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1453 (Same as Figure 13.7.) Embedding diagrams illustrating quantum foam.
The geometry and topology of space are not definite; instead, they are probabilis-
tic. They might have, for example, a 0.1 percent probability for the form shown

in (a), a 0.4 percent probability for (b), a 0.02 percent probability for (c). and so
on.
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Wrong: space is static; galaxies expand into it.

Many astronomy textbooks illustrate the Big Bang cosmology and the expansion of the universe by inflating a balloon with galaxies
painted on it. This is a perfectly appropriate analogy, but only if care is taken to note that the galaxies are fixed at the same spatial

coordinates during the expansion. They are not moving in the familiar sense by traveling through intergalactic space, Space itself is
expanding and carrying the galaxies along with it.
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SPACE-TIME FOAM

HEATING
OF UNIVERSE

SCALAR FIELD

SCALAR FIELD in an inflatiopary universe can be modeled as a ball rolling down
the side of a bowl. The rim corresponds to the Planck density of the universe, above
which lies a space-time “foam,” a region of strong guantum fluctuations. Below the
rim (green), the fluctuations are weaker but may still ensure the self-reproducton
of the universe. If the ball stays in the bowl, it moves into a less energetic region
(orange), where it slides down very slowly, Inflation ends once the ball nears the
energy minimum (purple), where it wobbles around and heats the universe.
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AGE OF UNIVERSE (SECONDS)

EVOLUTION OF THE UNIVERSE differs in the chaotic inflation scenario and the
standard big bang theory. Inflation increases the size of the universe by 1010%, so
that even parts as small as 10-33 centimeter (the Planck length) exceed the radius
of the observable universe, or 102 centimeters. Inflation also predicts space to be
mostly flat, in which paraliel lines remain “parallel.” (Parallel lines in a closed uni-
verse intersect; in an open ohe, they ultimately diverge.) In contrast, the original
hot big bang expansion would have increased a Planck-size universe to only 0.001
centimeter and would lead to different predictions about the geometry of space.
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A Short History of the Universe

3 First quasars

" -

2 Cosmic microwave
background radiation
is released |

= R collects in density

1 Dark matier A wrinkles: universe
praduces density as we know

shells, and voids it appears .

4 Galaxies spark
into being as matier

Gas cools Universe expands

" Stable particles are first produced

Dark matter forms
| 300,000 yrs.

Helium and light

elements are

synthesized
Radiation decouples
from matter

13 billion yrs.
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