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Abstract: All the arguments of a wavefunction are defined at the same instant implying a notion of
simultaneity. In a somewhat related matter, certain phenomena in quantum mechanics seem to have
non-local causal relations. Both concepts are in contradiction with special relativity. We propose to
define the wavefunction with respect to the invariant proper time of special relativity instead of
standard time. Moreover, we shall adopt the original idea of Schrodinger suggesting that the wave-
function represents an ontological cloud-like object that we shall call “individual fabric” that has a
finite density amplitude vanishing at infinity. Consequently, measurement can be assimilated to a
confining potential that triggers an inherent non-local mechanism within the individual fabric. It is
formalised by multiplying the wavefunction with a localising gaussian as in the GRW theory but in
a deterministic manner.
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1. Introduction

As clearly explained by Travis Norsen in his book “Foundations of Quantum Me-
chanics” [1] there are three main interconnected problems in Quantum Mechanics: meas-
urement, relativity (non-locality and simultaneity) and ontology of a wavefunction.

Quantum measurement can be highlighted by the process of measuring a physical
property of a microscopic system by a measuring instrument. Suppose the quantum me-
chanical wavefunction describing the microscopic system is in a superposition of eigen-
states of an operator corresponding to the physical property that is being measured. Then,
contrary to real observations, the Schrodinger equation evolution implies that the meas-
uring instrument should be in a macroscopic superposition of many distinct states. Stand-
ard quantum mechanics (Copenhagen interpretation) solves this problem of macroscopic
superposition by introducing Born’s Rule. This rule postulates that a wavefunction
evolves deterministically in accordance with Schrodinger’s equation, except during meas-
urement when instead it collapses with a certain probability measure to one particular
eigenstate. The measurement problem consists in understanding this paradoxical transi-
tion from a deterministically evolving spread-out wavefunction into a sudden probabilis-
tic localisation.

The relativity problem concerns two main interrelated features. The first relates to
the relativity of simultaneity which is a consequence of Lorentz invariance and the second
relates to the notion of non-locality. In quantum mechanics, all the arguments of a wave-
function are defined at the same instant requiring thus, a notion of absolute simultaneity.
In particular, a quantum system for example made up of a pair of entangled particles be-
haves in such a manner that the quantum state of one particle cannot be described inde-
pendently of the state of the other. Standard quantum mechanics postulates that neither
one of both particles has a determinate state until it is measured. As both particles are
correlated, it is necessary that when the state of one particle is measured the second par-
ticle should ‘simultaneously’ acquire a determinate state. However, the laws of physics
are invariant under Lorentz transformations. There is no meaning of ‘simultaneity’
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independently of any frame of reference and there should be no preferred frame of refence
[2, 3]. On the other hand, the non-locality problem can be resumed by Einstein’s argument
that if quantum mechanics is complete then, the collapse of the wave function is a dynam-
ical process, which conflicts with relativistic locality. This quantum phenomenon was first
introduced as a thought experiment in the EPR paper [4] and it was later discovered that
it can be experimentally testable by using Bell’s inequality [5, 6]. There have been numer-
ous experiments such as Aspect's experiment [7] that proved the validity of quantum en-
tanglement and hence of non-local causal connections. Thus, the notions of non-locality
and simultaneity are inferred by quantum mechanics while being forbidden by the pos-
tulates of relativity.

The ontological problem concerns the fact that for more than one particle, the wave-
function is defined on a high dimensional configuration space and not on a physical space
and thus, cannot represent a physically real field. To have a physical ontology, the wave-
function should be the representation of some sort of a real physical entity.

In addition to the Copenhagen interpretation, there are several candidate theories
that propose solutions to at least some of the above problems. The main current theories
comprise Everett many-world theory, de Broglie Bohm pilot-wave theory [8, 9] and GRW
spontaneous collapse theory [10]. This paper is mainly based on the last two theories.

The de Broglie Bohm theory is very promising and is discussed in detail by Jean Bric-
mont in his book “Making Sense of Quantum Mechanics” [11] as well as in Norsen [1].
The basic idea behind this theory is that a corpuscle such as an electron has always a well
determined position on a definite trajectory through physical space. However, its move-
ment is influenced by an associated wavefunction giving rise to wave-like properties.
Thus, according to this theory, an electron is a particle ‘and” a wave. The de Broglie Bohm
theory solves the measurement problem and accounts for non-locality. However, it does
not solve the problem of simultaneity. Indeed, for a multi-particle system, the theory ex-
plicitly formulates the dependence of a particle’s evolution at a given instant on the posi-
tions of all the other particles at the same instant. Moreover, the ontology of the wave-
function which is defined in configuration space remains puzzling.

The GRW spontaneous collapse theory [10] is discussed in Norsen [1]. It modifies
Schrodinger’s equation with stochastic terms that has the effect of making a wavefunction
obey Schrodinger’s equation most of the time, except for exceedingly rare and random
instants when it instead undergoes a spontaneous collapse. GRW solves the measurement
problem, accounts for non-locality and gives a physical explanation to the wavefunction.
Nevertheless, it does not solve the problem of simultaneity and seems to be ad hoc.

In this paper we propose to make a certain sense out of the above problems mainly
by defining the wavefunction with respect to proper time in accordance with special rel-
ativity.

2. Invariant spacetime structure

We propose to consider the evolution of a particle from the perspective of proper
time 7, which is the only real physical time, by using the hyperbolic spacetime structure
inside a light cone associated to the particle. Specifically, we shall use the formalism of
Minkowski spacetime [12] as defined in a geometrical manner by Eric Gourgoulhon in his
book ‘Special Relativity in General frames’ [13].

Minkowski spacetime € is defined as an affine space of dimension 4 on R endowed
with a bilinear metric tensor g defined in an underlying vector space E, of signature
(+,—,—,—). In the vector space E, the set C composed of the zero vector and all null vectors
form a light cone C composed of two sheets C*and C- defining the future and past light
cones, respectively.

Given the above defined spacetime € and given an arbitrary point O € €, a family of
affine subspaces (S;);er is defined such that each subspace S; corresponds to the set of
points of € that can be connected to O by a time-like vector OM of modulus 7, where
TER :
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S, ={M €€, OM.OM = —1% < 0} 2.1 1)

We are henceforth, interested in physical systems that follow time-like or null world-
lines and shall not consider the set of space-like vectors. In the spacetime (€, g), a point
M € € is said to belong to the subspace S, iff OM.OM = —t2. Each set of points S, is
constituted of two subsets or two sheets S; and S; belonging to the interiors of the fu-
ture C*and past C- light cones, respectively:

St={(M€S,, 120} (22) @)

ST={ME€S,, t<0} (23) 3)

Let (x°x1,x2,x3) be the Cﬂdinates of M €S, in the affine frame defined by an
origin O and a basis (e,), then OM .OM = —72 canbe expressed as follows:

—()?+ D+ D+ () =12 (24) 4)

where x° =t, x* =x/c, x2 =y/c, x® = z/c.

The above equation (2.4) is a three-dimensional hyperboloid of the two sheets S
and S; spanned by the free extremities of the time-like vectors OM. Hereafter, we shall
only consider the positive branches S; from which the upper index ‘+ shall be dropped
to be simply denoted S,.

The modulus 7 of the time-like vector OM is the proper time of the physical sys-
tem. It generates a family of affine subspaces (S;),cz defined by (2.1). This family is con-
stituted of three-dimensional hyperboloids associated with the real coordinate 7 > 0 cor-
responding to a future-directed proper time 7.

The sheet S; of each hyperboloid forms a ‘spatial-hypersurface’ that we shall simply
call ‘slice” associated with proper time 7 € R. All points on any given slice S, are associ-
ated with the same proper time 7 which is indeed invariant to all observers from the per-
spective of any inertial frame of reference.

Without any loss of generality, we will refer hereafter to a two-dimensional
spacetime. Let (0; x,t) be an orthonormal frame of reference defined by the origin O, a
spatial x-axis and a temporal t-axis. We take c=1, then the light cone is composed of the
lines X and Y (where X is defined by t = x and Y is defined by t = —x) inside which are
piled a family of simple hyperbolas (S;);er. Let (x, t) be the coordinates of a point M on

2

a given hyperbola (M € S, ), then similarly to equation (2.5), OM.OM = —1% can be ex-

pressed as follows:
t2—x2 =12 (2.5) (5)

For each proper time 7, the free extremity M of the vector OM (of modulus 7) spans
the hyperbolic-slice S;. The hyperbolic slice S, is a piecewise twice continuously differ-
entiable curve of Minkowski spacetime (€;, g) composed of a set of hyperbolic points
(u, 7). The hyperbolic coordinate u represents the orientation of a straight line (or a ray
R,,) passing through the origin. All points (u, t) onthe same ray R, share the same hy-
perbolic coordinate u. On the other hand, all points (u, t) on the same slice S, share
the same invariant proper time coordinate 7.

Thus, the rays (R,), and hyperbolic slices (S;), define a hyperbolic frame of refer-
ence (O;R,,S;) where a given hyperbolic point (u, ) is the intersection between the
corresponding ray R, and slice S;.

The hyperbolic slice S; can be parametrized by a bijective function ¢ from the
points on the real axis R into the points on that slice S; (i.e. : R = S; ) such that any
point u on the slice S; is givenby u = ¢(4) = u(4). The parameter 1 can be chosen to
be the standard time coordinate t or the standard space coordinate x.

The mapping between a point (x,t) in the orthonormal frame of reference (0;x,t)
and a hyperbolic point (u, 7) in the hyperbolic frame of reference (O;R,,S;) is:
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u=In Jif—j and T =+t2—x2 (2.6) (6)

The inverse mapping of (2.11) can be expressed as follows:
x =tsinhu and t=tcoshu 2.7) 7)

As each slice S; is associated with a corresponding proper time 1, then, all points u
belonging to that slice S; are said to be ‘simultaneous’. That is, each slice S, is a class of
simultaneity made up of a set of points u, that are associated to the same proper time 7.

The passage from one slice S, into a subsequentslice S;, represents the ‘transition’
from a first proper time 7, to a consequent proper time t,. Proper time provides thus,
an invariant time ordering of the set of slices.

We note that the passage from one slice S;, into a subsequent slice S;, expands the
standard spatial separation between any two points. Indeed, let (uy, 7;) and (u,,7;) be
two different points at an initial proper time 7;, and (u,, 1) and (up,7,) be the corre-
sponding points at a subsequent proper time 7,, where u, and u, representtwo differ-
ent rays. As 1, > 74, then, the standard spatial separation 7, sinh (u, —u,) at the later
proper time 7, is greater than the standard spatial separation t; sinh (u, —u,) at the
previous proper times ;.

3. Wavefunction and its evolution through proper time

In view of the above, we propose to define the wavefunction (or state vector) in a
Hilbert space associated to a corresponding slice S,. The wavefunction’s arguments are
associated to the hyperbolic points (z,u) of the corresponding slice S, and are thus, in-
variant with respect to 7. The coordinates of each hyperbolic point (z,u) can be consid-
ered as the module 7 and argument u of a vector or a complex number u, = re™. The
wavefunction that we shall call ‘invariant wavefunction” evolves according to the progres-
sion of subsequent slices.

Each slice S; can be associated to a Hilbert Space #. The slice S; represents a po-
sition basis {|u;)} of the associated Hilbert Space H with elements |u;) labelled by a
continuous hyperbolic variable u, normalised using the Dirac §-function:

(u'rlug) = 6(u's —uy) G.1) 8)

An invariant unit state vector [y (7)) in the Hilbert space H associated to the slice
S; can then be expanded as an integral in function of the base elements |u;) as follows:

(@) = [ du; Pur) lue) (3-2) )

The right-hand side of the above equation (3.2) is defined by a line integral along the
piecewise smooth curve representing the slice S;. It describes the state vector [(7)) of a
physical system as a superposition of position basis elements |u;) each one of which cor-
responds to a definite hyperbolic coordinate u of the slice S; at a given proper time in-
stant 7. The expanding coefficients or ‘weights’ 1(u;) representa complex valued invar-
iant wavefunction.

The left-hand side [y (7)) belongs to Hilbert space H and represents the vector sum
or resultant of the decomposed position states. As all the superposed arguments are de-
fined at the same invariant proper time instant 7, then there is a sense in calculating their
resultant.

The invariant wavefunction ¥ (u;) = ¥(u,t) describes the quantum state of a phys-
ical system at a specific proper time 7. It is considered to be governed by a gradual evo-
lution through proper time according to a unitary transformation that can be expressed
by the following equation of motion:
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ih(Y(u, 7+ 67) =Y, 1)) = g(E)stp(u,7) (3.3) (10)

where g(E) is a function of the physical system’s energy. The invariant wavefunc-
tion at each proper time 7 may be considered as a single bloc and thus, its evolution de-
pends only on proper time t. The dependency on u can be dropped from the above
equation (3.3) which simply becomes:

ih(Y(t + 67) — (1)) = g(E)dtp(7) (3.4 (11)
Posing ¥ (t + 6t) — (1) = 6y (1), then, equation (3.4) can be expressed as follows:
théy(7) = g(E)dt(7) (3.5) (12)

For a physical system moving within the upper cone, proper time is positive whereas,
it is negative for a physical system moving within the lower cone. However, the equation
of motion should not be affected by one or the other direction of proper time and thus,
energy which should be conserved on either direction of proper time should not differen-
tiate between both movements. This implies that the function of energy g(E) should ra-
ther depend on energy square EZ. But g(E?) should have the dimension of energy and
not energy square and thus, we divide by an energy constant of the physical system,
which naturally is mc? where m is the mass of the physical system.

On the other hand, equation (3.5) should account also for antiparticles which by con-
vention have negative energy. Thus, the function g(E) in equation (3.5) should be of the
form:

g(E) = £(f(E}/mc?)  (3.6) (13)

where the plus/minus sign accounts for particles and antiparticles.
By injecting (3.6) into (3.5), we obtain:

ih&y(v) = +(f(E*)/mc?)6Th(7) G.7) (14)
Equation (3.7) can be expressed as a derivative with respect to proper time 7, as fol-
lows:
alP(T) 2 2
th=3—=(f(E")/mc*)y(2) (3-8) (15)

The exact form of the equation can be verified by comparing it with the standard
Schrodinger’s equation. Nevertheless, we shall take the simplest form and let f(E 2y =F?,
and thus, equation (3.8) becomes:

ih al“’) = +(E2/meD)P(r)  (3.9) (16)

Equation (3.9) shall be called ‘invariant wavefunction equation” and its solution is:
(1) = PhoetiE/hme?)r (3.10) 17)

where P, = P (0). (18)

This solution shows that an increase in proper time 7 changes the phase of the
proper wavefunction at a proper-time rate E?/hmc?.

To recover the standard equation, we express the proper-time differential 57 in the
invariant wavefunction equation (3.9) in terms of the standard-time differential &t, as fol-
lows:
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ih ™D = (B2 /mc?) Sp(r)  (.11) (19)

Using the relation (2.6) between proper time t and the standard coordinates x and
t, the differential 67 can be expressed as follows:

8t = 8ty/1 — (6x/8t)?/c? = 5t 1 —v2/c? (3.12) (20)

Noting that:

L 2z =M
w_ = o) e
Introducing the expression (3.13) into equation (3.11), we finally obtain:

i ™50 = tEY(x ) (3.14) 22)

Equation (3.14) describes the evolution of the wavefunction in standard spacetime
and is equivalent to the invariant wavefunction equation (3.11). When the right-hand side
is positive, we get an equation similar to Schrodinger’s equation except that E represents
a relativistic energy.

In particular, the energy E in the non-relativistic limit can be expressed as follows:

E =+Vm2c* + P2c2 = mc?,/1 + v2/c? = mc? + mv?/2 (3.15) (23)

We thus obtain the energy of a free particle knowing that the term mc? is a constant
corresponding to the rest energy that has no consequences for the evolution of the particle.
This shows that Schrodinger’s equation is a non-relativistic limit to the invariant wave-
function equation (3.9) for particles (i.e. not for antiparticles).

On the other hand, equation (3.14) can be written as:

(ihg £ E) () = 0 (3.16) (24)
(ih%+ mZct + P2c2) (ih%— V2T P72 ) p(x,t) =0 (3.17) (25)

(-2 & —mict - P2?) P =0 (3.18) (26)
Using the momentum operator, equation (3.18) simply becomes Klein-Gordon equa-
tion:

2
—n2 8D = (—R2e2V2 4+ mP e (x, t) (3.19) @7)

This shows that the the invariant wavefunction equation (3.9) is equivalent to Klein-
Gordon equation.

4. Ontology of the invariant wavefunction

An invariant wavefunction (u;) = ¥ (u, 1) describes the quantum state of a physi-
cal system and has two main properties: The first property is the fact that all the arguments
of the invariant wavefunction are associated to the hyperbolic points (r,u) of a corre-
sponding slice S;, and are thus, defined at a specific proper time instant 7 which is in-
variant for all observers. The second property is the fact that its evolution through proper
time is unitary, ie., its density [(u, 7)|%is conserved at each proper time instant 7
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whatever is the spacetime interval between any two arguments. These first and second
properties imply that the distribution of density throughout all the arguments u, of the
invariant wavefunction forms a holistic bloc having an inseparable identity. Thus, the in-
variant wavefunction 1(u,t) can be considered as a single ‘quantum event’ describing
the quantum state of a physical system at a specific proper time 7.

Moreover, as explained by Tim Maudlin in his book ‘Philosophy of Physics: Quan-
tum Theory [14], the wavefunction accounts faithfully for the interference pattern (for ex-
ample, in a two-slit experiment) and it is reasonable to consider that it represents some
real physical features of a physical system. The characteristics and behaviour of the wave-
function should then reflect those of the physical system.

Indeed, Schrodinger originally suggested that a particle can be assimilated to a
‘cloud’ that continuously fills the entire space and whose density is given by the square
of the wavefunction. This idea has been abandoned by Schrodinger mainly because the
cloud keeps diffusing and does not seem to correspond to the relatively sharp macro-
scopic world [1]. Moreover, all the points of the cloud are defined at the same instant
which contradicts the relative simultaneity principle of special relativity.

Nevertheless, this idea has been reintroduced in the GRW theory [10, 1] and we shall
hereafter, adopt this concept in relation to the invariant wavefunction which is invariant
for all observers. The physical system is thus considered as a kind of a continuously
spread-out cloud that we shall call ‘individual fabric” which makes part of the spacetime
fabricitself. Each individual fabric has its proper individual identity (or individuality) and
has a finite ‘density amplitude’ that vanishes at infinity reflecting the effects and proper-
ties of the corresponding invariant wavefunction.

In particular, the individual fabric’s density p(u,) at each hyperbolic point u, is
equal to the square of the invariant wavefunction at that point:

pu) = [ (u,1)? 4.1 (28)

The dispersion and probabilities of the invariant wavefunction reflect then, a real
density distribution within the corresponding individual fabric.

For example, an invariant wavefunction whose density amplitude is defined by a
normal distribution would be the result of a normal distribution of the individual fabric’s
density itself. The dispersion of the invariant wavefunction would represent the width of
a central region where the individual fabric’s density is concentrated, the median would
be the individual fabric’s centre of density, while the tails would represent rarefied pe-
ripheral density regions. The region where the density is concentrated interacts the most
with its environment and shall be called the “useful part’ of the individual fabric whereas,
the rarefied density regions have little or no interactions with their environment.

More generally, the proper wavefunction (U, Uy, ... Ug, T) of a set of physical sys-
tems composed for example, of k particles is defined in a high-dimensional configuration
space on R3K xR, codifying their different positions and identities.

We will extrapolate Schrodinger’s original idea of defining the individual density for
each particle separately, and then construct the global density by ‘summing’ all individual
densities. Thus, each particle corresponds to an individual fabric whose points (uy, )
are defined in a four-dimensional physical spacetime R*® x R such that the density distri-
bution of each individual fabric continuously fills the entire space. All individual fabrics
are isomorphic and thus, their density distributions can be projected on the same four-
dimensional physical spacetime R*® x R. Consequently, the multi-particle invariant wave-
function Y(u,g, Uy, ... Uge, T) can be perceived as representing a ‘global fabric” defined in
the four-dimensional physical spacetime R?® X R and whose density distribution corre-
sponds to the sum of all the density distributions of its constituent individual fabrics. Con-
cretely, the global density p(u,) of the global fabric representing the k-particle-system is
the sum of all the individual densities p; (u;), ..., p; (Uy), ..., pr (u;) of the corresponding
individual fabrics representing the k different particles, where the it density p;(u,) of
the ith individual fabric being the integral of the square of the invariant wavefunction over
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the coordinates associated with all the other individual fabrics. We note that here, the k-
particle-system is unambiguously defined at a specific proper time instant 7 whatever is
the distance between the different centres of density and does not contradict relativity.

The global fabric is thus, defined by a global density distribution p(u,) over a set of
points (u,T) inafour-dimensional spacetime R® x R where each point u, represents a
common position of all the k-individual positions.

However, the global density distribution p(u;) gives only a partial representation
of the global fabric. Indeed, by making the above summing operation we lose the individ-
ual identity of each individual fabric knowing that these individual identities also deter-
mine the way they interact with each other to form the global fabric. Therefore, to conserve
the individual identities of the different individual fabrics, the global fabric should be rep-
resented by the multi-particle invariant wavefunction (U, U, ...Ug, T) which is a
mathematical representation that conserves the individual identities of all individual fab-
rics while indirectly defining the global density p(u,).

In other words, the multi-particle invariant wavefunction y(u,y, Uy, ... Uy, T) gives
a consistent definition of the global fabric as it determines its global density p(u,) ac-
cording to Schrodinger’s summing operation on all individual fabrics” densities while
conserving their individual identities. We note that the multi-particle invariant wavefunc-
tion Y(ueq, Ugy, ... Ugg, T) determines also whether the merging or summing operation is a
simple ‘juxtaposition’ or a ‘combination’ of the different density distributions. Indeed, a
non-factorable invariant wavefunction would mean that the individual fabrics are com-
bined together, i.e., they are intermingled or entangled to each other as if formed of a
single fabric (having a common global identity). On the other hand, a factorable invariant
wavefunction would mean that the individual fabrics are only juxtaposed to each other
without being entangled.

5. Contracting function

The invariant wavefunction representing a free particle (i.e., not an anti-particle) cor-
responds to an individual fabric that evolves according to the invariant wavefunction
equation (3.9) as an indivisible holistic bloc within the upper light cone and thus, its evo-
lution is local and consistent with special relativity. During this evolution, the invariant
wavefunction spreads out in standard space in a smooth manner as a consequence of the
passage from one slice S, into a subsequent slice S;,. This spreading out suggests that
the individual fabric’s density should be stretching out (i.e. becoming more diluted) while
evolving through proper time.

However, the introduction of an external potential such as a confining potential
V(u, ) that interacts with the useful part of the individual fabric modifies the energy of
the system changing thus, the form of the invariant wavefunction equation (3.9). The con-
fining potential V(u,t) acts on the useful part of the individual fabric which in its turn
reacts by undergoing an abrupt redistribution and more precisely, an abrupt contraction
of its density (i.e. becomes more concentrated) in compliance to the newly introduced po-
tential.

The abrupt redistribution of the individual fabric’s density due to the abrupt introduction
of the external potential may be formalised by multiplying the invariant wavefunction by
a contracting function ¢(u,) whose form depends on the external potential, as follows:

lp+(u‘n ) = @u Y™ (U, 1) 5.1 (29)

where ¥ (u,,7) represents the subsequent invariant wavefunction resulting from
the action of the external potential on the antecedent invariant wavefunction ¥~ (u,, 7).

Equation (5.1) is a non-dynamic state equation wherein, antecedent and subsequent
invariant wavefunctions ¥~ (u;,7) and ¥*(u,,7) are both defined at the same proper
time instant 7. Indeed, the reconfiguration in the distribution of density is instantaneous
(or quasi-instantaneous) and inherent to the individual fabric. In particular, the individual
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fabric is a single indivisible object represented by a single event and a variation in its den-
sity distribution is a variation of its state or property and not the result of any displace-
ment. This implies a non-local connectivity within the individual fabric which does not
experience any displacement with respect to the spacetime fabric and thus, does not con-
tradict special relativity.

We note that in response to a variation in the external confining potential, the con-
tracting function @(u.) may in general, be defined by a contracting Gaussian g(u.) ap-
plied to the zone of interaction of the invariant wavefunction and whose dispersion de-
pends on the form of the external confining potential.

The narrower is the confinement potential, the smaller is the wavefunction’s disper-
sion and thus, the more concentrated is the fabric’s dense region. However, in accordance
with the uncertainty principle, the individual fabric’s density cannot be concentrated be-
yond an infinitesimally small minimal localised region. In this later case, the contracting
Gaussian g(u,) becomes alocalizing Gaussian gy(u,) similar to that in the GRW theory,
except that it is not a random spontaneous collapse but rather a deterministic response to
the external potential as will be described in more details in sections 7 and 8. The localizing
Gaussian gy(u,) has a minimal dispersion € consistent with the uncertainty principle
and is centred at a point u, = U around which the contraction takes place. Thus, unlike
the GRW theory, the point U is not random and depends on the region of interaction
between the wavefunction and the external potential that triggered the contraction. On
the other hand, this point U is not necessarily the centre of density.

6. Non-relativistic limit

The arguments of a standard non-relativistic wavefunction ¥ (r,t) cannot be consid-
ered as simultaneous and even less as a single event. Nevertheless, the standard wave-
function ¥ (r,t) is considered here as an approximation of the invariant wavefunction
Y(t) which in revenge, is defined without ambiguity at a given invariant proper time
instant T and is considered as a single quantum event.

For simplicity, we shall consider the evolution of a particle in a two-dimensional
space through standard time t, defined by a standard space-time coordinate system
(0;x,y,t). In the non-relativistic limit, each slice S; becomes a corresponding ‘quasi-
plane’ L, parallel to the (x,y) plane.

The invariant state vector |(7)) becomes a standard state vector [ (t)) in function
of standard temporal and spatial coordinates (x,y,t ), as follows:

() = [dxdy (x,y,t) |x,y) (6.1) (30)

The evolution of the wavefunction ¥(x,y,t) is thus, governed by Schrodinger’s
equation:

ih % = Hy (6.2) (1)

The wavefunction (x,y,t) of a free particle spreads out in time and its dispersion
o keeps growing. However, the introduction of a potential V(x,y) is a discontinuous
process that triggers an internal mechanism making the wavefunction consistent with the
imposed potential. This internal mechanism is defined by a contracting operator L corre-
sponding to the multiplication of the wavefunction by a contracting function ¢(x,y) that
depends on the potential V(x,y). For example, in the case of an abrupt barrier potential
V(x,y) such as a barrier with an opening, the contracting function @(x,y) is an almost
symmetrical image S(V) of the barrier potential V(x,y) around its mean value V, with a
normalising factor 1/M, defined as follows:

exy) =S(VM)/M  (6.3) (32)
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The subsequent wavefunction Y*(x,y,t) resulting from the abrupt introduction of
the barrier potential V(x,y) is then equal to the contracting function multiplied by the
antecedent wavefunction P~ (x,y,t) at the instant of the introduction of the barrier po-
tential V(x,y), as follows:

Uy t) = eV (xy t) (6.4 (33)

The multiplication of the wavefunction y~(x,y,t) by the normalised contraction
function @(x,y) concentrates most of its density within a certain region whose extension
depends on the barrier potential.

Indeed, when we describe for example a particle in a box with a square potential or
a harmonic oscillator representing a particle in a quadratic potential, we consider that the
wavefunction vanishes at the edges. In other words, we implicitly multiply the wavefunc-
tion of a free particle by a contracting function that limits its extension to a region within
the barrier potential.

7. Application: Evolution of a particle through a slit

Let a particle coming out of a source and travelling towards a barrier with a slit and
passing through the slit before impacting a screen. Let the source be at the origin 0 of a
standard space-time coordinate system (0;x,y,z,t) such that the particle is travelling in
the y-direction towards the barrier, the screen and the barrier being both parallel to the
(x,z) plane, and the barrier’s slit being along the z-direction. For simplicity, we will ne-
glect the z-direction and restrict the analysis in a two-dimensional space with respect to
the system (O;x,y,t).

The evolution of the particle can be described according to a first step from the source
to the barrier, a second step through the slit, and a third step from the slit to the screen.

7.1. First step from the source to the barrier

Suppose that initially, at t=0, just downstream of the source, the particle corresponds
to a free particle represented by a Gaussian wavefunction. In particular, the wavefunc-
tion’s transverse profile (i.e. in the x-direction) is defined as follows:

2

Y(x,0) = me‘m (7.1) (34)

The wavefunction’s transverse profile [1, 11] which is a solution of Schrodinger’s
equation at an instant t between the source and the barrier, is:

Y1) = e M) () 35)

The amplitude square of the wavefunction 1 (x,t) is a Gaussian [1, 11] defined as
follows:
NZ

[0 O = i e 2 (AT (73) (36)

where the dispersion at an instant t, is given by:
o?(t) = 0% + (ht/2mo)? (7.4) (37)

For simplicity, we shall consider that the transverse profile of the wavefunction at an
instant t can be approximated by the square root of the Gaussian square-amplitude given
by (7.3). Thus, the transverse profile of the wavefunction at an instant t, can be expressed
by the following Gaussian wavefunction:
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X2
Yoo t) = A(D)e O (15) (38)
N
where A(t) = m (76) (39)

7.2. Second step at the barrier and through the slit

Suppose the wavefunction of the free particle interacts with the barrier, at a certain
instant t;. The slit potential can be regarded as an abrupt square potential whose trans-
verse profile is defined as follows:

_(e~0 for|x|<a
Ve = { Vo,  otherwise (7.7) (40)

where a is the width of the slit and V, » 1. That is, the slit potential is almost equal
to zero within a small diameter a and almost infinite elsewhere.

The slit potential has the effect of a contracting function ¢(x) that concentrates the
density of the wavefunction within the width of the slit and dilutes it outside the slit. To
be consistent with the principle that a wavefunction should vanish at the edges of regions
of infinite potential energy [15], the transverse contracting function ¢(x) should be a
quasi-symmetrical image S(V) of the transvers potential V(x) with a normalising factor
1/M, defined as follows:

Vo/M  for|x|<a

(p(x)~{£/M for|x|>a (7.8) (41)

On the other hand, to avoid the discontinuity at the sharp edges (i.e. at |x| = a), the
transverse contracting function ¢(x) can be approximated by a transverse normalised
contracting Gaussian g(x) centred at x = 0, with a dispersion equals to the slit's width
a, and with a normalizing factor G:

2

g(x) ~ GeiE  (19) (42)

Suppose, the useful part (i.e. dense region) of the individual fabric comes into contact
with the slit barrier at an instant t;, where according to equation (7.5), the transverse pro-
file of its wavefunction is defined by a normalized gaussian ¥~ (x,y,t;) having a disper-
sion ¢ much larger than the slit's width a, as follows:

2

PGy, L) = Alt)e @ (1.10) (43)

The interaction of the individual fabric with the slit barrier instantaneously trans-
forms the normalized gaussian ¥~ (x,y,t;) into another normalised gaussian
Y*(x,y,ts) presenting a dispersion equals to the slit's width a, as follows:

x2 x2

Xz _r _
P00y ) = g™ (Y, £) = Ge WPA(t)e W = B(t)e W@ gy
(7.11)

where B(t;) = G X A(ts) and o > a.
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It should be noted that the whole individual fabric represented by the wavefunction
crosses the slit barrier. The individual fabric’s useful part passes through the slit while all
other regions are so rarified that they do not interact with anything else, passe unhindered
across the barrier itself.

7.3. Third step from the slit to the screen

Downstream of the slit, the wavefunction starts at an instant t4, as in the first step
by having a Gaussian transverse profile given by:

XZ

Yo ty) = B(te €0 (1.12) (#5)

It evolves by spreading out according to Schrodinger’s equation such that its disper-
sion increases which, at any instant t, between the slit and the screen, shall be noted b(t),
where b%(t) > a?(t,).

Suppose that at an instant t,,, the useful part of the individual fabric reaches the
screen. At this instant t,,, the transverse profile of the wavefunction is a normalized
gaussian Y~ (x,y,t,, ) presenting a dispersion b(t;,), and having the following form:

x2

YO0y, te) = C(tp)e PEm  (1.13) (46)

The screen is a barrier that can be assimilated to a constant potential V(x,y) =V, »
1 whereas, the zone of impact on the screen can be assimilated to an infinitesimal well.
Then, at the instant t,, of impact, the potential of the screen is equal to V, everywhere
except within the zone of contact with the useful part of the wavefunction. This zone of
contact can be represented by an infinitesimal Gaussian well of width A,= 2e such that
its associated contracting function is a localising Gaussian having an infinitesimally small
and minimal dispersion & around a certain point (X,,Z,) within the zone of contact.

In particular, the transverse profile of the contracting function at the transverse point
X, within the zone of contact can be expressed by a localising gaussian, as follows:

_(x-Xp)?

95 () = Grre (7.14) (47)

where the dispersion ¢ of the localising Gaussian is much smaller than the disper-
sion b(t,,) of the wavefunction Y~ (x,y,t,, ).

The localising gaussian instantaneously reduces the dispersion of the wavefunction
to e. Indeed, the transverse profile of the antecedent wavefunction ¥~ (x,y,t,, ) having
a dispersion b(t,,) much larger than the zone of contact 2¢, is instantaneously trans-
formed into a subsequent normalised gaussian Y*(x,y,t, ) presenting a dispersion
equals to the radius & of the zone of contact, as follows:

(x=X0)?

YOy, ) = D(t)e” 4 (7.15) (48)

Thus, the impact of the wavefunction’s useful part on the screen contracts this region
to a localised condensed extension 2¢, making it to behave as a corpuscle and in particu-
lar, as a particle in an extremely narrow well.

It is known [15] that for a particle within a well of width A,= 2¢, its momentum in
the ground state (n=1) is of the order:

hk = hm/2e (7.16) (49)
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where

k= ame (7.17) 0)

h2

Therefore, the radius of the well or the dispersion ¢ of the contracting Gaussian
should be of the order:

e~ = (7.18) (51)

The above expression (7.18) gives an estimate of the localised condensed extension
2¢. We note that the uncertainty in momentumis A,~ fin/e and the uncertainty in posi-
tion is Ay~ 2¢ and thus, their product A,A,~ 2Am is consistent with the uncertainty
principle.

By injecting the parameters relative to an electron having for example an energy E of
600 eV in the above formula (7.18), we get a dispersion ¢ of the order of 10'm.

The impact of the individual fabric’s useful part with the screen produces thus, a
complete transition of the wavefunction’s density from a stretched state to a localised
state. This is similar to the localising function in the GRW theory except that it is not a
random spontaneous collapse but rather a response to the interaction between the wave-
function and the screen.

We note that if the barrier in the second step had two slits centred at x = a and x =
—a, forming a transverse double-square potential, then the induced contracting function
@ (x) would have concentrated the density of the wavefunction within the widths of both
slits. The transverse contracting function ¢(x) can be approximated by a double-Gauss-
ian centred at x = a and x = —a, each one of which presenting a dispersion equals to the
slit's width a. The transverse profile of the wavefunction just downstream of the double-
slit screen would thus, be a superposition of two Gaussians centred at x = a and x =
—a. As the two Gaussians representing the distribution of the fabric’s density spread out
and overlap, an interference pattern would be created.

8. Measurement

In view of the above, measurement may not be the right term to use because the out-
come of a measurement is not a pre-existing value. In particular, the measurement of a
position of a physical system is a transformation like all others, the only special thing
about it is that it transforms a pre-existing fabric having a stretched density into a fabric
that has a highly localised density. This transformation is triggered by the introduction of
a confining potential. Measurement can thus, be formalised by multiplying the wavefunc-
tion ¥~ (r,t) with alocalising gaussian ¢, (r,t), as follows:

P, 0) = @, (r, Y~ (1, 1) 8.1 (52)

Consequently, the individual fabric has a wave-like behaviour when most of its den-
sity is in a stretched state and a particle-like behaviour when most of its density is in a
minimally contracted or localised state.

Moreover, Schrodinger’s equation is always applicable, and discontinuity arises only
because the process of interaction or measurement modifies the potential in Schrodinger’s
equation.

In general, the wavefunction Y (ry,13,...13,t) of a set of k particles represents a global
fabric composed of a combination (i.e. entanglement) or a juxtaposition (i.e. non-entangle-
ment) of the individual fabrics of the different particles.

In a similar manner to the GRW theorem [10] and as explained in detail for a two-
particle system in [1], if the wavefunction is in the non-entangled (i.e. factorizable) state,
a localisation of a particular dense region of an individual fabric does not affect the other
dense regions. A localising gaussian ¢, (7;,t) acts only on a corresponding individual
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wavefunction lp(rj, t) without affecting the other individual wavefunctions. However, if
the wavefunction is in the entangled (i.e. non-factorizable) state, a localisation of a partic-
ular dense region within the global fabric affects all other dense regions. A localising
gaussian ¢, (1;,t) relative to any dense region acts holistically on the global fabric and
thus on all its dense regions.

We note that in a macroscopic object, each particle’s fabric is subject to a confining
potential corresponding to a resultant action created by all other particles’ fabrics. The
interaction between the different particles has the effect of confining the dense part of each
fabric represented by its wavefunction within the confining potential and thus, a macro-
scopic object is always in a localized state.

9. Relation with de Broglie Bohm theorem (Fabric’s centre of density)

Using Ehrenfest theory relative to the expectation values (x) and (p) of the position
and momentum operators respectively, we have:

d(x(t))/dt = (p(t))/m 0.1

In this context, the parameter X(t) = (x(t)) ata given instant t, can be considered as
a point representing the centre of density of the fabric at that instant. The parameter
P(t) = (p(t)) can then be considered as the momentum of the fabric’s centre of density
X(t).

De Broglie’s formula can be used to relate the momentum P(t) of the fabric’s centre
of density to a corresponding wave number k(t), as follows:

53
dX(t)/dt = P(t)/m = hk(t)/m 9.2) 3)
More generally, the de Broglie Bohm formalism may be used to express the dynamics
of the fabric’s centre of density. Let the wavefunction 1(x,t) be expressed in polar form
in function of amplitude R(x,t) and phase S(x,t), as follows:

P(x, t) = R(x,0)eS®D (9.3) (54)

Then, in a similar manner to the de Broglie Bohm theorem, the variation of the fabric’s
centre of density X(t) can be related to the phase S(x,t) of the wavefunction, according
to the following equation:

R 3S(x, t)

d
Ex(t) “m ox x=X(t)

94 (55)

The gradient of the phase dS(x, t)/0x is evaluated at the actual location of the fab-
ric’s centre of density X(t).

The difference with de Broglie Bohm theorem is that here, the parameter X(t) does
not represent an actual position of a particle but simply a centre of density of the fabric
represented by the wavefunction. This centre of density is not necessarily located in the
densest region of the fabric. For example, in the case of a wavefunction moving across two
slits, the dense region is distributed between two zones corresponding to the locations of
these two slits and thus, the centre of density is somewhere in between. Consequently, the
zone of interaction during a measurement is also not necessarily that where the centre of
density is located.

For a free particle, the individual fabric’s centre of density may be interpreted as the
centre of a sphere-like space-time fabric whose density diminishes at infinity. The fabric’s
centre of density can be assimilated to a point particle as in point mechanics.

It should be noted that the centre of density is only a manner to represent the distri-
bution of density within a fabric akin to the centre of mass in classical physics and is not
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a hidden variable. On the other hand, the variation of the centre of density according to
equation (9.4) describes a non-local inherent transformation within the individual fabric
and does not imply a displacement of the individual fabric.

In the case of a global fabric composed of different individual fabrics, the variation
of the centre of density of one individual fabric affects all other individual fabrics if they
are combined and has no effect if juxtaposed.

For example, let a global fabric be composed of two individual fabrics representing
two physical systems of masses m; and m,. The wavefunction representing the global
fabric is defined in a configuration space R? X R, as follows:

W(xg, Xy, t) = R(xq, x,, t)eSF1x20) 9.5) (56)

The variation of each individual fabric’s centre of density X, (t) can be related to the
phase S(xy,x,,t) of the wave function (x4, x,,t), as follows:

dXyp _ h 0S(x1,x2,t)
dt my Oxy

(9-6) (57)

X=Xk

where the phase S(xy,x,,t) is evaluated at the corresponding centre of density. If
the particles are correlated, then any change 6X; in the centre of density X; of the first
individual fabric changes the value of the phase S(X; + 6Xy,X,,t) which automatically
changes the centre of density X, of the second individual fabric according to equation
9.6).

However, if the particles are not correlated, the wavefunction ¥ (x;, x,,t) factorises
into a product of independent wavefunctions:

(X1, Xz, ) = R(x1, %, £)e501728 = 4, (xy, )1, (x5, 1) .7 (58)
The above relation (9.7) can also be expressed in polar form:

Y(xy, x5, t) = R(xpxz:t)eis(xl'xz't) =Ry (x, t)eisl(xl't)Rz(xz» t)eisz(xz't)

(9.8) ©9)

such that;
S(xy, %, t) = Sy (2, 0) + S, (x,8)  (9.9) (60)
R(xy, %3, t) = Ry (xy, )Ry (%5, t) (9.10) (61)

Applying de Broglie Bohm law (9.6) to the phase S(xy,x,,t) as expressed in relation
(9.9), gives two independent equations:

dX1 _ h 0S51(x1,t)
— = (9.11) (62)

my  0xq x1=X1

dX, _ h 8S,(xp0)

(9.12) ©63)

dt my;  0xy Xp=Xp
The centre of density of each individual fabric follows its own law independently
from the other one.

10. Discussion

Each individual fabric extends throughout the entire spacetime and thus, all the in-
dividual fabrics in the universe may be represented by a single universal wavefunction
YUy, Ugg, o Uy, -, T) defined in an infinite configuration space. The universal wavefunc-
tion Y(Uyq, Ugy, - U, -, T) corresponds to a universal spacetime fabric over a set of
points (U, T) in a four-dimensional spacetime R* X R where each point U, represents
a common position of all the corresponding individual positions. The combination and/or


https://doi.org/10.20944/preprints202107.0516.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 July 2021 d0i:10.20944/preprints202107.0516.v1

16 of 16

juxtaposition of all the individual fabrics define a universal density distribution p(U;)
over these points (U, T). Indeed, spacetime is shaped by all the density distributions of
all the individual fabrics composing the Universe.

On the other hand, as the density distribution of free particles keep stretching, it may
be speculated that dark matter is composed of completely free individual fabrics (i.e., free
particles) such that the density distribution of each individual fabric is so rarefied that it
does not interact with its environment while the global distribution of all the individual
fabrics has a gravitational effect.

11. Conclusion

The quantum state of a physical system can be described by an invariant wavefunc-
tion ¥ (u,t) corresponding to a single quantum event at a specific proper time t which
is invariant for all observers. This single quantum event short-circuits the spacetime inter-
vals between the different arguments. In particular, the wavefunction represents an onto-
logical object consisting of an individual fabric that has its proper individuality and has a
finite density amplitude that vanishes at infinity. More generally, the invariant wavefunc-
tion of a set of physical systems is defined in a high-dimensional configuration space.
However, the density distributions of all these individual fabrics form a global fabric de-
fined in the four-dimensional physical spacetime. The global fabric is composed of a com-
bination or a juxtaposition of individual fabrics each of which is also defined in the four-
dimensional physical spacetime and its identity is conserved.

Quantum measurement of the position of a physical system is a transformation
caused by the introduction of a confining potential that triggers an instantaneous contrac-
tion of the individual (or global) fabric’s dense region. It is an inherent non-local transfor-
mation within the fabric itself whereas, the movement of the fabric relative to all others,
i.e., with respect to the spacetime fabric is local.
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