


Review from previous lecture

Inflation Suggests a Multiverse

Almost all detailed models of ination lead to \eternal ination," and
hence to a multiverse.

Roughly speaking, ination is driven by a metastable state, which
decays with some half-life.

After one half-life, half of the inating material has become normal,
noninating matter, but the half that remains has continued
to expand exponentially. It is vastly larger than it was at the
beginning.

Once started, the ination goes on FOREVER, with pieces of the
inating region breaking o� and producing \pocket universes."

We would be living in one of the in�nity of pocket universes.
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The Cosmological Constant Problem

In 1998, two groups of astronomers discovered that for the past 5{
6 billion years, the expansion of the universe has been accelerating.

According to GR, this requires a repulsive gravity material (i.e., a
negative pressure material), which is dubbed \Dark Energy".

Simplest explanation: dark energy is vacuum energy | the energy
density of empty space. The physicist's vacuum is far from empty,
so a nonzero energy density is expected.

Value of Vacuum Energy Density Makes No Sense: We cannot
calculate the vacuum energy density, but the natural particle
physics estimate is called the Planck scale | the energy scale
at which the e�ects of quantum gravity are expected to become
important. But it is MUCH larger than the observed value:

It is larger by 120 orders of magnitude!
{2{
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Review from previous lecture

The Multiverse and the
Cosmological Constant Problem

The multiverse o�ers a possible (although controversial) explanation of why
the energy density of the vacuum (equivalent to the cosmological constant) is
120 orders of magnitude smaller than the (expected) Planck scale.

If there are 10500 or more di�erent types of vacuum (as in string theory), there
will be many with energy densities in the range we observe, although they will
be only a tiny fraction of types of vacuum.

But why should we �nd ourselves in such an extremely rare kind of vacuum?

The vacuum energy a�ects cosmic evolution: if it is too large and positive, the
universe ies apart too fast for galaxies to form. If too large and negative, the
universe implodes.

It is therefore plausible that life only forms in those pocket universes with
incredibly small vacuum energies, so all living beings would observe a small
vacuum energy. (Anthropic principle, or observational selection e�ect.)
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SUMMARY

The Inflationary Paradigm is in Great Shape!

Explains large scale uniformity.

Predicts the mass density of the universe to better than 1%
accuracy.

Explains the ripples we see in the cosmic background radiation as
the result of quantum uctuations.
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Three Strong Winds Blowing Us Towards the Multiverse |
a diverse multiverse where selection effects play an important role

1) Theoretical Cosmology: Almost all inationary models are eter-

nal into the future. Once ination starts, it never stops, but goes
on forever producing pocket universes.

2) Observational Astronomy: Astronomers have discovered that

the universe is accelerating, which probably indicates a vacuum
energy that is nonzero, but incredibly much smaller than we can
understand. Why should this happen?

3) String Theory: String theorists mostly agree that string theory

has no unique vacuum, but instead a landscape of perhaps 10500 or
more long-lived metastable states, any of which could serve as the
substrate for a pocket universe, including our own. This situation
allows an \anthropic" argument: perhaps we see an incredibly
small vacuum energy density because conscious beings only form
in those parts of the multiverse where the vacuum energy density
is incredibly small.
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