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use I.,!v!UCU1H tensor is uvl.UH:;U 

(1.1 ) 

etc. are 

tensor is by 

is uel.UH::;" trace of tensor: 

{I 

are ",u(.tUU,:l;.L 

g: the 

b (1.6) 

l""a'HUll over lULHL,,,," a b (1. 7) 
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a 
p)- = O. 

a 

ex ex 

a(t) to 

Ii 
3p) 

a 

to cause 

A k 
=-+---. 

3 3 

as a fluid with pressure p related to the energy 

& 2.9) are known as Friedmann "fI'HHI:UI'TlX but 
we will use the aforementioned names this thesis. 
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* k = 0 or k = -1, 
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* to a HJ.UUJ.J.J. 

* A= k =1. 

a(t) = 17) 
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* p = O,A = O,k 0, a 

a(t) = 

* k = 0) =} = 0, 

a(t) 19) 

p= 0. 

state to 
not only the start to 

2.2 



Univ
ers

ity
 of

 C
ap

e T
ow

n

=0= 

V= 

Ve 
z_--l=--L 

Vo 
(2.25) 

1 z = (1 + (1 + 

1 + Zc 

we Zv Zc z. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

is uca,uJ.c;u 

(2.30) 

It is 

measure 

(2.33) 
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H.LHU\;.L\./H to occur. 

the 

to 

and 

is err","",rn 
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+ 

1 
p<-

3 

ex t, curvature term IJvvVLU'C,,,, 

onorcnr - momentum tensor 

1 
J1¢ = + V(¢), 

2 
1 

p¢ = 2 V(¢). 
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2.4 . Dark Matter and Dark Energy 17 

2.4 Dark Matter amI Dark Encr"'y n. 

TIL<I ff ks lo t hr ari WUl("PS made i ff 01.>SCJ"Vn.1 iOllfll ("OSf( IOlog)" t hc!"e a rc IlOW dil!"eTf'nt t(,('h­
ni quC's of riel prmining the cnergy al l\ i Illat.!.{'r t:ontent of tllC U III vt.' I":-;C, sll("h as tetn per­
at ure flud uatiolis ill the C J\·IJ3 , dist.a nce- hnninosity reliu lolls !\nalyses in supernovae', 
Inrbe s{:(l. ie slrnct nrr and big uU lIg ll lH"k.'fJsynth~is. [II t lte CO llcorciance Mod el, the 
lm 'S(' l l t ly fl(Tf'pL<'(i energy hudget brNlkrlow n of the Ullivcr:-'I' sh(Jws I.ha t [20 , 32- 30] 

Atoms 
4.6% 

Dark 
Matter 
23% 

TODAY 

Neutrinos 
10 % 

Photon, 
15 % 

Atoms 
12% 

13.7 Bll !.ION YEARS AGO 

(UIl;'/N se 380,000 yeMs old) 

Dark 
Energy 
72% 

Dark 
Matter 
63% 

Fi~\I ["(' 2.1: The (,!le r::';.y COll tCtlt of ! he Uni"f'rse t hen <.I nd now _ Crc'dit: N ASA / W r-. IA P 
Sf"ielh"l:' Tt'i.l1l1 (:lOO8). 

~ !l,,, ..... 0.28, i ,e. , '" 28% or the w tnJ energy of the Cn ivc rse exbts in t lte form 
of llo ll-relatidstic matter, uf wltkh only a t illY fract ion (n l, "" 0, 0"16) is know!: 
10 ('xist in baryonk 11latt.cl' forlll , whcrca:-, the n'tliai llllig matt.er is not a.') y('t 
propPrly ttllflPrstood. KII 0wn AS [)~ Dark MaUer, Lhis tlli ~,::; ill g matter if, hclip.ved 
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2.6. Open Issues 19 

Universe would there he just the I'igbt condition::; for intelligent obscl'vers to develop 
find woudcr why t.ile Universe is the way it i,'i, for which the answer would be: Had it 
beell t:l lightly different, we would not have been here to ask a nd wunder. 

There is also fI much more comroversial version of the Authropic Principle, namely 
the Final Allthropic Principle (FAP), This 'prillciple' staw" that iutelligcnt obscrvers 
must necessar ily e\'ol\'e in the Ulliverse Ilnd once they C8me into existf'ncc, they will 
never die out (or nevcr so until t he end of the Universe itself) [37] The 'principle' Im,'l 
l)( 'cll deeul('d too unscienti fi c to h e taken seriously that Ht time::; it has hec ll mocked 
ftt as a Completely Ridiculous Anthropic Principle (CRAP) [23J. 

2.G Open Issues 

At:l we mentioned earlier, t he Concordance i\Iodel is built upon a universe where more 
thfln 9t/Jr, of its matter/encrgy content is yet to be known, The inflationary scelmrio 
is t:ltill fl controversia.l issue (mainly OC'CIlUSC what triggered it is not pl'ecbcly known ) 
flnd t.hc lJig Bang scenario by itself is a problem, as symmctry (flmt hence fill the laws 
of physic::;) break at the Big Dang: no aile knows what happened exactly at. t.he Big 
Dang and "before". Tldt:l mcant:l that eit.her t.he !Concordllnu< Model has to um\ergo 
11 rigorous scrut,iny or a brf\nd lI ew cosltlologiull theory hR.>; to rome up. 

Fi):';ure 2.2: The Cosmic ivIicruwave Background Hact ifltion. 

011e of tell forwarded ~mgge:-;ti()n is that the FLRW met.ric may \lot be the right 
geometry for a ll scales, i.e., isotropy and homogeneity of :Jpacetimc could l Ie broken as 
wc go t o higher Bnd higher rf.-xishifts. 111 such a sceIlftrio, thcre could bc two potential 
ways out of the dark energy cOllunclnllJl: 

'" The Uilivert:lc is inhomogcncous 1111(1 hence only inhomogclleo1ls cosmolo):,;icfll 
models, such as the Lemaltl'e-Tolmall-Donrii (LTD) models can Uf::st descriue it. 
We lJ otc herc that Cosmological Principlc ii> 110 longf:r valid; 

* Back reaction, \vhere inhomogeneities around a FLRW background are treated 
but the co::;mo\ogirfli dY Il H,mic::; is dt'::;crr)Cd hy averaging the nonlinear EFEs. 
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=- 1, 1) 

= U a 

=0. 

= 0, 

is 

[43]: 

= 3! 

we a 

c ... d == c ... d 
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3.1. 

a 

_ [h(a 

t(ab) = [h(a 

1.2 

2': 0, 

vector 

a 1 
- -

a 3 

2': O. 

(3. 

(3.14) 

O"ab - V (aUb) 

= 0, a = 0) 

(3. 
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3.1. 

can 

+ 

/-L= p=~ 7rab = 

a= 

=0 a = 0 7rab = =0. 

* Null p ;?: 0; 

* : /-L ;?: 0, /-L + P ;?: 

* :/-L P;?: /-L > 

* : /-L ;?: Ipl· 

o ~ ~ l. 

= 1 < 0 is <AU""""..,L" 

1.3 
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3.1. 

of 

it is 

tensors are 

is 

cd = cd -

=0, 

tensor can 

"'-'-'.LU"',,,,U tensor 

dJ· 

=0 

rest 

+ 

,8 (3.34) 

[20]. 
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3.1. 

o. 

a' 

b = 0 {:} =0. 

+ 

we 

3.1 

re-

(3.42) 



Univ
ers

ity
 of

 C
ap

e T
ow

n

3.1. 

-A=O, 

terms 

+ 

of 

(3.45) 

of 

+ 

1.5 

vector 

= o. 
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3.1. 

=0. (3.48) 

= o. 

fJ,+ 

q(a) + - (p, 

1 

tensor 

evolution and 

fE(ab) 

= - ~(p, 

+ [2uc Hb) d + 
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the freedom on 

-t - + 
new 

- (p) -

we 

- - )- (p)). (3.60) 

1. 

2. is a constant 

3. is a constant 
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two terms 
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= 0, 

( 4.9) 

(4. 

into 

fL= (4.1 
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--~-

-Tm 
= ab 

ii 
+ a 

+ -.:.....--:- (1 

) we can 

+ 

0, 

as 

p = are: 

n(n - l)(n- (n -
3 
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+-(n- --'-----,- = 0, ( 4.41) 

is by 

it was 

a= 

(4.44) 

n-l 
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(5.1) 
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(5.4) 
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curl Wa -

10) 

UUVAVU to 

+ 

+ + 

we saw 

Wab= + + + 

=0, 

(curlW)ab = 0, (curlW*)ab = 

of 

=0= Wa =0= 
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= O. 
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in terms 
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(5.27) 

V~""~h terms 

----

is the gradient the 

(5.31) 

lllIl::>rnlatlOn on own; it 
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2 
3 

+ [~- ~ 
2 2 

= O. 

is 

t) = 

(x, t) = 

1 

(5.38) 

+ 

as a "",,'ram of 

Y), 
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y= 
k 

+~-l l+w 

(5.47) 

=0. 

with 
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- [(W - ~ 
1 +W [ 1 -- --

2 
1" 
l' 

(f-

can 

1 

2 

to a 

W 

yields 

=0, 
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UU;l'HJ~L'" can be \.>VJUIJU,,;;U 

(n,w) 

are constant '-'V'_.LU'v.LvU~O Uv.L.LU'lCU as 

2 
V l (n, w) = - --"---'--'----'-----'-----'----'----;--'-----:'--::---------'-----'----'----'-----'-

(n, 

p= 1 nw 
2+1+w 

(5.61) 

(5.64) 

(5.65) 
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6.1. 

1dJ..LH-;-·ll"c," vector 

+ 

flow vector ua is defined as the future directed time -like 
tensor: 

where xa (T) describes the worldline of the fluid in terms of the proper time T. In our 
it to the normal to the surface of hOlffiOgeI1e11;y 

(6.8) 

(6.9) 
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6.1. 

to 

= T;Jh(a(m) 

Cl>M 

N 

i=l 

N 

i=l 

6.1: The 

N 

i=l 

= 0 (to 

-1)-

is 

+ 

+ 

=0, 
The 

11) 

12) 

(6.15) 
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(Jab = Wab = 0, = O. 

= 0, 

+ 
+ ~(jlm + 

+ -

=0 

(6.22) 
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=a--

is UCiHU.GU 

2.2 

1 

2 

2 

i,j 

=0, 

a more we can re-write the ..... V .... .,'JL 

will discuss this under the section Relative 

1 

a 

as [19] 
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h= 
h' 

we are urr.,'lrlTl 

= O. 

3 

= O. 

to 

f ] 

l+w l+w' 

for the are as 

l+WR] l:W R]Ea 

(6.38) 

+ ] 
(6.39) 

as 

- + { 
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case we 

c:= 

1 
+-

3 

c:+ 

(6.41) 

1 

--"'-------
1 w 

+ 
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+ 

2.5 

+ 

+ 

+ 

=0. 

of 

+ 

as we 

(6.48) 
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6.2 

to 

l+w 
-

2 

+ + + + 

+ w)6) 1 

1 =0. 

to: 

2 + 4 +-- + 2 + - -(w-
3 3 

1 w 
+ +-((1- =0 

2 

2 +--
3 + + + 

+w = O. 

is in the same as 
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6 1 

l+w· + ~ 
l+w 

+ 

+ + 

+ + 

+ 

- a(l + 

+W;)e{ i 

(6.60) 

, we 

+ 
1 } +-2 

i,j 
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can 

This 

+ 

momentum 

+ + 

+ + 

+ II~) = 0 => aa = -

+ o=> + + 

motion for 

= 

are 

=0, 

= -lJ!~) = 

1) + 

= 

= 

+ II~] = 0, 

(6.67) 

= o. 

1 
+ a 
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in terms 

6 

+ 

+ 

now ,",VJLL;:>l'UG! a 
as 

+ 

= 

we can rewrite 

= 0, 

1 

a 

= 0, 

in 

in a more COlnp,act 

+ 

treatment of 
in the next 

hz 

1 

= 

in 1 2 are 

+ 

are 

(6.80) 

+ 

1 

a 

we = =0 = 

1 
a 

(6.84) 

as an t:Xij,lHlJlt: a 
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6 

are as 

L:l. i = m 

ci = 

the 

= ---
I +Wi 

Wij = 
= (6.87) 

as 



Univ
ers

ity
 of

 C
ap

e T
ow

n

+(1+ = ---..:. 

= o. 

1 + Wi [( 2 1 
- -- w-3(c + 

2 + 1 +w 8 

(2-
+ (1 + 

1 
+ + 2 

+ + + 

+ 
w 

+ l+w 

+ WC~i)) 

+ 

1 
+-3 

+ + 

+ ] 

+ +wd­
a 

+ 

+ 

=0, 

J 

(6.98) 

, in 

0, 

(6.102) 

(6. 
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.1 

w= 
J.tm 

1 = + 
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variations in 

+ 
+ 

1 

tV (1 + w)(w - e 

1) 

(7.4) 

= 
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a mixture we 

PmC = - ---'-~--

can it is 

f:= 

4WotUIJllO to 

+ + + + + + 

+ + + 1 ,;~ 
4w ] =0, 

l+w 

+ = 0, 

L).m can as 

= (7. 
I1d + I1r 

= 

curva-

to a radiation/ dust 

+ = + 17) 
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It can 

+ 

0, 

1 

a 

1 
+­

a 

+ (7. 

of is 

;,] 

=0. 

(7.22) 
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is 

+ 

+ 

we can write 
for 

1 
+ + + + + + +-3 

+ 
1 + W /-Ld + /-Lr 

+{ + + 1 ~d + p., 

+ + 

+{ 1 ~d+~' 
[/-Ld + /-Lr + 2 ( R + 

f" l+w + =0. 

(7.24) 

The entropy 
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can lJijI,JIUI::U as : 

+ =0. 

In terms 

= O. 

1) and 

/-Ld = 

/-Lr = 

total energy is 

= 

(7.30) as 

3 
+ (7.31) /-Lm = 

pressure P = Pd + Pr = Pr = as 

1 
P= 

1 
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] 
+ + 

(7.36) 

= + 

= + 

1 
+ +-3 

« we 

+ = ~O, 

(7.40) 

above set can rewritten as 

+ =0, 

+ =0, (7.42) 

solutions for such a universe have also been studied by [19] 
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0, 

= 

= 

can write as 

+ 0, 

+ + + + + = 0, 

+ + + + + + o. 
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our al>tll>r:>l1 

P R = -'----'-.:,.---'-

ILm = 

0, 

1 
+ t 

n-l -2 

to 

gravity n=l. 

= 0, 

density contrast of in a 

=0. 

In t. 

(7.50) 
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J-Ld > > J-Lr· 

+ = 

= 

our 

d [t1-nJ 3n 
(X- -n- <0==>1--<0 

t"2 2 

a rate \.,VlLH!-"(l; 

= 0, 

(7.69) 

+ 

~o, 

to 
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to the case in this 

=0, (7.86) 
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+ (7.93) 

constants to 
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= [_ 2n + ! + ___ --: ___ _ 
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(t) = [-- + ~ + -------
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in time 

3 4 5 
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are consistent the in power matter power """' .... Tr1 
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?R=- ?R 

1 
+ +-3 

+ + 

-2 

16n 

2 

dominated 

= o. 

UUA,,,,.,,,!:> use 

the of 

] 

] + 

(7.104) 

106) 

C the 

(7.108) 

(7.109) 

lI(WJ.VUO in the radiation-
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Making use of the conservation of C we can eliminate our and 'R in favour of 
its and This way we can "'r",,>~i,...n for 

The solution of this 

+ -1 + 

(7.114) 

where 
whereas 

and C3 are arbitrary constants to be evaluated from initial conditions 
is the conserved 't-'~'''''VJ defined earlier. 

5 
t'n)ceedJng in a similar fashion as for the radiation - dominated we get the second order 

U"",iUi", of the dust - dominated case 

These U"";UU~l'" at the third order to 

the solution of which is 
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with w 0, 
and not of the dust 

U(N".Vll" in the dust-dominated era. 
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In this thesis we have extended the 1 + 3 Covariant and 
to a fluid universe with a equation of state 
theories of The linearized evolution of the and curvature 
of such a universe have been derived in a frame that coincides with the 
total matter. We then have transient solutions of Rn 

radiation and dust and looked for solutions in both the short 

of the to be 
is used instead. For the values of n consid-

it is in a fit 
u"",.v ... , for certain initial conditions. 

standard solutions when n 1, 
for which GR is recovered. 

The two-fluid '-'''',AV'''' in the multi-fluid aOPHJac:n 
fluid cases when radiation and dust- dominated cases are considered in the 

limit. 
better approximation 

of the power 
for solutions that connect the Friedmann-like era 

for models is also left for future 
work. 
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For any scalar va and second-rank tensor 
valid identities in a FLRW geo,metry: 

where and W(ab) are first order QUi:tntltHlS. 

The f(R) relations are used 

/-L= +/-LR 

~U~jlUWHll< commutation relations are 

K 
+ 

this thesis: 

(A-I) 

(A-2) 

(A-4) 

(B-8) 

/-LR 1 [~ -1)- + J"f;2R] (B-9) 

Pm 
P= +PR (B-lO) 

PR 1 [~(f- + + - ~J"f;2R] 
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