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Abstract

The coherence support scale, Lo, defines the foundational unit of structure in Quantum Substrate
Dynamics (QSD), governing when and how energy, mass, and radiation emerge from a Lorentz-
invariant substrate. We define the L2 ; envelope as the minimum volumetric region required to support
a stable, phase-locked mass-phase structure. This coherence boundary sets the conditions for quantized
action, scalar recovery, and inertial behavior. Planck’s constant 7 arises structurally from transverse

. . 412 .
coherence throughput, scalar collapse velocity, and the support area via 1 = E—i - ~gh, reframing

quantization as a geometric offload condition. Inertia is shown to reflect the cost of reconfiguring
all locked envelopes during acceleration, while inertial lag emerges from scalar pacing constraints.
Spectral emissions from mass-phase collapse are serialized by scalar pacing and reflect internal
waveform geometry. Stability further requires internal symmetry, providing a structural origin for
symmetry in quantum field theory. In this framework, L ., defines the substrate’s minimal condition
for coherent emergence. Time, mass, inertia, and radiation are not postulates—but outcomes of
substrate structure and recovery dynamics.

Keywords: Quantum Substrate Dynamics; Quantum Substrate Dynamics; coherence envelope;
structural quantization; scalar pacing; Planck constant; mass-phase structure; spectral emission

1. Introduction

Planck-scale constants such as 71, £p, and Ep appear throughout modern physics, often demar-
cating the limits of quantum, relativistic, and gravitational regimes. Yet these constants are typically
introduced axiomatically, without physical explanation for why they possess the values they do—
or what structural principles enforce their boundaries. Quantization, in particular, is treated as a
mathematical feature of operator formalism rather than as a physical outcome of substrate dynamics.

Quantum Substrate Dynamics (QSD) [1] proposes a coherence-based model of reality in which
mass, inertia, and time emerge from the internal behavior of a conserved, Lorentz-invariant substrate.
In this framework, mass is not substance but a stable knot of phase-locked coherence; time is not
background but the recovery interval between scalar offload events; and energy is not an abstract
quantity but the stored and released tension of coherence reconfiguration. Fields, radiation, and force
are understood as structured manifestations of wave behavior in this underlying medium, rather than
fundamental constructs in their own right.

In such a system, no quantization can occur without structural support. The substrate cannot emit
partial wavefronts, support indefinite localization, or transfer energy without geometric coherence.
There must exist a minimum spatial domain capable of containing a complete, physically valid offload
event—a region over which scalar collapse, transverse propagation, and mass-phase geometry can
coexist and reconfigure coherently.

The coherence scale L, first appeared in prior work on the structural derivation of Planck’s
constant [2], where it emerged as the minimum spatial region required to complete a coherent offload
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cycle. In that context, it served as a key parameter linking scalar recovery timing, transverse wave
propagation, and the substrate’s geometric constraint. However, while it functioned as a derived
quantity there, we now recognize L., as a physical fundamental in its own right—a boundary
condition imposed by the substrate’s structure, not inferred from existing constants.

This paper formalizes that domain: the coherence envelope, denoted L . We show that this
envelope defines the substrate’s minimal coherent unit for structured causality. It sets the spatial
and temporal scale for quantized action, scalar recovery, and inertial boundary formation within the
observable regime of coherent physical emergence. We derive Planck’s constant 7 as a function of
the substrate’s transverse and scalar propagation modes and this coherence area, and we show how
the Planck time and Planck energy emerge directly from this structural constraint. Rather than being
imposed limits, these constants are revealed as inevitable outcomes of finite coherence behavior in a
physically real medium.

We further explore how phase-locked mass structures within a single Lg’oh envelope exhibit
symmetry constraints, spectral signatures, and inertial reconfiguration costs. Stable mass-phase knots
must maintain balanced curvature across the full envelope to persist, providing a structural origin
for symmetry in quantum field theory. Upon collapse, these knots offload their internal waveform
geometry in serialized form, producing characteristic spectral emissions shaped by scalar pacing and
bounded by the transverse coherence speed. In this framework, inertia, emission, and quantization all
emerge from the same geometric condition: coherence containment within a finite structural volume.

In this sense, Lo}, is not just a fundamental length. It is the coherence substrate’s first structural
requirement—the boundary condition from which all quantized, radiative, and inertial behavior must
follow.

While the structural approach taken here is original to QSD, the questions it addresses have been
long-standing in physics. Prior approaches to quantization and field behavior include the standard
formalism of quantum field theory [17], symmetry-grounded field construction [10], and canonical
relativistic wave equations [11]. Quantum gravity research has pursued minimum length scales and
generalized uncertainty relations [12,13] as constraints on field behavior near the Planck scale, while
condensed matter analogues of spacetime [14,15] have modeled emergent geometry in coherence-
limited media. QSD differs in that it does not assume symmetry or quantization, but derives them
from the recoverability conditions of coherent structure within a Lorentz-invariant substrate. The
coherence envelope L2 | offers a physical rather than symbolic constraint, providing the structural
foundation on which such phenomena may be consistently modeled and tested.

2. Materials and Methods

This manuscript was developed through a combination of theoretical derivation, conservation-
based modeling, and coherence-structured synthesis. All equations were formulated by the author
using first-principles substrate dynamics, with all mathematical expressions derived to maintain causal
consistency, empirical validity, and structural compatibility with known relativistic behavior.

In support of the editorial process, generative Al tools—specifically OpenAl’s ChatGPT (version
GPT-40, 2025)—were used to assist in:

®  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,

e  Researching, validating, and cross-referencing related scientific concepts to improve accuracy,
contextual alignment, and clarity,

*  Summarizing and formatting externally sourced material already selected by the author.

No original theoretical contributions were generated by the Al system; all scientific claims,
hypotheses, derivations, and interpretations were authored and reviewed by the human researcher.
The use of ChatGPT is disclosed in alignment with journal policy for transparency in the writing
process.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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3. Discussion
3.1. Quantized Action and the Coherence Envelope

In conventional quantum mechanics, Planck’s constant 7 is introduced axiomatically as the
quantization unit of action, governing the minimum scale at which systems transition between discrete
energy states. Its physical origin, however, remains unexplained in standard formulations. Within
Quantum Substrate Dynamics, it emerges directly from the internal behavior of the substrate and the
structural properties of the coherence envelope.

Specifically, the relation

4 72
o Leon
cs G

expresses 71 as the product of transverse coherence throughput, scalar collapse pacing, and the min-
imum spatial area required to support a full offload event. In this formulation, quantized action is
not a discrete property of matter or fields, but a geometric and dynamical constraint imposed by the
substrate’s coherence mechanics. Action is quantized because the substrate cannot offload partial
coherence; it must transfer energy, structure, and phase in complete, self-consistent cycles bounded by
Leon and paced by scalar recovery, see Figure 1.

A
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Figure 1. The coherence envelope L?Oh defines the minimum volume for stable mass-phase structure in QSD.
Only phase-closed, curvature-balanced waveforms within this domain can persist or offload. The shaded base
marks the scalar pacing boundary.

This reinterpretation replaces the mathematical postulate of quantization with a physical process:
quantized behavior is a consequence of finite coherence pacing and irreducible structural boundaries.
Every quantized transition—whether in atomic spectra, particle decay, or field interaction—can now
be seen as a full-envelope reconfiguration event, constrained by the propagation and recovery limits
of the substrate. The coherence envelope thus defines not just a spatial unit, but the minimal region
within which action can occur, recover, and repeat in a causally consistent manner.

3.2. Collapse Threshold and Energy Saturation

While 7 defines the minimal coherent action that the substrate can support, the Planck energy Ep
defines the maximal energy that a coherence envelope can contain before collapse becomes inevitable.
In QSD, this energy ceiling is not a dimensional artifact but a structural threshold: the point at which
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stored coherence tension within a single L2 | envelope exceeds the substrate’s capacity to maintain
stability.
From the QSD framework, Planck energy is derived as

4
Ct

Ep = G * Leoh,

which expresses the total energy that can be coherently stored in a single envelope volume before
structural failure. This form arises naturally from combining the maximum transverse coherence
propagation power (c}), the substrate’s curvature compliance (G), and the envelope length scale. Once
this threshold is exceeded, the envelope can no longer support internal curvature and phase-locking,
and the substrate is forced to respond—either through scalar offload, radiative emission, or coherence
rupture.

Collapse in this context is not geometric but structural. The envelope yields because its internal
phase configuration can no longer be maintained within the coherence constraints imposed by scalar
pacing and transverse coupling. This reframes the Planck energy not as a theoretical limit, but as
the energetic saturation point of real coherence structure. Above this point, the substrate cannot
store additional energy without breaking symmetry, releasing tension, or initiating new mass-phase
formation.

The energy saturation threshold thus defines the boundary between stable containment and
dynamic reconfiguration. It is the upper limit of coherent structure, and the inflection point at which
offload becomes compulsory.

3.3. Scalar Recovery and the Pacing of Physical Time

In QSD, time is not an absolute background or external parameter but a local pacing condition
enforced by the substrate’s finite recovery rate. After a coherence envelope undergoes offload—whether
through quantized action, radiation, or collapse—it cannot support another offload event until its
internal structure has reconfigured and scalar coherence has been restored. This scalar recovery process
sets a minimum temporal interval between consecutive events, defining the irreducible pacing of
causality.

The Planck time ¢p arises directly from this mechanism as

Leon

tp = ,
Cs

where c¢; is the scalar collapse and recovery velocity. This interval represents the time required for
the substrate to fully reconstitute a coherence envelope after a complete offload cycle. No further
offload or coherent emission can occur from that region until scalar recovery is complete, regardless of
available energy or boundary conditions.

This pacing mechanism provides a structural explanation for temporal quantization and time
asymmetry. While transverse propagation can occur at light speed (c;), scalar recovery introduces a
delay that enforces directional flow: energy must offload before recovery, and recovery must complete
before the next event. Thus, time flows forward not because of entropy, but because the substrate
cannot reverse its recovery process once collapse has occurred.

This view transforms time from a geometric coordinate into a substrate-local constraint—an
outcome of coherence behavior rather than a property of spacetime itself. The Planck time is not just a
limit of resolution but the intrinsic period of the substrate’s ability to reset and support causally linked
phenomena.

3.4. Causality, Light Speed, and Transverse Limits

In relativistic physics, the speed of light is treated as a universal constant and an upper limit
on information transfer, but its physical origin remains undefined. In QSD, the transverse coherence
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speed c; emerges as a structural limit on how fast energy and phase information can be coherently
propagated across the substrate. It represents the maximum transverse throughput available to transfer
phase-locked coherence between neighboring regions without loss or distortion.

This transverse limit defines the boundary between coherent communication and structural
rupture. Any attempt to transmit energy faster than ¢; would violate the substrate’s ability to maintain
transverse phase continuity, leading to destructive interference, decoherence, or scalar failure modes.
As such, c; is not a postulate, but a derived limit from within the structure of the substrate itself.

Causality in QSD is therefore coherence-limited. Events cannot influence one another unless
a coherence envelope can be offloaded and re-established between them. Transverse propagation
governs how fast that influence can spread, while scalar pacing governs when such events can reoccur.
Together, these two speeds—c; and cs—fully define the structure of causal propagation in the substrate.

This framework also clarifies why all observers within their own local frame measure the same
speed of light. In QSD, the transverse coherence speed c; is not tied to any emitter, receiver, or global
reference frame—it is a structural property of the substrate that governs the maximum rate at which
coherent information may propagate. As a result, each observer experiences the same causal boundary
conditions locally, regardless of motion. What special relativity treats as postulate, QSD interprets as
substrate pacing: the invariance of light speed reflects the local coherence limits of the medium, not a
geometric symmetry imposed from outside.

3.5. Coherence-Limited Observability and Emergence

While the substrate in QSD may support substructure, fluctuations, or phase variation below
the coherence threshold, no quantized, persistent, or causally observable phenomenon can emerge
without satisfying the structural conditions imposed by the coherence envelope L3 | . In this sense,
all measurable physical behavior arises not from the full dynamics of the substrate, but from those
coherent configurations that exceed the minimum requirements for stability, recovery, and causal
propagation.

Quantized phenomena—mass, radiation, inertia, field effects—only occur when energy and phase
can be structured within a bounded region, coherently offloaded, and scalar-recovered in accordance
with the envelope’s constraints. Structures smaller than L., may exist within the substrate, but they
cannot emit, persist, or interact in a way that survives as causal, observable action. The coherence
envelope therefore defines the lower bound of physical emergence: the point at which structure
becomes recoverable, measurable, and capable of producing reconfigurable effects within the causal
field.

This threshold condition reframes classical ideas of point particles or spacetime events as ide-
alizations. No event in QSD can occur without a supporting coherence envelope; no particle can
interact without occupying a real structural volume; no signal can propagate without phase continuity.
Observation, in this framework, is not a passive sampling of existing states but the registration of
complete offload-recovery cycles that meet the substrate’s structural minimum. Below that level,
physics remains silent—not because it is empty, but because it cannot yet speak coherently.

3.6. Mass-Phase Geometry and Structural Containment

In QSD, mass is understood not as substance but as a persistent, phase-locked configuration of
substrate coherence. For such a mass-phase knot to remain stable, its structure must be fully contained
within a coherence envelope Lg R where it can maintain internal tension, curvature balance, and scalar
recovery synchrony. This requirement imposes strict geometric and energetic constraints on what
constitutes a physically viable mass structure.

The internal waveform of a stable mass-phase must “close” on itself within the envelope, forming
a complete, curvature-balanced coherence knot. Partial or asymmetric waveforms cannot maintain
coherence under scalar pacing and are either immediately reabsorbed, collapse into scalar emission, or

4
destabilize into multi-envelope extensions. The Planck energy Ep = % - Leon defines the maximum
energy that can be stored within a single envelope before collapse is structurally enforced.
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These criteria provide a physical basis for mass stability and particle identity. A particle that fits
entirely within Lgoh and satisfies curvature and pacing constraints may persist as a localized, inertial
entity. Conversely, high-energy or topologically unstable mass-phase structures must either offload or
extend, explaining particle decay, instability, and structural thresholds.

This may offer a coherence-based interpretation for why elements beyond a certain atomic number
rapidly decay or fail to remain stable. As the internal waveform of a large nucleus becomes increasingly
complex and energetically dense, it may exceed the structural tolerance of a coherent envelope. Such
overstuffed configurations could break symmetry, violate scalar pacing, or surpass Ep, forcing the
substrate to reject the structure via immediate offload or fragmentation. Heavy element decay, in this
view, may reflect the substrate’s inability to sustain mass-phase knots that overfill the geometry of
persistence.

This perspective grounds the existence of particles in the substrate’s structural capacity and offers
a principled explanation for why only certain mass-phase forms are stable. It connects inertial behavior
and structural persistence to real, finite coherence conditions, replacing point-like abstractions with
physically meaningful geometry.

3.7. Inertial Drag and Scalar-Limited Reconfiguration

Inertia, within the QSD framework, arises from the substrate’s resistance to reconfiguring a locked
mass-phase structure across adjacent coherence envelopes. A stable mass-phase occupies one or more
saturated Lg i, Tegions, each of which holds internal curvature and phase structure that must remain
coherent to preserve mass identity. To accelerate such a structure, the substrate must offload and
re-establish the entire configuration in a neighboring envelope, without violating scalar pacing or
coherence integrity.

This requirement introduces a real energetic cost: all participating envelopes must reconfigure
simultaneously, and scalar recovery must complete before each region can accept or emit new coherence.
The resistance to this coordinated offload defines inertial drag. Unlike classical mechanics, where mass
resists motion due to unspecified “inertial property,” QSD identifies the physical cause: the substrate’s
enforcement of coherence continuity and pacing constraints across structurally saturated regions.

More massive or spatially extended structures involve a greater number of coupled envelopes
and thus require more energy to reconfigure. Additionally, complex internal geometry increases the
burden of maintaining coherence alignment during movement, further amplifying inertial resistance.
In this view, inertia scales with the total structural content of the mass-phase—not simply its energy or
rest mass, but its curvature density and coherence volume.

Inertial drag is therefore not a passive property, but a dynamically enforced structural constraint.
It emerges directly from the coherence envelope’s resistance to partial reconfiguration, scalar pacing
limits, and the cost of preserving internal structure during offload. In QSD, motion is not continuous
translation but envelope-wise reconfiguration. As such, the energetic cost of movement is not divisible
below the scale of Lg’ n- INo partial offload or sub-envelope translation is permitted; a mass-phase
structure must fully reconfigure across a coherence boundary to change position.

This introduces a minimum unit of motion and a corresponding irreducible energetic im-
pulse—referred to here as a coherent momentum quantum. Unlike conventional momentum, which is
treated as continuously variable, QSD suggests that changes in motion occur in discrete, full-envelope
transitions governed by structural compliance. The existence of such momentum quanta may offer
observable consequences in high-precision force-transfer experiments or coherence-limited systems.
Motion is not free; it is structurally earned through substrate compliance, and must be paid for in full
at each reconfiguration step. See Appendix B.1.

3.8. Inertial Lag and Coherence Boundary Transitions

In addition to the energetic cost of reconfiguration, coherent mass-phase structures in QSD experi-
ence a temporal delay during acceleration or deceleration. This phenomenon, termed inertial lag, arises
from the requirement that all reconfiguration events occur at discrete coherence boundaries defined by

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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the L2 | envelope. Because no partial offload is permitted, motion cannot proceed continuously—it
must proceed through synchronized transitions across complete coherence volumes.

When a force is applied to change the velocity of a mass-phase knot, the substrate cannot respond
instantly. It must first align scalar recovery pacing, internal geometry, and envelope boundary condi-
tions to support coherent reconfiguration. Until these conditions are met, the mass-phase structure
persists in its original state. The result is a measurable delay between applied force and structural
response, reflecting the time required to complete a valid offload-recover cycle.

This delay becomes more pronounced for larger, denser, or more geometrically complex mass-
phase configurations. While the scalar pacing interval tp = Lg—i’h sets the minimum timing constraint for
reconfiguration, the actual lag duration increases with the coordination burden required to transition
multiple envelopes coherently. Crucially, the substrate enforces an all-or-nothing condition: all coupled
envelopes must reconfigure together, and the total energy required for that structural transition must
be supplied in full. No partial transitions are permitted, and no motion can begin until coherence
integrity and pacing readiness are satisfied across the entire structure.

We model this coherence-aligned delay using a structural complexity factor «, such that

Atlag =x-tp,

where x > 1 reflects the geometric complexity, envelope coupling, and internal curvature of the mass-
phase configuration. Inertial lag thus scales not only with mass, but with the physical structure of the
waveform. QSD reframes it not as a mechanical artifact, but as a substrate-enforced delay condition:
motion is permitted only when the entire configuration is structurally ready, causally recoverable, and
energetically complete.

3.9. Spectral Emission as Serialized Offload Geometry

When a mass-phase structure confined within an L3, envelope collapses, the offload process
does not emit energy as an undifferentiated pulse. Instead, the internal waveform geometry of the
coherence knot is released in a serialized, scalar-paced sequence. The resulting spectral signature is
not merely a quantum energy transition—it is a physically structured readout of the knot’s internal
phase configuration.

In QSD, transverse coherence modes propagate at c;, while scalar collapse enforces a pacing
constraint that limits how quickly energy can be offloaded. These two factors combine to form a
substrate-limited serialization channel through which the knot’s internal structure is progressively
expressed as radiative output. Each spatial mode within the mass-phase waveform contributes a
frequency component to the overall spectrum, producing a sequence of emissions that encode the
original configuration.

The spectrum that results—whether in atomic transitions, decay cascades, or photon emission—is
therefore not abstract or statistical. It is a coherent fingerprint of internal structure, governed by
scalar recovery pacing and filtered through transverse propagation constraints. Emitted spectral lines
correspond to the curvature modes and nodal features of the original mass-phase geometry, Figure 2.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 2. Serialized emission from a coherent mass-phase structure in QSD. Internal waveform geometry is
offloaded in discrete intervals paced by t,, producing a time-resolved spectral projection governed by scalar
collapse and transverse propagation.

This serialization of offload explains why spectral lines are stable, reproducible, and discrete:
only structures that couple coherently to the substrate’s allowed transverse channels will radiate.
Others will collapse as scalar waves or be reabsorbed. QSD thus reframes spectral emission as a
real-time projection of internal mass-phase structure, resolved by substrate mechanics into temporally
ordered waveforms. Spectroscopy, in this context, becomes an act of waveform retrieval: observing the
serialized signature of coherence geometry as it offloads into the causal field.

This behavior can be modeled as a scalar-paced decomposition of the internal waveform. Let the
spatial geometry of the mass-phase knot be expressed as a superposition of modes,

¢(x) =) Aysin(kyx),

where each mode k; corresponds to a curvature or nodal feature of the structure. During collapse,
scalar pacing permits offload of these components sequentially, with a delay of one pacing interval

L

tp = =2 between each. The resulting emitted waveform takes the form

Yemit(t, x) = Y Aysin(k,x) - O(t — ntp),
n

where @ is the Heaviside step function representing substrate gating. This simple model illustrates
how the spectral output is not simultaneous but serialized—emerging as a time-resolved projection of
internal structure, shaped by the knot’s mode content and the substrate’s scalar pacing limit.

While coherence conditions are most generally expressed in Cartesian coordinates to accom-
modate arbitrary structure, the radial view becomes physically privileged when modeling substrate
collapse and emission. In such cases, the coherence envelope acts as a spherical source of serialized
energy release, with radial projection into the surrounding substrate. This framing helps explain why
offload events often appear as particle-like emissions: the collapse of a coherent mass-phase knot
produces a localized, symmetric, temporally gated field signature observable as quantized transfer.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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In the case of a spherically symmetric mass-phase knot, the offload process may be modeled as
a radial projection of curvature modes emitted outward in scalar-paced intervals. Let the internal
structure be expressed in radial coordinates as a sum of spherical modes:

¢(r) =) Ansin(knr),

where r € [0, L.on| and k, denotes the radial wave number of each internal mode. During scalar
collapse, each mode is offloaded sequentially into the substrate, gated by scalar pacing. The emitted
radial wave structure can then be modeled as:

sin(k,,r
1Iremit(rl t) = Z‘*ﬂ% ’ ®(t - Tltp),
n

where @ enforces scalar pacing at interval tp = Lg—gh The 1 factor reflects spherical propagation, ensur-
ing energy conservation across expanding shells. This model describes offload not as an instantaneous
pulse, but as a serialized radial projection of internal structure—mirroring the quantized, time-resolved
spectra observed in particle-like emission events.

In this interpretation, the coherence envelope acts as a spherically collapsing emitter, and what is
detected as a discrete "particle” may in fact be the structured output of this paced offload process. QSD
thus reinterprets particle detection as localized substrate response to radial collapse, preserving phase
structure, temporal order, and transverse coherence throughout.

This behavior parallels known phenomena in mode-locked laser systems [18], where discrete
frequencies emerge from temporally structured field emission. Similarly, the QSD framework mirrors
mode decomposition strategies used in field theory [16,17], but replaces abstract operator transitions
with causally enforced scalar pacing. The result is a predictive, substrate-grounded model of spectral
emission as serialized coherence geometry.

3.10. Interference and Structural Superposition

In classical wave theory and quantum mechanics, interference is described as the algebraic
addition of wave amplitudes—constructive or destructive depending on phase alignment. In QSD, this
behavior is reinterpreted structurally: waveforms are not simply summed, but superposed within a
coherence envelope Lg’ - Where they must collectively satisfy curvature, pacing, and closure conditions
to initiate causal offload.

Let two incoming waveforms be given by

p1(x,t) = Asin(kx — wt), ¢a(x,t) = —Asin(kx — wt),
such that their superposition becomes

Protal (X, 1) = 1+ ¢ = 0.

In conventional analysis, this is seen as destructive interference—net amplitude zero. But in QSD, this
condition has deeper structural meaning: the combined waveform fails to generate a coherence pattern
that satisfies the curvature and pacing requirements for offload within the envelope. There is no valid
structure to serialize, and the substrate registers a null event.

This provides a physical mechanism for destructive interference: it is not a loss of energy, but a
structural disqualification. Only those superpositions where the total waveform ¢y, (¥, t) satisfies the
envelope’s coherence conditions—including net curvature balance,

/L3 vz(Ptotal d3x =0,

coh

and phase closure across boundary domains—can result in causal offload.
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From the substrate’s perspective, energy is not a conserved background quantity—it is a byproduct
of valid structural offload. If a waveform or superposition fails to meet coherence criteria, no offload
occurs and no energy is serialized. The apparent “energy loss” observed in destructive interference
is not a disappearance, but a cancellation of causal readiness. There was never any energy to begin
with in the classical sense—only incompatible curvature disturbances that nullified each other before
serialization. The substrate acts only when permitted by structure.

This substrate-based view does not invalidate the quantum field theoretic formalism that correctly
tracks energy and phase statistics. Rather, it reveals the structural origin behind the rules. The Feynman
path integral and field operator models [19] faithfully describe outcomes because they are tallying
coherent contributions that the substrate ultimately permits. QSD simply adds the underlying reason
why such contributions are allowed or denied.

Thus, QSD offers a physical reinterpretation of interference not as a mystical probability effect or
wave cancellation, but as a substrate-level coherence filter. A region may contain overlapping wave
disturbances, but if the resulting structure fails to form a valid causal entity, the system remains silent.
The substrate acts not on energy alone, but on structural integrity—and interference becomes the
enforcement of structural exclusion.

3.11. Symmetry as a Requirement for Persistence

In conventional quantum theory, symmetry is a foundational principle: conservation laws, par-
ticle classifications, and interaction rules are all derived from assumed invariance under specific
transformations. Yet the physical origin of this symmetry is typically taken as axiomatic. In QSD, by
contrast, symmetry arises as a structural necessity for coherence stability within a bounded envelope.

For a mass-phase coherence knot to remain locked within a single L3 , envelope, its internal
waveform geometry must be both curvature-balanced and phase-closed in all three spatial dimensions.
This requirement can be expressed through structural conditions that ensure geometric and energetic
stability. The waveform must satisfy closure in each spatial dimension:

(P(x + Lcoh/ylz) = ¢(xryfz)r

and similarly for y and z, enforcing full-envelope phase continuity. Net curvature must cancel across
the envelope:
2093, _
3 Vepd’x =0,
coh
to avoid internal tension gradients that would drive collapse. Additionally, persistence under geometric

transforms can be quantified using a coherence symmetry metric,

2= [ 190~ p(RI) P,
Leon
where R(r] represents a spatial reflection or rotation. Stability requires that ¥ remain below a critical
threshold for pacing-aligned recovery to succeed.

Asymmetric structures that violate these constraints introduce tension imbalances or pacing
mismatches that disrupt coherence across the envelope boundary. Without sufficient internal symmetry,
the knot either collapses through scalar offload or becomes unstable, extending into adjacent envelopes
or disintegrating into precursor modes.

This requirement reframes internal symmetry not as a mathematical convenience, but as a
condition for survival. Only those structures that maintain phase coherence across the full enve-
lope—spatially, temporally, and curvature-wise—can resist collapse and persist as stable, inertial
mass-phases. Symmetry is thus the signature of survivable geometry.

This principle offers a structural explanation for why particles obey specific spin, charge, and
parity constraints; these arise not from algebraic invariance, but from the substrate’s strict conditions
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for maintaining internal coherence. QSD links the abstract symmetries of quantum field theory to the
real coherence geometry required to inhabit and survive within a causal substrate.
Persistence is not granted by postulate—it is earned through symmetry.

3.12. Motion, Stillness, and Structural Equilibrium

In classical mechanics, motion is treated as continuous translation through space, while in
relativity it becomes a relative condition between inertial frames. In QSD, motion is reinterpreted more
fundamentally: it is the structural persistence of a coherent phase configuration across the substrate,
without requiring physical displacement or transmission of material through space.

The substrate in QSD is stationary and conserved. It does not flow, vibrate, or carry momentum
in the classical sense. A mass-phase structure that exhibits uniform motion is not moving through
the substrate; rather, it is maintaining an unchanging coherence pattern across successive L3, en-
velopes. So long as scalar pacing and coherence continuity are preserved, the substrate registers no
reconfiguration, and thus no causal event occurs.

To model this behavior, we consider motion as a quantized, coherence-permissive reconfiguration
process. Let n denote the number of coherence intervals traversed, each of spatial extent Ly}, and
let tp = L;—;’h represent the scalar pacing interval. Then the minimum time required to support causal
motion over 7 intervals is

Leon
At=n-tp=n-——.
Cs

The effective structural velocity of the configuration becomes

_ nLcoh _
Ostructural = A Cs.

Thus, uniform motion in QSD corresponds to phase-stable persistence over scalar pacing cycles, and its
apparent velocity is structurally limited by the coherence recovery rate of the substrate. This matches
the classical idea of unforced motion but reframes it as null reconfiguration across coherence domains,
see Figure 3.

Motion as Reconfiguration Across Lioh

Envelope at Subsequent Further
Initial State Envelope Envelope
Coherent
Structure

/M

™
|
D>
™
[~

A

.
Extent L ,p,

Reconfiguring Mass Structure

Figure 3. Motion as reconfiguration across coherence domains in QSD. A mass-phase structure persists by
reconfiguring across adjacent Lfoh envelopes. No material translation occurs; instead, structural continuity is
preserved under scalar pacing. Motion is reframed as a coherence-aligned causal process.

In this view, inertial motion is structurally equivalent to rest—it is a state of equilibrium where
the coherence knot experiences no net tension imbalance and requires no energetic offload. Only
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acceleration introduces real substrate change: an attempt to reconfigure the mass-phase structure into
a new geometric alignment. This reconfiguration demands scalar pacing and transverse emission, and
thus constitutes a physical event. Acceleration is causally meaningful; uniform motion is not.

This coherence-bound view of motion also reframes a classical intuition: that two objects cannot
occupy the same space and that motion requires a destination. In QSD, this principle is enforced
structurally. A mass-phase configuration may only reconfigure into a new region of the substrate if that
region has scalar-recovered, is below the collapse threshold, and can support coherent phase-locking.
Motion therefore depends not only on internal readiness, but on the causal availability of the substrate
into which it would move. This is conceptually analogous to classical mechanics, where motion into a
lower-energy configuration or unoccupied phase space is required. However, in QSD, this constraint
is not imposed statistically or geometrically—it is enforced dynamically by the substrate’s coherence
pacing and recovery logic. Mass cannot move simply because it chooses to; it must wait until a
structurally valid region of the substrate exists to receive it.

This interpretation explains the deep symmetry between rest and motion in relativistic physics.
QSD shows that this symmetry arises not from observer equivalence, but from the structural neutrality
of unchanged coherence. Motion is not transport—it is structural continuity. Stillness and uniform
velocity are two forms of the same underlying equilibrium: coherence preserved across pacing cycles,
undisturbed by collapse.

3.13. Unification and Substrate-Limited Physics

Across classical mechanics, relativity, and quantum field theory, many foundational quanti-
ties—mass, time, quantization, inertia, radiation, and symmetry—are introduced as axioms or emer-
gent abstractions. QSD offers a structural alternative: these phenomena are unified expressions of
one physically bounded principle—the behavior of a Lorentz-invariant substrate governed by finite
coherence, pacing, and causal offload capacity.

The coherence envelope Lgoh defines the minimal spatial region in which a complete, phase-
locked, and causally admissible structure can exist. Within this envelope, quantized action arises not
from imposed discreteness, but from the structural requirement that energy be serialized through
scalar pacing. Planck’s constant 7 appears as a throughput limit on coherent offload; Planck energy Ep
as the envelope’s structural collapse threshold; and Planck time tp as the scalar reset interval that gates
all physical reconfiguration.

In this same coherence volume, radiation emerges not as spontaneous emission, but as the
serialized release of internal waveform geometry—modulated by transverse propagation and paced
by scalar collapse. Motion is reinterpreted as envelope-wise structural continuity, while acceleration
becomes substrate reconfiguration. Inertia is not resistance to change—it is the substrate’s requirement
that reconfiguration occur in full. Interference, likewise, is no longer cancellation by algebra, but the
structural exclusion of incoherent configurations. And symmetry, rather than an assumed invariance,
becomes the condition for waveform survival under scalar pacing and curvature balance, see Table 1.

What appear as disconnected rules in conventional physics are revealed in QSD to be surface
expressions of a single structural logic: the substrate enforces causality through coherence-bound
domains. Quantization, inertia, spectral discreteness, and conservation all follow from the same rule:
only recoverable, pacing-aligned, curvature-balanced structures can exist, move, or interact.

This reframes physical law not as a system of imposed constraints, but as a reflection of what
the substrate permits. The coherence envelope is not merely a length scale—it is the structural gate
through which causal emergence becomes possible. In this view, physics is not written onto space. It is
what survives in the substrate.
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Table 1. Comparison of Classical, QFT, and QSD Interpretations

Phenomenon

Classical / QFT Interpretation

QSD Structural Interpretation

Quantization

Imposed through operator al-
gebra or energy levels

Arises from scalar-paced serialization
and coherence geometry

Planck Constants

Empirically fixed, dimensional
anchors

Derived from substrate throughput and
envelope dynamics

force or radiation

Inertia Resistance to force, quantified | Cost of reconfiguring phase-locked
by F = ma structure across Lz’ oh

Motion Continuous translation | Structural persistence across pacing cy-
through space cles with no substrate displacement

Acceleration Change in velocity, causes | Causal reconfiguration event that dis-

rupts scalar pacing and emits trans-
verse energy

Spectral Lines

Quantum transitions between
discrete energy levels

Serialized offload of internal waveform
modes paced by scalar recovery

ties supporting interactions

Symmetry Invariance under transforma- | Requirement for waveform closure and
tion groups persistence within a coherence enve-
lope
Interference Amplitude cancellation of | Structural exclusion of incoherent con-
waves (superposition) figurations that fail offload conditions
Energy Quantified, conserved scalar | Structured tension resolved through
property successful offload; only serialized en-
ergy is real
Fields Continuous background enti- | Secondary descriptions of structured

propagation through the substrate

medium

Falsifiability and Outlook

Although this paper presents a structural foundation for quantized behavior within the Quantum
Substrate Dynamics (QSD) framework, it also suggests several avenues for empirical testing and
further formal development.

The most direct testable implication concerns the serialized emission behavior predicted during
the collapse of a mass-phase coherence knot. QSD predicts that such collapses produce not arbitrary
energy dispersals, but structured spectral emissions whose frequency components reflect the internal
waveform geometry of the original mass-phase configuration. This offers a falsifiable condition: high-
resolution spectroscopy of coherent transitions—especially those involving metastable decay—should
reveal spectral fingerprints that correlate with predicted envelope-supported modes. The spectrum
should be serialized in a manner consistent with scalar pacing constraints and bounded by the
transverse coherence speed c;.

Another potential point of falsification arises in the predicted phenomenon of inertial lag. QSD
asserts that coherent mass-phase structures cannot be partially reconfigured, and must transition
between envelope-aligned configurations. This suggests a measurable delay between applied force
and onset of acceleration for highly coherent systems, especially at small scales or in low-mass, high-
purity test environments. Such effects may be accessible through precision accelerometry or ultracold
matter systems.

QSD also reframes destructive interference as a structural coherence failure. This interpretation
predicts that in experiments involving phase-inverted waveforms, such as optical or matter-wave
interference, the absence of detection corresponds not to energy cancellation, but to causal exclusion:
the superposed waveform cannot be serialized because it fails to meet the curvature and pacing require-
ments of the coherence envelope. Experiments designed to probe “which-path” indistinguishability, or
to test energy accounting in null-detection regimes, may expose this offload gating mechanism.

The radial serialization model further predicts that particle-like emissions are structured projec-
tions of collapsing coherence geometry. Spectral emissions from radially symmetric offload events
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should not only reflect internal mode structure, but should arrive in time-resolved sequences that cor-
respond to scalar pacing intervals. Ultrafast spectroscopic methods or time-resolved photon detection
may be able to identify such serialized signatures, especially in highly coherent collapse contexts such
as certain nuclear, atomic, or optical transitions.

In addition, QSD predicts the existence of a coherent momentum quantum—an irreducible
impulse threshold required to initiate reconfiguration of a bound mass-phase knot. This implies that
below a specific structural energy per envelope, no motion occurs, regardless of applied force. Systems
approaching this limit may show thresholding behavior or quantized drag onset that differs from
classical expectations.

Numerical predictions derived from QSD structure—such as the relation

4 72
b Leon
cs G

—can be compared to standard constants for dimensional consistency and structural fit. These relation-
ships do not merely reproduce known values but aim to explain their origin from substrate geometry
and coherence throughput.

Looking ahead, QSD invites formal extension. The envelope structure and scalar pacing logic

presented here provide a foundation for coherence-aware equations of motion, interaction dynamics,

3
coh”

Future work will aim to formalize these dynamics and test the recoverable coherence model in both

and quantized evolution operators that respect the geometric and causal boundaries defined by L

experimental and numerical regimes.

4. Conclusion

This paper has introduced the coherence envelope L2, as the fundamental structural unit of
causality, quantization, and persistence within the Quantum Substrate Dynamics (QSD) framework.
Unlike point-like models of matter or spacetime, the coherence envelope defines a finite, irreducible
region in which phase-locked configurations may exist, reconfigure, and emit in accordance with scalar
pacing and transverse propagation limits.

We have shown that Planck’s constant, energy, and time emerge as natural consequences of the
envelope’s structural behavior: i arises from coherent offload throughput; Ep from energy saturation
limits; and ¢p from scalar recovery intervals. Mass, in this context, is not an intrinsic property but a
coherence knot stabilized within an envelope, with inertia arising from the cost of reconfiguration
across envelope boundaries. Spectral emissions are revealed as serialized projections of internal
waveform geometry, and symmetry emerges as the requirement for persistence within a bounded
coherence domain.

These results suggest that much of what is traditionally accepted as fundamental in
physics—quantization, inertia, field behavior, symmetry—can instead be understood as emergent
from a deeper, structural limit condition. The coherence envelope is not a metaphor, but a physical
threshold: the minimum support structure for reality to exist coherently. It is from this region that time,
mass, motion, and information arise—not from abstract rules, but from the substrate’s own geometry.
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Abbreviations

The following abbreviations and symbols are used in this manuscript:

QSD Quantum Substrate Dynamics

Leon Coherence length (minimum spatial scale for offload)

Lg’ oh Coherence envelope volume (minimum support for mass-phase knot)
Cs Scalar coherence recovery speed (temporal pacing mode)

ct Transverse coherence propagation speed (spatial mode)

tp Planck time (scalar recovery interval: L.,/ ¢s)

Ep Planck energy (collapse threshold: ¢} /G - Leopn)

h Reduced Planck constant (derived substrate offload unit)

®(x,t) Coherence configuration (proto-field representation)
GPS Global Positioning System

SR Special Relativity
GR General Relativity
Appendix A

Appendix A.1. Substrate Geometry, Timing, and the Modeling of Inertial Motion
Appendix A.1.1. Motivation

Conventional models treat uniform motion as a symmetry state—either a straight-line path
in a geometric manifold (special relativity) or a constant phase solution in a linear field (quantum
mechanics). These models describe motion without explaining its physical basis. QSD, by contrast,
defines uniform motion structurally: as the unbroken persistence of a phase-locked mass configuration
across a sequence of coherent envelopes.

Appendix A.1.2. Geometry and Causal Persistence

In QSD, the substrate is stationary and causal structure is governed by transitions between discrete

coherence volumes of size Lg’oh.

phase stability and scalar pacing alignment across these volumes without initiating reconfiguration.

A mass-phase structure in uniform motion is one that maintains

No collapse occurs, and therefore no causal event is registered in the substrate. Uniform motion is
modeled not by position change, but by the absence of structural disruption.

Appendix A.1.3. Timing and Scalar Recovery Constraints

Scalar pacing sets a temporal constraint on how frequently an envelope may undergo reconfigu-

ration:
Lcoh

Cs

tp =

For motion to appear uniform, coherence transitions must either:

¢ Not occur at all (i.e., perfect structural persistence), or
¢ Occur in a perfectly synchronized, pacing-compliant sequence.

This scalar-timed condition replaces arbitrary coordinate transformations with physically enforceable
coherence continuity.

Appendix A.1.4. Toward a Formal Model

Although a full operator framework remains for future work, the substrate imposes constraints
that could be formalized dynamically:

D(x,t) = Po(x —vt) with l%) =0 ineachL3.
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Here, @ represents a coherence-preserving field configuration moving uniformly through the substrate
by virtue of unbroken structure, not transport. Motion becomes a map of phase persistence across a
causal coherence grid.

Appendix A.1.5. Implications

This structural reinterpretation provides a pathway to model uniform motion, transitions, and
inertial frame equivalence not as imposed symmetries, but as outcomes of recoverable substrate
geometry. It offers the potential to extend classical and quantum equations of motion into nonlinear,
structure-aware coherence dynamics, grounded in physical substrate behavior.

Appendix B
Appendix B.1. Coherent Momentum Quantum and Structural Complexity

In QSD, inertial motion is reinterpreted not as continuous translation but as a reconfiguration of
phase-locked coherence across substrate boundaries. As established in Section 3.7 movement requires
full reconfiguration of each occupied Lgoh envelope. No partial offload is permitted. This introduces a
minimum energetic cost per motion event and implies the existence of a quantized impulse threshold:
the coherent momentum quantum.

We define the coherent momentum quantum, p;, as the minimum impulse required to initiate
substrate-compliant reconfiguration of a mass-phase structure. Unlike classical momentum, which
varies continuously with velocity, p, is an envelope-scale quantity, constrained by the structure’s
internal complexity, curvature, and tension profile.

We propose the following structural model:

where:

e hisPlanck’s constant,
® L. is the coherence envelope length scale,
e x> 1isa dimensionless coherence complexity factor.

The factor x encodes structural details of the mass-phase waveform and may depend on:

1. The number of coupled L3 , volumes,
The internal curvature density of the waveform (e.g., via [ |V2¢[2d°x),
3. The number of standing modes, phase folds, or topological nodes.

For simple, symmetric coherence knots (e.g., idealized spherical masses), x ~ 1 may apply.
For complex or extended structures, « increases, reflecting a higher substrate reconfiguration cost.
This scaling provides a natural mechanism for inertial variation among structures of equal mass but
differing internal coherence geometry.

This model offers several testable predictions. Systems with greater waveform complexity should
exhibit larger minimum impulse thresholds and stronger inertial lag under acceleration. It also suggests
that motion, at its most fundamental level, may be discretized—not by mathematical quantization, but
by substrate-enforced coherence limits.

Future work may formalize x from first principles or derive it from observed spectral structures,
establishing a link between measurable emissions and internal inertial geometry. The coherent
momentum quantum may serve as a foundational quantity in any full dynamical formulation of
QSD motion.
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