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Cosmic Scales

Logarithmic time:
10 - log10 second
NEXT Reionization » . ) .
150 - The Stelliferous Era ———— 100 million years: First star begins to shine.
140 4One million years i D
130 - 379,000 years: Hydrogen and helium nuclei
120 - capture electrons to form stable atoms. Photons
110 4One thousand are no longer able to interact strongly with atoms.
100 - Cosmic microwave background radiation streams

freely.

70,000 years: Matter domination

3 to 20 minutes: Formation of helium nuclei
is
Lepton/anti-lepton pairs annihilate.

Neutrinos cease to interact with other particles.

One millisecond Formation of hydrogen nuclei.

Ore micrasecond Quarks become confined within hadrons.
One nanosecond Quark epoch
-100 =
19 3 One picosecond
120 - The "weak' force separates from the
130 - electromagnetic force resulting in the four
140 - separate forces we know today.
150 -
-180 =
170 =
-180 =
180 =
200 -
210 4
220 =
230 -
-240 4
250 -
260 =
270 4
280 =
290 -
.w) -
310 4 ) - .
Reheating after inflation ulates universe
g E with quanr?s and antiqua?l?se
340 - och. The Universe expands exponentially
350 =
360 - Separation of the strong force from the
370 - electronuclear force.
380 =
-390 - Grand unification epoch
400 =
410 4
420 =
-430 ] .
Planck time, the smallest theoretical observable
Planck epoch unit of time and the time before which science is
0: Linear time Big Bang unable to describe the universe. At this point, the

force of gravity separated from the electronuclear
force.



Dark Energy
Accelerated Expansion
Afterglow Light
Pattern Dark Ages Development of
400,000 yrs. Galaxies, Planets, etc.

Infl

1st Stars
about 400 million yrs.

Big Bang Expansion

13.7 billion years

NASA/WMAP
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electron neutrino




The Forces of Nature

* Gravity 1s a
fundamental force of
nature

* Finstein: GR relates
gravity to the physics

of space itself.

* Space has a SHAPE




The Standard Model

* Particles that make up
atoms

* Forces act on specific
particles

* Quantum Mechanical




The Cosmic Fireball







Cosmic Gooking




Intensity, 10-4 ergs / cm?2 sr sec cm-1

Evidence for the Big Bang

_Cosmic MICROWAVE BACKGROUND SPECTRUM FROM COBE _
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Penzias and Wilson
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THEORY AND OBSERVATION AGREE

Smoot and Mather

o

5 10 15 20

Waves / centimeter . S
Relic radiation left over from the

Big Bang discovered in 1964



Cosmic Ripples in the spectrum...
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We need some rapid form of expansion




Inflation

~+ |Inflatbon makes the
universe flat

* Inflation predicts the

specific shape of
ripples in the CMB
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Ingredients
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mflaton?




Cosmic Scales

Logarithmic time:
10 - log10 second

NEXT Reionization » ) ) .
150 - The Stelliferous Era Ea—— 100 million years: First star begins to shine.
140 §One million years ge o
130 4 Recombination———— 379,000 years: Hydrogen and helium nuclei
120 = capture electrons to form stable atoms. Photons
110 4One thousand years are no longer able to interact strongly with atoms.
100 < Cosmic microwave background radiation streams
o - freely.
80 - One year Photon epoch
70 - 70,000 years: Matter domination
80 =
5 =
E One hour . . . .
© =ne fiour : 3 to 20 minutes: Formation of helium nuclei
0 4 Big Bangmucieosynthesis ) -
2‘% Lepton epoch Lepton/anti-lepton pairs annihilate.
0 One second Neutrinos cease to interact with other particles.
10 3
20 3 One millisecond
30 4 —_— Hadron epoch Formation of hydrogen nuclei.
40 -
50 Jone microsecond
60 —_— Quarks become confined within hadrons.
70 -
80 4 One nanosecond Quark h
90 - 1osecond; uark epocl
100 =
110 3 One picosecond
120 - —_— The "weak'™ force separates from the
130 electromagnetic force resulting in the four
:.;g The Primordial Era separate forces we know today.
180 =
170 4
180 -
190 =
200 -
210 4
220 4
230 -
240 - Electroweak epoch
250 =
260 -
270 4
280 -
290 -
300 -
3;2 Reheating after inflation populates universe
TR —trra T O
a4p 4 Inflationary epoch. The Universe expands exponentially
350 =
360 - Separation of the strong force from the
370 - electronuclear force.
380 -
390 - Grand unification epoch
400 4
410 4
420 4
430 Planck epoch Planck time, the smallest theoretical observable
unit of time and the time before which science is
0: Linear time Big Bang unable to describe the universe. At this point, the

force of gravity separated from the electronuclear
force.




Dark Energy
Accelerated Expansion
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Pattern Dark Ages Development of
400,000 yrs. Galaxies, Planets, etc.
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1st Stars
about 400 million yrs.
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13.7 billion years
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Cosrgjc Constituents
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Ingredients

What is the

iflaton?
What 1s the

dark matter?
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Ingredients

What is the

iflaton?
What 1s the

dark matter?
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electron neutrino




Dark Energy
Accelerated Expansion
Afterglow Light
Pattern Dark Ages Development of
400,000 yrs. Galaxies, Planets, etc.

Infl

1st Stars
about 400 million yrs.

Big Bang Expansion

13.7 billion years

NASA/WMAP




Cosmic Acceleration

Hubble Space
Telesc ope
Image




ExPAnsSION OF THE UNIVERSE
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Dark Matter + Dark Energy
ffect th ion of the uni e :
affect the expansion of the universe Big Rip!

— Eternal

expansion
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ExPAnSION OF THE UNIVERSE
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Dark Matter + Dark Energy
affect the expansion of the universe [ Big Rip!
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Atacama
Large
Millimeter /
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The Cosmic Melting Pot?
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