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Abstract. Physicists have speculated about the properties of the quantum vacuum for at least
85 years; however, only recently have they understood the quantum vacuum sufficiently well
to begin making testable predictions. Specifically, using Maxwell’s equations to describe the
interaction of the electromagnetic field with charged lepton - antilepton vacuum fluctuations,
it has been possible to calculate the permittivity of the vacuum, the speed of light in the
vacuum, and the fine structure constant. Physicists are now also beginning to successfully
address problems in cosmology based on properties of the quantum vacuum. The terms “vacuum
catastrophe” and “old cosmological problem” refer, respectively, to the predictions that the
vacuum energy density and the cosmological constant are both approximately 120 orders of
magnitude larger than the observed values. Using properties of the quantum vacuum and well-
established physics, it is possible to demonstrate that the huge vacuum energy cannot transfer
energy to normal matter; accordingly, vacuum energy contributes neither to the observed energy
density of the universe nor to the cosmological constant, which plays a central role in the
accelerating expansion of the universe.

1. Introduction
A central tenet of physics is that the structure of a physical system determines its properties.
Since vacuum fluctuations manifest and characterize the quantum vacuum, it follows that the
electromagnetic properties of the quantum vacuum can be calculated using Maxwell’s equations
to describe the interaction of an electromagnetic field with vacuum fluctuations. Electromagnetic
properties of the vacuum include the speed ¢ of light in the vacuum, the fine-structure constant
«, and the permittivity ey of vacuum®.

As will be discussed in more detail in the next section, vacuum fluctuations of the fields
associated with massive particles? appear as particle-antiparticle bound states. Because these

bound states oscillate when interacting with the electromagnetic field associated with a photon,

! The value of permeability po of the vacuum (magnetic constant) was originally arbitrarily chosen so that
the rationalized meter-kilogram-second unit of current was equal in size to the ampere in the “electromagnetic
(emu)” system. As a consequence po, which is a measurement-system constant, not a property of the vacuum,
was originally defined to be exactly po = 47 x 1077 H/m. As of May 20, 2019, instead of being defined to have
the value 47 x 1077 H/m, uo = 2ah/(ce?), which follows from the definition of the fine-structure constant and
¢ =1/\/mo€o. The change in the definition of po only affects the value of po in about the tenth significant figure
and beyond.

2 The generic term “particle” will be used to refer to both particles and antiparticles as a category.
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the permittivity of the vacuum can then be calculated using methods somewhat similar to those
employed to calculate the permittivity of a dielectric. The resulting approximate formula is

~ 6o (8¢ 2_ 12 ©

In the above equation % is Planck’s constant divided by 27 and e is the magnitude of the
renormalized charge of an electron. The accepted value is g = 8.85 x 107'2C/Vm. The above
formula for €g is approximate because it only includes the leading term in what turns out to be
an infinite expansion in a.

A formula for the speed ¢ of light in the vacuum can immediately be calculated from the
formula for €y in Equation (1) and ¢ = 1/,/uoé€o,

~ |7 I 8

To three significant figures the defined value is ¢ = 3.00 x 10%m/s.

In any inertial frame an observer is unable to detect relative motion of the quantum vacuum
and the inertial frame; consequently, the observer would conclude that the vacuum and the
inertial frame are at rest with respect to each other. Since the speed of light is determined by
the properties of the quantum vacuum and Maxwell’s equations, each of which is the same in
any inertial frame, the calculated value of the speed of light in the vacuum is the same in every
direction in any inertial frame as required by special relativity.

A numerical value for the fine-structure constant « follows immediately by substituting the
formulas for ¢y in Equation (1) and ¢ in Equation (2) into the defining formula for «:

e2 1 1
a = o = . (3)
dmephc  324/67 138.9

The experimental value is a« = 1/137.04. It is straightforward to show that if a formula for
one of the three quantities ¢y, ¢, or « is known, formulas for the other two can immediately be
calculated.

Understanding the properties of the quantum vacuum is crucial for understanding cosmology.
The term “vacuum catastrophe” refers to the fact that the value of the vacuum energy density
of the universe appears to be predicted to be approximately 120 orders of magnitude larger than
the observed energy density of the universe. Here it is demonstrated, using properties of the
quantum vacuum and well-established physics, that vacuum energy cannot be converted into
normal energy either indirectly through vacuum fluctuations or directly; accordingly, vacuum
energy does not contribute to the observed energy density of the universe.

The term “old cosmological problem” refers to the implication that the cosmological constant,
which plays a central role in the accelerating expansion of the universe, must, by virtue of the
huge energy density of the universe, be approximately 120 orders of magnitude larger than the
observed value. But since vacuum energy cannot transfer energy to normal energy (and matter),
the value of the cosmological constant is unaffected by the vacuum energy density.

The Inflation Theory of the Universe is based on the assumption of a brief, extreme increase in
the size of the universe that occurred shortly after the “big bang”. Many physicists think that the
theory explains why the universe is almost flat (resolving the flatness problem), why the universe
is very nearly homogeneous (resolving the horizon problem), and why magnetic monopoles have
never been detected (resolving the monopole problem). The specific mechanism that causes
inflation is unknown. The theoretical ideas used here to calculate the speed of light provide a
mechanization for inflation: the speed of light in the very early universe would have been much
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higher than it is now because the much higher temperatures of the early universe would quickly
cause bound states of massive particle-antiparticle vacuum fluctuations to disassociate, thereby
decreasing the density of bound-state vacuum fluctuations and increasing the speed of light.
The effects of a higher speed of light in the early universe have been discussed in detail, but the
specific mechanism([1, 2] used by the authors of the present article to calculate the speed of light
has not been studied in the context of cosmological inflation.

2. Structure of the quantum vacuum

2.1. Vacuum fluctuations

Physicists use the term “vacuum fluctuation” to describe two very different entities: Vacuum
energy creates type 1 vacuum fluctuations. Field theory provides an explanation for the source of
the vacuum energy available for the creation of type 1 vacuum fluctuations and provides a proof
that type 1 vacuum fluctuations must exist. In describing the quantum vacuum, there is a free
field associated with each known particle; conversely, there is particle for each free field. Because
spontaneous symmetry breaking has already occurred, type 1 vacuum fluctuations appear with
their physical masses. Type 1 vacuum fluctuations, which have observable consequences, are
present for a time At as permitted by the Heisenberg uncertainty principle and appear as
external particles in a Feynman diagram as shown in Fig. 1. The acronym VF will be used

Yi
vr

. e

(a) (b)

Figure 1. A parapositronium type 1 vacuum fluctuation consisting of an electron e~ and
positron e bound in the ground state of positronium is depicted. (a) The incident photon ~;
interacts with the positron or (b) the incident photon interacts with the electron. In both cases
the photon 7y, which is identical to 7;, is emitted when the parapositronium vacuum fluctuation
annihilates.

exclusively to refer to massive, type 1, particle-antiparticle vacuum fluctuations.

When a VF is created, the laws of physics are obeyed. Consequently, the following quantities
are conserved: angular momentum (the VF itself must have zero angular momentum), electric
charge, lepton number and baryon number. The existence of VFs violates energy conservation
as permitted by the uncertainty principle. To minimize the violation of conservation of
energy allowed by the Heisenberg uncertainty principle, VFs appear with zero center-of-mass
momentum in the least energetic bound state that has zero angular momentum. Because VFs
appear as transient atoms, normal photons interact with VFs somewhat similarly to the way
that they interact with normal atoms and molecules.
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VFs are referred to in the literature as being fluctuations of a free field. Yet earlier in this
section it was stated that VF's are associated with fluctuations of fields that have mass. This
seemingly contradictory use of language has its roots in the historical development of field theory.
The concept of a “free field” appears in the text by Wentzel[3] as early as 1942. The term “field
free case” refers to particles with mass and their associated fields. The concept of a free field
is treated in the same manner by Roman[4] where he refers to the “free field” as a field that is
“noninteracting”. It is now understood that the Higgs field, which gives the particle its mass
early in the expansion of the universe, is already in place.

Type 2 vacuum fluctuations are sometimes called vacuum diagrams[5] or vacuum bubbles|6,
7], a class of Feynman diagrams for which a collection of virtual particles appear from and then
vanish back into the vacuum. However, in contrast to VFs, virtual particles are are off shell
and appear only in the interior of Feynman diagrams. Technically a virtual particle is not a
particle at all: it appears only in perturbation calculations. Since Feynman diagrams of vacuum
diagrams or vacuum bubbles, and as a consequence type 2 vacuum fluctuations, do not have
any external legs, they cannot contribute to physical processes. They do, however, contribute
to vacuum energy|7].

Figure 2. Examples of type 2 vacuum fluctuations that are called vacuum diagrams or vacuum
bubbles.

2.2. Poincaré invariance of the vacuum
Carroll, Press, and Turner[8] state, “To a particle physicist, the word ‘vacuum’ has a different
meaning than to an astronomer. Rather than denoting ‘empty space’, vacuum is used to mean
the ground state (state of lowest energy) of a theory. In general, this ground state must be
Lorentz invariant, that is, must look the same to all observers [provided each is in a local
inertial frame].” Since the vacuum is observed through its quantum fluctuations, properties of
the vacuum are calculated as expectation values. The expectation value of each property of
the quantum vacuum must be invariant under boosts, space translations and time translations.
As a result, the expectation value of each property of the (Minkowski) vacuum is invariant
under Poincaré transformations [4], where a Poincaré transformation (or inhomogeneous Lorentz
transformation) is of the form [9],

o't = AF 2V + at. (4)

Because the expectation value of each property of the vacuum is invariant under time and
space translations, to any observer in a local inertial frame the vacuum is homogeneous and
time-independent.

If vacuum energy could be “permanently” converted into normal energy or vice versa, the
homogeneity of the vacuum would be destroyed in the region where the transfer of energy between
normal and vacuum energy occurred. When a VF vanishes back into the vacuum, it returns
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to the vacuum the energy originally borrowed for its creation, maintaining the homogeneity
of the expectation value of the energy density of the vacuum. Vacuum energy is conserved
(independently of normal energy), severely restricting the ways in which vacuum energy and
normal energy can interact. The calculation of €y discussed in the next section relies crucially
on the property that when a VF vanishes back into the vacuum, the vacuum energy originally
required for the creation of the VF is returned to the vacuum.

3. The interaction of an electron-positron VF with an electromagnetic wave

3.1. The number density of electron-positron VFs that are available to interact with a photon
Since the structure of a physical system determines the properties of that system, it is possible
to calculate the electromagnetic properties of the vacuum by using Maxwell’s equations to
describe the interaction of the electromagnetic field of a photon with VFs. As discussed in
the Introduction, if one of the three quantities €y, ¢, or o has been calculated, then formulas for
the other two are easily obtained. Among the three quantities, the possibility of calculating the
fine-structure constant has garnered the most attention. In 1985 Richard Feynman[10] 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.”” In his letter[11] to Heisenberg dated 14 June 1934,
Pauli wrote, “I have been musing over the great question, what is €?/hc [e? /4meghe in SI units]?”
In response to this statement, Arthur I. Miller, Professor of History and Philosophy of Science,
writes, “We recall that, fundamental to the thinking of Heisenberg and Pauli, was that a theory
which can fix the value of €2 /(4mephc) most likely will have no divergent quantities.”[11]

Because a method for calculating the permittivity of a dielectric medium has been known
for almost a century[12], it follows that first calculating the permittivity of the vacuum, instead
of ¢ or «, is almost certainly the approach most likely to succeed. Charged lepton-antilepton
VFs, each of which appears at rest in the vacuum in the most tightly bound state that has
zero angular momentum, are the primary contributors to the permittivity of the vacuum. The
contribution to ¢y from electron-positron VFs, which appear in the vacuum as parapositronium,
is calculated first. The contribution from muon-antimuon VFs and tau-antitau VFs can then
be calculated immediately by replacing the electron mass with the mass of the muon or tau,
respectively.

Even in an intense laser beam the number density of photons is much less than the number
density of VFs[1, 2]. Thus, the vast majority of parapositronium VFs appear and then disappear
without interacting. Those few that do interact with a photon almost always interact with only
one. When a photon interacts with a parapositronium VF, the electric field associated with the
photon polarizes the the VF. In the presence of an electromagnetic wave with the z-axis chosen
to point in the direction of the electric field of the wave, the induced dipole moment of a VF
is py = e(xy —x_) = ex, where x4 and z_ are, respectively, the coordinates of the positron
and electron. The potential energy Hgipole Of the electric dipole of the VF in the electric field
E, = Eycoswt is

Hgipole = —pz Bz = —exEgcoswt . (5)

If a parapositronium VF interacted with an electric field consisting of many photons, the
VF would experience a force oscillating at the angular frequency w. However, since the
parapositronium VF almost always interacts with only one photon, which is absorbed at the
time ¢; when the photon and parapositronium VF interact, the electric field that interacts with
the VF is E(t;) = Egcoswt; = Ey. Consequently, to describe the interaction of a single photon
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with a parapositronium VF, Equation (5) becomes

H(Xgole = —exEy coswt; = —exEy, (6)
implying that the VF experiences an impulse.
The electric displacement D(t)[13] in a dielectric satisfies

D(t) = €E(t) = eE(t) + P(t), (7)

where € is the permittivity of the dielectric and E(t) is the electric field. As discussed earlier, the
interaction of a photon with a vacuum fluctuation occurs one-at-a-time. Since each interaction
occurs in exactly the same manner, it is appropriate to describe these interactions as a property
of the vacuum as a whole. Thus Equation (7) properly describes the photon-VF interaction as
a property of the vacuum with a polarization density P(t) given by

P() = 3 Nyl 1) ®

In Equation (8) NN; is the number of oscillators of the 4 variety per unit volume that are
available to interact with a photon, and (p;(t)) is the expectation value of the dipole moment of
the j*" variety. From Equation (7) it follows that the increase in D(t) from the value egF(t) in
the vacuum to its value eE(t) in the dielectric, results entirely from the polarization density P(t)
of the dielectric. In the vacuum it then follows that €y E(t;) results entirely from the polarization
density PV¥(t;) of VFs,

eB(t;) = PV (t:) = > Ny (o (1)) (9)

J

where the final equality follows from Equation (8). As will be shown, the right-hand side of
Equation (9) is proportional to the electric field E(¢;) that polarizes the VF; therefore, the
electric field cancels out of the equation, yielding an equation for €y. The calculation of €
is carried out below by first calculating NjVF for a parapositronium VF and then calculating
the expectation value <pyF(tl)> of the dipole moment induced in a parapositronium VF by the
electric field E(t;) of a photon. The complication in calculating the polarization density of
vacuum fluctuations instead of normal matter arises because a vacuum fluctuation has a finite
lifetime while an atom or molecule in a typical dielectric is stable.

The crucial characteristic of the atoms and molecules that form dielectrics is that they oscillate
when interacting with photons or an electric field. Consequently, it is convenient to describe a
parapositronium atom as an oscillator. Feynman[14] writes that when an atom is in its ground
state, the ionization energy Fionization = fw®, where w? is the angular frequency of the harmonic
oscillator that corresponds to the oscillator. Feynman’s condition is equivalent to requiring that
the expectation value of 2 for a parapositronium atom equals the expectation value of z2 for
the corresponding oscillator.

The binding (ground-state) energy of parapositronium is obtained from the ground-state
energy of hydrogen by replacing the reduced mass of hydrogen with the reduced mass of
parapositronium. In this replacement pinydrogen, Which is approximately me, — pp_ps = me /2,
where m. is the mass of an electron. Accordingly,

(me/2)e mea’c
By ps = — S . 1
p—F 2(4mep)?h? 4 (10)
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The corresponding angular frequency W}:O)—Ps of parapositronium is
W0 _ ’EP_PS| _ mea202 (11)
p—Ps h 4h

To minimize the violation of conservation of energy when a VF appears in the vacuum, the
center of mass of a VF is at rest. The zitterbewegung of the VF gives the VF its size[15, 16],

h

dmec’

Lp—PS = (12)

Requiring that there be only one VF in the volume (Lp_ps)3, the number of parapositronium
VFs per unit volume? is 1/(Lp—ps)>.
The Heisenberg uncertainty principle relating the uncertainty in time At and the uncertainty

in energy AF is

AE At > g (13)

The lifetime At,_pg of a parapositronium VF is the minimum time At in Equation (13). During
the lifetime At,_ps, the violation of conservation of energy AE,_ps is the total energy of the
parapositronium VF, which is the energy 2m.c? associated with the masses of the electron
and positron minus the binding energy of parapositronium given in Equation (10). Neglecting
the binding energy because it is very small in comparison with 2m.c?, AL, _ps = 2mec?, and
Equation (13) yields

h

Atp—PS = W . (14)

The decay rate of a photon-excited parapositronium VF is[2]
admec?

W (15)

Fp—PS =

The lifetime At,_ps of a parapositronium VF is & 3.2 x 107??s whereas the lifetime of
of a photon-excited (polarized) parapositronium VF is 1/Tp_ps = 6.2 x 10~ '1s, which is
approximately 10'! times as long. Because a photon-excited parapositronium VF has a much
greater lifetime that a parapositronium VF, and, therefore, is much more stable, the former is
called a quasi-stationary state[18].

The probability that the photon-excited parapositronium VF has not decayed after a time
t is e"Tp=Pst and the probability that it has decayed is 1 — e~'p=Pst. For each photon-VF
interaction, the probability for a parapositronium VF to interact with a photon and form a
polarized parapositronium VF equals the probability for the polarized parapositronium VF to
annihilate and emit a photon; consequently, during the lifetime At,_ps the average probability
of a parapositronium VF interacting with a photon is 1 — e Tp—Ps&tp—ps,

For a parapositronium VF the quantity NjVF = NIY_FPS in Equation (9) is the product of
the number of parapositronium VFs per unit volume, 1/(L,_ps)3, multiplied by the probability
1 — e Tp-PsAlo—Ps of 5 parapositronium VF interacting with a photon during the lifetime of the
parapositronium VF,

1
VF ~Y _F — sAt —rs
AT o7 (1 — e To-PaBlppey (16)

3 Without comment, in formula (1X.1) Zel’dovich[17] uses a value for a length corresponding to Equation (12)
that is twice as large, yielding a number density that is one eighth as large.
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Noting that I',_ps At,—ps < 1, expanding the above exponential in a Maclaurin series, and
keeping only the first two terms,

-~ 1 o [4Amec\?
MY, sy X T Aty = 5 () an)
p—Ps

where Equation (12), Equation (14), and Equation (15) were used to obtain the final equality.

3.2. Expectation value of the electric dipole moment induced in a electron-positron
(parapositronium) VF

As discussed in Sec. 3.1, the oscillator corresponding to a parapositronium VF has the resonant
frequency ngPs given in Equation (11). Using the oscillator model of a parapositronium VF, in
this section the expectation value (p;/fps> is calculated for the electric dipole moment induced
in a parapositronium VF by an electric field E(t;) = Eq associated with a photon.

The Schrodinger equation for a one-dimensional harmonic oscillator is

h? d?

1
Hosc = |75 3 9 =~
V(=) [ 2p da? T3

u<w°>2mﬂ (@) = B(a), (18)

where, as discussed in Sec. 3.1, x is the relative position of the positron and electron in the
parapositronium VF. The normalized, ground-state solution[19] to Equation (18) is

1
wo B — W 1'2 1
WO(z) = (%) e rue /20 (19)

The Hamiltonian describing a parapositronium VF that has been polarized by interacting
with the electric field of a photon is the sum of the oscillator Hamiltonian Hoyg in Equation (18)
and the dipole Hamiltonian HYY  in Equation (6). Thus the Schrédinger equation is

dipole
—2# - @ + iﬂp—Ps(Wp—Ps) x” — exEy wp—Ps(l‘) = Ewp—Ps($) . (20)
p—Ps

Factoring % p—Ps (wg_ps)2 out of the two potential energy terms, Equation (20) becomes

2 2
{ h d " lup—Ps(wg_ps)Q [962 _ 2eE°2x] } Yp—ps(x) = Ep_ps(z). (21)

2pp—Ps da? 2 Hp—Ps (Wg_Ps)

The above equation can be solved exactly by “completing the square” of the two terms in square
brackets. When written in terms of the coordinate u defined by

E
u=x— 6—%2 , (22)
/“Lp—Ps(wp_ps)
Equation (21) takes the desired form:
R4l 0 2,2 (eEo)?
- du2 " gMr—Ps - - = Evp_ps(u). 23
24ip_ps a2 + 2:up Ps(wp_Ps) u 2Mp—Ps(w37PS)2 Yp ps(u) Yp pb(u) ( )

The first two terms on the left-hand side of Equation (23) are the Hamiltonian of a harmonic
oscillator; therefore, in comparison with an unpolarized oscillator described by the Hamiltonian
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H,s. in Equation (18), each energy level in the polarized oscillator described by the Schrédinger
equation Equation (23) is lowered by (eEO)Q/[2pp,ps(wg_Ps)2], the change in the energy of a
positronium VF in the presence of a polarizing photon.

From Equation (19) the exact, normalized, ground-state solution to Equation (23) is

1
0 1
—PsW _pe
1/134@(“) _ <:up ;hp Pb) e_:U*p—PswngSUQ/zh' (24)

The expectation value <p¥_FPS> of the electric dipole moment of a polarized parpositronium VF

in the state characterized by wg_Ps(u) is
[e'S) . €2E0
Y = [ v pufu) e ) pu) = 0 (25)
— o MP*PS(wp—PS)

Using pp—ps = me/2 and the explicit expression for wg_Ps in Equation (11),

< VF >_ 32h2€2

Pp—ps) = Eo . (26)

atctm?

Combining the above equation and Equation (17), for parapositronium the right-hand side
of Equation (9) becomes
83ae?
he
Since the mass has cancelled in the above equation, in Equation (9) the contributions from
muon-antimuon VFs and tau-antitau VFs are the same as that from electron-positron VFs. As
a result Equation (9) becomes

Ny ooy ps) = Ey . (27)

p—Ps

Eo . (28)
j=1

The electric field E(t;) = Eg cancels, yielding the formula

3(8%)ac® _ 6uo (8¢
he ow h ’

€0 —

(29)

The final equality in Equation (29) Is obtained using the definition of « in Equation (3) and the
formula ¢ = 1/,/fo¢€o.

Quark-antiquark VFs also form bound states that can oscillate when interacting with the
electric field associated with a photon. The maximum contribution to €y from any of these VFs
is estimated to be smaller than the contribution from charged lepton-antilepton VF's by a factor
of about 1074[1].

4. Resolution of the “vacuum catastrophe” and the “old cosmological constant
problem”

The “vacuum catastrophe” is a calculation of the vacuum energy density of the universe that
is approximately 120 orders of magnitude larger than the observed energy density of the
universe. In this section an explanation is given for why the calculation leading to the “vacuum
catastrophe” is flawed. When calculated correctly, there is no “vacuum catastrophe”. The
“old cosmological constant problem” occurs because the calculated value of the cosmological
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constant is approximately 120 orders of magnitude larger than the observed value. The “vacuum
catastrophe” and the “old cosmological constant problem” have the same origin: once it is
understood that there is no “vacuum catastrophe”, it follows immediately that there is also no
“old cosmological constant problem”.

In Sec. 2.2 it was pointed out that Poincaré invariance of the vacuum implies that vacuum
energy is conserved. The action integral describing the interaction of normal energy (and matter)
is invariant under time translations. From Noether’s theorem[20], it then follows that normal
energy is conserved (independently of vacuum energy). In curved spacetime, however, Birrell
and Davies[21] point out that, “...the Poincaré group is no longer a symmetry group of the
spacetime.” Therefore, when using general relativity to describe normal energy (and matter),
a central question is, “Are vacuum energy and normal energy still conserved independently?”
The action integral for general relativity is invariant under time translations; consequently, from
Noether’s theorem|[20], normal energy is still conserved. The requirement that the vacuum be
the same in any inertial frame implies that the vacuum is homogeneous and is described by a
Minkowski space. As before, vacuum energy is conserved independently of normal energy. Even
in the presence of a huge “normal” gravitational field, the vacuum is not described by curved
spacetime (a Riemannian manifold): the “normal” gravitational field cannot do net work on
vacuum energy (or matter) with the result that the spacetime of the vacuum does not become
curved.

The “vacuum catastrophe” occurs when it is assumed that vacuum energy exerts forces on
normal energy (and matter) in the same way that normal energy exerts forces on other normal
energy (and matter). The assumption is false. Vacuum fluctuations are the manifestation
of vacuum energy. During the existence of a vacuum fluctuation, it cannot do net work on
normal matter and energy because the energy associated with that work would violate the
independent conservation of vacuum energy and normal energy. Also, if vacuum energy could
create a normal gravitational field, that field could do work on normal energy, violating the
independent conservation of normal energy and vacuum energy. Since normal energy is conserved
independently of vacuum energy, normal energy cannot do net work on a vacuum fluctuation
during its existence. The “vacuum catastrophe” does not actually exist because vacuum energy
cannot do net work on normal energy and vice versa: it is incorrect to treat vacuum energy as
if it were normal energy.

The first calculations of the the Casimir effect[22, 23] were based on the idea that the Casimir
force was caused by vacuum fluctuations of the electromagnetic field. If this were so, the Casimir
force, which acts on normal matter, would convert vacuum energy into normal energy so that
the independent conservation of normal energy and vacuum energy would be violated. In more
recent articles[24, 25, 26, 27] the Casimir effect has been explained with vacuum energy playing
no role.

The Planck CMBI[28] anisotropy measurements established that the energy density in the
universe is, to within a fraction of a percent, equal to the critical energy density[29],

universe — Peritical — 87(d

H. 2
very o penery _ 30Oy o g0y (30)

where G and Hj are, respectively, the gravitational force constant and the present value of the
Hubble constant. Imposing the condition that the maximum energy of a photon is the Planck
energy F, = \/hc®/G, the vacuum energy density for photons[30] is,

7

placum enersy _ 787; a5 = 58T 101 J/m®. (31)

Comparing the above two equations, the observed energy density of the universe is about 1020
times smaller than the theoretical energy density resulting from just from photons. Including the
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vacuum energy density from the the eight gluons and the graviton will increase the theoretical
vacuum energy density by an order of magnitude or so. The contribution from fundamental,
massive particles is much less[2].

When a cosmological constant A is included, Einstein’s field equation|[9] is

&rG
LT (32)

Raﬁ - %Rgaﬂ + Agaﬁ =1
c

In Equation (32) R.3, R = R, Jas, and Ti,5 are, respectively, the Ricci tensor, the Ricci scalar,

the metric tensor, and the energy-momentum tensor.

To understand how the “old cosmological constant problem” arises, the energy-momentum
tensor is split into two parts: that arising from normal energy (and matter) and that from
vacuum energy (and matter). The incorrect assumption is then made that vacuum energy
interacts with normal energy in the same way that normal energy interacts with other normal
energy.

TozB _ T;lgrmal energy + T;/Izgcuum energy ( 33)

Substituting Equation (33) into Equation (32),

1 G vacuum energy 8nG normal energy
Rag — 5Rgas + A gop — =5 T = a5 : (34)
As will now be shown, the fact that the vacuum is the same in any inertial reference frame
forces the energy-momentum tensor of the vacuum to have the form of a cosmological constant.

First consider T;’gcuum “NeT8Y in Minkowski space. The only tensor that is invariant under under

Lorentz boosts is the metric tensor 7,43(8], which is diagonal with elements chosen here to be
(-1,1,1,1). As a result,

T;zcuum energy __ 877045 ’ (35)

where § is a scalar.

The vacuum possesses the properties of a perfect fluid: it cannot conduct heat, exert shear
stress or possess viscosity. Modeling the vacuum as a perfect fluid, the energy-momentum tensor
of the vacuum is that of a perfect fluid[9].

TO\:%CUUHI energy — (pvacuum energy + Pvacuum) C%Uoé UB + PV&CUUH’I ?7@/3 , (36)

where pvacuumenergy - pvacaum - and U, are, respectively, the energy density, isotropic pressure,

and 4-velocity of the vacuum. In any inertial frame the vacuum is at rest, implying that the
three-velocity v of the vacuum is zero. Using U,(v = 0) = (¢,0,0,0) the vacuum has the
diagonal energy-momentum tensor Ti,5 where

T(\)/gcuum energy _ pracuum energy Tlef,cuum energy _ TQV;cuum energy _ Tgfgcuum energy _ pvacuum
(37)
Using Equation (37), Equation (33) is satisfied provided
S — _pvacuum energy ’ (383)
pvacuum _ _pvacuum energy (38b)

Eq. Equation (38b) is the equation of state for the vacuum, and the negative pressure in that
equation drives the expansion of the universe. Combining Equation (38a) and Equation (35),

T;,Zcuum energy _ _pvacuum energy Nag - (39)
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In curved space-time Equation (39) would become

Tvacuum energy _ __ ,vacuum energy

oéﬁ p gaﬁ . (40)
Using Equation (40), Equation (34) would take the form,

1 8rG i ener 8rG ]
Roéﬁ _ §Rgaﬁ + <A + 64 pvacuu ene gy) gaﬁ — 04 Or[lgrma energy . (41)

Eq. Equation (41) reveals that if vacuum energy interacts as if it were normal energy, then
vacuum energy would induce a cosmological constant with a value (87G/ct)pvacuum enerey.
consequently, the effective cosmological constant Aeg would be

871G
Aeﬂ = A+ :4 pvacuum energy (42)

The “old cosmological constant problem” arises from Equation (42). An order-of-magnitude
estimate of the last term in Equation (42) is obtained by approximating (but underestimating)
the vacuum energy density by the vacuum energy density of photons given in Equation (31),

8r G vacuum energy 2, 81 vacuum energy 1069m_2 (43)
cd ~ ct photons - .

The experimental value of the cosmological constant is obtained from A = 87GpRa%s O, /c?,
where Q = 0.692[29], and the critical mass density of the universe pa% . = 8.63 X 10727
kg/m?*[29],

Aexpt = 1.11 x 107*m ™2, (44)

The “old cosmological problem” is the fact that the experimental value Acxpt appears to be
approximately 107!2! times smaller than the underestimate of the contribution to A from
the vacuum energy density in Equation (43). Both the “vacuum catastrophe” and the “old
cosmological problem” are caused by incorrectly assuming that vacuum energy can exert a
“permanent” gravitational force on normal matter, which it cannot. Since vacuum energy cannot
exert gravitational forces, it is incorrect to include the energy-momentum tensor of the vacuum
in Einstein’s field equation Equation (41), eliminating the contribution to the cosmological
constant from vacuum energy in Equation (42).

When the universe is modeled as a perfect fluid, the vacuum energy density remains constant
as the universe expands. As is customary, the pressure is taken to be inward. When the
vacuum expands by an infinitesimal volume AV, the work AW done by the pressure PY2°"™ ig
AW = —pvacuum AV Using Equation (38b),

AW — pvacuum energy AV . (45)
The vacuum energy density puy & in the volume AV is
p\:‘c/uum energy __ iv‘z — pvacuum energy , ( 46)

verifying that as the universe expands adiabatically[8, 31, 32], the vacuum energy density remains
constant as it must since the vacuum is everywhere homogeneous.
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5. Summary and discussion

Since the action integral describing normal matter and energy is invariant under time
translations, it follows from Noether’s theorem[20] that Normal energy is conserved. Because
the vacuum is homogeneous, the vacuum energy density must also be homogeneous. That is,
the expectation value of vacuum energy must be homogeneous. If energy could be exchanged
between normal energy and vacuum energy, normal energy would not be conserved and the
vacuum energy density would not be homogeneous: vacuum energy and normal energy are
conserved independently. As a result, during the time that a vacuum fluctuation exists, any
interaction between normal energy and vacuum energy must satisfy the condition that there is
no net transfer of energy between normal and vacuum energy. Therefore, vacuum energy does
not contribute to the energy density of normal matter, explaining why there is no “vacuum
catastrophe”. It then follows that vacuum energy does not gravitate: if vacuum energy could
create a gravitational field, that field could do work on normal energy, violating the independent
conservation of normal energy and vacuum energy. Consequently, the energy-momentum tensor
resulting from vacuum energy should not be included in Einstein’s field equation, resolving the
“old cosmological constant problem”.

The term “vacuum fluctuation” is used by physicists to describe two different entities: Type
1 vacuum fluctuations (VFs) are present for a time At permitted by the uncertainty principle
and are on-shell so they appear as external particles in a Feynman diagram. VFs can interact
with ordinary matter subject to the constraint that during the lifetime of each VF there is no
net transfer of energy between vacuum and normal energy4. Type 2 vacuum fluctuations are a
collection of interacting, virtual particles that arise from —and then disappear back into — the
vacuum. Virtual particles are not actually particles because they only appear in perturbation
calculations. Since virtual particles are off-shell, they are represented by internal lines in a
Feynman diagram, implying that type 2 vacuum fluctuations do not contribute directly to
physical processes.

To minimize the violation of conservation of energy permitted by the uncertainty principle
and to avoid violating conservation of angular momentum and conservation of quantum numbers
such as charge etc., in an inertial frame VF's appear as particle-antiparticle pairs bound together
in the lowest energy state that has zero angular momentum and a center of mass that is at rest.
The VFs that contribute most to €y are bound states of charged lepton-antilepton pairs. When
interacting with a photon, these bound states oscillate similarly to the way an atom or molecule
in a dielectric oscillates: the calculation of the permittivity €y of the vacuum is somewhat similar
to the calculation of the permittivity of a dielectric. Using the formula for €y, formulas for the
speed of light in the vacuum and the fine-structure constant immediately follow, respectively,
from ¢ = 1/,/fo€g and o = €2/ (dmeghc).

The formula calculated here for the speed of light in the vacuum is 1.3% less than the accepted
value. It is not more accurate because only the leading term has been calculated in what turns
out to be an infinite series in «.. In addition to the fact that just the leading term in the series for
c almost agrees with the accepted value, there is another reason for thinking that the calculation
is correct. Since the speed of light in the vacuum is the same in any direction in every inertial
frame, the value of of ¢ calculated here must satisfy that condition. The permittivity of the
vacuum € is calculated by examining the electromagnetic interaction of photons with vacuum
fluctuations. Since both the vacuum and Maxwell’s equations are the same in every inertial
frame, the calculated value of €y is the same in every inertial frame. Because c¢ is calculated
using ¢ = 1/,/€ofio, the calculated value of the speed of light in the vacuum is also the same in
every inertial frame, as it must be.

4 The calculation of €y (from which formulas for ¢ and o immediately follow) relies on the separate conservation
of vacuum and normal energy.
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