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Galaxies are the basic building blocks of the 
universe at large scales!

They cluster together and make the large-scale 
structure in the universe!

There are about 100 billion galaxies in the 
observable universe!

A typical galaxy contains about 100 billion stars!

Galaxies form, evolve, and interact!

The Discovery of Galaxies 
18th Century: 

•! The first catalogs of “nebulae”: Charles Messier, William Herschel 

•! The pioneers of “island universes”: Thomas Wright, Immanuel Kant  

19th and Early 20th Centuries: 

•! More catalogs, first spectra, but no physical understanding 

The Shapley-Curtis Debate 
on the nature of faint nebulae (= galaxies) 

At the meeting of the National Academy of Sciences in Washington on 26 

April 1920, Harlow Shapley of Mount Wilson and Heber D. Curtis of 

Lick Observatory gave talks under the title "The Scale of the Universe" 

!! Shapley argued that the nebulae are parts of 

our own Galaxy, the only one 

Curtis " 

thought that these are other galaxies, just like ours 



The Resolution: Nebulae are Extragalactic 

•! In 1923 Hubble resolved Cepheids in M31 (Andromeda) 

•! A profound shift in the understanding of the scale of the universe 

Edwin Hubble!

The Mt. Wilson 100-inch!

M31  (Andromeda galaxy)!

The nearest large galaxy to us,!

about 2 million light years away!

Studies of galaxies, their properties, contents, 
formation, and evolution now account for much 
of the research in astronomy and cosmology!

What Are Galaxies Made Of? 

Dark matter, ~ 90% 

Its physical nature is still largely unknown, but it 

governs the processes of galaxy assembly 

Stars, ~ 10% 

They generate most of the energy in the universe, 

after the Big Bang, and create most chemical 

elements 

Gas and dust, ~ 1% 

A mix of the primordial gas, and gas expelled by 

dying stars; new stars are born from it 

Black holes, ~ 0.1% 

They are responsible for the quasar-type activity 

in the centers of many galaxies 



Hubble’s Classification Scheme 

Purely empirical, no physics.  Hubble thought 

(incorrectly) this was an evolutionary 

sequence, so ellipticals are called “early-type” 

and spirals “late-type” galaxies!

Elliptical Galaxies 

M87 in Virgo! M84 and M86!

Elliptical Galaxies 

Old view: ellipticals are boring, simple systems 

•! They contain no gas & dust 

•! They are composed of old stars 

•! They are flattened by rotation 

•! They formed in a monolithic protogalaxy collapse 

Modern view: 

•! They have hot x-ray gas, some have dust, even cold gas 

•! Their stars span a range of ages, but are mostly old 

•! They do rotate, but most of the kinetic energy support and 
their shapes come from an anisotropic velocity dispersion 

•! Some contain decoupled (counter-rotating) cores, and 
some even have weak stellar disks 

•! They are formed by mergers of smaller galaxies 

Dust lanes 

in E galaxy 

NGC 1316!

Dust is 

surprisingly 

common in E’s!

Probably it 

originates from 

cannibalized 

spiral galaxies!



Hot Gas in Elliptical Galaxies 

Optical! X-ray!M49!M49!

The gas is metal-rich, and thus at least partly a product of stellar evolution!

It is at a virial temperature corresponding to the velocity dispersion of stars!

Another good probe of dark matter in ellipticals…!

Lenticular (S0) Galaxies 
•! Transition class between ellipticals and spirals are the S0 

galaxies, also called lenticulars 

•! S0 galaxies have rotating disks and central elliptical bulge, 

but the disk lacks spiral arms or prominent dust lanes 

•! Lenticulars 

can also have 

a central bar 

(SB0 type)!

•! They have 

little or no 

star formation!

Sombrero galaxy!

Spiral Galaxies 

M51!



Global Properties of Spiral Galaxies 

Spirals are complex systems, generally more complex and diverse 

than ellipticals: 

•! Wide range in morphological appearance 

•! Fine scale details – bulge/disk ratios, structure of spiral arms, 

resolution into knots, star-forming regions, etc. 

•! Wide range in stellar populations – old, intermediate, young, 

and currently forming 

•! Wide range in stellar dynamics: 

–! “cold” rotationally supported disk stars 

–! “hot” mainly dispersion supported bulge & halo stars 

•! Significant amounts of cold interstellar medium (ISM) 

•! Spirals tend to avoid high-density regions (e.g., clusters) as 

they can be merged and turned into E’s 

M81: Optical and H I!

Spiral Galaxies:  Gas Content 

•! Gas in spirals: 

–! Cool atomic gas, mainly neutral hydrogen (H I) 

–! Molecular hydrogen H2, CO, many other molecules 

–! Dust clouds associated with molecular gas 

–! Need gas and dust to form stars!  Star formation associated 
with dense gas clouds 

–! Can observe ionized gas via optical emission lines (H!) 

–! Observe H I via radio emission: 21 cm line 

•! Spirals show H I disks, amount depends on Hubble type 

•! H I is much more extended than optical light 

•! Can use radial motion of 21 cm line to measure rotation in 
spiral galaxies 

Spin-Flip (21 cm) Line of Neutral Hydrogen 

In emission it generally 
originates from warm gas   
(T ~ 100 - 6000 K), which 
accounts for most of the total 
volume in the Galactic disk.  
In absorption, it probes a 
cooler gas.!

A major advantage: it is not 
affected by the dust absorption!!

Typical line profile !!



NGC 1744!

Optical and 

HI contours!

Disk Galaxy Rotation Curves: 
Mass Component Contributions 

gas!

stars!

dark!
halo!

total!

Dark Matter!

dominates at 

large radii!

It cannot be 

concentrated 

in the disk, as 

it would make 

the velocity 

dispersion of 

stars too high!

Spiral Arms!
Defining feature of spiral galaxies - what causes them?!

Observational clues:!

Seen in disks that contain 

gas, but not in gas poor S0 

galaxy disks.!

Defined mainly by blue light 

from hot massive stars, thus 

lifetime is << galactic 

rotation period!

When the sense of the galactic rotation is known, the spiral arms 

almost always trail the rotation!

Spiral Density Waves 

•! The orbits in spiral galaxies are not quite 
circles – they are ellipses.  These ellipses 
are slightly tilted with respect to each 
other. 

•! Thus there are regions of slightly higher 

density than their surroundings.  The 

higher density means higher gravity.    

•! Objects (such as a gas cloud) will be 

attracted to these regions and will drift 

towards them.  



Spiral Density Waves 

•! When the gas cloud collides with other 
gas clouds, stars will be formed.  (This 
is where most of the galaxy’s star 
formation takes place.) 

•! Many of the stars will be faint, red 
main sequence stars, but some will be 
bright blue OB stars.  These stars will 
continue to drift through the region.   

•! The OB stars don’t go far before they 
explode.  The brightest (and bluest) of 
a galaxy’s stars will never be far from 
the spiral arm where they were born.    

The Density 

Wave Theory 

Barred Galaxies 

•! Half of all disk galaxies - Milky Way included - show a 

central bar which contains up to 1/3 of the total light 

•! Bars are a form of dynamical instability in differentially 

rotating stellar disks 

•! S0 galaxies also have bars – a bar can persist in the 

absence of gas 

•! Bar patterns are not static, they rotate with a pattern 

speed, but unlike spiral arms they are not density waves.  

Stars in the bar stay in the bar 

•! Bars can channel the gas flow towards the galaxy 

centers, where it can fuel star formation, or quasar-like 

activity 



NGC 1300, Barred Spiral Galaxy! Dwarf Galaxies 

•! Low-luminosity: 106 – 1010 L
!

, low-mass: 107 – 1010 M
!

, 
small in size, ~ few kpc 

•! Often low surface brightness, so they are hard to find! 

•! More than one family of objects: 

–! Gas-poor, passive (dE and dSph) 

–! Gas-rich, star forming 

•! Why are dwarf galaxies important? 

–! Majority of galaxies are dwarfs! 

–! Dwarf galaxies may be remnants of galaxy formation 
process:  “proto-dwarf” gas clouds came together to form 
larger galaxies (hierarchical formation) 

–! They are currently being cannibalized by larger galaxies  

–! Dwarf galaxies are relatively simple systems, not merger 
products: in some sense, “pristine” galaxies 

LMC!

dIrr!

I Zw 18!

Gas-rich dwarf!

(very young)!



Sagittarius Dwarf 

Spheroidal " 

# NGC 205 Dwarf 

Elliptical!

Low Surface Brightness Disks: 

Icebergs in the Sky 

Malin 1 - a prototype! Normal size, gas, and DM content, 

but many fewer stars!

Very hard to find, due to their diffuse 

nature - surveys are biased against 

low surface brightness objects!

Galaxy Properties and the Hubble Sequence 
Hubble sequence turned out to be surprisingly robust: 

many, but not all, physical properties of galaxies correlate 

with the classification morphology:!

E !S0 !Sa !Sb !Sc !Sdm/Irr!

Pressure support  !  Rotational support!

Passive !  Actively star forming!

Red colors !  Blue colors!

Hot gas !  Cold gas and dust!

Old !  Still forming!

High luminosity density !  Low lum. dens.!

… etc.!

But, for example, masses, luminosities, sizes, etc., do not correlate 

well with the Hubble type: at every type there is a large spread in 

these fundamental properties.!

Interpreting the Trends Along the 

Hubble Sequence 
Probably the best interpretation of many of these trends 

is a trend in star formation histories: 

–! Ellipticals and early type spirals formed most of their stars 

early on (used up their gas, have older/redder stars) 

–! Late type spirals have substantial on-going star-formation, 

didn’t form as many stars early-on (and thus lots of gas 

left) 

–! Spirals are forming stars at a few M
!

 per year, and we 

know that there is ~ a few x 109 M
!

 of HI mass in a typical 

spiral 

•!How long can spirals keep forming stars?  It seems that 

some gas infall/resupply is needed 



Star Formation History in Galaxies Stellar Populations 

•! A key concept in our understanding of galaxies 

•! In 1944, Walter Baade used the 100-inch Mt. Wilson telescope 

to resolve the stars in several nearby galaxies:  M31, its 

companions M32 and NGC 205, as well as the elliptical 

galaxies NGC 147 and NGC 145 

•! Realized the stellar populations of spiral and elliptical galaxies 

were distinct: 

–! Population I: objects closely associated with spiral arms – 

luminous, young hot stars (O and B), Cepheid variables, dust 

lanes, HII regions, open clusters, metal-rich 

–! Population II: objects found in spheroidal components of 

galaxies (bulge of spiral galaxies, ellipticals) – older, redder 

stars (red giants), metal-poor 

Stellar Populations and Dynamical 

Subsystems in Galaxies 
•! The picture today is more complex: it is useful to thing about 

generalized stellar populations as subsystems within galaxies, 

characterized by the:!

–! Location and morphology, density distribution!

–! Dynamics (rotation, random motions, their distribution)!

–! Star formation rate and mean age!

–! The presence and nature of its interstellar medium!

etc., etc.!

•! For example, in the Milky Way, we can distinguish:!

–! Young thin disk!

–! Old thick disk!

–! Metal-rich bulge (and bar?)!

–! Metal-poor stellar halo!

Formation of Galaxy Spheroids and 

Dynamics of Stellar Populations 

Stars “remember” the dynamics of their orbits at the time of 

formation, since dynamics of stellar systems is dissipationless.!

If stars form in dwarf protogalactic fragments which then 

merge, this will result in a pressure-supported system, i.e., a 

spheroid (bulge or halo, or an elliptical galaxy).  Their 

metallicities will reflect the abundances in their parent systems.!



Formation of Galaxy Disks and 

Dynamics of Stellar Populations 

If protogalactic clouds merge dissipatively in a potential well 

of a dark halo, they will settle in a thin, rotating disk = the 

minimum energy configuration for a given angular momentum.!

If gas settles into a (dynamically cold) disk before stars form, 

then stars formed in that disk will inherit the motions of the gas 

(mainly an ordered rotation).!

!! !!

Assembling Galaxies 

•! Basic picture is that galaxies are built up by 

hierarchical merging, from protogalactic clumps 

•! Some Questions: 
–! What determines the current morphology of a galaxy?  What produces 

a spiral vs. an elliptical? 

–! Spirals must have had angular momentum, where did that come from? 

–! Do galaxies maintain the same morphology over time? 

•! The way to study galaxy formation theoretically is to 

run N-body hydrodynamic models, and compare them 

with observations 
–! There are many complexities: gas flows and dissipation; star 

formation and its feedback via stellar winds and SN explosions; the 

effects of an active nucleus, if one is present; etc. etc. 

Hierarchical Galaxy Formation Snapshots from a simulation of structure formation 



In the hierarchical 

structure formation 

scenario, each 

galaxy derives from 

a sequence of 

mergers of smaller 

fragments!

Dark matter 

dominates this 

process, as it is the 

dominant mass 

component!

The Merger Tree! This Process Continues Today: 

Merging / Interacting Systems 

Antennae! Tadpole!

Merging / Interacting Systems 

Galaxies in the process of transformation, generally from 

disks to ellipticals.  In late stages of a merger, the two 

galaxies are no longer distinguishable, and the product 

does not look like any standard galaxy type!

Galaxy mergers can 

trigger massive bursts 

of star formation!



Galaxy Ecology: 

Galaxies continue to 
accrete gas from the 
intergalactic medium, 
which fuels a steady star 
formation!

But starbursts in galaxies 
can also drive galactic 
winds (e.g., from 
supernova explosions), 
which can then expel 
some of the chemically 
enriched gas back to the 
intergalactic space!

Galaxies interacting with their 

environment!
Feedback From Active Galactic Nuclei 

Centaurus A! Fornax A!

Radio overlayed   on optical images!

Similarly, gas infall feeds the central black holes, turning 
them into active galactic nuclei, and they can deposit 
huge amounts of energy in their environment!

A majority of galaxies are found in groups, 
where interactions can easily occur!

~ 10% of galaxies are found in rich 
clusters, where interactions also occur!

The Virgo Cluster: 

•! Irregular, relatively poor cluster 

•! Distance ~ 16 Mpc, closest to us 

•! Diameter ~ 10° on the sky, 3 Mpc  

•! ~ 2000 galaxies, mostly dwarfs 

Galaxy 
Map!



Summary 

•! Galaxies are the basic structural units of the universe at 

large; their study spans much of the modern astrophysics 

and cosmology 

•! They come in a broad variety of morphologies, with 

subsystems, composed of dark matter, stars, and gas 

•! This variety reflects their formative and evolutionary 

histories 

•! Galaxies evolve and interact with each other and with their 

large-scale environment 

•! We now have a fairly good understanding of how galaxies 

got to be the way they are, and how they work 


