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Is anybody from group C willing to move to group B?
If so, please contact me!



*Properties and fate of single-component
Universes
* Empty Universe
* Flat Universe
* Matter/Radiation/Lambda-dominated Universe
* Einstein-de Sitter Universe

*Properties and fate of multiple-component
Universes
* Matter + curvature
* Benchmark model
* Other dark energy scenarios

Covers chapter 5 in Ryden
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*Friedmann equation + fluid equation +
equation of state — a(t), &(t) or t(a), (a)

*Problem: There are many components in the
Universe —
* Evolution complicated

* Different components dominate evolution at
different times



Often, one just
writes € and €2

Remember:
w = 0 (non —relativistic matter)

w =1/3 (radiation and relativistic matter)

w = —1 (cosmological constant)
w < —1/3 (dark energy) - Positive acceleration




Fluid equation + e(. of state (see exercise session) —

gw (a) _ 8W’Oa—3(1+w)

(‘

w,=0 = ¢g,(a)=¢,,2"

w,=1/3 = ¢(@)=¢,a"

w,=-1 = gA(a)ng,O

\~




The currently favoured cosmological model:
Q,~0.31

QM 0 QNon—baryons (com) t QBaryons More on this in
$2Non-baryons (com) ~ 0-26 } the dark matter
€ lecture
Q,~0.69
Qr~8.4 X105
Qp=Qcyp+ 2, +Q
Q\p= 5.4 X105
(), ~3.6 X107
Q ~ 1.5 X 10°°

Baryonsz 0.05

starlight

starlight
Flat Universe (k = 0)



w,=0 = ¢g,(a)=¢,,2"

w,=1/3 = ¢ (@)=¢,a"

w,=-1 = gA(a):gA,O

Values of Q,,, Q,, Qg today + these relations —
ey = €, at some point in the past
(matter-dominated Universe)
er = €y even further back
(radiation-dominated Universe)

The different epochs of the Universe can be
approximated by single-component evolution
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Of pretty limited relevance for our Universe, but provides
simple demonstration of how to derive current age of Universe,
a(t) and t(z) from the Friedmann eqguation




Empty, static Universe k=0 = a()=0

Empty, negatively curved ol R

da
aft)=—=+
(t) "

L
RO

If expanding (not contracting) =

Current age R, t
of Universe: [h3m e a(t) = 0 t(z) =
0

tO
1+1z
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Past Now Future

Eternal, constant expansion ('Big Chill’)



Proper distance from us to object which emitted light at t, :

to dt
d(t,)=c
p( O) t, a(t)

a(t) = LN d, (t,) = c:tOJ;to %: ct, In(t_()j

t, t

t, C
=d (t.))=ct. Inl+2)=—1In(1+ 2
Ty , () =cty In(L+ 2) H 1+2)

€

t =

e
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For w = -1;

¢ 2/(3+3w)
a(t) = [—)
6




Radiation-only Universe (radiation-dominated epoch):

1 ’[ 1/2
t=—, a(t)=| —
2H, t

Matter-only Universe (matter-dominated epoch):

2 '[ 213
t=—2, a(t)=|—
3H, t,




Ahasw=-1—=

az — 87;C§fj\ a2

Rearrange:

a’=H,a® if

H _(SﬂGgAjllz
P 3c?




Solution:

Hg (t—t,) de Sitter Universe (de Sitter phase)
a(t) =€ Same growth as in Steady state cosmology

Now Future
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This served as the benchmark model up until
the mid-1990s

e Flat (i.e. critical-density), matter-dominated
Universe

e (),=1.0,€,=1.0,K=0




a(t)

ty t

Asymptotically approaches zero expansion, but no recollapse






Intermission: What are you
looking at?
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COMPOSITION OF THE COSMOS5

— Heawy Elements
Tl el 003

-__‘j',‘;"-' -
g
4 Meuwtrinos:
-‘t‘!“ .‘ﬁ‘ |H 0.3%
\
I

-

ks

o Free Hydrogen
P and Heliwm:
d 4%

Dark Matter;
FRaL

Dark Energy:
T

Note: Valid for current time only!



H (1)? = 876G

3c?  RZ a(t)?
Recall:

st)=¢, () +ex 1)+, (1) +...




For 3 components with arbitrary curvature,
the FE may be rewritten:

H(t)® _ Qro |, Quy

, 1_Qtot,0

FC) . A
M a(t)?
J \ )

HZ  a@)'  a()?
g

Y Y
The 3 components Curvature

More components can easily be added as additional terms,
as long as you know their a(t)-dependence




Time (from Big Bang):
t(a) =

I da
[QROa +Qy 08 +QAOa+(1 toto)]llz

Lookback-time = t,-t(a)

Nasty integral! No simple analytical solution in
general case — Use numerical integration!




H(t)z . Q|\/|,o 1_Q|v|,o

HZ  a@)®  a(t)’

H(t)-evolution — Possible fates of Universe
This is one of the hand-in exercises!
(Note: Lots of help on page 86-87 in Ryden)




Special case: Matter + Curvature |l

recollapsing crithcal coasting
N rso LN rso LIRS

| 0,>1.0 Q,=10 Q<10

K =+1 K=0 K =-1
'Big Crunch’ 'Big Chill’ 'Big Chill’
Finite Infinite* Infinite*

* Note: In the case of a simple topology



Intermission: What does “end of
the Universe” actually mean?

* All life ends?
* All stars fade away?

* All black holes
evaporate?

* All matter destroyed?
*Space ends?
*Time ends?




Big
olalll

Critical

a(t)
\

Big crunch

ty t

Up until the mid-gos, these were the only 3 possible fates of the
Universe typically quoted in textbooks



Big Bounce

Big Chill

Big Crunch




*Matter-radiation equality:
*a~2.8x10%
*t~ 4.7X10% yr

*Matter-A equality:
*a~0.75
*t~9.8Gyr

*Now:
*a=1
*t~13.7-13.8 Gyr



Big Bounce
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Benchmark

Big Crunch

Big Chill




Other Dark Energy Models

What if dark energy is something other than A?
* Varying equation of state w(t)?
* Constant w # -1?

Future fates of the dark-energy universe

Big Bang

LSF % More on this In

« 0 . .
/’ T \\ / exercise session
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Big Crunch Indefinite expansion Big Rip
Quintessence in which Cosmological constant Quintesseiicen which
dark energy reverses dark energy destabilizes

Our ignorance about the nature of dark energy —
Ultimate fate of our Universe unclear



	Cosmology 1FA209, 2017�Lecture 4: Cosmological models  �and the fate of the Universe
	Seminar I request 
	Outline
	What the dynamics of the Universe can tell you
	Density evolution (general)
	Multiple energy components
	Density evolution
	The benchmark model
	Why are single-component Universes relevant then?
	Different components dominate the sum at different times
	Intermission: What are you looking at? 
	Slide Number 12
	The Milne Universe (empty)
	The Milne Universe (empty) II
	Fate of the Universe in a Milne Universe
	Proper distance in a Milne Universe
	Intermission: What are you looking at? 
	Slide Number 18
	Flat, single-component Universes
	Important types of flat, single-component Universes
	-only Universe I
	-only Universe II
	Slide Number 23
	Intermission: What are you looking at? 
	Einstein-de Sitter Universe I
	Einstein-de Sitter Universe II
	Slide Number 27
	Intermission: What are you looking at? 
	Multiple-component Universes I
	Multiple-component Universes II
	Multiple-component Universes III
	Multiple-component Universes IV
	Special case: Matter + Curvature I
	Special case: Matter + Curvature II
	Intermission: What does ”end of the Universe” actually mean?
	Special case: Matter + Curvature III
	Matter + curvature  + 
	Properties of the benchmark model
	Properties of the benchmark model II
	Other Dark Energy Models

