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Golden Moments in CosmologyGolden Moments in Cosmology
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   repulsive force   repulsive force,
 vacuum energy,
            ρρ=const=const

“Much later, when I was discussing cosmological
problems with Einstein, he remarked that the
introduction of the cosmological term was the
biggest blunder of his life.” – G. Gamow, “My
World Line” (1970)
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Hubble Diagram (ℓ vs z)
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Assumptions:
   Inverse square law ℓ =L/4πd²
   Euclidean space
   Standard candle

(what Hubble actually
did to demonstrate
the expansion of the
Universe)
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Hubble Diagram
and Cosmology
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Ω=1Ω<1

Ω>1

Curvature of space causes
deviations from linear Hubble
diagram.

Ω<1 means expansion forever.

Standard candle!

High ρ
Low ρ

z = v/c = Δλ/λ
1+z = Ro/R

flatflat
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Hubble 1953Hubble 1953

Cosmology Cosmology ––  A Search for 2 Numbers?  A Search for 2 Numbers?
Ho– rate of expansion (v=Hod)
Ωo – deceleration - matter density
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Gunn and Oke 1975

“… although the
heterogeneity of the
sample makes
conclusions about
cosmology slightly
suspect.”

-2 < Ω <0

+2 < Ω < +4

Kristian, Sandage and
Westphal 1978

>400 nights>400 nights
of Palomarof Palomar
200200”” time! time!

 evolution (mass and age)

evolution (mass and age)
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Making a
standard
candle
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Supernovae as Cosmological Probes
 Bright - seen to cosmological distances

 Max brightness makes an excellent
standard candle - ±6% distance errors

 Standard candle has a physical basis
• SNeIa are “well-understood” -

thermonuclear disruptions of C+O
white dwarfs - std physics

 “The supernova distance-redshift relation
comes from the FRW metric. DE sound
speed, anisotropic stress, matter growth,
etc., have no effect.’ (Linder 2006)

 Systematics – possibly, but ample
opportunity to study with potentially
hundreds of objects
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Supernovae and Dark EnergySupernovae and Dark Energy

Not:
i/s abs (hi z)
evolution
selection effects

RiessRiess et al. 1998 et al. 1998
PerlmutterPerlmutter et al. 1999 et al. 1999

Cosmological
constant Λ

Universe
is accel-
erating.
Λ exists!
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Supernovae andSupernovae and
Dark EnergyDark Energy

Riess Riess et al. 1998et al. 1998
Perlmutter Perlmutter et al. 1999et al. 1999

ΩΩΛΛ=0.7,=0.7,
ΩΩMM=0.3=0.3
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High-z SupernovaHigh-z Supernova
Search TeamSearch Team

Microwave 
Background

Cluster Masses

Ωm

Ω
Λ

Rate of expansion isRate of expansion is
accelerating accelerating ……

ΩΩ ΛΛ=0.7, =0.7, ΩΩmassmass=0.3=0.3

• vacuum energyvacuum energy
••  ρρ  ≈≈ const const

 Einstein Einstein
was right!was right!
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Dark Energy - a Strange Brew …

 Expansion is accelerating
 Vacuum energyVacuum energy, , ρ ≈ const

• Einstein was right!
 ΩΩtottot==ΩΩMM++ΩΩDEDE=1=1

 ρΛ ≈ 10-8 eV cm-3 ≈ 10-120 x “theoretical value”
 ρΛ ≈ ρM – why??
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““On a good day I can think of 3 or 4On a good day I can think of 3 or 4
plausible candidates for darkplausible candidates for dark
matter. The same cannot be saidmatter. The same cannot be said
for dark energy.for dark energy.””  - Rocky Kolb,
Tucson, Mar 2004

“Our theoretical understanding is so
limited right now …” - Rocky Kolb,
Tucson, Mar 2004

“… DE is not understood
sufficiently to answer the basic
questions …” - Rocky Kolb,
Tucson, Mar 2004

Rocky Horror Show –
Tucson 2004
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What isWhat is
the Darkthe Dark
Energy?Energy?

What is it ??What is it ??

Copeland et
al astro-ph/
0603057
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Discovery of Uranus 1781
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Discovery of Neptune 1846

 New physical component?
 New physical law?

LeVerrier
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Perihelion advance of Mercury

5600 arcsec/century, of which 43
arcsec/century is unexplained

 New physical component?
• Vulcan? (LeVerrier!)
• Solar oblateness (Dicke)

 New physical law?
LeVerrier1859
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What is the DE?What is the DE?

 Cosmological Constant Λ
 Pure vacuum energy

 Some other new physical
component
 e.g. scalar field models,

quintessence, Chaplygin gas
models

 A new physical law
 e.g. modifications to GR

What is it ??What is it ??

“Raffiniert is der Herrgott,
aber boshaft ist er nicht.”
(Einstein)

(Einstein’s translation:
“God is slick, but he ain’t
mean.”)
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Equation of State Parameter Equation of State Parameter ““ww””

P = wρ,
ρ(a) ~ a-3(1+w)

w =  1/3   radiation
w =   0     matter
w >  -1    “quintessence”
w =  -1     w =  -1     ΛΛ

 w is a measurable.
 most sensitivity at z<1.
 w,dw/dz  constrain DE.
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Equation of State Parameter Equation of State Parameter ““ww””

 derive w from Hubble diagram

 Most sensitivity at z < 1 (e.g. ground-based
telescopes)

 w, dw/dt constrain nature of DE.

       P = wρ,    ρ(a) ~ a -3(1+w)
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w and dw/dt

       -1.4                                -1                               -0.6
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          1

dw/dt  0
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Axion DE

Supergravity DE

Leaping Kinetic DE

Vacuum Metamorphosis DE


