GENERAL PHYSICS

https://doi.org/10.15407 /ujpe65.2.106

D. FISCALETTL1 A. SORLI?
1 SpaceLife Institute

(Italy; e-mail: spacelife.institute@gmail.com)

2 Foundations of Physics Institute

(Slovenia; e-mail: sorli.amrit@gmail.com)

A THREE-DIMENSIONAL NON-LOCAL
QUANTUM VACUUM AS THE ORIGIN OF PHOTONS

A model of a three-dimensional quantum vacuum defined by the processes of creation/anni-
hilation of quanta corresponding to elementary energy density fluctuations is proposed. In it,
a photon is not a primary physical reality but emerges itself as a special state of the three-
dimensional quantum vacuum. In this model, the three-dimensional quantum vacuum has a
ground state which acts as a “cosmic reservoir” of photons, which emits and absorbs photons
and Planck’s law of the spectral distribution of the energy radiated by a black body derives
from the fundamental processes in the three-dimensional quantum vacuum, in particular, in
the context of a quantization volume responsible for the appearance of photons. Finally, the
idea of the Lamb shift of hydrogenoid atoms as a phenomenon determined by the ground state
of the quantum vacuum which acts as a reservoir of photons is explored.
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1. Introduction

CMB (cosmic microwave background) is supposed to
be the relict radiation which started after the Big
Bang in the recombination period. The CMB is char-
acterized by an anisotropy which is of crucial physical
importance in the sense that, in correspondence to
tiny temperature fluctuations, small density inhomo-
geneities occur in CMB, grow in the time under the
influence of the gravity, and become all the structures
we see now in the Universe. Without an anisotropic
CMB, we would not exist. But what was the origin
of these small fluctuations?

The simple calculation shows that CMB could not
reach us yet. The diameter of the Universe is 13.7 bil-
lion light years according to the Big Bang model. The
Universe radius measured on the basis of astronomic
observations is 46.6 billion light years. This means
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that CMB has reached the distance from the hypo-
thetical Big Bang which is about 13.7 billion light
years and is now 32.9 billion light years far from
us [1]. By taking the fact above, CMB has origin in
a quantum vacuum characterized by energy fluctu-
ations. We suggest the possibility that the real ori-
gin of the small temperature fluctuations associated
with the small density inhomogeneities characterizing
CMB is represented just by the elementary energy
fluctuations of the quantum vacuum.

The quantum vacuum can be considered as the
“cosmic reservoir” of all the spectrum of electromag-
netic radiation. When the quantum vacuum is heated
up, the spectrum of radiation is extending. Our Sun
is emitting the entire electromagnetic spectrum [2].

Every physical object is emitting the “black body
radiation”. The ultimate origin of this radiation is the
quantum vacuum. When a given body is absorbing a
given photon radiation, photons are not stored in elec-
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trons; they are stored back into the quantum vacuum
as a background which pullulates of the vibrating en-
ergy and vitality.

Let us consider, for example, two plates of iron. Let
us heat the left plate, so that it starts glowing and
emitting photons (see Fig. 1). When we heat the left
plate, this perturbs the activity of the quantum vac-
uum in the sense that photons in the quantum vac-
uum are getting excited. As a consequence, the right
plate absorbs these photons which are emitted from
the left plate. By virtue of these processes, the elec-
trons of the material tend to jump on the higher en-
ergy levels. Each electron is excited by a specific pho-
ton, and, after hitting its corresponding electron, each
given photon is dissolving back into the vacuum.

In the famous pioneering work of 1945, Wheeler
and Feynman proposed the idea of that the oscilla-
tion of an electron provokes the reaction of all the
other charged particles through the transmission of
direct signals by each particle at a distance without
the action of fields [3|. In this approach known as the
Wheeler—Feynman absorber theory, the medium rep-
resented by the total effect of all the things exist-
ing in the Universe is a perfect absorber as regards
the received signal and, at the same time, is a per-
fect emitter as regards the emitted signal. Then, in
a series of papers published during the 1980s [4-7],
by following the philosophy of the Wheeler—-Feynman
absorber theory, J. Cramer developed an interpre-
tation of quantum mechanics, the so-called transac-
tional theory. In it, the view of the action at distance
between electrons implies the possibility to define a
vacuum background characterized by a fundamen-
tal non-locality, where a quantum process is a time-
symmetric process, in which one has an “absorber”
which generates confirmation waves in response to
an emitted offer wave. In recent years, the transac-
tional theory of J. Cramer was finally extended into
a real fledged theory, on one hand, by Ruth Kastner
[8-11]. He built a possible transactional interpreta-
tion, where the space-time unfolds as an emergent
manifold from a more fundamental collective struc-
ture, a “pre-space-time” characterized by “transac-
tional processes” (constituted by the emission and
absorption of quanta) involving de Broglie waves and
resulting in transfers of energy from an emitter to
an observer, which must be considered as pre-space-
time objects at the micro-level. On the other hand,
I. Licata and L. Chiatti [12-17] developed an ap-
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Fig. 1. Photon emission and absorption

proach, where the fundamental arena of the Universe
is an archaic, timeless vacuum from which patterns
emerge by reduction-state processes corresponding to
the events of creation and destruction (or, in other
words, the physical manifestation and demanifesta-
tion) of certain quantities, and such patterns influ-
ence the vacuum activity, in a quantum feedback.

Now, according to the model of a three-dimensional
(3D) timeless quantum vacuum proposed by the au-
thors of this paper in [18-25], it is possible to go be-
yond the results of Wheeler, Feynman, Cramer, Kast-
ner, Chiatti, and Licata in the following sense. The
real key of the explanation of the direct interaction
at a distance between material particles and their
medium invoked by the Wheeler-Feynman approach,
as well as of the transactional processes considered
by Cramer, Kastner, Chiatti, and Licata, lies in the
fact that there is a fundamental symmetry between
matter and space. In our approach, in fact, matter
and space are made by the same “stuff”: subatomic
particles are given by opportune diminutions of the
quantum vacuum energy density with respect to the
Planck energy density

mpC2
B
(where mp is Planck’s mass, ¢ is the light speed,
and lp is Planck’s length), which represents the
ground state of the 3D quantum vacuum, correspond-
ing to elementary reduction-state (RS) processes of
creation/annihilation of quanta of the 3D quantum
vacuum which are somewhat similar to the transac-
tional processes invoked by Chiatti and Licata [12-17]
in their interpretation of an archaic, atemporal vac-
uum. In other words, the elementary particles and
massive bodies in our model are just different struc-
tures of the quantum vacuum. Every elementary par-
ticle can be seen as an extended form of the quan-
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Fig. 2. Electron as the door of exit and entrance of a photon

tum vacuum which appears in the physical world
as a “particle”. We note that the original Wheeler—
Feynman absorber theory, allowing an interpretation
of light as the direct and instantaneous interaction
between electrons, eliminated photons as a physi-
cal reality. But in our model of 3D timeless quan-
tum vacuum, we can say that electrons are not emit-
ting and absorbing photons on their own. Electrons
are quantum vacuum structures through which pho-
tons are emitted from the vacuum and absorbed into
the vacuum as a consequence of the more fundamen-
tal elementary RS processes of creation/annihilation
(see Fig. 2 below). This means that photons cannot
be considered as primary physical realities, but are
emergent from the network of RS processes of cre-
ation/annihilation generating the fluctuations of the
quantum vacuum energy density. Photons are ulti-
mately generated by the fundamental processes of the
3D quantum vacuum.

This paper is structured in the following way. In
Section 2, we will make some preliminary consider-
ations about a 3D quantum vacuum as the funda-
mental arena of the Universe in a bijective research
methodology. In Section 3, we will develop our new
suggestive interpretation of the photon inside the 3D
timeless quantum vacuum. In Section 4, we will an-
alyze how to re-read Planck’s law of spectral distri-
bution of the energy radiated by a black body in our
model of the 3D quantum vacuum. Finally, in Sec-
tion 5, we will show in what sense the 3D quan-
tum vacuum acting as a reservoir of photons is the
primary physical reality which is responsible for the
Lamb shift of hydrogen-like atoms.

2. Bijective Research
Methodology on Quantum Vacuum

In the 20-th century, the prevalent paradigm in
physics was that particles and fields are different
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types of energy, which exists in an “empty space”. Fol-
lowing P. Dirac, the physical vacuum is not seen as
a purely geometrical container, and the concept of
virtual particles populating the physical vacuum and
the idea of vacuum polarization have become a stan-
dard way to consider the physical vacuum. Indeed,
the Standard Model of particle physics yet does not
account for the quantum features of the vacuum, in
particular, its energy density, and yet does not man-
age to understand the real physical meaning of the
virtual particles of the vacuum.

In the 21-st century, the understanding has ap-
peared that the existence of energy in the space re-
quires that the space also be a type of energy. Ac-
cording to the bijective research methodology pro-
posed by the authors of this paper, which requires
the existence of a direct epistemological correspon-
dence between elements of a theory and elements of
the physical reality, the universal space has the ori-
gin in a 3D quantum vacuum which is the primordial
energy of the Universe and fundamental arena of the
Universe [26]. We can denote the physical quantum
vacuum as a set Xg and a model of the quantum
vacuum as a set Yp. In the set X, we have different
types of energy X1, X5, X3, ..., X,;. In the set Yy, we
also have the corresponding different types of energy
Y1,Y5, Y3, ... Y,. The sets Xy and Y, are related by
the bijective function:

f : Xo — Y07 (2)
f : {X17X27X37 7Xn} — {Yla}/?7y37~-~7yn}- (3)

The bijective methodology is assuring a 100-% exact
model of physical reality, because every element in
the model corresponds exactly to one element in the
physical world. According to the bijective methodol-
ogy, the primitive ontology of our 3D quantum vac-
uum model is thus represented by the different ener-
getic fluctuations of the quantum vacuum occurring
in different regions, their relations of distance, and
their changes. All the other constructions of physics
are somewhat emergent with respect to the network
of these energetic fluctuations, their relations of dis-
tance, and their evolution. In particular, the quan-
tum vacuum in this model is the “cosmic reservoir” of
photons and appears as a kind of the Einstein—Bose
condensate.

In particular, the bijective model implies that the
notion of force cannot be considered as a primary
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physical reality in our physical theories, but is an
emerging property which derives from the motion of
a moving object. In other words, force does not have
existence on its own. From the point of view of the
bijective methodology, one can say that the different
physical fields and interactions can be seen as differ-
ent aspects of the same 3D timeless quantum vacuum,
which is the only field existing in the Universe at a
fundamental level.

As regards electromagnetism, the frequency of the
virtual radiation generated by the motion of virtual
particles-antiparticles associated with the evolution
of the RS processes of the 3D quantum vacuum may
be considered as the origin of the electromagnetic ef-
fects of the 3D quantum vacuum. In particular, the
electromagnetic field inside a perfectly reflecting cav-
ity is associated with the infinite different modes of
the fundamental 3D quantum vacuum, where each
mode corresponds to an independent oscillation de-
fined by the frequency produced by a specific RS pro-
cess of creation/annihilation of quanta in correspon-
dence to elementary fluctuations of the 3D quantum
vacuum.

3. From the Reduction-State

Processes of Creation/Annihilation

to a Photon as a Wave-Corpuscle Emerging
Entity of the Three-Dimensional

Quantum Vacuum

The 3D quantum vacuum is a sort of the Bose-Ein-
stein condensate acting as a superfluid medium in the
sense that the RS processes of creation/annihilation
of virtual particle/antiparticle pairs give rise to a to-
tal zero spin. The excited state of the 3D quantum
vacuum corresponding to the appearance of a mate-
rial particle of mass m is defined (at the center of that
particle) by the energy density

m02

P=ppE = (4)

where V' is the volume of the massive particle. In
other words, each subatomic particle is generated by
diminishing the quantum vacuum energy density with
respect to the Planck energy density (1) character-
izing the ground state. The evolution of the oppor-
tune RS processes of creation/annihilation of par-
ticle/antiparticle pairs generating a particle is de-

scribed by a wave function C' = Cg) at two com-
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ponents satisfying a time-symmetric extension of the
Klein—Gordon quantum relativistic equation

(5 ) c=o (5)

where H = (7h28“3u + ‘0%2 (qul,E)Q) and Apgp =

= (ppE — pqvE) is a change of the quantum vacuum
energy density [18-25]. Equation (5) corresponds to
the following two equations:

V2
(-1200,+ 5 (Apue?) v () =0 ©)
for creation events and
2qu v? 2
h=o"0, — = (Apgwr)”) ¢q.i (x) =0 (7)

for destruction events. Moreover, the RS processes
are choreographed by a quantum potential of the vac-
uum

2
(V- & &) vauil

h?c? bl
Qq.i= @ 8
=V | (e )60 ®)
- [6q,il

which makes the 3D quantum vacuum as a non-
local manifold. In the light of the quantum poten-
tial (8) of the vacuum, the 3D quantum vacuum
characterized by fluctuations of its energy density
can be interpreted as an ultimate immediate medium
of quantum entanglement, the fundamental arena,
and the fundamental source of non-local phenom-
ena. In this picture, the time is not a fundamental
reality in which material changes occur, but exists
only as a mathematical parameter which measures
the sequential numerical order of motion of local ob-
jects which takes place in the fundamental non-local
3D quantum vacuum [27]. Moreover, in the original
Wheeler-Feynman absorber theory and in our 3D
quantum vacuum approach, one deals with oscilla-
tions of the vacuum corresponding to the RS pro-
cesses of creation/annihilation of quanta which act
instantaneously at a distance one with another. and
the fundamental entity which rules this instantaneous
action at a distance is the non-local quantum poten-
tial of the vacuum at two components (8).

As a consequence of the motion of the virtual par-
ticles corresponding to the elementary fluctuations of
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the quantum vacuum energy density, the space-time
turns out to be filled with the virtual radiation with
frequency

_ 2quVE‘/
o o 9)

where n is the number of the RS processes of virtual
subparticles characterizing the vacuum medium. The
quantum potential (8) of the vacuum choreographs,
in a non-local way, the appearance of oscillations (9)
associated with the RS processes. In particular, if one
uses the language of the original Wheeler—Feynman
absorber theory, one can say that the first component
of the quantum potential (8) of the vacuum expresses
the fact that the 3D quantum vacuum is a perfect
absorber as regards the received signal. The second
component of the quantum potential (8) of the vac-
uum expresses the fact that the 3D quantum vacuum
is a perfect emitter as regards the emitted signal.

In our model, the electromagnetic properties of na-
ture emerge from the primitive ontology of the the-
ory, namely the RS processes of creation/annihilation
of quanta corresponding to fluctuations of the quan-
tum vacuum energy density, as a consequence of the
action of oscillations (9) generated by these RS pro-
cesses. Frequency (9) may be considered as the ori-
gin of the electromagnetic effects of the 3D quan-
tum vacuum. For example, the electromagnetic field
inside a perfectly reflecting cavity can be seen as
an expansion of infinite different modes of the fun-
damental 3D quantum vacuum, where each mode
corresponds to an independent oscillation defined
by frequency (9) produced by a specific RS process
of creation/annihilation of quanta in correspondence
to elementary fluctuations of the 3D quantum vac-
uum. This means that the zero-point energy density
defining the electromagnetic effects of the 3D quan-
tum vacuum is determined by fluctuations of the
quantum vacuum energy density and by the quan-
tum potential corresponding to the RS processes on
the basis of the relation

(Bpuwe)*V3Qq.i
W, n =8 qh?,mgcg Qi (10)
By starting from Egs. (9) and (10), we demon-

strated in [21] that the electric and magnetic prop-
erties of the quantum vacuum and, thus, the electro-
magnetic field of the space can be directly derived,
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on one hand, by considering the semiclassical ap-
proach known as stochastic electrodynamics (SED)
and, on the other hand, inside quantum electrody-
namics (QED). According to our results, the electric
and magnetic fields derived from the zero-point fluc-
tuations of the 3D quantum vacuum can be written
in the SED approximation as

2
EZ (r,t) = Z/d% (quyEV/nﬁ2)1/2 X
A=1
2A
2 (k, ) cos [kr #Evt— 0 (k, )\)} (11)
2
B (r,t) = Z/d?’k (ApgeV/nr?)'* x

>
Il
-

2quuEV

X [l% x € (k, )\)} cos {kr - m

t—0(k, )\)} (12)
in a stationary frame (where the sum is over two po-
larization states, where £ is a unit vector, k is the
polarization vector such that |k| = w/c and 6 (k, \) is
a random variable uniformly distributed in the inter-
val (0,27) and independently for each wave vector k
and polarization index \); while, in the Rindler frame
(characterized by a constant proper acceleration) and
defined by the following velocity and Lorentz factor,
respectively,

% = tanh (a%), (13)
7, = cosh (a%), (14)

where a is object’s proper acceleration, and 7 its
proper time, they become

2

EZ (0,7) = 22: /d3k: (quyEV/mTQ)l/ X
= at ~

X {:%ém + ¢ cosh <?) [sy — tanh ( ) (k

+ Zcosh (%) |:Ez + tanh }}

b(T) -0l

/2

/d k: quVEV/TLTF ) X

m>

).+

2 20p,u
X COS [k; % cosh(acT) pq ECV sin

15)

BZzP (0,7)
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{9 +acomn (D) [ (1 )t (D) 1] +
+ zcosh (47) e tani (47) (k) [«

X cos[ka: i cosh (ﬂ) _2BpquecV sinh (ﬂ) —0(k, )\)}

(16)

c ahn

where €, is the scalar projection of the € unit vector
along the z-direction, and similarly for &, and é..
Equations (11) and (12) for stationary frames (as well
as Egs. (15) and (16) for Rindler frames)) indicate
clearly that the electric and magnetic fields are two
different kinds of the polarization of the 3D quantum
vacuum produced by the frequencies of the radiation
associated with the motion of virtual particles of the
RS processes, namely, by fluctuations of the quantum
vacuum energy density.

In our approach, the photon may be considered as
an indivisible “wave-corpuscle” entity extended over a
wavelength which emerges from the electromagnetic
properties of the 3D quantum vacuum propagating
along a vector potential wave function. On the basis
of fruitful considerations made by Meis [28, 29]|, we
can propose here that, in our manifest world, a pho-
ton is generated by frequency (9) of the 3D quantum
vacuum under opportune conditions, namely, when it
corresponds to the minimum “quantum” of the elec-
tromagnetic properties of the vacuum characterized
by a quantized vector potential which depends on the
quantum vacuum energy density fluctuations and the
number of the RS processes in the volume under con-
sideration. The quantized vector potential of the 3D
quantum vacuum has the form
20pq 5 |:é)\ei (lor— 227222 1.4 )

hn

QArpyp = f +

n

ik 22ravE 2A
+ éie 'L(kl‘ hn t+g0):| — 7pqu’='

—ApguE

= 2 (r,t),(17)

where we have defined the field

_ 28pquE

E,quVE (r,t) = |:£é)\ei<k'r n
n

-

t+<p) +

+ &E%e (18)

where €, is a complex unit vector of polarization
(which expresses the polarization features of a region
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of the 3D quantum vacuum), ¢ is a phase param-
eter, and £ is an opportune constant having physi-
cal dimensions Volt m~1s~2 (we underline that, in-
side Meis’ approach, accounting for Maxwell’s equa-
tion, the experimental evidence, the experimental
results, as well as the normalization of the energy
over a wavelength of a classical electromagnetic plane
wave with circular polarization to Planck’s expres-
sion of the quantized radiation energy, this constant
turns out to have the value [¢|oo|L-| ~ 1.747 x
x 10725V m~1s72). According to Eq. (17), the prop-
agation of a photon corresponding to the quantized
vector potential occurs within a period T" over a wave-
length A and is repeated successively along the prop-
agation axis. In view of Meis’ calculations, the quan-
tized vector potential O‘A'% obeys the wave equa-
tion

Via Ao (T, 8) —

1 02
c2 ot?
Moreover, it satisfies the photon vector potential lin-
ear time differential equation

anp,,p(r,t) =0. (19)

lﬁ%a Apgur (I'7 t) = QO Ay, 5 (I‘, t), (20)

where &y = —i£cV is the vector potential ampli-
tude operator with eigenvalue QA;;iﬁb”Eﬁ, as well as
Schrédinger’s equation for the energy with the mass-

less Hamiltonian H = —iheV with eigenvalue MT“”E
of the form
ihaaquuE (I‘,t) = HdA"qu (I‘,t). (21)

By combining Egs. (20) and (21), one obtains a
wave-particle equation for the vector potential and
the energy of a photon in the 3D quantum vacuum:

, 0 a

z(%) Fp X Arave (r,t) = (ﬁ?) Qg (r,t). (22)
Equation (22) indicates that the vector potential
Qapg, (r,t), which depends on the frequency of vir-

tualnparticles of the 3D quantum vacuum and which
has a quantized amplitude, plays the role of a real
wave function for the photon in a non-local repre-
sentation. In other words, in the light of Eq. (22),
one can say that the quantized vector potential is
the fundamental entity which expresses the non-local
features of the photons generated in the 3D quantum
vacuum.
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Thus, the probability for detecting a given photon
corresponding to a certain fluctuation of the quantum
vacuum energy density around the point r is propor-
tional to the square of the angular frequency

462 Ap .,
Papyp (r) 47 Apgu

22 (23)

Now, in this picture, the volume of the 3D quantum
vacuum which gives rise to the appearance of a pho-
ton is quantized in order to obtain a normalization
of the energy over a wavelength of a classical electro-
magnetic plane wave with circular polarization which
is compatible with Planck’s expression of the quan-
tized radiation energy. In particular, this requirement
leads to the following expression regarding the quan-
tized volume of the 3D quantum vacuum originating
the appearance of a photon:

(B N2\ "
VAQZVE B (250§2>< hn ) '

Equation (24) regarding the quantization of the vol-
ume of the 3D quantum vacuum which originates the
presence of a photon may be therefore considered as
the real physical origin of Planck’s blackbody spec-
trum inside the 3D quantum vacuum model. The en-
ergy and momentum of a photon can be defined inside
the quantized volume Va,,,, which means that the

(24)

photon here is an emerginng entity from more funda-
mental properties of the 3D quantum vacuum, which
has a minimum spatial extension corresponding to
the quantization volume in which the quantized vec-
tor potential of the 3D quantum vacuum oscillates
over a period. A photon with wavelength Aa,,, » can

be detected within a volume of the order of the cube
of its wavelength A4, ;3.

In summary, the foﬁlowing re-reading of the origin
of photons in the 3D quantum vacuum emerges. Ele-
mentary RS processes of creation/annihilation of vir-
tual particle/antiparticle pairs corresponding to ele-
mentary fluctuations of the quantum vacuum energy
density generate oscillations (9) of the vacuum which
are choregraphed in a non-local way by the quan-
tum potential of the vacuum. Under opportune con-
ditions, when the region of space is characterized by
a certain polarization expressed by the complex unit
vector €y, they can give rise to the minimum quantum
of the electromagnetic field, which can be character-
ized in terms of the quantized vector potential (17)
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satisfying the wave equation (19), the linear time dif-
ferential equation (20), and the Schrédinger equation
(21), which can be thus combined into a wave-particle
general equation (22). It implies that the photon is a
“wave-corpuscle” entity emerging from more funda-
mental properties of the non-local 3D quantum vac-
uum which is a perfect absorber and emitter. If, ac-
cording to quantum mechanics, a photon or a general
quantum system indeed occupies all space before be-
ing localized, this fact in our theory can be explained
in the light of the non-local features of the 3D quan-
tum vacuum.

Namely, it is the non-local quantum potential of
the vacuum that is practically producing a non-
localization of the particles, as well as implying that
oscillations of the vacuum corresponding to the RS
processes of creation/annihilation of quanta act in-
stantaneously at a distance one with another, in the
spirit of the original Wheeler-Feynman absorber the-
ory and the transactional approach. Moreover, a cru-
cial result of our theory is that the appearance of a
photon ultimately derives from a quantized volume
given by (24) which can be considered as the real key
of re-reading and explanation of the timeless quan-
tum jumps invoked by the Chiatti—Licata theory as
regards the interpretation of subatomic particles, as
a result of the microscopic processes of nucleation of
the vacuum, as the processes of entrance and exit
associated to a real microinteraction from the usual
temporal domain to a timeless vacuum.

Now, on the basis of the mathematical treatment
of photons in the 3D quantum vacuum represented
by Egs. (17)-(23), a fundamental result is the follow-
ing. Although when frequency (9) is null, all the phys-
ical properties of a photon vanish, it must be observed
that, even if w = 0, the field B a,,,» appearing in (17)

is not null and becomes the vacuum field Eo involving
the polarization and generating the electronic tran-
sitions in matter. This is a fundamental point: this
physically means that, when a region of the 3D quan-
tum vacuum is described by the quantized vector po-
tential (17) satisfying the fundamental wave-particle
equation (22), this region of the vacuum becomes a
source of physical (electromagnetic) processes, even
if frequency (9) of this region becomes null. It is the
vacuum field which is present in this situation that
produces the polarization and is responsible for elec-
tronic transitions in matter. This vacuum field can
be expressed both as a vector field and a quantum

ISSN 2071-0194. Ukr. J. Phys. 2020. Vol. 65, No. 2



A Three-Dimensional Non-Local Quantum Vacuum

mechanical operator as follows:

o = E6\e' + £ e, (25)

S = fak’,\éAew + E*azkéie_i“’, (26)
where ay » and az , are the usual annihilation and
creation operatorsyof the kth mode, and A is the
polarization of a three-dimensional photon, respec-
tively. Equations (25) and (26) define a sort of the
“eround state” for the frequency of the 3D quantum
vacuum (9) generating photons. The field Ey can be
considered, also by virtue of the fact that its physi-
cal units are Vm~'s?, as a real component of the 3D
quantum vacuum, namely, as the special basic state
of the 3D quantum vacuum expressing its electromag-
netic properties. In other words, the “ground state” of
the electromagnetic quantum vacuum is suggested in
the model. It is this ground state given by the field
=g that is the ultimate source which produces the
appearance of photons in the explicate manifesting
level of our physical world. This ground state of the
frequency of the 3D quantum vacuum (9) generating
photons can be considered as a peculiar state of the
3D quantum vacuum which physically acts as the fun-
damental “cosmic reservoir” of photons in the sense
that it is the primary generating source of photons,
even when the energy and vector potential are null. In
other words, we can say that the ground state describ-
ing the electromagnetic properties of the 3D quantum
vacuum, which is defined by Egs. (25) and (26) rep-
resents the ultimate source from which photons are
born. This means that, in this approach, while sub-
atomic massive particles are ultimately generated by
more elementary physical processes regarding the RS
processes of the 3D quantum vacuum, the photons
are not, in the same way, a primary physical reality,
but are generated as opportune excitations — associ-
ated to the non-null frequency given by (9) — of this
special state of the 3D quantum vacuum. It is func-
tioning as a reservoir of photons, under opportune
conditions, namely when they correspond to the min-
imum “quantum” of the electromagnetic properties of
the vacuum characterized by a quantized vector po-
tential. The latter depends on the quantum vacuum
energy density fluctuations and the number of the RS
processes in the volume under consideration.

In summary, we can say that, in our model at the
fundamental level, our physical world emerges from
the 3D non-local quantum vacuum characterized by

ISSN 2071-0194. Ukr. J. Phys. 2020. Vol. 65, No. 2

elementary RS processes of creation/annihilation of
virtual particle/antiparticle pairs corresponding to el-
ementary fluctuations of the quantum vacuum energy
density. Those fluctuations are choreographed by the
quantum potential (8) of the vacuum, as well as by
the field Ey which depends on a complex unit vec-
tor of polarization (which expresses the polarization
features of a region of the 3D quantum vacuum) and
represents the ground state of the 3D quantum vac-
uum which acts as a reservoir of photons. The pri-
mary non-local features of the 3D vacuum, as well as
its polarization features, imply that physical photons
emerge from this ground state of the 3D quantum
vacuum, intended as a sort of the reservoir in such
a way that, in this fundamental background, there
is a universal interconnection of things — and thus
also of potential photons — which could no longer be
questioned. Thus, the photons themselves are not in-
dependent of this fundamental background, but form
an indivisible system with the background. This im-
plies that the processes of entrance and exit of phys-
ical photons from the vacuum are nucleation pro-
cesses which occur instantaneously at a distance one
with another, in a compatible way with the original
Wheeler-Feynman absorber theory and the transac-
tional approach. In other words, we can say that the
non-locality of the 3D quantum vacuum characterized
by polarization features has the important role to ex-
plain the physical appearance of photons from the
ground state acting as a reservoir of photons in terms
of medium’s excitations which must be seen as time-
symmetric processes. In them, one has an “absorber”
which generates confirmation waves in response to an
emitted offer wave, in agreement with the Wheeler—
Feynman absorber theory and the transactional ap-
proach. The non-locality of the 3D quantum vacuum
makes the nucleation processes of photons as physical
processes which occur instantaneously at a distance.

Moreover, as a consequence of the field Ej act-
ing as a reservoir of photons, the following treat-
ment of the spontaneous emission of photons by mat-
ter emerges in the suggested 3D quantum vacuum
model. In the epistemological affinity with Meis [28—
29], the electron-vacuum interaction can be described
by considering a ‘“vacuum action” operator corre-
sponding to a Hamiltonian interaction per angular
frequency between the vacuum field Ey and an atomic
electron of mass m. and charge e, where the elec-
tron itself is determined by opportune RS processes
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of creation/annihilation of virtual particles of the 3D
quantum vacuum. This Hamiltonian interaction per
angular frequency can be expressed as follows:

., €
Hqul,E = —ith— EO -V.
n e

(27)

Here, taking Melis’ results into account, if one calcu-
lates the amplitude of the transition probability per
angular frequency of an atom between the given ini-
tial state and a certain final state in the presence of
n photons, one finds

1 €2

Wis = ————w3.|r; ¢[2dQQ.
5= 3he2 4meg wlf|r ]

(28)
Result (27) turns out to be in agreement with the
previous QED calculations [30-32], as well as with
Meis’ treatment [28-29], and shows that the spon-
taneous emission of photons takes place by start-
ing from the ground state of the frequency of the
3D quantum vacuum through the action of the cre-
ation operator az > Which is involved in the quantum
vacuum expression. In other words, the vacuum field
=y can be considered as a sort of the “bare” skele-
ton structure of every physical photon of the world,
which ultimately emerges from the RS processes of
creation/annihilation of virtual particles from the 3D
quantum vacuum which perturbs this “bare” skeleton
vacuum state by conferring it frequency (9), when
there is an interaction with matter.

4. Derivation of Planck’s
Law of Traditional Black-Body Spectrum

In the original Planck theory, the spectral distribu-
tion of the energy radiated by a black body follows
a law based on the introduction of quanta of energy
hw, whose nature is not better specified, except for
the fact that it represents a necessary mathematical
artifice to provide a correct statistical treatment. In
Planck’s original theory, in fact, the hypothesis of the
quantization of oscillators’ energy allowed Planck to
integrate the results obtained respectively by Wien
for small wavelengths and by Rayleigh—Jeans for large
wavelengths in a single coherent picture, starting from
considerations on the nature of the entropy of the ra-
diation. As a consequence, the Planck spectrum of
the black-body radiation is usually presented by the
major part of textbooks without accounting for the
zero-point radiation part (see [33-36]). In the stan-
dard view, in the light of the experimental work by
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Lummer and Pringsheim [37], the Planck energy for
a harmonic oscillator is given by the formula

hw

Up (w,T) = W.

(29)

The radiation emitted by a black body that ranges
from w to w + dw contributes on the average, to the
energy field within a volume dV, an energy that is
proportional to dw and dV expressed by (e.g., Doring
[38], Landau & Lifshitz [39])

h w3

dE = —5—
e exp{I?:T}—l

dwdV, (30)

where the quantity

w3

Uw,T)= W

is the monochromatic (or spectral) energy density
of radiation which, according to Planck’s approach,
in the case of thermal equilibrium, is related to the
average energy of a harmonic oscillator of the fre-
quency w located inside the cavity walls (Planck [40],
Pauli [41]).

Instead, in our three-dimensional quantum vacuum
approach, the quanta of energy hypothized by Planck
as regards the spectral distribution of the radiation
of a black body are derived from more fundamental
processes associated with the energetic fluctuations of
the three-dimensional quantum vacuum. The quanta
of energy hw emerge from energy fluctuations of the
3D quantum vacuum on the basis of the fundamen-
tal relations (9) regarding the radiation associated
with the elementary RS processes and the quantiza-
tion volume (24) responsible for the appearance of
photons.

As we have seen in the previous section, the photon
is an emerging entity from more fundamental prop-
erties of the 3D quantum vacuum, inside a minimum
spatial extension corresponding to the quantization
volume (24) in which the quantized vector potential
(17) of the 3D quantum vacuum oscillates over a pe-
riod. This means that Planck’s quanta of energy of
the black-body spectrum, as well as Planck’s law of
the spectral distribution of the energy radiated by a
black body, ultimately follow from this fundamental
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property of the quantization volume of the 3D quan-
tum vacuum.

In order to provide this derivation, we con-
sider some fruitful considerations made recently by
T.H. Boyer in the context of his derivations of the
Planck black-body spectrum within classical physics,
where he applied the thermodynamic smoothness re-
quired by the first and second laws of thermody-
namics, in a picture, where the thermal radiation,
zero-point radiation, and spacetime structure are all
tightly related [42]. By applying the 1% and 2°¢ laws
of thermodynamics to a harmonic oscillator or a ra-
diation normal mode, the canonical potential of a
harmonic oscillator in Boyer’s approach is a function
of the single variable corresponding to the ratio of
the oscillation frequency to the temperature. The no-
tion of thermodynamic smoothness requires that the
canonical potential of a harmonic oscillator neither
distinguish any frequency w at a given temperature
T, nor any temperature at a given frequency. At a
minimum, the notion of smoothness demands that
any interpolation function for the canonical potential
of the oscillator and all its derivatives be monotonic;
the monotonic behavior prevents a single value for
w/T from being distinguished by the canonical po-
tential. By choosing the needed small interpolation
function as

¢psp(w, T) = —In{2sinh [w/(2T)]},
the associated energy can be directly expressed as

3¢pzp) w w

(31)

2 = st ———, (32)

2 exp(w/T) -1’
which corresponds exactly to the Planck formula in-
cluding the zero-point energy.

Now, in our model of the 3D quantum vacuum de-
fined by a fundamental variable energy density, it is
possible to provide a new re-reading to the results of
Boyer, in the sense that Eqs. (31) and (32) may be
seen as structures emerging from more fundamental
processes governing the regions of the 3D quantum
vacuum. In other words, Planck’s law of the spectral
distribution of the energy radiated by a black body
ultimately derives from regions of the 3D quantum
vacuum, when it is characterized by the ground state
defined by Egs. (25) and (26), namely when it acts as
a “reservoir” of photons. The latter themselves appear
in the context of a minimum spatial extension corre-
sponding to the quantization volume (24) in which

Upyp(w, T) = T? (
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the quantized vector potential (17) of the 3D quan-
tum vacuum oscillates over a period. In our approach,
the frequency of a oscillator is determined by more
fundamental fluctuations of the quantum vacuum en-
ergy density. Therefore, in the light of Boyer’s consid-
erations deriving from the 1%% and 2°¢ laws of ther-
modynamics with regard for the interpolation func-
tion for the canonical potential of the oscillators of
the black body spectrum, we can say that the re-
gions of 3D quantum vacuum acting as a reservoir
of photons must have the property to do not distin-
guish any fluctuation of the quantum vacuum energy
density at a given temperature nor any temperature
at a given quantum vacuum energy density. This re-
quirement means that the regions of the 3D quantum
vacuum originating photons can be described by a
function of the form

SPap (A'OSVE T) - —1n{2 sinh [QA%”E /(2T)]}. (33)

Here, since photons appear in the quantization vol-
ume (24), the variable quantum vacuum energy den-
sity satisfies the condition

QApQVE o h 1/3
hn \2e082V)

Therefore, the function of the vacuum potential (33)
can be also written as

PNV
On the basis of Egs. (33) and (35), one can obtain
directly the associated energy of the 3D quantum
vacuum which originates the spectral distribution of

Planck’s law of spectral distribution of the energy ra-
diated by a black body:

A
v (S8.) = (752) -

(34)

20804,
_ quVE + }l;n = (36)
e exp (5552 - 1)
namely,
1/ h \/*
UrwV.T) =5 \50ezv)  +
( NVE
2e0&2V
+ N/ . (37)
exp ((250§2v> /T) -1
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In our theory, Egs. (36) and (37) express the fun-
damental property of the 3D quantum vacuum to
generate the spectral distribution of the black body
radiation in agreement with Planck’s original treat-
ment. Here, the oscillators of Boyer’s approach, which
turn out to have the behavior described by Egs. (31)
and (32) derive from more fundamental regions of the
3D quantum vacuum described by Egs. (33), (35),
(36), and (37).

Moreover, always on the basis of Boyer’s consider-
ations, the entropy of the regions of the 3D quantum
vacuum acting as reservoirs of photons depends on
the variable quantum vacuum energy density on the
basis of the relation

quVE . . quuE
S( - ,T)——ln{Qsmh[ T +

quyE quVE
ZPvE iy | 2PV E
T T { nT | (38)
namely,
ENYE
2 A 1/3 A 1/3

It must be emphasized that the entropy is a mono-
tonic function of U/ Ap%’E, and all the derivatives
are monotonic functions, in agreement with Boyer’s
results.

5. 3D Quantum Vacuum

as a Reservoir of Photons and its Role
with regard for the Lamb shift

of Hydrogen-Like Atoms

By starting from the zero-point energy density defin-
ing the electromagnetic effects of the 3D quantum
vacuum expressed by relation (10), we can consider a
spectral radiation density

1

W = gquuE. (40)
Thus, s

2 _ (quvE) VsQQ»i

PavE 64 h3n3¢e3 (41)
which, by applying condition (24), becomes

rV2Q0.;

2 _ Q.
E, =4 of2 (42)
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On the basis of Eq. (42), it is possible to obtain a
derivation of the Lamb shift of hydrogenoid atoms in
a picture, where the 3D quantum vacuum is a cosmic
reservoir of photons in the ground state represented
by Egs. (25) and (26) in the context of a minimum
spatial extension corresponding to the quantization
volume (24) in which the quantized vector poten-
tial (17) of the 3D quantum vacuum oscillates over
a period.

In this regard, first of all, we observe that, in the
first approximation, the energy level displacements of
the electron bounded states can be seen as a topolog-
ical effect of the vacuum radiation pressure exerted
upon the electronic orbitals. In fact, the RS processes
of the vacuum determining the appearance and the
corresponding motion of a bound-state electron in a
hydrogenoid atom generates a quantized vector po-
tential of the form (17) in the surrounding region of
the 3D quantum vacuum. This leads, in turn, to the
vacuum field Z( given by Egs. (25) and (26) involving
the polarization and generating the electronic transi-
tions in matter. Hence, we have the photons of en-
ergy hw in this region of the vacuum, which are just
derived from energy fluctuations of the 3D quantum
vacuum on the basis of the fundamental relations (9)
regarding the radiation associated with the elemen-
tary RS processes and in the context of the minimum
quantized space defined by condition (24).

Now, because of the periodic motion of the RS pro-
cesses (associated with the appearance of an electron)
inside the field Ey, these RS processes feel the influ-
ence of the photons generated by the vacuum. This
interaction between the RS processes of the electron
and the photons of the vacuum can be described by
considering the pressure per unit surface

dP(vacuum) = XyeoE2  dQ.

avE (43)
With regard for the results obtained in our recent
paper [43], as a consequence of the interaction with
the photons generated by the ground state of the 3D
quantum vacuum, the motion of an electron turns out
to be determined by fluctuations obeying the equa-
tion

i} 16c302V\7? [RV2Qq.; sl (P 1/315
S = .
pavt hin3 eoé2c3 2e0£2V

(44)
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The effect of a fluctuation s, ., is to generate a
change AV in the average potential

AP =9 (r+s,,,)—®(r), (45)
where V (r + s,,,,) is computed by Taylor’s expan-

sion:

(46)

Now, by averaging expression (46) in time, one ob-
serves that the second term vanishes because s aver-
ages to zero. For the same reason, only the contribu-
tions with ¢ = j remain in the final term. As a conse-
quence, after some mathematical manipulations, the
following expression for a change in the energy for the
hydrogenoid atoms holds:

(n', ', m'|6(r)|n, 1, m). (47)

PqvE

Now, since the matrix element (47) provides contri-
butions only for S states, where its value is

2 z?
100 (r, 0, ) |* = ma (48)
by inserting (45) and (48) into (47), we get
61024‘/2/3
PavE — (49)

24/33met/Snp11/3¢5¢2/3

Now, integrating over the two cut-off values of the
quantized volume corresponding, respectively, to the
quantum vacuum energy density associated with the
orbiting electron and with the rest energy of the elec-
tron, we obtain

10 747,2/3
- é 24/37&:3/;;;/365{2/3 eriéi> B (V"f“/j)}7 <50)

which is the expression of the Lamb shift predicted by
the ground state of the 3D quantum vacuum acting
as a reservoir of photons.

Let us remember now that, in the original QED
approach developed by Welton in [44] and Weisskopf
in [45], the corresponding result for the Lamb shift
was

4
oW = ioz?’Z— n <Vmax>,

3r n3 Vinin

(51)
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where vy, is the frequency of an orbiting electron

2 . . .
(% in atomic units), and Vmax corresponds to the

rest energy of the electron, namely, Z;ﬁ ~ n?—; For
the 2S state, we have
1 4 8
W = —a’In (=) = 1.600 MHz. (52)
6 a?

As a consequence, by comparing (50) and (51), one
has the possibility to obtain the opportune quantum
vacuum energy density fluctuations of the RS pro-
cesses which generate the frequencies of the orbiting
electron and of the rest energy of the electron, respec-
tively:

4 474 max
23 (Y =
3m nd

Vmin
1 10 74
e [(va) - (vi)] )
524/37T50 nh1/3¢5¢2/3
namely,
i (52) = 3 g g [(26) 02
Vinin 20 24/353/3h2/362§2/3
(54)
and
In Vmax — In Vmin =
3 10 74,2
o= ve)-(vi) o)
20 94/3¢/p2/3¢2¢2/3
Thus,
3 10Z4 2
N Ve = oo~ (V212 (56)
20 24/3EO n2/3c2€2/3
and
3 10Z4 2
W Ui = o ——— = (V). (57)
20 24/3¢,/ H2/3c2¢2/3

Equations (56) and (57) constitute the bridge be-
tween our model of the 3D quantum vacuum energy
density and the original Welton’s and Weisskopf’s
model and assure the compatibility of our model with
the results obtained in the context of QED. If condi-
tions (56) and (57) are satisfied, the model of the 3D
quantum vacuum developed in this section allows us
to obtain the Lamb shift of the hydrogenoid atoms
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in agreement with relation (51) and, thus, with the
original Welton’s and Weisskopf’s model.

On the basis of Egs. (53)-(57), the following re-
reading of the Lamb shift origin becomes permissi-
ble. The frequencies associated with the orbiting elec-
tron and with the rest energy of the electron of hy-
drogenoid atoms (given by the original Welton’s and
Weisskopf’s model) are produced by the regions of
the 3D quantum vacuum acting as a source originat-
ing photons inside a minimum spatial extension cor-
responding to the quantization volume (24) in which
the quantized vector potential (17) of the 3D quan-
tum vacuum oscillates over a period. Equations (53)—
(57) express, in what sense the 3D quantum vacuum
acting as a reservoir of photons is the primary physi-
cal reality which is responsible for the Lamb shift of
hydrogenoid atoms, by relating the frequencies asso-
ciated with the orbiting electron and with the rest
energy of the electron of hydrongoid atoms with the
quantization volume in which the quantized vector
potential of the 3D quantum vacuum oscillates over
a period, as well as other parameters characteristic
of the region of the 3D quantum vacuum generating
the photons. It must be emphasized that, in our ap-
proach, the results are in agreement with the results
obtained in the conventional renormalization method
of QED.

6. Conclusions

Although quantum field theory has lead to the idea
of that the physical vacuum is endowed with an in-
trinsic energy density corresponding to a sort of the
polarization, the Standard Model does not seem to
have learned this lesson and states that the parti-
cles and fields exist in an “empty space”. As a con-
sequence,it is not possible in this picture to have a
clear understanding from where a photon appears
and where it disappears. In the model suggested in
this paper, through elementary processes regarding
the timeless 3D quantum vacuum, the electron is just
a “door” through which photon enters into existence
and a door through which a photon turns back into
the quantum vacuum. In particular, the ground state
describing the electromagnetic properties of the 3D
quantum vacuum represents the ultimate source from
which photons are born: if subatomic massive par-
ticles are ultimately generated by more elementary
physical processes regarding the RS processes of the
3D quantum vacuum, the photons are not a primary

118

physical reality in the same way, but are generated by
a special state of the 3D quantum vacuum, which is
functioning as a reservoir of photons under opportune
conditions.

The model where the quantum vacuum is the pri-
mordial arena of the Universe turns out to be com-
patible with the foundations of the original Wheeler—
Feynman absorber theory, as well as of the most re-
cent developments regarding the transactional inter-
pretation. At the same time, by introducing the in-
teresting novel perspectives concerning the re-reading
of the origin of photon, it has the immense potential
for the development of various spheres of theoretical
physics.
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TPUBUMIPHNI HEJIOKAJIBHUI
KBAHTOBUI BAKYYM 4K JKEPEJIO ®OTOHIB

Peszmowme

3amnponoHOBAHO MOZEJb TPUBUMIPDHOIO KBAHTOBOI'O BaKyyMY,
0 BU3HAYAETHCS IPONECAMHU HAPOJRKEHH /aHIriisnii KBaH-
TiB, sIKi BiANOBIJAIOTH €JleMeHTApHUM (DIIYKTYAIISIM IILIEHO-
cri eneprii. ¥V uiit mozesi doroH He € BUXigHUM diZUYHUM
006’€KTOM, aJjle BHHHUKAE $K OCOOJMBUN CTaH TPUBHMIPHOIO

“ Kocmi-

KBaHTOBOI'O BaKyyMmy. B OCHOBHOMy CTaHi BakKyyMm €
YHUM De3epByapoM”’, siKhil BHUIPOMIHIOE i mOrJInHae (GOTOHU.
CrnekrpanbHuit posnogain [lnanka st eHepril, 110 BUIIPOMIHIOE
YOpHE TiJ10, € HACaiIKOM DYHIAMEHTAIbHUX IPOIECIB Y TPUBH-
MipHOMY KBaHTOBOMY BaKyyMi, 30KpeMa, B aCIIeKTi KBAaHTYBaH-
He 06’eMy, BianosinaapHoro 3a mosBy dorouis. JlocaimKyeTnes
YABJIEHHS TIPO JIEMOOBCHKUI 3CYB Y BOJHEBOIIOJIOHMX aToMax
SIK SIBUII, II0 BU3HAYAETHCS OCHOBHUM CTaHOM KBAHTOBOIO Ba-

KyyMy fK pe3epByapa (pOTOHIB.
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