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niformity of Galaxy Distribution

Smooth light in center of map is from stars in our Milky Way galaxy.

Other points are “nearby” galaxies, color-coded by distance: near-to-far=blue-to-red.
2MASS survey data compiled by T. Jarret, IPAC/CalTech, 2004.

The nearby universe looks pretty similar in all directions.



Representing Data on a Sphere
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False color representation of
surface temperature in
Mollweide projection of the
spherical Earth.
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niformity of Galaxy Distribution

Smooth light in center of map is from stars in our Milky Way galaxy.

Other points are “nearby” galaxies, color-coded by distance: near-to-far=blue-to-red.
2MASS survey data compiled by T. Jarret, IPAC/CalTech, 2004.

The nearby universe looks pretty similar in all directions.



The Cosmological Principle (c. 1910’s)

The universe iIs homogenous and isotropic

* Homogenous — it has the same average
properties (e.g., temperature, density) everywhere
IN space.

e Isotropic — it has the same average properties in
every direction.

If true, the Earth does not occupy a special place in
the universe.



1916: Einstein Shows How Gravity Works
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“Einstein's equations didn't have a solution that
described a universe that was unchanging in
time. ... he fudged the equations by adding a
term called the cosmological constant... The
repulsive effect of the cosmological constant
would balance the attractive effect of matter and
allow for a universe that lasts for all time.”

---Stephen Hawking

Einstein applied the General Theory of
Relativity to the Universe as a whole:

 Dynamic universe that expands and possibly

contracts.
 Seemingly in conflict with belief that the universe

was static.




1929: Hubble Discovers Expanding Universe

“...we know that we are
reaching into space, farther
and farther, until, with the
faintest nebulae that can be
detected with the greatest
telescopes, we arrive at the
frontier of the known
universe.”

Edwin Hubble

“..one of the most flabbergasting
discoveries science has ever made.”
TIME noted, Hubble had evolved his
theory “by looking at the universe
itself.”

Mt. Wilson 100 Inch Telescope



Homogeneous Expansion: v=H-d

An

MAP390404

“observer” on any raisin would measure the same expansion law



Cosmological Dynamics
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1940’s: Big Bang Physics
« Gamow (1946): Chemical elements might have been made in a hot early universe,

stopping when expansion cools universe.

» Ralph Alpher (1946): Worked out the physics & found only the lightest chemical elements
could have been made: D, He, Li, Be, B.

* Alpher, Bethe, Gamow (1948): Derives relative proportions of chemical elements in a hot
expanding universe. [Bethe made no contribution whatsoever.]

 Alpher & Herman (no input from Gamow): Calculated that the afterglow heat would make
the temperature of the universe today about 5 Kelvin — a cosmic microwave background.
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BIG BANG

Singularity

Ralph Alpher Robert Herman




Fossils from Cosmic History
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1960’s: Discovery of the CMB

“A Measurement offExcess Antenna Temperature at 4080 Mc/s”
Penzias & Wilsof A ophysical Journal, vol. 142, p.419-421, 1965




c.1990: Map of CMB Brightness

Brightness is isotropic — same in all directions!

(COBE-DMR “early result” temperature anisotropy map — isotropic to ~100 ppm of mean brightness)



Review: Three Pillars of the Big Bang

 General Relativity and expansion —
Einstein, Hubble,...

e Abundance of light elements: D, He, ...—
Alpher, Herman, Gamow, ...

« Cosmic microwave background radiation —
Alpher, Herman, Penzias, Wilson,...

Remainder of talk will mostly focus on what we have
learned from studying the cosmic microwave background

(CMB) radiation.



Time travel: out in space = back in time
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A Journey: Out in Space, Back in Time




1974

1989

1990

1992

COSMIC BACKGROUND EXPLORER (COBE)

COBE proposed
Spacecraft & all 3 instruments built at Goddard

COBE Launched from Vandenberg AFB
FIRAS - spectrum results favor blackbody

DMR - anisotropy discovered at AT/T ~ 10-5
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1990: Blackbody Spectrum of the CMB

A PRELIMINARY MEASUREMENT OF THE COSMIC MICROWAVE BACKGROUND
SPECTRUM BY THE COSMIC BACKGROUND EX PLORER (COBE)1 SATELLITE

AND D T WILKINSON“’

THE ASTROPHYSICAL JOURNAL, 354:1.37-1.40, 1990 May 10
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The Simplicity of the Early Universe

Important test! It is very difficult to produce such uniform blackbody radiation
by any other means than with Big Bang evolution.



The Structure Problem

To - clumpy distribution
of galaxies.

From - smooth
cosSmic microwave
background radiation

MAP990012



Where is the Anisotropy (Structure)?

If ideas about growth of structure are correct, there should be variations in the CMB brightness
(“temperature”) across the sky that track density variations in the hydrogen gas that emitted the light.



ional Growth of Structure

Gravitat




wilkinson Microwave Anisotropy Probe
(WMAP)

WMAP’'S PURPOSE —

To make a detailed full-sky
map of the CMB radiation
anisotropy (temperature and
polarization) to constrain the
cosmology of our universe.




ifferential Design

WMAP’s D
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ccurately Measuring a Part-in-a-Million




HEMT-Based Differential Receivers*

0 “Differencing Assemblies”

94 GHz W-band
61 GHz V-band
41 GHz Q-band
33 GHz Ka-band
23 GHz K-band
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*based on design of M. Pospieszalski




WMAP at L2

Phasing Loops
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WMAP Sky Coverage

6 Months -
full sky coverage

Not to scale:
Earth — L2 distance is
22.5° half-angle 1% of Sun — Earth Distance

1 hour precession cone\

3 Months
129 sec. (0.464rpm) Spin

A-side line of sit

B-side line of site

1 Day




Sky Maps



WMAP Full Sky Temperature Maps
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K Band Temperature, 23 GHz

+200

T (uK)

=200



Ka Band Temperature, 33 GHz




Q Band Temperature, 41 GHz
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V Band Temperature, 61 GHz




W Band Temperature, 94 GHz




5 Frequency Linear Combination (“ILC”)




Acoustic Oscillations in the Spots

Temperatura Polanization Temperatura Polarization

HOT SPOT COLD SPOT

The imprint of sound waves is visible in the co-added degree-scale hot (left) &
cold (right) spots. The expected radial/tangential polarization pattern around

these extrema is now clearly seen in the 7-year WMAP data.

This pattern is also imprinted on the baryon gas (baryon acoustic oscillations or

BAO) that evolves to form large scale structure.



Fingerprint of the Universe




Sound Waves in the Early Universe

condensing

el uf Lilzei

Formationior D& HE

o e iR
1“\00"“ 107p )
\.P} Baryonic matter
| CMB I
‘,J;J‘, i',g I Photons - A&
® 00" ooy
Dark matter ——o 3s%%ee 20,8




Geometry of the Universe




WMAP Measures the Shape of the Universe
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Acoustic Oscillations in the Spots

Temperatura Polanization Temperatura Polarization

HOT SPOT COLD SPOT

The imprint of sound waves is visible in the co-added degree-scale hot (left) &
cold (right) spots. The expected radial/tangential polarization pattern around

these extrema is now clearly seen in the 7-year WMAP data.

This pattern is also imprinted on the baryon gas (baryon acoustic oscillations or

BAO) that evolves to form large scale structure.



The Dark Side
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Another Look at Expansion

Our universe

Relative size of the universe
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e Expansion rate (Hubble constant):

70.4 £ 1.4 km/s/Mpc

Compare to 72+3+7 km/s/Mpc from Hubble Key
Project, Freedman et al. (2001)

e Age of the universe:

13.75 £ 0.11 billion years

Compare to 12-20 billion years prior to WMAP



Cosmology, c. 2011

Dark Energy

Accelerated Expansion
Afterglow Light

Pattern Dark Ages Development of
380,000 yrs. Galaxies, Planets, etc.
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Progress in Cosmology

(osMoLoGY MARCHES ON
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PARTICLES

The culmination of this ~two decade old
program to measure CMB anisotropy,
large-scale structure, and other
cosmological probes has produced a
remarkable “concordance” model that
fits all of the major data sets in
cosmology.

96% of the energy density in this model
is in the form of dark matter and dark
energy. Fundamental insight to the
nature of these constituents may well be
very difficult to come by, just as in the
standard model of particle physics.
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The Horizon Problem

Why is the cosmic microwave background
temperature so uniform on large scales?

MAP990008



MAP990007

The Flatness Problem

Why is the universe anywhere close to “flat” now?

Scale Factor a(t)

Flathess is an unstable state for the universe.
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Inflation!
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From Quarks to the Cosmos!

quantum
= fluctuations

tiny fraction === > cmb
of a second , T,

inflation

380,000 - . galay
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