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OUTLINE

*The expanding universe
*The cosmic microwave background
*The cosmic energy budget

eCosmic inflation



The Expanding Universe

Edwin Hubble - 1929

g Galaxies are moving away from each
s other. The farther apart they are, the
faster they recede!
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History of the Universe in One Year
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Big Bang Nucleosynthesis

2-3 minutes after the Big Bang
Temperature:| Billion Kelvin




A Foggy Universe

At first, just a soup of particles and light.

Like a foggy morning, like bounces around instead of traveling
in a straight path.

Credit: Lawrence Berkeley National Laboratory Physics Division



The Fog Clears

~400,000 years after the Big Bang, light escaped the dense
fog. This light becomes the Cosmic Microwave Background
(CMB).

Time >

400,000 yrs

Credit: Lawrence Berkeley National Laboratory Physics Division



So do we see this
afterglow?



Penzias and Wilson

Trying to measure
radio waves bouncing
off metalized
high-altitude balloons

but lots of excess “static”
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Penzias and Wilson

Robert Dicke

Dave Wilkinson

Bell Labs’ Horn Antenna, NJ



If you turn on an antenna TV,
about 1% of the 'show’' comes from
the CMBR

-270 Degrees Celsius!



Penzias and Wilson - 1965
(Nobel Prize - 1978!)

Uniform glow everywhere



T COBE Satellite - 1989
2rme . (NODEl Prize - 2006!)

Turn up contrast by 100,000x ...



2006 Nobel Prize for Physics

lohn C. Mathes

Map of Cosmic Microwave Background radiation,
provided by NASA.
Cieorge . Smoot photo provided by Wikipedia.

John C. Mather photo provided by NASA.




WMAP Satellite - 2001

(Wilkinson Microwave Anisotropy Probe)

Higher resolution...




Even higher resolution...




The CMB is a Baby Picture Of the
Universe




The CMB is a Baby Picture Of the
Universe

* Seeds of structure

* Tiny variations in temperature reveal
the distribution of matter in the early
universe.

*Gravity acts over billions of years to
make galaxies, stars, planets...



Z=17.6

50 Mpc/h
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Cosmic symphony

*Fluid of electrons and photons
*Pressure from photons (reflects amount of ordinary matter)

*Gravity from all matter (including dark matter)
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Cosmic symphony

Fuhu

Hot Region__ a"‘emm W
‘-\O Ave/ Firgy p
8ak

Peay Cold Region

|

From 2004 Scientific American Article by Wayne Hu and Martin White
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Earth based analogy
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Breakdown of Energy in the Universe:

5% baryonic matter: protons, electrons, atoms
® “‘stuff we know”
®supported by He produced 3 min. after Big Bang Atoms

27% dark matter

®stable, neutral (at 3000 K) particle Dark
®supported by galaxy motion Matter

68% dark energy
® Anti-gravitating substance causes cosmic acceleration
@ supported by supernova observations

Dark
Energy

26



Cosmic tug of war

The force of dark energy surpasses
that of dark matter as time progresses.

Dark Matter
constrains

~— e
T

Dark Energy
repels
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BIG BANG
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DARK ENERGY?

Ordinary or dark matter

Dark energy

28



DARK ENERGY?

Size of the
universe

Shift to an increasing rate of expansion

13.8 billion years ago 7 billion years ago Present Time (x100 million years)




DARK ENERGY?

Size of the
universe

Shift to an increasing rate of expansion

Sl b Lot Present Time (x100 million years)

Standard Model Vacuum Energy Qx ~ 1049




Mystery |: The Horizon Problem

The CMB should not be so perfectly uniform!

Time

| 3.7 billion years

Sﬁace

375.000 years Last Scattering Surface

The Big Bang

® At the last scattering surface, the horizon was 1°across.
® These different patches should not have the same temperature!

29



Empty space is not empty

Casimir /

plates Vacum

fluctuations



Mystery 2: The Flatness Problem

Closed




Mystery 2: The Flatness Problem

Q __ Energy in the Universe
— Energy required for flatness

Closed




Mystery 2: The Flatness Problem
Q — EnEnergy in the Universe — 1005 0.0o7today

ergy required for flatness

Closed
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Mystery 2: The Flatness Problem
Q — EnEnergy in the Universe — 1005 0.0o7today

ergy required for flatness

= | —1| < 10~ 2 minutes after the Big Bang!

Closed
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General Relativity Crash Course

Mass curves spacetime.

Spacetime tells mass how to move.
WGBH Boston

32



GEOMETRY OF THE UNIVERSE

FLAT CLOSED

33



Mystery 3: Initial Fluctuations
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Mystery 3: Initial Fluctuations

Rewind the sound waves:
All notes are equally loud!

Where did
these fluctuations come from?
Why are they the same for all
separations?

Angular frequency (inverse radians

34



Problem: | need a job!




ion: Inflation
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Inflation: Accelerated Expansion
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Inflation: Accelerated Expansion

INFLATION

Alan Guth, |
The Universe’s volume
doubled at least 260 times
instantly (proton to AU).
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Inflation: Accelerated Expansion

A tiny patch of space becomes the entire observable universe:

@b Requires accelerated expansion, |ust like dark energy!




Inflation Solves the Horizon Problem

Inflation takes a tiny uniform
patch of the early Universe and
stretches it so that it covers the

Observable Universe.

% /3.7 billion
years

R

Last Scattering Surface
375,000 years 7/ FREFRIR IR RN\

10—32 secok ' Inflation

The Big Bang

39



Inflation solves the flatness problem

Stretch

40



Inflation solves the flatness problem
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Inflation seeds the sound waves and all structure

Quantum fluctuations in the energy density during
inflation get stretched to cosmological scales:




Inflation seeds the sound waves and all structure

quantum fluctuations induce variations
In the inflationary energy density

some patches of the universe stop inflating
first and start the hot big bang earlier

these patches of the universe will
have more time to expand and cool




Inflation seeds the sound waves and all structure

- S We end up with density
) . ¢ v perturbations after inflation.

L i n el
{‘ S t‘ -‘\

Eventually, these fluctuations
become the CMB anisotropies.




The Origin of Initial Fluctuations

The energy density during inflation is not uniform;
quantum fluctuations lead to hot and cold regions.

42



The Origin of Initial Fluctuations

The energy density during inflation is not uniform;
quantum fluctuations lead to hot and cold regions.

stretched outside the horizon and are frozen.

4
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The Origin of Initial Fluctuations

The energy density during inflation is not uniform;
quantum fluctuations lead to hot and cold regions.

% .‘-;._1‘;
o - Pt
% . e T, W S

Inflation produces the same
ripple height on all
wavelengths!

42



Gravitational waves from inflation

What 1s the energy scale?

These gravitational waves leave a special
imprint on the CMB

43



Gravitational waves from inflation

What 1s the energy scale?

During inflation, spacetime itself has fluctuations

These gravitational waves leave a special
imprint on the CMB




Gravitational waves from inflation

What 1s the energy scale?

During inflation, spacetime itself has fluctuations

These gravitational waves leave a special
imprint on the CMB

The search is on!




Compare to puny accelerators

~ 1000 protons ¢

Large hadron collider
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Remaining challenges

eUnderstand dark matter
*Understand dark energy

eUnderstand scale of universe at inflation

46



CMB is polarized

Light Is a wave
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IC MICrowaves
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Dust in our own Galaxy also produces polarized microwaves:
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Dust in our own Galaxy also produces polarized microwaves:

| Primordial Universe | Cosmic Microwave | Galactic Dust | BICEP2
Background Telescope




DeBB [NKZ]

Dust in our own Galaxy also produces polarized microwaves:
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Unanswered Questions

®|s any of BICEP2’s signal primordial?

® VWhat drove inflation?
The inflaton...

tiny fraction == C
of a second

380,000 o=

WMAP Science Team yem-

13.7\& ™ %
billion N\ 7 s
years

® How did inflation start!?



Unanswered Questions

®|s any of BICEP2’s signal primordial?

® VWhat drove inflation?
The inflaton...

A0
tiny fraction ™ ~ =~
of a second

® What was the Universe
like before inflation?

WMAP Science Team yums

13.7\¢
billion \_: -
years

® How did inflation start!?



