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Overview Standard cosmological model

. Cosmic  Microwave Background
(CMB)

e Hubble expansion 1=

e Light element abundances




Overview

Beyond the standard model

e Dark Matter

e |nflation

e Dark Energy




Overview

Evidence for Dark Energy
° Hubble constant + globular clusters
e Luminosity distance: Type la Supernovae
e Cosmic inventory: CMB (€2 = 1) + Many (£2,, ~ 0.3)

e Growth function: Weak lensing & Cluster counts



Overview

What is it?
e Cosmological constant /A: Historical edge (Einstein), very unlikely

e \ = 0; transient energy, eventually will go to zero: Modern favorite,
very unlikely



Evidence for Dark Energy

Expansion determined by Einstein Equations. If the universe is flat, then
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with w = P/p.

Decceleration unless w < 0.



Evidence for Dark Energy
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Evidence for Dark Energy

These 2 models can be distinguished!
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Expansion rate was slower in A model < The universe is accelerating!



Evidence for Dark Energy What observables depend on H(z)?

e Age of the universe:

00 dz
b= /o H()(1+2)

e Luminosity distance:

dz’
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e Growth function:
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Evidence for Dark Energ
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Evidence for Dark Energy: dj,
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Evidence for Dark Energy: d,

> 50 SN observed by 2 teams

imply €25 # 0.
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' No Big Bang
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Evidence for Dark Energy: dj,

Systematic Effect?

Ordinary dust reddens the im-

age; this is not seen. Gray

dust leads to lower fluxes as -2
z Increases L
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Evidence for Dark Energy: dj,

Recently SN observed at z = 1.7
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Evidence for Dark Energy: dj,
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Evidence for Dark Energy: Inventory

e Hot/cold spots in CMB at z = 1100 are the size of sound horizon.
Apparent size depends on geometry of universe.

e There are many estimates of matter density: all yield €2,,, = 0.3.



Evidence for Dark Energy: CMB

Path in an open universe

Path in a flat universe

Angular size of hot/cold spots distinguishes between open, closed or flat
universe.



Evidence for Dark Energy: CMB
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~ 10 experiments have verified position of first peak. Our universe is flat
— Total energy density is equal to the critical density.



Evidence for Dark Energy: €2,

Mass-to-Light Ratio vs. Scale
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Evidence for Dark Energy

All data agree
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Evidence for Dark Energy: Growth function

e Large objects are rare:
6—52/202

e High-sigma peaks in den-
sity distribution

e Exponentially sensitive to
variance o/growth func-
tion

Collapsed objects

A

Position




Evidence for Dark Energy: Growth function

e Less growth in a A uni-
verse

e Clustering was compara-
ble at z ~ 0.5 — 1 to now

e Roughly same number of
clusters
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Evidence for Dark Energy: Growth function

How can we measure mass?

e /.‘ \?

Gravitational Lensing!



Evidence for Dark Energy: Growth function

Good way to measure cluster mass

Joffre et al. 2000



Evidence for Dark Energy: Growth function

cluster masses
galaxy-galaxy
lensing by Iss
lensing of cmb

What can be done with lensing?
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Evidence for Dark Energy: Growth function

Proposed LSST will measure
weak lensing by large scale
structure
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What is it?

Why now? Now is the only
time when p ~ ambient den-
sity. Need fine tuning initially
to one part in 10128 to get
present value.

log,,[p(t)/p,,]
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What is it?

Quintessence

e Truevalueof A =0

e Some other form of energy non-
zero today, will eventually relax
to true vacuum.

e Most popular incarnation: single

-
N
>

scalar field with V' (¢) ¢



What is it?
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What is it? My (Favorite) Quintessence Model

A=4.0, A=0.98, v=0.51

Exponential potential leads to pg
tracking ambient density. Use 10° -
instead V(¢) = e [1 +
Asin(ve)] o
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Dodelson, Stewart, & Kaplinghat (2001)



Conclusions

e Several pieces of independent evidence for dark energy: d;, Type la
supernovae and Cosmic Inventory. Efforts to hunt down systematics
and increase statistics are ongoing

e Another class of evidence growth function (gravitational lensing, clus-
ters) will play a key role in near future

e Apparently have discovered new form of energy which dominates the
universe
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