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Objectives
•By the end of these last three lectures and 

reading you should be able to:
•Describe what is meant by "Dark Matter."

• It is some form of mass which we detect by its 
gravitational effects, but we cannot otherwise 
detect. [MOSTLY DONE!]

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

• Describe what is meant by "Dark Energy."

•Explain what the evidence is that supports the 
Big Bang Theory (Chapter 15)
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Cosmology: Study of the 
Universe

The universe is old and the universe is expanding

3

3Tuesday, April 30, 13



Lecture Tutorial
•Please work together on the Big Bang 
lecture tutorial (pages 91 - 94).
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A Change of Viewpoint
•Previously: We talked about the 
properties of individual galaxies... 

now instead consider properties of all the 
galaxies taken together…
 

the properties of the Universe as a whole.
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A Remarkable Observation 
(cartoon format)

Image: Ned Wright’s cosmology tutorial
6Tuesday, April 30, 13



Expanding Universe

•Hubble observed: 
• Galaxies generally move away from us
• Fainter galaxies (which he assumed were more distant) move 

away faster
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Clicker Question
•Appears as though everything is 
expanding away from us. 

•Are we located at the center of the 
Universe?

(a)Yes
(b)No
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A B C D

Clicker Question

• Note that C is twice as far from A as B and moves twice as fast. 
D is three times as far, and moves three times as fast.

• This is Hubble’ law: velocity is proportional to distance.

• If you were on galaxy B, it would look like:

(a)A is moving away from you at the same speed that C is 
moving away from you

(b)A is moving away from you and C is moving towards you.

(c)All of the galaxies except D are moving towards you.
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What does it look like from the 
Red Galaxy?

Add reverse of red 
galaxy’s motion to each 
galaxy to get picture 
from point of view of 
red galaxy.

Green arrows show 
sum of blue and black 
arrows, that is, the 
motion of each galaxy 
relative to the red 
galaxy!

The red galaxy 
sees same type 
of expansion as 
original galaxy.
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Space is Expanding!
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Space Expanding Causes Redshifts
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Not Everything Expands...
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Lecture Tutorial 
•Do Parts I and II of Hubble’s Law on 
pages 81-84 of your book.
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Clicker Question
•When looking at a Hubble plot, what is the 

correct relationship between the slope, the 
age of the universe, and the universe’s 
expansion rate?

a) A steeper slope indicates a younger universe 
with a slower expansion rate.

b) A steeper slope indicates an older universe with 
a slower expansion rate. 

c) A flatter slope indicates a younger universe with 
a faster expansion rate. 

d) A flatter slope indicates an older universe with a 
slower expansion rate. 

e) More than one of the above 
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Clicker Question

•Here are the Hubble plots for three different universes 
(A-C).  If all three universes are the same size, rank 
the ages of the universes from oldest to youngest.

a)A>B>C 
b)C>B>A
c)B>A>C 
d)B>C>A 
e)None of the above.
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Clicker Question
•Which Universe has its expansion 
slowing down over time?
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Lecture Tutorial 
•Do Parts III of Hubble’s Law on pages 
85-86 of your book.
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Explaining Hubble’s Law

•Space (and the Universe) is clearly 
expanding... but what does this mean for 
the history of the Universe?

•We will need to explain what Hubble’s 
Law means for the history of our 
Universe...
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Clicker Questions
•Based on this lecture tutorial, what can 
we say about properties of the very early 
universe according to the Big Bang 
Theory?

a)Hot, High Density, and full of Matter and 
Energy.

b)Hot, Low Density, and full of Matter and 
Energy.

c)Hot, High Density, and full of Energy.
d)Hot, Low Density, and full of Energy.
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Clicker Questions
•Based on this lecture tutorial, as the 
universe cools expands

a)It gets cooler.
b)The density drops.
c)Matter comes into existence.
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Clicker Question
•Before the Universe has expanded much, 
it is hot and it is dense... what type of 
spectrum should it have?

a) Continuous/Thermal Spectrum
b)Absorption Spectrum
c) Emission Spectrum
d)All of the Above.
e) None of the Above.
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The Cosmic Microwave 
Background: A History

•1964: Penzias & 
Wilson working on 
project for Bell Labs
kept detecting hiss 
at wavelength of ~7 cm

•30 miles away: Dickey, 
Wilkinson, & Peebles had 
been investigating the Hot 
Big Bang model and had 
built a telescope (wavelength ~3 cm) to look for 
radiation.

•Both telescopes saw non-zero temperature
•Intensity didn’t change with direction 

(as accurately as they could measure)
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Origin of the Cosmic Microwave 
Background

Photons can’t move far when electrons are in the way, so a plasma 
will be opaque to light.  Once the temperature drops enough for 
the free electrons to be captured, the plasma will become a ‘gas’ 
and will become transparent.
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Cosmic Microwave Background 
Explained

•Today, radio waves propagate freely …

•But at early times, in contrast, radio 
waves scattered by free electrons in 
plasma.

•When free electrons combine with atoms 
radio waves can flow freely to us…

•Images of CMB are images of the surface of 
last scattering.
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The CMB Spectrum Today 
(Observed)
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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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Clicker Question
•What happens in the Universe before its spectrum was 

generated?  
• Well, earlier should mean denser which means hotter.  At 

some point we should get fusion...

•What was different about the early Universe versus 
the interiors of Stars when the temperature were the 
same?

a) The early Universe had a different composition and the 
interiors of stars do today.

b) The early Universe was more dense than stellar interiors.
c) The early Universe consisted of a different state of matter 

than in stars. 
d) All of the Above.
e) None of the Above.
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Big Bang Nucleosynthesis

•Prediction of Big Bang Theory is 
Big Bang Nucleosynthesis....

•About 2 to 3 minutes after start: 
T ~109 K

•At this temperature, fusion can occur
even at relatively low density...

• 3 minutes after Big Bang the
Universe has a density of ~0.1% that 
of air!

•Fusion only lasted about three minutes until the 
Universe cooled (really stops due to lack of 
neutrons)
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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
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Results of Big Bang 
Nucleosynthesis

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

(exact amount tied to density of ordinary matter)

•The Model's 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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