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What We Want to Learn 
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: Can we understand 

the history of the  
expansion? 



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 by 2x. 

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. 



One Interesting Question 
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 

This is where supernovas enter the picture. 



We Would Like to Measure 
Size vs 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. 

I’ll discuss how supernovas are used  
to make these measurements. 



A nearby Supernova 

In August, a supernova  
was observed in M101 
(Pinwheel galaxy) 

Palomar Transient Factory 
http://www.astro.caltech.edu/ptf/ m = 17.2 

JM Llapasset (an amateur) 
http://astrosurf.com/jmllapasset/pubb/im_2011/im_2011_4/11feLL_C201109081901.JPG 

m = 9.9 



How Are Cosmological 
Supernovas Found? 

M101 is “only” 7 Mpc away ... 
Beautiful supernovas in nearby galaxies are rare, 
and they are not useful for cosmology. 
 

This pair of pictures shows  
a more typical supernova  
discovery. 
 

Not wonderful, but good  
enough to measure its: 
• Color 
• Luminosity (brightness)  



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 

About  
2 weeks Several months 

How Are Supernovas Measured? 

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.  

time 
Maximum 
brightness 

Color (wavelength) 



Color Tells Us the Expansion Rate 
Branch, et al., Astron. Soc. Pac., 117, 545(2005) 

Emitted 
Wavelength = 5868 Å 

Observed 
Wavelength = 6122 Å 

We use the Doppler shift: 
The frequency we measure of the  
waves emitted by a moving object  
depends on the object’s speed.   
 
You’re familiar with the  
“ambulance effect” in sound; 
it works for light also. 
 
Lower frequency means longer wavelength (red). 
The formula is: speed = λobserved
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This method is not special to supernovas.  
Almost any light source will work. 



Brightness Tells Us the Distance 

The special property of (one type of – type Ia) 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, 
its apparent luminosity tells us its distance. 
 
This kind of calibrated light source is called  
a “standard candle”. 
 
Fortunately, type Ia supernovas are (almost) 
standard candles.  We know how bright they are. 

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

the total amount  
of emitted light 

the intensity of the light 
that enters our telescope 



Supernovas Are Big Explosions 
When a star explodes, how bright it is depends on how 
much fuel there is. 
 
Some supernovas (called “type II”) are the explosions of 
massive stars, 15-30 times the mass of the sun.  Near the 
end of their life they burn most of their remaining fuel in a 
big flash.  These stars are not all the same, so they aren’t 
standard candles. 
 
Type Ia supernovas spend most of their lives as  
stars similar to our Sun (up to 8 solar masses).   
Most of these stars end life quietly, becoming  
white dwarfs and slowly fading away. 

A few are different. 

mostly 
carbon & 
oxygen 

A 1 solar mass 
white dwarf 

This is fusion burning, 
not chemical oxidation. 



Some White Dwarfs Have Companions 

Many stars are members of a binary system. 
Suppose one is a white dwarf. 
 
Eventually the companion will become a red giant 
and lose material to the white dwarf. 
 
Eventually, the white dwarf will  
reach 1.4 solar masses.   
 
This mass is called the 
Chandrasekhar limit. 

Figure by Paul Ricker, UIUC Astronomy 

a normal stage 
of stellar evolution 



The Explosion of the White Dwarf 

When the white dwarf reaches the Chandrasekhar limit,  
it begins to collapse under its own weight. 
 
The compression heats the stellar material, igniting  
the unburned carbon and oxygen (T ~ 800×106 K).   
The star did not previously get hot enough to ignite it. 
 
All of these explosions involve about the same  
amount of fuel, so they are all nearly the same. 

That’s why type Ia supernovas  
are standard candles. 

The explosion is so powerful  
that the star is probably  
completely disrupted. 



Are Type Ia Supernovas 
Really Standard Candles? 

Almost, but not quite. 
 
There is a 20% variation (the explanation is controversial), which can  
be empirically corrected by measuring the decline rate. 
 
 
 
 
 
 
 
The need for poorly understood empirical corrections is 
a big source of concern for future (1%) measuements. 

Goldhaber, et al.,  
ApJ, 558,359 (2001) 

There is also some 
Recent evidence for  
a dependence on the 
rise time. 



What’s the Result? 
Type Ia supernovas were first used to measure the 
expansion rate in 1997-8, by groups at Berkeley and 
Harvard.  They were very surprised to find this result: 

now 
time 

“size” 

size 
now 

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

About 6 billion 
years ago. 

The universe is older 
than previously thought 



What It Means 

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

Thoughts that occur: 
•  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 !! 



A Skeleton in the Supernova Closet 

The accretion model is not the  
only proposed mechanism for  
type Ia supernovas.  There is  
also evidence for the merger  
of two white dwarfs. 
 
This is bad news for the use of 
type Ia’s as standard candles,  
because the combined mass of the merged object  
can be as large as 2.8 solar masses. 
 
Improved understanding of supernovas will require  
a much larger data sample (thousands or millions, 
rather than hundreds). 



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. 
 
The study of dark energy has become a major  
cosmology research area.  I work on two such projects: 
•  Dark Energy Survey (8000 SN): https://www.darkenergysurvey.org/ 
•  Large Synoptic Survey Telescope (106 SN): http://www.lsst.org/lsst/ 
 
We also know that dark matter makes up about 25% of 
the universe.  This means that the “normal matter” (atoms)  
that we know and love is only 4% of the universe. 
A humbling thought. 




