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The Moment of Bang
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1: Agullo et al., 2009, PRL, 103, 061301



After Inflation...

D The Universe expands...
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...but your horizon expands faster N




The “Horizon” Problem

The Cosmic Microwave Background, emitted a
few hundred thousand years after the big
bang, is smooth to one part in 10,000...
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...but this part of the sky and this part of the sky were
way outside each other's horizon!



During Inflation
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The Universe expands...

...faster than your horizon!!!
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*Quantum Fluctuations

Heisenberg's Uncertainty Principle:
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Inflation takes small-scale quantum
fluctuations, and blows them up outside of
the horizon, freezing them in.

These tiny density fluctuations form the seed
for all the structure in the Universe today.



“The Beginning”

Since we don't really know what happened at
the moment of bang, or even if there was a
“moment of bang”, from now on when | say
“the beginning”, | mean the end of inflation.



Until 1/1,000,000"" of a second
after the beginning...

The Universe is a quark-gluon plasma

. proton

meuUcron

...early on, quarks aren't confined

¢ guarks

gluons

Look inside an atom...

The quark-gluon liquid
observed at RHIC
(T~4x%x1012K, ~300MeV)

http//WWanlgOV/rh|C/ Ligquid state



1 ps to 20min after the beginning...
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The Universe is a soup of dark matter, plus protons,
neutrons, electrons, positrons, and photons.



20 minutes after the big bang:



When the Big Bang is done making
elements, what is left?

® Hydrogen: 75% (by mass) €4 Helium : 25% (by mass)
@ Deuterium : tiny %  Helium-3 : tiny
¢ Tritium : tiny

®A  Lithium : tiny

% Beryllium : tiny

...AND THAT'S IT!!!
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~~ For the next ~400,000 years...
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As the Universe Expands...
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Matter Domination

The density of matter passes the density of radiation
at z=3200, about 100,000 years after the beginning.

Amsler et al., (PDG), 2008, PhL B667, 1 - 2009 PDG Review;
using WMAP 7-year cosmology from Komatsu et al., arXiV:1001.4538v?2



N~ For the first ~400,000 years...
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00,000 years after the beginging...




...and then...



THE DARK AGES



At z=10, 500 million years after the beginning...

...cue “Thus Spake Zarathrustra”



Reionization - the first stars

LSS

High-Energy Atom

Photon

High energy photons
from the very
massive, very hot,
very short-lived
first stars reionize /
most of the gas in “ Free
the Universe. ¢ Electron

lon
(with one fewer electron)




The growth of structure
z=18.3‘(AO.2 Gyr)
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For a long time, Dark Energy isn't important.
But then...

4,
@% At z=0.4, 4 billion years ago
”o'@ (10 billion years after the
25 beginning), the matter

9 density falls below the dark
energy density.

Density

Dark Energy density

Size of Univ / Size Now

A few billion years before that, the expansion started accelerating.



4.5 billion years ago...

...the Solar System forms



One hour ago...
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