21/2% —2Y

+3X2%Y +V6X2 - V3XY — V2X.

Next, we use a coordinate transformation u = Pv where u = (X V)7, v = (u v)T, P =
(v1 va2), and vy, vg are the eigenvectors corresponding to the eigenvalues A1, A9 respectively.

The equation of center manifold can be written as h(u) = %13 + O(u?) and the
map f on the center manifold is given by

1 3 o 3(2773, — 54v2, — 12y, + 56) A

Notice that u* = 0 is a fixed point of f at which f/(0) = —1. Now we determine the
Schwarzian derivative, Sf, of the function f.

1 3 e 9(81 ;471—27 21—522 3,1 876y, — 424
SO == =3l O = - o (47_ 37m)2(;'ym+— 2)7 |

We can check that Sf(0) < 0 while v,,, > 1.245 or 7, < 2 and Sf(0) > 0 while 2 < 7,,, <
1.245. Thus by using Theorem 5, we can conclude that u* = 0 is asymptotically stable under
the map f when v, > 1.245 or ~,, < % and unstable under the map g when % <y < 1.245.
This implies by Theorem 8 that for A = —/2 the fixed point D is asymptotically stable under
the map F when ~,, > 1.245 or v, < % and unstable under the map F' when % < Ym < 1.245.

To analyze the fixed point D for v,, = )‘;, we use center manifold theory. To apply center
manifold theory, first, we have to transform the critical point D to the origin. To do that,

we consider the shifting transformation x = X + %, y=Y +4/1— %2 and after applying
the shifting transformation and putting ~,, = ’\;, the system (6.16 — 6.17) modifies to

4 2 3/2
X —24+3)2 - % \/6(1—%) X non

— + | linear
Y 3 A2 A2 2 | M Y terms.
\/gxm—g(l—?) 1—A24 2

Next, we use a coordinate transformation u = Pv where u = (X V)T, v = (v v)?, P =
(v1 va2), and vy, vg are the eigenvectors corresponding to the eigenvalues A1, A9 respectively.

The equation of center manifold can be represented as h(u) = — %%ﬁ + O(u?)

and the map f on the center manifold is given by

VBAZ(6 — \?) N A2V6 — N2(9 — 12)0%)

4
u— u+ 2372 U 02— 3)3 u’ + O(u”).
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Notice that u* = 0 is a fixed point of f at which

f1(0) =1,
1" _ 2\/6)‘2(6 — )‘2)
f7(0) = W7
_ 18M\2(3 — 402)v/6 — A2

f///(o) ()\2 - 3)3

This implies by Theorem 4 that the critical point D is unstable (semistable) when X # 0, £+/6.
For A = 0 or A = ++v/6 no conclusion can be determined. Also note that for A = j:\/é, the
corresponding value of 7, is v, = 2 which is not also physically meaningful case.

— 2242

To analyze the fixed point D for v, = #3*, we use center manifold theory. To apply

center manifold theory, first, we have to transform the critical point D to the origin. To

do that, we consider the shifting transformation x = X + %, y=Y 4+ 4/1— % and after
applying the shifting transformation and putting ~,, = %, the system (6.16—6.17) modifies
to

X S W6 - 22— I3v6 -2\ /X non
— + | linear
% WG A2 — I3vE— a2 %4_%_1 Y terms.

Next, we use a coordinate transformation u = Pv where u = (X V)7, v = (u v)T, P =
(v1 va2), and vy, vg are the eigenvectors corresponding to the eigenvalues A1, A9 respectively.

206152443012 —8 2
2—; us+

The equation of centermanifold can be represented as h(u) = \/g \/6); <3 (
O(u?) and the map f on the center manifold is given by

N —6v/6 (A2 — 6) (A% — 126 +41M1 — 4802 +12)

U— —u SN =) u
9v/6 — A2 (2A12 — 47A10 4 35728 — 1168X° + 1692A* — 896A? + 96) A
+ u’ + O(u?).
2(A\2 —2)
Notice that u* = 0 is a fixed point of f at which f’(0) = —1. Now we determine the

Schwarzian derivative, Sf, of the function f.

SF(0) = —1"(0) - 5 ["(0)]?

o [6VB (= 6) (A — 1220 + 4101 — 48X + 12) ’
T 2(A2—2)

6 (9v6 — W7 (2012 — 47A10 - 357A% — 1168X° + 1692X1 — 89612 + 96) )
2 (A2 —2) '

By considering various values of A, we can check that Sf(0) < 0. As —v/6 < A < /6,
to determine the value of Sf(0), we have taken A = 0, +1, +2 and see that for these values
of A\, Sf(0) < 0. Thus by using Theorem 5, we can conclude that u* = 0 is asymptotically
stable under the map f. This implies by Theorem 8 that for v, = @ the fixed point D is
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asymptotically stable under the map F for all values of A € (—v/6,/6).

e The critical point E exists for A2 > 37,,. Scaling solutions are represented by these
critical points. These non-isolated set of critical points are hyperbolic or normally-hyperbolic
in nature depending on the values of A\ and ~,,. At v, = %, the scalar field DE behaves as
a quintessence boundary. The cosmic coincidence problem can be alleviated by these points
depending on the values of A\ and ~,,.

The critical point E has more complicated stability conditions. The stability status of E
is depicted in Figure 6.3. In those figures, we have shown the phase portrait near the critical
point E numerically for several physically meaningful values of A and ~,,. From these plots,
we can conclude that the critical point F is a spiral sink and asymptotically stable in nature
for (A = +2,v,, = 1), ()\ =46, v = %)

6.5 Cosmological Implications

It is to be noted that the constraint equation £, = 22 4 2 yields 0 < 22 4 42 < 1, for a
non-negative fluid density pg > 0. So the evolution of this system is completely confined to a
unit disc. The lower half-disc, i.e., y < 0 transpires H < 0 which corresponds to contracting
universes. Without loss of generality, we restrict our discussion to the upper-half disc (y > 0)
due to the symmetry of the system under reflection and time reversal.

The fixed point (z = 0,y = 0) corresponds to the dark matter dominated solution where

Qg = 0 is saddle for v, € (%, %) U (%, 2), source for v, € (0, %) and unstable in nature at
Ym = % The matter-dominated solution is stable for w,, = —1. Two of the fixed points
(x = £1,y = 0) correspond to scalar field-dominated solutions where wy = 1 is unstable in
nature. For A = —%, the fixed point C' is asymptotically stable for % < Ym < 2. On the

other hand, the fixed point D is corresponds to scalar field dominated solution (24 = 1) which
exists for —v6 < X < V6. wy = %2 —1 gives rise to a power law inflationary expansion (¢ < 0)
for A> < 2. We have shown that D is a stable node while \> < 37, and hyperbolic fixed
point. For non-hyperbolic case: for A = /2, D is asymptotically stable when ~,, < 0.342
or Y > % For A = —/2, D is asymptotically stable when 7, > 1.245 or 7, < % For

. . . A24+2
A € (—v/6,1/6) the point D is asymptotically stable when ,,, = At

Barotropic fluid dominated solution (z = 0,y = 0) is hyperbolic where Q4 = 0 is saddle

in nature % < Ym < 2 source for 0 < v, < % For v, = % and 0, this solution is unstable

and asymptotically stable accordingly and non-hyperbolic in nature.

Two of the fixed points (x = +1,y = 0) correspond to solutions where the constraint
equation (6.8) is dominated by the kinetic energy of the scalar field with a stiff equation
of state, Q; = 1. The fixed point B is hyperbolic in nature and source for A < /6 or

A > 5—‘/35 and saddle for \ € <\/€ M) U (4—‘/5 5—‘/5) B is non-hyperbolic and semistable

V37 » V3 V37 V3
for A = /6, 5—\/\? and % < Ym < 2 and unstable for A\ = % and v, < %
The fixed point C' is hyperbolic in nature and source for A\ € (—oo, —%) U (=6, 00),
and saddle point for A € (—%, —\/6) U (—%, _47\\//55)' C' is non-hyperbolic and semistable
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Figure 6.3: These figures show the behavior of the trajectories near each of the critical
points. Especially in this case, we want to focus on the phase portrait near the critical point
E. (a)is for A\ =2,y =1, (b) is for A = =2,y = 1, (c) is for A = /6,7, = 5, and (d) is for
A = —v6,7, = 3. Figures (e) and (f) show the phase portraits in a very small neighborhood
of the critical points D and F to distinguish the behavior of stability of the critical points

for A = £2, v, = 1.
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Figure 6.4: The figure shows the time evolution of cosmological parameters of our
cosmological model. In panel (a), initial position near the critical point A, for A =1
and 7, = 1.5 the kinetic energy dominated late time accelerated solutions attracted
towards quintessence era. In panel (b) and (c), initial position near the critical points B
and C respectively, for A = 2 and ~y,,, = 1 we get the kinetic energy and dust dominated
late-time decelerated solutions. In panel (d), the behavior of the late solution near the
critical point D is similar to panel (a).

for A = —/6, asymptotically stable for A = =5Y2 (0 s non-hyperbolic and semistable for

V3
A= *\5/‘?{5 and % < Ym < 2, unstable for A = 7\5/\5)/5 and v, = %

The critical point D corresponds to a scalar field-dominated solution is hyperbolic in
nature and late-time attractor for A\> < 3+,,, saddle for 37, < A?> < 6, and unstable node
for A2 > 6. On the other hand, D is non-hyperbolic in nature and corresponds to late time
attractor for A = v/2 and 0.342 < Y < %, late time attracting solution for \ = —v/2 and
Ym > 1.245 or v, = %, unstable for A = —v/2 and % < vm < 1.245, late time attracting
solution for v, = %, where A € (=v6,v6). E corresponds to scaling solution. E is
hyperbolic in nature and spiral sink for A = £2, v = 1 and A = £v6,7, = %. We can
divide the evolutionary character of the Universe into two groups: (a) generic evolution (b)
non-generic evolution. For v, = 0, generic evolution occurs near the point A as the family
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of orbits emerges from a stable equilibrium in the past and then finishes towards A which
represents the ACDM era. And for 0 < v, < %, a generic evolution occurs near A which
represents the quintessence state as the orbit emerges from an unstable equilibrium point A
in the past and finishes at D.

6.6 Brief Discussion and Concluding Re-
marks

The present work is an example of a discrete dynamical system analysis in cosmology. In
a particular cosmological study of the scalar field, cosmology has been analyzed using a
dynamical system at the background level. For simplicity of the formation of the dynamical
system, the scalar field potential is chosen in the exponential form. At the background level,
there are five critical points for which the resulting equation of state parameter of the resulting
total fluid has been given in the last but one column of Table 6.1. The value of Wy for the
fixed points B and C' indicates that the resulting fluid is a stiff fluid which is very important
at the very early era of evolution, particularly when the quantum effects are important. The
fixed points A and F will corresponds to dark energy model if 7, < %, while the resulting
fluid will be a normal fluid if ~,, > % Similarly, the fixed point D corresponds to a dark
energy fluid if A2 < 2. Thus the critical points A, D, and E may have dark energy fluid as the
resulting fluid with proper choice of the parameter involved. Finally, we have the following
observations from the perspective of stability. For the critical points A and FE, there will
be matter dominated era when v, € (%, 2) and it is a stable configuration for v, = 0 and
unstable when 7, # 0. The critical point B is unstable for all possible choices of A whereas
the fixed point C will be stable if % < Ym < 2, A= —5—\/‘/?? and it will be unstable for other

possible values of A and 7,,. Lastly, the critical point D is stable for A*> < 3v,, and unstable
for other possible cases where 7, € [0,2). Further, when A = /2, the critical point is stable
when v, < 0.342 or ~,, > % and similarly when A = —+/2, the fixed point will be stable for
Ym > 1.245 or v, < % However, the model will be stable if v, = % and X\ € (—v6,V6).
Finally, the satbility analysis shows the matter dominated phase or the present accelerated
expansion of the universe depending on the choices of the appropriate parameters and they
may corresponds to stable or unstable configuration depending on the restrictions on the
parameter.
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CHAPTER 7

BRIEF SUMMARY AND FUTURE
PROSPECT

In this thesis, there has been an attempt to validate some of the expansionary cosmological
models depicting the late time acceleration. Dynamical variables have been constructed from
the cosmological parameters. The fundamental equations have been turned into dynamical
systems. Non-hyperbolic stability analysis by employing center manifold methods has been
carried out. To be precise,

Chapter 2 dealt with Cosmological model of a three-form field, minimally coupled to
gravity and interacting with cold dark matter in the background of flat FLRW space-time.
By suitable choice of the dimensionless variables, the evolution equations are converted to
an autonomous system and cosmological study is done by dynamical system analysis. The
critical points are determined and the stability of the (non-hyperbolic) equilibrium points are
examined by center manifold Theory. Possible bifurcation scenarios have been examined by
the Poincaré index theory to identify possible cosmological phase transition. Also stabilities
of the critical points have been analyzed globally using geometric features.

A cosmological model having matter field as (non) interacting dark energy (DE) and
baryonic matter and minimally coupled to gravity has been considered in Chapter 3 with flat
FLRW space time. The DE is chosen in the form of a three-form field while radiation and
dust (i.e., cold dark matter) are the baryonic part. The cosmic evolution is studied through
dynamical system analysis of the autonomous system so formed from the evolution equations
by suitable choice of the dimensionless variables. The stability of the non-hyperbolic critical
points are examined by Center manifold theory and possible bifurcation scenarios have been
examined.

Chapter 4 is an example of the application of the dynamical system analysis in the context
of cosmology. Here cosmic evolution is considered in the background of homogeneous and
isotropic flat FLRW space-time with interacting dark energy and varying mass dark matter as
the matter content. The DE is chosen as phantom scalar field with self-interacting potential
while the DM is in the form of dust. The potential of the scalar field and the mass function

203



Chapter 7. Brief summary and future prospect

of dark matter are chosen as exponential or power-law form or in their product form. Using
suitable dimensionless variables the Einstein field equations and the conservation equations
constitute an autonomous system. The stability of the non-hyperbolic critical points are
analyzed by using center manifold theory. Finally, cosmological phase transitions have been
detected through bifurcation analysis which has been done by Poincaré index theory.

Chapter 5 analyzed a FLRW cosmological model with spatial curvature and minimally
coupled scalar field as the matter content. The curvature term behaves as a perfect fluid with
the equation of state parameter wx = —%. Using suitable transformation of variables, the
evolution equations are reduced to an autonomous system for both power law and exponen-
tial form of the scalar potential. The critical points are analyzed with center manifold theory
and stability has been discussed. Also, critical points at infinity have been studied using the
notion of Poincaré sphere. Finally, the cosmological implications of the critical points and
cosmological bouncing scenarios are discussed. It is found that the cosmological bounce takes
place near the points at infinity when the non-isolated critical points on the equator of the
Poincaré sphere are saddle or saddle-node in nature.

Chapter 6 dealt with the dynamical system analysis of quintessence dark energy scalar
field model with exponential potential. A dynamical system analysis has been applied at
the background level. Using suitable transformation of variables, the evolution equations are
reduced to an autonomous system for exponential form of the scalar potential. The critical
points are analyzed with center manifold theory and stability has been discussed by using
Schwarzian derivative. Finally, cosmological implications of the critical points are discussed
and it is found that the stability of the late-time attractor changes for quintessence dark
energy model.

SCOPE OF FUTURE WORK:

This thesis has investigated some of the well known theories on accelerated expansion in
the light of non-hyperbolic stability analysis. In particular, center manifold methods have
been applied in all the models that have been considered here. Another ingredient from the
higher order stability theory is the Liyapunov method. In this method, one attempts to con-
struct the Liyapunov function which guarantees the stability or the instability of a system.
So one of the future projects may be to attempt to construct Liyapunov functions for the
cosmological models. An even better project may be to find some necessary or sufficient
conditions for the existence of the Lyapunov function.

Another approach is to employ some advanced semi-analytical techniques such as the ho-
motopy perturbation method or homotopy analysis method to investigate the cosmological
systems. The homotopy analysis method is a topological method to generate a convergent
series solution of the non-linear systems. Such techniques from the theory of differential
equations may be valuable to study cosmological models in future.

The qualitative structure of the solutions of an autonomous system may change when the
system parameters passes through certain values called the bifurcation values. Bifurcation
theory is a rich area of mathematics which may shed light to the structure of solutions of the
cosmological systems. In fact, there is a branch of bifurcation theory called chaos. Chaotic
systems are ubiquitous in Nature. An application of the chaos theory to the cosmological
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models could be both novel and exciting.
Therefore the possibilities are endless and it will be very satisfying to work in the juncture

of cosmology and mathematical analysis as long as the beauty of geometry and physics
continues to intrigue...
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