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Precision CosmologyPrecision CosmologyPrecision Cosmology

The Universe 
seems 

to demand
NEW PHYSICS!

Astronomy’s is helpful to physics!

The cosmological
standard model

ΛCDM

Dark Matter
+

Dark Energy
+

Seed Perturbations
(Inflation)

+

Baryo/Leptogenesis



"How helpful to us is astronomy's pedantic accuracy, 
which I used to secretly ridicule!"

Precision CosmologyPrecision CosmologyPrecision Cosmology

Einstein’s statement to Arnold Sommerfeld on 
December 9, 1915 (regarding measurements 
of the advance of the perihelion of Mercury)



Standard Model of 1000 Years Ago 
(and present-day Republican Party)

Standard Model of 1000 Years Ago Standard Model of 1000 Years Ago 
(and present(and present--day Republican Party)day Republican Party)
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Cold Dark Matter: 
(CDM) 25%

Dark Energy (Λ): 
70%

Stars:
0.5%

H & He:
gas 4%

Chemical Elements: 
(other than H & He) 0.025%

Neutrinos: 
0.47%

ΛCDMΛΛCDMCDM

+ inflationary perturbations
+ baryo/lepto genesis

Radiation: 
0.005%



Mission accomplished …Mission accomplished Mission accomplished ……

… or premature celebration?



The construction of a model … consists of snatching from the 
enormous and complex mass of facts called reality a few simple, 
easily managed key points which, when put together in some 
cunning way, becomes for certain purposes a substitute for reality 
itself.

Evsey Domar
Essays on the Theory of Economic Growth

ΛCDM: Reality Or  A Substitute?ΛΛCDM: Reality Or  A Substitute?CDM: Reality Or  A Substitute?
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The Dark UniverseThe Dark Universe
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The Dark UniverseThe Dark Universe



Abel 2218 HST

The Dark UniverseThe Dark Universe



Navarro, et al.

The Dark UniverseThe Dark Universe



• Size challenged stars• Dwarf stars
brown red white

• MOND (Modified Newtonian Dynamics)

• Particle relic from the bang

• Black holes

• Planets

MACHOS

Microlensing

Dark MatterDark Matter

The Bullet Cluster



NeutrinosNeutrinosNeutrinos
• Neutrinos exist:

three active + sterile?

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

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

45 eV
mν

ννΩ

• Contribute to Ω 
hot thermal relic:





Particle Relic From The BangParticle Relic From The Bang

• 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, ….)

• 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



freeze out
actual

equilibrium
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Cold Thermal Relic*Cold Thermal Relic*Cold Thermal Relic*

* An object of particular veneration.

T/MX



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

Cold Thermal Relic*Cold Thermal Relic*Cold Thermal Relic*

* An object of particular veneration.



• 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

Cold Thermal Relic*Cold Thermal Relic*Cold Thermal Relic*

* An object of particular veneration.



Favorite cold thermal relic: the neutralino (SUSY)
Cold Thermal Relic*Cold Thermal Relic*Cold Thermal Relic*

* An object of particular veneration.

• Direct detectors, indirect detectors, & colliders race for discovery

• Suppose by 2010 have credible signals from all three??? 

How will we know we all seeing the same phenomenon?

• Lots of opinions (papers)
– Will learn enough from LHC (Arnowitt & Dutta)
– Need ILC (Baltz, Battaglia, Peskin, Wizansky)
– Depends where in SUSY space (Chung, Everett, Kong, Matchev)
– …

• Let’s hope for this problem!!!!



“a simple, elegant, compelling explanation for a   
complex physical phenomenon”

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

- Tommy Gold

Cold Thermal Relic*Cold Thermal Relic*Cold Thermal Relic*

* An object of particular veneration.

Favorite cold thermal relic: the neutralino (SUSY)



Evidence For Dark EnergyEvidence For Dark EnergyEvidence For Dark Energy

Measuring the expansion history of the Universe



Expansion Rate Is A Key QuantityExpansion Rate Is A Key QuantityExpansion Rate Is A Key Quantity
Friedmann equation (G00 = 8π GT00) :  Expansion rate H(z)

( ) ( ) ( ) ( )( ) ( ) ( )4 3 2 3 12 2
0 TOTAL1 1 1 1 1 w

R M wH z H z z z z +⎡ ⎤= Ω + + Ω + + − Ω + + Ω +⎣ ⎦

Hubble’s           
constant  radiation matter           curvature         dark energy

CMB         LSS       CMB                 H(z)

1/3 radiation
0 matter

−1/3 curvature
−1      Λ

Equation of state parameter: w = p / ρ         w =



• Age of the universe

Many observables based on H(z)

• Luminosity distance              Flux = (Luminosity / 4π dL
2)

• Angular diameter distance    α = Physical size / dA

• Volume (number counts)   N ∝ V −1(z)

• Distances

Expansion Rate Is A Key QuantityExpansion Rate Is A Key QuantityExpansion Rate Is A Key Quantity



University of Chicago    1909 National Champions

Edwin
Hubble
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ClosedFlatOpen
Accelerating

Decelerating

ΩM

1. Find standard candle (SNe Ia)
2. Observe magnitude & redshift
3. Assume a cosmological model
4. Compare observations & model
5. Make model predictions

6. Fit needs cosmoillogical constant
 ρV ∼ 10−30 g cm −3

Astier et al. (2006)
SNLS

Einstein–de Sitter model

Evidence For
Dark Energy
Evidence ForEvidence For
Dark EnergyDark Energy

ρV Λ = 8π GρV

length scale    10−3 cm 10+29 cm
mass scale     10−4 eV 10−33 eV

Assumes w = −1   (i.e., Λ)

Assumes priors on H0, etc.

2.0

1.5

1.0

0.5

0
0                0.5              1.0

Ω
Λ
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Evidence For Dark EnergyEvidence For Dark EnergyEvidence For Dark Energy

3) Baryon acoustic oscillations
4) Weak lensing

1) Hubble diagram (SNe)
2) Cosmic Subtraction

The case for Λ:
5) Galaxy clusters
6) Age of the universe
7) Structure formation



cmb

dynamics x-ray gaslensing

simulations

power 
spectrum

Cosmic SubtractionCosmic SubtractionCosmic Subtraction

ΩTOTAL = 1                        ΩM ∼ 0.3                           ΩB ∼ 0.04

CMB                       many methods               CMB/BBN

1.0 − 0.3 = 0.7 ≠ 0



(The Unbearable Lightness of Nothing)

ρV 10–30 g cm−3 !!!!!

ρV Λ = 8π GρV

length scale    10−3 cm 10+29 cm
mass scale     10−4 eV 10−33 eV

Cosmoillogical ConstantCosmoillogical ConstantCosmoillogical Constant



All fields: harmonic oscillators with zero-point energy  

Cosmoillogical ConstantCosmoillogical ConstantCosmoillogical Constant

3 2 2 3
C

all particles all particles
d k k m dk kρ

Λ

= ± + ±∑ ∑∫ ∫

( )
( )

4

419 4 28 112 4

43 4 12 48 4

13

:                                     relax, it's field theory

10 GeV :             10  eV 10  eV

10 GeV :         10  eV 10  eV

10 GeV:             

C

C Pl Pl

C SUSY SUSY

C

M M

M M

ρ

ρ

ρ

Λ

Λ

Λ

−

Λ = ∞ = ∞ =

Λ = = = = =

Λ = = = = =

Λ = ( )44 16 4
Observed     10  eV 10  eVρ ρ − −

Λ = = =



• The quantum vacuum has a Higgs potential 

• Higgs potential gives mass to quanta like quarks and electrons

e,W, Z, quarks … photon

Higgs potential: 246 × 109 eV

Cosmoillogical ConstantCosmoillogical ConstantCosmoillogical Constant

×

×

×



The Higgs Bison at FermilabThe Higgs Bison at The Higgs Bison at FermilabFermilab



φ

100 4 48 4

45 4 32 4

GUT:   10 eV       SUSY:      10 eV
EWK:  10  eV       CHIRAL: 10 eV

high-
temperature

low-
temperature

V(φ)

Cosmoillogical ConstantCosmoillogical ConstantCosmoillogical Constant

-16 4OBSERVED:  10 eV

ΔV = Λ



Cosmoillogical ConstantCosmoillogical ConstantCosmoillogical Constant

Extra DimensionsExtra DimensionsExtra Dimensions



How We “Know” Dark Energy ExistsHow We How We ““KnowKnow”” Dark Energy ExistsDark Energy Exists
• Assume model cosmology: 

– Friedmann-Lemaître-Robertson-Walker (FLRW) model
Friedmann equation: H2 = 8π Gρ / 3 − k/a2

– Energy (and pressure) content: ρ = ρM + ρR + ρΛ + …

– Input or integrate over cosmological parameters: H0, ΩB, etc.

• Calculate observables dL(z), dA(z), H(z), …

• Compare to observations

• Model cosmology fits with ρΛ, but not without ρΛ

• All evidence for dark energy is indirect : observed H(z) is not
described by H(z) calculated from the Einstein-de Sitter model
[spatially flat  (from CMB) ; matter dominated (ρ = ρM)]



Taking Sides!Taking Sides!Taking Sides!
• Can’t hide from the data – ΛCDM too good to ignore

– SNe
– Subtraction: 1.0 − 0.3 = 0.7
– Baryon acoustic oscillations
– Galaxy clusters
– Weak lensing
– …

H(z) not given by
Einstein–de Sitter       

G00 (FLRW) ≠ 8π GT00(matter)

• Modify left-hand side of Einstein equations       (ΔG00)
3. Beyond Einstein (non-GR: f (R), extra dimensions, etc.)
4. (Just) Einstein (back reaction of inhomogeneities)

• Modify right-hand side of Einstein equations     (ΔT00)
1. Constant (“just” a cosmoillogical constant Λ) 
2. Not constant (dynamics driven by scalar field)



1964 Austin-Healey Sprite

1974 Fiat 128

Tools for the Right-Hand SideTools for the RightTools for the Right--Hand SideHand Side



anthropic principle
(the landscape)

scalar fields
(quintessence)

Tools For The Right-Hand SideTools For The RightTools For The Right--Hand SideHand Side

Duct Tape



Anthropic/Landscape/DUCTapeAnthropic/Landscape/DUCTapeAnthropic/Landscape/DUCTape

• Many sources of vacuum energy

• String theory has many (>10500 ?) vacua

• Some of them correspond to cancellations that yield a small Λ

• Although exponentially uncommon, they are preferred because …

• More common values of Λ results in an inhospitable universe



Quintessence/WD–40Quintessence/Quintessence/WDWD––4040

• Many possible contributions. 
• Why then is total so small?
• Perhaps unknown dynamics sets global

vacuum energy equal to zero……but we’re not there yet!

V(φ)

φ
0

Λ

Requires mφ 10−33 eV



Modifying The Left-Hand SideModifying The LeftModifying The Left--Hand SideHand Side
• Braneworld modifies Friedmann equation 

• Gravitational force law modified at large distance

• Tired gravitons

• Gravity repulsive at distance R ≈ Gpc

• n = 1 KK graviton mode very light, m ≈ (Gpc)−1

• Einstein & Hilbert got it wrong    f (R)

• Backreaction of inhomogeneities

Five-dimensional at cosmic distances
Deffayet, Dvali
& Gabadadze

Gravitons metastable - leak into bulk
Gregory, Rubakov & Sibiryakov;

Dvali, Gabadadze & Porrati

Kogan, Mouslopoulos,
Papazoglou, Ross & Santiago

Csaki, Erlich, Hollowood & Terning

Räsänen; Kolb, Matarrese, Notari & Riotto;
Notari; Kolb, Matarrese & Riotto

Binetruy, Deffayet, Langlois

( ) ( )1 4 416S G d x g R Rπ μ−= − −∫
Carroll, Duvvuri, Turner, Trodden



Acceleration From InhomogeneitiesAcceleration From Acceleration From InhomogeneitiesInhomogeneities

• Most conservative approach — nothing new
– no new fields (like 10−33 eV mass scalars)
– no extra long-range forces
– no modification of general relativity
– no modification of gravity at large distances
– no Lorentz violation
– no extra dimensions, bulks, branes, etc.
– no anthropic/landscape/faith-based reasoning

• Magnitude?: calculable from observables related to δρ /ρ

• Why now?: acceleration triggered by era of non-linear structure



Acceleration From InhomogeneitiesAcceleration From Acceleration From InhomogeneitiesInhomogeneities
Homogeneous model Inhomogeneous model

3
h

h h

h h h

a V
H a a

ρ

∝
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ρ
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We think not!

?h iH H⇒ =

(Buchert & Ellis)



"Nothing more can be done by the theorists. In this 
matter it is only you, the astronomers, who can perform 
a simply invaluable service to theoretical physics." 

Einstein in August 1913 to Berlin astronomer 
Erwin Freundlich encouraging him to mount 
an expedition to measure the deflection of 
light by the sun.

Dark EnergyDark EnergyDark Energy



H(z)

dL(z) dA(z) V(z)

baryon
osc.

strong
lensing

weak
lensingsupernova clusters clusters strong

lensing

Growth of 
structure

clusters weak
lensing P(k,z)

Observational ProgramObservational ProgramObservational Program

Test gravity 

solar
system

millimeter
scale accelerators P(k,z)

2 4 0k k kH Gδ δ π ρδ+ − =

source?



Baryon Acoustic OscillationsBaryon Acoustic OscillationsBaryon Acoustic Oscillations
B

ig
 B

an
g Today

Time

ionized neutral

recombination
z ∼ 1100

t ∼ 380,000 yr
T ∼ 3000 K

Pre-recombination
• universe ionized
• photons provide enormous 
pressure and restoring force

• perturbations oscillate
(acoustic waves)

Post-recombination
• universe neutral
• photons travel freely 
(decoupled from baryons)

• perturbations grow
(structure formation)



Eisenstein



Eisenstein



• Each overdense region is an
overpressure that launches a 
spherical sound wave

• Wave travels outward at c /√ 3

• Photons decouple, travel to us
and observable as CMB 
acoustic peaks

• Sound speed plummets, 
wave stalls

• Total distance traveled 150 Mpc
imprinted on power spectrum

WMAP

SDSS

Baryon Acoustic OscillationsBaryon Acoustic OscillationsBaryon Acoustic Oscillations



150
M

pc
=

d
A δθ

150 Mpc = H−1δ z

Baryon Acoustic OscillationsBaryon Acoustic OscillationsBaryon Acoustic Oscillations
• Acoustic oscillation scale depends on ΩMh2 and ΩBh2 

(set by CMB acoustic oscillations)

• It is a small effect (ΩB h2 ¿ ΩM h2)

• Dark energy enters through dA and H



• Virtues

– Pure geometry.  

– Systematic effects should be small.

• Problems: 

– Amplitude small, require large scales, huge volumes

– Photometric redshifts?

– Nonlinear effects at small z, cleaner at large z ∼ 2−3, but …
dark energy is not expected to be important at large z

Baryon Acoustic OscillationsBaryon Acoustic OscillationsBaryon Acoustic Oscillations



Conclusions: Two Sides To Every StoryConclusions: Two Sides To Every StoryConclusions: Two Sides To Every Story

1. Right-Hand Side: Dark energy
• “constant” vacuum energy, i.e., Λ
• time varying vacuum energy, i.e., quintessence

2. Left-Hand Side 
• Modification of GR 
• Standard cosmological model (FLRW) not applicable

The expansion history of the universe is not described by the 
Einstein-de Sitter model:

Explanations:

1. Well established: Supernova Ia
2. Circumstantial: subtraction, age, structure formation, …
3. Emergent techniques: baryon acoustic oscillations, clusters, weak lensing

Phenomenology:
1. Measure evolution of expansion rate: is w = −1?
2. Order of magnitude improvement feasible
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(CDM) 25%

Dark Energy (Λ): 
70%

Stars:
0.5%

H & He:
gas 4%

Chemical Elements: 
(other than H & He) 0.025%

Neutrinos: 
0.47%
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+ inflationary perturbations
+ baryo/lepto genesis

Radiation: 
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