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Abstract Today, mainstream science considers that the observer and all observed physical phenomena exist in
time and space as fundamental physical realities of the universe. Nonetheless, relevant recent research shows that
the time measured with clocks is merely a mathematical parameter of material change, i.e. motion which runs
in space. In this picture, the existence of past, present and future is merely a mathematical one. EPR paradox is
established on the misunderstanding that the observer, the measuring instrument and measured phenomena exist
in space and time. In this paper the perspective is introduced that, as regards EPR-type experiments, observer
and observed phenomena exist only in space which originates from a fundamental quantum vacuum which is an
immediate medium of quantum entanglement.
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1 Introduction

Common understanding in twentieth century physics is that material changes run and are observed in some physical
reality composed out of past, present and future. This is what one calls time. However, Wheeler–DeWitt equation
as well as relevant current research regarding a timeless path integral approach for relativistic quantum mechanics
[1], descriptive levels of physical reality which point towards a quantum theory of gravity inside the a-temporal
fractal geometry of state space [2] or a unifying picture of Lorentzian signature and dynamical space–time from a
flat non-dynamical Euclidean space, with no diffeomorphism invariance built in [3], suggest that at a fundamental
level the background space of physics is timeless, that the duration of physical events has not a primary existence.
Moreover, other significant recent research introduces the crucial perspective that physical clock/time seems to exist
only as a parameter measuring the order of the dynamics of processes. In this regard, we mention, in particular, the
following approaches:
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358 D. Fiscaletti, A. Sorli

– Elze’s approach of time in which time is an emergent discrete quantity related to the increasing number of
incidents, i.e. observable unit changes, namely can be obtained in terms of a suitable reparametrization incident
number which counts defined incidents, namely coincidences of points of the trajectory of the system with
appropriate detectors [4–7];

– Caticha’s approach of entropic time in which time is a device to keep track of the accumulation of small changes
inside a dynamics driven by entropy [8];

– Prati’s model of a physical clock time, in which in a timeless Hamiltonian framework a physical system S, if
complex enough, can be separated in a subsystemS2whose dynamics is described, and another cyclic subsystem
S1 which behaves as a clock in such a way that, as a consequence of the gauge invariance, the complex system S
can be separated in many ways in a part which constitutes the clock and the rest, and physical time as numerical
order of the material motion of the system S2 can be defined mathematically as a counter function of states of
the Hilbert space of the system S2 whose dynamics is described that satisfies an appropriate initial condition
(namely the origin of measurement) of the subsystem S1 acting as a clock [9].

As shown by the authors in their recent paper Perspectives of the Numerical Order of Material Changes in Timeless
Approaches in Physics [10] the view according to which clocks represent measuring systems of the numerical order
of material changes (i.e. motion that runs in space) is a-temporal description of motion in physics which, among the
other things, allows us to provide a unifying re-reading of the two fundamental theories of time represented by the
Jacobi–Barbour–Bertotti theory (where time is replaced with a reparametrization invariant action that is integrated
over an unphysical evolution parameter) and by Rovelli’s approach (based on the idea that an idealized time is not
defined in the quantum gravity regime, and that our familiar notion of time emerges at the thermodynamic level,
namely time is the expression of our incomplete knowledge of the state of the world). The simple idea of time as
numerical order of material motion proposed by the authors can be indeed considered the real and true realization
of the relational program started with Leibniz, Einstein and Mach and developed today—above all—by Barbour
and by Rovelli. In this picture, the observer exists and changes run in space; time t is a numerical order of a given
change. Fundamental unit of numerical order (which is fundamental time) is Planck time and duration (which is
emergent time and requires measurement of the observer) is the sum of the numerical orders of a given change [10]:

t = tp1 + tp2 · · · + t pn =
n∑

X=1

tpx (1)

Time only exists mathematically speaking—past, present and future are merely mathematical realities. This point
of view makes it impossible for the observer to exist in a temporal dimension intended as a primary physical reality,
because past, present and future only have a mathematical existence. Change tP2 is after change tP1 and change tP3
is after change tP2 in the same way as number 2 is after number 1 and before number 3. When change tP2 enters
into existence, change tP3 does not exist anymore and change tP3is not in existence yet. Seeing from the change tP2
past means change tP1, present means change tP2and future means change tP3. Past, present and future are only
mathematical parameters of changes, i.e. motion running in space. From this perspective, also “arrow of time” has
only a mathematical existence and points into the direction of numerical order of changes running in space:

tP1 → tP2 → · · · → tPn . (2)

In space there is no physical time (intended as a primary physical quantity, which exists on its own) in which
changes run and there is no physical arrow of time. The point of view of time as a fundamental physical reality in
which both observer and change exist has no experimental evidence. According to a recent theoretical research, this
view implies the possibility that observer can find place in some bifurcation futures. Barbour writes: “Structures
that store dynamical information are created as the complexity grows and acts as ’records’. Each solution can be
viewed as having a single past and two distinct futures emerging from it. Any internal observer must be in one half
of the solution and will only be aware of the records of one branch and deduce a unique past and future direction
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Searching for an adequate relation between time and entanglement 359

from inspection of the available records” [11]. In the light of Barbour’s citation, it is legitimate to consider that
structures that store dynamical information run in space and observer also exists in space. Observer observes time
as a mathematical parameter of structural solutions which run in space. From this point of view bifurcation futures,
or even one single future in which observer could take place, cannot exist.

Speculations on existence of time as a physical reality in which observer takes place have origin in the idea that
time is the 4th dimension of space. In Special Relativity theory time t is only a component of the 4th dimension of
Minkowski manifold, on the basis of equation:
X4 = ict, (3)
where i is imaginary unit and c is speed of light. Out of Eq. (3) it follows time t is not the fourth dimension of
Minkowski manifold:
X4 �= t. (4)
From this point of view common interpretation of Minkowski manifold as a 3D + T space–time does not seem right.
Minkowski manifold is four-dimensional (4D). It would be more convenient for Minkowski space–time manifold
to be called simply “four-dimensional space”, where time t is only a mathematical parameter of motion in space.

2 Observer, time travel, twin paradox, superluminal motion

Experimental data confirm clocks are mechanisms which run in space; clocks measure numerical order of material
changes in space observed by the observer. Considering that the observer could exist in time is a wrong proposition.
Time as a mathematical parameter puts an end to speculations that time exists as a physical reality in which observer
exists and is able to travel. Possibility of time travels are excluded as already confirmed, for example, by Krasnikov’s
research [12]. Observer can travel in space only and time is duration of his/her motion.

The twin paradox is based on the view that twins get older in space and time [13]. The fact is that twins only
get older in space, and time is merely the duration of their aging. A twin in a fast spaceship will age more slowly
than his twin brother on Earth, because clocks (and all other physical and biological changes) run slower on a fast
inertial system than on Earth’s surface. If one of the twins is on the Moon, he will age faster because of the general
relativistic effect regarding the rate of clocks. GPS system works on special relativity and general relativity effects
on rate of clocks which do not run in time; they run in space only. With this understanding of the real nature of time
there is no “twin paradox”.

When Kurt Gödel discovered that in general relativity “closed time lines” lead to the contradiction of “time
travel”, he showed that, as regards this specific problem, there cannot be any objective lapse of time; time practically
disappears as primaryphysical reality andbecomes an illusion arising fromour specialmodeof perception: according
to Gödel, this trait strengthens the ‘idealistic’ viewpoint on the unreality of time and its dependence on the human
mode of perception and its kind of movement [14]. Until today, his discovery has not yet been fully understood:
time is not a physical reality in which one could travel.

Considering time as a physical reality in which particles move, hypothetical superluminal particle should be able
to move into past. In the model of time presented in this paper, superluminal particle will not move in the past, it
will move in space only. This model of time allows hypothetical superluminal motion of charged particles emitted
by the Cherenkov radiation [15].

3 Quantum entanglement without EPR paradox

In the view on time as a mathematical parameter of motion in space quantum entanglement characterizing EPR-type
experiments does not require existence of “hidden variables”. For about half a century Bell’s work has introduced
the matter of a new type of “non-local realism” as a characteristic trait of quantum mechanics [16,17]. On the basis
of Bell’s inequalities, which concern measurements made by observers on pairs of particles that have interacted
and then are separated, entanglement emerges as a property of states which could not be described by local realistic
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theories. Bell’s theorem implies, in fact, “No physical theory of local hidden variables can ever reproduce all of
the predictions of quantum mechanics”. Considering that information does not move in time there is no need to
introduce hidden variables; space itself is an immediate information medium between particles [18,19]. One has
to admit that the idea of information moving in space and time has no experimental evidence. Information (as also
particles, massive bodies, stellar objects) only move in space. In this picture of quantum entanglement, space is an
immediate information medium which does not require time (duration). The photon carries information with light
speed. A massive body carries information with lower velocity with respect to the light speed.

In order to provide a solution to the so-called “frozen formalism” of the problem of time in quantum gravity
which is associated with the standard interpretation of the timelessness of the Wheeler–DeWitt equation (according
to which it seems that nothing should happen in canonical quantum gravity), in two papers of 1983–1984 Page
and Wootters suggested that, thanks to quantum entanglement, a static system may describe an evolving “universe”
from the point of view of the internal observers [20,21]. In the recent paper Time from quantum entanglement:
An experimental illustration [22] Moreva, Brida, Gramegna, Giovannetti, Maccone and Genovese have further
developed the possibility that time could emerge from quantum entanglement, by suggesting experimental tests of
the view of time as an emergent property of subsystems of the universe deriving from their entangled nature both in
the Page andWooters mechanism and in the Gambini et al. subsequent refinements [23,24], which invoke Rovelli’s
notion of ‘evolving constants’ [25]. Moreva and his co-authors write textually: “A static, entangled state between
a clock system and the rest of the universe is perceived as evolving by internal observers that test the correlations
between the two subsystems. We implement this mechanism using an entangled state of the polarization of two
photons, one of which is used as a clock to gauge the evolution of the second. An “internal” observer that becomes
correlated with the clock photon sees the other system evolve, while an “external” observer that only observes
global properties of the two photons can prove it is static. […] The evolution of the subsystems relative to each
other, and the static character of the global system are achieved by running the experiment in two different modes:
(1) an ‘observer’ mode, where the experimenter uses the readings of the clock photon to gauge the evolution of the
other: by measuring the clock photon polarization he becomes correlated with the subsystems and can determine
their evolution; (2) a ‘super-observer’ mode, where he carefully avoids measuring the properties of the subsystems
of the entangled state, but only global properties: he can then determine that the global system is static. This mode
describes what an (hypothetical) observer external to the universe would see by measuring global properties of an
entangled polarization state of two photons: such an observer has access to abstract coordinate time (namely, in
our experimental implementation he can measure the thickness of the plates) and he can prove that the global state
is static, as it will not evolve even when the thickness of the plates is varied. […] By running our experiment in
two different modes (‘observer’ and ‘super-observer’ mode) we have experimentally shown how the same energy
entangled Hamiltonian eigenstate can be perceived as evolving by the internal observers that test the correlations
between a clock subsystem and the rest (also when considering two-time measurements), whereas it is static for
the super-observer that tests its global properties. Our experiment is a practical implementation of the Page and
Wootters and the Gambini et al. mechanisms but, obviously, it cannot discriminate between these and other proposed
solutions for the problem of time” [22].

According to the authors of the present paper, this view on time is a result of a misunderstanding of the real
nature of time, observer and quantum entanglement. Moreva and his co-authors seem to ignore the fact that quantum
entanglement is immediate phenomenon and thatwith clockswemeasure the duration of this phenomenon.Moreva’s
approach cannot answer the question of how time as duration could emerge from immediate phenomena. Some
progress, according to the authors of this paper, can be found in Vedral’s recent work Time, (inverse) temperature
and cosmological inflation as entanglement [26]. Vedral underlines that the view of time as entanglement practically
reflects the fact that we never observe time directly: this can be considered the real reason of the link between time
and entanglement. We usually observe the position (of the hand of the clock, the sun or the stars) or some other
observable of a periodically evolving system. Therefore, when we are measuring the evolution of the system under
consideration, we are always talking about the system’s states with respect to the state of the clock. Moreover, in
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Vedral’s treatment, by assuming that the clock states are constructed in such a way that

e−i Hcdτ/h̄ |ψc (τ )〉 = |ψc (τ + dτ), 〉 (5)

i.e. that the clock Hamiltonian generates shifts between one clock time and the immediate next clock time (where
Hc is the Hamiltonian of the clock), the evolution of the system relative to the states of the clock is of the form

i h̄
d

dτ
|ψs〉 = Hs |ψs〉 (6)

(Hs being the Hamiltonian of the system) and thus the system undergoes the Schrödinger-type evolution relative
to the ticking of the clock. On the basis of Vedral’s approach, time, therefore, arises internally without the need for
any global time, thus proving a potentially important argument in cosmology where there are presumably no clocks
to measure time outside of the universe. According to the point of view of the authors of this paper, the fact that
time emerges internally without the need for any global absolute, idealized temporal dimension (which cannot be
observed directly) means, in other words, that time measured by clocks does not exist as a primary physical reality
but is only an emergent mathematical quantity measuring the numerical order of material changes.

On the basis of the view proposed by the authors of this paper, in the quantum domain space acts as an immediate
information medium between the particles under consideration. By introducing the symmetrized quantum potential

Q =

⎛

⎜⎜⎝

N∑
i=1

[
− h̄2

2mi

(∇i SQ1
)2 + h̄2

2mi

(∇2
i SQ1

) ]

N∑
i=1

[
h̄2
2mi

(∇i SQ2
)2 − h̄2

2mi

(∇2
i SQ2

) ]
,

⎞

⎟⎟⎠ (7)

which derives from a symmetrized quantum entropy (describing the change of the geometrical properties of the
background space with respect to the Euclidean geometry of classical physics) given by relation

SQ =
(
SQ1

SQ2

)
=

(− 1
2 ln ρ1

− 1
2 ln ρ2

)
, (8)

(where here ρ1 = |ψ (�x1, �x2, . . . , �xN , t)|2, ψ (�x1, �x2, . . . , �xN , t) = R1ei S1/h̄ being the wave function describ-
ing the forward-time process, solution of the standard Schrödinger equation, ρ2 = |φ (�x1, �x2, . . . , �xN , t)|2,
φ (�x1, �x2, . . . , �xN , t) = R2ei S2/h̄ being the time-reverse wave function, solution of the time-reversed Schrödinger
equation), the concept of time as an emergent physical property of quantum entanglement does not seem coherent:
at a fundamental level, quantum entanglement is an immediate phenomenon in the sense that, as a consequence of
the symmetrized quantum entropy (8), the first component of the symmetrized quantum potential makes physical
space an “immediate information medium” which keeps two elementary particles in an immediate contact (while
the second component of the symmetrized quantum potential reproduces, from the mathematical point of view, the
symmetry in time of this communication and the fact that time exists only as a numerical order of material change)
[18,19,27–29].

The non-local geometry of the 3Dbackgroundwhich acts as an immediate informationmediumbetween quantum
particles in EPR-type experiments is characterized by a fundamental feature: if one imagines to exchange, to
invert the roles of the two particles what happens is always the same type of process, namely an instantaneous
communication between the two particles. In other words, the non-local geometry regarding the instantaneous
communication between two quantum particles in EPR-type experiments is characterized by a symmetry: it occurs
both if one intervenes on one and if one intervenes on the other, in both cases the same type of process happens thanks
to the action of space as an immediate information medium. According to the authors, this symmetric property of
the instantaneous communication between two quantum particles in EPR-type experiments is not well explained
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by the original Bohm’s quantum potential. Although Bohm’s quantum potential, which for many-body systems
assumes the well-known form

Q =
N∑

i=1

− h̄2

2mi

∇2
i R

R
, (9)

has a space-like, instantaneous action, however, it comes from the Schrödinger equationwhich is not time-symmetric
and, therefore, its expression cannot be considered completely satisfactory just because it meets problems if one
inverts the sign of time: thus it cannot reproduce in a coherent way the symmetric feature of the non-local geometry
of space as regards the instantaneous communication of quantum particles in EPR-type experiments if one imagines
to see the process backwards. In the light of these considerations, the authors developed a symmetrized extension of
the quantum potential deriving from the symmetrized quantum entropy (8), which can capture and reproduce, from
the mathematical point of view, the fact that, if one imagines to film the process of an instantaneous communication
between two subatomic particles in EPR-type experiments backwards, namely inverting the sign of time, one should
expect to see what really happened.

On the basis of the approach of the authors, the modification of the geometrical properties of space expressed by
the symmetrized quantum entropy (8) implies the following symmetrized energy conservation law:

⎛

⎜⎜⎝

N∑
i=1

|∇i S1|2
2mi

−
N∑
i=1

h̄2
2mi

(∇i SQ1
)2 + V +

N∑
i=1

h̄2
2mi

(∇2
i SQ1

) = − ∂S1
∂t

N∑
i=1

|∇i S2|2
2mi

+
N∑
i=1

h̄2
2mi

(∇i SQ2
)2 − V −

N∑
i=1

h̄2
2mi

(∇2
i SQ2

) = − ∂S2
∂t

⎞

⎟⎟⎠ . (10)

In the law (10), on the left-hand-side of the two equations, the second term (which is−∑N
i=1

h̄2
2mi

(∇i SQ1
)2 in the

first equation and is
∑N

i=1
h̄2
2mi

(∇i SQ2
)2 in the second equation) can be interpreted as the quantum corrector of

the kinetic energy of the many-body system (for forward-time and reversed-time processes, respectively) while

the fourth term (
∑N

i=1
h̄2
2mi

(∇2
i SQ1

)
in the first equation, −∑N

i=1
h̄2
2mi

(∇2
i SQ2

)
in the second equation) can be

interpreted as the quantum corrector of the potential energy.
On the basis of the symmetrized energy conservation law (10), the symmetrized quantum entropy is the fun-

damental entity which determines the non-local features of the quantum geometry and reproduces the symmetric
feature of the instantaneous correlation between subatomic particles in EPR-type experiments. This law suggests
that the non-local quantum geometry is expressed by the action of the three-dimensional (3D) space as an immediate
information medium which derives from the two quantum correctors to the energy of the system under considera-
tion, both for the forward-time processes and for the reversed-time processes, namely from the quantum corrector
to the potential energy and the quantum corrector to the kinetic energy (while the other two terms on the left-hand
of the two Eq. (10) determine a local feature of space). The space we perceive seems to be characterized by local
features because in our macroscopic domain the symmetrized quantum entropy satisfies the following condition:

((∇i SQ1
)2 → (∇2

i SQ1
)

(∇i SQ2
)2 → (∇2

i SQ2
)
)

(11)

which can be thus seen as a correspondence principle inside the symmetrized quantum potential approach based
on the symmetrized quantum entropy. The symmetrized correspondence principle (11) can be considered the
fundamental mathematical formalism which expresses the local features of the space we perceive in our everyday
life.

Indeed, the space in which phenomena are observed and measurements are made is generally considered a local
concept. For example, whenwe think of a translation of a cup, classically we can say that the different configurations
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or states of the cup correspond to local manifestations of the space. On the other hand, in quantum experiments,
such as the double-slit experiment, the setting of a measurement apparatus produces the appearance of the particle
in a given region, which may be, therefore, seen as a local manifestation of the space.

However, inside our approach, at a fundamental level, the local manifestations of the classical world as well
as of the measurements results about quantum systems are not the primary, ultimate physical reality but emerge
indeed from a 3D timeless background which is an immediate medium of information between the particles under
consideration (where all is connected to all and there is no duration). In this sense, particles and fields can be seen
as local manifestations emerging from a more fundamental 3D timeless non-local background. In analogous way
to Bohm’s and Hiley’s well-known research line about the implicate order and the pre-space, the space–time of
the classical world can be seen here as a higher order abstraction arising from the fundamental reality represented
by the 3D background which acts as an immediate information medium in the form of the symmetrized quantum
potential deriving from the symmetrized quantum entropy. In analogy to Hiley’s monistic approach which allows
Bohm’s interpretation of quantum mechanics to be extended to the relativistic regime in such a way that a unifying
picture of space–time geometry and material processes is achieved by starting “from something more primitive
from which both geometry and material process unfold together” [30], in our approach both geometry and the
behaviour of matter are expressions of the same undivided totality which is the fundamental 3D background which
acts as an immediate information medium (and thus where time exists only as a measuring system of the numerical
of material changes). In other words, here the non-local geometry of the 3D space which acts as a direct medium
of communication, expressed by the symmetrized quantum potential, can be regarded as a timeless substratum
which constrains and conveys the dynamical processes we observe. In this picture, in a hypothetical physical
theory unifying different domains (in particular, describing the Planck scale of quantum gravity) the possibility
is opened that a fundamental arena in which space functions as an immediate information medium and which is
associated with a symmetrized quantum potential should assume a crucial role and all the objects of physics should
emerge from it as special states. In this sense, in the recent paper The symmetrized quantum potential and space
as a direct information medium [28], the authors have already developed an interesting symmetrized extension of
the Bohmian approach of Wheeler–DeWitt equation where the idea of a fundamental stage of physical processes
which acts as a direct information medium can be embedded in terms of a symmetrized quantum potential for
the gravitational field. As regards the foundational and philosophical aspects of the approach of the symmetrized
quantum potential, the 3D background space which acts as an immediate information medium can be somewhat
compared also to the “archaic vacuum” of Chiatti’s and Licata’s transactional approach, where the only truly existent
“things” in the physical world are the events of creation and destruction (or, in other words, physical manifestation
and demanifestation) of certain qualities, the fundamental physical reality is an atemporal substratum,where only the
transactions between field modes take place, and the quantum-mechanical wave-function emerges as a statistical
coverage of a great amount of elementary transitions [31–34]; or, finally, to Kastner’s possibilist transactional
interpretation of quantum mechanics, where space–time is not a pre-existing substance, a structured container
for events, but rather unfolds as an emergent manifold from transactional processes, involving de Broglie waves,
resulting in transfers of energy from an emitter to an observer, which are the expression of the non-local feature of
the quantum geometry [35,36].

Moreover, inside the symmetrized quantum potential approach, in the quantum domain the non-local geom-
etry of the 3D space background can be described by introducing the following symmetrized quantum-entropic
lengths which provide a direct measure of the correlation degree (and thus of the degree of the departure from
the Euclidean geometry characteristic of classical physics) in a quantum system in a time-symmetric picture:

Lquantum =
⎛

⎜⎝

1√
(∇SQ1)

2−∇2SQ1
1√

−(∇SQ2)
2+∇2SQ2

⎞

⎟⎠ (12)

for one-body systems and
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Lquantum =

⎛

⎜⎜⎝

1√
∑N

i=1

(
(∇i SQ1)

2−∇2
i SQ1

)

1√
∑N

i=1

(
−(∇i SQ2)

2+∇2
i SQ2

)

⎞

⎟⎟⎠ (13)

for many-body systems. Once the quantum-entropic lengths (12) or (13) become non-negligible the system into
consideration enters a quantum regime, characterized by a non-local geometry. In this picture, Heisenberg’s uncer-
tainty principle derives from the fact that we are unable to perform a classical measurement to distances smaller than
the quantum-entropic lengths. In other words, the size of a measurement has to be bigger than the quantum-entropic
lengths

�L ≥ Lquantum =
⎛

⎜⎝

1√
(∇SQ1)

2−∇2SQ1
1√

−(∇SQ2)
2+∇2SQ2

⎞

⎟⎠ (14)

(for one-body systems) and

�L ≥ Lquantum =

⎛

⎜⎜⎝

1√
∑N

i=1

(
(∇i SQ1)

2−∇2
i SQ1

)

1√
∑N

i=1

(
−(∇i SQ2)

2+∇2
i SQ2

)

⎞

⎟⎟⎠ (15)

(for many-body systems).
Nonetheless, as regards the role of time in quantum processes, since 2005 Galapon has proposed an interest-

ing model about the connection between the quantum time-of-arrival problem (QTOAP) and the problem of the
appearance of particles in one dimension within the confines of standard quantum mechanics. Galapon’s approach
provides a generalization of solution to the one-dimensional freeQTOAP [37] for arbitrary arrival point, for arbitrary
interaction potential via spatial confinement followed by a limiting procedure for arbitrarily large confining lengths.
In particular, in the recent article Theory of quantum arrival and spatial wave function collapse on the appearance
of particle, Galapon found that the resulting quantum time-of-arrival theory suggests that the collapse of the wave
function on the appearance of the particle is not fundamental but decomposable into a series of casually separated
processes: the collapse occurs much earlier than the appearance of the particle and the subsequent localization of the
wave function on the appearance of the particle arises from the unitary Schrödinger equation [38]. In this picture,
the appearance or arrival of the particle is a combination of a collapse of the initial wave function into one of the
eigenfunctions of the time-of-arrival operator right after the preparation of the initial state followed by a unitary
evolution of the eigenfunction.

In Galapon’s model, the time-of-arrival operator T , that reduces to the classical time of arrival

Tx (q, p) = −sgn (p)
√
m/2

∫ q

x

(
H (q, p) − V

(
q ′))−1/2 dq ′ (16)

(where H is the Hamiltonian, V is the interaction potential,m is the mass of the particle and (q, p) are, respectively,
the position and the momentum of the particle at t = 0) is the integral operator

(Tϕ) (q) =
∫ ∞

−∞
〈
q |T | q ′〉 ϕ

(
q ′) dq ′ (17)
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with the kernel given by the following relation:

〈
q |T | q ′〉 = m

ih̄
T

(
q, q ′) sgn

(
q − q ′) (18)

in which the kernel factor T
(
q, q ′) is determined by the interaction potential V (q). By considering arrival at the

origin x = 0, the kernel factor is the solution to equation

−∂2T
(
q, q ′)

∂q2
+ ∂2T

(
q, q ′)

∂q ′2 + 2m

h̄2
(
V (q) − V

(
q ′)) T

(
q, q ′) = 0 (19)

subjected to the conditions T (q, q) = q/2 and T (q,−q) = 0. In particular, Galapon showed that a coarse graining
of T is given by the confined-time-of-arrival (CTOA) operators for a given interaction potential for a given confining
length, which turn out to be compact non-degenerate self-adjoint operators and have pure discrete spectrum (with
corresponding complete square integrable eigenfunctions) by virtue of their compactness. On the basis of Galapon’s
treatment, the spectral properties of the CTOA operators are intimately tied with the internal unitary dynamics of the
systemand the unitary arrival of the eigenfunctions at their respective eigenvalues is consistentwith the interpretation
that T is a first time-of-arrival operator. In the light of this property, the time-of-arrival operator T may account for
the localization of the wave function in space and time on the appearance of the particle [38–40].

Here, in the view of a 3D non-Euclid space which acts as a direct information medium [in the form of the
symmetrized quantum potential (7) deriving from a symmetrized quantum entropy (8)] as fundamental arena of
quantum processes, also Galapon’s results regarding the QTOAP receive a new suggestive re-reading. In fact, one
can say that the time of arrival operator linked with the appearance of a particle is only a mathematical parameter
associated with the motion of the particle under consideration: it measures only the numerical order associated
with the appearance of the particle. In this picture, Galapon’s approach synthesised by Eqs. (16)–(19) describes
an underlying 3D background which acts as an immediate information medium where the quantum time of arrival
associatedwith the appearance of a particle exists only in the sense of numerical order ofmaterial changes.According
to the interpretation of Galapon’s results here suggested, the appearance of a particle arises as a combination of the
collapse of the initial wave function into one of the eigenfunctions of the time-of-arrival operator, followed by the
unitary Schrödinger evolution of the eigenfunction, as a consequence of the fact that, at a fundamental level, the
background of processes acts as an immediate information medium.

On the other hand, Barbour and his team speculate that the observer could find himself in one of two possi-
ble futures, meaning that the observer exists in time [11]. The articles by Barbour and Moreva seem, therefore,
contradictory one with respect to the other. Barbour’s article claims that the observer exists in time. Moreva’s
article, however, states time has origin in quantum entanglement. Consequently, this would mean that the observer
has origin in quantum entanglement. How could observer have origin in quantum entanglement which observer is
observing and measuring? Their ideas on time seem contradictory and thus can be considered wrong. Time does not
emerge from quantum entanglement and observer does not exist in time. Both, observer and quantum entanglement
only exist in space. As quantum entanglement is immediate, it has no numerical order (fundamental time) and no
duration (emergent time).

4 Space–time model has no physical existence

In 1935 Einstein, Podolski and Rosen (EPR) introduced a completeness criterion for quantum mechanics. On the
basis of this criterion, it is stipulated that a necessary requirement for a complete theory is that “every element
of physical theory must have a counterpart in the physical reality. The elements of the physical reality cannot be
determined by a priori philosophical considerations, but must be found by an appeal to results of experiments and
measurements” [41].
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Fig. 1 A bijective
function, f : X → Y ,
where set X is {1, 2, 3, 4}
and set Y is {A, B, C, D}.
For example, f (1) = D

Fig. 2 Between set
universe X and set model Y
there is a direct
epistemological correlation

In line with Einstein’s view of completeness of a physical theory, in the recent paper Bijective Epistemology and
Space-Timewe have introduced a bijective function of set theory according to which a given element in the universe
set X corresponds exactly to one element in the model set Y [42] (Fig. 1).

The bijective function of set theory can be applied in order to see if the model of space–time where time is
considered to be the 4th dimension of space has a correspondence in physical universe.

By applying bijective function in physics completeness criterion is fulfilled: each element of a given model
corresponds exactly to one element in physical reality; in other words, there is a bijective epistemological corre-
spondence between elements of the model and elements of physical reality. In the bijective epistemology proposed
recently by the authors in [42], the completeness criterion requires that fundamental elements of the set universe
X are observed directly by senses (without the necessity to make measurements) or are perceived indirectly by
“enhanced senses” (where the adjective “enhanced” is meant to harbour a perception through, for example, radio
telescopes or Geiger-Muller elementary-particle counters): only in these situations they can become elements of the
model set Y. In physical universe the following five elements are perceived directly by human senses or indirectly by
instruments: matter, energy (all types of electromagnetic energy), space, change and time as a sequential numerical
order of changes with its duration, running in space [as shown by Eq. (1)]. Changes that exist in human mind (as
for example flows of thoughts) have origin in neuronal activity and can as such be considered “material”, too. In
the light of this fact time can be defined as a numerical order of changes in general. Matter, energy, space, change
and time as a sequential numerical order of changes (with its duration) are perceivable elements of the set “universe
X”. The sixth element of the set universe X is the observer, who perceives the other five elements. Using a bijective
function, these six elements of the set universe X can be transformed into six elements of set “model Y” as shown
in Fig. 2.

Observer has experimental evidence that matter can transform in energy and that matter is made out of energy.
Furthermore, according to contemporary quantum field theories, particles spontaneously appear from space and
disappear back into it. This leads to the conclusion that also space can be considered as a type of energy (named the
energy associated with a fundamental quantum vacuum). Element of matter Mx , element of space Sx and element
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Fig. 3 Fundamental model
of the universe with four
elements: observer, change,
time and energy

of energy Ex in the universe set X can be considered as elements of the subset EX (Energy subset of the universe
set X). Element of matter My , element of space Sy and element of energy Ey in the model set Y are elements of
the subset EY (Energy subset of the model set Y). In the universe set X we have thus four fundamental elements.
In the model set Y there are four fundamental elements, as well: observer, energy, change and time (see Fig. 3):

In this fundamental model of the universe space and time are two different elements in the universe set X and two
different elements in the model set Y. Time does not enter energy subset EX and time Ty does not enter energy subset
EY [42]. Bijection function shows that, at a fundamental level, space is a type of energy (named quantum vacuum
in today physics) in which universal changes run and time is duration of energy changes. It seems Minkowski’s
space–time manifold of special relativity has no direct epistemological correlation in physical universe: it does not
satisfy the bijection test. Its physical existence is questionable. Moreover, bijection function confirms that observer
cannot exist in time, as time has no attribute of energy and, therefore, no physical existence. It also confirms that
time cannot originate in quantum entanglement. Both, observer and quantum entanglement exist in space, whereas
time has merely a mathematical existence.

One of the prevailing models in physics of twentieth century was “empty space” in which fields and particles
exist. According to bijective function “empty space” (which has no energy as its attribute) cannot exist as an element
of the set universe X and, therefore, cannot exist as an element of the set model Y too. The concept of “empty
space” can be here definitely abolished. Element of “empty” space does not exist in universe set X and does not
exist in model set Y. According to contemporary quantum vacuum theories, space has origin in quantum vacuum
from which elementary particles continuously appear and annihilate. Matter, space which originates from quantum
vacuum and electromagnetic energy can be considered as three different types of the same fundamental energy.

According to bijective epistemology time is non-existent as a physical reality in which changes run, so nothing
can happen in a time intended as a primary physical reality. Changes run in space and time is their duration.
English philosopher McTaggart discussed at the beginning of twentieth century that time is not a physical reality in
which things exist: “It will be convenient to begin our enquiry by asking whether anything existent can possess the
characteristic of being in time. I shall endeavour to prove that it cannot” [43]. McTaggart’s view did not convince
physicists of that time, which, after Minkowski developed his geometry, accepted time as a fourth dimension of
space. However according toMinkowski’s formalism (3) for the ***fourth dimension the symbol t , which represents
duration of photon motion in space, does not coincide with the fourth dimension (see relation (4)).

Considering time as a fourth dimension of physical space can be considered as a very inconvenient interpretation
of time with no experimental validity. Time is not perceived by senses as a physical quantity in which changes take
place as space is. Time we perceive is what we measure with clocks. With clocks we measure duration of change.
According to bijective function time cannot be considered as an element of the energy subset EX of the universe
set X as space is.

Markopoulou in his research considers that space is not real and time is real: “It is often said that in general
relativity time does not exist. This is because the Einstein equations generate motion in time that is a symmetry of
the theory, not true time evolution. In quantum gravity, the timelessness of general relativity clashes with time in
quantum theory and leads to the problem of time. I propose that what does not fundamentally exist is not time but
space, geometry and gravity” [44]. According to bijective function this proposal cannot be considered coherent.
Space and time are both real. Time is duration of changes in space. Fundamental unit of duration is Planck time tP
and measured time t is a sum of Planck times of given material change, i.e. motion according to Eq. (1).

Duration of changes has its own numerical order where a given change X1 enters existence when change X is not
in existence anymore and change X2 enters existence when change X1 is not in existence anymore. Each elementary
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change X corresponds exactly to one Planck time tP [45]. Changes run in a timeless space which originates from
a fundamental quantum vacuum.

Timeless space as a fundamental arena of the universe was actually first designed by Kurt Gödel who devel-
oped equations of general relativity and discovered that they allow hypothetical contradictory travel in time. By
1949, Gödel produced a remarkable proof: “In any universe described by the Theory of Relativity, time cannot
exist” [46]. That’s why Gödel himself was against the physical existence of “closed time lines”. His discovery
was misunderstood and opened endless discussions on possibilities of travelling in time. According to the bijective
function time travels are categorically excluded. One can travel in universal space only and time is duration of this
motion. Clocks do not run in time, run of clocks is time. Bijective function confirms that in universe set X and in
model set Y time is a mathematical quantity.

In his 2009 paper The nature of time, Barbour considers that time does not exist, claiming that time and motion
are illusions: “If our ideas about time in classical physics are wrong, surprises can be expected in a quantum theory
of the universe. As of now, little can be said about this with certainty because no such theory yet exists. The very
idea could even be wrong. Nevertheless, candidate theories have been proposed. The one I favour seems initially
impossible: the quantum universe is static. Nothing happens; there is being but no becoming. The flows of time and
motion are illusions” [47]. According to bijective epistemology, the idea of a static quantum universe which implies
non-existence of time at all, i.e. that time does not exist even as a measure of change, is categorically excluded.
According to bijective function time has only a mathematical existence; it is, however, a fundamental quantity of
physics that cannot be forgotten in the sense that it expresses a numerical order of changes. In this picture, the
tendency to abolish time, and thus to deny the existence of time also as a measuring system of changes, does not
seem reasonable. In universe set X time has only a mathematical existence and also in model set Y time has only
a mathematical existence. One can also say that space belongs to the physical component of the universe and time
belongs to themathematical component of the universe. This approach goes beyond old paradigmaccording towhich
every phenomenon in the universe must have physical existence. It opens a new view where some phenomena, as
for example time, have no primary physical existence on their own; they exist in a nonmaterial realm of the universe,
let us say in a “mathematical universe”.

Max Tegmark went even further, by suggesting material universe is a manifestation of mathematical universe.
According to Tegmark there is no “border line between mathematical and physical universe. Universe we live in is a
mathematical reality” [48]. Our model excludes this possibility (because space exists as a physical reality); however,
according to bijective function test time has exclusively mathematical existence. Time is a part of mathematical
universe. It is also true bijective function does not deny existence of mathematical universe: bijective function itself
is a mathematical reality and cannot deny its own existence. Mathematics exists in set model Y and exists also in
universe set X; we cannot a-priori exclude existence of mathematical universe. Physics tries to discover rules for
mathematical universe according to which material universe behaves. In this regard, it seems Einstein was right
saying: “God does not play dice…”.

Our research confirms flow of time is flow of numerical order of changes. Change X1 is transforming in change
X2, change X2 is transforming in change X3 and so on. Changes run in a fundamental background space which is
timeless in a sense that “past”, “present” and “future” exist only as numerical order of changes. Universe is evolving
only in space and time is a numerical order of this evolution. On the basis of the treatment made in this paper, the
fundamental reality is dynamical inside an ultimate timeless background, where the duration of physical events
measured by clocks exists only as an emergent mathematical quantity.

This view on time here presented allows us to resolve all misunderstandings regarding the “Block universe idea”,
which represents spacetime as a fixed whole and thus suggests that flow of time is an illusion. In fact, in the light of
our view, illusion is that changes run in flow of time. Elementary perception confirms that changes run in space and
time is their numerical order. Here it is also interesting to make a comparison with the view of an “evolving block
universe” proposed by Ellis in the paper Physics in the real universe: time and spacetime in order to reproduce
and capture essential features of the time-irreversible macro-physical behaviour and the development of emergent
complex systems, including life, which exist in the real universe [49]. Contrary to the standard block universe idea,
in Ellis’ evolving block universe spacetime is growing as time evolves, with the potential of the future continually

123

Author's personal copy



Searching for an adequate relation between time and entanglement 369

becoming the certainty of the past: spacetime itself evolves, as do the entities within it. However, in Ellis’ model,
this time evolution is not related to any preferred surfaces in spacetime; rather it is associated with the evolution of
proper time along families of world lines. Ellis’ view is that spacetime is extending to the future as events develop
along each world line in a way determined by the complex structure of causal interactions; these shape the future,
including the very structure of spacetime itself, in a locally determined (pointwise) way. In this Evolving Block
Universe, one might say that time has changed into eternity and that the future is uncertain and indeterminate until
local determinations of what occurs have taken place at the space–time event ‘here and now’, designating the present
on a world line at a specific instant; thereafter this event is in the past, having become fixed and immutable, with a
new event on the world line designating the present. According to the authors, in the light of bijective epistemology
Ellis’ proposal can be considered more coherent with respect to the standard block universe idea that suggests that
flow of time is an illusion. In fact, one can say that the evolution of the processes is not related to any preferred
surfaces in spacetime but occurs along each world line in the sense that it can be associated with a given measuring
system of the numerical order of changes. Moreover, inside each specific measuring system of the numerical order,
the fact that the future is uncertain and indeterminate until local determinations of what occurs have taken place at
the event ‘here and now’, designating the present on a world line at a specific instant in such a way that the latter
event is fixed and immutable from the point of view of the next events, physically means that, during the evolution
of a process, when a given change associated with a given numerical order enters into existence there is always
another change that does not exist anymore. In other words, one can say that the fixed and immutable nature of an
event inside a given world line, from the point of view of (at least) another specific event of the same world line, is
the physical consequence of the fact that the evolution of each change can be considered irreversible from the point
of view of the mathematical numerical order describing it.

On the other hand, the idea that changes and their numerical order represent the fundamental reality in order to
define the concept of time seems to receive today more and more attention. For example, in the recent paper The
notion of quantum time, Aityan explores the concept of time as a measure of the evolution of matter and space, as a
count of changes or events that set up a local “clock” in each system. Aityan defines time as a measurable quantity
which specifies the order in which events occur in the system, which provides a mapping of the appropriate events
in the observable system to some reference events in the reference system and underlines that time does not exist
without changes in the system and that every system runs its own local time [50]. However, we do not agree fully
with the conclusion of this article: “The greatest mystery of the notion of time is that there is no time at all!” In
our view in the universe fundamental time exists from the micro to the macro level, but it has only a mathematical
existence. When observer measures this mathematical time he experiences it as duration.

Our research confirms there is nothing “material” behind time which exists in a mathematical universe. Under
this point of view, the approach of time presented in this article overcomes the idea according to which time has
some physical origin, such as in quantum gravity and, very recently, in condensed matter physics [51]. On the basis
of our approach, time as numerical order of changes is exclusively a mathematical quantity from the micro to the
macro-cosmos. This mathematical fundamental time when measured with clocks is experienced by us as duration.
It is a measurement of the observer that creates duration. Observer is aware of fundamental time and is aware
that his/her measurement produces emergent time. This implies someway that observer is more fundamental than
time. Further exploration will give more interesting results regarding the origin of the observer and its link with the
fundamental arena of the universe.

5 Space has origin in a fundamental quantum vacuum

According to bijective epistemology, the notion of an “empty” space devoid of any physical properties must be
replaced with that of a quantum vacuum state, defined to be the ground (lowest energy density) state of a collection
of quantum fields in which universal changes run and time is duration of energy changes. In this picture, one can say
that the physical space in which elementary particles and stellar objects move has origin in a fundamental quantum
vacuum endowed with fundamental quantum fields that exhibit zero-point fluctuations everywhere in space, even
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in regions which are devoid of matter and radiation. These zero-point fluctuations of the quantum fields, as well as
other “vacuum phenomena” of quantum field theory, give rise to an enormous vacuum energy density. Our recent
research on quantum vacuum and gravity allows new perspectives to be introduced as regards the “spooky action
on distance” of general relativity where gravity is “geometrized”. In our view, “curvature” of space characteristic of
general relativity is only a mathematical description of a more fundamental physical property of quantum vacuum
which is its energy density.

The existence of a physical vacuum can be considered as the most important consequence of contemporary
quantum field theories, such as the quantum electrodynamics, theWeinberg–Salam–Glashow theory of electroweak
interactions and the quantum chromodynamics of strong interactions. These quantum field theories imply that
various contributions to the vacuum energy density exist: the fluctuations characterizing the zero-point field, the
fluctuations characterizing the quantum chromodynamic level of subnuclear physics, the fluctuations linked with
the Higgs field, as well as perhaps other contributions from possible existing sources outside the Standard Model
(for instance, Grand Unified Theories, string theories, etc…).

The realistic concept of the vacuum can be considered as the ultimate visiting card which completes and com-
plements Einstein’s theory of relativity. Relativity theory views space–time as a relative and dynamic manifold,
interacting with matter and energy. It is the “background” against which the events of the manifest world unfold.
But the origins of this background are not accounted for in relativity theory: space–time is simply “given” together
with matter and energy. In general relativity, the standard interpretation of phenomena in gravitational fields is in
terms of a fundamentally curved space–time. However, this approach leads to well-known problems if one aims to
find a unifying picture which takes into account some basic aspects of the quantum theory. In order to escape this
situation of impasse, several authors advocated alternative ways in order to treat gravitational interaction, in which
the space–time manifold can be considered as an emergence of the deepest processes situated at the fundamental
level of quantum gravity. In this regard, one can mention, for example, Sacharov’s germinal proposal of deducing
gravitation as a “metric elasticity” of space, in which the action of space–time is interpreted as the effect of quantum
fluctuations of the vacuum in a curved space [52], Haisch’s and Rueda’s model regarding the interpretation of
inertial mass and gravitational mass as effects of an electromagnetic quantum vacuum [53], Puthoff’s polarizable
vacuummodel of gravitation [54] and, more recently, a model developed by Consoli based on ultra-weak excitations
in a condensed manifold in order to describe gravitation and Higgs mechanism [55–57]. Under the construction
of all of these models there is probably one underlying fundamental observation: as light in Euclid space deviates
from a straight line in a medium with variable density, an “effective” curvature might originate, under opportune
conditions, from the same physical flat-space vacuum.

As regards the quantum vacuum energy density which should originate the macroscopic space-time, the Planck
energy density

ρpE =
√

c14

h̄2G4
≈ 4.641266 × 10113 J/m3 ∼= 1097 Kg/m3 (20)

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 given by relation
ρDE ∼= 10−26 Kg/m3, (21)
thus giving rise to the so-called “cosmological constant problem” because the dark energy (21) is 123 orders of
magnitude less than (20). In order to solve this problem, Santos proposed an interesting explanation for the actual
value (21) of the dark energy which invokes the fluctuations of the quantum vacuum [58,59]. Santos showed that
quantum vacuumfluctuations determine a curvature of space andmade a calculation, involving plausible hypotheses
within quantized gravity, which establishes a relation between the two-point correlation of the vacuum fluctuations

C (|�r1 − �r2|) = 1

2
〈vac| ρ̂ (�r1, t) ρ̂ (�r2, t) + ρ̂ (�r2, t) ρ̂ (�r1, t) |vac〉 (22)
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and the space curvature. In Santos’ approach the dark energy ρDE is the effect of the quantum vacuum fluctuations
on the curvature of space–time according to equation

ρDE ∼= 70G
∫ ∞

0
C (s) sds, (23)

where C (s) is a two-point correlation function of vacuum density fluctuations. Santos’ model of quantized general
relativity, therefore, predicts that the quantum vacuum fluctuations give rise to a curvature of space–time similar
to the curvature produced by a “dark energy” density. 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. Santos’
formalism implies furthermore that the action of the quantum vacuum fluctuations is direct, in the sense that it is
expressed by a two-point correlation function that, in the case of equal times, depends only on the distance between
those two points.

In the recent paper [60], by following the philosophy that is at the basis of Haisch’s and Rueda’s model, Puthoff’s
model, Consoli’s approach and Santos’ approach here mentioned, we have introduced a model of a 3D quantum
vacuum in which general relativity emerges as the hydrodynamic limit of some underlying theory of a more
fundamentalmicroscopic 3D quantumvacuum condensate. In this approach, the fluctuations of the quantumvacuum
energy density generate a curvature of space–time similar to the curvature produced by a “dark energy” density
and produce a shadowing of the gravitational space which determines the motion of other material objects present
in the region under consideration. Although this approach is in its germinal stages of development, it suggests the
relevant perspective to interpret the curvature of space–time characteristic of general relativity as a mathematical
value of a more fundamental actual energy density of quantum vacuum which has a concrete physical meaning.

Taking account of Santos’ results, in our approach the quantized metric of the 3D quantum vacuum condensate
is

dŝ2 = ĝμνdx
μdxν (24)

whose coefficients (in polar coordinates) are defined by equations

ĝ00 = −1 + ĥ00, ĝ11 = 1 + ĥ11, ĝ11 = 1 + ĥ11, ĝ33 = r2 sin2 ϑ
(
1 + ĥ33

)
, ĝμν = ĥμν for μ �= ν, (25)

where multiplication of every term times the unit operator is implicit and, at the order O
(
r2

)
, one has

〈
ĥμν

〉
= 0

except
〈
ĥ00

〉
= 8πG

3

(
�ρqvE

c2
+ 35Gc2

2π h̄4V

(
V
c2

�ρDE
qvE

)6)
r2 and

〈
ĥ11

〉
= 8πG

3

(
−�ρqvE

2c2
+ 35Gc2

2π h̄4V

(
V

c2
�ρDE

qvE

)6
)
r2. (26)

In Eq. (26) V is the volume of the object under consideration, �ρDE
qvE are opportune fluctuations of the quantum

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

ρDE ∼= 70
G

4π

(
V

c2
�ρDE

qvE

)2 1

l
· 1

l3
, (27)

where

l = h̄(
V
c2

�ρDE
qvE

)
c
. (28)

The quantized metric (24) is associated with an underlying microscopic geometry expressed by equations

�x ≥ h̄

2�p
+ �p

2h̄

(
2π2/3

)2/3
l2/3l4/3P , (29)
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which is the uncertainty in the measure of the position,

�t ≥ h̄

2�E
+ �ET 2

0

2h̄
, (30)

which is the time uncertainty and

�L ∼=
(
2π2/3

)1/3
l1/3l2/3p T0E

2h̄
, (31)

which indicates in what sense the curvature of a region of size L can be related to the presence of energy andmomen-
tum in it. Equations (29)–(31) are derived from the quantum uncertainty principle [61] and from the hypotheses
of space–time discreteness at the Planck scale by following Ng’s treatment [62–65] in which the structure of the
space–time foam can be inferred from the accuracy in the measurement of a distance l—in a spherical geometry
over the amount of time T = 2l/c it takes light to cross the volume—given by

δl ≥
(
2π2/3

)1/3
l1/3l2/3P . (32)

The quantized metric (24) allows the quantum Einstein equations

Ĝμν = 8πG

c4
T̂μν (33)

(where the quantum Einstein tensor operator Ĝμν is expressed in terms of the operators ĥμν) 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 (24) and thus from the changes and fluctuations of the quantum
vacuum energy density (on the basis of Eqs. (25) and (26)) [60].

By applying bijective epistemology, in the light of the model suggested by the authors, the perspective is opened
that space is a type of energy emerging from a 3D quantum vacuum condensate described by the quantized metric
(24) whose coefficients (25) and (26) are just associated with the fluctuations of the energy density. Here, quantum
entanglement can be seen as a non-local phenomenon which emerges from a timeless 3D quantum vacuum; in other
words, a timeless 3D quantum vacuum is an immediate medium of quantum entanglement, a timeless 3D quantum
vacuum is the fundamental arena, the fundamental source of non-local phenomena. In this picture, time can be
seen as a numerical order of motion of local objects which takes place in the fundamental non-local 3D quantum
vacuum.

If in this chapter we have described energy density of quantum vacuumwith a 3D Planck metric, however, it must
be also emphasized that we cannot establish if it is the most ultimate description, in other words we do not know yet
about the actual dimensionality of the fundamental unified quantum vacuum which is at the basis of physical reality
and of all physical processes. One can define position of an object which exists in quantum vacuum with respect to
another object with three spatial dimensions X , Y and Z , but this does not mean that the ultimate quantum vacuum
is 3D. Defining the most ultimate quantum vacuum as 3D is not falsifiable. The question about the dimensionality
of the ultimate quantum vacuum remains open.

Nonetheless, we can say that, on the basis of our model, in quantum vacuum we have two basic types of
phenomena:

– local phenomena which have their numerical order; their characteristic is that they are temporal;
– non-local phenomena which do not have numerical order; their characteristic is that they are immediate.

In our model “locality” is related with “temporality” and “non-locality” is related with “immediacy” and so
“timelessness”. In this model time, which is numerical order of local temporal phenomena, cannot emerge from
entanglement—which is immediate non-local phenomenon—as is proposed by Moreva and others [22].

123

Author's personal copy



Searching for an adequate relation between time and entanglement 373

6 Conclusions

In physics, a three-dimensional background space (emerging from a fundamental quantum vacuum condensate)
is the primary physical reality in which observer measures numerical order of changes which is time. Time is
not a fundamental physical reality in which material changes occur. Time is merely a mathematical parameter of
material changes, i.e. motion running in a three-dimensional background. This model of space and time embraces
elementary particles and stellar objects, all moving in space only, and time being duration of their motion in
the three-dimensional space, originating from the quantum vacuum, which is the immediate medium of quantum
entanglement.
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