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Final Exam
•Study Guide is ONLINE on Moodle

•Monday, May 13, 12:00 - 2:00 pm

•MOTIVATION: If your score on the 
final exam exceeds your average score on 
the midterms, we will replace the 
midterms you took with your final exam 
grade.
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Objectives
•By the end of these last two lectures and 
reading you should be able to:

•Explain not only what Hubble’s Law is but 
its implications as a description of the 
behavior of the Universe (Chapter 15) 
[DONE]

•Explain what the evidence is that supports 
the Big Bang Theory (Chapters 15) [Partly 
Done]

•Explain some recent discoveries about the 
fate of the Universe ... (Chapter 15)
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Cosmology: Study of the 
Universe

The universe is old and the universe is expanding
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So now we know how the Universe 
evolved

•Predictions of Hot Big Bang…
1.Confirming Blackbody nature of CMB: need 

to measure at multiple frequencies
2.Confirming Isotropic Nature of CMB: Need 

to compare observations of different parts of 
sky

3.The Universe had a hot initial phase

•By the 1970s these three consequences 
“confirmed”.

•Big Bang Model ➜ Big Bang Theory.
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Big Bang Nucleosynthesis:
The First Few Minutes...

• Detailed calculations show 7 protons for every neutrons existed after 
first few milliseconds (end of particle era)...

• This means 1 Helium nucleus is made for every 12 hydrogen nuclei.

• This means of the total mass of baryons (aka “protons and neutrons”):
•  25% of the mass went into making Helium
• 75% of the mass was left in Hydrogen
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Big Bang Nucleosynthesis 
Predictions II

The amount 
of Helium-3, 
Lithium-7, 

and 
Deuterium 
produced

depends on
density of 
ordinary 
matter 

(“Baryons”).

Best value for 
ordinary matter 
density 
~4.4% critical density

7Tuesday, May 7, 13



Results of Big Bang 
Nucleosynthesis

•Model Predicts 
•~25% Helium
•~75% Hydrogen
•0.00X% Deuterium 

(exact amount tied to density of ordinary 
matter)

•Prediction Works! Explains the 
chemical composition of the Universe 
fairly well... especially in the oldest stars... 

•“Big Bang” really starting to be a Theory...
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Great Theory....
•The Big Bang has been a very successful 
theory.

•Predicts Cosmic Microwave Background
•Predicts chemical composition of ordinary 

matter Universe.

•Interestingly...
•Doesn’t restrict universe to ordinary matter.  

For over 50 years there has been evidence 
that there may be more dark “invisible” 
matter than ordinary matter.
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What does “invisible” mean?

You cannot:
•hear
•see
• taste
• touch
•smell
invisible matter.
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Detecting Invisible Matter 

•Invisible matter pulls on atoms through 
gravity.

•So if we measure motion of atoms we can 
infer TOTAL amount of matter 
(“invisible” plus “visible”).
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Spinning Galaxies

•This galaxy spins
•Does it spin like 

the solar system?

•Where are most of 
the stars in this 
galaxy?

A)Center
B)Edges
C)Evenly spread 

out
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Spinning galaxies

•Most stars are 
near center ... 
should mean 
most mass is 
near the 
center ... like the 
Solar System!

•Motion should 
be like solar 
system

•It is not!
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Invisible “Dark Matter” Not Just 
in Single Galaxies

Cluster images: Hubble Space Telescope
Dark matter map: J.A. Tyson, Bell Labs
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Big Bang: Mid 1990s

•We had reasonable (not conclusive) 
evidence the universe was near 
“critical density” (it is infinite).

•About 5% ordinary matter.
•Assumed the rest was dark “invisible” 

matter.

•And then...
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The Return of White Dwarf 
Supernova

•In the mid 1990s, two groups started automated 
searches for distant white dwarf supernovae.

•Goal: Measure the deceleration of the universe’s 
expansion due to gravity...

•EXPECTATION: the distant supernova 
should be brighter than their redshift would be 
imply...

•WHY? Because if the expansion is slowing 
down they are closer than than they would be if 
the universe expanded at a constant rate.
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Shocking Results

Distant 
supernova 
appear 
fainter 
than 
expected 
for their 
redshifts!
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Why is the Universe accelerating 
in its expansion?

•We DON’T KNOW!

•Whatever is causing the acceleration gets called 
“dark energy” by the astronomers in the field.

•In particle physics there is discussion that 
vacuum energy is a likely culprit...  

•Vacuum energy is energy that exists even when 
nothing is there.

•Whatever it is, it accounts most of the density 
of the Universe!
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What is the Universe made of?

“Dark” Vacuum Energy
73.0%

Exotic Dark Matter
22.6%

Normal Matter (Atoms)
4.4%

19Tuesday, May 7, 13



What is the Universe made of?

“Dark” Vacuum Energy
73.0%

Exotic Dark Matter
22.6%

Nonluminous Atoms
3.9%

Visible Atoms
0.5%

This is what you spent the 
entire semester studying.
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Era of Precision Cosmology

Parameter Estimated Value Strongest Supporting 
Observations

Density of the Universe “Critical”
(Flat Infinite Universe)

MAXIMA, BOOMERANG, WMAP 
(with Hubble Key Project)

“Dark” Vacuum Energy 73%±4% of total density Cosmological Supernovae, WMAP

Total Matter Density 27±4% of total density Cosmological Supernovae, WMAP

Ordinary Matter Density 4.4%±0.4% of 
total density

WMAP (in CMB), Deuterium 
Measurements in Quasar Spectra

Age of the Universe 13.7 ± 0.2 Billion Years WMAP

Without knowing nature of Dark Matter or Dark Energy... 
the ultimate fate of the Universe is still unknown... There 
are still challenges left.
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Amazing to Consider What We 
Know?

•Starting with this simple idea that for our 
explanations to be considered scientific 
they 

•need to make predictions...
•those predictions must be accurate to make us 

consider our explanation a theory.

•We've progressed in 400 years from just 
realizing the Earth was demonstrably not 
the center of the Universe (by which we 
really meant the solar system) to realizing 
the immensity of all of Universe.
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A Final Thought
•“If we long for our planet to be 
important, there is something we can do 
about it. We make our world significant 
by the courage of our questions and by 
the depth of our answers.”

– Carl Sagan (in Cosmos) 
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Your Next Challenge: The Final
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