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Abstract: This paper explores the irreducible nature of temporal intervals and their implications for
quantum wavefunction propagation, drawing on the formal parallels between scalar diffraction theory
and quantum mechanics. By treating temporal intervals as unified entities encoded in the frequency
domain, this approach emphasizes the role of Fourier transforms in defining discrete, indivisible
intervals. Attempts to subdivide such intervals introduce spectral artifacts, analogous to Gibbs ringing
in signal processing, fundamentally altering the system’s physical characteristics. This framework
challenges the notion of continuous time evolution and instead posits a holistic view where discrete
intervals define the trajectory of quantum systems. Experimental implications are discussed, including
applications in time-energy entanglement, attosecond light pulses, analyzing starlight, and quantum
cryptography. Ontological implications are discussed.

Keywords: quantum wavefunction propagation; scalar diffraction theory; spectral theory; convo-
lution theorem; irreducible spacetime intervals; non-locality; time-energy entanglement; quantum
measurement; single photon generation

1. Introduction
Due to the similar origins of Schrödinger’s wave equation for wave function propagation and the

propagation of light waves scalar diffraction theory (SDT), it has long been understood that these two
theories share a common formalism.[1] This common heritage allows one to treat time and space in a
similar fashion, due to the existence of well-defined Fourier transforms and corresponding spectra for
both spatial and temporal signals. Therefore, quantum wavefunction propagation can be formulated
as a recursive Fourier transform in both space and time, similar to the image formation process in
scalar diffraction theory.[2]

Having established the Fourier transform at the foundation of wave function propagation, it is
immediately evident that propagation intervals are irreducible. In particular, temporal irreducibility
arises from the time-energy duality, where a temporal interval such as that corresponding to propa-
gation of an optical signal through a fiber is encoded as a spectrum in the frequency domain. Such a
spectrum corresponds to an entire interval, and not any subdivision of the interval. In fact, it’s readily
shown that any attempt to define a smaller sub interval introduces spectral artifacts which uniquely
define the geometry of the perturbation.

Irreducible time intervals have implications for both the foundations of quantum mechanics and
interpreting experimental results, as well as suggesting new experimental setups. It should be noted
that the words “irreducible” or “indivisible” don’t mean that one cannot make a measurement at an
intermediate time. Rather, it means that making such a measurement fundamentally changes the
interval of time, and the partial segments that are generated do not sum to make up the original whole.
In other words, the whole is abandoned (the original state is altered) when the parts are defined.

Time evolution has been studied in quantum mechanics in contexts similar to space evolution,
namely diffractive effects [3], interference effects [4], and entanglement [5]. Applications include fem-
tosecond laser pulses [6][7], high harmonic generation [8], single photon generation [9], spontaneous
parametric down conversion, photon arrival time, quantum computing and quantum sensing,[10] [11]
[12] and solitons.[13]
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In Section 2 a theoretical foundation is established for the remainder of the paper. In Section 3
the main argument is conveyed for the irreducibility of temporal intervals, and illustrated through an
example of time-bin measurements. In Section 4 various well known experimental setups are analyzed
with respect to irreducible temporal intervals. In Section 5 foundational questions of ontology and
philosophy are examined. In the closing sections a brief summary is provided as well as an appendix
outlining the relationship of scalar diffraction theory and quantum wave function propagation.

2. Background
2.1. Definitions and Notation

The following definitions and notational conventions are used throughout the paper.

• The Fourier transform of the wavefunction Ψ(t) in the frequency domain is denoted by Ψ̃(ω).
• The sinc function is defined as:

sinc(ω) =
sin(ω)

ω
.

• The convolution theorem states that two functions multiplied together in one domain can be
rewritten as a convolution in the dual domain, e.g.

{ã ∗ b̃}(ω) = F{a(τ)b(τ)}.

• This relationship can also be expressed by consecutively using the Fourier transform and its
inverse:

{ã ∗ b̃}(ω f ) = F
τ→ω f

{
a(τ)b(τ)

}
, (1)

or equivalently:

{ã ∗ b̃}(ω f ) = F
τ→ω f

{
F−1
ω→τ

{
ã(ω)

}
F−1
ω→τ

{
b̃(ω)

}}
. (2)

• In the above equations:

– The subscripts under the Fourier transform symbol F indicate the initial and final domains
of the transform.

– Symbols such as τ, ω, and ω̄ are unmeasurable dummy variables for integration.
– The measurable frequency spectrum is denoted by ω f , and the measurable event duration is

denoted by T.

2.2. Representing Time in the Frequency Domain

We can gain an intuition for the effect of subdividing a temporal interval by considering the
effect of truncating an audio signal at a sharp cut off time. The spectrum of the audio signal picks
up oscillations known as Gibbs ringing. Alternately, in digital photography one can obtain the two-
dimensional spectrum of a two-dimensional image, encoding the rapidity of change in the contrast
of the image over space. Certain digital filters cut out regions of the spectrum for the purpose of
modifying the entire digital image in space. In the simplest case, a sharp cut off in the spectrum causes
oscillations or ripples in the contrast of the image in two dimensional space.

Similarly, in quantum wavefunction propagation, subdividing a temporal interval introduces
oscillatory artifacts in the frequency domain, emphasizing the coherence of the whole. Conversely to
the way in which interference effects in a double slit system depend upon indistinguishibility of paths
of a photon, a time interval is irreducible if one cannot distinguish, even in principle, between two
consecutive segments of a path allowing for coherence and interference effects.
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Frequency space (parameterized by ω) plays a central role in this perspective. The time evolution
of a quantum system is governed by the phase structure of ω-space, rather than by explicit time
parameters. This decentralization of time reinforces the spectral view of quantum dynamics, where
discrete measurement intervals (rather than continuous evolution) define the system’s trajectory.

In this approach, there are two notions of time. The first is unitary time, which advances
continuously, allowing us to calculate how a system will evolve into the future. However, unitary time
is unmeasurable; it enters the theory as the parameter of integration in the Fourier transform, and
thus has no definite value. Instead, what we can measure are discrete coordinates or durations, which
are not variables but constant data points which have their relevance as oscillation frequencies in the
frequency domain. Put another way, because time doesn’t exist as an explicit variable in the frequency
domain, it (time) cannot evolve continuously because the spectrum of an instantaneous signal is not
well-defined. The coordinates of an interaction, on the other hand, can readily be represented in the
frequency domain, where they encode the frequency of oscillation of the spectrum.

This offers a fresh perspective for interpreting physical phenomena, such as attosecond light
pulses or quantum coherence, and could have implications in fields like ultrafast optics, quantum
mechanics, and even cosmology.

2.3. The Interaction of Signals

The close parallels between the formulation of quantum mechanics and scalar diffraction theory
is reviewed in Appendix A. This equivalence can be readily seen (in one spatial dimension) using the
propagator formulation to translate a free particle wavefunction,

K(x′, x) = ⟨x′|ei p̂x|x⟩

=
∫

dk ⟨x′|ei p̂x|k⟩ ⟨k|x⟩ ,
(3)

where p̂ is the momentum operator, so that the transition amplitude is

Ψ(x′) = ⟨x′|ei p̂x|Ψ⟩ =
∫

dx ⟨x′|ei p̂x|x⟩ ⟨x|Ψ⟩

=
∫

dx
∫

dk ⟨x′|ei p̂x|k⟩ ⟨k|x⟩ , ⟨x|Ψ⟩

=
∫

dk eikx′ eiSk(k)
∫

dx e−ikxΨ(x)

= F−1
{

eiSk(k)F
{

Ψ(x)
}}

,

(4)

where Sk(k) is a phase. It is evident that space translation via Fourier transform is the result of a phase
factor being applied in k-space, which can also be written as convolution in the x domain, h(x) ∗ Ψ(x),
where h is the impulse response of the ‘system’.

Relatedly, in signal processing, translation (shifting) of temporal signals in the physical domain
corresponds to multiplication in the frequency domain, as described by the convolution theorem. This
relationship is expressed in Equation (5):

c̃(ω) = F{b(t)a(t)}, (5)

Any interaction that alters the temporal properties of a signal can be represented as multiplication in
ω-space.

In an analogous manner, a filter represents a non-local interaction in ω-space, achieved by
multiplying two signals in t-space, as shown in Equation (6):

c̃(ω) = F{b(t)a(t)}, (6)

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 31 January 2025 doi:10.20944/preprints202501.2318.v1

https://doi.org/10.20944/preprints202501.2318.v1


4 of 12

This relationship reflects the dual nature of convolution and multiplication: an operation in one domain
has a complementary effect in the other. For example, a(t) could represent a carrier signal, and b(t) a
modulation function applied to the signal. The resulting product in t-space (amplitude modulation)
corresponds to a convolution of their spectra in ω-space.

Combining Equations (5) and (6), a general interaction involves simultaneous effects in both t-
and ω-spaces, reflecting the symmetry of Fourier duality. Shifts in one domain correspond to phase
changes in the dual domain, encapsulating the interplay between time and frequency.

As discussed in [2], given the prevalence of Fourier duality in quantum mechanics, we can
take this as an interesting starting point for generalizing the Schrodinger equation and developing
a relativistic quantum theory of spacetime wavefunction propagation, unique from quantum field
theory. One can develop 3 + 1D wave distributions, Ψ(xµ) and Ψ̃(kµ), such that unitary evolution
takes the form

Ψ(xµ ′) = F−1
{

e−iSk(kµ)F
{

eiSx(xµ)Ψ(xµ)
}}

, (7)

where Sx(xµ) is a function of the potential. This is beyond the scope of this paper.

3. Temporal Irreducibility
Consider the evolution of the energy eigenstates of a particle under a small perturbing potential.

Using the time-dependent Schrödinger equation, evolve the initial spectrum Ψ̃0(ω) to a new time
τ = T,

Ψ̃(ω f ) =
1
ih̄

∫ T

0
dτV(τ)

∫ ∞

−∞
dω eiω f τe−iωτΨ̃0(ω), (8)

where the initial state Ψ̃0(ω) could be, for instance, a gaussian.
Use the following method to evaluate the expression in Equation (9):

• Rearrange factors such that the summation symbol or integral sign is as far as possible to the right
• Remove the limits of integration so the temporal integral becomes a Fourier transform
• Insert a masking function, rect(t),1 so the integral is exact even under the extension of limits

The new expression is

Ψ̃(ω f ) =
1
ih̄

∫ ∞

−∞
dωΨ̃(ω)

∫ ∞

−∞
dτeiω f τV(τ)rect

(
τ

T
− 1

2

)
e−iωτ . (9)

Next, the Fourier transform can be evaluated exactly, using the convolution as in Equation (2),

Ψ̃(ω f ) =
1
ih̄

∫ ∞

−∞
dωΨ̃0(ω) F

τ→ω′

{
F−1
ω̄→τ

{
T exp (i(ω̄ − ω)T/2)sinc((ω̄ − ω)T/2)

}
F−1
ω̄→τ

{
Ṽ(ω̄)

}}∣∣∣∣∣
ω′=ω f

=
1

2πih̄

∫ ∞

−∞
dωΨ̃0(ω)

(
G(ω′ − ω) ∗ Ṽ(ω′)

)∣∣∣
ω′=ω f

,

(10)

where

G(ω) = TeiωT/2sinc(ωT/2). (11)

Here, we started with a photon in the state Ψ̃0(ω) parameterized by the initial frequency variable,
ω. We then reverse engineered the integrand of the time integral into the frequency domain parame-

1 Here, rect(x) is the rectangular function, defined as 1 for |x| < 0.5 and 0 otherwise. Subtracting the fraction 1/2 from its
argument moves its left edge to the origin, for convenience.
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terized by ω̄, transformed it into a convolution parameterized by ω′ using the convolution theorem,
evaluated that distribution at the measurable value ω′ = ω f , and finally integrated over the initial
states (ω), which amounts to a convolution over that variable. This process is described in [14].

We now divide the time integral in equation into two unequal segments of duration 1/3 and 2/3
respectively. Due to the nature of the Fourier transform and multiplier operator theory, evaluating the
time integral into contiguous segments is not the same as a single unbroken interval.

Ψ̃(ω f ) =
1
ih̄

∫ ∞

−∞
dωΨ̃0(ω)

∫ T/3

0
dτeiω f τe−iω̄τV(τ)

+
1
ih̄

∫ ∞

−∞
dωΨ̃0(ω)

∫ T

T/3
dτeiω f τe−iω̄τV(τ)

=
1

2πih̄

∫ ∞

−∞
dωΨ̃0(ω)

(
G(ω′ − ω) ∗ Ṽ(ω′)

)∣∣∣
ω′=ω f

(12)

where

G(ω) =
T
3

eiωT/6sinc(ωT/6) +
2T
3

ei2ωT/6sinc(2ωT/6). (13)

The oscillating integrand G(ω) is plotted in Figure 1. Equation (12) should be compared to Equation
(11).

The result of reducing the whole interval from 0 to T to two intervals of unequal duration is
to introduce oscillations in the spectrum. This represents a measurable distinction between the two
cases in the spectrum associated with the path. Interestingly, we have said nothing of the cause of
the segmentation or the nature of physical measurement. All we have done is identified potential
subsections of a region. Apparently, the very act of identifying or defining such a subdivision affects
the spectrum of the particle.

Time

Frequency

Real

Imag

Time

Frequency

Real

Imag

Time

Temporal Interval: 1/4 and 3/4

Frequency

Frequency Spectrum: 1/4 and 3/4

Real

Imag

Figure 1. Spectra for a single interval of duration T (left) compared to that for the same interval divided into 1/3
and 2/3 segments (middle) and 1/4 and 3/4 segments (right). The spectra are calculated using Equation (7).

These two cases can be distinguished from each other by their spectral fingerprint. Except for
a special case noted below, one can determine whether any sort of disturbance has happened along
the journey of duration T by checking if these extra oscillations exist in the spectrum of the detected
photons.

Note that in the special case that one divides the temporal interval exactly in half, the spectrum is
unaltered.

Ψ̃(ω f ) =
1
ih̄

∫ ∞

−∞
dωΨ̃0(ω)

∫ T/2

0
dτeiω f τe−iωτV(τ)

+
1
ih̄

∫ ∞

−∞
dωΨ̃0(ω)

∫ T

T/2
dτeiω f τe−iωτV(τ)

=
1
ih̄

∫ ∞

−∞
dωΨ̃0(ω)

([
eiω′T/4 + ei3ω′T/4

]
sinc(ω′T/4) ∗ Ṽ(ω′ − ω)

)∣∣∣
ω′=ω f

=
1
ih̄

∫ ∞

−∞
dωΨ̃0(ω)

(
TeiωT/2sinc(ωT/2) ∗ Ṽ(ω′)

)∣∣∣
ω′=ω f

,

(14)
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where a trigonometric identity was used in the last step. This expression matches the result for the
undivided interval in Equation (12). We can therefore subdivide an interval exactly in half and have
no effect on the spectrum.

3.1. Demonstrating Temporal Irreducibility in a Time-Entangled State

To demonstrate this empirically we can arrange to subdivide a time interval through the use of
time bins. In the initial configuration we create one sole time bin, of duration T. This represents a
temporal interval of travel for a photon. In a secondary configuration we create two consecutive time
bins of the same total duration. All the time bins are represented by rect functions in time. We can
readily show that the latter condition generates extra spectral oscillations, distinguishing it from the
primary condition. The only difference between these two cases is our ability to distinguish between
early arrival and late arrival within that window.

In a typical time-energy entanglement experiment, two identical photons (signal and idler) are
generated from a single higher energy photon through the process of spontaneous parametric down
conversion (SPDC). The photons are correlated, in that they share a common joint spectral amplitude
(JSA), ϕ(ωs, ωi).

Let’s examine the frequency space wave function for the two distinct cases. The time bins will
define the basis functions for our representation of the frequency space wave function. Using the
standard process we project the JSA onto the time bins in order to determine the coefficients, ck. Once
those are known, the momentum space wave function is calculated as,

Ψ̃(ωs, ωi) = ∑
k,m

ck,m√
∆tk∆tm

ei(ωs(tk+∆tk/2)+ωi(tm+∆tm/2)) sin(ωs∆tk/2)
ωs/2

sin(ωi∆tm/2)
ωi/2

.

In the first case, with k = m = 0 we have a single bin of duration ∆t0 = T which begins at t0 = 0, so
the expression above simplifies to,

Ψ̃(ωs, ωi) = c0,0Tei(ωs+ωi)T/2sinc(ωsT/2)sinc(ωiT/2). (15)

Compare this with Equations (11) and (13) for the single photon case.
The spectral distribution of the signal and idler photons is a simple sinusoid with a period of

oscillation 2/T, decaying away from the origin. This can be measured by counting the number of
photons detected at each frequency.

In the second case, we define the early bin from t = 0 → T/3 and the late bin from t = T/3 → T,
so that ∆t0 = T/3 and ∆t1 = 2T/3. Now there are four combinations for either of the two photons to
arrive in either of two time bins. The momentum space wave function becomes

Ψ̃(ωs, ωi) = c0,0
T
3

e−i(ωs+ωi)T/6sinc(ωsT/6)sinc(ωiT/6)

+ c0,1

√
2T
3

e−i(ωs+4ωi)T/6sinc(ωsT/6)sinc(ωiT/3)

+ c1,0

√
2T
3

e−i(4ωs+ωi)T/6sinc(ωsT/3)sinc(ωiT/6)

+ c1,1
2T
3

e−i4(ωs+ωi)T/6sinc(ωsT/3)sinc(ωiT/3)

(16)

where factors of the form
√

∆tk are included to normalize each sinc function.
Equation (16) is the extension of Equation (12) to the case of two entangled particles. Comparing

Equations (15) and (16) we see that the consequence of dividing the interval into parts is to remove the
fundamental oscillation at T/2 and introduce harmonics at T/6 and 2T/6 in the spectral domain.

By expressing quantum wavefunction propagation in terms of the Fourier transform, we leverage
our understanding of dual spaces, namely that the spectrum changes when the domain of integration
changes. Because the physical principles of quantum wave function propagation can be derived from

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 31 January 2025 doi:10.20944/preprints202501.2318.v1

https://doi.org/10.20944/preprints202501.2318.v1


7 of 12

the physics of these dual spaces, subdividing the integration domain has a physical effect, and thus
the time bin intervals should be considered irreducible.

4. Irreducible Time Intervals in Experiment
The notion of irreducible time intervals fits well within existing experimental results, and also

leads to the prediction of new effects.

4.1. Measuring Stellar Distance Using Spectral Oscillations

Perhaps most surprising is the possibility of detecting the duration of travel of light from an
astronomical source, by analyzing oscillations in the spectrum of the light emitted from it. When
light from a star reaches Earth, Equation (12) predicts that the spectral signature is influenced by the
path it has traveled, with oscillatory features in the frequency domain encoding information about
the light’s duration of propagation. These oscillations could potentially serve as a unique “temporal
fingerprint.” To test the theory, one can perform high resolution spectral analysis of starlight and look
for oscillations with a periodicity dependent on the propagation distance, i.e. duration of propagation.

For instance, to detect spectral oscillations of our nearest neighbor, Alpha Proxima (T = 1.34 ∗ 108

light seconds away), search for oscillations in the spectrum corresponding to that time window,

∆ f =
1
T

≈ 7.5 × 10−10 Hz.

In order to measure this effect, spectrographs must be used which achieve a frequency resolution on
this order.

Optical frequency combs can provide high resolution measurements in the frequency domain.
Early technology could resolve wavelengths up to one part in 107, and today’s technology improves
that to one part in 1018.[15]

This approach, while challenging, offers a novel method for stellar distance measurement using
spectral oscillations, and can be compared to traditional methods such as parallax or redshift techniques
to verify the theoretical predictions.

4.2. Temporal Modulation of Laser Pulses

In recent decades the creation of chains of very short light pulses has become possible through
high harmonic generation in the frequency domain. Attosecond light pulses provide a very short scale
application of irreducibility in time.[6]

It is interesting to think of a train of discrete attosecond pulses instead as a single entity with a
temporal structure defined in the frequency domain. In our usual conception, a series of events are
considered distinct and causal, i.e. the past pulses can affect the future pulses, but not the reverse.
But in this case a series of pulses of extremely short duration in the time domain are generated from
a comb in the frequency domain. The temporal characteristics are encoded as a whole within the
phase structure of the frequency spectrum, set up more like a standing wave than a series of individual
events. One can stretch the definition of the present moment to include a series of events, separated in
time and yet occurring, in some sense, during the same moment.

4.3. Temporal Double-Slit

The theory distinguishes between a single contiguous spacetime interval and subdivided intervals.
In the temporal domain, this can be tested by splitting a photon’s temporal path into two discrete
segments. One can pursue this further by extending the attosecond double-slit experiment performed
by Lindner, et al.[4] Following their procedure, create two high-probability ionization windows within
a single laser pulse by subjecting argon gas to femtosecond laser fields. Ionization of the argon atoms
is allowed to occur within precisely two short time windows, separated by a brief duration where
ionization is certain not to occur. The two time windows act as a double slit in time, producing fringes
in the energy spectrum of the ejected electrons.
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One can then modify the experiment by introducing a controlled disturbance to the photons
prior to ionization (e.g., a weak laser pulse), which has the effect of localizing the photons at a point
partway along their path before ejecting the electrons. Because the distribution of kinetic energies for
ejected electrons will correspond to the spectral oscillations in the incoming photons, one is predicted
to find oscillations in the electronic energy caused by partially localizing the original photon had an
intermediate time.[8].

4.4. HOM Effect

In the HOM effect, two indistinguishable photons are arranged to interfere such that, when the
arrival time of the photons match, both photons exit the interferometer through the same output port,
reducing the coincidence detection rate between the output ports. The coherence is measured in the
so called “HOM dip”, which depends on simultaneous arrival times of the photons with matching
spectral characteristics.

Because of the dependency on arrival time, the HOM effect could be a useful way to confirm the
relationship between the spectrum of a photon and the temporal subdivisions along its path. Since
the temporal characteristics of the photons are encoded in their spectral phases, these phases can be
measured by tracking the photon arrival time through the HOM dip.[16]

Introducing spectral artifacts by subdividing the path of the incoming photons would result in
variations of the time of arrival of the photons. The timing could be precisely correlated to the HOM
dip in coincidence counts.

4.5. Quantum Cryptography

In this theory, the entire spacetime path contributes to the observed spectrum, meaning the
artifacts reflect not just the current state but also the history of interactions. If this is the case, then
spectral artifacts caused by the geometry of a signal’s spacetime path can provide direct evidence
of tampering, as intermediate measurements or interactions along the path introduce measurable
oscillatory patterns or phase distortions in the frequency domain. Unlike traditional methods that rely
on probabilistic disruptions or statistical deviations in quantum systems, this approach ties evidence of
tampering to spectral signatures that encode the history of spacetime interactions. This fundamentally
differs from the traditional approach by emphasizing the role of spacetime geometry in preserving
and altering information, offering a direct way to detect interference with signals, potentially bridging
quantum and classical regimes. However, experimental validation would require extremely high-
resolution instrumentation and robust methods to distinguish such artifacts from natural spectral
variations.

This principle can also be applied in a more traditional quantum encryption application. Quantum
computing logic gates typically use the HOM dip as criteria turn on and off, so precise control of the
arrival time of photons is crucial.[10] This theory predicts that the spectral envelope of a photon can be
shaped through deliberate perturbations along its duration of flight.

4.6. Testing the relationship between time and frequency domains

In this theory, the relationship between time and frequency space is leveraged as a foundation for
quantum dynamics. For instance, changes to the spectrum of laser light in an appropriate medium
can generate a chain of laser pulses (mode-locked lasers) or an organized series of higher frequency
modes (high harmonic generation). Given that a finite spectrum corresponds to a non-instantaneous
temporal interval, how do such changes in the spectrum translate to changes in the physical domain?
Is this relationship causal? Is it dual in the sense that the temporal form is a direct and instantaneous
manifestation of the spectral changes? Do laser pulse chains arise or disintegrate as a group or
individually?

The emergence of standing wave patterns in a medium is generally thought of as a causal process,
due to the interference of waves being generated in the current moment with waves originating in the
past that have reflected off the boundaries of the medium. In the theory presented here, one could
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more carefully investigate the detailed process of formation or disintegration of a chain of pulses, or
the lasing process within a laser when it is first turned on or turned off.

5. Ontological Concerns
The irreducible nature of spacetime intervals does not imply fixed, discrete chunks but rather any

interval of arbitrary size between measurements. Theoretically, such intervals can range from atomic
scales to interstellar distances.

This irreducibility avoids the need to abstract an additional ‘meta-time’ parameter in order to
accommodate the Many Worlds or Multiverse perspective. Evolution through time is described by a
spectrum in ω-space, which does not evolve or depend on a time parameter. Between measurements,
time is represented by an unmeasurable unitary parameter (distinct from the measurable coordinates
which describe discrete interactions). The role of meta-time is played by the ordering of branching
events, not by any continuous variable.

A multi-block universe is essential to this description, as it allows multiple trajectories to evolve
simultaneously while forgot what the fuck is going onalso accommodating free choices by an outside
experimenter. The difference between a whole trajectory (e.g., from Sun to Earth) and a broken
trajectory (e.g., from Sun to satellite to Earth) is described by distinct phase maps in the multi-block
universe.

The multi-block universe is informational rather than directly measurable. Each block represents
alternate possibilities rather than alternate realities. Evolution within a block is unitary and determinis-
tic, maintaining coherence within the segment. The duration of a block is defined by branching events,
giving each block a dual nature: it is both independent and part of a larger whole.

5.1. Predeterminism

The notion of predeterminism naturally arises when temporal segments are described by their
Spectra. If time cannot continuously evolve and the spectral signature encodes the entire interval
from beginning to end, it implies that all possible outcomes for a system must be accessible until a
measurement defines the observed path.

In this view, predeterminism is finite, suggesting that sequential paths of finite duration are
encoded as possibilities, with the observer playing a role in determining which path becomes realized.

The spectral signature of a photon is invariant and represents the entire journey, including the start
and endpoints. Thus the spectral signature most determine not just one but all possible evolutions.

In this model, we live in a Multiverse which doesn’t evolve. Rather it gets progressively smaller
as it trims off branches.

5.2. The Role of Phase

The central aim of this analysis is to highlight the importance of the frequency domain spec-
trum—and particularly phase information—in temporal translation for both quantum wavefunction
propagation (QWP) and scalar diffraction theory (SDT). While phase information is often ignored in
signal processing (e.g., due to the limitations of photographic film or the focus on magnitude spectra),
it plays a critical role in interference effects and system dynamics.

In Fourier analysis, phase information in k-space encodes spatial information in x-space. This
insight motivates a 3 + 1D formulation of quantum wavefunction propagation, where the same
properties apply to space and time. For example, an auditory tone can be shifted in time by t0 via
the transformation f̃ (ω) → exp (iωt0) f̃ (ω), and similarly, a spatial feature in a digital image can be
shifted by ∆x via f (k) → exp (−ik∆x) f (k).

Modeling quantum dynamics after scalar diffraction theory provides a framework for symmetry
between space and time, where the phase structure governs evolution. This approach reinforces
the view of spacetime as fundamentally spectral, with phase information central to understanding
quantum interactions and coherence.
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5.3. Quantum Evolution in 3 + 1 Dimensions

It is common in formulations of dynamics to treat dynamical variables such as displacement,
velocity or acceleration as dependent variables, parameterized by an unconstrained time parameter.
Yet even in the non-relativistic quantum formalism, a more sophisticated notion of time exists, namely
in the distinction between parameters and coordinate intervals. Parameters, such as x and kx, or t and
ω, are unmeasurable dummy variables used in Fourier integrations to convert between dual domains.
In contrast, coordinates x(i) and t(i) represent measurable intervals in space and time, while kx(i) and
ω(i) correspond to distinct jumps in momentum states or energy levels. This distinction clarifies the
static yet dynamically encoded nature of 3+1D distributions in kµ-space proposed here.

For example, a Fourier transform integrates out explicit time dependency, leaving a static ω

distribution that cannot evolve in time but encodes dynamical information through its phase structure.
This is analogous to a hologram, where 2D interference patterns encode apparent 3D coordinates. In
this framework, motion is represented as discrete updates in coordinate intervals during interactions,
rather than continuous evolution, highlighting the encoded dynamical constraints within frequency
space.

It was shown in section 2.3 that the propagator can be represented as a discrete forward and
inverse Fourier transform. Therefore any propagation is done over finite, rather than infinitesimal
distances and durations. Points in time or space in between the starting point and ending point of
integration of the propagator are not individually defined. Distinguishing between parameters (of
integration) which vary smoothly over the interval and the coordinates at the endpoints of the interval
is a natural consequence of this approach. The latter are measurable and distinctly defined, whereas
the former are not.

If we accept that the geometry of spacetime intervals and their spectra can be used to track
dynamical interactions, and that expressions of the form Equation (7) (a propagator) can be applied to
interactions in both space and time, we must conclude that intervals of space and time are discrete and
irreducible. The resulting description is symmetric in these variables, providing a possible connection
between the quantum formalism and special relativity.

6. Discussion
In this study it was shown that time intervals are encoded as a whole in the spectral fingerprint

of a particle, e.g. photon. Emphasizing the similarity between quantum wave function propagation
and scalar diffraction theory, it was shown that any subdivision or intermediate measurement along a
temporal interval will result in spectral artifacts, making it evident that the whole interval and the
partial interval are fundamentally different, and that they are to be considered as distinct, discreet
wave function branches. As a corollary, it is predicted that photons of cosmic origin should retain
a spectral fingerprint encoding their duration of travel, potentially providing a novel method for
measuring astronomical distances.

Appendix A. Similarities between Scalar Diffraction Theory and Quantum
Wavefunction Propagation

Scalar diffraction theory (SDT) describes how an optical wavefront in two spatial dimensions
changes as it propagates in a third spatial dimension. It utilizes both x-space and k-space to do so.

In SDT, an optical wavefront is propagated by multiplying its k-space representation by an
amplitude transfer function. More generally, any filter can be applied to a signal by convolution in
x-space or multiplication in k-space.

Similarly, in quantum mechanics (QM) the propagation of a wavefunction (or quantum wavefunc-
tion propagation, QWP) is encapsulated in the propagator, also defined in k-space. In both instances,
propagation of a signal in spacetime involves multiplication by a phase factor in k-space.

The starting point for scalar diffraction theory is the Huygens-Fresnel equation, describing the
propagation and consequent image formation due to an incoming wavefront affected by an aperture
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that propagates to a screen. If ξ and η correspond to the horizontal and vertical directions on the
aperture of the imaging device, an integral is performed over the entire aperture for each point (x′, y′)
on the viewing screen. Labeling the original waveform U(ξ, η), the Huygens-Fresnel equation is[? ]

U(x′, y′) ∝
∫

dξdη U(ξ, η)
exp (ikr01)

r2
01

∝
∫

dξdη U(ξ, η)
exp

(
ik
√

z2 + (x′ − ξ)2 + (y′ − η)2
)

z2 + (x′ − ξ)2 + (y′ − η)2 ,

(A1)

When combined with Fresnel’s quadratic wavefront curvature approximation, the image on a
screen under Fresnel diffraction is proportional to

U(x′, y′) ≈
∫

dξdηU(ξ, η) exp
(

ik
2z

[(x′ − ξ)2 + (y′ − η)2]

)
≈

∫
dξdηU(ξ, η)e

ik
2z (ξ

2+η2)e−i 2π
λz (x′ξ+y′η)

≈ F−1
{

e
ik
2z (ξ

2+η2)F{U(x, y)}
}

.

(A2)

where a quadratic constant phase factor of the form exp ((x′)2 + (y′)2) has been pulled out of the
integral and omitted for the sake of clarity.

Note that when light passes through an aperture in x⃗−space, the spatial parameters ξ and η

describing the aperture become scaled frequency parameters in k-space,

kx =
2πξ

λz

ky =
2πη

λz
,

(A3)

where z is the distance to the screen, Equation (A2) can be written

U(x′, y′) ∝
∫ ∫

dξdη Ũ
(

2πξ

λz
,

2πη

λz

)
h
(

x′ − 2πξ

λz
, y′ − 2πη

λz

)
∝ Ũ(ξ, η) ∗ h(ξ, η),

(A4)

where Ũ is the Fourier transform of the incoming wavefront, and the convolution kernel h(x, y) is
called the impulse response, which is the inverse Fourier transform of the amplitude transfer function.
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