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Cosmology 1000 Years Ago 
(and Present-Day Kansas)

Cosmology 1000 Years Ago Cosmology 1000 Years Ago 
(and Present(and Present--Day Kansas)Day Kansas)
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Modern GenesisModern GenesisModern Genesis

(10 nonlinear partial differential equations)

cosmological
term

(dark energy)

+Λgμν



University of Chicago    1909 National Champions

Edwin
Hubble



Energy (Λ)Energy Energy ((ΛΛ))

1917 Einstein proposed
cosmological constant.

1929 Hubble discovered
expansion of the Universe.

1934 Einstein called it
“my biggest blunder.”

1998 Astronomers found
evidence for it.



What We “Know”What We What We ““KnowKnow””

1) The matter density is dominated by cold dark matter …

2) The overall mass/energy density  is dominated by a 
cosmological term (dark energy)



Mission accomplished …Mission accomplished Mission accomplished ……

… or premature jubilation?…… or premature jubilation?or premature jubilation?



As we know, there are known 
knowns.  There are things we 
know we know.  We also know 
there are known unknowns.  
That is to say, we know there 
are some things we do not 
know.  But there are also 
unknown unknowns, the ones 
we don’t know we don’t know.

Donald Rumsfeld
Feb. 12, 2002

Department of Defense
news briefing

On KnowingOn KnowingOn Knowing

He left out the most important one!



"It ain't so much the things we don't 
know that get us in trouble. It's the 
things we know that ain't so."

Artemus Ward
American writer
1834-1867

Not everything “known” is true!

The Unknown “Knowns”?The Unknown The Unknown ““KnownsKnowns””??
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What Copernicus “Knew”What Copernicus What Copernicus ““KnewKnew””
“First of all, we must note that the universe is spherical.”

Uniform velocities

Motions are centered on the sun

Equal areas in equal times!

Sun at a focus!

Elliptical orbits!



What Kepler “Knew”What What KeplerKepler ““KnewKnew””
Gravity is an inverse-square force

…

…

…

Kepler thought it was repulsive!



Epicycle I – Dark matterEpicycle I Epicycle I –– Dark matterDark matter
What is dark matter?

“In questions like this, truth is only to be had 
by laying together many variations of error.”

-- Virginia Woolf
A Room of Ones Own



The Visible UniverseThe Visible UniverseThe Visible Universe

M81Spitzer Space Telescope
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M33 rotation curve

The Invisible UniverseThe Invisible UniverseThe Invisible Universe





Source

Lens

Observer

Einstein Ring



The Invisible UniverseThe Invisible UniverseThe Invisible Universe

Abel 2218 HST



dynamics x-ray gaslensing

Matter ΩM ∼ 0.27MatterMatter ΩΩMM ∼ ∼ 0.270.27

power 
spectrum

cmb simulations

Ωi ≡ ρi/ρC ρC ≡ 3H0
2/ 8π G



If We Could “See” Dark MatterIf We Could If We Could ““SeeSee”” Dark MatterDark Matter

Navarro, et al.



QSO 1937-1009

Ly−α

Burles et al.

Baryons ΩB ∼ 0.04BaryonsBaryons ΩΩB B ∼ ∼ 0.040.04

Tytler

ΩΒ/2



What you don’t see, matters.

We don’t see most of the 
matter.

It doesn’t seem to be 
“normal” matter.

MatterMatter



matter?matter?

• Black holes

• Size challenged stars

• Planets

• Dwarf stars
brown red white

• Modified Newtonian dynamics

• Fossil relic from the big bang (WIMP)



NeutrinosNeutrinosNeutrinos
• Neutrinos exist:

three active + sterile?

• Neutrinos have mass:
Atmospheric (10−2 eV)
Solar (10−3 eV)
LSND (1 eV)

• Not most of dark matter
too hot!
too light!

45 eV
mν

ννΩ

• Contribute to Ω 
hot thermal relic:

∼



Cold Thermal RelicsCold Thermal RelicsCold Thermal Relics

freeze out
actual

equilibrium
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/e M T−
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−1     (independent of mass)



Cold thermal relics ΩX ∝ σA
−1Cold thermal relicsCold thermal relics ΩΩX X ∝∝ σσAA
−−11

X AσΩ ⇒

X X q q+ → +

X

X

q

q

X SσΩ ⇒

X q X q+ → +

X

q q

X

X PσΩ ⇒

q q X X+ → +
Xq

q X



Seeking SUSYSeeking SUSYSeeking SUSY
Hierarchy problem:
• fundamental scale is Planck mass*
• observe particles with mass much less than Planck mass

o gauge bosons protected by gauge symmetry
o fermions protected by chiral symmetry
o scalars (e.g., Higgs) defenseless!

• introduce supersymmetry to protect scalars

Supersymmetric Standard Model:
105 parameters

Constrained Minimal Supersymmetric Standard Model:
3 parameters

Lightest supersymmetric particle (LSP) stable: 
neutralino?

* Assumed here to be 1/ 2
NG−



• Direct detection (σS)
More than a dozen experiments

• Indirect detection (σA)
Annihilation in sun, Earth, galaxy. . .

neutrinos, positrons, 
antiprotons, γ rays, . . . 

• Accelerator production (σP)
Tevatron, LHC, ILC

Cold Thermal Relics (neutralino)Cold Thermal Relics (Cold Thermal Relics (neutralinoneutralino))



• SUSY shaded areas

• Probing significant regions 
of MSSM model space

• Light-mass region largely
ruled out 

• Another factor of 100 
may be needed

CDMS

DAMA NaI/1-
4 3σ region

ZEPLIN

EDELWEISS

Cryogenic Dark Matter Search

Cold Thermal RelicsCold Thermal RelicsCold Thermal Relics



Indirect detectionIndirect detectionIndirect detection

• Neutrinos from the sun or Earth 

• Anomalous cosmic rays and γ rays 
from galactic halo(s) 

• Neutrinos, γ rays , radio waves from
our galactic center

• Role of halo substructure [rate ∝ (density)2]
Galactic center: spike cusp, ???
Black hole in the galactic center 



Muon Neutrinos From the SunMuonMuon Neutrinos From the SunNeutrinos From the Sun



“For every complex natural phenomenon 
there is a simple, elegant, compelling,
wrong explanation.”

- Tommy Gold

The nature of dark matter is a complex 
natural phenomenon.

The neutralino is a simple, elegant, 
compelling explanation.



Dark Matter?Dark Matter?Dark Matter?
• neutrinos                                           (hot dark matter)
• sterile neutrinos, gravitinos (warm dark matter)

• axions, axion clusters
• LKP (lightest Kaluza-Klein particle)

• supermassive wimpzillas
• solitons (Q-balls; B-balls; Odd-balls, Screw-balls….)

• LSP (neutralino, axino, …)             (cold dark matter)

axions
axion clusters

6 40

8 25

10 eV  (10 g)
10 M  (10 g)

− −

−

Mass range

Noninteracting: wimpzillas
Strongly interacting: B balls

Interaction strength range



Epicycle II – Dark EnergyEpicycle II Epicycle II –– Dark EnergyDark Energy

“In questions like this, truth is only to be had 
by laying together many variations of error.”

-- Virginia Woolf
A Room of Ones Own

What is the nature of dark energy



Big-BangBigBig--BangBang
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High-z SNe are fainter than expected in the Einstein-deSitter model

R
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cosmological constant, some changing non-zero vacuum 
energy, or some unknown systematic effect(s)

Einstein-de Sitter: flat, 
m

atter-dom
inated m

odel
(m

axim
um

 theoretical bliss)

The case for Λ:
1) Hubble diagram dL(z)
2) subtraction



dynamics x-ray gaslensing

Ωi ≡ ρi/ρC ρC ≡ 3H0
2/8πG

power 
spectrum

cmb simulations

ΩTOTAL = 1 (CMB),     ΩM = 0.27, 1 − 0.27  =  0.7 3 

SubtractionSubtractionSubtraction



( ) ( )4 430 -3 4 310 g cm 10  eV 10  cmρ
−− − −

Λ

Illogical magnitude (what’s it related to?):

Cosmo-illogical constant?CosmoCosmo--illogical constant?illogical constant?

( ) ( )2 229 338 10 cm 10 eVGπ ρ
− −

ΛΛ =

Illogical timing (why now?):

BBNEWKGUT

ΛΩ

M RΩ + Ω

REC

∼ ∼ ∼

∼∼



anthropic principle

scalar fields 

Practical Tools for Dark EnergyPractical Tools for Dark EnergyPractical Tools for Dark Energy



How Far Will They Go?

How Far Will They Go?



Take sides!Take sides!Take sides!
• Can’t hide from the data – ΛCDM too good to ignore

– SNIa
– Subtraction: 1.0 − 0.3 = 0.7
– Age
– Large-scale structure
– …

• Dark energy, ρΛ (modify right-hand side of Einstein equations) 
– Constant (“just” Λ)
– Not constant (dynamics driven by scalar field: M ∼ 10−33 eV)

• Gravity (modify left-hand side of Einstein equations)
– Beyond Einstein (non-GR: branes, etc.)
– (Just) Einstein (GR: back reaction of inhomogeneities)

H(z) not given by
Einstein–de Sitter       

3H2 + k /a 2 ≠ 8π G ρMATTER → G00 ≠ 8π GT00(matter)



• 10−33 eV scalar fields!!!
• modification of gravity
• extra dimensions
• branes and bulk
• Lorentz violating vector fields
• Friedmann equation incomplete
•
•
•
• (then there are the crazy ideas)



The nature of dark energy is a complex 
natural phenomenon.

There are no simple, elegant, 
compelling explanations.



The Dark Side of the UniverseThe Dark Side of the UniverseThe Dark Side of the Universe

96% of the
Universe Is Dark!
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