
Astronomy 1 – Fall 2019 

 Lecture 15; December 2, 2019 

Final Exam on Monday at 
4pm (here!).  Bring 
parscore form, pencils, and 
calculator (optional). 
 
See equation sheet on web 
page. 
 
Practice problems in 
Sections this week. 



Previously on Astro 1 
•  The Milky Way Galaxy 

–  Contains ~2x1011 stars 
–  Sun is in a nearly circular orbit 8 kpc from the center 
–  Stars (Pop I) in disk are young and metal rich 
–  Stars in halo (Pop II) are older and metal poor 
–  The central bulge has a radius of 1 kpc and a mass about 1000 

times larger than the supermassive BH. 
•  The velocities of the stars in a galaxy determine its mass 

–  This mass is much higher than the mass of the stars and gas 
–  That the Universe as whole contains about 5 times more “dark 

matter” than normal matter. 
•  Galaxy formed from coalescence of smaller galaxies. 

–  Tidal forces rip satellite galaxies apart now 
–  Will collide with the Andromeda galaxy in about 4 Gyr. 



Today on Astro 1 
•  The Universe is full of billions of galaxies. 

–  Why this wasn’t clear to Einstein. 
–  Hubble’s discovery of Cepheids in Andromeda 
–  Distances to galaxies 

•  Those galaxies are flying away from us! 
–  Hubble’s remarkable observation 
–  The expansion of the universe 

•  Galaxies are found in bubble-like structures 
–  They live in groups, clusters, and superclusters 
–  Absence of super-duper cl-usters underlies cosmology 

•  The formation and growth of galaxies 
–  Small galaxies collided to form bigger galaxies 
–  Tidal forces drive gas into the centers of galaxies where it 

forms molecular clouds, stars, and new solar systems. 



(iClicker Question) 
How did Edwin Hubble show that M31 in Andromeda 
is a distant galaxy and not part of the Milky Way?  
 A.  By measuring the distance to M31 using Cepheid variables.  

B.  By measuring the distance to M31 using RR Lyrae variables.  
C.  By precisely measuring the parallax of M31.  
D.  By observing a nova in M31.  
E.  By observing a supernova in M31. 

Q23.7 
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In which of the following types of galaxies would you 
be least likely to find a newly-formed star?  
A.  Elliptical  
B.  Spiral  
C.  Irregular  
D.  Misleading question — newly-formed stars can be 

found in ellipticals, spirals, and irregulars  

Q23.8 
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The Distance Problem 



1845 – Drawing of M51 
Components of the Galaxy or Island Universes? 



1920 – Debate about the Distance to 
“Spiral Nebulae” 

•  Harlow Shapley 
–  Thought spiral nebulae were relatively small, nearby 

objects scattered around the Galaxy like globular clusters 
•  Heber D.  Curtis 

–  Each spiral nebulae is a rotating system of stars much like 
our own Galaxy 

•  The debate resolved nothing. 
•  Needed a direct measurement of the distance to a 

spiral nebula. But how? 



1924 – Hubble Proved that the Andromeda 
Galaxy (M31) was well beyond the Milky Way 



Distances from Type Ia Supernovae 



The Cosmic Distance Ladder: 
We Can Measure Distances to Galaxies Now 



Galaxies Map Out the Structure 
of the Universe as a Whole 



Hubble’s Remarkable Discovery: 

Definition of Spectroscopic Redshift 
λ  = observed wavelength 
λ0 = laboratory wavelength 

Δλ = λ – λ0 

Looks like the Doppler Shift 
formula for v << c, so we talk 
about galaxies moving away from 
us. But be careful …. 



Hubble’s Remarkable Discovery: 
All the Galaxies are Flying Away from Us! 

Hubble’s Law 
 

v  = H0 d 
 
v = shift of spectral 
lines in km/s 
 
d = distance to galaxy 
in Mpc 
 
H0 = fitted constant of 
roughly 73 km/s/Mpc 
 



A galaxy is 2 × 108 parsecs from our Galaxy.  
According to Hubble’s law, what would you expect the 
distant galaxy’s velocity of recession to be? (Use H0 = 
73 km/s/Mpc.) 

A.  2.74 km/s 
B.  146 km/s  
C.  200 km/s 
D.  1.46 × 104 km/s 
E.  3.65 × 105 km/s   
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What does Hubble’s law tell us about how galaxies are 
moving?  

A.  All galaxies are moving away from us at the same 
velocity.  

B.  Galaxies close to us are receding from us slowly, and 
galaxies farther from us are receding more rapidly.  

C.  Galaxies close to us are receding from us rapidly, and 
galaxies farther from us are receding more slowly.  

D.  Galaxies have random distribution of velocities—
there is no pattern.  

Q23.12 
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Important Clarifications 

•  We are NOT at a special place in the center of 
the universe. 

•  The redshifts that Hubble measured are not 
Doppler shifts. 

•  They reflect the expansion of the fabric of 
space-time. 



300 Mpc




The Expansion of Space Carries the Galaxies with It 

450 Mpc




Expansion of Space-Time Stretches Light Waves 





Galaxy Formation and Cosmology 

•  Running the expansion backwards, the age of 
the Universe is 13.8 billion years. 

•  The Universe was smaller in the past. 
–  It is (1 + z) times larger today than at redshift z.  
– The Universe has expanded by a factor of 10 since 

redshift z = 9. 
•  The Universe contains the same amount of 

matter today as it did 13.8 billion years ago. 
•  Hence the density of the Universe was higher 

in the past. 



Redshifts (Distances) Map Out 
the Distribution of Galaxies 



Redshift Measures Distance 

•  Step 1: Measure the redshift from a spectrum. Exact. 

–  Small redshift (roughly z < 0.1), then the distance is 

–  Redshift z > 0.1, then the equation describing the distance in 
terms of redshift is more complicated. 



How Did Galaxies Form? 
Two approaches: 
•  Near-field cosmology, or the archaelogical record 

–  “Old” RR Lyrae stars in halo globular clusters and the 
bulge 

–  Star-forming regions (nebulae) in galactic disks 
–  Supermassive black hole in the center of the bulge 

•  Observing very distant galaxies, which is equivalent to looking 
back into the past. 
–  Use cosmological redshift to identify distant galaxies. 
–  The light left them 13 billion years ago, so we see these 

galaxies when they when the universe was young. 



Distant (Young) Galaxies are Small 

Objects in the circles are 13 billion light years from Earth (z ~ 7). 



Galaxies Form Hierarchically 

Galaxies formed from the coalescence of 
smaller galaxies. 

 
Last time we saw a picture of a tiny galaxy 

slamming into the Milky Way. 
 

In a few billion years, our Milky Way will 
collide with the Andromeda Galaxy. 



The Milky Way Will Collide with 
Andromeda (M31) in about 4 Gyr 



Computer Simulation of Galaxy – Galaxy Merger 



Mergers Drive Gas to Center of Galaxy 

Mergers often produce a burst of star formation, i.e. a Starburst. 



Homework Problem 



Examples of  “Minor” Mergers 



Optical Image shows the starlight. 

Most Galaxies are Found in Groups 
The Hydrogen Gas 



Distribution of Galaxy Sizes 

Bright Faint 

There are plenty of small galaxies for every big galaxy, so this 
merging process can continue for a long time. 

Leo I (180 kpc away) 

8 kpc 

SMC (60 kpc away) 



Two General Types of Large Galaxies.  
1. Ellipticals 

More spherical, more random motion, & less rotation 



Two General Types of Large Galaxies. 
2. Spiral Galaxies 

More tightly wound arms & large bulge-to-disk ratio 



Galaxies Grow Over Cosmic Time 
•  Galaxies continuously accrete intergalactic gas and dark matter. 

•  Collisions between galaxies also produces bigger galaxies. 
–  Mergers of (roughly) equal mass spiral galaxies produce 

elliptical galaxies, disrupting the stellar disk and making a 
spheroidal stellar distribution. 

–  Provide fuel for star formation because gas from the outer parts 
of the galaxies falls to the new center è starburst galaxy. 

•  Average galactic star formation rate was much higher in the past. 
•  The universe was smaller. 
•  The density was higher. 
è more collisions and more accretion 



The Properties of Large Galaxies 
Reflect How They Formed 



Second Type of Large Galaxy.  
I. High Angular Momentum (Spiral Galaxies) 



Two General Types of Large Galaxies. 
II. Little Net Angular Momentum (Elliptical Galaxies) 

And through mergers of spiral galaxies. 



Gas Flows Out of Galaxies Too 

Example of a Galactic Wind (from Professor Martin’s research) 



Projection of the 1.6 Million Brightest 
Galaxies on the Sky 

The distribution of galaxies is the same in every direction, or 
isotropic. 



Two Wedges of Sky Showing the 
Distances to 62,559 Galaxies 

The distribution of galaxies is homogeneous on large scales. 



The Cosmological Principle 

The Universe is homogeneous and isotropic. 
 

In space, time, or both? 



Summary 
•  The Universe is full of billions of galaxies. 

–  Why this wasn’t clear to Einstein. 
–  Hubble’s discovery of Cepheids in Andromeda 
–  Distances to galaxies 

•  Those galaxies are flying away from us! 
–  Hubble’s law 
–  The expansion of the universe 

•  Properties of galaxies reflect how they formed 
–  The first galaxies were small. 
–  Galaxies grow by colliding with other galaxies. 



Take Away 

•  From the habitable zone to the shadow of a 
black hole, I hope this class has been eye 
opening. 

•  The same laws of physics apply on Earth and 
across the Cosmos. 

•  The scientific method is based on observations, 
makes predictions, and is falsifiable. 

•  I hope you had fun.  I did! 


