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Cosmological Cosmological 
Beginnings & EndingsBeginnings & Endings



““The New CosmologyThe New Cosmology””
((akaaka Concordance Model)Concordance Model)

•• Flat, accelerating UniverseFlat, accelerating Universe
•• CompositionComposition

–– 4% baryons (0.5% stars!)4% baryons (0.5% stars!)
–– 26% cold dark matter (~0.1% neutrinos)26% cold dark matter (~0.1% neutrinos)
–– 70% 70% ““dark energydark energy””
–– < 4% secret ingredients & sauces< 4% secret ingredients & sauces

•• InflationInflation--produced, nearly scaleproduced, nearly scale--invariant invariant 
density perturbationsdensity perturbations
…… Consistent with large & growingConsistent with large & growing

body of observationsbody of observations





Strong FoundationStrong Foundation
•• Interlocking web of cosmological and lab Interlocking web of cosmological and lab 

measurements:  from CMB observations to measurements:  from CMB observations to 
data from particle acceleratorsdata from particle accelerators

•• Sound physics foundationSound physics foundation
–– General relativity, atomic & nuclear physicsGeneral relativity, atomic & nuclear physics
–– Standard model of particle physicsStandard model of particle physics

•• Well motivated and well formulated Well motivated and well formulated 
speculations based upon speculations based upon 
–– Gauge theory and grand unificationGauge theory and grand unification
–– SupersymmetrySupersymmetry
–– Superstring theorySuperstring theory



The The HadronHadron WallWall

S. Weinberg in Gravitation & Cosmology



The Fall of the The Fall of the HadronHadron WallWall
The 1970s:  Gauge Theory, Asymptotic Freedom and The 1970s:  Gauge Theory, Asymptotic Freedom and GUTsGUTs



Precision Precision 
Cosmology!Cosmology!

with no apologies!



Some Cosmological ParametersSome Cosmological Parameters
error bars decreasing, consistency holding

• T = 2.725 ± 0.001 K
• H0 = 70 ± 7 km/s/Mpc
• Ω0  = 1.01 +0.009

-0.016
– ΩM = 0.27 ± 0.04
– ΩDE = 0.65 ± 0.05
– ΩB = (0.022 ± 0.001)/h2

– 0.001 < Ωνh2 < 0.01 
• t 0 = 13.7 +0.13

-0.17 Gyr
• n = 0.961 ± 0.017
• τ = 0.093 ± 0.03
• w = -1 ± 0.1

COBE FIRAS
HST, SZ, CMB, …

WMAP, H0
WMAP, SDSS, SNe, Clusters

WMAP, SDSS, SNe
WMAP, BBN

WMAP, SDSS, SuperK, K2K, …
WMAP, GC, WDs, H0

WMAP, SDSS
WMAP

WMAP, SDSS, SNe



Hubble Constant has been Hubble Constant has been 
constant for 5+ years!constant for 5+ years!

HST Key Project: H0 = 72 ± 7 km/s/Mpc
WMAP: H0 = 73+3

-4 km/s/Mpc
SZ: H0 = 74 ± 4 ± 10 km/s/Mpc



The CDM Power SpectrumThe CDM Power Spectrum



Baryon DensityBaryon Density

• CMB: ΩBh2 = 0.022 ± 0.001

• D/H and BBN: ΩBh2 = 0.021 ± 0.002
started with “Alpha, Beta, Gamma”

• Mean absorption of IGM:  ΩB ~ 0.04



…… much much 
more than more than 
quark soup quark soup 
beginningbeginning



•Existence of Atoms
•Dark Matter
•Cosmic Acceleration
•Seeds for Structure
•Chemical Elements
•Longlived Stars & Life
•Multiverse

Deep, Profound Deep, Profound 
ConnectionsConnections

Baryogenesis/Leptogenesis
Axions, Neutrinos, Neutralinos
Dark Energy, New Grav Phys
Inflation
Neutrinos
Hierarchy of Weak/Planck
Superstrings



Linking Inner Space and Outer Linking Inner Space and Outer 
Space has Profoundly Changed Space has Profoundly Changed 

Both Cosmology and Both Cosmology and 
Elementary Particle Physics Elementary Particle Physics 

Linking Their Agendas for the Linking Their Agendas for the 
Foreseeable FutureForeseeable Future



The Big Cosmic QuestionsThe Big Cosmic Questions
• What is the cold dark matter?
• How much of the dark matter is neutrinos?
• How did atoms originate?

WHAT POWERED THE BIG BANG?WHAT POWERED THE BIG BANG?
Inflation is a modest start

WHAT IS THE DARK ENERGY THAT WHAT IS THE DARK ENERGY THAT 
CONTROLS OUR COSMIC DESTINY?CONTROLS OUR COSMIC DESTINY?

Validity of general relativity, variation of the Validity of general relativity, variation of the 
constants, constants, …… ““precision heavenly labprecision heavenly lab””



COSMIC COSMIC 
BEGINNINGS &BEGINNINGS &

ENDINGSENDINGS

The Middle is in Pretty Good Shape





* *NOTE:*NOTE:
““Modest PromiseModest Promise””



All models 
based upon 
scalar field 
dynamics



Density Perturbations

Gravitational Waves



Signatures of InflationSignatures of Inflation

• “Flat,” smooth Universe

• With tiny lumpiness arising 
from Quantum Fluctuations

• Hot quark soup from decay of 
vacuum energy



CMB is Key to TestingCMB is Key to Testing
Cosmic InflationCosmic Inflation

• Uncurved (flat) Universe
– “Spot size”

• Lumpiness from “Quantum 
Fluctuations”
– Acoustic peaks, relative heights

• Evidence for inflation 
produced gravitational waves
– Polarization (and Anisotropy)



First Evidence for Flat UniverseFirst Evidence for Flat Universe
BOOMERANG 2000

DASI 2001



You Live in 
a Flat 

Universe!

WMAPWMAP
all sky mapsall sky maps

large angular scaleslarge angular scales
2003, 20062003, 2006



WMAP Sea ChangeWMAP Sea Change

WMAP-ext 3-year
AFTER WMAPBEFORE WMAP



ACBAR on ViperACBAR on Viper
2.1 m Telescope2.1 m Telescope

UC Berkeley/Case Western

Probe small angular scales
Complementary to WMAP



WMAP 3year and Final ACBAR error extrapolationACBAR & WMAP Complementary:ACBAR & WMAP Complementary:
Different Technology & Different Angular ScalesDifferent Technology & Different Angular Scales

Smaller than 0.1 degree Larger than 0.1 degree |

““Acoustic peaksAcoustic peaks””::
signature of signature of 

inflationinflation--producedproduced
lumpinesslumpiness





Degree Angular Degree Angular 
Scale Interferometer (DASI) Scale Interferometer (DASI) 

Chicago/CaltechChicago/Caltech



DASI Discovers CMB PolarizationDASI Discovers CMB Polarization

••Key Test of Hot Big BangKey Test of Hot Big Bang
•• Open Door for the Big Test of InflationOpen Door for the Big Test of Inflation



The Big Prize  The Big Prize  
““BB--ModeMode”” PolarizationPolarization

E mode               B mode

Third Critical Test of InflationThird Critical Test of Inflation
(Gravitational Waves)(Gravitational Waves)

Pin Down Energy Scale/Time of InflationPin Down Energy Scale/Time of Inflation
V = 3.5 x 1016 GeV (r=T/S)1/4 or H-1 = 2 x 10-38 sec/(r=T/S)1/2

Reveal Cause of InflationReveal Cause of Inflation







R =



BICEP* Polarization ExperimentBICEP* Polarization Experiment
Caltech/JPL, UCSD, UC Berkeley, IAS (Paris), CEA (Grenoble), Cardiff

Optimized for angular scales
greater > 1 degree

*Background Imaging of Cosmic
Extragalactic Polarization 



9 hours BICEP vs. 3 years WMAP9 hours BICEP vs. 3 years WMAP
Which is which?Which is which?



10 m South Pole Telescope (SPT)10 m South Pole Telescope (SPT)
Chicago/UC Berkeley/UIUC/Case Western/SAO

Nov 06/Jan 07 Deployment



Planck 2008Planck 2008

r = 10-2?



CMB Polarization Satellite?CMB Polarization Satellite?

r = 10-3?



Serious testing of Serious testing of 
Inflation has Inflation has begunbegun

Key Predictions
1. Flat Universe
2. Almost scale-invariant, Gaussian perturbations:                  

(n-1) ~ ± 0.1 and dn/dlnk ~ ±0.001
3. Gravity waves:  spectrum, amplitude not predicted

Key Results (WMAP)
1. Ω0 = 1.0 ± 0.01
2. n = 0.96 ± 0.017*; dn/dlnk = -0.1 ± 0.05; no evidence 

for nonGaussianity
3. r < 0.55 (95% cl)*

*Depends significantly upon the priors assumed



??







HOW MUCH HOW MUCH 
TRUTH DOES TRUTH DOES 

INFLATION INFLATION 
HAVE?HAVE?



Inflation is Modest Inflation is Modest ––
More Like Duct TapeMore Like Duct Tape

BEFORE THEBEFORE THE
BIG BANGBIG BANG

Three Ideas – All Probably Wrong







Some Features of String TheorySome Features of String Theory

•Extra “dimensions” (big & small)

•Multiple vacua (landscape, etc)

•Variable constants (moduli field)

•Unification of particles and forces

•Strings



Some Cosmic Aspirations Some Cosmic Aspirations 
of String Theoryof String Theory

•Fundamental theory of inflation

•Explanation of cosmic acceleration

•Emergent space and time 

•Variable constants (moduli field)

•Foundation for multiverse



String String 
TheoryTheory’’ss





THE MULTIVERSETHE MULTIVERSE







In the Presence of Dark
Energy, a Flat Universe
Can Expand Forever, 
Re-collapse, or Even
Experience a Big Rip!

Cannot Understand Our Cosmic
Destiny Until We Understand What

Dark Energy Is!



Cosmic AccelerationCosmic Acceleration
Dark EnergyDark Energy

• Evidence for cosmic acceleration has 
gotten stronger (HST, CFHTLS, 
Essence, WMAP, XMM/Chandra…)

• Still no understanding – “theorists 
continue to explore phase space”

• No evidence that dark energy is not 
the energy of the quantum vacuum

• Very significant probes on the horizon





The Gravity of Nothing
Is Repulsive

… But How Much Does
Nothing Weigh? 

Apparently, Way Too Much or 
Possibly Nothing



Dark Energy TheoryDark Energy Theory





Everyone Wants to Play!







Summary of Dark TheorySummary of Dark Theory
• No compelling model (to say the least)
• Current Menu

– Quantum Vacuum Energy
+ it exists (!)
- 55 orders-of-magnitude discrepancy (or more!)

– Quintessence
+ temporary, related to cosmic inflation, great variety of 

models
- doesn’t solve vacuum energy, coupling to the world

– Modified Gravity
+ Einstein didn’t get last word, superstring inspired, no 

dark energy
- No workable/compelling model

– “Conventional solution” (Riotto et al)
- Doesn’t work?, no fun!



Describing Dark EnergyDescribing Dark Energy
all about dubya

• Defining feature of dark energy:  negative 
pressure, smooth distribution

• w, not perfect, but nothing is better, connects to 
the physics

w   =   pressure/energy density

ρDE ~  (1 + z)3(1+w)

1. Not necessarily constant
2. Vacuum energy = -1
3. Quintessence -1 to 1
4. Ghostly quintessence < -1
5. Modified gravity, w can be imaginary



Probing Dark EnergyProbing Dark Energy
•• Primary effect is on the expansion and it Primary effect is on the expansion and it 

controls :controls :
–– cosmic distancescosmic distances
–– evolution of cosmic structureevolution of cosmic structure

•• Powerful Probes:Powerful Probes:
– Supernovae, baryon acoustic oscillations
– Clusters, large-scale structure

• Where we are:  w = 1 ± “0.1”; no evidence for 
variation

• Where we could be by the end of next decade:
– w = xx ± 0.03 and dw/dz = yy ± 0.1
– Multiple complementary techniques
– Evidence for supersymmetry (from LHC)



Baryon Baryon 
Acoustic Acoustic 

Oscillations as Oscillations as 
a Standard a Standard 

RulerRuler

Eisenstein et al, 2005



JDEM

3 Critical Probes of Dark Energy3 Critical Probes of Dark Energy
LHC

LSST






	Cosmological Beginnings & Endings
	“The New Cosmology”(aka Concordance Model)
	Strong Foundation
	The Hadron Wall
	The Fall of the Hadron WallThe 1970s:  Gauge Theory, Asymptotic Freedom and GUTs
	Some Cosmological Parameterserror bars decreasing, consistency holding
	Hubble Constant has been constant for 5+ years!
	The CDM Power Spectrum
	Baryon Density
	Deep, Profound Connections
	The Big Cosmic Questions
	Signatures of Inflation
	CMB is Key to TestingCosmic Inflation
	First Evidence for Flat Universe
	WMAPall sky mapslarge angular scales2003, 2006
	
	Degree Angular Scale Interferometer (DASI) Chicago/Caltech
	The Big Prize  “B-Mode” Polarization
	9 hours BICEP vs. 3 years WMAPWhich is which?
	10 m South Pole Telescope (SPT) Chicago/UC Berkeley/UIUC/Case Western/SAO
	Planck 2008
	CMB Polarization Satellite?
	Serious testing of Inflation has begun
	Inflation is Modest – More Like Duct TapeBEFORE THEBIG BANGThree Ideas – All Probably Wrong
	THE MULTIVERSE
	Cosmic AccelerationDark Energy
	Dark Energy Theory
	Summary of Dark Theory
	Describing Dark Energyall about dubya
	Probing Dark Energy
	3 Critical Probes of Dark Energy
	Many Tools of Discovery!
	What Do  We Really Know About Cosmic Acceleration
	Much of What We Know About Cosmic Acceleration Traces to Model Assumptions (?CDM, wCDM)
	Assumptions & Inputs
	Robust Conclusions
	Cosmic AccelerationDark Energy
	Loose Ends



