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Course Outline

1. Historical overview: how did we find out there are things 
outside of our galaxy? 

2. Modern tools for extragalactic astronomy: how do we get 
information about such very distant systems? 

!
3. The cosmic web: what does our Universe look like on the 

largest scale? 
4. Dark matter: what do we know about things we cannot see? 
!
5. Galaxy evolution: different types of galaxies and how they got 

their shape (and their stars) 
6. The chemistry of the Universe: how the elements in the 

periodic table were created and spread in the cosmos 
!
7. Cosmological probes: the past and future evolution of the 

cosmic web 
8. The Big Bang and the early Universe: how it all began!

Textbook: “Extragalactic Astronomy and Cosmology”, Peter Schneider



Course Evaluation

If you are taking this class for credit: 
!

Write a short essay (around 2-4 pages) exploring 
in more detail any of the topics presented in class.   

In English please! :)  
!

You are free to choose any aspect that interests 
you; alternatively I will provide one to two possible 

essay themes per lecture.

Bonus points: 
If you give a right answer or comment during class: excellent! 

If you give a wrong answer or comment during class  
(which you thought was right): even better!!

Textbook: “Extragalactic Astronomy and Cosmology”, !
Peter Schneider



Lecture I 
Historical overview 

how did we find out there are other galaxies apart 
from the Milky Way?







Charles Messier
catalogued all such sources that were not moving 
so he would not confuse them with the comets he 

hoped to discover 
!

his list had 103 objects by 1784  
(final list today has 110) 

!
he never discovered a comet, but is famous for the 

Messier catalog 

Astronomers knew about extended “fuzzy”  
sources in the sky for a long time





Emanuel Swedenborg 
“The Infinite and Final Cause of 

Creation” (1734)

Philosophers were the first to suggest a “plurality of worlds” 
and an infinitely vast universe

Immanuel Kant 
“General History of Nature and Theory of the 

Heavens” (1755) 
“Their analogy with the stellar system in which we find 
ourselves, their shape, which is just what it ought to be 

according to our theory, the feebleness of their light which 
demands a presupposed infinite distance: all this is in perfect 

harmony with the view that these elliptical figures are just 
universes and, so to speak, Milky Ways, like those whose 

constitution we have just unfolded.”



!
But the Messier objects could be gas clouds in our own 

galaxy, as well as other very distant “copies” of the Milky Way

M108M20



Henrietta Swan Leavitt (1908)

one of the women human "computers" hired by Edward Charles Pickering 
to measure and catalog the brightness of stars as they appeared in the 

Harvard College observatory's photographic plate collection 
!

discovered that for a certain class of variable stars called Cepheids  
there is a  relation between the luminosity and the period



Absolute distance measurements using Cepheids

brightness=luminosity/(4π*distance2)

luminosity inferred based on period

—> knowing luminosity and brightness, we can measure distance 



1913: Ejnar Hertzsprung uses Cepheids to measure distance to the Small 
Magellanic Cloud as 37,000 light years (current value 199,000 ly)

1923: Edwin Hubble discovers variable star in Andromeda

Andromeda “nebula” using the 
100-inch Hooker telescope at  

Mount Wilson Observatory

1924: Edwin Hubble determines distances to Andromeda and the 
Triangulum “nebulae” as 900,000 and 850,000 light years: much too far 

to be a part of the Milky Way! These must be other galaxies! 
(current distance values 2.5 million and 2.7 million light years) 



It has been less than 100 years since we discovered that there are 
other galaxies apart from the Milky Way.!

!
The general theory of relativity was published before we were sure that 

other galaxies exist. 
!

Although astronomy is one of the oldest professions, extragalactic 
astronomy is one of the youngest fields of science.



Of the Messier objects, 39/110 are extragalactic

M108 
4.6 million ly 

galaxy

M20 
5200ly 

HII nebula



Hubble Space Telescope Ultradeep Field 
~10,000 galaxies over an area less than one tenth in diameter 

compared to the full moon 



Edwin Hubble then pointed out in 1926 (only 2 years 
after first distance measurement to Andromeda!) that 
galaxies come in “flavours”  

He proposed this classification still in use today.



Hubble “tuning fork”
The three main types of galaxies in the Hubble classification: 

!
Elliptical (E’s) 

nearly elliptical isophotes, without clearly defined structure 
divided by ellipticity e=1-b/a; typically e ranges from 0-0.7 

in the notation En, n=10*e. E0’s have circular isophotes 
!

Spiral 
disk with spiral arm structure and a bulge 
divided into normal (S’s) and barred (SB’s) 

ordered by ratio of bulge to disk (a,ab,b,bc,c,cd,d) 
also referred to “early-type” (a-b) and “late-type” (c-d) spirals 

special class: S0 (‘lenticular’) are a transition between  
elliptical and spiral, with bulge and disk but no spiral arms 

!
Irregular (Irr’s) 

with only weak (Irr I) or no (Irr II) regular structure



“Early type  
galaxies”

“Late type galaxies”

“Early type  
spirals”

“Late type spirals”

“Early” and “late” just refers to the classification along the “tuning fork”, not 
to the order in which they evolve!!! See Lecture 5



Humans are still much better at identifying structure by eye than computer-
based image analysis programs.

https://www.galaxyzoo.org/

https://www.galaxyzoo.org/


Does the universe evolve with time?

Until the ~1930s astronomers assumed the universe is “static”: 
infinite in space and time and neither growing nor shrinking with time 

!
This idea was first proposed by Thomas Digges (1546-1595) 

!
It was such a well-rooted belief that, when Albert Einstein published his 

work “Cosmological Considerations in the General Theory of Relativity” in 
1917, he modified his equations to make the Universe static, although the 

natural solution was non-static 



Olbers' paradox

named after the German astronomer Heinrich Wilhelm Olbers 
(1758–1840), although first proposed by Thomas Digges in 1576 

!
If the Universe is infinite in space, then in every direction you look, 
there should be a star. No matter how far the star is, if the Universe 

is infinite in time, the light from that star should have had time to 
reach us. 

Why is the sky dark at night??



Vesto Melvin Slipher  
was the first to observe the shift of 
spectral lines of galaxies in 1912



vc c

c c source is static: 
observer sees 
wavelength λ

source is moving: 
observer sees 
wavelength λ’= 
λ*(1+v/c) if v<<c

Doppler Effect

shift of spectral lines from galaxies means: they are moving 
away from us. Universe is NOT static.



performed a systematic study of how fast  
galaxies are moving away from us



The fascinating life of Milton Humason

• dropped out of school at the age of 14 
!

•  became a "mule skinner" taking 
materials and equipment up the 

mountain while Mount Wilson 
Observatory was being built 

!
• became a janitor at the observatory in 

1917; volunteered as a night assistant 
!

• in 1919, George Ellery Hale made him a 
Mt. Wilson staff member recognising his 

dedication and technical skill 
!

• got his PhD in 1950 from Lund 
University; retired in 1957



v=H*d 
H=500 km/s/Mpc, Hubble 1929 (current value ~70 km/s/Mpc)

Discovery of the cosmic expansion



What does cosmic expansion mean?

Imagine an elastic band:

Now, someone stretched it out to double its initial size:
L L L L L

2L 2L 2L 2L 2L

d=L  
v= L/t

d= 2L  
v= 2L/t

d=3L  
v=3L/t

d= 4L  
v= 4L/t

We recover v∝d!



3D intuitive equivalent to cosmic expansion 
(‘expanding raisin bread model’)

But, in the Universe, there is no dough…  
the space itself is growing



Relativistic Doppler effect

vc c

λ’= (c+v)T 
with v positive for receding source 

[all quantities measured in observer’s frame] 

in relativity we must now in addition consider time dilation:
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The concept of “redshift”
Redshift (z) is defined as 

!
!

*recall that in the non-relativistic limit, λobs=λ0(1+v/c) therefore z=v/c  
!

The recession velocity v of a galaxy has two components: 
(1) “Hubble flow” (velocity due to the expansion of space) 

(2) Peculiar velocity (galaxy is moving through space) 
!

the expansion velocity v=H*d, thus if d is small, the expansion velocity is 
small and peculiar velocities may dominate 

!
in the distant universe, the Hubble flow velocity becomes large and 

peculiar velocities are insignificant in comparison; therefore “redshift” is 
often used to indicate the distance of an object rather than quoting it in 

Mpc 
!

Note that z can become (much) larger than 1
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If the Universe is currently expanding, what did it look like in 
the distant past?

Georges Lemaître first noted in 1927 that an expanding universe could 
be traced back in time to an originating single point. 

!
At this initial point, the matter and radiation were infinitely compressed. 

The evolution away from this singularity is called the “Big Bang”. 
The name was first used in 1949 by Sir Fred Hoyle on a BBC radio programme,  

and meant as a derisory term for a theory he did not believe in.  
!

It follows that the Universe has a finite age: the time between the Big 
Bang and the present. IF the expansion velocity was constant 

throughout the history of the Universe to the same value measured now 
(v=d/t=H*d with H0=70 km/s/Mpc), then the age of the Universe is  

1/H0= 14 billion years (but see Lecture 7). 
!

Solution to Olber’s paradox: even if there is a galaxy in every single 
direction we look, there was not enough time for light  

from most of them to reach us.



when matter and radiation were compressed at very high densities, 
matter was first in the form of a “quark soup” (quark-gluon plasma) 

!
as expansion continued and temperatures dropped, quarks 

combined to protons and neutrons and the universe became filled 
with hydrogen plasma. The Universe was still opaque to light and as 

the universe expanded further, both the plasma and the radiation 
filling it grew cooler.  

!
when the universe cooled enough, protons and electrons combined 
to form neutral hydrogen atoms (“epoch of recombination”). These 

atoms could no longer absorb the thermal radiation, and so the 
universe became transparent. 

Thermal evolution of the Universe since the Big Bang
(more on this in Lecture 8!)



After recombination, matter and radiation evolve independently. The 
radiation left over from this epoch follows a black-body distribution 

whose effective temperature drops as the universe expands.  
George Gamow predicted in 1953 that at present this radiation that fills 
the whole Universe has reached a temperature of 7K (see also work of 

Ralph Alpher and Robert Herman) 
!

In 1964, Arno Penzias and Robert Wilson accidentally discover the 
signal from this background radiation. 

!
This provides extremely strong indication that the Big Bang model is 

correct.

The cosmic microwave background

The field of cosmology as we know it is even younger than 
extragalactic astronomy; just over 50 years old!



COBE (cosmic background explorer)

We can calculate our 
absolute  

velocity through the 
Universe! 

!
627 +/- 22 km/s 

(Kogut et al. 1993, ApJ, 
419,1)



Suggested essay topics

1) Describe the types of objects in the Messier Catalog; apart 
from galaxies, what other extended sources are in the catalog 

and how are these structures formed? 
!

2) Explain in more detail how Cepheids are used for distance 
determination. What are the different types of Cepheids? How 
were Hubble’s measurements of distances to Andromeda and 

the Triangulum galaxy revised? 


