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Abstract

This paper explores wave-particle duality through the lens of our
reformulated mass-energy equivalence equation Et2 = md2. We demon-
strate that interpreting spacetime as a ”2+2” dimensional structure—with
two rotational spatial dimensions and two temporal dimensions, one
of which manifests as the perceived third spatial dimension—provides
profound insights into the dual nature of light and matter. Within
this framework, the wave aspect of particles naturally manifests in
the two rotational dimensions, while particle-like behavior emerges
from interactions with the temporal-spatial dimension. The double-
slit experiment, photoelectric effect, and other quantum phenomena
find intuitive explanations without requiring wave function collapse or
observer-dependent physics. We derive modified quantum field equa-
tions that incorporate both temporal dimensions, resolving longstand-
ing interpretational challenges in quantum mechanics while maintain-
ing mathematical consistency with established experimental results.
Several experimental predictions are presented that could distinguish
our dimensional interpretation from conventional quantum mechanical
interpretations, focusing particularly on interference patterns, tem-
poral correlations, and phase relationships in multi-particle systems.
This framework potentially unifies the wave and particle aspects of
matter through a common dimensional structure, offering a more par-
simonious and conceptually coherent explanation for quantum behav-
ior.
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1 Introduction

Wave-particle duality stands as one of the most profound and perplexing
features of quantum mechanics. Since the early 20th century, physicists have
grappled with experimental evidence demonstrating that light and matter
can exhibit both wave-like and particle-like behavior depending on the ex-
perimental arrangement. This duality has led to various interpretations of
quantum mechanics, including the Copenhagen interpretation, pilot wave
theories, many-worlds interpretation, and quantum decoherence approaches.

Despite the mathematical success of quantum mechanics, these interpre-
tations often introduce conceptual difficulties, including the measurement
problem, non-locality, and the role of the observer. A unified understanding
that naturally explains both aspects of quantum entities without additional
postulates remains elusive.

In previous work, we proposed a reformulation of Einstein’s mass-energy
equivalence from E = mc2 to Et2 = md2, where c is replaced by the ratio
of distance (d) to time (t). This mathematically equivalent formulation led
us to interpret spacetime as a ”2+2” dimensional structure: two rotational
spatial dimensions plus two temporal dimensions, with one of these tem-
poral dimensions being perceived as the third spatial dimension due to our
cognitive processing of motion.

This paper extends this framework to wave-particle duality. We propose
that the wave aspect of quantum entities primarily manifests in the two rota-
tional spatial dimensions, while the particle aspect emerges from interactions
with the temporal-spatial dimension that we conventionally perceive as the
third spatial dimension. This reconceptualization potentially resolves the
apparent paradoxes of quantum mechanics while providing a more intuitive
explanation for quantum phenomena.

The profound implications of this approach include:

1. Natural explanation for wave-particle duality without requiring com-
plementarity as a separate principle

2. Resolution of the measurement problem through dimensional interac-
tions

3. Explanation for quantum interference patterns without invoking wave
function collapse

4. Unified dimensional framework for understanding both quantum and
relativistic phenomena
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5. Novel predictions for quantum experiments that could test this dimen-
sional interpretation

2 Theoretical Framework

2.1 Review of the Et2 = md2 Reformulation

We begin with Einstein’s established equation:

E = mc2 (1)

Since the speed of light c can be expressed as distance over time:

c =
d

t
(2)

Substituting into the original equation:

E = m

(
d

t

)2

= m
d2

t2
(3)

Rearranging:
Et2 = md2 (4)

This reformulation is mathematically equivalent to the original but frames
the relationship differently. Rather than emphasizing c as a fundamental
constant, it explicitly relates energy and time to mass and distance, with
both time and distance appearing as squared terms.

2.2 The ”2+2” Dimensional Interpretation

The squared terms in equation (4) suggest a reinterpretation of spacetime
dimensionality. The d2 term represents the two rotational degrees of freedom
in space, while t2 captures conventional time and a second temporal dimen-
sion. We propose that what we perceive as the third spatial dimension is
actually a second temporal dimension that manifests as spatial due to our
cognitive processing of motion.

This creates a fundamentally different ”2+2” dimensional framework:

• Two dimensions of conventional space (captured in d2)

• Two dimensions of time (one explicit in t2 and one that we perceive as
the third spatial dimension, denoted by τ)
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3 Wave-Particle Duality in the 2+2 Frame-

work

3.1 Wave Aspect in Rotational Dimensions

In our framework, the wave aspect of quantum entities primarily manifests
in the two rotational spatial dimensions (represented by angular coordinates
θ and ϕ). Electromagnetic waves, for example, can be understood as oscil-
lations in these rotational dimensions, with the electric and magnetic field
components representing rotational phases or orientations.

The wave equation for a free quantum particle can be expressed as:

∇2
rotψ(θ, ϕ, t, τ)−

1

v2
∂2ψ

∂t2
− α

∂2ψ

∂τ 2
= 0 (5)

Where ∇2
rot is the Laplacian operator in the rotational dimensions, and

α is a coupling constant between conventional time and the temporal-spatial
dimension.

This formulation naturally gives rise to wave-like behaviors including
diffraction, interference, and superposition within the rotational dimensions.

3.2 Particle Aspect in the Temporal-Spatial Dimen-
sion

The particle aspect of quantum entities emerges from how these rotational
oscillations couple with the temporal-spatial dimension τ . When a quantum
entity interacts with a measurement apparatus, it manifests at a specific
”location” in the temporal-spatial dimension, giving the appearance of a
localized particle.

This interaction can be mathematically represented as a projection or
collapse from the full ”2+2” dimensional wavefunction to a specific value in
the temporal-spatial dimension:

ψ(θ, ϕ, t, τ)
measurement−−−−−−−→ ψ(θ, ϕ, t, τ0) (6)

Where τ0 represents the specific ”location” in the temporal-spatial di-
mension at which the interaction occurs.

This projection is not a mysterious or instantaneous collapse in three-
dimensional space, but rather a natural consequence of how the temporal-
spatial dimension interacts with the measurement apparatus.
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3.3 The Double-Slit Experiment Reinterpreted

The double-slit experiment, which dramatically demonstrates wave-particle
duality, finds a natural explanation in our framework:

1. The quantum entity (photon or electron) propagates as a rotational
oscillation through both slits in the two rotational dimensions

2. The interaction with the detection screen occurs at specific ”locations”
in the temporal-spatial dimension

3. The interference pattern emerges from how these rotational oscillations
constructively and destructively interfere across the temporal-spatial
dimension

This resolves the apparent paradox of how a single quantum entity can
”interfere with itself” — it’s not interfering with itself in conventional three-
dimensional space, but rather experiencing interference in the two rotational
dimensions that then manifests at different locations in the temporal-spatial
dimension.

When a detector is placed at one of the slits, it forces an interaction in
the temporal-spatial dimension, disrupting the rotational oscillation pattern
and eliminating the interference. This occurs not because of a mysterious
observer effect, but because of the physical coupling between the quantum
entity and the detector in the complete ”2+2” dimensional structure.

4 Quantum Phenomena in the 2+2 Frame-

work

4.1 The Photoelectric Effect

The photoelectric effect—the emission of electrons when light shines on cer-
tain materials—was historically important in establishing the particle nature
of light. In our framework, this phenomenon is explained as:

1. Light propagates as rotational oscillations in the two rotational dimen-
sions

2. These oscillations have a specific frequency corresponding to their en-
ergy (E = hν)
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3. When interacting with electrons in the material, the rotational energy
transfers to the electron through coupling in the temporal-spatial di-
mension

4. This interaction occurs at a specific ”location” in the temporal-spatial
dimension, giving the appearance of a particle-like photon striking an
electron

The energy threshold effect (where no electrons are emitted below a cer-
tain frequency regardless of intensity) naturally emerges from the quantized
nature of the rotational oscillations.

4.2 Quantum Entanglement

Quantum entanglement—the ”spooky action at a distance” that troubled
Einstein—finds a natural explanation in our framework. Entangled particles
establish a connection through the temporal-spatial dimension rather than
through conventional three-dimensional space.

For an entangled state of two particles:

|Ψ(τ)⟩ = 1√
2
(|0, τ⟩A|1,−τ⟩B − |1, τ⟩A|0,−τ⟩B) (7)

Where the τ coordinate explicitly shows the connection through the
temporal-spatial dimension.

When a measurement is performed on one particle, the effect on the en-
tangled partner is instantaneous not because information travels faster than
light through conventional space, but because the connection exists through
the temporal-spatial dimension, which we misinterpret as conventional spa-
tial separation.

4.3 The Uncertainty Principle

Heisenberg’s uncertainty principle emerges naturally from the relationship
between the rotational dimensions and the temporal-spatial dimension in
our framework. The position-momentum uncertainty relation:

∆x∆p ≥ ℏ
2

(8)

Can be reinterpreted as:

∆τ∆prot ≥
ℏ
2

(9)
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Where ∆τ represents uncertainty in the temporal-spatial dimension and
∆prot represents uncertainty in momentum within the rotational dimensions.

This uncertainty reflects the fundamental limitation in simultaneously de-
termining properties across different aspects of the ”2+2” dimensional struc-
ture, rather than a mysterious feature of quantum measurement.

5 Quantum Field Theory in the 2+2 Frame-

work

5.1 Modified Field Operators

In our framework, quantum field operators become functions of the two ro-
tational dimensions and both temporal dimensions:

ϕ̂(θ, ϕ, t, τ) =
∑
n

ânfn(θ, ϕ)gn(t, τ) + â†nf
∗
n(θ, ϕ)g

∗
n(t, τ) (10)

Where fn(θ, ϕ) represents mode functions in the rotational dimensions
and gn(t, τ) represents mode functions across both temporal dimensions.

5.2 Commutation Relations

The canonical commutation relations are modified to:

[ϕ̂(θ, ϕ, t, τ), π̂(θ′, ϕ′, t′, τ ′)] = iℏδ(θ − θ′)δ(ϕ− ϕ′)δ(t− t′)δ(τ − τ ′) (11)

Where π̂ is the conjugate momentum field.

5.3 Photon Propagation

The photon, as the quantum of the electromagnetic field, propagates as a
rotational oscillation in the two rotational dimensions coupled with wave-
like behavior in both temporal dimensions. This can be represented by a
modified propagator:

D(x− y) → D(θ − θ′, ϕ− ϕ′, t− t′, τ − τ ′) (12)

This formulation naturally accommodates both the wave-like propagation
of electromagnetic fields and the particle-like interactions of photons without
requiring separate dual descriptions.
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6 Experimental Predictions

Our framework makes several distinctive predictions that could distinguish
it from conventional interpretations of quantum mechanics:

6.1 Interference Pattern Modifications

1. In multi-slit experiments, our model predicts subtle deviations from con-
ventional quantum mechanical expectations when the experiment is oriented
differently with respect to Earth’s gravitational field 2. The interference pat-
tern should show specific dependencies on the temporal separation between
particle emission and detection that differ from standard predictions 3. By
manipulating the experimental setup to probe the coupling between the ro-
tational dimensions and the temporal-spatial dimension, novel interference
effects might be detectable

6.2 Quantum Optics Tests

1. In certain quantum optical experiments, such as delayed-choice quantum
eraser setups, our model predicts distinctive correlation patterns that reflect
the ”2+2” dimensional structure 2. Photon coincidence measurements in
parametric down-conversion experiments should reveal temporal signatures
characteristic of our dual-time framework 3. Quantum interference in time,
as opposed to space, should exhibit patterns that specifically reveal the re-
lationship between conventional time and the temporal-spatial dimension

6.3 Matter-Wave Experiments

1. Matter-wave interference with large molecules should show scale-dependent
effects that reveal the coupling between the rotational dimensions and the
temporal-spatial dimension 2. Decoherence patterns in quantum superpo-
sitions should follow a distinctive profile consistent with our dimensional
interpretation rather than environmental entanglement alone 3. Quantum
contextuality experiments should reveal signatures of the underlying ”2+2”
dimensional structure in the patterns of measurement outcomes

7 Experimental Approaches

We propose several experimental approaches to test our theory:
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7.1 Enhanced Double-Slit Experiments

Modified double-slit experiments that specifically probe the relationship be-
tween interference patterns and temporal variables, including:

1. Varying the temporal distance between particle emission and detection

2. Incorporating gravitational gradients in the experimental setup

3. Creating interfering paths with different orientations relative to Earth’s
gravitational field

7.2 Quantum Optics Setups

Advanced quantum optics experiments including:

1. Delayed-choice quantum erasers with precise timing control

2. Hong-Ou-Mandel interferometry with variable temporal delays

3. Entanglement swapping with controlled temporal separations

7.3 Matter-Wave Interferometry

Precision matter-wave interferometry experiments including:

1. Large molecule interference with gravitational perturbations

2. Atomic interferometry in varying gravitational potentials

3. Interferometry with temporal rather than spatial path differences

8 Discussion

8.1 Theoretical Challenges

Several significant theoretical challenges remain:

1. Developing a complete mathematical formalism for quantum field the-
ory in the ”2+2” dimensional structure

2. Understanding how our conventional perception interprets a temporal
dimension as spatial

9



3. Reconciling the approach with the full spectrum of quantum phenom-
ena, particularly in many-body systems

4. Formulating a comprehensive theory of measurement within this frame-
work

8.2 Comparison with Other Interpretations

Our framework differs fundamentally from other interpretations of quantum
mechanics:

1. Unlike the Copenhagen interpretation, we do not require wave function
collapse as a separate physical process

2. Unlike pilot wave theories, we do not introduce additional ”hidden”
variables in conventional space

3. Unlike many-worlds interpretation, we do not require the proliferation
of parallel universes

4. Unlike quantum decoherence approaches, we provide a fundamental
explanation for the measurement process rather than merely describing
its effects

8.3 Philosophical Implications

Our framework suggests profound shifts in our understanding of reality:

1. Wave-particle duality may represent not a fundamental duality in the
entities themselves, but rather a limitation in how we perceive the
”2+2” dimensional structure

2. The measurement problem in quantum mechanics might be a conse-
quence of our misinterpretation of a temporal dimension as spatial

3. The apparent randomness in quantum measurements might reflect de-
terministic processes in the full ”2+2” dimensional structure that ap-
pear random when projected onto our conventional three-dimensional
perspective

4. The distinction between quantum and classical regimes may emerge
from how strongly systems couple across the different dimensions in
our framework
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9 Conclusion

The Et2 = md2 reformulation of Einstein’s mass-energy equivalence pro-
vides a conceptually revolutionary approach to understanding wave-particle
duality. By reinterpreting what we perceive as a three-dimensional space as
a two-dimensional rotational space plus a temporal dimension perceived as
spatial, we offer potential resolutions to longstanding paradoxes in quantum
mechanics.

Our framework provides natural explanations for wave-particle duality,
quantum interference, the measurement problem, and quantum entanglement
without requiring additional postulates or interpretational frameworks. It
offers distinctive experimental predictions that could be tested with current
or near-future experiments, potentially providing empirical evidence for this
radical reconceptualization of quantum mechanics.

While substantial theoretical development and experimental testing re-
main necessary, this approach merits further investigation as a potentially
transformative pathway toward a more intuitive and unified understanding
of quantum phenomena and their relationship to relativistic physics.

11


	Introduction
	Theoretical Framework
	Review of the Et2 = md2 Reformulation
	The "2+2" Dimensional Interpretation

	Wave-Particle Duality in the 2+2 Framework
	Wave Aspect in Rotational Dimensions
	Particle Aspect in the Temporal-Spatial Dimension
	The Double-Slit Experiment Reinterpreted

	Quantum Phenomena in the 2+2 Framework
	The Photoelectric Effect
	Quantum Entanglement
	The Uncertainty Principle

	Quantum Field Theory in the 2+2 Framework
	Modified Field Operators
	Commutation Relations
	Photon Propagation

	Experimental Predictions
	Interference Pattern Modifications
	Quantum Optics Tests
	Matter-Wave Experiments

	Experimental Approaches
	Enhanced Double-Slit Experiments
	Quantum Optics Setups
	Matter-Wave Interferometry

	Discussion
	Theoretical Challenges
	Comparison with Other Interpretations
	Philosophical Implications

	Conclusion

