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Overview

I. The accelerating Universe
Dark Energy  

II. Structure Formation
Dark Matter 

III. CMB Anisotropies
Inflation
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General Relativity
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Homogeneity and Isotropy
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Spatial Curvature
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Matter Content: Perfect Fluid
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Isotropic in its rest frame:

030 =++⇒= ))()(()( tpt
a
atTD ρρν

µ
µ

&
&

Energy density conservation:
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Friedmann equations
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Friedmann equation
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Einstein-de Sitter model
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Universe dynamics  (K=0)

Radiation: 3/ρ=p
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Matter: ρ<<p
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Vacuum: ρ−=p

0aV ∝ρ Ht
V ea ∝



Cosmological Parameters
0H Rate of expansion

KΩ Spatial Curvature

0q Acceleration Parameter

ΛΩ Cosmological Constant

νΩ Neutrino Density

MΩ Dark Matter

BΩ Baryon Density

0t Age of the Universe



Cosmological Parameters

Rate of Expansion (Hubble)
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Critical density (K=0)
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Density parameter
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Spatial Curvature
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Cosmic Sum Rule
Friedmann equation
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Deceleration parameter
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Matter domination:

Vacuum domination:
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Uniform expansion

Accelerated expansion

Decelerated expansion
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Bounce

Accelerating

Decelerating

Expansion

Recollapse
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The Expanding
Universe
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Geodesic motion
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FRW kinematics
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Taylor expansion
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To first approximation
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Edwin P. Hubble
Mount Wilson Mount Palomar(1920s)



Redshifts 
to galaxies

Hubble law
vczdH ≈=0



Hubble (1929) HST (1999)
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The Accelerating
Universe
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Luminosity distance
L
F

Absolute Luminosity of source

Measured Flux at detector
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The Accelerating
Universe
(2003)
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SuperNovae Cosmology Project (1998-2003)









Cosm. Const. = Vacuum Energy
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Normal Matter

Vacuum Energy
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Nature of Dark Energy?
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Coasting Point
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Perlmutter et al. 2002



Tonry et al. 2003

129 new SNIa
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Riess et al. (2004)

16 new SNIa



Taylor expansion to higher order
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Riess et al. (2004)

binning



Riess et al. (2004)

binning
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Riess et al. (2004)
192+16 SNIa

050710
050290
..
..

±=Ω
±=Ω

Λ

M

UniverseFlat

Riess et al. (1998)

Riess et al. (2004)



Model Building
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Linear Ansatz:
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SNAP satellite



SNAP
satellite:

2000 SNIa
up to z=2
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SNAP satellite
2000 SNIa

to z=2



The Aging
Universe



If the universe is expanding, 
necessarily it must have been 
denser and hotter in the past

Tracing the history of the 
universe, we reach the realm
of high energy physics and
particle accelerators
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baryogenesis
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