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The Big Bang Picture

The universe as we know it began 13-14 billion years ago. (Latest
estimate: 13.82± 0.05 billion years!)

Initial state was a hot, dense, uniform soup of particles that filled
space uniformly, and was expanding rapidly.

What existed before that? Who knows?

It is often said that time itself began at the big bang. That is a
possibility, but we really don’t know.

Within about 10−35 second or less, inflation began.
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What is Inflation?

Inflation is a “prequel” to the conventional big bang picture.

In particular, inflation is a theory about the bang of the big bang.
That is, inflation is a possible answer to the question of what
propelled the gigantic expansion of the big bang.

Before the possibility of inflation was known, big bang theorists
did not attempt to explain the expansion. It was just assumed.

Inflation explains the expansion by means of

Gravitational Repulsion.
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Two Miracles of Physics

Inflation relies on two miraculous properties of gravity. The first is:
1) Gravitational Repulsion!

Since the advent of general relativity, physicists have known that
gravity can act repulsively. Einstein used this option, in the
form of the cosmological constant, to build a static mathematical
model of the universe, with repulsive gravity preventing its
collapse. Modern particle physics suggests that at superhigh
energies there should exist materials that create gravitational
repulsion.
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Gravitational Repulsion

According to general relativity, a gravitational field can be created by pressures,
as well as energy densities (or mass densities).

As you might guess, positive pressures (i.e., normal pressures) produce
attractive gravitational fields.

But negative pressures — i.e., a suction — produce repulsive gravitational
fields.

For a symmetric universe, the size is described by a scale factor a(t), which
obeys the equation

d2a

dt2
= −4πG

(
ρ +

3p

c2

)
a ,

where G = Newton’s constant, ρ = mass density, p = pressure, and c = the
speed of light.

If the energy is dominated by the potential energy of a field, then p = −ρc2

and the sign of gravity becomes repulsive.
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Sequence of Events

Inflation proposes that a patch of repulsive gravity material existed
in the early universe — for inflation at the grand unified theory
scale, the patch needs to be only as large as 10−28 cm. (Since
any such patch is enlarged fantastically by inflation, the initial
density or probability of such patches can be very low.)

The gravitational repulsion was the driving force behind the big
bang. The patch was driven into exponential expansion, with a
doubling time of maybe ∼ 10−38 second.

The patch expanded exponentially by a factor of at least 1028

(100 doubling times), but it could have expanded much more. At
the end, the region destined to become the presently observed
universe was about the size of a marble.
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The repulsive-gravity material is unstable, so it decayed like
a radioactive substance, ending inflation. The decay released
energy which produced ordinary particles, forming a hot, dense
“primordial soup.” The universe continued to coast and cool
from then onward.

Key feature: During the exponential expansion, the density of
matter and energy did NOT thin out.

Although more and more mass/energy appeared as the repulsive-
gravity material expanded, total energy was conserved! HOW????

Miracle of Physics #2:

The energy of a gravitational field is negative!!

The negative energy of gravity cancelled the positive energy of
matter, so the total energy was constant and possibly zero.
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Schematically,
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Evidence for Inflation

1) Large scale uniformity. The cosmic background radiation is

uniform in temperature to one part in 100,000. It was released
when the universe was about 380,000 years old. In standard cos-
mology without inflation, a mechanism to establish this uniformity
would need to transmit energy and information at about 100 times
the speed of light.

Inflationary Solution: In inflationary models, the universe

begins so small that uniformity is easily established — just like
the air in the lecture hall spreading to fill it uniformly. Then
inflation stretches the region to be large enough to include the
visible universe.

Alan Guth

Massachusetts Institute of Technology

Science and Engineering Program for Teachers, June 23, 2014 –9–

2) \Flatness problem:"

Why was the early universe so FLAT?

What is meant by “flat”?

Flat does not mean 2-dimensional.

Flat means Euclidean, as opposed to the
non-Euclidean curved spaces that are also
allowed by Einstein’s general relativity.

3-dimensional curved spaces are hard to
visualize, but they are analogous to the
2-dimensional curved surfaces shown on the
right.
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According to general relativity, the flatness
of the universe is related to its mass density:

Ω(Omega) =
actual mass density

critical mass density
,

where the “critical density” depends on the
expansion rate. Ω = 1 is flat, Ω greater
than 1 is closed, Ω less than 1 is open.

Alan Guth

Massachusetts Institute of Technology

Science and Engineering Program for Teachers, June 23, 2014 –11–



Alan Guth, The Basics of Inflationary Cosmology, June 23, 2014, p. 4.

A universe at the critical density is like a pencil balancing on its
tip:

If Ω in the early universe was slightly below 1, it would rapidly
fall to zero — and no galaxies would form.

If Ω was slightly greater than 1, it would rapidly rise to infinity,
the universe would recollapse, and no galaxies would form.

To be as close to critical density as we measure today, at one
second after the big bang, Ω must have been equal to one to 15
decimal places!
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Inflationary Solution: Since inflation makes gravity become

repulsive, the evolution of Ω changes, too. Ω is driven towards
one, extremely rapidly. It could begin at almost any value.

Since the mechanism by which inflation explains the flatness of
the early universe almost always overshoots, it predicts that even
today the universe should have a critical density.

Until 1998, observation pointed to Ω ≈ 0.2–0.3.

Latest observation by Planck satellite (combined with other
astronomical observations):

Ω = 1.0010± 0.0065

New ingredient: Dark Energy. In 1998 it was discovered that the
expansion of the universe has been accelerating for about the last
5 billion years. The “Dark Energy” is the energy causing this to
happen.
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3) Small scale nonuniformity: Can be measured in the cosmic

background radiation. The intensity is almost uniform across the
sky, but there are small ripples. Although these ripples are only
at the level of 1 part in 100,000, these nonuniformities are now
detectable! Where do they come from?

Inflationary Solution: Inflation attributes these ripples to

quantum fluctuations. Inflation makes generic predictions for
the spectrum of these ripples (i.e., how the intensity varies with
wavelength). The data measured so far agree beautifully with
inflation.
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4) Gravitational Waves Found by BICEP2(!): Along with density

perturbations, inflation also predicts gravitational waves.

Quantum effects on very short length scales imply that the
gravitational field — i.e., the metric of spacetime — is
constantly fluctuating.

Inflation stretches these fluctuations from microscopic to
astronomical wavelengths, where they behave as classical
gravitational waves (as described by general relativity).

The gravitational waves perturb the plasma of the early
universe, imprinting a swirling pattern in the polarization of
the cosmic microwave background, called B-modes. These
B-modes were detected by BICEP2, but the result needs to
be corroborated.

Gravitational waves have been called the “smoking gun” for
inflation, as we currently do not know any other way they
could have been produced.
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Significance of Gravitational Waves

First image of a gravitational wave. Previously we have detected
missing energy attributed to gravitational radiation, but this is
the first confirmation that gravitational waves look like what GR
predicts.

First experimental evidence that gravity is quantized.

Determines the energy scale of inflation. BICEP2 found that
r = 0.20+0.07−0.05, where r is the ratio of the power in gravitational
wave perturbations to the power in density perturbations. If V is
the energy density of the universe at the time of inflation, then

[
V (h̄c)3

]1/4
= 2.2× 1016 GeV

( r

0.2

)1/4
.

So V is right at the scale of grand unified theories!
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Further Consequences of the

Gravitational Wave Discovery

If the BICEP2 result is corroborated, then alternative ideas such as the “cyclic
ekpyrotic” model are off the table.

The measurement of r has a lot to say about detailed inflationary models.
Before BICEP2, both the WMAP team and the Planck team announced
indirect upper limits of r < 0.11. (The BICEP2 result, based on the direct
observation of polarization, involves fewer assumptions, so hopefully the earlier
claims will be reconciled.) Previously the best-fit version of inflation was the
Starobinsky model. Now the best fit is much simpler, with a simple m2φ2

potential energy function for the scalar field that drove inflation.

The current announcement is only the beginning! Further study of primordial
gravitational waves will allow us to learn a lot about the details of how inflation
happened.
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SUMMARY

The Conventional Big Bang: Really describes only the aftermath of a
bang, beginning with a hot dense uniform soup of particles filling
an expanding space.

Cosmic Inflation: The prequel, describes how repulsive gravity —
a consequence of negative pressure — could have driven a tiny
patch of the early universe into exponential expansion. The total
energy would be very small or maybe zero, with the negative
energy of the cosmic gravitational field canceling the energy of
matter.
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Successes of inflation:

1) Inflation can explain the large-scale uniformity of the universe.
(Cosmic microwave background (CMB) uniform to 1 part in
100,000.)

2) Inflation can explain why Ω ≡ ρ/ρcrit = 1 was accurate to >15
decimal places at t = 1 second. Predicts Ω = 1. Data: Ω =
1.0010± 0.0065.

3) Predicts small quantum fluctuations in the mass density, which
can be seen today as ripples in the CMB. Predictions agree very
well with data.

4) Predicts gravitational waves, which can be observed through spe-
cific swirling patterns in the polarization of the cosmic microwave
background. Such patterns were recently observed by BICEP2,
but have not yet been corroborated.
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