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The four colored lines represent models of the four possible
expansion patterns for the size of the universe over time,

supernova data

average distance between galaxies
(based on redshift)

|
14| =0 |

A |
0

10
-13.0 -8.8 -4.4 ;
past <——future
Time 9 time in billions of years

(lookback times for supernovae
based on apparent brightness)

A Canon Ball

Slope of curve = speed of ball

Height >

Time =




e e ¥t pone
It o

\Y

escape

Escapes

A Canon,B%II

Escape Velocity
= “critical velocity”

Height >

e e f e s
I

\Y

escape

Height >

A Canon Ball

Time =




A Canon Ball

Now Constant speed

0
1 (Coasting)
1
1
1
1

Escape Velocity
= “critical velocity”

Height >

Time >

Vescape = R

The Universe

Now Constant speed

(Coasting)

Escape Velocity
= “critical velocity”

==l Hubble's Law ]

20000 [

Scale Factor R(time) >
Teigt >

Velocity —

Time =

10000 [

Slope = H, |

0
o 100 200 300 400 50

Proper Distance —




The Universe

Constant speed

Distance

(Coasting)

z
_—_O ———— -
=

- Lookback time

7 billion yrs
Escape Velocity
= “critical velocity”

Scale Factor R(time) -
 Deigt(>

Supernova with:
Redshift = z L
Distance = d = {1

The Cosmological Constant.
(Dark Energy)

Einstein’s static universe

» Cosmological constant balanced
gravity.
 Einstein: “My greatest blunder”

Acts as force pushing things

apart.
* Gets stronger as Gravity is
: : winning
separation increases .
+ What s it? ()
 Nobody knows. g

Is it really a constant?
i NObOdy knOWS lime in billions of years




Measuring the Shape of the Universe

WMAP
Wilkinson
Microwave
Anisotropy Probe
Launched 2001 §
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Measure amount of
structure on different
angular scales.

Measuring the
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. of density
Universe fluctuations is

Positive Negative
Curvature Curvature

Light follows .
“straight” lines: Different curvatures

=> different lensing effects
=>» different angular size on sky
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“What is the Universe Made Of 2

L No Big Bang

-~

Expanding Forever
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+What is the Universe Made Of ?
: 8 T o

! This is the only part we see.

- Normal Matter * b

« protdhs, neutrons, electrons.
'« arranged into atoms..

" - DarkMatter

& ;
: 8 We infer it is there, but
' j we don’t know what it is.

. -

' Dark Energy ™
. (using E = mc?)
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