First Light in the Universe & Cosmic Evolution:

Measuring the Parameters of our Universe
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PYTHAGORAS ~ 550 BCE The THEORIST
v' Cosmos - The Universe as a Mathematical Entity
v" 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 Bl
v LAW OF GRAVITATION - Mass Attraction : W;:;V\;;?_ 77
v’ Heavenly Objects Arise via Clumping .. Gravitational Instagitity — S <5

v" Thus: the Universe is Infinite 1=

= O (%, .
sooerost A 'ERR100

KANT ~ 1755 AD Galaxies - ‘Island Universes’  YES! (Early 205s)

large halo of dark
matter 70s/80s
relics or
remnants?



Sombrero Galaxy * M104

ikl

NASA and The Hubble Heritage Team (STScl/AURA) ¢ Hubble Space Telescope ACS ¢ STScl-PRC03-28

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




Hubble “Cosmic Evolution Survey”

* 2 deg” Hubble Space
Telescope data
(largest ever Hubble
program)

* > 2 million faint
galaxies with :
measurable shapes




EINSTEIN ... 1905 international year of physics 2005
v NEW LAW OF GRAVITATION (1916)

v" speed of light is the ultimate speed (HORIZONSs)

v" Space is curved by mass

v" Lightwaves bend, wavelengths change, under gravity

Gravitational lensing of deep
galaxies by clusters

Toronto RCS 2001; RCS2 now
#a CIAR
Hoekstra, Gladders, Yee
Weak lensing via Canada
France Hawaili Telescope
| Legacy Survey 2002-08

Hoekstra, van
Waerbeke
az CIAR




One of the
MOosSt
distant

galaxies
(Feb 15, 04,
very small)

amplified
(25X) &
sheared

(lensed
by the dark
matter in
a distant
cluster)

compression

factors for

Q

(4 -

Distant Galaxy Lensed by Cluster Abell 2218
Hubble Space Telescope « WFPC2 « ACS

=
ESA, NASA, J.-P. Kneib (Caltech/Observatoire Midi-Pyrénées) and R. Ellis (Caltech) """(JIAR




ver the years I have been
| _harshly critical of the scientif
.1c commumty for wasung |

A“}'at the presuglous Cm‘ le O]
| atory have observed a teensy li

£ galaxi cluster 17 jil
| *féf%away, Whmh would ma

i covered thts week. Howes .__r, astrono—

| mers at the rival Fendleman Observato-

1y charged that what the Crudwinkle
scientists discovered is actuf' ly mayon-
‘naise on the lens. Both groups of as-
tronomers say they plan to use these
new ﬁndmgs to obtain even larger tele,-
scopes.” .

Galaxies at compression 10

Caltech & CIAR Associate

TMT: Thirty Metre Telescope & CIAR
JWST: James Webb Space Telescope
SKA: Square Kilometre Array



a Starless

‘ Bl Cluster Lens Locates .
dark age Farthest Known Object . BRI
before the . :
mMost - AR ' R
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distant - —Z e

galaxies

~300 thousand
T z=1100

~750 million
=y

dwarflets &
the 1st stars
T

~2.1 billion
z=3

~11.2 billion ‘ .
z=018 ’ :

form at
compression 13

15t [ight:
Cosmic
Microwave ~
Background %

~13.4 billion

rel eas ed at i 5“-::'? gjg S{mg Kneib & Ellis with Caltech Digital Media Center
compression
1100; formed

at ~1030



EINSTEIN: SCIENTIFIC COSMOLOGY (1917) S©H@HK§§%
THE :
v" Finite universe without a boundary T |

Beuahtbusargh of thi Pear

v" “Cosmological Constant” (~ 1895) Q A

Make the Universe Finite via A Repulsive Force
“My greatest blunder”

QA — Vacuum energ

(ESEU(rHir()V!.,Ey7) gf_i;u:;

SVERIGE

ch m = dark mattr

Qh = ordinary matter



FRIEDMANN (1922) Evolving (Expanding) Universe
v" YES! Hubble (late 20s)
v' the SINGULARITY (30s,60s), infinite density (111???)

v GAMOW (40s, early 50s) HOT BIG BANG MODEL

v' Hydrogen (75%) & Helium (25%) (Deuterium/Lithium) from the
first minutes

v' Carbon, Oxygen, Iron, ... from exploding stars (40s-805s)




G G S\ 10572 @ MC
.e. Neutron starremnant & e———————

Prize 84

Fowler +
B Chandra
-sekhar
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Chart of Plato and Aristotle (~400 BC)

HOT

AIR

WET

WATER

DRY

EARTH

COLD

Relation of the four elements and the four qualities.

A fifth element was "ETHER" or material of the heavens.
(Dark Matter in early cosmology!)
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CFHT
SN
Survey

Carlberg,
Pritchet,

et al.

o CIAR

3yr now
300 SN1la
oyr

500



SN determine the acceleration & Its rate of change

HDF North * HDF North
SN2002dd | . SN2002dd
WFPC2 1995 | s ACS+WFPC2 2002 .

Ny

'SN2002dd

B/

209

“WFPC2 V
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FRIEDMANN (1922) Evolving (Expanding) Universe

v" YES! Hubble (late 20s)

v" the SINGULARITY (30s,605s), infinite density (1117?7?)
v GAMOW (40s, early 50s) HOT BIG BANG MODEL

v' Hydrogen (75%) & Helium (25%) (Deuterium/Lithium) from the
first minutes

v' Carbon, Oxygen, Iron, ... from exploding stars (40s-805s)

v'Thus: THE
COSMIC
BACKGROUND
RADIATION
AFTERGLOW of the
hot period

v'YES! Penzias &
Wilson (1964)




e Pickedupas TV ‘snow’ -afew %

Hot

Bi o 2.725 %.001 degrees above absolute zero
Ig - -

Bang e 410 photons per cubic centimetre

* |sotropic (smooth) to one part in 100,000

_ Cosmic MICROWAVE BACKGROUND SPECTRUM FROM COBE

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

;
:
t
:
:
:
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Waves / centimeter




FATE

.? © NOW 14Gyr1
> @

“IT from BIT”

_ _ Pythagoras formed
Inflation fluctuations

form: quantum jitter

103 sec 10%°

Protons/Neutrons
form

Galaxies Cluster

Cosmic “web” of
‘5‘;‘: vast filaments +
3 membranes

Life forms on

Helium forms 9 Gyr 1.4
100 sec 10 @f&arbon/oxygen/etc
orm

Cosmic background
radiation released from
matter

carries imprint of
fluctuations in matter which ' ‘ _ ,
grow to generate galaxies etc. The ‘Meaning’ may change

0.4 Myr 1100 But the facts will remain

Galaxies form

2 Gyr 4



COBE satellite 1989-1994




COBE/DMR:
CMB + Galactic @7°



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 anisqjtgopy of the cosmic rp_icgowave background radiation”

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

CosmiC MICROWAVE BACKGROUND SPECTRUM FROM COBE

THEORY AND OBSERVATION AGREE

Dipole: flow of the earth in the CMB
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WMAP 2003




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

-

Planck satellite @ L2: launch 2008.
T ESA+NASA+ Cdn Space Agency

MAP & Planck orbit @ L2, |
the 2nd earth-sun Lagrange point |
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Boomerang Boo 440 sq deg, B0O1 800 sq deg (B02 1200)
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CMB

Nearly Perfect Blackbod
T=2.725 +.001 K COBE/FIRAS

Dipole: flow of the earthin the CMB

a6 Eraphu: Equallzer
Turn off w Diefault

I ’rHHHH _

\

COBE/DMR:
CMB + Galactic @7°
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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/ltaly/Cardiff
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Measuring Cosmological Parameters (7++) from Data+Theory
how much ordinary matter in U?
o ~ '€, =0.045 £ 0.003
agrees with Big Bang Nucleosynthesis

how much dark matter which clusters

in U? Big Bang relics chm = (0.225 £ 0.03

how much dark energy which does not

cluster in U? QA =(0.73+0.03

greatest mystery in physics. dynamics?
how curved are U?

Q=0+ Q. +Q, =102+ .02

simple

how old are U? 13.7 £ 0.1 billion yrs inflation

how big are U? > Horizon (?)



Forecasts of precision on 9
“standard model” parameters

WMAP4 3/9 to 2£0.01, 7/9 to +0. 1

« WMAP4+gnd 6/9 to £0.01, 9/9+0. 1

MAP & Planck orbit @ L2, |
the 2nd earth-sun Lagrange point |
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massively parallel computations in Canada @CITA

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




[http //WWW mpa

- '“s é

gf}rc:hmg mpg de/Vﬂ’go/]




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

clusters,
filaments,
membranes
& voids

#= CIAR



R GAS TEMPERATURE &
L::ﬂlbd:: COM, 400 Mpc Bu
l||4} '''' “““""“"’::m 10°%

- : =

1.2 billion Ilght years across gas+dark
matter simulationof eosmic structure
evolution y . -

4piggest in ZOOZICFI (SharcNet)
‘new >> simulations at CITA & SciNet07

| 512° Gas 512° Dark Particles
James Wadsley, Lasoline




@ GAS TEMPERATURE
Lambda CDM, 200 Mpc Box
104 CCCo— 1 ()%

612° Gas 512° Dark Particles
Jam&i M&dal&g, LGazoline

LCDMSZ512Temp_fullmoviedSs. mpg




T - FATE U inflate (again)
IT fro m B IT a cold death? reheat/rebirth?

? o \NOW 14Gyr1

Pythagoras formed

Inflation fluctuations
form: quantum jitter

103 sec 10%°

Galaxies Cluster
Cosmic “web” of
vast filaments +

membranes

Protons/Neutrons Life forms on
form arth
Helium forms o) Gyr 1.4
100 sec 10 .
carbon/oxygen/etc
F} form
Cosmic background &Galaxies form
radiation released from
matter ? Gyr 4

carries imprint of
fluctuations in matter which ‘ _ ,
grow to generate galaxies etc. The ‘Meaning’ may change

0.4 Myr 1100 But the facts will remain



QA (time,space)

Then (103/s) inflation &
Now (13.7 x 103%yr)
dark energy mystery

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