Normal Matter : e stuff made of protons, neutrons, and
electrons (i.e. us, stars, hot X-ray
gas in clusters, etc.)

* is the only stuff that emits or
absorbs light.

* is only ~5% of the total energy
density of the Universe

Dark Matter : * holds galaxies and clusters together
e comprises ~25% of the total energy
density of the Universe

Dark Energy : * is driving the expansion of the
Universe to accelerate
* has a negative gravitational effect
» comprises ~70% of the total energy
density of the Universe

Given ty (Hubble Time),

Q) (mass density), and |
Q, (dark energy density), (Our) Accelerating
we can calculate the Universe

Universe's Age. Size
Size Today

tg = 13.8 Gyr

Oy =0.3

Qp = 0.7

High-density
Universe w/o
dark energy

Years in the Past = t » Years from Today

C/“Big Crunch”

We have an equation for the expansion of the
Universe (size as a function of time) that requires
only the following parameters:

tg The Hubble time, or expansion timescale; tells
us the current expansion rate. (It is how old the
Universe would be if the expansion rate had
always been constant.)

Qpn The fraction of the Universe's density that is
currently in matter (normal + dark)

Qx The fraction of the Universe's density that is
currently in dark energy

\ 3 You do not need to!
Lok L \/'QM Ei = 0 understand this |
| Rdt Ly L equation!!! |
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(Drumroll please...)

The Age of the Universe:

13.7+0.2 billion years

...but what is that since?



Why do we believe the Big Bang Theory?

Expansion of the Universe - if it's expanding now, in
the past it was more dense; far in the past, it was a
lot more dense

The Cosmic Microwave Background - the “afterglow
of creation”

Successful prediction of the primordial abundances
of Helium, Deuterium, Lithium

.as well as detailed matches between
observation and calculations for all of the
above, and for the formation of structure.

The Cosmic Microwave Background (CMB)

 Emitted ~400,000 years after the Big Bang
 The Universe was a plasma at 3,000 K
* Since then the Universe has expanded =1000x

 Temperature of the light goes down as all of the
light is redshifted

* Temperature observed today : 2.7 K
(Discovered by Penzias & Wilson in 1963)

e Tiny fluctuations in the CMB (one part in 10,000)
are small regions of overdensity that grew into
the galaxy clusters we see today!!

RELATIVE ARUNDANCE

Big Bang Nucleosynthesis
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The Big Bang made:

* 90% Hydrogen

e 10% Helium

e trace amounts of
Deuterium,
Lithium, Beryllium.

Everything else was
made in stars and
supernovae!!!

Big Bang predictions match
observed primordial abundances.

Even if the Universe is infinite,
the Observable Universe is finite

The
Observabl
Universe
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