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Abstract

In this thesis we first give a brief introduction to the application of dynamical systems
to cosmology. This enables us to study spherically-symmetric cosmological models in
Einstein-aether theory with a scalar field. The models depend on the time-like aether
vector field through the expansion and shear scalars, and we focus on some special cases
of the models. This leads to a compact phase space. From the evolution equations we
obtain a three-dimensional dynamical system in terms of expansion-normalized vari-
ables. The aim of studying this system is to find the local stability of the equilibrium
points of the dynamical system corresponding to physically realistic solutions. As an
application we study spherically symmetric Einstein-aether Kantowski-Sachs cosmolog-
ical models with a scalar field using the dynamical systems theory. In general, we found
that there always exists an future attractor for the points *P,,* P, * P, for different

values of the parameters £ > 0 and ¢ > 0 and —oo < a < 0.
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Chapter 1

Introduction

1.1 Application of Dynamical Systems in Cosmology

Dynamical systems are helpful in the study of the Universe on the largest scales, where
galaxies are taken to be the constituents. Studies show that galaxies are distributed
fairly uniformly, so we can assume that the cosmological models are spatially homoge-
neous and the Einstein field equations of General Relativity are ordinary differential
equations. As a result, using dynamical systems theory we can study the qualitative
features of such models.

Several models of early universe cosmology, including the Einstein-aether theory [1,2]
and the IR limit of Horava gravity [3,4], break Lorentz invariance. There are some
theories where the physical laws are measured to be the same for all observers that are
moving uniformly with respect to each other. These are called the Lorentz invariant
theories. When Einstein-aether theories are studied, it is assumed that the rest frame
(which is usually chosen) matches with the Hubble law expansion of the universe and
the CMB. On the other hand, it has been shown [5] that a cosmological rest frame does
not exist, and as a result there is no point in assuming that the aether should match

such a cosmological rest frame.

Einstein-aether theory joins General Relativity with the aether, a dynamic unit time-
like vector field. An Einstein-aether solution is a Horava solution if the aether vector
field is hyper-surface orthogonal. In Einstein-aether theory, the local time structure
consists of the aether vector field u, and the metric tensor g,,. We can illustrate much
of the physics of the early universe in conventional cosmology by knowing the impact
of inflation on the Lorentz violation [6,7]. In this thesis, we analyze the late time
behaviour of the dynamics of Einstein-aether cosmological models. Researchers pre-
dict that in aether theory the Lorentz violation vector may be the reason for inflation

without the scalar field potential, changing the dynamics of the chaotic inflationary



model [8-10].

1.2 Einstein-Aether Cosmology

Recently, the use of aether theories of gravity in cosmological models has become more
popular in research. In [1,11-15], an Einstein-aether gravity theory is improved with
a Lorentz-violating dynamic field that conserves both locality and covariance with an
additional aether vector field. The aether vector field will coincide with the cosmic
frame and the expansion rate of the universe in an isotropic, homogeneous Friedmann
universe, with the expansion scale factor a(t) and the proper time ¢. The Einstein
equations can be generalized by adding a stress tensor for the aether field which has

the form:

w = 20(Vau'Vyue — Vu,Veuy) = 2[Ve(u@dy)) + Ve(uJian) — Ve(u@dy))]
_204u.aub + 2)\uaub + gabﬁu
where
K% = ¢1g™geq + c20%67 4 30560 + cyuulgeq,

Jm

= —Kfffnvbu”
L, =—K&4VuVyu
u = cd au bu .

We define new expressions ¢y = ¢o + (¢1 + ¢3)/3 and ¢, = ¢1 + ¢3 [36].

1.3  Self Interacting Scalar Field

If the universe contains a self-interaction potential V', which is dependent on a self-
interacting scalar field ¢, together with the expansion rate 6 = 37:‘ = 3H, the modified

stress tensor for the scalar field [1,2] is given by
1 .
Tab = VaQvaqb - (Evcgbchb -V + 0%)9{11) + ‘/Q(uaub - gab) (11)

where Vj is the derivative of V' with respect to 6. This corresponds to an effective fluid

with energy density p? and pressure p? that can be expressed as follows:

1. 1. .
p¢=§¢2—|—V—0V}) and p¢:§¢2—v+9%+%.



The energy-momentum conservation law, or Klein-Gordon equation, is

¢+ 0+ V, =0, (1.2)

the augmented Friedmann equation is

k

1 1.
—0?2 =+ P>+ V -0V, — — 1.
3 p 2¢ ‘@ (1.3)

(where k is the curvature parameter and p? is the density of ordinary matter), and the
Friedmann metric is defined by the line element

dr?

2 _ 32 2
ds” = dt —a(t)(l_kr2

+ r?dY? + r? sin® 9dp?). (1.4)

We then get the Raychaudhuri equation from differentiating the Friedmann equation.

1.4 Exponential potentials

Exponential potentials of the form V' = Ve~ *? occur in higher dimensional frameworks,
Kaluza-Klein theories, and super gravity [16-20]. Although in general relativity the
exponential potential of the scalar field does not lead to exponential inflation [6, 7], if
the potential is not too steep it can lead to a power law inflation. Ultimately, we restrict
the steep potentials by using multiple fields in order to have assisted inflation [21-25].
A late time attractor is a scaling solution for exponential potentials with sufficiently
flat potentials [26-30]. The dynamical system with negative exponential leads to rich
physics, such as that which is found in Ekpyrotic behaviour [31,32]. The main reason
of using this kind of exponential potentials is that the dynamical system that results

allows us to use dimensionless variables.



Chapter 2

Theory of Dynamical Systems

If we have a function f : R™ — R"” of class C', we can consider differential equations

(DE’s) of the form
' = f(z), (2.1)

d

where © = (z1(t),- -+, z,(t)) is called the state space, a function of time, and 2" = .

If f does not explicitly depend on ¢, the DE is called autonomous. Therefore, if f
is linear then the DE is called linear, and is given by f(x) = Az, where A is an
n X n matrix of real numbers. In general, f is a non-linear function. The function

f can be interpreted as a vector field, for each point z € R", we identify a vector

F(@) = (@), ful@)) € R™

We now give some important definitions and notations:

A solution of the DE defined above is a function ¢ : R — R" which satisfies the

condition
V(t) = f(u(t)) (2.2)

for all t € R in the domain of 1. The orbits of the DE are the images of the solutions ).
The tangent vector to the orbit of some solution v at 1(t) is given by 9'(t), satisfying
(2.2), and so the vector f is tangent to such an orbit. A zero of the vector field is a

point a € R" satisfying
fla) =0, (2.3)

which is called an equilibrium point or equilibrium point of the DE. ¢ (t) = a, for all
t € R, is a solution of the DE if and only if a is a equilibrium point, since ¢'(t) = 0 =
f(a). Such a constant solution describes a equilibrium state of the physical system. It
is necessary to examine the behaviour of the orbits of the DE in order to study the

stability of equilibrium states near the equilibrium points. Since we are assuming f is

4



of class C!, we have
f(x) = fla) + Df(a)(z — a) + Ri(z, a), (2.4)
with

IRl
24 =l

Here, R;(x,a) is called the error term, and D f(a) is the n x n derivative matrix of f

defined by

Df(:c):(gf), ij=1,---,n. (2.5)

If a € R" is such that f(a) =0, then using (2.4) we can rewrite (2.1) as
¥ = f(z) = Df(a)(x —a) + Ri(z,a). (2.6)
The linearization of the DE (2.1) is given by the linear DE
u' = Df(a)u

for the equilibrium point @ € R". Since f(z) ~ Df(a)(x — a) for z near a equilibrium
point a, solutions of such a linearization will in general approximate the solutions of

the original non-linear DE near the equilibrium points.

2.1 Linear Autonomous Differential Equations

There is a unique solution curve for the linear DE

r' = Az, z(0) =a € R", (2.7)
where

z(t) = ea for all t € R, (2.8)
where e maps a — e'®a for all t € R and @ € R™, and A is an n x n real matrix. The

linear flow of the DE is a one-parameter family of linear maps, and is denoted by

gl = e (2.9)



The properties
g =17 and g™ =glog® VtseR, (2.10)

hold for both the linear and non-linear flow. Thus the linear flow {¢'*},_p has a group
structure under the composition of maps. The evolution of the dynamical system in
terms of time can be described by the flow in terms of the physical system. The orbits

are subsets of R" divided by the flow of the DE, and are denoted by:

v(a) = {g'alt € R}. (2.11)

This is called the orbit of the DE through a and is the image of the solution curve

x(t) = e"a. As a result of the uniqueness of the solution, either of the properties:

v(a) = y(b) ory(a)Ny(b) =0
hold, for all a,b € R™. A set S is called an invariant set if for any point a € S the orbit
through a remains in S that is y(a) € S.

The orbits of the DE can be classified as follows :

1. If gla = a for all t € R, then y(a) is a point orbit.
2. If there exists a T > 0 such that g’a = a, then y(a) is a periodic orbit.

3. If g'a # a for all t # 0, then (a) is a non-periodic orbit.

Definitions

1. Given a linear DE 2/ = Az in R", we can define a new function y = Pz, P is a
non-singular matrix. Let 7 = kt be a new variable, with £ > 0. It follows that
Yy = By, where B = %PAPil. Moreover, the two linear dynamical systems

7' = Az and 2’ = Bz, where A = kP~! B P, are linearly equivalent.

(The condition A = kP~! B P means that the linear map P maps each orbit of

the flow ¢4 to an orbit of the flow e'B.)

2. We can say that the two linear flows et and e on R™ are linearly equivalent

if there exists a non-singular matrix P and a parameter k£ > 0 such that Vt €
R, Pe!4 = eMB P.
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From these definitions we can classify the Jordan Canonical forms for any 2 x 2 real

matrix (A) as follows:

1. There exists a matrix P such that J = P AP~ if A has two real independent

eigenvalues, and so the flow is then denoted by e/, where

J— )\1 0 etA _ e)\lt 0
0 )\2 0 eAQt
The eigenvectors are e; = (1,0)7 and ey = (0,1)7. The resulting solution is

y(t) = e’b, b € R? (i.e., y; = eM'b; and o = e*2'hy). Note that the orbits of the

DE for the non-zero eigenvalues are given by

1 1
Y| ya |2
{bl] B {bJ .

2. If there is one real eigenvalue of A, then there exists a matrix P such that J =

P AP~ and the flow is given by €'/, where

Lo a_ |l
0 Al 0 1

The eigenvector is given by e; = (1,0)”. Note that the orbits of the DE for the

non-zero eigenvalues are of the form

by 1 Y2
= — 4+ —log Z=|.
Y1 =192 Lh + \ 0g yl]

3. If the eigenvalues of A are complex of the form a+ i, then there exists a matrix

P such that J = P AP, where

]

We adopt the polar coordinates (r,0), with y; = rcosf and y, = rsinf, in order

to simplify the calculation of orbits. Then the DE becomes ' = ar and 6 = —f,
implying that % = —%7’. Without loss of generality, we can assume [ > 0, since the

DE is invariant under the changes (5,y1) — (—f, —y1). Thus, lim; ,, 0 = —oc.



2.2 Topological Equivalence of Linear Flows

Linear equivalence acts as a filter; the flow is limited by the number of distinct eigen-
vectors of the DE. Hence, near the equilibrium points the linear equivalence of the DE
can distinguish the behaviour of the orbits. For example, the orbits in the three Jordan
Canonical forms approach the origin as ¢ — co. On the other hand, we can study the

long time behaviour of the DE by eliminating more features.

Definitions

1. A homeomorphism on R" is a non-linear map h : R" — R", where h is one to one
and onto, and A~! is continuous. The orbits of one of the flows can be mapped

onto the orbits of the simplest flow using a homeomorphism.

2. Two linear flows e'* and e on R" are topologically equivalent if there exists

a homeomorphism h on R" and a positive constant k such that h (etAx) =

e*Bh(x) for all z € R™ and for all t € R.

If the real part of the eigenvalues are all non zero (i.e., Re(\;) # 0, i = 1,2), then
the flow is called hyperbolic. In fact, any hyperbolic linear flow in R? is topologically

equivalent to the linear flow e*4, where A is one of the following matrices:

-0 ) = Lo source = -L o saddle
A—(O _1>(smk),A(Ol)( ), A (0 1>(ddl).

2.3 Linear Stability

It is important to determine whether a physical system which is disturbed from an

equilibrium state remains close to, or approaches, the equilibrium points as t — oo .

Further definitions

1. A equilibrium point of the DE is called stable if for all neighbourhoods U of 0,
there exists a neighbourhood V' of 0 such that gV C U for all t > 0, where
gt = (e') is the flow of the DE.

2. A equilibrium point is called asymptotically stable if the equilibrium point is

stable, and if for all z € V, lim; . ||g’z| = 0.



Note if A € M,,(R) we will see that

lim ea =0  forallaeR" (2.12)

t—o00

if and only if Re(A) < 0 for all eigenvalues of A. This implies that (0,0) is a sink in
R™, if the solutions x(t) of the DE approach the equilibrium points (0,0) in the long
term behaviour of the dynamical system. On the other hand, if we replace A by —A

and t by —t, we obtain that Re(A) > 0 for all eigenvalues which are called a source in
R™.

2.4 Non-Linear Differential Equations

For non linear DE it is difficult to write down the flow explicitly, so the main aim of
the dynamical system analysis is to show the qualitative properties of a non-linear flow
without knowing the exact form of the flow.

We shall consider the DE 2’ = f(z), where f is of class C'. It has a unique
maximal solution satisfying 1,(0) = a. The flow of the DE is defined by the one-
parameter family of maps {g'}, g such that g’ : R" — R"™ and g'a = 9,(t), for all
a € R". The flow {g'} is defined by

g'a = Ya(t), (2.13)

in terms of the solution function ,(t) of the DE .

Here, v(a), is the notation for the orbit through a and is defined as
v(a) = {z € R"|z = g'a, for all t € R} . (2.14)

Furthermore, orbits for non-linear flows can be classified into three types (as for linear
flows): point orbits, periodic orbits, and non-periodic orbits.

A positive orbit through a, denoted by vt (a), which we sometimes work with, is

defined as

7" (a) = {z € R"|z = g'a, forall t >0} . (2.15)
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2.5 Linearization and the Hartman-Grobman Theorem

The Hartman-Grobman theorem plays a significant role in dynamical systems theory
because it is useful to study the behavior of the stability of any dynamical system near
the equilibrium points. Let us state the theorem in general:

Theorem 1. Hartman-Grobman Theorem: Let T be a equilibrium point of the DE
= f(x) in R", where f : R" — R" is a continuously differentiable map. If all
of the eigenvalues of the derivative matriz D f(Z) satisfy Re(\) # 0, then there is a
homeomorphism h : U — U of a neighbourhood U of 0 € R onto a neighbourhood U of

T which maps orbits of the linear flow ePT@ onto orbits of the non-linear flow gt of

the DE, preserving the parameter t.

In particular, if Z is a hyperbolic equilibrium point then the flow of the DE o' = f(z)
and the flow of its linearization v’ = D f(Z)u are locally topologically equivalent.

Furthermore, if Z is a equilibrium point of the DE, and the real parts of the eigenvalues
of the matrix D f(z) are all non-zero, then we can study its stability: if the real parts of
the eigenvalues are all negative, the equilibrium point is called a sink; if all Re(\) > 0,
it is called a source. Otherwise, if one eigenvalue is positive and the other negative, it

is a saddle point.

2.6 Higher Dimensions

Let give some important definitions:

Hyperbolic equilibrium point: if the real parts of the eigenvalues of the matrix D f(7)
are non-zero, the equilibrium point of a non-linear DE is said to be hyperbolic.
Non-hyperbolic equilibrium point: For a one- parameter family of equilibrium points
there is at least one eigenvalue which has a zero real part for any equilibrium point
in DE, but if all other eigenvalues have a non-zero real part, all points in the set are
called non-hyperbolic.

In higher dimensions (n > 2) many new features are possible, and the Hartman Grob-
man Theorem can be applied if the equilibrium point is hyperbolic. Otherwise, we use
the normally hyperbolic method if the equilibrium point is non- hyperbolic by identify
the signs of the other eigenvalues for a curve, in the remaining n — 1 directions.

Note: all the information in this section is taken from [33].



Chapter 3

Spherically Symmetric Einstein-Aether Kantowski-Sachs
Cosmological Models with a Scalar Field

The spherically-symmetric cosmological models in Einstein-aether theory are constructed
containing a scalar field, in which the exponential self-interaction potential depends on
the time-like aether vector field through the expansion and shear scalars. The deriva-
tion of the evolution equations in terms of expansion-normalized variables are presented
below, which reduce to a dynamical system. The local stability of some of the equilib-

rium points of the dynamical system will be investigated in the next chapter.

3.1 Kantowski-Sachs Models

The Kantowski-Sachs models are spatially homogeneous, spherically symmetric cosmo-
logical models that have four Killing vectors, the fourth being 9, [35]. In coordinates
adapted to the symmetries of the models, the metric can be written in the following

form:

ds® = —N(t)%dt* + (e;'(t))2da® + (e* (1)) ~*(dv* + sin® ¥dp?). (3.1)

N is a non -negative function of ¢, which under a time rescaling can be set to one.
It is assumed here that the aether field is invariant under the same symmetries as
the metric, and therefore is aligned with the symmetry adapted time coordinate. The
velocity vector of aether is assumed to satisfy u®u, = —1 [36]. The expansion scalar is
determined via 6§ = V,u®, and the shear scalar is determined via 601 = V, ubVyut— %92.

The vorticity and acceleration of the aether are zero [34].

3.2 Scalar Field Potential

The scalar field potential V(¢, 0,0, ) is assumed to be an exponential function of the

scalar field and depends linearly on both the expansion and the shear of the Aether.

11
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Consider the scalar field potential of the form

V(9,0,0,) = are”*? + ayfe ™ + azo e, (3.2)
in which case
u® = Seo(9) + are?, (3.3)
p? = leg(d)* — are**" — kaseo(¢)e ™ — azo e *?, (3.4)
g =0, (3.5)
a
¢ = g(e — keo())e . (3.6)

The aether energy components are derived in [34] where we replace e;(¢) = 0 and
@ = 0. The constants ai,as and a3 are defined such that the potential V' (0, ¢, o) can
be assumed to be a positive definite. We shall assume that a; > 0 but allow a, and as

to be either positive or negative.

3.3 Evolution Equations

The evolution equations for the aether-Kantowski-Sachs models with a scalar field are:

egler’) = —(0—60y)er’, (3.7a)

eo(K) = —2(0+304)K, (3.7b)
@) = —3#" -6 G T ?),Z) Ea +1309 (= eo(@) + are™

+3aske ey (¢) + Sazoie?), (3.7¢)

efoy) = —lo, + 6(1_;200)(61306_% — azkey(¢)e ™™ — 2K), (3.7d)

eo(eo(9)) = —Oeg(p) + 2kare ™ + (as0 + asoy ke ™, (3.7¢)

with the following constraint:
K + (14 3¢9)0” = 3(1 — 2¢,)0% + 3ej(0) + are . (3.8)

where ¢, and ¢y are parameters (see chapter one). All evolution and constraint equa-

tions are derived in [34].
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3.4 Dimensionless Variables

In order to simplify the analysis the following normalized variables (which are bounded

for 1 — 2¢, > 0), are chosen:

eo(¢) V3o VK 4 e

r=——=, = , 2= —, =— W=—, 3.9
A0 YTD o @ 7D 5 (3.9)
where
02

D= K+§, (3.10)

and the new time variable
1
= Seol) (3.11)

is defined. To further simplify the model the following parameter is defined
= (1—2c,).

Thus, the evolution equations for the aether-Kantowski-Sachs model with a scalar field

can be written with the new variables defined in (3.9):

eo(K) = —3V3(Q +y)2*D*, (3.12a)

60<0) = D3 [—QZ + ( - 262y2 - 21’2 + a1W2

1+3€9

3v/2 3
+——-askzW + ——=asW , 3.12b

eo(cy) = D?|-Qy+ 6—; <\/§G3QW — V2a3kWaz — 2z2> ] , (3.120)

eoleo(d)) = D?|—v6Qx + 2ka,W? + /3 (aQQ + %y) kW] . (3.12d)

with the following constraints:

22+ (14 3¢)Q% = y* + 2 + aW?,
2+ =1

The differential equation for each of the normalized variables in (3.9) and with respect

to the new time vairable in (3.11) is calculated Thus, the following five dimensional
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dynamical system results [34]:

r \/_ \/§ as \/ng
xr = Q +\/_k 1W2—|—EkW (agQ—i—?y) ——3(1+309)

3
—202y2 — 222 +a W2 + \/T_agyW

3v2 V3

+ 5 askWz —i-?xfy, (3.13a)

V3
3

y = —V3Qy+ \/?gyzz(Q +y) + —yQ°

\/§
62

V3yQ
3(1 + 3cy)

2y 20 4 W+ Vg iaszQZ] (3.13b)

2 2
Z = V3 [Qy—i—

—222 +\/_a3QW V2a3kWx

2

3
7 ( —2c%® — 2% + a W2 + £ag,yW

1+
aszx>] (3.13c)

Q = \/3 [Q 30 ( 2c%y* — 227 + a, W? + ?agyW

a2/€W$>] (3.13d)

V3 V3Q
3(1 + 309)
3v/2 V3 )]

( — 2%y — 202 + WP + Tang:v + 7a3yW

W= [ V2ka +—(Q+ v - 5 Q% -

(3.13e)

The variables (3.9) are constrained by the following relations:
—3cpQ* + 2* + Y+ a WP =1, (3.14a)
Q*+ 2 =1 (3.14b)
The restrictions (3.14a), (3.14b) and the dynamical system (3.13) allow the elimination

of z globally, but do not allow the elimination of x globally. This leads to a four-

dimensional dynamical system with one constraint. However, the substitution for x
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locally can be done, via

= e\/1— Y% + 3¢Q% — a, W2, (3.15)

where € = 1, obtaining two copies (one for each value of €) of the dynamical system

[34].

2 V3 V3
A - o v= —92—-6 2 3 W2
y Qy[ NCRE yQ 501+ 30p) ( coQ” + 3w
2
+3€;/_a2kW\/l + 3cpQ? — 2y? — aW? + ?agyW)]
3 1
—V2eazkW+/1 + 3¢9Q? — 2% — a1W2>] ,
! (1 B Q2) 2 2
= —— -2 %%
Q \/g Qy + 11 300 6C9Q + 3&1
3ev/2 3
+ Eg/_ang\/l — 2y? — aW? 4 3¢9QQ? + %agyW)] . (3.16b)
W= W [—e\/ﬁk\/l + 3c9Q? — 2y? — a W2 — ?Q@
V3 V3Q
— ———= [ — 2430, W? — 6c9Q?
+ 3 (Q + y) 3(1 + 3C9) + oay C@Q
3 3ev/2
+\/7_a3yW + Eg/_ang\/l —2y2 — W2+ 369Q2>] . (3.16¢)

3.5 Special Case

Let us assume (from [34]) that 3¢y = ¢ + 3c2 +¢3 = 0 and az = 0. This leads
to a compact phase space. Note that the variables y, () and W are bounded by the
conditions y € [=1, 1], Q € [-1,1],and W € 0, \/LaT] which were obtained from equation
(3.14). Also aq, ¢, k are assumed to be positive numbers, while as can be a negative or

positive number. The evolution equations from (3.16) for the Kantowski-Sachs Aether
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models contaning an interacting scalar field simplify, and lead to the three-dimensional

dynamical system:

y = ?y [y -Q (yQ +3a, W2+ 637\/5@21514/\/1 —c2y? — a1W2>]
_\/5(136—2 &) (3.17)
Q = % [Qy — 2430, W? + e%gagkw\/l — 2y — a1W2] . (3.17D)
W= W [?y(l — Q%) +V3Q(1 — a,W?)
teky/1— 22 — a2 (—\/5 - azf@W)] 7 (3.17¢)

with the following local definition for the following variable x

z=ey/1—c2y? — a,W?2

where € = £1. This is the system which we will study in next chapter.



Chapter 4

The Dynamical System

Define a new parameter o = \‘/‘—6271 and a new variable

V= JaW. (4.1)

Rewriting system (3.17) we obtain the new dynamical system which only depends on

three parameters o , ¢ and k , where e = £1. :

o = (1 ;_;22) [Qy 9413V e%iak:‘/ T— 2?2 — V2|, (4.2a)
/ V3 2 2 2
Vo= Suly- QlyQ + 3V —|—6 ozk:V\/l—c -V
3(1 — Q?
_%7 (4.2b)
Vi =V \/?gy(l — Q) +V3Q(1-V?)
Feky/1 — c2y2 — V2 < No- l@{/) (4.2¢)

4.1 The Equilibrium Points

4.1.1 Equilibrium Points (V = 0):

The following table is a summary of the equilibrium points of the system (4.2) in the
V = 0 set, which is a two dimensional invariant set of the dynamical system.

Note: We indicate the equilibrium points in the case of ¢ = 1 by a * superscript
on the left corner of the point, as in TP, and ~ P, for the case where e = —1, y* is a

parameter and hence the curves Py, represent lines of equilibrium points.

17
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EqPt | vy Q Vv Existence Condition

Py y* +1 0 —% <y* < % where ¢ >0
P3 y* -1 0 —% <yt < % where ¢>0
P; 12 0 0<ec<i

P, -1 —2¢ 0 0<c<3

Table 4.1: Equilibrium points for the system (4.2) for both cases € = £1, and their
conditions of existence in the V=0 invariant set.

4.1.2 Equilibrium Points (y =0, Q*=1))

The flat FLRW models are contained in the one dimensional invariant sets y = 0,
@ = £1. The substitution of y = 0, () = £1, results in a zero for the first two equations
of the dynamical system (4.2). Therefore, only the third equation in (4.2) is needed
for determining the equilibrium points in the invariant set. When y = 0,Q) = £1, a

non-linear equation is obtained in V' as follows:

V3Q(1 — V?) = egk‘\/l —v? (2 + a\/§QV> . (4.3)

We can see easily that V' = 1 is an equilibrium point for the above equation, then, other
equilibrium points can be found by assuming V' # 1 and dividing (4.3) by v/1 — V2

we obtain

V3OV = V2 = e\gk (2 n a\/éQv) , (4.4)

where as usual Q* = 1 and €2 = 1. Then, by squaring (4.4), we get

2

/G 2
3(1— V?) = &2 <\/§+ “ Qv) . (4.5)

The resulting quadratic equation results after doing some algebraic manipulations:
3V a2k? + 2) + 4V3ak?QV + 2(2k* — 3) =0, (4.6)

which has two solutions for V' as functions of (o, k, @), given by

_ —2v/3aQk? £ Vb

v
1,2 3a2k2 +2 ’

where b is defined by
b= 18k*a* + 36 — 24k°.
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Therefore, there is a maximum of four solutions for equation (4.5), two for Q = 1,
which are P; and Fs, and two for () = —1, which are Py and Pg.
Note: for additional analysis for these points (P; to Pyo) see [34].

EqPt |y | Q \%
P 0 1 1
P 0| -1 1
—2v/3ak? 18(a2k2+2)—24k2
Py 0 1 Vi = +3(a2k(2+2) 2
2v/3ak? 18(2k2+42)—24k2
Py 0| -1 V= ARAL LiLmi
—2v3ak?—/18(a2k2+2)—24k2
Py 0 1 | V= 3(a2k(2+2) 2

2v3ak?—/18(a2k2+2)—24k?2
3(a2kZ12)

PlO 0 *1 VlO =

Table 4.2: FLRW equilibrium points of the system (4.2) for both cases ¢ = %1.

The following section will discuss the behavior of the dynamical system (4.2) at
some of the equilibrium points. In this thesis the goal is to analyze the local stability
of some of the equilibrium points in the invariant set V' = 0 and the FLRW invariant

set.

4.2 Local Stability

4.2.1 For P/ and Pj

P and Pj are lines of equilibrium points. Using the normally hyperbolic method
discussed earlier (see chapter 2), we can find the stability of these equilibrium points.
Moreover, after determining the Jacobian at y = y*, Q = +1, V = 0, we get a
zero eigenvalue, and therefore the stability can be found by considering the signs of
the other eigenvalues in the remaining directions. For example, when looking at Py
when € = 1, the non-zero eigenvalues are given by Ay = —%y\/g + % 3 and A3 =
V3 —kv2 \/1—7c2y2 , and by applying the normally hyperbolic method we found that
if ¢ < % , 4 + % <landk > \/g then a part of the line P; is sink if the following

condition hold: 2 < y* < %, /1 — 22 otherwise, it is not stable. By implementing the

2k2
same calculation we can obtain the behavior for P and P; as shown in the following
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table.
Table (4.3) provides the eigenvalues of the equilibrium points Py and Py and their
stability.
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4.2.2 For P; and P,

When looking at the equilibrium point, P (where y = %, Q = 2¢, V =0) for the case
e = 1, we will never be able to calculate the Jacobian at this point because the point is
non-hyperbolic. Therefore, other methods are needed to determine the stability of the
3-D system shown in (4.2). Let us instead of substituting for x restore x and substitute
for y in 4- dimensional dynamical system and then rewrite the system in terms of

(x,Q,V) instead of (y,Q,V), to obtain the following:

P —2?95@ + V2KV + %akQV - ?m@ [—2(1 —2? -V —

V2 v Vo i e,

202 + V? + 3"akaV

2 3¢
o = Lm0 i g 200
V3 c 2
Vi =V g(l—cf)\/l—x?—v?jt\/§Q(1—V2)+kx(— 2—\/760@1/) :

after determining the Jacobian at the new equilibrium point x = 0, Q = 2¢, V = 0,

we get simple eigenvalues which are ;, A\ = \/Lg % —4c|, Ay = \/?g % —4c| and A3 =

},{—E + 20‘%g . From this, it can seen that A3 is always positive, which implies there is

no sink at this point. Performing a similar calculation for ~P; the same eigenvalues
and behavior are obtained as ™ P3. Similarly, for P, the same eigenvalues and behavior
are obtained for € = -1 and P, is stable (sink) if 0 < ¢ < %; otherwise it is unstable.
Table (4.4), illustrates the eigenvalues of the equilibrium points P; and Py, and their
stability.
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Eq Pt A1,A2,A3 Sink Conditions
A = \/Lg(l — 4c)
=P Ay = ( —4¢) | No sink (from A3)
A3 = ( + 20?)
A= 7( + 4c)
P, /\in( + 4c) 0<c<3
ho = (- = 26%)

Table 4.4: The stability of P; and P

4.2.3 For P and B

When looking at the equilibrium point, Ps (where y =0, Q@ =1, V = 1), we will never
be able to calculate the Jacobian at this point because the point is non-hyperbolic.
Therefore, other methods are needed to determine the stability of the 3-D system
shown in (4.2). Looking at the 1 - dimensional dynamical system in the invariant set
(Q =1 and y = 0) and then looking at the 2 - dimensional invariant set @ = £1 we
able to know then the stability of the full 3 - dimensional system with knowledge of
what happens in the lower dimensional systems.

First: Looking at the V' equation in full (not linearized) when y = 0 and @ =
will determine if V' is increasing or decreasing by looking at whether V' is positive or
negative (first derivative test in calculus) near to V' =1 but less than 1. By applying

the first derivative test to the 1 - dimensional autonomous differential equation:

V=V ﬁ(1—v2)+ekm( ﬁ—Mv>

Observe that the point V' =1 is stable for some values of the parameter values v and
k but there does exist some parameter values in which it is unstable. So using the
derivative of the derivative (i.e., concavity arguments) we are able to find the stability
conditions for this point in the y=0, Q=1 invariant set. The derivative of the right

hand side in the previous equation is:

V3(1 =V + V1 —V2(—V2 — £aV)

(va-2p

—2V3V — kV
Vi-V?

— %k\/l — VQ\/éoz] .
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So near V' = 1, the term ﬁ dominates. The coefficient of it is [ —k(—+v/2 — @)]
which determines the sign of V" near V' = 1. If V" > 0 for values of V near V =1 but
less than 1, then V' is increasing to a value of 0 at V' = 1. This means that V' < 0 for
values of V' near V' =1 but less than 1, and the point V' = 1 is unstable. Alternatively
if V" < 0, then the point is stable.

Second: Since we now know what happens along the V direction near V=1, we expand
our analysis to the in 2 - dimensional system in the 2 - dimensional invariant sets
(Q = +1). We note that the 1 - dimensional boundary 1 — c*y?> — V? = 0 is an
invariant set within the 2 - dimensional invariant set. So when ) = £1 we will have

2-d dynamical system as follow:

3 3V2
! V3 -3V2Q — ET\/_ak:QV\/ 1—c2y?2 - V2|, (4.8a)

¥y = ?y
Vo= VI[V3Q(1-V?
av6
+eky/1 — 2y? — V2 (—\/5 - TQV) . (4.8b)
Using polar coordinates for y and V' as follows
r
= - 0
y = —cos(f)
V = rsin(0) (4.9)

we can determine if the 2 - dimensional dynamical system is stable or not near the
point V' =1, y = 0. After using polar coordinates the dynamical system will be for ¢’

and r’. By using the definition of the circle for equations (4.9) which is given by

A+ V=12 (4.10)

and then differentiating the (4.10) and using (4.8) we will end up with 7’ equation

as follows:

= V3rsin2(0)Q(1 — r?) + rksin(0)V1 — 12 <—\/§sin(9)
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/6
9

rsin?(0)Q — \/76&7"@ COSQ(Q)) :

The equilibrium point V=1, y=0 corresponds to r = 1 and ¢ = 7. We can see easily

that " = 0 when r = 1 and that ' > 0 for a < —\/lg and ¢ near § by using the same

analysis that we used in the 1 - dimensional invariant set. Finding 6’ equation was

found by using the definition tanf = % and then do some calculations we will arrive

to 8 when r = 1 as follow:

0" = \/3sin(f) cos(6)Q.

looking at ¢’ will determine if # is increasing or decreasing by looking at whether ' is

positive or negative (first derivative test in calculus) near § = 7. So when ) = 1 in

T P5 case we can see that it is a sink point in the 2 -dimensional system if o < —\%.

Now we can move onto the full 3 - dimensional dynamical system after we know what
happens in the lower dimensional system by doing some numerical analysis for the 3-
dimensional dynamical system. We see that the numerical analysis breaks down which

indicates that it is unstable or something else see the following figure.

=

0.9+
0.8+
0.74
0.6 4
0.5+

0.4+

0.2+

0 T T T T 1
02 0.4 0.6 0 1

i
[— 0() — V() — X(1)]

Figure 4.1: The numerical graph of the solution curves for *P; when o = —2, k =1
and ¢ = 1, and with this initial condition y(0) = 0.2,Q(0) = 0.9 and V' = 0.9

We now we need to look at the full 4 -dimensional dynamical system to study the

stability to this point.

e », V3 V32Q
7 = —TQaHﬁkv +Ekan— ;

—2c%% — 222 + V2
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3v2 V3

Tkl +?xy(1—Q2),
Q = % Qy—2+3v2+e%§akvm,
y = ?y[y—@(yQJr?)VQJregQﬁakV 1—c2y2—v2) —%,
Vo= v 20— eh + vaou - v

Y v <_ _ M@v>

From the x definition we know that it could be positive or negative, x = e\/m ,
but we have assume that the value under the square root should be positive or zero,
otherwise the root sign becomes complex. Let us study the 3 - dimensional equilibrium
point (y = 0,Q = 1,V = 1) which implies that x = 0 within this 4 - dimensional
dynamical system and see what will happen to the system. Looking at the x’ equation
when z =0,y =0,V =1 and @ = 1 will determine if z is increasing or decreasing by

looking at whether x’ is positive or negative we will get the following:

V32
x—ﬁk(\/gjta).

From the 2 - dimensional dynamical system in the invariant set (QQ = 1) we know that
*Ps is stable only if a < f which implies that 2’ < 0 when x = 0 at this T P5. That
means * Ps is unstable in the 3 - dimensional dynamical system. It is the point in which
trajectories pass from the positive branch (epsilon = +1) to the other (epsilon=-1).
This strange behavior occurs that because we applied a global substitution for z when
it clearly should not have been applied. Similarly, by doing the same method for point
~P; and *P; we will find that they are unstable points.



4.2.4 For P7 to P10
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The following table is included in this thesis for completeness of presentation; however,

the results have not been checked [34].

Eq Pt | Existence Condition Eigenvalues Sink Conditions
1) If a>0,
3 1 3
1) a>0:k<\/7 < k<=
2 | Mg =22 [VBat 217] V6 2
— 7
+p, 2) a<0, a<ﬁ 2) If a<o0,
3 Ay =2 [ak2V7 + @(%2 - 1)] a< -2
and k< \/g 1 V3
— <k<V3
V6
a >0, a> ;2 Az = —72\/51‘19‘62 [\/ga + QVQ]
+ Py - V3 ’ No Sink
k<3 do =2 [ak?Vy + (282 — 1)]
o<l V2Vzk
-2 )\173 == ﬁ [\/ga + 2V7]
JE— 7
~P; @s V3 No sink
NNE Ay = 2 [ak2V7 +B(2k2 - 1)}
2
)\1’3:7%— 3o+ 2V L<k<\/g
- k< § PViTY Ve 2 22,
Py 5 3 o1 KR
3 rens 1S a7 S 2(-2r9)2
o 2 )\2:2[ak2Vg—T(2k —1)}
V3 2<to2
Table 4.5: The stability of P; and Py
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4.3 Table of Sinks
Table (4.6) illustrates, for different parameter values, all of the sinks with either V' = 0,

or in which y = 0 and ) = £1. For lines of equilibrium points, the interval that is a sink

is given. The following table shows the sinks when ¢ < % for different values of k and «.
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Table (4.7) illustrates for different parameter values all of the sinks with either
V =0, or in which y = 0 and () = £1. For lines of equilibrium, the interval that is a
sink is given. The following table shows the sinks when ¢ > % for different values of k

and «.
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> >3- d+ d+ d+ m|\|(Vd
E i
o) ¥Z )
I i YA S
2 2
U d - d-
2 2 €
1>y d + d + 0>v0>L
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b) YT p)
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4.4  Alternative Table of Sink
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Table (4.8) and (4.9) show that the stability of the equilibrium points do not depend

on the value of « at all depend in ¢, k only.

Table (4.9) shows the sink and their dependencies on the parameter & with ¢ <

showing the different intervals for the sink.

sink conditions

—00 < o < 00 k’<\/§ /{:>\/§
C<% +P1
+ P, +P,
-p,
-p,
:I:p4 :tP4

4CQ+%<1,2<y*<%\/1—%,
—2<y <t
1)402+%>1,—2<y*<—% 1—
2) L 1— 2 <y <1

—2<yr<i

3

2k2

Table 4.8:

The table of sinks when ¢ < % for different values of k

N =

Table (4.9) shows the sink and their dependencies on the parameter k with ¢ > 3

showing the different intervals for the sink.

—n<a<x | k< % k>\/§ sink conditions
c> 3 tP, +P, —%1<y*<%1
— *
P2 —E<y <E
_ 1 * 1 3
Py | o<y <-c\/l-22

1 3 * 1
Orzw/l—m<y <E

Table 4.9: The table of sinks when ¢ > % for different values of k
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4.5 Numerical Analysis

This section confirms the existence of all of the sinks numerically by using Maple

software.

Figures for ™ P;:

Figure (4.2) illustrates model (4.2) near TP, when ¢ < 3 o < —\%, and k > \/g

t
k

0 5 10 15 20
t

[—r o) — vy —x(1]

Figure 4.2: The numerical graph of the solution curves for TP, when o = —2, k = 2
and ¢ = }1, but with different initial conditions.

It can be seen from figure (4.2), for the values a < —\%, c < % and k > \/g that,
* P, is a sink because the expected outcome is that V' goes to zero, Q goes to one and y
goes to a point between 2 and %\ /1 — % Parameter values for this numerical analysis
are chosen to be: a = —2, ¢ = 1, k = 2. Initial Values are y(0) = 2.5,Q(0) = 0.99,
V(0) = 0.001, y(0) = 2.8,Q(0) = 0.98, V(0) = 0.003, y(0) = 3,Q(0) = 0.97,
V(0) = 0.002.
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[— v o) — V(1) —X(1)]

Figure 4.3: The numerical graph of the solution curves for *P; when a = —1, k = 2
and ¢ = %, but with different initial conditions.

It can be seen from figure (4.3), for the values a > \/g’ ¢<iand k> \/g that,

* P, is a sink because the expected outcome is that V' goes to zero, () goes to one and y

goes to point between 2 and l Parameter values for this numerical analysis

= 32
, k =2 . Initial Values are y(0) = 2.3,Q(0) = 0.99,

979, V(0) = 0.03, y(0) = 2.21,Q(0) = 0.99,

are chosen to be: a = —1, ¢ =
V(0) = 0.001, y(0) = 2.2,Q(0
V(0) = 0.01.

) =
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o 5 10 15 20
t

[— v o) — V(1) —X(1)]

Figure 4.4: The numerical graph of the solution curves for TP, when o = 1, k = 2 and
c= }L, but with different initial conditions.

As can be seen from figure (4.4), for the values o > 0, ¢ < % and k > \/g we have
that, TP, is a sink because the expected outcome is that V' goes to zero, ) goes to one
and y goes to point between 2 and %w /1 — % Parameter values for this numerical
analysis are chosen to be: a =1, ¢ = 1, k = 2. Initial Values are y(0) = 2.7,Q(0) =
0.99, V(0) = 0.01, »(0) = 3.1,Q(0) = 0.95, V(0) = 0.02, y(0) = 3.5,Q(0) = 0.98,
V(0) =0.1.
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Figures for ™ P,:

Figure (4.5) plots the model (4.2) for TP, on the interval ¢ < § with varying & values.

A B
1 14
_— _———
0 T T T 1 0 T T
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i t
1 -14
[—r() — ot — () —x(1] [—r() — ol — "y —x0]
.
—
14
0 T T
5 10 15 20
i
)
[— i — ot) — v(n — ¥ (1]
Figure 4.5: The numerical graph of the solution curves for *P, when a = —1, ¢ = i

and k = 0.1 in figure A, kK = 0.5 in figure B £ = 2 in figure C, but with different initial
conditions

Figure (4.5), illustrates the models with the condition of ¢ < % and varying values
of k. Graphs A, B, and C indicate k values of 0 < k < \/ig,, \/Lé <k< \/g, and k > \/g,
respectively. The following parameters for this numerical analysis are chosen to be:
%, and o = —1 and the initial conditions of y(0) = —0.89,Q(0) = —0.99, and
V(0) = 0.001, y(0) = —0.99,Q(0) = —0.98, and V(0) = 0.02 y(0) = —0.98,Q(0) =
—0.99, and V(0) = 0.03 were selected. The k values chosen for graphs A, B and C

were 0.1, 0.5 and 2, respectively. It can be seen from the graphs that, TP is a sink

CcC =

because the expected outcome is that V' goes to zero, () goes to negative one and y
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goes to point greater than —2 and less than %

Figure (4.6) plots the model (4.2) for TP, on the interval ¢ > I with varying k

values.

0.2 4 0.24

5 10 15 20 5 10 15 20
-0.24 -0.24
-0.44 -0.44
-0.6 4 -0.64

-0.8 -0.84

[— o) — r() — X(1)] [—r@ o) — V() — X(0)]

0.2

1]

-0.24

-0.44

-0.61

-0.84

_] _'
[—rw) o) — V() —X(1)]

Figure 4.6: The numerical graph of the solution curves for *P, when a =1, ¢ = 1 and
k = 0.1 in figure A, £ = 0.5 in figure B k£ = 2 in figure C, but with different initial
conditions.

Figure (4.6), illustrates the models with the condition of ¢ >  and varying values of
k. Graphs A, B, and C indicate k values of 0 < k < \/Lé, \/ié <k< %, and k > \/g, re-
spectively. The following parameters for this numerical analysis are chosen to be: ¢ =1,
and a = 1 and the initial conditions of y(0) = —0.89, Q(0) = —0.99, and V(0) = 0.001,
y(0) = —0.99,Q(0) = —0.98, and V(0) = 0.02 y(0) = —0.98,Q(0) = —0.99, and
V(0) = 0.03 were selected. The k values chosen for graphs A, B and C were 0.1, 0.5
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and 2, respectively. It can be seen from the graphs that ~— P is a sink because the
expected outcome is that V' goes to zero, () goes to negative one and y goes to point

grater than —2 between —% <y < %
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Figures for ~ Ps:

Figure (4.7) indicates the model (4.2) for ~ P on the interval ¢ < 5 and with varying

k values.

5 10 15 20 5 10 15 20

[—rin o) — 1) — X(1)] [—r o — () — X(1)]

[—r 0(6) — r(t) — X(1)]

Figure 4.7: The numerical graph of the solution curves for “P, when o = 1, ¢ = %‘ and
k = 0.1 in figure A, k£ = 0.5 in figure B k£ = 2 in figure C, but with different initial
conditions.

Figure (4.7), illustrates the models with the condition of ¢ < % and varying values

of k. Graphs A, B, and C indicate k values of 0 < k < \/ig, \/Lg < k <

k> \/g , respectively. The following parameters for this numerical analysis are chosen
to be: ¢ = 1, and a = 1 and the initial conditions of y(0) = 3.4,Q(0) = —0.99, and
V(0) = 0.001, y(0) =3.5,Q(0) = —0.98, and V(0) = 0.02 y(0) = 3.6,Q(0) = —0.98,
and V(0) = 0.1 were selected. The k values chosen for graphs A, B and C were 0.1,

3
5, and

0.5 and 2, respectively. It can be seen from the graphs that ~ P, is a sink because the
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expected outcome is that V' goes to zero, () goes to negative one and y goes to point

1/ 3 1
between ©4/1 — 525 <y* < <.

Figure (4.8) indicates the model (4.2) for =P, on the interval ¢ > 1 and with varying

k values.
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Figure 4.8: The numerical graph of the solution curves for “P, when a = —1, ¢ =1

and k = 0.1 in figure A, kK = 0.5 in figure B £ = 2 in figure C, but with different initial
conditions.

Figure (4.8), illustrates the models with the condition of ¢ > % and varying values
N 11 3 3

of k. Graphs A, B, and C indicate k values of 0 < k < &, L <} < \/g and k > \/g
respectively. The following parameters for this numerical analysis are chosen to be:
¢ = 1, and @ = —1 and the initial conditions of y(0) = —0.89,Q(0) = —0.99, and

V(0) = 0.001, y(0) = —0.99,Q(0) = —0.98, and V(0) = 0.02 y(0) = —0.98,Q(0) =



41

—0.99, and V(0) = 0.03 were selected. The k values chosen for graphs A, B and C
were 0.1, 0.5 and 2, respectively. It can be seen from the graphs that ~ P, is a sink

because the expected outcome is that V' goes to zero, () goes to negative one and y

goes to point between %, /1 — % <y < %
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Figures for ™ P;:

Figure (4.9) plots the model (4.2) for TPy on the interval ¢ < £, o < —\% with varying

k values.

N A

[—ri o) — ¥(H) — x(1] [—r@ o) — vin — x(1)]

5 1o 15 20

A

[—r o) — 1) —X(1]

Figure 4.9: The numerical graph of the solution curves for ¥ P, when a@ = =2, ¢ = %
and k£ = 0.1 in figure A, k = 0.5 in figure B k = 2 in figure C, but with different initial
conditions.

Figures (4.9) illustrates the models with the condition of ¢ < %, a < —\% and vary-

ing values of k. Graphs A, B, and C indicate k values of 0 < k < \/Lé, \/Lg <k< \/g,

3
and k > /%,

chosen to be: ¢ = 1, @ = —2 and the initial conditions of y(0) = —3.8,Q(0) = —0.4,
V(0) = 0.1, y(0) = —3.6,Q(0) = —0.3, V(0) = 0.2, and y(0) = —3,Q(0) = —0.2,
V(0) = 0.5, were selected. The k values chosen for graphs A, B and C were 0.1, 0.5

respectively. The following parameters for this numerical analysis are

and 2, respectively. It can be seen from the graphs that TP, is a sink because the
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expected outcome is that V' goes to zero, ) goes to —% and y goes to —4.

Figure (4.10) plots the model (4.2) for TPy on the interval ¢ < + o > —\% with

varying k values.
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[—ri o) — ¥(H) — x(1] [—r@ o) — vin — x(1)]

[—r o) — ¥ —x(1]

Figure 4.10: The numerical graph of the solution curves for *P; when a = —1, ¢ =
and k£ = 0.1 in figure A, k = 0.5 in figure B & = 2 in figure C, but with different initi
conditions.

=

1

Q

Figures (4.10) illustrates the models with the condition of ¢ < 3 a > —\% and vary-

ing values of k. Graphs A, B, and C indicate k values of 0 < k < \/Lé, \/Lg <k< %,

and k > %, respectively. In the figures, the same parameters and initial conditions

were selected as in figures (4.9), except here o = —1, so we have that TP, is a sink

because the expected outcome is that V' goes to zero, @) goes to —% and y goes to —4.
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Figure (4.11) plots the model (4.2) for TP, on the interval ¢ < 3, & > 0 with varying

k values.
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i i
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Figure 4.11: The numerical graph of the solution curves for *P, when o = 1, ¢ = i
and k = 0.1 in figure A, k£ = 0.5 in figure B £ = 2 in figure C, but with different initial

conditions.

Figures (4.11) illustrates the models with the condition of ¢ < %, a > 0 and varying
o 11 3
values of k. Graphs A, B, and C indicate k values of 0 < k£ < T 78 < k <4/35, and

k > %, respectively. In the figures, the same parameters and initial conditions were
selected as in figures (4.9), except here a = 1, so we have that * P, is sink because the

expected outcome is that V' goes to zero, () goes to —% and y goes to —4.
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Figures for ~Pj:

Figure (4.12) plots the model (4.2) for ~ Py on the interval ¢ < 3, a < —\% with varying

k values.
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[—ri o) — ¥(H) — x(1] [—r@ o) — vin — x(1)]

L

[—r o) — 1) —X(1]

Figure 4.12: The numerical graph of the solution curves for “P; when a = —2, ¢ = %
and k£ = 0.1 in figure A, k = 0.5 in figure B k = 2 in figure C, but with different initial
conditions.

Figures (4.12) illustrates the models with the condition of ¢ < %, a < —\/%: and vary-

ing values of k. Graphs A, B, and C indicate k values of 0 < k < \/Lé, \/Lg <k< \/g,

3 respectively. The following parameters for this numerical analysis are

2
chosen to be: ¢ = 1, @ = —2 and the initial conditions of y(0) = —3.8,Q(0) = —0.4,
V(0) = 0.01, y(0) = —3.6,Q(0) = —0.3, V(0) = 0.02, and y(0) = —2.5,Q(0) = —0.3,

V(0) = 0.04, were selected. The k values chosen for graphs A, B and C were 0.1, 0.5

and k >

and 2, respectively. It can be seen from the graphs that ~— P, is a sink because the
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expected outcome is that V' goes to zero, ) goes to —% and y goes to —4.

Figure (4.13) plots the model (4.2) for ~ P, on the interval ¢ <
varying k values.

N =

a > — with

Sl

T T T l 0
5 10 15 20

[— o) — V() — X(1)]

[— 7 0l — V() — X(1)]

T T T d
5 10 15 20
i

A

[—rw) o) — V() —X(1)]

Figure 4.13: The numerical graph of the solution curves for ~P; when a = —1, ¢ =

1
4
and k = 0.1 in figure A, k£ = 0.5 in figure B k£ = 2 in figure C, but with different initial
conditions.
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Figures (4.13), illustrates the models with the condition of ¢ < %, o > —\% and

varying values of k. Graphs A, B, and C indicate £k values of 0 < k < \/ié, \/Lé <k< \/g,
and k > \/g , respectively. The models take into consideration the sink conditions out-
lined in table (4.6). In the figures, the same parameters and initial conditions were
selected as in figures (4.13) except here a = —1, so we have that ~ P, is sink because

the expected outcome is that V' goes to zero, ) goes to —% and y goes to —4.

Figure (4.14) plots the model (4.2) for ~ Py on the interval ¢ < 3, v > 0 with varying

k values.

SI 10 15 20 5 10 15 20

[—r o) — 1) — x(1)] [—rw QU — () — X(1)]

L

[—rw o) — V() — X(1)]

Figure 4.14: The numerical graph of the solution curves for “P; when o« = 1, ¢ = i
and k = 0.1 in figure A, kK = 0.5 in figure B £ = 2 in figure C, but with different initial
conditions.



48

Figures (4.14), illustrates the models with the condition of ¢ < %, a > 0 and varying

values of k. Graphs A, B, and C indicate k values of 0 < k£ < \/Lé, \/Lg <k< %, and

k > \/g , respectively. The models take into consideration the sink conditions outlined
in table (4.6). In the figures, the same parameters and initial conditions were selected
as in figures (4.13), except here o« = 1, so we have that ~ Pj is sink because the expected

outcome is that V' goes to zero, () goes to —% and y goes to —4.
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Figures for ™ Ps:

Figure (4.15) shows the direction field plot for the 2 - dimensional dynamical system
(4.8) in which a < —\/lg and k£ > 0 in the 2 - dimensional set, () = 1. We observe that

the point ™ P; is stable in the 2-dimensional invariant set for all values of k provided
2
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Figure 4.15: The numerical graph of the solution curves for *P; when o = —2, k = 2
and ¢ = 1.

Graph (4.15) indicates the direction field plot for the the 2 - dimensional dynamical
system (4.8) in which ¢ = 1,k = 2 and a = —2. The initial condition y(0) = 0.02 and

V = 0.3 were selected. It can be seen from the graphs that * P is a sink in the 2 -

2

dimensional set, Q=1 when o < -7



Chapter 5
Conclusion

In this thesis we have studied spherically- symmetric cosmological models in Einstein-
aether theory with a scalar field, whose potential depends on the time-like aether
vector field through the expansion and shear scalars. Focusing on the special case of

the models where we assume that
3cg=c1+3co+c3=0

and az = 0, leads to a compact phase space. From the evolution equations we ob-
tain a three-dimensional dynamical system in terms of expansion-normalized variables,
which we used to simplify our analysis and make it easier to study. We studied these
models to find that there always exists a future attractor at some equilibrium points
at different values of the parameters k,c > 0, and —o0 < a < oco. We found that
the only equilibrium points which are sink points are *P;,* P, and *P,;. The main
mathematical result we get is that the stability conditions depend on the values of ¢
and k£ but does not depend on «, which lead to two cases of c.

The first case is when ¢ < i, we found that P, and * P, are sinks for any val-

29
ues of k. TP is a sink only for & > \/g and satisfy the conditions 4c® + % < 1,

2 <yt < %, /1 — % Also, =P, is a sink for two different ranges of k. To illustrate
this more, when k < \/g we found ~P, is sink when —2 < y* < % On the other

hand, when £k > \/g we found it is a sink for two different ranges which are given by
—2<y <L /1—F5and 1,/1 -5 <y <1

The second case is when ¢ > %: the entire line of TP is a sink for any value

of k. In additions, the entire line of ~ P, is a sink for k£ < \/g while, =P, when

29

k > /32 is a sink if either one of these conditions satisfied %@ /1 — % <y <ior

2 c

Loy <11 % The most interesting result which we found in this thesis

Cc Cc

20
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is that P; and Py are not equilibrium points of the 4 - dimensional dynamical system
while they appear to be equilibrium points of the 3 - dimensional dynamical system.
After studying the stability for P; and Py in the 3 - dimensional dynamical system we
have found that these points are points where the orbit changes from the positive root

of x to the negative root of x or vice-versa.

In summary, we have found that there always exists a future attractor for the points
+ Pt Pyt Py at different values of the given parameters. The analysis for P; to Py is

taken from [34].

In the future, we recommend additional investigations of the three- dimensional
dynamical system, and studying what will happen if ¢y and a3 are not zero. Moreover,
there is one equilibrium point on the boundary of the three dimensional dynamical
system which is not in the V' = 0 invariant set nor in the FLRW set which needs
analysis, Q = +1, V = i@ and y = + 2(2k7—5)~3k%o?

2ck
I have studied the local stability of some of the equilibrium points of the dynamical

In general, in this thesis

system corresponding to physical cosmological models.
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