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Abstract: Unifying quantum theory with general relativity is challenging because of several problems
related to time and to collapse in quantum measurements. In the double-slit experiment, the questions
are how the momentum of the photon is transferred to a specific location on the screen and how the
double slit recoils accordingly. This work investigates if these problems can be solved by adding a
second time τ, which acts as an external evolution parameter, to standard four-dimensional spacetime.
Within the resulting 4+1 formalism, a model for the single-photon double-slit experiment is developed.
On the one hand, each spacetime associated to a value of τ relies on classical worldlines that obey
local momentum conservation. On the other hand, these worldlines are allowed to readjust as a
function of τ such that the quantum phenomenon of double-slit interference can be reproduced. The
model explains how determinate outcomes are produced and how momentum transfer occurs in
a way that satisfies the principles of relativity and local momentum conservation. As a result, the
measurement problem and the problem of time evaporate, and an explanation for our experience of
the present emerges. Since the presented model succeeds in explaining a key quantum phenomenon
with essentially classical worldlines, this is relevant for the field of quantum gravity.

Keywords: quantum gravity; 4+1 formalism; double-slit interference; measurement problem; problem
of time

1. Introduction

Quantum theory and general relativity are highly successful in their own domains,
but when trying to merge these theories several problems arise—problems that tell us that
something may be fundamentally wrong with our standard view of spacetime. One of these
problems, the measurement problem, is the problem of making quantum measurements
compatible with the spacetime of relativity [1–3]. Another problem, the problem of time,
refers to a major incompatibility between the external time of quantum mechanics and the
dynamic time of general relativity [4–6]. Additionally, it is worthwhile to mention a third
issue, that our experience of the present and the flow of time may also point at a conflict with
general relativity (see [7–9]). In the context of the single-photon double-slit experiment, the
problem is with explaining how determinate outcomes are produced and how momentum
is transferred in a way that is compatible with relativity and local momentum conservation.
Standard quantum theory produces a probability distribution for detecting the photon
somewhere on the screen. Consequently, to explain why the photon is observed at a specific
location on the screen, an additional collapse mechanism is needed, which is incompatible
with relativity and local momentum conservation. Additionally, other interpretations
of quantum mechanics such as Bohmian mechanics [10,11] and many-worlds [12] fail to
provide a satisfying solution (see [1,13–15]).

In this work, a theoretical framework is proposed with the aim of solving the above-
mentioned problems, with a focus on the double-slit experiment. On the one hand, the
presented theory stays as close as possible to the classical, single-world view of general
relativity. This choice is made because general relativity accurately describes the macro-
scopic world and because it fits well with our perception of a single, classical world. To
maximize compatibility with classical general relativity, the presented theory insists on
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fundamental principles such as realism and locality. It assumes that there are really existing
entities in spacetime such as worldlines that interact locally and obey local momentum
conservation. On the other hand, considering the above-mentioned issues with spacetime
and considering that quantum mechanics rules out local realism within standard spacetime
(see [16–26]), in this work spacetime is modified in the sense that a second type of time,
denoted by τ, is introduced in addition to the familiar space and time dimensions. In
the resulting 4+1 (or 4D + τ) framework, worldlines can spatially reorient and change
other properties as a function of the additional time τ, in contrast to standard relativistic
mechanics where worldlines consist of fixed events in four-dimensional (4D) spacetime.
This dual time scheme offers much freedom to explain quantum phenomena. Together, the
aim is to produce a framework that can explain observations of quantum phenomena that
maximizes compatibility with the classical, single-world view of general relativity and—as
a bonus—offers an explanation for our experience of the present.

The concept of a second time goes back to Broad [27] (see also [7]) and is also present
(even though not mentioned explicitly) in the crystallizing block universe of Ellis and
Rothman [28]. However, in this literature the past region of worldlines is assumed to be
fixed while just gradually more of the worldlines comes into existence as a function of the
additional time, and it is not clear how such a framework can be compatible with both
quantum mechanics and general relativity. The present work aims to overcome this issue
by allowing worldlines to be fully dynamic as a function of τ. To some degree, there is a
resemblance to Stueckelberg–Horwitz–Piron theory [29,30] (see also [31,32]) which also
relies on a second time parameter (also called τ). There also exist traditional retrocausal
(or “future-input-dependent”) quantum models (see [33–36]), but in general, it is not
well established how traditional retrocausality fits within the causal structure of standard
spacetime [37]. This problem is avoided here by implementing phenomena that may appear
retrocausal from the perspective of a standard observer in a fundamentally causal way as a
function of the additional time τ.

Within the 4+1 framework, a model is developed for the single-photon double-slit
experiment, which is known to demonstrate essential quantum behavior [38]. Standard
quantum mechanical or quantum field theoretical treatments of the double-slit experiment
(see [39,40]) typically only produce the familiar probability distribution on a screen without
explaining how determinate outcomes are obtained or how the transfer of photon momen-
tum from source to detector and the recoil of the double slit can be made compatible with
relativity and local momentum conservation. The presented model offers an explanation
for these matters with an ontology of worldlines that are dynamic as a function of τ. In
essence, each photon is represented by worldlines that spatially readjust as a function of τ
to produce a spatial density that matches the desired quantum probability distribution. One
randomly selected worldline determines the outcome of the experiment and locally trans-
fers recoil momentum to the double slit. In this way, determinate outcomes are produced
in agreement with the quantum probability distribution, explaining wave–particle duality.
Furthermore, momentum transfer between the photon and the double slit occurs such
that at each value of τ before and after measurement all worldlines obey local momentum
conservation. Therefore, a classical but τ-dependent energy-stress tensor is obtained that
is compatible with classical relativistic mechanics, explaining the quantum-to-classical
transition. It is shown that in this framework the problems of measurement and time
evaporate and that an explanation can be given for our experience of the present and the
flow of time. Additionally, it is discussed that the addition of a second time parameter may
offer an interesting path towards a unified theory of quantum gravity.

2. Theoretical Framework
2.1. A Modified Spacetime

In this work, 4D spacetime is supplemented with a second form of time represented
by the scalar τ. For each value of τ, there is an associated four-dimensional spacetime
M(τ) with metric g(τ). Mathematically, this results in a M5 = M× IR structure that can
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be described as an ordered, continuous set of Lorentzian manifolds {M(τ1), M(τ2), . . . }
with corresponding metrics {g(τ1), g(τ2), . . . }, labeled with values of the scalar τ ∈ IR.
The interpretation is that standard 4D spacetime M is combined with a scalar evolution
parameter τ to obtain a τ-dependent 4D block universe M(τ). Such four-dimensional
spacetime with the external evolution parameter τ results in a (4D + τ)-structure, or 4+1 for
short. Each 4D spacetime (M(τ), g(τ)) satisfies the Einstein field equations and momentum
conservation. To avoid confusion using terminology normally associated with time t, the
prefix “τ-” is used to explicitly specify when dynamics as a function of τ are considered.
Notice that the 4+1 framework is not the same as a five-dimensional spacetime, in which
there would be extra space or time coordinates. The problem of time mentioned in the
introduction originates precisely from the fact that time in general relativity is reduced to
merely a coordinate such that spacetime becomes a static four-dimensional structure. In
the 4+1 formalism, τ re-introduces the analog of an external, absolute time as encountered
in classical and quantum mechanics into standard four-dimensional spacetime.

Physically existing entities are characterized by events of the form xµ(τ), where the
coordinates xµ for µ = 0, 1, 2, 3 correspond respectively to x, y, z, t. It is therefore assumed
that the same physical entities exist in different 4D spacetimes associated with the evolution
parameter τ. If the coordinate systems of all spacetimes are chosen wisely, namely such
that the coordinates of the elements of reality also vary continuously as a function of τ,
then the path of an element of reality as a function of τ can be described by a function
f : τ → IR3,1 that maps values of τ onto four-dimensional coordinates with signature (3, 1).

Furthermore, worldlines in 4D spacetime that are dynamic as a function of τ are
considered. If individual physical entities constituting a worldline are described as τ-
dynamic events xµ(τ), then the general form of a τ-dynamic worldline is xµ(λ, τ). This
means that at each value of τ (which specifies the evolution) there is a spacetime M(τ)
in which the worldline is characterized by a set of events of the form xµ(λ) with affine
parameter λ pointing at these different events as usual in relativistic mechanics. Notice that,
in contrast, a standard worldline in ordinary spacetime is simply characterized by events
xµ(λ) with affine parameter λ pointing at individual events. Hence, starting from such a
standard worldline xµ(λ), it makes sense to add the evolution parameter τ to make each
event τ-dynamic, and as a result also the whole worldline. There are certain restrictions in
the freedom of τ-dynamic worldlines. One restriction for worldlines carrying energy and
momentum comes from the Einstein equations, which impose that there is conservation of
energy and momentum in each spacetime (M(τ), g(τ)). Physical interactions governed by
matter equations can further limit the freedom of worldlines.

Additionally, a physically preferred hypersurface Σ(τ) is introduced that shifts the
time dimension in the positive direction as τ increases. This hypersurface forms the
boundary between a past region of spacetime containing τ-dynamic worldlines and a
future spacetime region in which worldlines are not yet formed—even though building
blocks of these worldlines may already be present there. Hence, it is implied that Σ(τ) itself
is associated with the present. A schematic illustration of this concept is shown in Figure 1a.
Here, each spacetime (M(τ), g(τ)) is split up into two regions separated by a spatial
hypersurface Σ(τ). At each value of τ the corresponding hypersurface Σ(τ) is designed
such that it contains the endpoints of all involved particle worldlines (dots in Figure 1a).
As the value of the evolution parameter τ increases, the worldlines grow in a synchronized
way while the hypersurface Σ(τ) advances in the positive direction of the time dimension.
It is assumed that far in the past region worldlines are largely constrained by interactions,
producing what one could call a crystallized region (yellow region). However, close to the
hypersurface Σ(τ) (blue region), the growing ends of the worldlines still have freedom to
reorient in four-dimensional spacetime as a function of τ, as long as overall energy and
momentum conservation is satisfied in each spacetime and the matter equations allow it.
This freedom will turn out to be crucial for explaining quantum phenomena. In the region
to the future of Σ(τ), worldlines are not yet formed (white region). In this region, building
blocks of worldlines may be present in a still unorganized way.
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Figure 1. (a) Schematic illustration of the 4+1 formalism (only two spatial dimensions are shown).
At each value of the evolution parameter τ, there is a corresponding 4D spacetime that satisfies the
Einstein field equations. The hypersurface Σ(τ) is associated with the present, shifting physically
in the positive time dimension as τ increases. For increasing values of τ, there is a growing region
(yellow) in the past of the hypersurface Σ(τ) that is largely crystallized into a rigid network of
worldlines. In the future region (white), worldlines are not yet fully formed but this region physically
exists. In the interface region (blue) near the hypersurface Σ(τ), particle worldlines still have a
large freedom to readjust as a function of τ, which is relevant for explaining quantum phenomena.
(b) According to a standard observer who collects 4D measurement events, a classical spacetime
emerges that is compatible with classical general relativity.

If we assume that at some value τ the region sufficiently to the past of Σ(τ) has
reached a rigid configuration (yellow region in Figure 1a), then the dependency with τ can
be ignored in this region such that this region can be described as a part of a standard (not
τ-dependent) spacetime (M, g), satisfying the Einstein field equations and the associated
matter equations. When more of spacetime becomes crystallized as τ increases, this
metric can be further extended up to the new hypersurface Σ(τ) while the previously
crystallized part of the metric remains identical. In the limit of τ → ∞ the entire spacetime
becomes crystallized and approximates a traditional, fixed spacetime (M, g) as it appears
in classical general relativity. Standard observers in the (4D + τ) framework, that in fact
also consist of τ-dynamic worldlines, can make observations in the form of measured
events xµ and can map these events out in ordinary spacetime. However, the τ-dynamics
of worldlines that occur before a measurement cannot be directly observed. Only the final
interaction event can be inferred with standard measurement techniques. The resulting
standard 4D spacetime (M, g) in agreement with classical general relativity, as it appears
according to a standard observer, is illustrated in Figure 1b. Therefore, by construction, the
macroscopic observations agree with classical general relativity, as is desired. In fact, in the
4+1 framework all features of classical relativistic mechanics can be easily reproduced. It
suffices to block τ-dynamics in the past region of the hypersurface Σ(τ) and to allow only
local interactions that conserve momentum. In this case, as τ increases and Σ(τ) shifts in
the positive direction of the time dimension, an increasing part of a standard spacetime of
general relativity is revealed.

Next, by allowing τ-dynamics of worldlines, it is demonstrated that quantum phe-
nomena can also be reproduced, more specifically double-slit interference.

2.2. The Double-Slit Experiment

Within the 4+1 framework described above, a model for the single-photon double-slit
experiment is developed. For simplicity, the theory further restricts to a 4+1 structure
based on flat 4D spacetime. On the small spatial scales considered in this work, Σ(τ)
is assumed to be a flat hypersurface that picks out a preferred coordinate system. The
spatial geometry consists of a photon source at position (xS, yS, zS) along the negative
z-axis (namely xS = yS = 0, zS < 0), a double-slit aperture in the (x, y) plane and a
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screen or detector situated at positive z values (unspecified for the moment). Even though
the double-slit experiment is spatially a 3D problem, for simplicity and without losing
generality the analysis of the photon propagation behind the double slit is restricted to the
(x, z) plane and polarization is ignored. Only the case of a stationary double-slit experiment
in the preferred frame linked to the hypersurface Σ(τ) is analyzed. In this preferred frame,
for a general worldline xµ(λ, τ) one can choose λ = λs to correspond with the start
event (xs(τ), ys(τ), zs(τ), ts(τ)) and λ = λe with the end event (xe(τ), ye(τ), ze(τ), te(τ)) in
each spacetime associated to a value of τ. Since the hypersurface Σ(τ) contains the end
events of all worldlines, it is characterized by the time coordinate te(τ). As τ increases, all
worldlines grow in the positive direction of the time dimension at the same rate according
to te(τ) = βτ, with β a positive scalar. The source emits a single photon characterized in the
rest frame by a wavelength λphoton and corresponding energy Ephoton = hc/λphoton. Two
sets of worldlines are created by the source, a “wave network” with Nw worldlines and a
“particle network” with Np worldlines. Worldlines from these two networks are referred to
respectively as wave worldlines and particle worldlines. To model a Gaussian wave packet,
the number of worldlines created as a function of time in the rest frame follows a Gaussian
distribution with a central emission time of tS and a standard deviation of σS.

Below, the configuration of wave and particle worldlines is analyzed at a specific value
of τ. The main strategy is as follows. The value of τ specifies the time coordinate te(τ) = βτ
of the hypersurface Σ(τ), constraining the spatial lengths of all involved worldlines. Under
this constraint, the configuration of worldlines is governed by a set of equations. This
configuration can be seen as a quasi-steady-state situation under the assumption that the τ
interval ∆τ required for reaching equilibrium is much shorter than what is needed for the
worldlines to grow significantly, i.e., ∆τ � λphoton/βc. The description below focuses on
values of τ for which most worldlines have already passed the double slit, but the theory
can be applied for all values of τ.

The model insists that all particle and wave worldlines are geodesic, or straight in
the present case of flat spacetime, in the absence of interactions with either double slit
or detector. The piecewise straight segments can be implemented by minimizing the
functional Sgeodesic:

Sgeodesic =
∫ √

ηµν

dxµ
j

dλ

dxν
j

dλ
dλ (1)

This is the case because, for a single worldline with coordinates xµ(λ), Equation (1) leads

to the constraint d2x
dλ2 = d2y

dλ2 = d2z
dλ2 = d2t

dλ2 = 0, which represents a straight line. Here, η is
the Minkowski metric of flat spacetime and since we are describing a photon, it is imposed
that all wave and particle worldlines are piecewise null geodesics.

The wave network is used to produce a measure Q for the probability of finding the
photon in the hypersurface Σ(τ) that agrees well with standard quantum theory. The
approach is similar to the path integral formalism, but relies solely on null geodesic wave
worldlines. Figure 2 schematically shows the geometry of a single wave worldline. Wave
worldlines emanate spatially isotropically from the source in its rest frame. Considering
the small dimensions of the double-slit aperture and the long distance from the source,
wave worldlines are incident on the double slit in a quasi-parallel bundle along the z axis.
Since the model focuses on photon propagation in the (x, z) plane behind the double slit, a
simple scattering model is adopted. Worldlines that pass through the double-slit openings
are scattered (deflected) spatially only in the x direction while there is no deflection in the
y direction. The deflection angle θ is assumed to be random with a uniform probability
θ ∈ [−π/2, π/2] in the rest frame with respect to incidence. Based on this scattering
model, the number of wave worldlines that arrive in a finite surface area ∆S = ∆x∆y
near the position (x, 0, z, te(τ)) in the hypersurface Σ(τ) (blue square in Figure 2) can be
estimated as follows. From the target position (x, 0, z, te(τ)), several paths i can be traced
back to the double-slit aperture and further back to the source. For path i, the deflection
event at the double slit is (xi, 0, 0, tDS,i), with xi the position in the double-slit aperture and
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tDS,i = te(τ)−
√
(x− xi)2 + z2/c the corresponding time coordinate. The emission event

at the source is (0, 0, zS, ti), with ti = tDS,i −
√

x2
i + z2

S/c. The number of wave worldlines
Ni that approximately follow path i and that pass through a similar area ∆S at the position
(xi, 0, 0, tDS,i) (green square in Figure 2) is:

Ni = Nw,e(ti)
( ∆S

4πl2
source,i

)(∆xcos(θ)
πli + ∆x

)
(2)

Figure 2. Schematic of the geometry of a wave worldline in the double-slit experiment. A single
path i is shown that originates from the emission event (0, 0, zS, ti) at the source and passes through
the double slit in the deflection event (xi, 0, 0, tDS,i). The hypersurface Σ(τ) is indicated, which
contains the endpoint (x, 0, z, te(τ)) of the worldline. Additionally, the double-slit aperture, the
source worldline (red), and a screen with a detector worldline (purple) are indicated.

Here, the first factor, Nw,e(ti), represents the number of wave worldlines emitted by
the source at the time ti associated with path i taking into account the Gaussian wave
packet produced by the source:

Nw,e(ti) = Nw
e
− (ti−tS)

2

2σ2
S

σS
√

2π
(3)

The second factor in Equation (2) accounts for the 3D dilution before the double slit,

where lsource,i =
√

x2
i + z2

S is the spatial distance from the emission event at the source to the
deflection point at the double slit. A good approximation is lsource,i = |zS|. The last factor in
Equation (2) accounts for the 2D dilution behind the double slit, where li =

√
(x− xi)2 + z2

is the remaining spatial distance to the event (x, 0, z, te(τ)) in the hypersurface Σ(τ). For
large values of li, this factor reduces to ∆xcos(θ)/πli, which represents the fraction of the
angle ∆xcos(θ)/li under which worldlines are incident on the surface area ∆S at position
(x, 0, z, te(τ)), to the full angle π of all outgoing worldlines. For small values of li at
positions (x, z) approaching (xi, 0), this factor reduces to 1 as is desired because there is no
dilution behind the double slit. Each worldline i also has a total path length Li = lsource,i + li
between the source event and the end event at Σ(τ), with corresponding phase φi:

φi = 2π
Li

λphoton
= 2π

(lsource,i + li)
λphoton

(4)

A suitable measure for probability Q at coordinates (x, z) in Σ(τ) is defined as:

Q(x, z) =
K

∑
p=1

K

∑
q=1

√
NpNqcos(φp − φq) (5)
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where the double summation goes over K paths from source, via positions xi (with i = 1, . . . , K)
in the double-slit aperture separated by a distance ∆x, to the position (x, 0, z, te(τ)) in Σ(τ).
Equation (5) has similarities with the path integral formalism in that it also depends on
paths through the double-slit aperture and their phases. In fact, in the far field, paraxial
approximation, Equation (5) becomes identical to the following typical path integral:

QPI(x, z) = N|
K

∑
p=1

eiφp |2 (6)

since in this case N ≈
√

NpNq becomes a constant density of worldlines. The main
reason why Equation (5) is preferred here is because it is based solely on null geodesic
worldlines, it is expressed explicitly without imaginary numbers and it produces a measure
for probability that scales as desired under Lorentz transformations (see [41]).

Next, the configuration of particle worldlines is determined, as illustrated in Figure 3a.
Since we are interested in photon propagation in the (x, z) plane, only particle worldlines in
the (x, z) plane (with y = 0) are considered. The aim is to organize the particle worldlines
such that their endpoints in the hypersurface Σ(τ) have a spatial density in the (x, z) plane
that is in good approximation proportional to the quantum distribution Q(x, z). There
are many ways in which one could arrange the particle worldlines in such a way. Here, a
mechanism is chosen that not only determines the end events of the particle worldlines
but the entire worldlines. Particle worldlines are chosen to emanate from the source in
discrete subgroups, labeled p, which are associated to uniformly spaced emission times
ti and that behave independently from each other. For each subgroup p, many particle
worldlines are emitted in the same emission event (0, 0, zS, ti) at the source. Similar to
the wave network with Equation (3), the number of particle worldlines emitted at time ti
follows a Gaussian distribution in time centered around tS with a standard deviation of σS.
The spatial density of particle worldlines ρp(xµ) of one subgroup p, defined as the number
of worldlines per unit distance along a curve orthogonal to the particle worldlines near the
event xµ, is determined such that it satisfies:

n · ∂∂∂(
Qp(xµ)

ρp(xµ)
) = 0 (7)

Here, n is a four-vector orthogonal to the worldlines, ∂∂∂ is the four-gradient, and Qp(xµ)
takes the scalar value equal to Q(x, 0, z, te(τ)) sampled at the end event of the worldline
passing through coordinates xµ. Along an orthogonal curve labeled by a suitable coordinate
ξ as shown in Figure 3a, Equation (7) simplifies to:

d
dξ

(
Qp(ξ)

ρp(ξ)
) = 0 (8)

where xµ has been replaced by the corresponding value of ξ along the orthogonal curve.
This demonstrates that along an orthogonal curve labeled with coordinate ξ (see Figure 3a),
Qp(ξ)/ρp(ξ) is constant, or in other words, ρp(ξ) is proportional to Qp(ξ). As a conse-
quence, the spatial density of particle worldlines along an orthogonal curve, and in good
approximation the spatial distribution of the endpoints of the particle worldlines in Σ(τ),
are proportional to the quantum distribution Q, as is desired. For each orthogonal curve,
the value of the constant Qp(ξ)/ρp(ξ) is automatically known from the additional bound-
ary condition that the worldlines tend to fill the entire forward hemisphere in order to
minimize the local worldline density. With this boundary condition, the spatial distribution
of particle worldlines along an orthogonal curve satisfying Equation (8) becomes:

ρp(ξ) = Np,e(ti)
Qp(ξ)∫
Qp(ξ)dξ

(9)
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Here, Np,e(ti) is a similar density of worldlines emitted by the source at the corre-
sponding time ti as in Equation (3), but for a total of Np,p particle worldlines that pass one
of the slits. The important consequence of Equation (9) is that ρp(ξ)/Np,e(ti) turns out to be
a properly normalized probability distribution that is proportional to the quantum measure
Qp(ξ). It also means that the parallel incoming particle worldlines are forced to spread
out and to fill the entire space behind the double slit without overlapping each other, as is
illustrated in Figure 3a. Since for all orthogonal curves the scalars Qp(ξ) are related to the
same scalars Q at the endpoints of the associated worldlines, a similar spatial density is
expected along all orthogonal curves.

Figure 3. (a) Illustration of a selection of particle worldlines (blue lines) before and after the double
slit. The hypersurface Σ(τ) is shown containing the worldline endpoints. The quantum measure Q is
indicated at the endpoint (x, 0, z, te(τ)) of a particular worldline and Qp(xµ), which takes the same
scalar value as Q(x, 0, z, te(τ)), is indicated at the event xµ along the same worldline. Additionally,
the deflection event (xDS,i, 0, zDS,i, tDS,i) at the disclination line is marked. Two examples of curves
orthogonal to the particle worldlines are shown, labeled with coordinate ξ. Furthermore, a screen
and a detector worldline (purple) are indicated. (b) Schematic of the double-slit geometry in the
(x, z) plane, showing the width W and separation D of the slits. The configuration of worldlines of
the particle network at the left slit is illustrated in (c) for 0 < l ≤W/π and in (d) for l > W/π. The
center of the radial pattern of worldlines xc (red dot) and the disclination line (blue) are indicated.

Since Equation (1) insists that particle worldlines are piecewise geodesic, it is proposed
that a sharp transition occurs from parallel incoming worldlines to radially outgoing world-
lines at a single disclination line (see Figure 3b–d). In both regions before and after the double
slit the worldlines are null geodesics and there is a single spatial deflection at the disclination
line near the double slit. A suitable disclination line (independent of the y direction) that
enables to connect bundles of parallel incoming and radially outgoing worldlines for the
subgroup emitted at source time ti is expressed by coordinates (xDS,i, zDS,i, tDS,i) satisfying:

zDS,i(xDS,i) =
(∣∣xDS,i ±

D
2

∣∣− xc
)
tan
(π

2

W
2 − |xDS,i ± D

2 |
W
2 − xc

)
tDS,i(x) = ti +

|zS|
c

+
zDS,i(xDS,i)

c
(10)

as illustrated in Figure 3b–d. This disclination line is limited to xDS,i-values that are, to
the left and to the right of the center of the slits, closer than W/2 but further than xc,
where xc = max(W/2− lπ/2, 0). In these (in total) four regions, worldlines spread out
spatially radially from virtual centers located at x = −D/2± xc and +D/2± xc on the
x axis. As a result, a typical particle worldline passing through the double-slit aperture
at position xDS,i experiences a single interaction event (xDS,i, 0, zDS,i, tDS,i) governed by
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Equation (10) and ends at the hypersurface Σ(τ) in the event (x, 0, z, te(τ)) (see Figure 3a).
For each subgroup, the spatial length of the particle worldlines between the double slit and
the hypersurface Σ(τ) is l = c(te(τ)− ti)− |zS|. If the particle worldlines have a spatial
length l beyond the double slit larger than W/π, then xc = 0 is such that the worldlines
are radiating outwards from virtual points at the center of the corresponding slit, namely
at (x, z) = (±D/2, 0) (see Figure 3d). If their lengths l are shorter than W/π, then there
are two regions at the left and right side of each slit (see Figure 3c). In these regions, the
worldlines have a spatial angle in the (x, z) plane with respect to the z axis that changes
smoothly from 0 to ±π/2, with the ± sign corresponding to the right or left side of each
slit. In all cases, the shape of the disclination line ensures that the different regions before
and after the double slit can be connected through piecewise straight paths. It also means
that the x position of an incoming path is automatically linked to the spatial angle of the
corresponding outgoing path.

Now, it is verified to which extent the chosen disclination line in Equation (10) is
compatible with Equations (1) and (7) (or Equation (9)). In the far field, which occurs for
large values of l and sufficiently far from the interaction region with the double slit, each
subgroup of particle worldlines passing one of the slits falls in good approximation on
a single light cone. In this case, in the rest frame, all orthogonal curves are semicircles
with spatial radii R(t) = c(t − tstart) increasing as a function of the time coordinate t
with respect to the time tstart corresponding to the tip of the light cone. Therefore, for all
orthogonal curves a similar spatial distribution of worldlines is obtained with Equation (7)
(or Equation (9)), except that it is spatially stretched and normalized differently since the
spatial length of each orthogonal curve πR(t) = πc(t − tstart) increases proportionally
with time t. As a result, the organization of particle worldlines is indeed compatible with
straight worldlines, as is preferred from Equation (1). In the near field and close to the
double slit, particle worldlines of one subgroup do not exactly follow a single light cone
because of the chosen shape of the disclination line. Equation (7) then actually prefers a
slight deviation from straight worldlines in the region close to the double slit, such that in a
more detailed analysis of this region, more than one disclination line is needed. However,
if the geodesic contribution from Equation 1 is dominant in this region, the worldlines may
still prefer to be straight up to the disclination line of Equation (10). For simplicity, the
latter will be assumed.

Under the above assumptions, a consistent model for particle worldlines is obtained.
The regions of parallel incoming and radially outgoing worldlines consist of straight
worldlines as desired by Equation (1) and are connected at a single disclination line
(Equation (10)). Within each region, the spatial distribution is governed by Equation (7)
(and Equation (9)). Since the spatial density distribution of particle worldlines along differ-
ent orthogonal curves is essentially the same (apart for the radial expansion after the double
slit) it suffices to calculate this distribution once for a single slit and for an orthogonal curve
with coordinate ξ chosen sufficiently far from the disclination line. A convenient choice is
to select an orthogonal curve in the region of the parallel incoming worldlines for one slit.
Then, based on the resulting distribution ρL(ξ) (for the left slit), the full geometry of the
particle worldlines can immediately be calculated using the shape of the disclination line
and the basic geometry shown in Figure 3.

3. Results
3.1. Simulation of the Double-Slit Experiment

Based on the 4+1 model of the double-slit experiment developed above, simulations are
carried out of the configuration of particle worldlines at different values of the evolution
parameter τ. Parameters of the double slit and photon are W = 1 µm, D = 3 µm,
λphoton = 500 nm, zS = −1 m, and σS = 50 fs. Figure 4a shows a simulation result for
the complete wave packet at one specific value of τ for which the center of the wave
packet passes a distance l = 70 µm beyond the double slit. Simulations are carried out
as follows. First, the chosen value of τ determines the time coordinate te(τ) = βτ of
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the hypersurface Σ(τ). However, rather than specifying τ and β, for simplicity the time
coordinate te itself is chosen directly. Knowing the central emission time tS of the photon
wave packet and the corresponding time of arrival at the double slit t0 = tS + |zS|/c, the
distance l = c(te(τ)− t0) traveled by the center of the wave packet beyond the double
slit can be calculated. This distance l is used to indicate the evolution of the photon as
a function of τ (for example l = 70 µm in Figure 4a). Next, the configuration of particle
worldlines is determined for the 27 subgroups with emission times ti in the interval
[−3.5σS,+3.5σS] around the central emission time tS. Outside this interval, the number
of emitted worldlines becomes negligible. The red half-circles in Figure 4a indicate these
discrete subgroups of particle worldlines that lie in good approximation on single light
cones. Only particle worldlines passing the left slit are considered further because the
result for the other slit is analogous. For each subgroup, the emission time ti determines
the number of particle worldlines according to a Gaussian distribution around the central
emission time tS and with standard deviation σS. In the center of the wave packet this
amounts to about 1600 worldlines per slit, while the overall number for the complete wave
packet is 15,000 per slit (only a fraction of the worldlines is plotted for clarity). For each
subgroup, an orthogonal curve with coordinate ξ is chosen in the region of the incoming
particle worldlines that pass through the left slit, as illustrated (for the right slit) in Figure 3a.
Since the particle worldlines in this region are parallel to the z direction, this orthogonal
curve is a straight line in the x direction. Therefore, the ξ coordinate is identical to the x
coordinate, with values between −D/2−W/2 and −D/2 + W/2 for the left slit. For the
calculation of the spatial density ρL(ξ), a set of incoming worldlines uniformly spaced in
the x direction is first considered. Based on the known disclination line (Equation (10)),
for each incoming worldline at coordinate ξ, there is a known outgoing worldline. At the
endpoint of each worldline in the hypersurface Σ(τ) at t = te, the quantum measure Q is
calculated with Equation (5), which itself relies on Equations (2)–(4). Since each worldline
adopts the scalar value Q of its endpoint, the scalar Qp(ξ) is found as a function of the
ξ-coordinate. By integration and normalization of Qp(ξ) according to Equation (8), this
leads to the desired density distribution ρL(ξ) of particle worldlines (for the left slit). Finally,
based on ρL(ξ) and the known disclination line, the worldlines in the region behind the
double slit are fully determined.

In Figure 4a, the end events in the hypersurface Σ(τ) are plotted as dots with colors
representing their spatial density in the (x, z) plane. This density of particle worldlines
nicely agrees with the quantum probability distribution represented by Q, as is shown in
Figure 4b for comparison. All worldlines are piecewise null geodesics, forming straight
lines from the deflection event at the double slit to the end event at the hypersurface
Σ(τ). The parallel bundle of incoming worldlines before the double slit is not shown.
Only worldlines passing through the left slit are plotted (the right slit is just mirrored),
which illustrates how worldlines from each slit spread out and contribute to the complete
probability distribution. Note that this is in contrast to Bohmian mechanics, where particle
trajectories from the left slit do not cross over to the right side behind the double slit
(see [42,43]).

As the value of τ increases, the hypersurface Σ(τ) shifts in the time dimension, and
the configuration of particle worldlines changes. This process is illustrated in Figure 5
for only the subgroup of particle worldlines at the center of the wave packet (simulating
10,000 particle worldlines per slit, of which a fraction is shown) and for values of τ corre-
sponding to l = 1, 4, 10, and 70 µm. The largest readjustment of the spatial orientation of
particle worldlines occurs in the near field (Figures 5a–c), while the system settles into a
final orientation in the far field (Figure 5d). The density ρL of particle worldlines for the left
slit as a function of the general orthogonal coordinate ξ is plotted in the insets.
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Figure 4. Simulation of the double-slit experiment in the 4+1 formalism when the center of the
single-photon wave packet has passed l = 70 µm beyond the double slit. (a) The configuration of
particle worldlines and their end events in the hypersurface Σ(τ) (dots), with colors representing the
local density. Only worldlines passing through the left slit are shown (right slit is simply mirrored).
Red half-circles indicate subgroups of worldlines that are emitted at different times by the source.
The hypersurface Σ(τ) (light gray) is shown that collects the endpoints of all worldlines. (b) The
quantum measure Q(x, z) in Σ(τ), which is proportional to the quantum probability distribution.

3.2. Determinate Outcomes and Particle-Wave Duality

One of the key requirements for a realist interpretation or alternative of quantum
mechanics is that it must explain determinate outcomes. In Bohmian mechanics, this is
achieved using an additional particle position that follows the probability current with
an initial position that is randomly sampled from a known initial distribution. Here,
the measurement occurs when one specific particle worldline, that will be referred to as
the “photon worldline”, encounters the worldline of a detector. Such detector can for
simplicity be represented by just a single worldline, as illustrated in Figure 3a. The photon
worldline is special because it is defined to be the only worldline that actually carries
momentum. It is assumed that this difference is why only this worldline can interact in
a definite way with the detector. In the present model, the photon worldline is randomly
selected out of all particle worldlines. It is useful to repeat that this photon worldline is
also continuously adjusting itself as τ increases until the photon is detected. The detection
event is established at the value τdetection for which te = βτdetection = tS + ldetection/c, where
ldetection is the full spatial length of the photon worldline traveled from source to detector.
This proportionality between traveled distance (along piecewise straight paths) and the
arrival time of the photon is consistent with experimental observations for groups of
photons [44].

The measurement of the single photon is governed by the endpoint of the photon
worldline. This endpoint describes a virtual trajectory (rphoton(τ), te(τ)) in spacetime as a
function of parameter τ. Because of the linear relation te(τ) = βτ, one can also construct
trajectories of rphoton as a function of te, similar to Bohmian trajectories. Figure 6 shows
these virtual trajectories for the subgroup at the center of the wave packet, where it should
be stressed that these virtual trajectories should not be interpreted as particles moving
through space as a function of time, but as the endpoints of τ-dynamic worldlines. Figure 6a
(close up) and Figure 6c show the virtual trajectories for the left slit only. Figure 6b shows
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the density distribution of the particle worldlines corresponding to the close up in Figure 6a,
again only for contributions from the left slit. Additionally, Figure 6d shows the density
plot of particle worldlines for the combination of left and right slit. As expected, this density
is in good agreement with the probability measure Q and with the standard result from
quantum mechanics.

Figure 5. Simulation of the double-slit experiment in the 4+1 formalism at four values of τ corre-
sponding to l = 1 µm (a), 4 µm (b), 10 µm (c) and 70 µm (d), illustrating the transition from near to
far field. The worldlines behind the double slit are null geodesics that readjust as a function of τ.
Only one subgroup of particle worldlines at the center of the Gaussian wave packet is shown. The
inset shows the density distribution ρL of particle worldlines from the left slit as a function of the
orthogonal coordinate ξ. The hypersurface Σ (light gray) is shown that collects the endpoints of all
worldlines. The double-slit aperture is represented by the dark-gray surfaces. The worldlines pass
through the double-slit at time t0 and end at Σ(τ) at time te.

As a result, the presented model explains the dual particle-wave nature of the photon.
The particle aspect emerges when the photon worldline produces a determinate outcome.
The wave aspect, observed as interference fringes, originates from the specific way in which
the particle worldlines, and in particular the photon worldline, are pushed around as a
function of τ.
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Figure 6. In (a) and (c), virtual trajectories in the (x, z) plane are shown that are determined as
the spatial trace formed by the endpoints of particle worldlines as a function of τ. Only particle
worldlines passing through the left slit are plotted (right slit is simply mirrored). In (a), a close-up is
shown of the near field, illustrating that part of the particle worldlines originating from the left slit
cross over to the region near the right slit before fanning out over all interference orders in the far
field, shown in (c). In (b) the density of particle worldlines corresponding to (a) is plotted. In (d), the
density distribution of particle worldlines with contributions from both the left and the right slit is
shown, which accurately reproduces the prediction of quantum mechanics in the far field.

3.3. Momentum Conservation and Quantum-to-Classical Transition

The measurement problem mentioned in the introduction reveals itself in the double-
slit experiment as the difficulty in understanding how the observed determinate outcomes
can be reconciled with relativity and momentum conservation. According to standard
quantum theory, the photon and the double slit end up in a superposition covering all
possible outcomes and this superposition must then finally somehow collapse into a single
observed outcome. This collapse is often thought to be instantaneous, resulting in an
energy-momentum tensor that is discontinuous and difficult to merge with classical general
relativity. Collapse theories struggle with this problem, and in Bohmian mechanics it is not
clear how the momentum associated with its wiggling trajectories can be reconciled with
general relativity [13,15].

Here, in the 4+1 formalism, in each spacetime corresponding to a value of τ the photon
worldline has only a single deflection event right as it passes through the double slit. Thus,
the momentum associated with the straight photon worldline behind the double slit varies
as a function of τ. Note that this differs completely from the changing momentum as a
function of time for an ordinary particle described by a fixed worldline. Figure 7 shows the
photon momentum in the x direction behind the double slit as a function of τ (expressed in
terms of the distance l behind the double slit), normalized to the total incident momentum
for a selection of potential photon worldlines in the center of the wave packet (a similar
plot can also be made for the z component). To conserve local momentum, an additional
worldline must be introduced at this deflection event which carries the recoil momentum
of the deflecting photon towards the double slit. Details on how this momentum is further
transferred to the double slit are not elaborated here, because it suffices to realize that the
transfer of momentum occurs localized at the double slit.

At each value of τ after the detection event τdetection, the photon worldline corresponds
to a classical path passing through only one of the slits with a single local momentum
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exchange and deflecting straight to the detector. To a standard observer evaluating the
double-slit experiment, it certainly appears as if a detected photon follows a classical path
straight from source to double slit and then straight to the detector. In this model, precisely
such a classical path physically emerges at τ ≥ τdetection. This means that the quantum-to-
classical transition is naturally explained because, in fact, there are only classical worldlines
involved. Rather than postponing the momentum collapse to the measurement event (stan-
dard quantum theory) or indefinitely (many-worlds interpretation), here the momentum
transfer is settled right where it is most logical to occur: at the interaction event between
the photon and the double slit. Because the measurement depends on a classical worldline
carrying energy and momentum, there is a well-defined energy-stress tensor, as it occurs
in classical relativistic mechanics in each spacetime at values of τ before and after the
measurement event. This is the most important result of the presented theory. It offers a
major advantage over standard quantum theory, Bohmian mechanics and the many-worlds
interpretation, which all suffer to obtain a satisfying energy-stress tensor.

Figure 7. The momentum px in the x direction, normalized to the incident momentum, is shown
as a function of the distance l traveled behind the double slit (which increases proportionally with
τ), for different photon worldlines. As l increases, the photon worldline readjusts such that also the
momentum changes. To ensure local momentum conservation at the double-slit interaction event,
the momentum recoil of the double slit is the opposite of the photon momentum change. It should
be stressed that this momentum is associated with the complete worldline after the double slit as
a function of τ, which differs from how ordinary momentum changes as a function of time for a
standard particle worldline.

4. Discussion

The single-photon double-slit model presented above demonstrates several interesting
features with respect to the problems with measurement, time, and the present mentioned
in the introduction.

Firstly, there is no measurement problem. The measurement occurs when the photon
worldline interacts locally with a detector worldline. This photon worldline, which carries
the photon momentum, is a classical worldline that obeys local momentum conservation
in each spacetime corresponding to a value of τ. Therefore, the ontology of τ-dynamic
worldlines allows for explanation of the momentum transfer from the photon to the de-
tector and to the double slit in an almost classical way, avoiding the usual problems with
collapse and nonlocality in standard quantum theory. From the perspective of an observer
performing the double-slit experiment, it certainly appears as if a detected photon followed
a classical trajectory from source, via the double slit, to a specific position on the screen
in two straight paths since any other trajectory would seemingly require a speed larger
than c, which is in conflict with relativity. The present model demonstrates that precisely
such a classical trajectory emerges as a function of τ in the form of a physical photon
worldline, and it explains naturally how the photon appears at a specific location on the
screen at a time equal to the traveled distance divided by c. Notice that Bohmian mechanics
is also used to explain determinate outcomes in the double-slit experiment (see [42,43]).
However, Bohmian mechanics struggles to assign a well-behaved energy-stress tensor to its
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wiggling Bohmian trajectories embedded in ordinary spacetime and is explicitly nonlocal,
which is problematic for integration with relativity. In comparison, the presented model is
fundamentally local (each spacetime at a value of τ is based on classical, locally interacting
worldlines) and has a well-defined classical energy-stress tensor in each spacetime at a
value τ. In addition, it offers a more intuitive single-world description of reality compared
to the many-worlds interpretation.

Secondly, there is no problem of time. A single framework is obtained which combines
standard four-dimensional spacetime with the evolution parameter τ. There is a close
relationship between the evolution parameter τ and the coordinate time t through the
time coordinate te(τ) = βτ of the hypersurface Σ(τ). On the one hand, as τ increases the
time coordinate t of observed the events will also increase, which is compatible with the
idea of time t as an evolution parameter in quantum theory. On the other hand, observed
events are compatible with the view of time t as a coordinate in 4D spacetime. Since the
τ-dynamics before measurement cannot be observed directly, this second form of time τ is
well hidden from our observations. Namely, an observer can only collect four-dimensional
measurement events that fit nicely in an ordinary (static) spacetime.

Thirdly, even though the concept of the “present” (or the “now”) is central in our
everyday experience, this concept has no place in general relativity, our best theory of space
and time (see [7–9]). General relativity cannot explain why any specific event in spacetime
would be special to us, something which also worried Einstein [45]. Especially now that
large problems to unify quantum mechanics with general relativity point towards problems
with time, it seems reasonable to take the physical reality of the present seriously. In the
presented model, the endpoints of all worldlines carry physical importance because the
quantum amplitudes Q are sampled there. These worldline endpoints form a physically
preferred hypersurface Σ(τ) that may well explain the present. What we experience as the
flow of time then emerges from the physical shifting of this hypersurface in the positive
time dimension as a function of τ. It is for this reason that an external parameter τ was
chosen in the presented 4+1 formalism, rather than an extra time dimension.

Even though the presented model only describes the double-slit experiment and does
not provide a complete alternative to quantum mechanics, some further implications can
be briefly mentioned. One implication is that with the large freedom to readjust classical
worldlines as a function of the evolution parameter τ, in principle any phenomenon can
be reproduced that empirically satisfies local conservation of momentum, which in fact
includes all quantum phenomena. Nonlocal quantum effects, as observed for example in
EPR-type experiments, can be understood from interactions running along worldlines as a
function of τ, backwards in the time dimension to a common source, following the original
idea of Costa de Beauregard [33,36,46]. In this sense, the presented framework offers an
improvement over recent classical analogs of quantum mechanics based on bouncing liquid
droplets [47]. Another implication is that considering that classical, locally interacting
worldlines in each spacetime at a value of τ are perfectly compatible with general relativity,
this 4+1 framework of τ-dynamic worldlines may provide an interesting ontology to unify
quantum theory with general relativity. In this framework, the expectation is that, for a
massive particle put in a spatial quantum superposition, at each value of τ there is in fact
only a single state from the superposition that gravitates. In other words, gravity acts
classically rather than quantum mechanically, which is relevant in the context of planned
experiments to test whether gravity is quantized or not (see, e.g., [48]). It is also relevant
to mention that imaginary numbers are completely avoided in the presented double-slit
model. There is a whole body of literature on whether complex numbers are essential
to quantum mechanics or not. While the standard formulation of quantum mechanics
seems to require complex numbers in certain experiments [49], this does not rule out
that other theoretical formulations reproducing the same empirical results as quantum
mechanics may work fine without complex numbers. Complex numbers, together with the
the multi-dimensionality of Hilbert space, are in fact problematic for merging quantum
mechanics with general relativity [3,33]. The present framework of readjusting worldlines
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may offer a way to avoid complex numbers and the multi-dimensionality of Hilbert space,
and therefore to maximize compatibility with classical general relativity.

5. Conclusions

Motivated by several problems to merge quantum theory with general relativity, in this
work standard four-dimensional spacetime is supplemented with a second form of time, τ.
On the one hand, the resulting 4+1 framework relies entirely on classical worldlines in each
spacetime associated with a value of τ. This means that worldlines obey local momentum
conservation and produce a classical energy-stress tensor. On the other hand, there is a large
flexibility for the readjustment of worldlines as a function of the second time τ, allowing
for the reproduction of phenomena that satisfy local conservation of momentum, including
quantum phenomena. Within this framework, a model for the single-photon double-slit
experiment is developed. The important difference with other interpretations of the double-
slit experiment is that this model shows how determinate outcomes are produced and how
momentum is transferred with a satisfying energy-stress tensor, avoiding collapse-related
discontinuities and other problems. This is an improvement over standard quantum theory
and interpretations such as Bohmian mechanics, which all struggle to obtain a satisfying
energy-momentum tensor. The measurement problem and the problem of time evaporate
in the presented model, and because the theory relies on a preferred hypersurface Σ(τ),
a natural explanation for our experience of the present is obtained. Since the presented
framework can reproduce an essential quantum phenomenon while remaining compatible
with classical relativistic mechanics, it shows an interesting path for unifying quantum
mechanics with classical general relativity.
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