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The universe observedThe universe observedThe universe observed
• Cosmological parameters:

• Power spectra–characterization of perturbations:

• “Standard model”:  Dark Energy and Dark Matter
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Big-Bang (theory)BigBig--Bang (theory)Bang (theory)
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Field equationsField equationsField equations
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Cosmological constant (dark energy)Cosmological constant (dark energy)Cosmological constant (dark energy)

matter dominant

vacuum energy dominant

expands forever
ever slowing
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Evolution of H(z) is a key quantityEvolution of Evolution of H(zH(z)) is a key quantityis a key quantity
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Hubble’s Discovery Paper - 1929Hubble’s Discovery Paper Hubble’s Discovery Paper -- 19291929
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0.72 0.03 0.07 Freedman et al. (Hubble Key Project)
0.71 0.04 0.03 (WMAP 2003)
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Program:

• measure dL (via dL
2 = L/4πF ) and z

• input Ωi (a model cosmology) and calculate a(t0) r

• compare to data
• need bright “standard candle” 
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“It is a sign that we will be visited by all sorts of 
calamities such as inclement weather, pestilence, 
and Frenchmen.”

“in 1006 there was a very great famine and a comet 
appeared for a long time ….”

Monastic Chronicles re: Supernova 1006:

“at the same time a comet, which always announces
human shame, appeared in the southern regions, 
which was followed by a great pestilence…”

“three years after the king was raised to the throne, a
comet with a horrible appearance was seen in the 
southern part of the sky, emitting flames this way and
that…”

George Busch (German painter) in 1572:



Type Ia supernovaType Type IaIa supernovasupernova
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The mysterious language of astronomyThe mysterious language of astronomyThe mysterious language of astronomy
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High-z SNeIa are fainter 
than expected in an 
Einstein-deSitter model 

cosmological constant, or
…some changing non-zero 
vacuum energy, or
… or some unknown 
systematic effect(s)
The case for Λ:
1) Hubble diagram
2) subtraction



dynamics x-ray gaslensing

Matter ΩM ∼ 0.3MatterMatter ΩΩM M ∼ 0.3∼ 0.3

power 
spectrum

cmb simulations

ΩTOTAL = 1,  ΩΜ = 0.3          1 − 0.3  =  0.7



Theorist’s Theorist’s 
view of the view of the 
universeuniverse

(isotropic)(isotropic)



Temperature of the universeTemperature of the universeTemperature of the universe

2 52.5 10hγ
−Ω = ×

100σ error bars



Observer’s Observer’s 
view of the view of the 
universeuniverse

(fluctuations)(fluctuations)
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Acoustic peaksAcoustic peaksAcoustic peaks
• At recombination, baryon−photon fluid undergoes
“acoustic oscillations” 

• Compressions and rarefactions change 
• Peaks in       correspond to extrema of 

compressions and rarefactions
• Multipole number corresponds to a 

physical length scale

cos sinA kt B kt+
Tγ

Tγ∆



Acoustic peaksAcoustic peaksAcoustic peaks
Sound travel distance known
Observed lpeak ~ geometry

Flat (Euclidean) 

Spherical (closed)

Hyperbolic (open)

TOTAL 1 0.1Ω = ±



WMAPWMAPWMAP

David T. Wilkinson
1935-2002 

WMAP science teamWMAP model



WMAP Angular Power SpectrumWMAP Angular Power SpectrumWMAP Angular Power Spectrum
TOTAL 1.02 0.02Ω = ±



High-z SNeIa are fainter 
than expected in an 
Einstein-deSitter model 

cosmological constant, or
…some changing non-zero 
vacuum energy, or
… or some unknown 
systematic effect(s)
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The case for Λ:
1) Hubble diagram

3) age of the universe

2) subtraction
Ω TOTAL= 1
ΩΜ = 0.3
1 − 0.3  =  0.7



t0 : age of the universett00 : age of the universe: age of the universe
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t0 : age of the universett00 : age of the universe: age of the universe
• white dwarf cooling

• nucleocosmochronology

• globular cluster evolution

12.6 3 Gyr±

13.5 2 Gyr±

11 2 Gyr±



High-z SNeIa are fainter 
than expected in an 
Einstein-deSitter model 

cosmological constant, or
…some changing non-zero 
vacuum energy, or
… or some unknown 
systematic effect(s)
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The case for Λ:
1) Hubble diagram

3) age of the universe
4) structure formation

2) subtraction
Ω TOTAL= 1
ΩΜ = 0.3
1 − 0.3  =  0.7
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1917 Einstein proposes
cosmological constant

1929 Hubble discovers
Expansion of the universe

1934 Einstein calls it
“my biggest blunder”

1998 Astronomers find
evidence for it

Einstein’s
Biggest Blunder? 

Einstein’sEinstein’s
Biggest Blunder? Biggest Blunder? 


