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CENTRAL IDEAS OF TALK

» The properties of the quantum vacuum
can be calculated from its structure and
appropriate field equations.
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» The properties of the quantum vacuum
can be calculated from its structure and
appropriate field equations.

» Vacuum fluctuations spontaneously
appear in — and disappear from — the
vacuum. While present, vacuum
fluctuations can be polarized by photons,
slowing their progress similarly to the way
that a normal dielectric slows photons.
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CENTRAL IDEAS OF TALK

» The interaction of photons with vacuum
fluctuations determines the permittivity of
the vacuum, the speed of light in the
vacuum, and the fine-structure constant.

» Properties of vacuum fluctuations explain
why the huge vacuum energy density
cannot create a gravitational force or
contribute to the cosmological constant.
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THE QUANTUM VACUUM:
STRUCTURE AND PROPERTIES

» Physicists use the term “vacuum
fluctuation” to describe two very different
entities:

» Type 1 vacuum fluctuations can interact
with normal (meaning real, ordinary, and
observable) test particles placed in the
vacuum, but only in very limited ways.

» Type 2 vacuum fluctuations have no
observable consequences.
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TYPE 1 VACUUM FLUCTUATIONS

» are on shell

» appear as external particles in Feynman
diagrams

» exist for a time At permitted by the
Heisenberg uncertainty principle
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TYPE 1 VACUUM FLUCTUATIONS

» Field theory provides an explanation for
the source of the energy available for the
creation of type 1 vacuum fluctuations.
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TYPE 1 VACUUM FLUCTUATIONS

» Field theory provides an explanation for
the source of the energy available for the
creation of type 1 vacuum fluctuations.

» Field theory provides a proof that type 1
vacuum fluctuations must exist as
fluctuations of free fields.
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TYPE 1 VACUUM FLUCTUATIONS

When a Type 1 vacuum fluctuation is
created, the following quantities must be
conserved:

» electric charge
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TYPE 1 VACUUM FLUCTUATIONS

When a Type 1 vacuum fluctuation is
created, the following quantities must be
conserved:

» electric charge
» lepton number
» baryon number

» angular momentum
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TYPE 1 VACUUM FLUCTUATIONS

» consist of particle-antiparticle pairs with
zero angular momentum

» If the particle and antiparticle are
massive, the pair must appear with zero
center-of-mass momentum in the least
energetic bound state.
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TYPE 1 VACUUM FLUCTUATIONS

» consist of particle-antiparticle pairs with
zero angular momentum

» If the particle and antiparticle are
massive, the pair must appear with zero
center-of-mass momentum in the least
energetic bound state.

» Massive particle-antiparticle vacuum
fluctuations appear as transient, spin-0
atoms in their lowest energy state.
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Yi

FEYNMAN DIAGRAM OF A TYPE 1
ELECTRON-POSITRON VACUUM
FLUCTUATION INTERACTING WITH A
PHOTON

e

vr
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TYPE 1 VACUUM FLUCTUATIONS

» cannot exert a force on normal matter.
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TYPE 1 VACUUM FLUCTUATIONS

» cannot exert a force on normal matter.

» If they could exert a force, they could do
work on normal particles. Then when a
vacuum fluctuation vanished back into
the vacuum, the energy associated with
any work done by the vacuum fluctuation
would be left behind in the physical world,
violating conservation of energy.
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TYPE 2 VACUUM FLUCTUATIONS

» have no observable consequences.
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TYPE 2 VACUUM FLUCTUATIONS

» have no observable consequences.

» are sometimes called vacuum diagrams or
vacuum bubbles, a class of Feynman
diagrams for which virtual particles
appear from and then vanish back into
the vacuum.



TYPE 2 VACUUM FLUCTUATIONS

» have no observable consequences.

» are sometimes called vacuum diagrams or
vacuum bubbles, a class of Feynman
diagrams for which virtual particles
appear from and then vanish back into
the vacuum.

» are off shell and and exist for a time At
permitted by the Heisenberg uncertainty
principle.

27
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FEYNMAN DIAGRAM FOR A TYPE 2
VACUUM FLUCTUATION:
(VACUUM DIAGRAM OR VACUUM

BUBBLE)
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FEYNMAN DIAGRAMS FOR TYPE 2
VACUUM FLUCTUATIONS
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ELECTROMAGNETIC PROPERTIES
OF THE VACUUM

» It should be possible to calculate the
electromagnetic properties of the vacuum
from the structure of the (quantum)
vacuum and Maxwell's equations. What
are the electromagnetic properties of the
vacuum?
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ELECTROMAGNETIC PROPERTIES
OF THE VACUUM

PARAMETER

PROPERTY OF VACUUM & QED

permittivity €y of vacuum

YES




29

ELECTROMAGNETIC PROPERTIES
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permeability po of vacuum NO




23

ELECTROMAGNETIC PROPERTIES
OF THE VACUUM

PARAMETER PROPERTY OF VACUUM & QED
permittivity eg of vacuum YES
permeability po of vacuum NO

The value of 1y was originally arbitrarily chosen so
that the size of the unit of current was equal in two
different systems of units: g = 47 x 107" H/m. g
is a measurement-system constant, not a property

of the vacuum.
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ELECTROMAGNETIC PROPERTIES
OF THE VACUUM

PARAMETER PROPERTY OF VACUUM & QED
permittivity €y of vacuum YES
permeability ug of vacuum NO
speed ¢ = 1/,/1o€o of light
in the vacuum YES




ELECTROMAGNETIC PROPERTIES
OF THE VACUUM

PARAMETER PROPERTY OF VACUUM & QED
permittivity €y of vacuum YES
permeability ug of vacuum NO
speed ¢ = 1/,/1o€o of light
in the vacuum YES

The fine-structure constant « is given by

e2

a= —
4reghc’
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ELECTROMAGNETIC PROPERTIES
OF THE VACUUM

PARAMETER PROPERTY OF VACUUM & QED
permittivity €g of vacuum YES
magnetic constant pg NO
speed ¢ = 1/,/1o€o of light
in the vacuum YES
fine structure constant « YES
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THEORETICAL FORMULA FOR €
In the vacuum Maxwell’s equation V - D = p

implies the relation

EoE = P,
where D is the electric displacement, p is the
charge density, and P is the polarization

density.
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THEORETICAL FORMULA FOR €
In the vacuum Maxwell’s equation V - D = p
implies the relation
EoE = P,
where D is the electric displacement, p is the
charge density, and P is the polarization

density.

The polarization density for a vacuum
fluctuation is calculated somewhat similarly
to the way it is calculated for a dielectric
consisting of normal matter.
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PHOTON IN THE VACUUM
POLARIZING A PARAPOSITRONIUM
VACUUM FLUCTUATION

INITIAL INTERMEDIATE FINAL

photon Q @
\ photon
photon and quasi-bound state of
parapositronium positronium vacuum
vacuum fluctuation fluctuation and photon
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THEORETICAL FORMULA
FOR €p CONTINUED

The polarization of vacuum fluctuations can be calculated:
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THEORETICAL FORMULA
FOR €p CONTINUED

The polarization of vacuum fluctuations can be calculated:

1. bound electron-positron vacuum fluctuation (positronium
atom)

2. bound muon-antimuon vacuum fluctuation
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1. bound electron-positron vacuum fluctuation (positronium
atom)
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THEORETICAL FORMULA
FOR €p CONTINUED

The polarization of vacuum fluctuations can be calculated:

1. bound electron-positron vacuum fluctuation (positronium
atom)

2. bound muon-antimuon vacuum fluctuation
3. bound tau-antitau vacuum fluctuation.

» The polarization density for a vacuum fluctuation is
calculated similarly to the way it is calculated for a normal
dielectric.
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THEORETICAL FORMULA
FOR €p CONTINUED

The polarization of vacuum fluctuations can be calculated:

1. bound electron-positron vacuum fluctuation (positronium
atom)

2. bound muon-antimuon vacuum fluctuation
3. bound tau-antitau vacuum fluctuation.

» The polarization density for a vacuum fluctuation is
calculated similarly to the way it is calculated for a normal
dielectric.

» The total polarization density P from the three types of
charged lepton-antilepton is

» E=P=3E) < F

7
7w (eohc)?
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THEORETICAL FORMULA
FOR €9 COMPLETED

Equating the first and last terms in the
equation on the previous slide and cancelling
the electric field E yields

~ (27) &
60 T 37 (thc)2 )
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THEORETICAL FORMULA
FOR €9 COMPLETED

Equating the first and last terms in the
equation on the previous slide and cancelling
the electric field E yields

~ (27) &
€0 = 3 (oho)? -

Using ¢ = 1/,/1o€o and solving for €,
2
€0 theory = 6% (%) = 0.10 X 10_12\/%

-12 C
€0 accepted — 8.85 x 10 Vm
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SLOWING OF PHOTONS IN THE
VACUUM BY A PARAPOSITRONIUM
VACUUM FLUCTUATION

INITIAL INTERMEDIATE FINAL

photon Q @
\ photon
photon and quasi-bound state of
parapositronium positronium vacuum
vacuum fluctuation fluctuation and photon



A0

THEORETICAL FORMULA FOR THE
SPEED OF LIGHT ¢ IN THE VACUUM

Using ¢ = 1/, /1u0€o and the theoretical
formula for € just calculated,
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THEORETICAL FORMULA FOR THE
SPEED OF LIGHT ¢ IN THE VACUUM

Using ¢ = 1/, /1u0€o and the theoretical
formula for € just calculated,

Coheory = \/§ g = 2.96 x 10°m /s

C dofined = 2.998 x 108m/s .
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THEORETICAL FORMULA FOR THE
SPEED OF LIGHT ¢ IN THE VACUUM

Using ¢ = 1/, /1u0€o and the theoretical
formula for € just calculated,

Coheory = \/§ g = 2.96 x 10°m /s

C defined = 2.998 x 108m/s.

The calculated value for c is 1.3 % less than
the defined value.
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THE FINE STRUCTURE CONSTANT v

In 1988 Richard Feynman wrote about the

fine-structure constant: “It has been a
mystery ever since it was discovered more

than fifty years ago, and all good theoretical
physicists put this number up on their wall
and worry about it.... It's one of the
greatest damn mysteries of physics: a magic

number that comes to us with no
understanding by man. You might say the

‘hand of God’ wrote that number, and ‘we
don't know how He pushed his pencil.” "
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CALCULATION OF THE FINE
STRUCTURE CONSTANT ¢v:
“HOW HE PUSHED HIS PENCIL"

The fine-structure constant « is defined by

62

o= .
Areghc
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CALCULATION OF THE FINE
STRUCTURE CONSTANT ¢v:
“HOW HE PUSHED HIS PENCIL"

The fine-structure constant « is defined by

e2

o =

Areghc
Substituting the theoretical formulas for ¢
and c into the above expression for «,
1 ~ Q2 _
(E) theoretical 8 37—‘-/2 = 138.93...
=137.03....

)
( o/ experimental
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CONSISTENCY CONDITIONS THE
CALCULATION OF € MUST SATISFY

1. "The speed of light in the vacuum has the same value ¢ in
every direction in all inertial reference frames.” (Postulate 2 from
Einstein's 1905 paper “On the Electrodynamics of Moving Bodies”
in which he introduced special relativity.)
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CALCULATION OF € MUST SATISFY

1. "The speed of light in the vacuum has the same value ¢ in
every direction in all inertial reference frames.” (Postulate 2 from
Einstein's 1905 paper “On the Electrodynamics of Moving Bodies”
in which he introduced special relativity.)

» The vacuum is isotropic and at rest with respect to every
inertial frame.

» Maxwell's equations are the same in every inertial frame.
(Postulate 1 from Einstein's 1905 paper.)
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CONSISTENCY CONDITIONS THE
CALCULATION OF € MUST SATISFY

1. "The speed of light in the vacuum has the same value ¢ in
every direction in all inertial reference frames.” (Postulate 2 from
Einstein's 1905 paper “On the Electrodynamics of Moving Bodies”
in which he introduced special relativity.)
» The vacuum is isotropic and at rest with respect to every
inertial frame.

» Maxwell's equations are the same in every inertial frame.
(Postulate 1 from Einstein's 1905 paper.)

» c is calculated from properties of the vacuum and Maxwell's
equations so ¢ is the same in every direction in all inertial
frames.
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CONSISTENCY CONDITIONS THE
CALCULATION OF ¢ MUST SATISFY

2. and 3. The derivation of ¢ used the formula

¢ = 1//Ho€o, which is true only in the vacuum
where the general relations D = ¢E + P and

B = uo(H + M) become, respectively, D = ¢E and
B = IU()H
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CONSISTENCY CONDITIONS THE
CALCULATION OF ¢ MUST SATISFY

2. and 3. The derivation of ¢ used the formula
¢ = 1//Ho€o, which is true only in the vacuum
where the general relations D = ¢E + P and
B = uo(H + M) become, respectively, D = ¢E and
B = IU()H
» The derivation of ¢; used the relation D = ¢E.
» The magnetization M is zero for
particle-antiparticle vacuum fluctuations of
massive particles, implying that B = poH.
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GRAVITATIONAL PROPERTIES OF
THE VACUUM: ENERGY DENSITY

The contribution of the vacuum energy density of photons
alone is approximately 120 orders of magnitude greater than
the observed energy density of the universe provided the
maximum energy of a photon is cut off at the Planck energy.
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GRAVITATIONAL PROPERTIES OF
THE VACUUM: ENERGY DENSITY

The contribution of the vacuum energy density of photons
alone is approximately 120 orders of magnitude greater than
the observed energy density of the universe provided the
maximum energy of a photon is cut off at the Planck energy.

» If there is no cutoff, the energy density is infinite.
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GRAVITATIONAL PROPERTIES OF
THE VACUUM: ENERGY DENSITY

The contribution of the vacuum energy density of photons
alone is approximately 120 orders of magnitude greater than
the observed energy density of the universe provided the
maximum energy of a photon is cut off at the Planck energy.

» If there is no cutoff, the energy density is infinite.

» The huge disparity between the calculated value of the
vacuum energy density of the universe and the observed
energy density is known as the “vacuum catastrophe”.
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TYPE 1 VACUUM FLUCTUATIONS

» cannot exert a force on normal matter.
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TYPE 1 VACUUM FLUCTUATIONS

» cannot exert a force on normal matter.

» If they could exert a force, they could do
work on normal particles. Then when a
vacuum fluctuation vanished back into
the vacuum, the work done on normal
matter by the vacuum fluctuation would
be left behind in the physical world,
violating conservation of energy.
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GRAVITATIONAL PROPERTIES OF
THE VACUUM: ENERGY DENSITY

» Because vacuum energy is conserved
independently from normal energy,
vacuum fluctuations cannot exert forces
on normal particles. Thus the vacuum
energy density cannot contribute to the
normal energy density, implying there is
no “vacuum catastrophe”.
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GRAVITATIONAL PROPERTIES
OF THE VACUUM:
COSMOLOGICAL CONSTANT

The cosmological constant A, which plays a a crucial role in
explaining the accelerating rate of expansion of the universe,

appears to depend on the energy density pic™Y of the vacuum,

A= 87 G  energy (1)

4 pvac )

where G is the gravitational constant.
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The cosmological constant A, which plays a a crucial role in
explaining the accelerating rate of expansion of the universe,

appears to depend on the energy density pic™Y of the vacuum,

A= 87 G  energy (1)

- ?pvac )
where G is the gravitational constant.

» If (1) were true, the theoretical value of A would be about
120 orders of magnitude greater than the observed value.

» Eq. (1) is obtained after assuming that the vacuum
energy density can exert a gravitational force.
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GRAVITATIONAL PROPERTIES
OF THE VACUUM:
COSMOLOGICAL CONSTANT

The cosmological constant A, which plays a a crucial role in

explaining the accelerating rate of expansion of the universe,

appears to depend on the energy density pic™Y of the vacuum,
A = 87 G  energy (1)

- ?pvac ’
where G is the gravitational constant.

» If (1) were true, the theoretical value of A would be about
120 orders of magnitude greater than the observed value.

» Eq. (1) is obtained after assuming that the vacuum
energy density can exert a gravitational force.

» Since the vacuum energy density cannot exert a
gravitational force, p$.™8Y does not contribute to A as
indicated by (1), resolving “the old cosmological constant
problem” .



