
Observational overview
of extragalactic astrophysics



What is a galaxy? The Milky Way

4×106 Msun 
black hole

disk of stars, 
dust, and gas 

~1011 stars

(all in a halo of dark matter) 

Sun

Gravity turns gas into stars

8 kpc 
1 pc≈3 lyr

rotation period 
at Rsun~200 Myr



Galaxies are the building blocks 
of the Universe

Hubble Space Telescope  
Ultra-Deep Field



Luminosity and mass functions

Local galaxies from SDSS; Blanton & Moustakas 08

Optical

Near UV

Schechter fits:

MW is L* galaxy

dwarfs

M = �2.5 log10 L+ const.



Hubble’s morphological classes

http://skyserver.sdss.org/dr1/en/proj/advanced/galaxies/tuningfork.asp

“early type"

“late type"

Not a time or physical sequence

barred

bulge or spheroidal 
component



Galaxy rotation curves: evidence for dark matter

M33 rotation curve from http://en.wikipedia.org/wiki/Galaxy_rotation_curve



Galaxy clusters

‣most massive gravitational bound objects in the Universe 
‣ contain up to thousands of galaxies 
‣most baryons intracluster gas, T~107-108 K gas 
‣ smaller collections of bound galaxies are called 'groups'

Abell 1689 

lensing arcs



Bullet cluster: more evidence for dark matter

‣ two clusters that recently collided 
‣gravitational mass traced by weak lensing (blue) 
‣gas (collisional) stuck in middle

Bradac & Allen



well-
studied 

MW 
satellites

most 
massive

780 kpc



Open clusters

‣~102-104 stars, irregular 
‣most younger than 1 Gyr, in disk 
‣most stars probably formed in open clusters, which have since dissolved

NGC 3590



Globular clusters

M80

‣~104-106 stars, nearly spherical, in galaxy halos (in MW, ~5-30 kpc from center) 
‣ little dust, gas, young stars, or dark matter 
‣ central stellar density 104 Msun pc-3 (compared to 0.05 Msun pc-3 for solar 

neighborhood) ⟹ direct interactions between stars (collisional effects)



Nuclear black holes

10-4 pc

‣ all (massive) galaxies appear to have one 
‣ in MW (Sgr A*), MBH=4×106 Msun, measured using individual stellar orbits



Active galactic nuclei

Mrk 231

‣ accreting nuclear black holes visible as AGN 
‣ the most luminous AGN are called quasars (can outshine entire host galaxy) 
‣ in local Universe, quasars are associated with galaxy mergers 



Map of large-scale structure traced by galaxies

Sloan Digital Sky Survey

‣ in cosmology, detailed 
structure of galaxies is 
often irrelevant — 
thought of as point-like 

‣galaxies cluster on 
small scales, smoothly 
distributed on very 
large scales 

‣ largest structures (voids 
and super-clusters) 
~100 Mpc

100 Mpc



Preview: galaxy clustering is the result of gravitational instability 
amplifying tiny density fluctuations seeded by 'inflation'

Millennium simulation showing the dark matter distribution at the present time (Springel 2005)

galaxies trace dark matter over-densities (halos)



Discovery of the cosmic 
microwave background



Bell Labs work on early communication satellites
‣ 1964: Arno Penzias and Robert Wilson experimenting with super-sensitive 6-m 

horn antenna built to detect radio waves bouncing off Echo balloon satellites 

‣ after working hard to eliminate undesirable sources of noises (including pigeon 

droppings), could not get rid of background noise with temperature ~3 K, 

apparently uniform on the sky

Echo 2 satellite, lifted to ~1,000 km orbit Penzias & Wilson with antenna in Holmdel, NJ



Princeton work on early Universe
‣ Just 60 km away, Robert Dicke, Jim Peebles, and David Wilkinson at Princeton 

University were preparing to search for microwave radiation left over from the 

Big Bang 

‣Microwave radiation had been predicted in the context of the Big Bang model 

by George Gamow, Dicke and Peebles 

‣ Penzias heard of the Princeton cosmology work and contacted Dicke

Gamow Peebles Dicke
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Peebles’ prediction of the CMB
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1978 Nobel Prize in Physics

Two coordinated discovery papers in ApJ
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Perfect black body spectrum  
of the CMB

Mather+94, Fixen+96

Far Infrared Absolute 
Spectrophotometer 

(FIRAS)  

aboard the  

Cosmic Background 
Explorer (COBE) satellite 



Fluctuations (anisotropies) in CMB

map of density fluctuations ~400,000 yr after Big Bang — contrast enhanced by 105 

⇒ uniformity is strong evidence for cosmological principle



For more on the history of the CMB:

John Mather and George Smoot  
shared 2006 Nobel Prize in Physics 

for work on COBE



Hubble’s Law



Hubble’s original 1929 diagram

Distances determined using stars of known luminosity, including Cepheids 
Note: velocity units should km/s





Bahcall PNAS 2015

Recent supernova Hubble diagram

best fit ΛCDM 
cosmological model
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