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Discovery of the Expanding 
Universe: Hubble 1929

Finds that the
velocity gets larger 
with distance, the 
Hubble Law, and 
slope is the Hubble 
parameter, H

Measured distances to 25 galaxies:
• Used cepheids for Andromeda and Local Group
• Used brightest stars in the others
• Compared distances with recession velocities. 
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Kepler’s Third Law ⇒ mass 
within orbit 

 earth orbit ⇒ sun’s mass

 masses of known stars ⇒ 
orbital rotation speed 

 disagrees with observed 
rotation speed 

 Also observed in other near by 
galaxies.

 Result was viewed with great 
skepticism during ‘70’s and 
‘80’s

FIND: more mass than is glowing -> dark matter halo
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 Not nearly enough MACHO’s to account for the Dark Matter Halo
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Mass From Gravity Lensing

Gas from x-rays
(dominates “visible” matter

of the cluster
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Snap shot of matter density of the universe at the photon 
surface of last scattering.  Most accurate from Planck satellite.
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Describe data as sum of spherical harmonics and fit for 
coefficients.  Each amplitude corresponds to an angular scale.
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Peak position sensitive to 
the geometry of the 
Universe



Cosmic Microwave Background

Relative heights of peaks 
are sensitive to mass 
density.



Cosmic Microwave Background: WMAP

Weak sensitivity to a 
cosmological constant 
from details of shape.
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Cosmic Microwave Background

Geometry of the Universe is very likely flat (ΩΛ+Ωm+Ωc≈1, h≈0.67)
Matter density ≈30% of recollapse density
Favors a Cosmological Constant?!?



M51: June 2005 M51: July 2005
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Type Ia Supernovae



Type Ia Supernovae

Key observation by 
Phillips in early 1990’s 
of the Stretch-
Luminosity relation
Qualitative 
understanding that 
this is related to how 
much metal is in the 
White Dwarf
Scatter on distance 
from ~20% to ~7%
Standardizable 
Candle



Type Ia Supernovae

Still an amazement from 
1998-1999
Clear observation of 
Cosmological Constant 
(now dubbed Dark 
Energy)
Subsequent 
observations (more, 
higher redshift) rule out 
alternative explanations

2011 Noble prize for 
Perlmutter, Schmidt, 
and Riess for this.



Type Ia Supernovae

Combination of CMB and 
Type Ia SN is unambiguous.
Geometry is flat.
~70% Dark Energy.
~30% Matter.
There was a Big Bang.
There will be a Big Chill.
No longer is there talk of 
Einstein’s “greatest 
blunder”, but rather 
Einstein’s Cosmological 
Constant is the dominant 
thing in the Universe.



Galaxy Clustering(Daniel Eisenstein)



Galaxy Clustering(Daniel Eisenstein)



Galaxy Clustering(Daniel Eisenstein)



Galaxy Clustering(Daniel Eisenstein)



Galaxy Clustering
Observe this in the distance between neighboring galaxies 
in large galaxy surveys such as Sloan Digital Sky Survey
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What Next?  Remain IGNORANT?

Primordial Neutrinos?

CMB Polarization
IR Observation

SN Expansion History

Weak LensingGalaxy Clustering
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