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Cosmic Microwave Background anisotropy and Large-scale structure
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Cosmic Microwave Background anisotropy and Large-scale structure
both show baryon acoustic oscillations
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We can plot CMB angular power
spectrum C, in terms of the spatial
dark matter power spectrum P(k) by
inverting

C, = Y W,(k)P, (k)

o )= £,k

(Figure from Tegmark & Zaldarriaga 2002)
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Current data trace structure from
galactic to cosmological scales
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A Standard Model of
Cosmology: ACDM

Age of universe: 13.8 Gyr
Geometry: flat (€2, .,=1)
Dark Energy: 74% (2p=0.74)
Dark Matter:  22% (Q2p,=0.22)
Baryons: 4% (€25=0.04)

Primordial power spectrum: n=0.95
(consistent with inflation)



Cosmological Problems and Solutions

The Horizon Problem: Why is the Universe in thermodynamic equilibrium to one part
in 100,000 on apparently super-horizon scales?

The Flatness Problem: Why is the geometry of the Universe so close to Euclidean?

The Monopole Problem: Where are the monopoles from GUT-scale symmetry
breaking that should be wreaking havoc upon the Universe?

The Perturbation Problem: Where did the density fluctuations that gave rise to CMB
anisotropies and galaxies come from? Why is their spectrum (nearly) scale-invariant?

The A Problem: Why does our Universe appear to have non-zero (but small!) vacuum
energy? Why is this just becoming important “today”?
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Cosmological Problems and Solutions

The Horizon Problem: Why is the Universe in thermodynamic equilibrium to one part
in 100,000 on apparently super-horizon scales?

Inflation: Horizon is much bigger than it appears
The Flatness Problem: Why is the geometry of the Universe so close to Euclidean?
Inflation produces flatness to high precision

The Monopole Problem: Where are the monopoles from GUT-scale symmetry
breaking that should be wreaking havoc upon the Universe?

Monopoles are inflated away

The Perturbation Problem: Where did the density fluctuations that gave rise to CMB
anisotropies and galaxies come from? Why is their spectrum (nearly) scale-invariant?

Quantum fluctuations produce nearly-scale-invariant perturbations

The A Problem: Why does our Universe appear to have non-zero (but small!) vacuum
energy? Why is this just becoming important “today”?

No solution from inflation



The Friedmann Equations
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The Friedmann Equations
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Cosmological Structure Formation
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“halos” where galaxies can form -

Small halos collapse first so “bottom-up”
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No preferred scales in DM but non-linear collapse gives distribution of
“halos” where galaxies can form -

Small halos collapse first so “bottom-up”

At z>2, galaxy-mass halos rare so most halos have just collapsed

Galaxies have M . and M.,

Scales come from “gastrophysics” of feedback from supernovae and
supermassive black holes

Dark matter properties (hot vs. warm vs. cold, interaction cross-
sections with self and baryons) probed by large-scale structure and
dark matter halo profiles

Dark energy produces cosmological “freeze-out” -

structure formation depressed since z.,~0.3




