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Cosmic history: what is U made of? 

Experiment confronts theory: Parameters  

How the Structure of the Universe Arose: 

Inflation & the Cosmic Web

Jul05, Jan07

Sept05/06 
Dec06Oct06, 

Mar07

Nobel Prize 2006 to COBE



Feb03, Mar06



Milky Way 1953-55

large halo of dark 
matter 70s/80s 

relics or 
remnants?

PYTHAGORAS ~ 550 BCE                The THEORIST
Cosmos - The Universe as a Mathematical Entity 
Music of the Heavens – Frequency/Wavelength

ROGER BACON ~ 1260 AD
MARRIAGE: of Experiment to Theory
COPERNICUS/KEPLER/GALILEO et al. ~1600 AD

NEWTON ~ 1660 - 1690 AD               The PHYSICIST
LAW OF GRAVITATION - Mass Attraction
Heavenly Objects Arise via Clumping .. Gravitational Instability
Thus: the Universe is Infinite

KANT ~ 1755 AD Galaxies - ‘Island Universes’       YES! (Early 20s)



Slipher 1912: redshift, before Hubble expansion, billion solar mass black hole, 9 Mpc away, 0.2 moons acrossSlipher 1912: redshift, before Hubble expansion, billion solar mass black hole, 9 Mpc away, 0.2 moons across



Hubble Hubble ““Cosmic Evolution SurveyCosmic Evolution Survey””

• 2 deg2 Hubble Space 
Telescope data
(largest ever Hubble 
program)
• > 2 million faint 
galaxies with 
measurable shapes



EINSTEIN … 1905 international year of physics 2005
NEW LAW OF GRAVITATION (1916)
speed of light is the ultimate speed (HORIZONs)
Space is curved by mass 
Lightwaves bend, wavelengths change, under gravity

Gravitational lensing of deep 
galaxies by clusters 

Toronto RCS 2001; RCS2 now

Hoekstra, Gladders, Yee

Weak lensing via Canada 
France Hawaii Telescope 
Legacy Survey 2002-08

Hoekstra, van 
Waerbeke

Hoekstra, van 
Waerbeke



One of the
most 
distant 
galaxies
(Feb 15, 04, 
very small)

amplified 
(25X) & 
sheared 
(lensed
by the dark 
matter in 
a distant 
cluster)

One of the
most 
distant 
galaxies
(Feb 15, 04, 
very small)

amplified 
(25X) & 
sheared 
(lensed
by the dark 
matter in 
a distant 
cluster)

compression

factors for arcs: orange 1.7 blue  2-3.5 red 8 & smudge 11



Galaxies at compression 10Galaxies at compression 10

Z(F850LP) J(F110W) H(F160W)

Z(F850LP) J(F110W) H(F160W)

“UtraDeep” work of Richard Ellis et al., 

Caltech & CIAR Associate 

TMT: Thirty Metre Telescope

JWST: James Webb Space Telescope

SKA: Square Kilometre Array



a starless 
“dark age”
before the
most 
distant 
galaxies 
dwarflets & 
the 1st stars
form at 
compression 13

1st light:  
Cosmic 
Microwave 
Background

released at 
compression 
1100; formed 
at ~1030

a starless 
“dark age”
before the
most 
distant 
galaxies 
dwarflets & 
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form at 
compression 13

1st light:  
Cosmic 
Microwave 
Background

released at 
compression 
1100; formed 
at ~1030

U was 
linear 

& 
simpler 

then



EINSTEIN: SCIENTIFIC COSMOLOGY(1917)
Finite universe without a boundary

“Cosmological Constant”  (~ 1895)  ΩΛ
Make the Universe Finite via A Repulsive Force
“My greatest blunder”

ΩΛ = vacuum energy 

(Sakharov ~67)

Ωcdm = dark matter

Ωb = ordinary matter



FRIEDMANN (1922) Evolving (Expanding) Universe
YES!  Hubble (late 20s)
the SINGULARITY (30s,60s), infinite density (!!!???)

GAMOW (40s, early 50s) HOT BIG BANG MODEL
Hydrogen (75%) & Helium (25%) (Deuterium/Lithium) from the 
first minutes  
Carbon, Oxygen, Iron, … from exploding stars (40s-80s)



Crab 1054 AD SN + pulsar 
i.e. neutron star remnant

SN1987a @LMC
collapse neutrinos,  

no neutron star yet

SN1987a + 17 yrs

Nobel 
Prize 84
Willy 
Fowler + 
Chandra
-sekhar

Nobel 
Prize 84
Willy 
Fowler + 
Chandra
-sekhar







CIAR Feb 2006

CFHT

SN

Survey

Carlberg,  
Pritchet, 

et al.

3yr now  
300 SN1a

5yr

500 



SN determine the acceleration & its rate of change



FRIEDMANN (1922) Evolving (Expanding) Universe
YES!  Hubble (late 20s)
the SINGULARITY (30s,60s), infinite density (!!!???)
GAMOW (40s, early 50s) HOT BIG BANG MODEL
Hydrogen (75%) & Helium (25%) (Deuterium/Lithium) from the 
first minutes  
Carbon, Oxygen, Iron, … from exploding stars (40s-80s)

Thus: THE 
COSMIC 
BACKGROUND 
RADIATION 
AFTERGLOW of the 
hot period

YES!  Penzias & 
Wilson (1964)

Nobel Prize 1978Nobel Prize 1978



Hot 
Big 
Bang

• Picked up as TV ‘snow’   - a few %
• 2.725 ±.001 degrees above absolute zero 
• 410 photons per cubic centimetre
• Isotropic (smooth) to one part in 100,000

released as red light 
400,000 yrs after 
the Big Bang, 
expansion of 
space stretched 
the wavelengths to 
microwave

Perfect 
Planck

Curve

(almost)



Inflation fluctuations
form: quantum jitter

Helium forms

Cosmic background
radiation released from
matter
carries imprint of 
fluctuations in matter which
grow to generate galaxies etc.

NOW
Pythagoras formed

Carbon/oxygen/etc
form

Galaxies form

“IT from BIT”

Solar system
earth form

The ‘Meaning’ may change
But the facts will remain

14 Gyr 1

9 Gyr 1.4

2 Gyr 4

100 sec 109

0.4 Myr 1100

10-37sec 1029

Galaxies Cluster
Cosmic “web” of
vast filaments + 
membranes

Life forms on
earth

Protons/Neutrons
form

1st

light
1st

light 2nd

light
2nd

light

FATEFATE



COBE satellite 1989-1994



 Nearly Perfect Blackbody 

Dipole: flow of the earth in the CMB 

COBE/DMR: 
CMB + Galactic @7o

CMB

T=2.725 ±.001 K COBE/FIRAS 



The Nobel Prize in Physics 2006 
(also Gruber Prize in Cosmology 2006 for Mather + the COBE team)
"for their discovery of the blackbody form and anisotropy of the cosmic microwave background radiation"

The Nobel Prize in Physics 2006 
(also Gruber Prize in Cosmology 2006 for Mather + the COBE team)
"for their discovery of the blackbody form and anisotropy of the cosmic microwave background radiation"

John C. Mather 1946-John C. Mather 1946- George F. Smoot 1945-George F. Smoot 1945-

 Nearly Perfect Blackbody 

Dipole: flow of the earth in the CMB 

COBE/DMR: 
CMB + Galactic @7o

CMB

T=2.725 ±.001 K COBE/FIRAS 





MAP & Planck orbit @ L2, 
the 2nd earth-sun Lagrange point 

Nasa’s WMAP satellite @ L2: launch 
2001.5, 1yr data 2003.2, 3yr 2006.3
Nasa’s WMAP satellite @ L2: launch 
2001.5, 1yr data 2003.2, 3yr 2006.3

Planck satellite @ L2: launch 2008.2 
ESA+NASA+ Cdn Space Agency

Planck satellite @ L2: launch 2008.2 
ESA+NASA+ Cdn Space Agency
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 BOOMERanG 98 Netterfield etal 2001

UCB
 J.  Borrill    
 A. Jaffe   



Boomerang B00 440 sq deg, B01 800 sq deg (B02 1200)



 Nearly Perfect Blackbody 

Dipole: flow of the earth in the CMB 

COBE/DMR: 
CMB + Galactic @7o

CMB

T=2.725 ±.001 K COBE/FIRAS 

CBI
B2K1
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CBI, ACBAR

Boom2003.0

VSA

CBI, ACBAR

Boom2003.0

VSA



Boomerang 
@150GHz 

Simulated 
Theory

vs
Real
Data

looks the 
same

Boomerang 
@150GHz 

Simulated 
Theory

vs
Real
Data

looks the 
same



Balzan Prize 2006 (1M Swiss Francs)

Paolo de Bernardis, Italy and Andrew Lange, USA

Observational astronomy and astrophysics 

Motivation of the Prize Committee: "For their contributions to 
cosmology, in particular the Boomerang Antarctic balloon 

experiment."
team: Toronto/Caltech/JPL/CaseWestern/Italy/Cardiff
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Observational astronomy and astrophysics 

Motivation of the Prize Committee: "For their contributions to 
cosmology, in particular the Boomerang Antarctic balloon 

experiment."
team: Toronto/Caltech/JPL/CaseWestern/Italy/Cardiff

B03



CBI Atacama desert, Chile
DASI South Pole

ACBAR South Pole



NSF/Caltech/C
ITA/CIAR
May 23,2002

AAS Jun02

Grand unified 
spectrum

Adds 

CBI mosaic

+CBI deep

+VSA

NSF/Caltech/C
ITA/CIAR
May 23,2002

AAS Jun02

Grand unified 
spectrum

Adds 

CBI mosaic

+CBI deep

+VSA

5 moons across 
X 3

5 moons across 
X 3

1.5 moons X 31.5 moons X 3
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October 06

You are seeing this 
before people in the 

field
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> Horizon (?)

how much ordinary matter in U?
agrees with Big Bang Nucleosynthesis

how much ordinary matter in U?
agrees with Big Bang Nucleosynthesis

how much dark matter which clusters 
in U? Big Bang relics

how much dark matter which clusters 
in U? Big Bang relics

how much dark energy which does not 
cluster in U?
greatest mystery in physics. dynamics?

how much dark energy which does not 
cluster in U?
greatest mystery in physics. dynamics?

how curved are U?how curved are U?

how old are U?how old are U?

Ωb = 0.045 ± 0.003Ωb = 0.045 ± 0.003

Ωcdm = 0.225 ± 0.03Ωcdm = 0.225 ± 0.03

ΩΛ = 0.73 ± 0.03ΩΛ = 0.73 ± 0.03

Ωtot = Ωb + Ωcdm + ΩΛΩtot = Ωb + Ωcdm + ΩΛ = 1.02 ± .02= 1.02 ± .02 1.0000

simple

inflation

1.0000

simple

inflation13.7 ± 0.1 billion yrs13.7 ± 0.1 billion yrs

Measuring Cosmological Parameters (7++) from Data+TheoryMeasuring Cosmological Parameters (7++) from Data+Theory

how big are U?



MAP & Planck orbit @ L2, 
the 2nd earth-sun Lagrange point 

Forecasts of precision on 9
“standard model” parameters
WMAP4 3/9 to ±0.01, 7/9 to ±0. 1

WMAP4+gnd 6/9 to ±0.01, 9/9±0. 1

Planck1 2008+ 7/9 to ±0.01, 9/9



Jan04 grand 
unified 

spectrum

WMAP03 + 
Boomerang + 

CBI +

ACBAR + 
VSA + 

DASI +

Maxima

cf. Planck09

Jan04 grand 
unified 

spectrum

WMAP03 + 
Boomerang + 

CBI +

ACBAR + 
VSA + 

DASI +

Maxima

cf. Planck09

5 moons across X 3 1.5 moons X 3



computingcomputing

massively parallel computations in Canada @CITA

Bob+Doug Mackenzie beowulf cluster: 536 Intel processors.  
Jun03, 38th in the world. Simulation of theory / analysis of data



[http://www.mpa-garching.mpg.de/Virgo/]



Cosmic Web & Superclustering: a natural
consequence of the gravitational instability of a
hierarchical Gaussian random density field

clusters, 
filaments,
membranes 
& voids



1.2 billion light years across gas+dark 
matter simulation of cosmic structure 

evolution
- biggest in 2002 CFI (SharcNet)

new >> simulations at CITA  & SciNet07





Inflation fluctuations
form: quantum jitter

Helium forms

Cosmic background
radiation released from
matter
carries imprint of 
fluctuations in matter which
grow to generate galaxies etc.

NOW
Pythagoras formed

Carbon/oxygen/etc
form

Galaxies form

“IT from BIT”

Solar system
earth form

The ‘Meaning’ may change
But the facts will remain

14 Gyr 1

9 Gyr 1.4

2 Gyr 4

100 sec 109

0.4 Myr 1100

10-37sec 1029

Galaxies Cluster
Cosmic “web” of
vast filaments + 
membranes

Life forms on
earth

Protons/Neutrons
form

1st

light
1st

light 2nd

light
2nd

light

FATEFATE U inflate (again) 

a cold death? reheat/rebirth? 

U inflate (again) 

a cold death? reheat/rebirth? 



ΩΛ (time,space)
Then (10-37s) inflation & 
Now (13.7 x 10-37yr) 
dark energy mystery
our UofT/CITA/CIAR future: 
to the early & late Universe 

thru Experiment + Theory 
(CMB+Lens+SN+clusters)
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