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Some say the world will end in fire, 
Some say in ice. 
From what I've tasted of desire 
I hold with those who favor fire. 
But if it had to perish twice, 
I think I know enough of hate 
To say that for destruction ice 
Is also great 
And would suffice. 
   -- Robert Frost, 1923 



The Goal 
We know: 

•  The universe “exploded” about 14 billion years ago. 
The big bang.  It is still expanding today. 

•  During early times (the first 400,000 years), the universe  
was filled with a hot, nearly uniform plasma (ionized gas). 

•  Now, the universe is cold (2.7 K above absolute zero), 
and is quite lumpy (stars and galaxies). 

We’d like to know: What’s in store? 
We’ll predict the future  
by “reading the stars.” 



My Plan 

• The expansion of the universe 
 What does it mean? 

  How do we measure it? 
 Can we really predict the future? 

• Non-Euclidean geometry in a nutshell. 

• Supernovas 

• Large scale structure 



The Universe is Expanding? 
• What does that mean? 

 Distant Galaxies are moving away from us. 
 The farther they are, the faster they move. 



An Important Feature of the Expansion 
Imagine a very large sheet of rubbery graph paper that 
expands with the universe. 
Each galaxy sits on an intersection.  Ours is the red one. 

See what happens as 
the universe expands. 

Motion of the three galaxies 

Galaxies move away from us.   
The more distant ones  
move away faster. 

This is the Hubble expansion. 

It would seem that we’re  
the center of the universe! 

Motions of other galaxies 



The Expansion of the Universe 
(part 2) 

However, look at it from the green galaxy’s point of view: 

Mr. Green thinks that he’s  
the center of the universe! 

In fact, there is no center. 
Every place in the universe is (more or less) the same. 



The Universe is Expanding? 
• How do we know this is happening? 
 Doppler shift.  
Galaxies are moving away from us, so they appear redder than one would otherwise expect. 

W. Freedman, et al., The Astrophysical Journal,553:47 (2001)
A recent measurement 

The slope of the line is the expansion rate. 
It’s now called the “Hubble parameter”. 
Hubble obtained H ~ 500 km/sec/Mpc. Recent measurements prefer 

 H ~ 70 km/sec/Mpc. (10% acuracy). 
! 

E. Hubble, Proc. Nat. Acad. Sci., 15, 168.(1929)

1 Mega-parsecc 

Hubble’s original data 

1 parsec = 3.26 light-years 

500 km/sec 

10% of the 
speed of light 



Why Is the Expansion Rate Important? 
My animations showed a constant expansion rate, but 
we don’t expect the rate to be constant. 

We expect it to slow down, due to the gravitational  
attraction between the various objects (stars, black holes, etc.) 

A ball thrown up slows down and falls to the ground, 
(unless it exceeds the escape velocity). 

A natural question: 

Does the expansion rate  
exceed the “escape velocity”? 



Two Plausible Scenarios 
Here’s how one might expect the expansion rate 
(“Hubble’s parameter”) to behave: 

now 
time 

“size” 

size 
now 

expands forever 

Predict 
the future 

Measure 
the past 

The ice scenario 

The fire scenario 



We Would Like to Measure 
Size versus Time 

Unfortunately, that’s not possible. 

We can measure expansion rate vs distance. 

Then, using distance = rate x time,  
we can determine which curve is correct. 

The calculation involves calculus 
(because the rate isn’t constant)  
so I won’t do it here. 



A supernova in the Centaurus A galaxy. 
Video produced by the Supernova Cosmology Project and NERSC at LBNL 
http://www-supernova.lbl.gov/public/figures/snvideo.html 

Supernovas 

When a supernova is 
found, a picture is taken 
every two days or so, 
until it fades away several  
months later. 

Its color spectrum is also 
measured.  

About  
2 weeks Several months 

time 
Maximum 
brightness 

Color (wavelength) 



Brightness Tells Us the Distance 

The special property of (one type of) supernovas is that 
we can use them to measure distances.  This is important, 
because distance measurements are very difficult in 
astronomy. 

We use the inverse square law for the 
intensity of light (or anything that flows out from a center). 

The surface area of a sphere is  
proportional to its radius squared,  
so the intensity of the light must be  
inversely proportional, in order to  
keep the total flux constant. 



Distance 
(part 2) 

The inverse square law implies that: 

If we know the intrinsic luminosity of a star, 
then its apparent luminosity tells us its distance. 

This kind of calibrated light source is called  
a “standard candle”. 

Fortunately, type Ia supernovas are standard 
candles.  We know how bright they are. 

To a very good approximation, 
all type Ia supernovas are the same. 

the total amount  
of emitted light 

the intensity of the light 
that enters our telescope 



Non-Euclidean Geometry 
(a brief digression) 

General relativity allows curved geometry. 
However, our universe happens to be flat (on large scales). 
That’s interesting, but is a topic for another talk. 

The inverse square law is not necessarily valid: 

r 

r 
C<2πr
C>2πr

Stars in a “spherical” universe  Stars in a “saddle” universe 
appear brighter than one expects.  appear dimmer than expected. 



What’s the Result? 
Type Ia supernovas were first used to measure the 
expansion rate about ten years ago, by groups at Berkeley 
and Harvard.  They were very surprised to find this result: 

The expansion was slowing down, 
but now it’s speeding up!! 

now 
time 

“size” 

size 
now 

Slowing down 

Speeding up 

~ 6 Gy ago 

~ 14 Gy ago 



What It Means 

Suppose that when you threw a rock up, it accelerated  
rather than slowed down.  What might you conclude? 

Thoughts that occur to me: 
•  Some weird antigravity material is pushing the rock 

away from the Earth more strongly than the Earth pulls.  
•  The theory of gravity is wrong. 

If our theory of gravity (general relativity) is correct, the 
universe must contain enough of this weird material,  
(dubbed dark energy), to overcome the conventional 
gravitational attraction.  The shape of the graph tells  
us that dark energy makes up approximately  
70% of the stuff in the universe. 



What It Means 
(part 2) 

The fact that the expansion was once slowing but is now 
accelerating indicates another weird feature of the dark 
energy. 

When the universe was small, the density of matter was 
large, and the gravitational attraction was strong.  As it 
expanded, the attraction diminished, and the repulsive 
effect if dark energy began to dominate. (about 6 billion years ago) 

This implies that the density of dark energy does not 
decrease as rapidly as that of matter.   

In fact, within measurement uncertainty, 
the density of dark energy does not decrease at all !! 



Dark Matter 

The dark energy is not the only weird stuff in the universe. 

It turns out that the matter we see all around us (made up 
of atoms, i.e., protons and electrons) is only about 15% of 
all the matter there is. 

The rest is “dark”.  It doesn’t emit light.  In fact, as far as we 
can tell, it does not condense into stars at all, only into 
larger structures (galaxy halos). 

There are several pieces of evidence for dark matter.  I’ll 
discuss one. 



A View of the Universe 
at t =400,000 years 

No stars, no galaxies, just hot gas. 
T ~ 3,000°, cooler than the Sun.
The universe was extremely uniform. (but not exactly)

Here’s a map of the young universe: 

This is more or less 
the right color. 



Enhance the contrast by 105 

The universe was not quite homogeneous 

• The hot spots (red) are slightly warmer than the cold spots (blue).
• They are also slightly more dense.  
 gravitational instability

The fluctuations 
have a characteristic
angular size (~1°).



The Growth of Structure 

http://www.astro.rug.nl/~weygaert/tim1publicpic/vorkinm.6cube.jpg 

Here is a “big picture” simulation of structure growth: 

Growth rate depends on the amount and gravitational  
properties of the stuff that fills the universe. 

Each lump is a cluster 
of galaxies.

Caveat:
These diagrams donʼt show

the expansion of the universe.

One must specify  
the initial conditions



Density Perturbations
The amplitude of density perturbations 
(dimples and mountains) grows with time: 

The first stars formed before the universe was a billion 
years old.  This is very difficult to understand if 
“normal” matter is all there is.

Dark energy 
suppresses structure at late times, 
because things are farther apart 
than they would be otherwise.

Our universe

No dark energy 
(matter only)

Prediction 

nowDM / DE 
equality

CMB

Dark matter causes 
the first stars to form 
earlier, because there 
was more gravitational 
attraction.



Some Final Comments 

Antigravity has never been observed before. 
It is safe to say that no one has much of a clue.   
There are no compelling theories of the dark energy. 

There is a theory of dark matter.  Particle physicists hope to  
detect it (at CERN, or in cosmic rays) in the next few years. 

This means that the “normal matter” (atoms) that we know and love is 
only 4% of the universe.  A humbling thought. 

The study of dark energy has become a major cosmology research area.  
I work on two such projects, and several UIUC undergraduates are 
working with me. 

70% 

25% 




