The Horizon Problem (or causality problem)

Antipodal points in the CMB are separated by ~ 1.96 r1,orison-
Why then is the temperature of the CMB constant to ~ 10 K?

Our cosmic particle horizon

Cosmic particle horizon for A Cosmic particle horizon for B

- ’___I_.\\
- ~ £ o - ~

The Flatness Problem (or fine tuning problem)

Q™ 1 today coupled with
expansion of the Universe implies
that |1 - Q] <10'*when BB

} nucleosynthesis occurred. Our
existence depends on a very close
match to the critical density in the
early Universe
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Theory of Cosmic Inflation
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EXPANSION OF THE OBSERVABLE UNIVERSE

How Inflation Solves the Flatness Problem
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As the universe expands manyfold, and the region
within our horizon gets to be a smaller and smaller
fraction of the whole Universe, the surface
becomes flat over the region we can examine -- the
observable Universe.

It is thought that the a expanded by a factor of >10%9,




Cosmic Inflation Summary

Standard Big Bang theory has problems with tuning and causality
Inflation (exponential expansion) solves these problems:
- Causality solved by observable Universe having grown rapidly
from a small region that was in causal contact before inflation
- Fine tuning problems solved by the diluting effect of inflation

Inflation naturally explains origin of large scale structure:
- Early Universe has quantum fluctuations both in space-time
itself and in the density of fields in space. Inflation expands
these fluctuation in size, moving them out of causal contact
with each other. Thus, large scale anisotropies are “frozen in”
from which structure can form.

Some kind of inflation appears to be required but the exact
inflationary model not decided yet...
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History of the Universe

Inflation
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BAO: Baryonic Acoustic Oscillations
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Predict an overdensity in baryons (traced by galaxies) ~ 150 Mpc at the scale set by
the distance that the baryon-photon acoustic wave could have traveled before CMB
recombination
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Earth forms
giant impact forms Moon

heavy bombardment/possible sterilizing impacts

oldest mineral grains/  oldest stromatolites
evidence of oceans
oldest microfossil

carbon isotope
2 evidence of life

evidence of life

earliest evidence of oxygen in atmosphere

oldest eukaryotic fossils

buildup of oxygen

Evolution of Life on Earth

Paleozoic

0 O OO R O O O 0 0

Cambrian ~ Ordovician Silurian Devonian ~ Carboniferous Permian  Triassic Jurassic

Mesozoic

Cretaceous
{1 1O O O O O 0

— | present
Hadean Archean Proterozoic Phanerozoic | eons
T O | ) i T O
4 3 2 1 0
time, billions of years ago
Cambrian explosion of animal diversity hominids
K-T event appear
plants and fungi colonize land mammals and dinosaurs appear
mammals
animals colonize land dinosaurs prominent prominent
1

Cenozoic eras

Tertiary
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time, millions of years ago

0
Quaternary

Stromatolites

Copyright © 2007 Pearson Education, Inc., publishing as Pearson Addison-Wesley.

3.5 billion years ago — evidence from colonies of

microbes. Stromatolites are successful forms of life
whose descendants still inhabit Earth.
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3 Compatible with proxies
3 Compatible with some proxies
Bl Incompatible with proxies
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“Great Oxygenation”

Atmospheric O, (percentage of PAL)

01 Event ~ 2.5 billion
years ago
0.01
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0.0001
4 3 2 1 0
Kump 2008, Nature Age (billions of years ago)

Increase in Cell Complexity

ancestral oxygen-using mitochondrion
prokaryote

membrane mitochondrion

cell of oxygen-using
eukaryote

ancestral
host cell N
ancestral-—" - chloroplast
. photosynthetic cell of
About 2 billion years ago: prokaryote photosynthetic

eukaryote

b Mitochondria and chloroplasts may have evolved as small prokaryotes invaded a larger
host cell, forming a symbiotic relationship.
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Cambrian Explosion

After 3 billion years of no life form larger than the
head of a pin, there is an explosion of diversity in
the oceans ~550 My ago — the Cambrian explosion.

Extinction History
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The Modern Tree of Life

Bacteria Archaea Eukarya
purple halobacterium slime animals
bacteria methano-

bacterium fungi

cyano- \ gram-positive entamoebae

bacteria \ bacteria methano- plants

flavo- _ coccus -

bagteria hermo ciliates
methano- flagellates

- pyrus
thermotoga micro-
sporidia

diplomonads

aquifex LUCA 4

Maps evolution via the gradual deviation of the base
pair sequences in DNA or RNA

Astrobiological Implications

* Earth had life soon after its origin, maybe within 100 million
years (definitely by 1 billion years), under extreme conditions.

* Soon after the heavy meteorite bombardment ended, microbes
as metabolically complex as now were widespread and
abundant.

* So life arose and diversified rapidly, and occupied an amazing
array of evolutionary niches.

* Planets with early but short-lived habitable windows (e.g.
Mars, Venus) could have been lively.

* Intelligence does not rapidly follow evolution of complex cells

(eukaryotes), so microbial life may be abundant while
intelligence is rare.
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