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Abstract

Quantum mechanics and quantum field theory (QM/QFT) offer precise mathematical tools for de-
scribing microscopic systems, but remain ambiguous with regard to the precise nature of collapse,
measurement, and causal structure. This work introduces a structural reinterpretation of quantum
evolution grounded in a conserved, Lorentz-compatible coherence substrate. Within this framework,
wavefunctions are understood as phase-supported structures that evolve over finite causal intervals
bounded by collapse events. We propose that Planck’s constant encodes structural thresholds of
the substrate’s capacity to support coherent evolution. These limits define a minimum spatial and
temporal envelope—referred to as the coherence tick—during which standard QM /QFT behavior is
valid. Collapse is not introduced as a measurement postulate, but emerges as a necessary structural
re-lock at the end of each coherence interval. The Collapse Boundary is thus a physically meaningful
event horizon, and if energy or configuration offload is required, a Quantum Emission Opportunity
(QEO) occurs. This framework preserves all predictive results of QM/QFT while offering a physically
causal explanation for collapse timing, wavefunction termination, and entanglement. It resolves the
quantum time asymmetry paradox by distinguishing between internal evolution (experienced in +t)
and external observation (reconstructed in —t). By reinterpreting Planck constants as causal boundary
conditions rather than universal abstractions, this model provides a substrate-based foundation be-
neath conventional quantum dynamics—one in which measurement, correlation, and irreversibility
arise from finite structural support, not observer-induced discontinuity.

Keywords: quantum mechanics; quantum field theory; collapse; causality interval; collapse boundary;
quantum emission opportunity; time symmetry; entanglement; quantum substrate dynamics

1. Introduction

Quantum mechanics (QM) and quantum field theory (QFT) offer powerful and precise frame-
works for describing the statistical structure of microscopic systems. Their formalism has produced
predictions of extraordinary accuracy and technologies of increasing sophistication. Yet persistent
conceptual questions remain unresolved: What is the physical status of the wavefunction? What
causes collapse, and when does it occur? Why does measurement produce irreversible outcomes if the
underlying equations are time-symmetric?

These questions arise not from flaws in the mathematical formalism, but from the absence of a
clearly defined causal structure. Quantum systems evolve unitarily under the Schrodinger equation,
but this evolution terminates abruptly when a measurement is made. The standard theory provides no
internal mechanism for this transition. In QFT, the issue is displaced into operator algebra and vacuum
excitation, but the core ambiguity remains: what physically distinguishes the domain of reversible
wavefunction evolution from the moment of irreversible outcome?

This work proposes that QM and QFT are not incorrect, but physically incomplete. We introduce
a physically grounded coherence framework—General Substrate Theory(GST) [1]—in which quantum
behavior arises as a limiting case within discrete, causally permitted coherence intervals. These
spans, called Causality Intervals (CI), define the maximum duration over which a wavefunction or field
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excitation may evolve coherently before requiring structural resolution. At the end of each CI lies a
Collapse Boundary (CB), where the substrate irreversibly re-locks the system’s configuration. If this
resolution entails energy, tension, or waveform offload, it produces a Quantum Emission Opportunity
(QEO)—a physically grounded alternative to axiomatic measurement.

This framework preserves all predictions of QM and QFT while providing a physical mechanism
for collapse, emission, and entanglement. Wavefunctions, superpositions, and fields are real—but
only within the CI, where coherence is supported. Collapse is not triggered by observation, but by
causal exhaustion of the interval. Entanglement is not instantaneous linkage, but resonance tuning;:
structures formed within the same coherence envelope remain phase-compatible and may respond to
serialized emissions if their tick pacing remains aligned. These emissions do not enforce collapse in
the partner structure, but may stimulate a re-lock if coherence conditions permit.

A key outcome of this framing is a resolution to the quantum time symmetry paradox. Within
the CI, time evolution is forward and fully reversible: the system experiences +t as internal phase
structure unfolds. But collapse marks the end of that frame. From the observer’s point of view,
measurement accesses only the committed result—forcing any reconstruction of internal evolution
to occur retrospectively in —t. Time symmetry is preserved in the system, but broken at the level
of observation. This distinction resolves the apparent contradiction between reversible quantum
dynamics and irreversible measurement.

In what follows, we define this framework and show that it not only preserves the core mathemat-
ics of quantum theory, but also anchors it in a causal structure that explains why collapse, measurement,
and correlation occur as they do—without mystery, paradox, or metaphysical ambiguity. Quantum
Substrate Dynamics(QSD) [2], is the dynamic expression of GST, reframes the quantum formalism
not as a complete description of reality, but as the domain-specific language of coherence playing out
within a deeper causal substrate.

This approach does not discard prior foundational insights, but instead situates them within a
broader causal framework. Decoherence theory [6] has clarified how classical behavior emerges from
environmental entanglement, but still leaves the origin and necessity of collapse unresolved. Dynam-
ical collapse models such as GRW [7] introduce spontaneous structure loss, but require additional
stochastic parameters outside of quantum formalism. Time-symmetric and retrocausal interpreta-
tions [8,9] have highlighted important asymmetries in our interpretive lens, yet often rely on global
consistency constraints that lack localized causal support. In contrast, the present framework preserves
the mathematical structure of all these approaches, but identifies the substrate-defined coherence
interval as the domain in which they apply. Each theory remains valid—within its respective slice of
the causal cycle. What we offer here is not a rejection, but a structural reframing: a box around where
quantum theory works exactly, and a door into what happens beyond.

2. Materials and Methods

This work was developed from first principles, assuming a conserved, Lorentz-invariant coherence
substrate. All derivations follow from a single axiom: that physical reality emerges from causal
reconfiguration of phase-supported structure. Quantum behavior is modeled as coherence evolution
within finite Causality Intervals (CI), ending at Collapse Boundaries (CB), with emission permitted at
Quantum Emission Opportunities (QEO). No particles, geometry, or external forces were assumed.
The method emphasizes causal closure, time-asymmetric observation, and structural compatibility
with known quantum and relativistic limits.

The use of Al is disclosed in alignment with journal policy for transparency in the writing process
as presented below:

*  OpenAl’s ChatGPT (version GPT-40, 2025) was used for editorial and formatting processes.

*  Generating illustrative figures based on the author’s conceptual framework, with iterative refine-
ment to ensure fidelity to the substrate-based dynamics of the model,
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e  Researching, validating, and cross-referencing related scientific concepts to improve accuracy,
contextual alignment, and clarity,

3. Results

The Quantum Substrate Dynamics (QSD) framework yields a deterministic structure for collapse
behavior and quantized evolution through physically grounded constraints. Three primary structural
results are derived:

3.1. Collapse Boundary (CB)

Collapse is not a stochastic measurement event but a structural failure in the substrate when
internal coherence exceeds the local offload capacity. This failure defines the Collapse Boundary (CB): a
critical surface where a structure can no longer be supported by the substrate’s tension envelope.

The collapse condition is expressed by a threshold offload energy:

4

Cc
E> é : Lcoh/ (1)

where c; is the transverse coherence propagation speed, G is the curvature compliance constant
(gravitational constant), and L.y is the local coherence support length. Exceeding this threshold
necessitates an irreversible structural emission event.

3.2. Causality Interval (CI)

Quantum evolution occurs within discrete spacetime envelopes, each bounded by a physically
determined coherence window. This window is defined as a Causality Interval (CI), and its temporal
extent is governed by the scalar recovery speed ¢, of the substrate. The interval duration is given by:

Lcoh
— 2
= )

indicating the minimum time required for the substrate to reset its coherence state and support the
next phase of evolution.

3.3. Quantum Emission Opportunity (QEO)

At the termination of each CI, the system encounters a deterministic offload point called the
Quantum Emission Opportunity (QEO). Emission occurs not probabilistically, but structurally, as a
serialized projection of the internal waveform’s geometry.

Each QEO represents a substrate-mandated decision boundary where:

¢  Emission is permitted only if the structure is at or beyond the collapse threshold.
¢ Ifnot, coherence persists through the next CI.

This mechanism reinterprets quantum behavior as a series of structurally enforced emission gates,
rather than wavefunction collapse triggered by external measurement. See Figure 1.

3.4. Derived Role of Planck Constants

Planck constants are reinterpreted as structural expressions of substrate behavior:

¢  Planck energy Ep defines the maximum offload threshold of the substrate:

4

C
EP = Et : Lcoh- (3)

e Planck time tp is the minimum interval for causal reset:

L
tP — coh . (4)
Cs
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e Planck’s constant 7 arises from the ratio of transverse to scalar propagation modes scaled by

geometry:
4 12
E}

These expressions ground the Planck units in physically interpretable substrate dynamics, rather
than abstract limits.

3.5. Implications

This framework produces several key implications:

1.  Collapse is a causal, localized emission event, not a measurement-induced discontinuity.
Quantization and emission timing are determined by internal structural pacing, not probabilistic
sampling.

3.  The substrate imposes natural intervals for information serialization, consistent with observed
quantum evolution.

4. Observable outcomes correspond to the serialized geometric projection of coherent structures at
each QEO.

These results unify quantum collapse, time pacing, and Planck-scale thresholds under a single struc-
tural model, providing a causal framework for coherence, quantization, and measurement phenomena.

4. Discussion
4.1. Substrate Causality and Coherence Foundations

The causal structure proposed in this work is grounded in the concept of a conserved, phase-
supporting substrate that governs when and how quantum behavior is physically permitted. Rather
than postulating an abstract Hilbert space in which states evolve indefinitely, we define a coherence-
capable substrate that imposes strict temporal and geometric constraints on superposition, entangle-
ment, and collapse. These constraints take the form of discrete causal windows—finite intervals during
which coherent evolution is supported—followed by irreversible re-locking events that commit phase
structure into a measurable outcome.

This section introduces the three core causal components of the framework: the Causality Interval
(CI), the Collapse Boundary (CB), and the Quantum Emission Opportunity (QEO). Together, they form the
minimal substrate cycle over which quantum structure can evolve, resolve, and (when permitted) emit.
These components replace observer-centric and axiomatically postulated collapse mechanisms with
internal causal processes that respect both quantum mathematics and relativistic timing.

4.1.1. The General Substrate Framework

We begin with the postulate that all physical phenomena emerge from a conserved, Lorentz-
compatible coherence substrate. This substrate is not an empty vacuum, a quantum field, or a rela-
tivistic manifold. It is a physically real coherence-supporting medium, stationary in its total structure,
yet locally reconfigurable under causal constraints. What we experience as particles, waves, forces, or
fields are manifestations of localized, phase-resolved structures supported within this substrate.

Unlike abstract field theories, which treat vacuum as the lowest-energy configuration, this
framework considers the vacuum to be a coherence-neutral baseline—a region where no structured
phase activity is present. Coherence is not assumed to exist freely or indefinitely. It must be phys-
ically supported by the substrate, and that support comes at a cost: in time, in tension, and in
configuration complexity.

This substrate has a finite capacity to support structure. It can only maintain coherent phase
geometry over limited spatial and temporal extents before requiring resolution. These limits are not
imposed externally, but arise internally from the substrate’s own causal pacing and stress accumula-
tion properties. The result is a system governed by coherence thresholds—regions where structured
phase can persist, bounded by regions where collapse becomes compulsory.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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This coherence-limited behavior has a direct relationship to the Planck scale. In prior work, we
derived Planck’s constant from first principles [3] as a structural ratio between transverse coherence
throughput and scalar collapse recovery:

4 2
—_ ‘it Lcoh
cs G

where c; is the transverse propagation rate, ¢, is the scalar recovery speed of the substrate, L}, is the
coherence support scale, and G is the substrate’s curvature compliance. This formulation anchors
quantum quantization not in abstract algebra, but in structural thresholds of the substrate’s ability to
maintain or offload phase geometry. The quantity L.}, defines the minimum spatial region over which
coherent structure can persist, while the associated duration tp = L,/ ¢s represents the shortest causal
interval supported by the substrate. In our local frame, this defines the Planck interval, identifying it
as the fastest coherence cycle permitted under maximum tension.

In the present work, we focus not on that derivation, but on the consequences of it: namely,
the dynamics that arise when a coherence structure is formed, supported, and eventually collapsed.
These dynamics define a causal window known as the Causality Interval, which is explored in the
following section.

4.1.2. The Causality Interval (CI)

A Causality Interval (CI), denoted Z., is the maximal duration over which a coherent phase
structure may evolve under unitary conditions without being forced to commit to a definite outcome.
This interval defines the domain of validity for quantum mechanics and field theory: within it,
wavefunctions are physically real, interference is supported, and entanglement correlations may
persist. The coherence interval is bounded by:

Lcoh

fcr =
S

where L, is the spatial coherence envelope of the structure, and c; is the scalar recovery velocity of
the substrate. Notably, L., is not a universal constant. It varies with local substrate tension, geometry,
and phase stress. As such, coherence intervals are dynamic, and L.y, # Leon across different systems
or even across time for the same system.

During the CI, internal evolution is forward in time (+f) from the perspective of the structure.
The wavefunction develops its internal geometry under full superposition. However, from the external
perspective of an observer, that evolution is inaccessible until collapse occurs. After collapse, any
reconstruction of internal structure must be performed retrospectively using —¢. This dual perspective
resolves the time symmetry paradox: both time directions are valid, but causally constrained to their
respective frames.

4.1.3. The Collapse Boundary (CB)

The Collapse Boundary, denoted Bg, is the terminal point of a coherence interval. At this boundary,
the substrate must resolve the coherent structure it has supported and re-lock it into a committed,
irreversible configuration. Collapse is not externally triggered by measurement—it is the result
of coherence expiration. At the CB, the substrate selects a single structurally permissible phase
configuration and commits to it.

Importantly, this collapse is not the annihilation of structure. It is the conclusion of a specific
configuration. If the coherence geometry permits, the structure may persist into a future interval under
new conditions. Collapse is thus not destruction—it is a causal gate. Measurement becomes possible
only after this gate is crossed, when the structure has become stable and externally accessible.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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4.1.4. The Quantum Emission Opportunity (QEO)

When collapse involves the release of energy, mass, or phase tension, the substrate triggers a
Quantum Emission Opportunity (QEO), denoted &;. The QEO is a subset of collapse events in which the
internal phase geometry is serialized—projected into the substrate as a wave or field structure. This
serialized emission is the causal mechanism behind photons, radiation, and spectral quantization. It
replaces the need for probabilistic emission or quantum jumps.

Only complete, phase-consistent geometries may serialize. Partial or out-of-phase configurations
cannot emit. The resulting spectral lines or emission features reflect the internal geometry of the struc-
ture—not as statistical probabilities, but as structured collapses constrained by coherence boundaries.
The QEO is not a requirement—it is a permission. Many collapses produce no emission, while some
may stimulate tuned partners to re-lock in correlated responses.

In total, the CI-CB-QEO cycle defines the minimal causal unit of quantum evolution. The
wavefunction exists within the CI, is resolved at the CB, and may emit at the QEO. Collapse does
not destroy structure—it localizes and re-locks it. Time symmetry exists within the CI; irreversibility
begins at the CB. Observation is not a trigger, but a consequence of causal finality.

evolution ends if offload required
Causality Interval Collapse Boundary Quantum Emission Opportunity
Ze B &
quantum evolution (unitary) structure re-locks serialized emission

Figure 1. CI-CB-QEO sequence within a coherence frame. Quantum behavior occurs within the Causality Interval
7, terminates at the Collapse Boundary B, and may emit a signal at the Quantum Emission Opportunity &;.

4.2. Quantum Mechanics Within the CI

Within each Causality Interval 7., quantum mechanical and quantum field-theoretic behavior
unfold as valid, physically permitted structures supported by the coherence properties of the substrate.
During this interval, the substrate maintains a stable internal phase geometry, allowing for the full
expression of superposition, interference, entanglement, and field excitation as real and reversible
dynamics. The standard quantum formalism applies exactly—but only within the temporal and
structural bounds defined by Z..

4.2.1. Validity of QM and QFT Formulations

Standard quantum mechanics assumes continuous unitary evolution until interrupted by mea-
surement. In the QSD framework, this unitary behavior is correct—but is only physically permitted
within the span of a coherence interval. The substrate supports coherent phase evolution for a finite
duration, constrained by the local coherence envelope L., and scalar pacing velocity ¢;. No exter-
nal observer, detector, or environmental decoherence is required to end this evolution; it concludes
naturally as the substrate reaches its causal limit.

All core features of QM and QFT—Schrodinger evolution, Hilbert superposition, Fock space
excitations—are structurally valid while the substrate remains coherent. The mathematics remains
unchanged; only the causal domain in which that mathematics applies is newly defined.

This framework does not modify quantum mechanics, but situates its validity within a structurally
defined domain. The substrate defines when coherence evolution is supported — not whether the
quantum equations are correct.

4.2.2. Collapse Without Axioms

In the standard formalism, collapse is postulated to occur upon observation, often with no
identified physical mechanism. In QSD, collapse arises inevitably and causally at the end of each Z, as
the substrate reaches its structural boundary. This moment, marked by the Collapse Boundary B, is

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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not an external intervention—it is a re-locking event internal to the substrate, in which a single coherent
configuration is selected from the available phase structure.

Importantly, collapse in this framework is not destructive. It terminates the current coherence
window but does not annihilate the structure. If the underlying waveform remains coherent and
structurally supported, it may re-emerge in a new 7. under different causal constraints. Collapse thus
marks the resolution of a frame, not the end of the object.

4.2.3. Why the Math Remains Valid

QSD does not modify or challenge the mathematical structure of quantum theory. Instead, it situ-
ates that structure within a physically grounded causal boundary. The wavefunction is reinterpreted
as a phase-resolved coherence geometry valid only within Z.. Probabilities arise not from ontological
indeterminacy, but from structural projection: when collapse occurs at B, only certain configurations
are compatible with the substrate’s causal geometry, and these are selected through resonance and
symmetry filtering.

The Born rule, interference, entanglement correlations, and operator formalism remain mathemat-
ically intact. What QSD adds is a causal interpretation: quantum statistics are not abstract—they are
the measurable outcomes of structured phase evolution subject to finite causal permission.

In summary, quantum mechanics and field theory are recovered in full as the effective description
of structures evolving within a coherence-bound domain. Collapse is not a paradox—it is a structural
necessity. Measurement is not a trigger—it is a consequence. The wavefunction is not a mystical
possibility cloud—it is a temporally gated, phase-resolved coherence geometry whose evolution is
real, but causally finite.

4.2.4. Collapse Statistics as Substrate Constraint Projection: A Causal Interpretation of the Born Rule

In the QSD framework, collapse is not an indeterminate or probabilistic process from the sub-
strate’s perspective. Each re-lock event at the end of a Causality Interval (CI) is governed by the
local configuration of structural constraints—specifically: CPA memory geometry, scalar recovery
availability, and waveform compatibility within the finite coherence envelope L3 | .

However, all of these conditions exist entirely within the substrate and are causally isolated
during the CI. External observers have no access to these internal coherence dynamics while they
evolve. From the observer’s standpoint, the eventual collapse outcome appears probabilistic because
the substrate’s internal configuration at the moment of resolution is epistemically inaccessible.

What appears as quantum randomness is not ontological—but rather a projection of causal constraint
geometry filtered through structural ignorance.

This offers a reinterpretation of the Born Rule. Rather than treating outcome probabilities as

3
coh”

The apparent probability of a quantum outcome is a measure of how many causal re-lock pathways

fundamental, QSD treats them as the statistical shadow of inaccessible coherence logic within L

exist across the substrate’s directional constraint map—how many structural routes are viable given
the CPA field’s state, the available scalar bandwidth, and the waveform phase geometry.

P(?, 0, QD) = fCPA (?/ 0, (P) : fscalar(ﬁ 0, 47) : fwaveform(?/ 0, 4)) (6)

This defines a probability amplitude not as a wavefunction amplitude squared, but as a directionally
resolved causal compatibility function—a field of constraint gradients over which collapse may occur.

QSD Interpretation of the Born Rule. The Born Rule arises from causal ignorance. Collapse
outcomes appear probabilistic because observers cannot access the structural constraints evolv-
ing within the causality interval. The probability distribution represents the projected geometry
of viable re-lock directions inside the coherence volume L2 |, as structurally expressed in Eq. (6).
QSD preserves statistical predictions while grounding them in substrate determinism.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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This view resolves the tension between quantum randomness and causal structure. It reframes
wavefunction collapse not as the breaking of symmetry, but as the emergence of structure from within
a causally constrained and memory-saturated coherence field.

4.3. Entanglement as Resonant Correlation

Quantum entanglement has long been regarded as one of the most paradoxical phenomena in
physics—giving rise to nonlocal correlations that appear to defy causal structure, signal locality, or
any classical notion of independence. In the standard quantum formalism, entangled systems are
described by composite wavefunctions that evolve jointly until collapse occurs, at which point the
state of one subsystem appears to instantaneously determine the state of its partner, regardless of
spatial separation.

In the QSD framework, entanglement is reinterpreted not as linkage, but as a consequence of
resonant coherence tuning. Structures that emerge within the same coherence envelope L., during a
shared Causality Interval Z; inherit a common phase geometry and scalar pacing. Their ability to
respond to one another’s collapse events arises not from superluminal connection, but from physical
compatibility and synchronized causal access within a coherence-bound domain.

4.3.1. Shared Tuning, Not Linkage

Entangled systems in QSD are phase-compatible structures that share a common substrate tun-
ing—established during their formation within the same L}, region. Their internal waveforms are
coherent in both geometry and tick pacing, which allows them to respond to one another’s collapse
emissions if both remain within the same coherence framework.

This coherence-based tuning replaces the need for metaphysical collapse or instantaneous state
determination. The apparent correlation between measurement outcomes arises because both systems
are still resonant with the same internal structure—until one or both lose alignment due to phase drift
or causal exit.

4.3.2. Collapse Serialization and Resonant Response

When one structure reaches the Collapse Boundary B, and triggers a Quantum Emission Opportu-
nity &, its internal coherence geometry is serialized into a scalar waveform. This serialized projection
propagates causally through the substrate and reflects the structure’s internal phase configuration.

If a partner structure remains tuned and within the same coherence region, it may respond by
re-locking into a correlated configuration. No signal is sent, and no decision is transferred—only a
structural resonance is received. The partner structure is not forced to collapse; rather, it is stimulated
to re-lock if coherence, pacing, and geometry permit.

Collapse is not a two-way linkage but a one-way emission that permits—under strict conditions—a
resonance-based re-lock in tuned structures. The response is causal, not instantaneous, and strictly
limited to what the substrate allows at the time of the emission’s arrival.

4.3.3. Phase Mismatch and Correlation Failure

Entangled correlation fails when coherence tuning is lost. If a structure decoheres, exits its Z, or
becomes desynchronized, it will no longer respond to serialized emissions. Structures in different Ly,
regions are, by definition, out of phase. Even with similar geometry, they cannot respond coherently
due to mismatch in tick pacing and boundary alignment.

This provides a structural explanation for the fragility of long-distance entanglement and the
apparent statistical decay of correlation with time, distance, or gradient. The loss is not due to noise,
but to causal ineligibility: the coherence required for response no longer exists.

Multiplicity of Resonant Responses

While standard interpretations treat entanglement as one-to-one, the QSD framework allows
multiple tuned structures to respond to a single serialized emission. If multiple structures share
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compatible phase geometry and remain within the causal reach of a QEO emission, each may re-lock
in response.

This effect arises because serialized emission is not targeted—it is a coherent broadcast constrained
by causal pacing and phase compatibility. Only those structures still tuned to the emission’s mode
and geometry can respond. This predicts multipartite entanglement behavior and explains delayed-
choice outcomes without retrocausality or nonlocal signaling. The resonance shell acts as a causal
filter—permitting response only where structure and timing align.

In summary, entanglement in QSD is not mysterious. It is the behavior of coherence-tuned struc-
tures responding to one another via serialized emissions under strict causal limits. The wavefunction
never collapses at a distance; it collapses locally and projects a resonant geometry. Structures within
range may respond—but only if coherence survives. Correlation is not imposed—it is allowed, filtered,
and completed when the substrate agrees.

4.4. Gradient Differentials in Quantum Behavior

Many quantum behaviors observed in laboratory and cosmological contexts exhibit structure that
is well modeled but poorly understood. In standard formulations, these effects are often attributed to
effective field corrections, geometric potentials, or operator-based perturbations, but lack a unified
causal interpretation. Within the QSD framework, such phenomena emerge naturally as consequences
of gradient differentials in the substrate’s coherence and tension fields.

These gradients represent changes in the causal structure of the substrate—variations in coherence
support, scalar pacing, or envelope geometry across space or between regions of mass influence. Unlike
classical potentials or spacetime curvature, QSD gradient differentials act directly on the structural
permission landscape of coherence evolution, altering what configurations are physically sustainable
within a given region.

4.4.1. Coherence-Induced Energy Quantization

In QSD, the discrete energy levels observed in atomic and bound systems arise from standing-
wave constraints imposed by spatial coherence gradients. The substrate can only support whole-mode
structures within potential wells defined by tension and pacing gradients. Transitions between these
modes occur at the Collapse Boundary B. and emit serialized phase geometry via the Quantum
Emission Opportunity &;. This process produces quantized emissions that match observed spectral
lines—without invoking probabilistic collapse or operator eigenstates.

4.4.2. Mass Shifts and Gravitational Redshift

Changes in L., due to environmental tension lead to effective variations in mass and pacing.
A compressed coherence envelope raises the internal phase density and increases structural inertia,
manifesting as an apparent increase in mass. Conversely, extended coherence regions lower phase
density and reduce inertial coupling. These variations provide a structural explanation for gravitational
redshift and local mass shifting effects observed in both relativistic and quantum regimes.

4.4.3. Interference Distortion and Anisotropic Phase Flow

Substrate gradients distort phase fronts even when classical path differences are zero. This
predicts observable asymmetries in interference patterns under gravitational or coherence-loading
conditions. Such distortions are not due to decoherence, but to re-lock pacing variation and asymmetric
propagation conditions across Z. boundaries.

4.4.4. Entanglement Decay and Coherence Desynchronization

QSD provides a causal mechanism for the known decay of entanglement fidelity over distance
and across gravitational potentials. As entangled structures propagate through different coherence
gradients, their ticks desynchronize. This leads to phase mismatch and eventual detuning, even in the
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absence of classical noise. Once phase compatibility is lost, the resonance-based re-lock response fails,
and correlations collapse causally—not stochastically.

4.4.5. Spectral Asymmetry and Symmetry Breaking

Quantum emissions occurring in asymmetric gradient conditions will exhibit anisotropic serial-
ization. Scalar pacing varies with substrate tension, and emission profiles will skew in the direction of
lower resistance. This provides an alternative explanation for observed asymmetries in decay products,
spectral broadening in curved spacetime, and the apparent violation of underlying symmetries. QSD
reframes these as gradient-induced serialization effects, not fundamental violations.

In summary, many phenomena currently modeled with effective potentials or field corrections
can be reinterpreted as real-time causal consequences of gradient differentials in the substrate. QSD
provides a structural, predictive framework that not only explains these effects, but allows their
quantitative modeling through coherence tension, scalar pacing, and phase boundary deformation.
The math of QM/QFT continues to apply—but now with a physically grounded causal architecture
beneath it.

4.5. Time Symmetry and Retrocausality

A longstanding tension in quantum theory arises from the apparent contradiction between the
time-symmetric nature of its mathematical formalism and the irreversible character of measurement
outcomes. The Schrodinger equation, the Dirac equation, and the Feynman path integral all allow for
evolution in both time directions. Yet in every physical experiment, a measurement yields a single irre-
versible result. This tension has fueled interpretive models ranging from many-worlds to retrocausal
formulations, but none has offered a fully causal account of when and why reversibility ends.

In the QSD framework, this paradox is resolved by recognizing that time symmetry is frame-
dependent. Within a coherence structure—i.e., inside the Causality Interval Z.—the internal evolution
of the waveform proceeds forward in time (+t) and is fully reversible. This is the domain described by
standard QM and QFT: unitary evolution, interference, entanglement, and time-symmetric amplitudes
are all valid within this interval.

However, collapse occurs at the Collapse Boundary 3., which marks the end of coherent evolution.
Once this boundary is crossed, the internal waveform no longer exists as a valid structure. From the
perspective of an external observer, only the outcome at the CB is accessible. Any reconstruction of
the internal evolution must proceed mathematically in reverse time (—t), effectively rewinding the
coherence history to infer how the observed outcome arose.

Thus, the wavefunction evolves forward in +f within the frame, but is reconstructed in —t after
collapse. This asymmetry is not a failure of time symmetry—it is a consequence of causal accessibility.
Time flows forward in the substrate. The observer, positioned outside the causal frame of the coherence
interval, must look backward across the CB to reconstruct what occurred. The CI traversal history,
from the point of view of a complete system description, spans both +¢ (internal evolution) and —t
(external reconstruction).

This distinction also clarifies the limits of retrocausal interpretations. In QSD, there is no backward
influence across time; there is only the backward application of mathematics to reconstruct forward-
evolved structure. Once a structure has collapsed, the substrate does not retain the conditions necessary
to re-run or modify the prior interval. No information flows from future to past. The apparent
symmetry in quantum equations reflects their validity within the coherence window—not a permission
to reverse time across causal boundaries, see Figure 2.

In summary, QSD reconciles time symmetry with measurement irreversibility by distinguishing
between internal and external perspectives on coherence evolution. The system experiences forward
time as it evolves; the observer reconstructs its past only after collapse. There is no contradiction—only
a shift in frame. This provides a causal foundation for the quantum arrow of time without requiring
thermodynamic assumptions or speculative metaphysics.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202507.2530.v2
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 31 July 2025 d0i:10.20944/preprints202507.2530.v2

11 of 15

Collapse
Boundary
> Cl >
+ —
oL =%
A& AR
Internal External
viewer viewer

Figure 2. Time-relative perspectives in QSD. The internal viewer experiences forward evolution in +t within
the coherence interval (CI), where quantum dynamics unfold causally and reversibly. The external viewer, who
only gains access at the Collapse Boundary (CB), must reconstruct prior evolution retrospectively in —¢. This
dual perspective preserves quantum time symmetry while explaining observational irreversibility as a frame-
dependent constraint.

4.6. Compatibility, Testability, and Limits

A central goal of the QSD framework is to preserve the successful predictions of quantum
mechanics and quantum field theory while clarifying their domain of applicability and extending
their causal structure. The coherence-based model introduced here does not discard the mathematical
formalism of quantum theory, but instead embeds it within a structured substrate that defines when
and where quantum behavior is permitted. This section outlines how QSD remains compatible with
standard theory, identifies points of empirical testability, and defines the limits beyond which quantum
formalisms no longer apply without additional substrate structure.

4.6.1. QM/QFT as a Limiting Case of CI Validity

Quantum mechanics and QFT are recovered entirely within the Causality Interval Z;, where the
substrate supports phase-coherent structure. Within this domain, unitary evolution, superposition,
interference, and entanglement are physically real and mathematically complete. Collapse occurs at
the end of Z, at the Collapse Boundary B, and measurement becomes meaningful only after this
causal resolution.

This places quantum formalism on structurally grounded footing: its validity is exact while
the coherence interval remains open, and its termination is not external or observer-driven, but a
consequence of causal pacing and envelope constraints. The standard formalism is thus reinterpreted
as a limiting case of substrate-supported evolution under coherent conditions.

4.6.2. Experimental Predictions and Distinctions

QSD offers several testable predictions that distinguish it from standard quantum theory and
interpretations that lack a causal substrate model. These include:

¢  Emission asymmetry: Collapse emissions (QEOs) occurring across substrate gradients may
exhibit direction-dependent spectral skew due to anisotropic scalar pacing. This predicts slight
asymmetries in photon or particle emission spectra not accounted for by kinematics alone.
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e  Finite entanglement reach: Correlation between entangled structures should fail beyond a
coherence separation threshold, even in the absence of noise, due to tick desynchronization and
phase mismatch across Ly, boundaries.

¢  Phase-matched correlation selectivity: Structures tuned to the same internal geometry may
respond collectively to a single QEO if still within the same coherence interval. Multiparty
correlation should therefore exhibit a resonance-based response envelope, testable under high
timing resolution conditions.

¢ Null response to antiphase collapse: If a serialized collapse waveform reaches a partner in
geometric antiphase, it may suppress re-lock entirely. This provides a testable prediction in
entanglement scenarios involving controlled detuning.

¢ Collapse-triggered re-lock suppression: A partner structure receiving a collapse signal may un-
dergo no re-lock event if its own CI has closed or if its phase geometry has been disrupted. This of-
fers a clear falsifiable case for correlated decoherence without classical environmental interaction.

These effects can be probed using existing quantum optics and ultrafast detection setups, particu-
larly in time-resolved entanglement studies and phase-controlled interferometry.

4.6.3. Structural Limits and Future Extensions

The QSD framework imposes strict structural limits on when quantum formalisms apply. Outside
of the coherence interval, wavefunctions no longer represent physically permissible structures. Super-
position, interference, and correlation are not destroyed, but become undefined due to lack of substrate
support. Similarly, collapse does not terminate the structure, but ends its current configuration. The
underlying waveform may persist into future Z, intervals, constrained by causal geometry.

Future work may explore the statistical distribution of coherence durations, derive closed-form
expressions for tick pacing under substrate tension, and extend this framework to QFT scattering
processes, virtual modes, and thermodynamic emergence. These extensions are expected to preserve
standard results while anchoring them in a shared physical substrate that restores causal integrity to
quantum phenomena.

In summary, QSD is fully compatible with QM and QFT within their domain, and offers clear
points of falsifiability based on coherence structure, phase alignment, and causal timing. It does not
seek to replace quantum theory, but to supply the structural conditions under which its formalisms
arise—and to describe what happens when those conditions break.

5. Conclusions

Quantum mechanics and quantum field theory provide some of the most successful predictive
tools in the history of science. Yet their interpretive structure remains incomplete: collapse is pos-
tulated rather than explained, measurement introduces irreversibility without causal justification,
and entanglement correlations challenge both locality and logic. These paradoxes have persisted
not because the mathematics is flawed, but because the domain in which it operates has not been
clearly defined.

This work presents a resolution: quantum formalism is correct, but applies only within finite
causal domains. The framework of General Substrate Theory (QSD) introduces the concept of the
Causality Interval (CI)—a coherence-permitted span in which quantum evolution proceeds reversibly,
consistent with the standard formalism. At the end of each CI lies a Collapse Boundary (CB), where
coherent evolution terminates and the substrate structurally re-locks the system. If structural offload
is required, a Quantum Emission Opportunity (QEO) occurs, producing radiation or mass expression
through serialized projection of internal geometry.

This minimal causal cycle—CI, CB, QEO—explains quantum behavior without resorting to
external triggers or metaphysical postulates. Wavefunctions are real, but temporally bounded. Collapse
is not an axiom—it is a consequence of substrate exhaustion. Measurement is not a cause—it is a
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readout of irreversible commitment. Entanglement is not linkage—it is resonance between phase-
compatible structures within shared causal bounds.

Critically, this framework resolves the apparent contradiction between time-symmetric quantum
evolution and irreversible measurement. From within the coherence frame, the system evolves forward
in time. But from the observer’s point of view—post-collapse—reconstruction of that evolution can
only occur retrospectively. Time symmetry is preserved within the CI; causal irreversibility begins at
the CB. What appears paradoxical becomes a matter of frame perspective.

The explanatory power of this framework extends beyond collapse. It accounts for emission asym-
metry, entanglement decay, multi-structure correlation, and coherence loss under gradient tension—all
within a causal architecture grounded in finite structural permission. Quantum behavior emerges not
from abstraction, but from constrained evolution within a coherence-governed substrate.

In this view, QM and QFT are not overturned, but anchored. Their equations remain
valid—precisely within the limits that the substrate allows. The mysteries of quantum theory are not
contradictions; they are the footprints of a deeper causal structure we are only now beginning to see.

QSD does not offer a replacement for quantum theory. It offers an answer to the questions it was
never designed to ask: What permits quantum behavior? Why does collapse happen? And what happens when
coherence ends?

Those answers now begin with structure. And they end—naturally—with causality.

A follow-up paper extends this framework by developing the full causal structure of quantum
collapse, including the introduction of Collapse Propagation Acceptance (CPA), coherence interval
chaining, and substrate-paced re-lock conditions. It explores the implications of substrate gating for
time asymmetry, multipartite correlation, and structural persistence, and presents testable predictions
based on pacing-limited emission and coherence dropouts. See: [10].
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Abbreviations

The following abbreviations are used in this manuscript:

QSD Quantum Substrate Dynamics

Cs Scalar coherence recovery speed (temporal mode)

ct Transverse coherence propagation speed (spatial mode)
Lo Baseline coherence length at rest

Leon () Curvature-stretched coherence support length

v Apparent velocity relative to substrate

Ucoh Coherence transport velocity = %

tick Local scalar recovery interval (effective time tick)

to Tick duration at rest (baseline tick)

K Substrate compliance constant (resistance to boundary deformation)
6(7) Local coherence phase at position 7

o(7) Coherence density distribution

Finertial Inertial response force under reconfiguration stress

Potfioad (t)  Scalar thermal offload power over time
AEiorsion  Accumulated torsional energy due to rotational strain
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T Scalar recovery lag timescale

0% Lorentz factor (compatible structural form)
GPS Global Positioning System

SR Special Relativity

GR General Relativity

Appendix A

Appendix A.1 Substrate Variable Definitions and Tick Pacing

This appendix provides definitions of key physical quantities used throughout the QSD frame-
work, along with a preliminary expression relating tick pacing to local substrate gradient tension.

Appendix A.1.1 Variable Definitions

*  Lc.on — Coherence Support Length The maximum spatial extent over which the substrate can
support phase-coherent evolution without structural failure. It defines the coherence envelope
for a quantum system and governs the size of a valid Causality Interval. Loy, is not universal; it
varies based on local tension, configuration geometry, and substrate saturation.

® ¢y — Scalar Propagation Velocity The velocity at which scalar reconfiguration (collapse and coher-
ence reset) propagates through the substrate. This value determines how quickly a region of the
substrate can recover from offload and support a new coherent structure. It is distinct from the
transverse propagation speed c, and is typically much slower, enforcing causal pacing.

*  tyex — Causality Tick Duration The duration of one coherence-permitted causal interval for a
localized structure. It defines the lifetime of valid quantum evolution prior to collapse:

tick = @
Cs
This duration governs how long a system can maintain coherent evolution before reaching the
Collapse Boundary B..

* 7. — Causality Interval The coherence-valid region of spacetime within which unitary evolution
and entanglement are physically permitted. Quantum systems evolve freely within Z. until
coherence becomes unsustainable.

. B — Collapse Boundary The boundary condition at the end of Z. where the substrate re-locks the
system into a committed state, resolving superposition.

e & — Quantum Emission Opportunity The optional offload event at the CB where stored tension or
waveform structure is serialized into measurable emission (e.g., radiation or particle output). Not
all CBs trigger QEOs.

Appendix A.1.2 Tick Pacing and Gradient Tension (Preliminary)

In regions where the substrate experiences a gradient in coherence tension (e.g., due to mass
distribution, field distortion, or phase saturation), the effective tick duration may be modulated.
To first approximation, tick duration under a spatially varying coherence tension 7(x) may be
expressed as:
Leon (x) 1

ttick(x): Cs x) & T(x)

Here, 7(x) represents the local substrate tension gradient, which increases with energy density or
structural loading. As tension increases, the substrate shortens the allowed coherence interval, forcing
earlier collapse.

This relationship may provide a direct mechanism for gravitational redshift, mass variation, or
decoherence in strong gradient fields, and is a candidate for further experimental modeling.
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Further work will formalize this relationship across curved and layered substrate regions, and
relate scalar pacing to effective field curvature without invoking geometric spacetime constructs.
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