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ABSTRACT

A model of a three-dimensional dynamic quantum vacuum with variable energy density is
proposed. In this model, time we measure with clocks is only a mathematical parameter of
changes running in quantum vacuum. Mass and gravity are carried by the variable energy
density of quantum vacuum. Each elementary particle is a structure of quantum vacuum and
diminishes the quantum vacuum energy density. Symmetry “particle — diminished energy
density of quantum vacuum” is the fundamental symmetry of the universe which gives origin
to the inertial and gravitational mass. Special relativity’s Sagnac effect in GPS system and
important predictions of general relativity such as precessions of the planets, the Shapiro
time delay of light signals in a gravitational field and the geodetic and frame-dragging effects
recently tested by Gravity Probe B, have origin in the dynamics of the quantum vacuum
which rotates with the earth.
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1. INTRODUCTION

The idea of 19™ century physics that space is filled with “ether” did not get
experimental proof in order to remain a valid concept of today physics. The concept
of ether was expelled from physics in the light of the null result of Michelson-
Morley experiment, which led to the prevailing opinion, during the 20" century, that
photons can move in an empty space which has no physical origin. However, the
idea that material objects can exist in some empty space has created some
unsolvable problems regarding the description of Sagnac effect in Global
Positioning System (GPS), as well as the interpretation of mass and gravity.

On the other hand, 20" century theoretical physics brought the idea of a quantum
vacuum as a fundamental medium subtending the observable forms of matter,
energy and space-time. As a consequence of quantum field theories and cosmology,
the physical vacuum can be regarded as a unified system governing the processes
taking place in the micro- and the macroworld, which manifests itself on all space-
time scales. The real particles such as electrons, positrons, photons, hadrons etc. as
well as all macroscopic bodies are quantum wave-like excitations of this medium
endowed with certain quantum numbers ensuring their relative stability. According
to the Standard Model, the physical vacuum can be characterized by a total vacuum
energy density which has at least the following three contributions: the fluctuations
characterizing the zero-point field, the fluctuations characterizing the quantum
chromodynamic level of sub-nuclear physics, and the fluctuations linked with the
Higgs field. Moreover, one can speculate that there are also contributions from
possible existing sources outside the Standard Model (for instance, grand unification
theories, string theories, etc...). The missing point inside the physics of the 20"
century is that a region of universal space which theoretically is void of all fields,
elementary particles and massive objects still exists on its own and so must have
some concrete physical origin. The so-called “empty space” is a type of energy that
is “full” of itself, has its independent physical existence. We do not suggest the
necessity to “resurrect” the idea of ether here, we just point out that the concept of
“empty space” deprived of physical properties represents an a-priory accepted
concept in the physics of the 20" century.

The existence of a fundamental medium, able to reproduce the dynamical
features of a concrete universal space and, in reality, constituting the deepest essence
of universal space itself, is an ontological necessity in order to obtain general
relativity as the mathematical description, in the low energy — long wavelength limit,
of the space elementary structure and to create the bridge between quantum
mechanics and general relativity. This could finally lead to a consistent theory of
quantum gravity, in which the quantization will be made on a field function
describing the quantum vacuum and not on collective macroscopic variables
constructed from it, as in all the proposed and commonly accepted alternative
theories of quantum gravity.

As regards the role of the different contributions to the vacuum energy density,
Timashev examined the possibility of considering the physical vacuum as a unified
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system governing the processes taking place in microphysics and macrophysics [1].
We have explored recently this possibility by introducing, on the basis of the
Planckian metric emerging, for example, from loop quantum gravity [2, 3, 4],
amodel of a three-dimensional (3D) dynamic quantum vacuum (DQV) in which
general relativity emerges as the hydrodynamic limit of some underlying theory of
amore fundamental microscopic 3D quantum vacuum condensate where each
elementary particle is determined by elementary reduction-state (RS) processes of
creation/annihilation of quanta (more precisely, of virtual pairs particles-
antiparticles) corresponding to an opportune change of the quantum vacuum energy
density [5, 6]. In this approach, which can be called as “model of the 3D DQV”, the
variable energy density of DQV is the fundamental energy which gives origin to the
different physical entities existing in the universe. The DQV energy density, as
fundamental energy of the universe, cannot be created and cannot be destroyed. All
different particles are different “structures” of DQV. A given particle diminishes
energy density of DQV. Symmetry between a given particle or massive body as
a “structured DQV” and the region of diminished energy density around is
a fundamental symmetry of the universe which generates inertial and gravitational
mass in microphysics and in macrophysics. In this model, time is a fundamental
quantity of the universe which has only a mathematical existence, namely numerical
order of changes. The curvature of space-time characteristic of general relativity
emerges as a mathematical value of a more fundamental actual energy density of
quantum vacuum. The fluctuations of the quantum vacuum energy density generate
a curvature of space-time similar to the curvature produced by a “dark energy”
density [6]. In other words, one can say that, in this model, dark energy is energy of
quantum vacuum itself. It is not that some unknown energy exists in universal space.
Energy of universal space which originates from fluctuations of quantum vacuum is
dark energy.

According to the view suggested in this paper, a three-dimensional DQV
(characterized by a symmetry between particles and variations of DQV energy
density) can be considered as the fundamental arena of the universe. In particular,
here we will show that both special relativity’s Sagnac effect and significant general
relativistic predictions (such as precession of the planets, the Shapiro time delay of
light signals in a gravitational field, the geodetic and frame-dragging effect recently
tested by Gravity Probe B) have origin in a “dragging” effect of DQV with the
rotating earth, which allows us to obtain results in complete agreement with those of
Einstein. A friction acts on bodies moving in the DQV, which causes frame
dragging effect, which was studied, for example, by Francis Everitt group (see [7]
for a review of this research).

In GPS relativity of clocks rate (associated to a special relativistic effect and
a general relativistic effect) also has origin in variable energy density of DQV. Less
dense is DQV energy, slower is rate of clocks, namely slower is the speed of
material changes. Relativistic mass of a given particle is also a result of additional
lower energy density of DVQ and additional absorption of quantum vacuum energy
due to its high velocity. In this model velocity of light all over the universe is
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constant with a minimal variation which depends of the variable energy density of
DQYV (in agreement with Shapiro effect).

A given material object, stellar object or particle cannot be examined separately
from the region of diminished quantum vacuum energy density which is moving
with it. An extended region of diminished energy density of quantum vacuum
around the Earth is moving with the Earth. In this picture, the null result of
Michelson-Morley experiment is determined by the motion effect of the region of
diminished quantum vacuum energy density around the Earth with the Earth.

According to Sato’s recent research GPS system functions because Earth rotates
in the fixed ether. Sato showed that the complete ether-dragging hypothesis is
compatible with the Michelson-Morley experiment in a picture where the speed of
light ¢ is not a fixed constant in each inertial reference frame [8]. The hypothesis of
ether-dragging was derived from the proposal by Maxwell that the Maxwell
equation and wave equation are satisfied in the stationary coordinate system, i.e., the
stationary ether. Maxwell predicted an ether-wind; however, GPS experiments
showed that the ether-wind was not observed at least up to 20,000 km from the
ground level. Today, the GPS experiments show that if there is ether-dragging, it
will be observed as an ether-wind more than 20,000 km from the ground level.
Moreover, the ether is not only dragged but also modified by gravity. The values of
the permittivity and permeability of the free space change in order to satisfy the
effect of the gravitational field on the time dilation, and these modifications
determine a decrease of the speed of light. In our model DQV is the medium of light
propagation, which Sato names “ether”. We propose Michelson-Morley experiment
will not give null result on the satellite which is more than 20,000 km distant from
the Earth (see figure 1).

satellite

Figure 1: Region of diminished energy density of DQV is moving with the Earth.

In special relativity light has a constant velocity in all inertial systems regardless
their motion because light is a vibration (excitation) of DQV and all inertial systems
move in DQV. Frequency of light from a given source is variable in inertial systems
with different velocity because of Doppler effect (see figure 2):
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Figure 2: Constancy of ¢ and variability of light frequency in special relativity.

This paper is structured in the following manner. In chapter 2 we will review the
interpretation of mass and gravity in the 3D quantum vacuum model proposed by
the authors in the papers [5, 6], focusing the attention on the equivalence between
the fluctuations of the quantum vacuum energy density and the curvature produced
by the dark energy density and, then, we will introduce the concept of the
“dragging” phenomenon of a region of 3D quantum vacuum determined by the
changes of its energy density. In chapter 3 we will analyse the Sagnac effect in the
context of the 3D quantum vacuum model. In chapter 4 we will explore the role of
the “dragging” effect of the quantum vacuum as regards precessions of the planets.
In chapter 5 we will analyse the re-reading provided by the 3D quantum vacuum
model of the Shapiro time delay of light signals in a gravitational field, as well as of
the geodetic and frame-dragging effects recently tested by Gravity Probe B. In
chapter 6 we will introduce a possible link between quantum vacuum energy density
and relative velocity of clocks. Finally, in chapter 7 we will make some
cosmological considerations in the dynamic quantum vacuum model.

2. INERTIAL MASS, GRAVITATIONAL MASS, ENERGY DENSITY OF
QUANTUM VACUUM AND DARK ENERGY

In a given physical system or region of space, energy has a tendency for
homogeneous distribution. In a given volume ¥ of universal space the total sum of
the different forms of energies (due to the different physical interactions and fields)
tends to be constant [9]. Quantum vacuum, intended as a unified system governing
the processes taking place in the micro- and the macroworld, is dynamic in the sense
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that the presence of a given stellar object or elementary particle (or interaction)
reduces the amount of the quantum vacuum energy.
In the absence of elementary particles, atoms and massive objects, energy
density of quantum vacuum is defined by the following relation:
2
m,-c
Poe =75 (1)
P

where 7, is Planck mass, and /, is Planck length. The quantity (1) is the maximum
value of the quantum vacuum energy density and physically corresponds to the total
average volumetric energy density, owed to all the frequency modes possible within
the visible size of the universe, expressed by

14
P :th?z4,641266-10“3J/m3 =10"Kg/m’. @)

The DQV energy density (1) identifies a 3D Euclidean space as a preferred
fundamental arena, which is quantitatively defined by Galilean transformations for
the three spatial dimensions

X'=X-v-7r
Y'=Y (3)
7'=7

and Selleri’s transformation

“4)

for the rate of clocks (where V is the velocity of the moving observer O' of the
inertial frame o’ measured by the stationary observer O and 7 is the proper time of
the observer O of the rest frame o, namely the speed of clock of the observer O). The
clocks’ running as well as the other relativistic effects are influenced by the motion
relative to the rest frame of the Euclidean space associated with the quantum
vacuum energy density (1) [10].

The quantum vacuum energy density (2) is usually considered as the origin of
the dark energy and thus of a cosmological constant, if the dark energy is supposed
to be owed to an interplay between quantum mechanics and gravity. However, the
observations are compatible with a dark energy density

~1026 3
Pre =107 Kg/m (5)
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and thus equations (2) and (5) give rise to the so-called “cosmological constant
problem” because the dark energy (5) is 123 orders of magnitude larger than (3). In
order to solve this problem, Santos recently proposed an explanation for the actual
value (4) which invokes the fluctuations of the quantum vacuum [11]. In Santos’
approach the dark energy density Ppz is the effect of the quantum vacuum
fluctuations on the curvature of space-time according to equation

Por =70G[" C(s)sds (6)

which states that the possible value of the “dark energy” density is the product of
Newton’s gravitational constant times the integral of the two-point correlation
function of the vacuum fluctuations defined by

(i -7)= %(vaclﬁ(ﬁ )P, 1)+ Pl 0)p(F 1) vac), ()

p being an energy density operator such that its vacuum expectation is zero while

the vacuum expectation of the square of it is not zero. The relations between the
metric coefficients and the matter stress-energy tensor are non-linear and, as
a consequence, the expectation of the metric turns out to be not the same as the
metric of the expectation of the matter tensor and the difference between these two
quantities gives rise to a contribution of the vacuum fluctuations mimicking the
effect of Einstein’s cosmological constant. In Santos’ approach, in analogy with
a suggestion of Zeldovich [12], the observed value of the dark energy density (5)
may also be reproduced by proposing that an elementary particle with frequency
®=Gm’c/h* determines a gravitational energy density due to dark matter given by

Ppec’ Zho /1’ ®)

where r, =%/ mc is its Compton’s radius.

Moreover, in the picture of Rueda’s and Haisch’s interpretation of the inertial
mass as an effect of the electromagnetic quantum vacuum [13], the presence of
a particle with a volume ¥V, expels from the vacuum energy within this volume
exactly the same amount of energy as is the particle’s internal energy (equivalent to
its rest mass) according to relation

V. ho’
m, =C—2J.77(a))TC;)C3da) &)

where the dimensionless parameter 7(w) represents the frequency dependent part of

the scattering of the energy flux (namely the gauge factor).

Taking account of Santos’ results and of Rueda’s and Haisch’s results, one can
consider that each elementary particle is associated with fluctuations of the quantum
vacuum which determine a diminishing of the quantum vacuum energy density. In



18 D. FISCALETTI AND A. SORLI

our model, the quantum vacuum energy density (1) can be considered as the ground
state of the same physical flat-space background. The appearance of material objects
and subatomic particles correspond to changes of the quantum vacuum energy
density and thus can be considered as the excited states of the same DQV. In other
words, energy of matter can be seen as a structured energy of DQV. Every particle is
made out of DQV energy and thus it is not a different entity from quantum vacuum
energy. Every particle can be considered as an excited state of the same DQV
characterized by a lower energy density than the Planck energy density (1): each
excited state of the DQV is defined by a diminished energy density which
corresponds exactly to the energy of the particle under consideration. In this sense,
matter cannot be seen as an isolated element in universal space: particles and the
region of diminished energy density of quantum vacuum are inseparable.

Each material object endowed with a mass m is produced by a change of the
DQYV energy density on the basis of equation

V-A
C
where
quvE :ppE_IquE (11)
m-c’ 3m-c?
quEzppE_ V zppE_47Z'-r3 > (12)

where m is the mass of the object, V' is its volume and r is the radius of the material
object (interpreted as a sphere).

Equation (12) expresses DQV energy density in the centre of the material object
under consideration. On the basis of equation (12), DQV energy density constitutes
an ontologically primary physical reality with respect to mass.

In this picture, the appearance of baryonic matter derives from an opportune
excited state of the 3D quantum vacuum defined by an opportune change of the
quantum vacuum energy density and corresponding to specific reduction-state (RS)
processes of creation/annihilation of quanta (analogous to Chiatti’s and Licata’s
transactions [14, 15]). The excited state of the quantum vacuum corresponding to the
appearance of a material particle of mass m is defined (in the centre of that particle)
by the energy density (12) (and by the change of the energy density (11), with
respect to the ground state) and its evolution is determined by opportune RS
processes of creation/annihilation of quanta described by a wave function at two
components satisfying a time-symmetric extension of the Klein-Gordon quantum
relativistic equation
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H 0
C=0, (13)
0 —-H
2
where H :(_hza”a” +V_2(quvE)ZJ. Equation (13) corresponds to the following
c
equations
& )
(_hza#a;t +C_Z(quvE) jl//Q,i(x)zo (14)
for creation events and
V? )
(hzﬁ"ﬁﬂ _c_Z(quvE) j¢g,i (x)=0 (15)

for destruction events.

In this way, it is considered here the possibility that relations (10)-(12) are valid
both in macrophysics and in microphysics. Equations (10)-(12) describe baryonic
matter both in macrophysics and in microphysics.

On the other hand, in a series of recent papers [16-19], Sbitnev introduced the
perspective to describe the physical vacuum as a super-fluid medium, containing
pairs of particles-antiparticles which make up a Bose-Einstein condensate,
characterized by relativistic hydrodynamical equations which lead to the emergence
of quantum equations (the Klein-Gordon equation and, in the non-relativistic limit,
the Schrodinger equation) and provide a description of the motion of spiral galaxies.
Taking account of Sbitnev’s results, here we can therefore assume that, in the
presence of ordinary baryonic matter, the 3D quantum vacuum physically acts as
a superfluid medium, which consists of an enormous amount of RS processes of
creation/annihilation of particles-antiparticles with opposite orientations of spins
(namely that these pairs possess zero spin, constitute an organized Bose ensemble,
such as for example the case of the superfluid helium [20]). In this way, the 3D
quantum vacuum can be characterized by the following Einstein energy-momentum
tensor

T =(s+ plu'u" + pn™" . (16)

In equation (16) & and p are functions per unit volume expressed in units of
pressure and the metric tensor 7*" has the spacelike signature (—,+,+,+). From the
energy-momentum tensor (16), one obtains the following conservation law

a#(VT’”/n)zo, (17)
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where 7 is the number of the RS processes of virtual sub-particles characterizing the
vacuum medium.

Now, by following the philosophy that underlines Sbitnev’s hydrodynamic
picture provided in [19], from equations (16)-(17) one obtains the first Fick’s law in
the relativistic limit in the form

Ju= —%%(quv,g), (18)

where D is a diffusion coefficient having the dimension of length’® /time. On the

basis of relation (18) the diffusion flux vector can be seen as a result of scattering of
the sub-particles of the RS processes characterizing the vacuum on each other (and,
in particular, turns out to be proportional to the negative value of the gradient of the
fluctuations of the quantum vacuum energy density). As a consequence of the
motion of the virtual particles corresponding to the elementary fluctuations of the

quantum vacuum energy density, space-time is filled with virtual radiation with
2

frequency o = % Here, the diffusion coefficient associated with the scattering of

the sub-particles of the RS processes characterizing the vacuum in a given volume V/
can be expressed as

hen
D=——— (19)
2Aﬁ)quV
and thus the frequency of the virtual radiation produced by the evolution of the RS
processes is

w= M ) (20)
hn

In the light of equations (19)-(20), we can say that each elementary fluctuation
of the DQV energy density in a given volume produces an oscillation of the vacuum
at a peculiar frequency. This means that each material object given by mass (10)
corresponds to oscillations of the vacuum given by equation (20).

The total effect of the motion of the virtual particles produced by the amount of
RS processes characterizing a given region — in correspondence to changes of the
quantum vacuum energy density — is to generate a dragging, pushing effect of the
3D quantum vacuum. In particular, one may describe the pushing effect of a region
of volume V of the DQV in a given point at a distance R from the centre of that
volume by defining a velocity of the 3D DQV on the basis of equation

2quvEV

Yo hn

R. Q1)
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The DQV velocity (21) is defined with respect to the special rest frame of the
Euclidean space associated with the quantum vacuum energy density (2). In other
words, the rest frame corresponding to the Planck energy density is a special frame
in which the DQV velocity (21) is zero, all material objects (and thus all variations
of the energy density of DQV) correspond to regions of the DQV endowed with
a velocity (21) with respect to this special frame.

Going away from the centre of a given material object energy density of
quantum vacuum increases according to the following formalism:

2
3m -c

P gwE= PrE —W’

(22)
where m is the mass of the material object, 7 is radius of the material object and d
is the distance from the centre of the material object to a given point T (see figure 3).
When d = 0, one gets energy density of QDV in the centre. When d = r, one gets
energy density of DQV on the surface of the stellar object. When d — oo, one gets
energy density of QDV in intergalactic empty space far away from stellar objects.

Figure 3: Density of DQV in the centre, on the surface and distant from a stellar object.

Inside the Schwarzschild radius

3 2Gm’

s 2
c

r (23)
where G is the gravitational constant and m is the mass of a stellar object, the energy
density of quantum vacuum is at its minimum and constant. Combining equations
(12) and (23), we get the following expression for the energy density of quantum
vacuum inside Schwarzschild radius:

3c®

322G m? @)

pqu: ppE -
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In black holes energy density of quantum vacuum is at its minimum and under its
value which is required for stability of elementary particles. Each particle is un-
dividedly related to its region of diminished energy density of DQV. Inside
Schwarzschild radius low energy density of quantum vacuum does not provide
anecessary quantum vacuum “background” for stability of elementary particles and
stability of atoms. That is why inside Schwarzschild radius matter transforms back
into electromagnetic energy and this back into energy of quantum vacuum.

On the basis of equations (10), (11), (12), (22) and (24), only a material particle
can diminish energy density of quantum vacuum exactly accordingly to its
mass/energy. Energy, mass and gravity have the same origin in diminished energy
density of DQV. This is expressed in the following equation:

E:m'CZZAEqV:(pPE_pqu)'V. )

According to equation (25), energy £ of a given particle is made out of quantum
vacuum energy AE,, which diminishes Planck energy density p,, of quantum
vacuum in the centre of this particle respectively to amount of its energy £ .
Gravitational mass and inertial mass have the same origin. Moreover, energy of
relativistic particle in relation with relativistic mass and diminished energy density
of DQV can be expressed as:

E=1-m-c’ =AE (26)

qv >

where y is the Lorentz factor.

In outer intergalactic space energy density of DQV is at its maximum. Energy of
quantum vacuum is forming in electromagnetic waves, called “cosmic radiation”
[21] and this further in elementary particles. This circulation of energy in the
universe is in permanent dynamic equilibrium. In this picture, universe is not
a created system and will not have an end. It is an utter misunderstanding to
compare universe and life with man-made machines which are ruled by second law
of thermodynamics. Energy of DQV is not created and cannot be destroyed.

energy of
quantum vacuum

Figure 4: Permanent circulation of energy in the universe.
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The presence of a material object diminishes the energy density of quantum
vacuum. Energy density of quantum vacuum is increasing with the increasing of the
distance from a given material object. The higher energy density of quantum
vacuum around is pushing towards lower energy density and this pressure is the
origin of the inertial and gravitational mass and their equality (see figure 5).

Figure 5: Presence of a given material object diminishes energy density of quantum vacuum
and this generates inertial mass and gravitational mass.

The presence of two or several material objects, namely elementary particles, atoms,
massive objects or stellar objects diminishes the energy density of quantum vacuum
thus generating gravitational mass and gravity. Gravity is pushing from the outer
higher energy density of quantum vacuum around a given material object towards
the lower energy density of quantum vacuum around a given material object.

The changes and fluctuations of the quantum vacuum energy density determine
a curvature of space-time similar to the curvature produced by a “dark energy”
density, through a quantized metric characterizing the underlying microscopic
geometry of the 3D quantum vacuum [6]. In order to illustrate in detail this point, let
us remember that, in the model proposed by Santos in [11], the quantum vacuum
fluctuations give rise to a curvature of space-time similar to the curvature produced
by a “dark energy” density by invoking, in the picture of the Friedmann equations

il 82G i 8aG(1
- = (pmat +pDE)’ - = _pmatt+10DE H (27)
a 3 a 3 (2

a quantum metric of the form
ds* = g, dx"dx" (28)

where the quantum coefficients (in polar coordinates) are

Soo=—1+hy, &, =1+h,, &y, :7”2(1"‘}122)’ 853 = r?sin’ ‘9(1+h33)’
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g, = I%W for {# v, (29)

where

<ﬁyv> =0 except <ﬁoo> = %(pmat * Ppr )’”2 and

~ 871G 1
<h11> = T(IDDE - Epmatjrz . (30)

In equations (30), <hﬂv> stands for (¥|1,.[¥), ppe is the dark energy density (4),
Pua s the matter density, ¥ is the quantum state of the universe for which the
expectation of the stress-energy tensor operator of the quantum fields satisfies
equations

quvE . <‘P

2 s
C

(P} Y) = T

W) =0 for yv =00 (31)

in order to obtain the correct Friedmann-Robertson-Walker metric.

Now, in our approach of the 3D DQV whose ontologically primary reality is
represented by a variable quantum vacuum energy density, we can provide a new re-
reading of Santos’ results by invoking the perspective that both the dark energy (5)
and the matter density appearing in equations (27) and (30) are different aspects of
the same energy of a fundamental DQV. So, in our model, taking account of Santos’
results, the quantized metric of the 3D quantum vacuum condensate is expressed by
relation

s’ =g wdxtdx” (32)

where here the (quantum operators) coefficients of the metric are defined (in polar
coordinates) as

A

goo :_1+h00’ g =1+};11, g :”2(1"'}’22)’ §33 :rzsinzlg(]-}-hn)’

gAW :hﬂv for H#v . (33)

As regards the coefficients (33), multiplication of every term times the unit operator
is implicit and, at the order O(r2 ), in the light of equation (6) one obtains

. -\ 87G( AP 35GE ‘
<hﬂv>=0 except <h00>= IZG[ pZE—i- Ge (Vqu[igj }’2 and

3| ¢ 2m'r\e?
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hll

871G Ap,r 35GA(V ¢
< >: 3 2cqu+27zh4V( A DEJ . e

cz qvE
Moreover, it is assumed that the metric (32) is close to Minkowski (namely that,
when the distance » — 0, one has g  — 7, , where 5, is the Minkowski metric)

DE
qvE

and, in equations (34), Ap.’. are opportune fluctuations of the quantum vacuum

energy density which determine the dark energy density on the basis of relation

L35G (Vo °
Y N AV

DE (35)
Here, therefore, dark energy emerges as energy itself of the 3D quantum vacuum
and the fluctuations of the quantum vacuum energy density play the same role of
Santos’ two-point correlation function. In our approach, there is an equivalence
between the fluctuations of the quantum vacuum energy density and the two-point
correlation function: the fluctuations of the 3D quantum vacuum energy density act
as a two-point correlation function (4) on the basis of relation

C4 V DE 6~ wC()d
C—zquvE = Io s)sas . (36)

47h*

The physical significance of equations (34) becomes therefore the following: on the
basis of the assumption that the primary physical reality is represented by the
variable energy density of DQV, and thus that the dark energy density (5) and the
density of matter P... which appear in the metric of space of Santos’ approach here
are both assimilated to opportune fluctuations of a variable energy density of the
same fundamental DQV, the computation of the expectation values of the quantum
operators /,, turns out to be equivalent to numerical results which depend directly
on the changes of the quantum vacuum energy density (as well as on the fluctuations
of the quantum vacuum energy density determining the dark energy density) and this
implies that the coefficients of the quantized metric (32) are indeed given by
quantities depending on the changes of the quantum vacuum energy density. As
regards the metric (32), it must also be emphasized that, by virtue of the behaviour
of opportune and specific changes of the quantum vacuum energy density, at the
atomic scale quantization is essential, but at a cosmic scale the quantum metric may
be approximated by a classical metric which is the expectation of the former, in
agreement with Santos’ results.

The underlying microscopic geometry defining the 3D DQV generating gravity
may be furthermore characterized on the basis of Gao’s treatment of the quantum
uncertainty principle [22] and of the hypotheses of space-time discreteness at the
Planck scale in Ng’s results [23-26]. Taking into account that in Ng’s model the
structure of the fundamental space-time foam can be inferred from the accuracy in
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the measurement of a distance / — in a spherical geometry over the amount of time
T =2l/c, it takes light to cross the volume — given by
1/3
a =272 /3) 1 (37)

by applying this discreteness hypothesis of Ng’s model to Heisenberg’s uncertainty
relations and following [22], one obtains that the quantized metric (32) can be
associated with an underlying microscopic geometry expressed by equations

szi+ £(27z2/3)“1“1;}/3, (38)
2Ap  2h

which is the uncertainty in the measure of the position,

2
which is the time uncertainty and
ez n3) e E
AL = (40)

2h

which indicates in what sense the curvature of a region of size L can be related to the
presence of energy and momentum in it. The uncertainty relations (38)-(40) are
obtained by making use of a dimensional analysis which really may lead also to
many other possible (infinite) final expressions; as a consequence, a possible
criticism to them is that they cannot be treated as fundamental. However, it must be
emphasized that, in the light of recent Gao’s results, the existence of a minimum
observable interval of a discrete background expressed by equations of the form
(38)-(40) can provide a deeper understanding of special relativity, general relativity
and quantum theory, and also have implications for the solutions to the measurement
problem and the problem of quantum gravity: when combining with the uncertainty
relations of the form (38)-(40), the discreteness of space may help explain why the
speed of light is invariant in all inertial frames, why matter curves spacetime
(showing that the dynamical relationship between matter and spacetime holds true
not only for macroscopic objects but also for microscopic particles) and why the
wave function collapses in agreement with experiments [27].

The quantized metric (32) of the model of the 3D DQV proposed in this chapter
finally allows the quantum Einstein equations

R 871G ~
G/W: c4 Tyv (41)
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(where the quantum Einstein tensor operator G,, is expressed in terms of the
operators #,,) to be obtained directly. This means that the curvature of space-time
characteristic of general relativity may be considered as a mathematical value which
emerges from the quantized metric (32) and thus from the changes and fluctuations
of the quantum vacuum energy density (on the basis of equations (33) and (34)) [6].

3. SAGNAC EFFECT AND DYNAMIC QUANTUM VACUUM

Sagnac effect lies in the different velocities of different light signals relative to
an interferometer. Light signals coming from a source S are divided by the half-
silvered-mirror HSM into two beams which follow clockwise or counter-clockwise
paths, of equal length, back to HSM where they are recombined and detected at
a final mirror D (see figure 6); when the interferometer is rotated with a given
angular velocity, a phase shift develops between clockwise- and counter-clockwise-
rotating beams owed to different times-of-passage of the light signals, which is
linked to the different velocities of clockwise- and counter-clockwise-rotating light
beams relative to the interferometer. Sagnac published the results of his rotating
interferometer experiment in 1913 [28]. When the whole apparatus, including the
light source and the detector (which in Sagnac’s original experiment was
a photographic plate) is rotated, a fringe shift AZ is observed, corresponding, at the
lowest order in the angular velocity, to a phase difference between the counter-
rotating beams of

A =27A7 =870 A/(A,c) 42)

where Q is the angular velocity vector, 4, is the vacuum wavelength of the light,
‘ 21‘ is the area enclosed by the circulating light beams and 4 is perpendicular to the
plane of the interferometer. The fundamental space-time effect underlying the phase
shift is a different transit time from beam-splitter to beam-splitter for clockwise- and
counter clockwise-rotating beams, when the interferometer is rotating.

M;/ M

Figure 6: A Sagnac interferometer.
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In our approach, the