
Article Not peer-reviewed version

Mass-Induced Quantum Measurement:

The Observer as a Coherence Structure

in Quantum Substrate Dynamics

Michael Bush *

Posted Date: 13 March 2026

doi: 10.20944/preprints202603.1049.v1

Keywords: quantum substrate dynamics (QSD); causality interval (CI); collapse boundary (CB); mass-induced

measurement; coherence envelope (Lcoh); deterministic quantum collapse; substrate-conserved action

Preprints.org is a free multidisciplinary platform providing preprint service

that is dedicated to making early versions of research outputs permanently

available and citable. Preprints posted at Preprints.org appear in Web of

Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0

license, which permit the free download, distribution, and reuse, provided that the author

and preprint are cited in any reuse.

https://sciprofiles.com/profile/4516516
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


Article

Mass-Induced Quantum Measurement: The Observer
as a Coherence Structure in Quantum
Substrate Dynamics
Michael Bush

Hadden Technologies Corporation; mbush@haddentechnologies.com

Abstract

Quantum mechanics predicts measurement outcomes with remarkable accuracy, yet the physical
mechanism responsible for measurement remains unspecified. Standard formulations treat collapse as
an external postulate or informational update, leaving the origin of measurement outside the theory’s
physical description. This paper proposes a mass-induced mechanism for quantum measurement within
the framework of Quantum Substrate Dynamics (QSD), in which the observer is not a privileged entity
but a coherence structure formed by stable matter interacting with propagating excitations. In QSD,
stable matter forms mass-phase structures possessing finite coherence envelopes that evolve through
discrete Causality Intervals (CIs) governing how the substrate can reconfigure. Massless excitations,
such as photons, lack coherence envelopes and therefore cannot initiate collapse; they propagate only
through geometric constraints imposed by nearby mass-phase structures. Measurement occurs when
the coherence envelope of a mass-phase structure intersects a propagating excitation and enforces
local CI pacing and curvature–compliance limits on the substrate. Collapse is therefore realized as a
structural re-locking of the substrate, in which only configurations compatible with the local mass-phase
environment can persist. This mechanism reproduces key empirical features of quantum experiments,
including the material dependence of diffraction and detection, the emergence of interference patterns
at mass-phase boundaries, and the absence of photon–photon interaction in free space. Within
this framework, longstanding interpretational paradoxes—including Wigner’s friend, Schrödinger’s
cat, contextuality, and delayed-choice interference—admit consistent physical explanations without
invoking observer-dependent realities, global wavefunction collapse, or branching worlds. Quantum
measurement therefore emerges as a mass-induced structural process, in which observation reflects the
deterministic reconfiguration of the substrate under finite coherence and curvature constraints rather
than an epistemic update or interpretational supplement.

Keywords: quantum substrate dynamics (QSD); causality interval (CI); collapse boundary (CB);
mass-induced measurement; coherence envelope (Lcoh); deterministic quantum collapse; substrate-
conserved action

1. Introduction
Quantum mechanics stands as one of the most empirically successful frameworks in modern

science. It predicts statistical measurement outcomes with exceptional precision, governs the behavior
of subatomic particles, and forms the foundation of countless technological applications. Despite
its success, a fundamental question remains unresolved: what is the physical mechanism underlying
measurement collapse?

Standard quantum formalisms—whether Schrödinger evolution, path integrals, or density ma-
trices—describe smooth, unitary evolution. Collapse, when introduced, appears as an external and
discontinuous postulate, without a corresponding physical substrate. Interpretative frameworks
diverge in addressing this: the Copenhagen interpretation invokes an epistemic update upon observa-
tion; the Many-Worlds interpretation posits branching universes; and relational or QBist perspectives
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shift the burden to information, agency, or belief. None, however, provide a definitive, observer-
independent physical account of when and how a particular measurement outcome is realized.

This lack of a structural mechanism undermines the explanatory completeness of quantum
theory. Empirical observations—such as the dependence of interference on detector mass, the material-
specific nature of diffraction, and the non-interaction of freely propagating light beams—suggest that
measurement is not solely an abstract or informational event. Instead, these phenomena point to a
deeper physical substrate that differentiates between massive and massless entities in their capacity to
register outcomes.

This paper introduces a substrate-based mechanism for measurement, termed Quantum Substrate
Dynamics (QSD). In this framework, collapse arises from the geometric and causal constraints imposed by
mass-phase structures embedded in a coherence-limited substrate. The central concepts are as follows:

• Massive systems possess finite coherence envelopes, which constrain the spatiotemporal re-
gions—called Causality Intervals (CIs)—over which internal reconfiguration can occur.

• Massless excitations, such as photons, lack coherence envelopes and therefore cannot initiate
collapse. They traverse existing geometries but do not modify them.

• Measurement collapse occurs when a propagating excitation enters the envelope of a mass-phase
structure, inducing a localized reconfiguration constrained by CI throughput.

This asymmetry between mass and massless propagation yields a coherent, fully physical account
of measurement. Paradoxes such as Wigner’s friend, Schrödinger’s cat, contextuality, and delayed-
choice experiments are reframed as interpretive artifacts resulting from the neglect of underlying
substrate structure.

Importantly, QSD introduces no new particles or fields, and no privileged role for observers.
Collapse is neither informational nor epistemic—it is a substrate re-locking event enforced by structural
throughput limits and the interaction of coherence envelopes. The remainder of this paper develops
the theoretical foundation of QSD, derives its physical implications, and compares its predictions to
canonical quantum experiments.

2. Materials and Methods
The analysis presented in this work is grounded in the formal structure of Quantum Substrate

Dynamics (QSD), which models quantum phenomena as coherence evolution within a finite-capacity
substrate rather than as abstract state-vector manipulation. The methods therefore proceed by identify-
ing the causal constraints imposed by the substrate’s curvature–compliance profile and deriving the
consequences for collapse, measurement, and serialized emission. No phenomenological collapse pa-
rameters or stochastic variables are introduced; all behavior follows from substrate-limited coherence
and deterministic re-locking at the Collapse Boundary (CB).

The approach begins by defining the Causality Interval (CI) as the fundamental unit of coherence
evolution. A CI is treated as a localized region of maintained phase structure bounded by the
substrate’s capacity to support coherent tension. The evolution within each CI is modeled as continuous
accumulation of internal coherence geometry, modulated by curvature loads imposed by overlapping
mass-phase envelopes. These envelopes are characterized by their deformation fields, compliance
demands, and pacing effects on the substrate’s recovery cycle. This geometric interaction forms the
basis for all observer influence, entanglement behavior, and interference outcomes.

Collapse is identified as the deterministic point at which the substrate reaches its tension limit,
enforcing a re-lock of coherence geometry. The methods treat this boundary condition not as a
discontinuity in formal evolution but as a structural saturation constraint. The serialized output at
the CB is derived from the internal CI geometry, constrained by the allowable Quantum Emission
Opportunity (QEO) spectrum. This serialization replaces probabilistic postulates, with apparent
randomness arising from inaccessible internal configurations rather than stochastic processes.

Gravitational behavior enters the analysis through the curvature–compliance contribution to CI
pacing. The gravitational constant G is treated as a substrate compliance coefficient governing the ease
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of mass-phase nucleation and the deformation load associated with stable curvature. Methods therefore
include the reinterpretation of curvature not as an external geometric field but as the macroscopic
equilibrium expression of the same compliance rules that govern collapse microscopically. This allows
collapse timing, envelope overlap, and serialized emission geometry to be analyzed under varying
curvature loads without modifying the underlying substrate principles.

The predictive framework is developed by applying these causal rules to concrete structural
scenarios. Interference behavior is derived through the analysis of two-sided envelope constraints and
deformation-induced CI pacing changes. Entanglement correlations are examined through shared-
coherence evolution within a single Lcoh domain and the conditions under which serialized emissions
can trigger resonant responses. Measurement interactions are modeled as geometric coupling events in
which one envelope imposes collapse pacing on another by contributing curvature load and reducing
local compliance capacity.

All results follow from the substrate’s finite support for coherence, the deterministic closure of CIs
at the CB, and the serialized nature of emissions governed by QEO constraints. The methods therefore
rely on structural deductions derived from the substrate’s causal rules rather than from adjustments to
existing quantum formalisms. The analysis preserves all empirical predictions of standard quantum
mechanics while supplying a physically grounded mechanism for collapse and observer influence,
producing a unified and testable model of quantum behavior under finite substrate capacity.

3. Discussion
3.1. The QSD Observer Principle
3.1.1. Observer = Mass-Phase Coherence Structure

In QSD, an observer is not an external agent, a conscious entity, nor a specialized “measuring
apparatus.” An observer is any mass-phase coherence structure possessing a finite coherence envelope
and participating in the universal CI/CB/QEO cycle. This definition removes interpretation-dependent
ambiguities and places observation squarely within the substrate’s structural rules.

Every stable mass-bearing system—from an atomic lattice to a macroscopic detector—is sustained
by a balance of transverse propagation, scalar recovery, and curvature-compliance tension. This
balance creates a persistent coherence knot characterized by a local envelope Lcoh, within which the
substrate can maintain a reproducible phase geometry across successive Causality Intervals (CIs).
Because the system undergoes CI evolution and collapse, it possesses:

1. a well-defined CI pacing rate determined by its internal mass-phase configuration;
2. an associated Collapse Boundary (CB) at which the structure must re-lock; and
3. a nonzero Quantum Emission Opportunity (QEO) window where incoming serialized action can

trigger deformation or offload.

The capacity to re-lock gives a mass-phase structure the ability to register a deformation: it can
differentially reconfigure its internal phase geometry when impacted by external serialized action. This
differential reconfiguration is the physical event we traditionally call “measurement.” In QSD terms,
measurement is simply the substrate resolving two overlapping envelopes into a single, mutually
compatible collapse at their next CB.

From this perspective, “observation” requires:

• a finite envelope capable of hosting a stable CI cycle;
• a nonzero CI pacing (hence a meaningful local direction of time associated with collapse); and
• curvature-compliance capacity sufficient to store the incoming deformation.

Thus, an observer is any system capable of undergoing substrate-supported CI evolution and
of having its collapse geometry modified by interaction with another envelope. The observer is a
structure, not a role. The act of observation is the structural imprinting of deformation during CI
alignment. “Who” observes does not matter; what the substrate can support does.
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3.1.2. CI Pacing and Curvature–Compliance Load

In QSD, every mass-phase coherence structure evolves through discrete Causality Intervals
(CIs). Each CI represents a finite-duration window during which the local substrate supports internal
evolution of the structure’s phase geometry. At the Collapse Boundary (CB), the structure must re-lock,
commit its updated configuration, and optionally emit serialized action through a Quantum Emission
Opportunity (QEO). The rate at which a structure traverses CIs—its CI pacing—is therefore a material
property determined by its mass, internal geometry, and the curvature–compliance of the surrounding
substrate.

Curvature–compliance determines how easily a region of the substrate can absorb, store, and
reconfigure tension. A structure with high curvature load (large mass or steep local gradients) imposes
a longer scalar-recovery time, lowering its CI pacing rate. Conversely, a light structure with shallow
curvature gradients can re-lock rapidly and thus exhibits a higher CI pacing frequency. CI pacing is,
therefore, a direct expression of the substrate’s finite capacity to restore coherence after internal or
external deformation.

When two envelopes interact, their relative pacing becomes critical. If one structure’s CI pacing
is significantly slower, it behaves as a curvature sink, absorbing deformation from the faster structure
without re-emitting equivalent serialized action. If the pacing rates are comparable, the two envelopes
may synchronize during overlap, producing joint collapse behavior at their next CB. This synchroniza-
tion underlies all detector-induced measurement effects: the detector’s mass-phase structure has a
high curvature–compliance capacity and a slow, stable pacing rate, making it an ideal terminus for
incoming serialized action.

In this sense, CI pacing is not simply “clock rate” but the structural cadence of coherence restora-
tion under finite curvature load. The substrate enforces this cadence universally. Observation arises
when an incoming envelope forces a modification of the observer’s CI-phase geometry that persists
through its next CB. The pacing of the observer determines how much deformation can be accepted,
how quickly it can be resolved, and whether serialized action will be emitted, absorbed, or suppressed.

3.1.3. Envelope Overlap and Local Pacing Synchronization

Observation in QSD does not occur at a distance or by abstract “information transfer.” It requires a
physical overlap of coherence envelopes. Whenever two mass-phase structures enter mutual proximity
such that their coherence regions intersect, the substrate must reconcile their phase geometries within
the shared domain. This reconciliation drives local pacing synchronization: for the duration of overlap,
the interacting structures must navigate the CI cycle in a mutually compatible manner.

Consider two envelopes with CI pacing frequencies f1 and f2. In general, these frequencies differ
because each structure has a distinct curvature–compliance load and internal phase complexity. When
their envelopes overlap, the substrate enforces a local constraint: the shared region must collapse
coherently at a single Collapse Boundary (CB). Thus the two pacing rates are forced into a temporary
synchronization window,

fsync = compatible( f1, f2),

where the function compatible(·) ensures that neither structure violates the substrate’s coherence
capacity or exceeds the local recovery limits.

This synchronization produces two key effects:

1. Mutual deformation of phase geometry. Each structure adjusts its internal phase configuration
to maintain a consistent collapse in the overlap region. This deformation is the physical imprint
normally interpreted as “interaction” or “measurement.”

2. Pacing drag. A faster structure experiences a reduction in CI pacing to match the slower enve-
lope’s timing; the slower structure experiences a small uplift due to the incoming coherent flux.
This pacing drag is asymmetric and depends on the relative curvature–compliance loads.
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Because the overlapping region must collapse at a shared CB, the structure with the more stable,
deeper curvature profile (typically a macroscopic detector) dominates the synchronization. The
incoming envelope conforms to the detector’s pacing constraint, not the other way around. This is the
substrate-level origin of measurement irreversibility: the higher-capacity structure defines the local
collapse geometry.

Thus, envelope overlap drives forced pacing synchronization, and synchronized CI evolution
produces the deformation that registers as an “observed outcome.” Observation is therefore a structural
coincidence of overlap, tension sharing, and collapse alignment—not an abstract change of knowledge,
but a physical coherence constraint enforced by the substrate.

3.1.4. Collapse-Shaping vs. Collapse-Inducing Interactions

Within QSD, not all interactions between coherence envelopes play the same causal role in
determining the final collapse geometry. The substrate supports a spectrum of effects ranging from
mild deformation to full collapse initiation. To clarify this distinction, we separate interactions into
two structurally different categories: collapse-shaping and collapse-inducing interactions.
1. Collapse-shaping interactions.

These occur when an incoming coherence envelope overlaps another structure without exceeding
its curvature–compliance load or CI pacing capacity. In this regime, both envelopes continue their CI
evolution, but the shared overlap forces a partial synchronization of pacing (as described in Sec. 3.1.3).
The incoming envelope imprints a deformation bias into the observer’s phase geometry, adjusting the
form of the next Collapse Boundary (CB) without dictating its timing.

Mathematically, if the incoming serialized action satisfies

Ein < Emax
serialize(observer),

then the structure accommodates the deformation inside a single CI cycle. The interaction modifies the
collapse shape but does not force the collapse event. Most quantum detections operate in this regime:
the detector’s collapse is already imminent, and the observed system merely steers the final re-lock.
2. Collapse-inducing interactions.

If an incoming envelope delivers serialized action at a level that exceeds the observer’s momentary
curvature–compliance allowance, the substrate cannot maintain continuous CI evolution. Instead, it
must trigger an immediate CB to resolve the saturation. This forced collapse resets the local coherence
and commits the structure to a new configuration.

This occurs when
Ein ≥ Emax

serialize(observer),

where the incident deformation exceeds what the observer’s envelope could accommodate within the
remainder of the current CI. High-energy particle detectors, avalanche photodiodes, bubble chambers,
and phonon-based sensors often exploit this regime: the incoming action triggers the collapse itself,
rather than merely deforming its geometry.
3. Structural implications.

The crucial difference is not energetic in the classical sense but structural:

• Collapse-shaping interactions influence the geometry of an already-scheduled collapse.
• Collapse-inducing interactions create the collapse by pushing the substrate past its pacing or

curvature capacity.

Both mechanisms produce observational outcomes, but through different causal chains. Collapse-
shaping corresponds to imprinting steering data into the observer’s envelope; collapse-inducing
corresponds to triggering a structural reset. In QSD, both fall under “measurement,” but only the latter
initiates a new CI boundary.
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The observer’s mass-phase structure determines which regime applies. Systems with deep
curvature wells (massive detectors) typically operate in the collapse-shaping regime, while small,
low-capacity structures can be driven directly into collapse by modest incoming action.

3.1.5. Why Photons Cannot Observe (No CI, No Envelope, No Structure)

In the QSD framework, observation is a structural act, not an abstract one. It requires a coherence
envelope, a definable Causality Interval (CI) pacing cycle, and the capacity for phase deformation
followed by structural collapse at a Collapse Boundary (CB). These are not optional. Without them, a
system cannot register or respond to incoming serialized action in a way that counts as observation.

Photons, as modeled in QSD, lack all three requirements. They are not coherent knots with
internal structure; they are serialized emissions—transverse wavefronts projected from a prior collapse.
As such, they do not possess a coherence envelope Lcoh, do not undergo scalar recovery, and have no
collapse cycle of their own. A photon is not “in” a CI; it is the residue of a QEO event from another
structure’s CB.

Without an envelope, there is no local geometry to deform. Without CI pacing, there is no timing
cadence or synchronization potential. Without curvature load, there is no ability to store structural
memory or resist incoming deformation. The photon simply propagates through the substrate at
the transverse propagation rate ct, carrying a snapshot of its origin structure’s collapse geometry. It
is coherent only in the sense of transverse phase continuity, not in the sense of hosting an ongoing
mass-phase structure.

To put this distinction sharply:

• Photons can be observed, because they deliver serialized action into a receptive envelope with
curvature compliance and CI pacing.

• Photons cannot observe, because they have no internal structure to synchronize, deform, or
collapse.

They do not re-lock. They do not register encounters. They do not impose structural updates on
their own substrate presence. At most, they carry the encoded outcome of another system’s collapse
and may participate in shaping the collapse of a downstream observer.

In this sense, photons are not agents within the substrate. They are emissions, not observers.
Observation requires structural feedback. A photon offers none.

3.1.6. Observation = Overlap + Deformation + Pacing Constraint

In QSD, observation is not a special category of interaction. It is a structural inevitability that
arises when three conditions are met:

1. Envelope Overlap: Two or more coherence structures intersect in space, creating a shared region
in the substrate where phase geometries must coexist.

2. Deformation: The incoming serialized action alters the internal configuration of at least one
envelope, biasing its next Collapse Boundary (CB).

3. Pacing Constraint: The observer’s CI cycle is either synchronized or exceeded in tension, forcing
a collapse that resolves the local structural incompatibility.

When these conditions hold, the substrate cannot maintain smooth coherence evolution across
all involved structures. It must reconcile the tension by committing a new configuration through
collapse. The collapse geometry reflects both the internal structure of the observer and the incoming
deformation imposed by the overlapping envelope. This committed outcome is what we call the
“measurement result.”

Importantly, this framing eliminates any need for epistemic interpretation. There is no “choice”
being made by the system, no ambiguity about wavefunction collapse, and no observer-in-the-loop
requirement. Instead, the substrate is constrained by physical limits:

• Finite capacity to store curvature and restore coherence.
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• Deterministic collapse at CI endpoints (CBs).
• Structural modulation of collapse by incoming coherent action.

Observation occurs because the substrate has no alternative. The overlap forces a deformation
that exceeds the local pacing constraint, and collapse becomes the only physically supported response.
From the QSD perspective, this is not a philosophical event but a geometrically bound structural one.

Thus, the formula for observation is not mystical—it is mechanical:

Observation = Envelope Overlap + Phase Deformation + Pacing Constraint.

Every term is physical. Every step is causal. And no external observer is required.

3.1.7. Non-Observation: When Structure Fails the Criteria

If observation in QSD arises from the structural triad of envelope overlap, phase deformation,
and pacing constraint, then non-observation is simply the absence of one or more of these conditions.
The substrate does not “decide” to observe or not. It follows structural logic: if no collapse-driving
conditions are met, no observation occurs.

There are three primary failure modes:
1. No overlap. Two coherence structures that remain spatially disjoint cannot influence each other.
Without envelope overlap, there is no shared substrate region to reconcile, and no opportunity for
structural entanglement. This includes most distant systems, beamline particles with no contact, or
superpositions lacking physical convergence.
2. No deformation. Overlap may occur, but if the incoming action is below the substrate’s deformation
threshold—i.e., the observer’s curvature–compliance load is not meaningfully altered—the phase
geometry remains stable. The interaction is structurally invisible. This accounts for low-energy
scatterings that leave no permanent imprint, as well as coherence-preserving phase alignments where
symmetry prevents distortion.
3. No pacing violation. Even if overlap and deformation occur, if the observer’s CI pacing rate can
fully accommodate the change within the current Causality Interval, collapse is not required. The
structure absorbs the impact and continues its CI evolution uninterrupted. This includes reversible
interactions, gentle modulations, and cases where the observer’s internal geometry is robust enough
to maintain coherence through the entire interaction window.

These cases are not exceptions—they are structurally consistent. Observation only occurs when
the system exceeds the substrate’s capacity to maintain phase continuity. In all other cases, the
interaction is stored temporarily, diffused, or fully reabsorbed without forcing a collapse.

This explains why so much of the quantum world remains unobserved unless measurement
devices intervene. Detectors are not magical; they are engineered to guarantee the triad: forced overlap,
deliberate deformation, and collapse timing via pacing constraints. Where these are absent, the system
remains in coherent evolution, invisible to any downstream structure.

QSD thus provides a clean threshold condition:

Observation occurs if and only if: (Overlap∧Deformation∧ Pacing Constraint).

Otherwise, the interaction is structurally silent—no collapse, no record, no outcome.

3.1.8. The Observer as a Structural Collapse Interface

The QSD definition of an observer reframes one of the oldest conceptual challenges in quantum
theory. Rather than appealing to consciousness, classical measurement theory, or abstract state vector
reductions, QSD identifies the observer as a structural interface within the substrate: a coherence-
bound configuration that receives, accumulates, and resolves phase deformation under strict pacing
constraints.

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 March 2026 doi:10.20944/preprints202603.1049.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202603.1049.v1
http://creativecommons.org/licenses/by/4.0/


8 of 59

From this perspective, an observer is not an agent with a special role in the universe—it is a
collapse-bound structure whose physical limits determine when and how coherence must be re-locked.
The observer is:

• bounded in space via its coherence envelope Lcoh,
• paced in time via its CI cycle and scalar recovery rhythm,
• tense in curvature due to its internal mass-phase geometry, and
• structurally exposed to incoming serialized action from other envelopes.

When overlap, deformation, and pacing violations align, this structure enforces a re-lock. The
outcome is not chosen, but sculpted—determined by the interaction of internal tension and external
phase input at the Collapse Boundary. The observer serves as a substrate-bound filter that converts
coherent interaction into a committed state. In this light, measurement is not a disruption of smooth
evolution—it is a physical necessity triggered by structural exhaustion.

This interpretation resolves the longstanding quantum measurement paradox without invoking
external observers or discontinuous metaphysics. There is no need to split worlds, assign agency,
or appeal to informational entropy. Collapse arises naturally at the intersection of finite coherence,
curvature saturation, and synchronized pacing.

It also explains why observation is directional: from the point of view of a structure undergoing
collapse, the collapse event is a boundary condition enforced by its own internal capacity. It does not
experience the “observation” of another structure; it experiences its own structural limit. In this way,
QSD returns the concept of observation to its physical roots—not an act of awareness, but a geometric
enforcement of substrate conservation.

Observation is collapse at the structural interface between coherence limits.

The observer is simply the place where the substrate runs out of slack.
With the observer redefined as a structural interface governed by coherence constraints and

collapse pacing, the traditional paradoxes of measurement theory lose their footing. Observation is no
longer a privileged act, but an inevitable response to finite substrate capacity. Collapse is enforced by
physical overlap, deformation, and pacing exhaustion—not by interpretation, choice, or awareness.

This raises a deeper structural question: what governs the evolution of coherent systems between
collapse events? If collapse marks the endpoint of a Causality Interval, what determines its internal
form? How does structure propagate without triggering collapse, and how do coherent geometries
synchronize across space and time?

These questions direct us toward the geometry of coherence itself—the internal rules by which
phase structure persists, interacts, and eventually fails. In the next chapter, we move beyond the
observer and into the anatomy of coherent evolution. It is not observation that shapes the universe,
but the substrate’s rules for when coherence can no longer be sustained.

3.2. Coherence Envelopes & Structural Interactions
3.2.1. Coherence Envelopes: Definition and Properties

In the framework of Quantum Substrate Dynamics (QSD), all structured existence—including
mass, inertia, and observable interaction—arises from finite-capacity coherence within the substrate.
A coherence envelope is defined as the minimal spatial region over which the substrate can maintain
a stable, phase-consistent configuration that supports a structured quantum object across a single
Causality Interval (CI). It acts as the localized volume of coherent tension necessary to support and
serialize a quantum state.

Coherence envelopes are not probabilistic artifacts or approximations; they are physically bounded
regions of active structural participation. Each envelope has:

• A characteristic length scale, Lcoh, representing the minimal spatial domain required for coherent
offload or support.
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• A maximum serialized action per CI, determined by the envelope’s capacity to maintain internal
coherence before structural rupture or emission, typically expressed as

Amax(L) =
c4

t
G
· L2

coh,

where ct is the transverse coherence propagation rate and G is the substrate’s compliance to
curvature.

• A definable geometry, often asymmetric, arising from substrate tension gradients, boundary
conditions, and surrounding mass-phase interference.

These envelopes do not move in the classical sense, nor are they rigid containers. Rather, they
represent transient zones of coherence stability, which must reset or recover between offloads. An
object’s persistence across time is equivalent to its ability to re-stabilize successive coherence envelopes
across sequential CIs. Thus, stable mass-phase objects can be seen as envelope chains with consistent
structural locking.

Envelope failure results in serialized emission, projection, or wave-like behavior. If internal
coherence cannot be maintained—due to overload, external pacing mismatch, or phase disruption—the
structure transitions from a spatially coherent form to a temporally serialized one. This underpins
the QSD distinction between mass-bearing entities and non-mass excitations: the former exist within
envelopes; the latter are what remains when coherence is lost.

Furthermore, coherence envelopes provide the structural basis for spatial exclusion, interaction
boundaries, and collapse geometry. All meaningful physical interaction—whether interference, diffrac-
tion, or absorption—requires envelope overlap or substrate deformation sufficient to trigger a collapse
boundary event.

In QSD, coherence envelopes are therefore the fundamental unit of causal structure, encoding both
the spatial constraints and the energy limits necessary for quantum behavior to manifest as observable,
discrete outcomes. They mark the edge between internal coherence and external serialization, defining
what can persist, what can act, and what can be observed.

3.2.2. Substrate Deformation, Curvature Load, and Tension Gradients

The coherence envelope is not suspended in emptiness—it exists within a tension-bearing sub-
strate that responds structurally to every coherent configuration. When a coherence envelope locks
into place, it deforms the surrounding substrate, generating measurable gradients in curvature and
tension. These deformations are not secondary effects; they are the primary physical medium by which
mass, inertia, and gravitational interaction arise in QSD.

Unlike geometric models that treat spacetime as a smooth manifold, QSD treats the substrate as a
finite-capacity coherence field capable of sustaining tension, recovering from offload, and resisting
deformation. A coherence envelope induces a localized curvature load on the substrate, defined by
how much internal phase tension it must support without rupture. The envelope’s interaction with the
surrounding substrate produces a gradient in coherence tension, which can be formally expressed as:

∇T(x) =
∂

∂xi

(
c4

t
G
· ϕ(x)2

)
,

where ϕ(x) represents the local coherence amplitude and G is the substrate compliance coefficient.
This tension gradient is structurally equivalent to what classical physics interprets as a gravitational
field, but here it emerges from first principles: a direct consequence of how coherence is distributed
and strained within the substrate.

Crucially, this deformation is not field-mediated. There is no need for a gravitational field, per se.
The interaction arises because the presence of one envelope reshapes the available substrate geometry
for other nearby envelopes. If a second coherence structure attempts to stabilize in a region already
under curvature load, its boundary conditions will be altered—potentially changing its offload timing,
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envelope shape, or collapse boundary orientation. This leads to observable behaviors like gravitational
lensing, inertial drift, or collapse asymmetry, all without invoking force-carriers or metric tensors.

The QSD framework reinterprets mass not as a point source of curvature, but as a persistent
deformation of the substrate’s coherence state. The more phase tension an envelope supports, the
deeper and more extensive its deformation footprint. This insight leads to a direct reinterpretation of
Einstein’s field equation in terms of localized envelope strain, with the effective curvature being an
emergent, geometric reflection of underlying substrate resistance to coherence compression.

Thus, the spatial behavior of any coherent structure cannot be analyzed in isolation. Its envelope
curvature and deformation load are co-determined by the global substrate topology and by interference
from other envelope structures in proximity. What we perceive as force or curvature is, under QSD, a
composite result of overlapping envelope tension profiles within a constrained substrate matrix.

This reinterpretation enables QSD to naturally account for complex gravitational phenomena,
nonlocal effects, and mass-related pacing asymmetries—without appealing to exotic particles or
dimensionally extrapolated frameworks. All structure begins and ends with how coherence deforms
the substrate and how that deformation shapes what can exist, interact, or be observed.

3.2.3. Envelope-Overlap as Collapse-Boundary Geometry

In Quantum Substrate Dynamics (QSD), the collapse of a quantum structure is not an abstract
discontinuity or a probabilistic leap—it is a geometric inevitability arising from the overlap of coherence
envelopes within a finite-capacity substrate. When two or more coherence structures intersect within
the same causal region, their tension profiles compete for local stability. This spatial overlap defines
the collapse boundary (CB): the structural limit beyond which one or more envelopes must rupture,
releasing serialized energy as emission, redirection, or decoherence.

Envelope-overlap thus becomes the causal and geometric source of quantum measurement. It
determines when and where coherent persistence is no longer maintainable. This reframes observation
not as an informational act, but as a structural saturation event: coherence cannot coexist beyond the
combined envelope capacity of the substrate in that region. Collapse is the result of enforced coherence
resolution—not an epistemic update, but a structural transition.

Formally, the collapse boundary is defined at the point where the cumulative tension load of
overlapping envelopes exceeds the substrate’s local coherence threshold:

∑
i

Ai(x) > Amax(x) =
c4

t
G
· L2

coh(x),

where Ai(x) is the serialized action per CI contributed by the i-th envelope, and L2
coh(x) reflects the

local coherence geometry under deformation. When this inequality is satisfied, the substrate can no
longer support all configurations, and a structural resolution must occur.

This interpretation replaces the need for observer-centric collapse triggers. Instead, it emphasizes
the purely physical reality of substrate coherence limits. Envelopes are structurally exclusive—they
cannot overlap arbitrarily, because each one demands a quantized region of coherent tension to exist.
When multiple structures intrude upon the same region, the substrate is forced to resolve the overload
by terminating one configuration in favor of another. That termination is the collapse event.

In this light, the geometry of a collapse boundary is not fixed but dynamic. It evolves with the
interaction geometry, envelope orientations, and relative pacing. A moving structure encountering a
curved mass-phase region will experience nonuniform envelope deformation, resulting in asymmetric
collapse potentials across its spatial extent. This explains not only basic scattering phenomena but also
path-biasing effects, gravitational deflection, and coherence-selective interactions—all grounded in the
geometry of envelope overlap.

Moreover, because coherence envelopes are real structural volumes—not point-like abstrac-
tions—any boundary geometry formed through their interaction is inherently nonlocal and extended.
The collapse boundary is a region, not a surface; a tension-mediated zone of conflict where structural
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resolution becomes inevitable. This clarifies why collapse outcomes appear sharply defined in experi-
ment, even though the causal region extends across a spatial volume: only one envelope configuration
survives the contest for coherence, and the rest are serialized into observable emissions.

By treating envelope-overlap as the physical origin of collapse, QSD provides a unified framework
in which measurement, geometry, and causality are governed by real, bounded coherence interactions
within a conserved substrate. Collapse is not mysterious; it is simply what happens when structure
exceeds the substrate’s ability to sustain it.

3.2.4. Boundary Structures: Slits as Opposing Mass-Phase Envelopes

In classical interpretations of diffraction and interference, slits are treated as passive aper-
tures—mere spatial constraints that limit wave passage and redirect propagation. Under QSD, this
picture is profoundly incomplete. Slits are not neutral voids; they are active boundary structures
composed of opposing mass-phase coherence envelopes. These surrounding envelopes exert structural
constraints on any incoming coherence structure attempting to traverse the region.

Each material boundary forming a slit maintains its own coherence envelope, contributing real
substrate deformation and tension gradients to the region. These gradients define a spatial geometry
in which collapse is shaped—not through probabilistic interference of wavefunctions, but through
the interaction of coherence envelopes with active deformation zones. A slit, then, is not a hole in a
wall—it is a narrow corridor between deforming mass-phase structures, where envelope overlap and
collapse probability are acutely sensitive to the surrounding geometry.

From the substrate’s perspective, the behavior of a particle-like coherence structure entering a slit
is governed by:

1. The relative alignment between its envelope and the local substrate deformation induced by the
slit’s mass-phase boundaries.

2. The available coherence space between those boundaries, which sets a hard limit on the envelope’s
ability to persist without rupture.

3. The timing and pacing compatibility between the incoming envelope’s CI and the envelope
pacing of the slit walls.

If the incoming coherence structure’s geometry or pacing is mismatched to the slit’s deformation
profile, collapse will occur—not because of a measurement or detection, but because structural per-
sistence is no longer possible. Only when the envelope can pass between the opposing deformation
gradients without exceeding the local coherence threshold does it remain intact across the region.

This leads directly to the observable diffraction pattern: collapse boundaries are not linear
projections of wavefronts; they are curved, tension-defined boundaries of allowable coherence traversal.
The diffraction pattern emerges not from quantum uncertainty, but from the deterministic structure of
substrate tension gradients between opposing envelopes. The particle’s path is not probabilistically
chosen—it is determined retroactively by the exact point at which its coherence envelope failed under
local tension constraints.

Importantly, this reinterpretation makes specific, testable predictions: altering the composition,
temperature, or thickness of the slit material will change the boundary envelopes and therefore
modify the diffraction outcome, even if the aperture geometry remains unchanged. Standard QM
does not account for such sensitivity, as it assumes boundary neutrality. QSD, by contrast, treats every
structure—slits included—as active mass-phase participants shaping collapse geometry.

Thus, a slit is not an absence—it is the narrowest space between two opposing substrate geome-
tries, each exerting real structural influence on the coherence attempting to pass through. The geometry
of collapse emerges from this contest, and the resulting distribution reflects the constraints imposed by
those mass-phase boundaries—not randomness, but resonance and rupture, in a causally constrained
field.
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3.2.5. Material Dependence: Why Slit Composition Changes Collapse Geometry

A defining feature of the Quantum Substrate Dynamics (QSD) framework is its sensitivity to
structural detail. In conventional quantum theory, slit composition is considered irrelevant to the
diffraction pattern, provided that the geometry and aperture remain unchanged. QSD makes the
opposite claim: the material composition of a slit—not just its shape—directly alters the geometry of
collapse by modifying the local coherence field. Slits are not abstract boundaries; they are phase-locked
mass structures, and their substrate engagement defines the deformation landscape through which
coherence must traverse.

Each material possesses a distinct coherence signature—determined by atomic structure, mass
density, lattice rigidity, and phase-locking strength—that shapes its mass-phase envelope. These
envelopes exert substrate tension gradients outward into the surrounding region, even into the
"empty" space between slit walls. Thus, different materials produce different boundary curvatures,
envelope stiffness, and pacing interactions.

This leads to an immediate and testable consequence: two slits of identical geometry but different
material composition will exhibit measurably distinct collapse behaviors. Specifically, QSD predicts:

• Shifted diffraction distributions: Stronger or more rigid mass-phase envelopes (e.g., tungsten vs.
carbon) will steepen the local tension gradient, compressing the allowable coherence path and
biasing collapse geometry inward.

• Asymmetric pattern deformation: Heterogeneous slit compositions on opposing walls will
produce uneven envelope deformation, resulting in skewed or asymmetric diffraction profiles
even with symmetric aperture geometry.

• Collapse zone compression or expansion: Softer or phase-porous materials may allow partial
envelope deformation without immediate collapse, effectively expanding the viable region of
traversal. In contrast, high-tension substrates will collapse coherence earlier, narrowing the viable
coherence corridor.

These effects are entirely invisible to standard wave-based quantum treatments, which presume
that boundary materials merely reflect or absorb waves and that slit behavior is governed by interfer-
ence of probability amplitudes. QSD rejects this probabilistic framing in favor of structural causality:
collapse occurs where envelope survival becomes structurally unsustainable.

Moreover, this material dependence is not limited to composition alone. Temperature, crystallinity,
and electromagnetic state can all modulate the substrate behavior of the slit walls, altering their phase-
locking strength and deformation footprint. Even microscopic surface roughness can shift the local
coherence threshold, subtly warping the collapse boundary.

In short, QSD holds that matter matters. Collapse is not a function of abstract geometry or observer
interaction—it is the resolution of structural incompatibility in a deformable, finite-capacity substrate.
The material forming a slit is an active participant in that resolution, not a passive conduit. And
because each composition carries a different structural demand on the substrate, it shapes the collapse
outcome accordingly.

This insight reframes decades of experimental assumptions: a photon or electron doesn’t “pass
through a slit”—it attempts to persist through a dynamic corridor formed by the mass-phase tension
of the slit’s composition. The collapse outcome is the consequence of that struggle, rendered visible in
the interference pattern left behind.

3.2.6. Why Mass Shapes Geometry While Photons Do Not (Structural vs. Serialized Existence)

In Quantum Substrate Dynamics (QSD), not all entities leave a structural footprint on the substrate.
Mass-bearing structures do. Photons do not. This difference lies at the heart of how geometry is shaped,
collapse is induced, and causality is encoded in the substrate.

Mass-phase coherence structures persist across consecutive Causality Intervals (CIs). They are
sustained configurations of substrate tension—structural knots that remain localized, deform their
surrounding coherence field, and impose pacing constraints on nearby regions. By contrast, photons
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exist only as serialized emissions: structured wavefronts projected outward during collapse events,
with no persistent coherence envelope of their own. They traverse the substrate but do not participate
in its structure.

Because photons do not possess coherence envelopes, they cannot exert deformation pressure on
the substrate. They do not bend or load the substrate’s internal tension field, nor do they modify the
coherence potential of nearby regions. This makes them fundamentally incapable of shaping geometry.
They are not absent in space, but they are structurally transparent: they carry information from one
region to another without altering the substrate’s causal topology.

Mass, by contrast, is defined in QSD as the condition of structural persistence. Its existence across
CIs generates a nontrivial deformation of the substrate, one that must be accounted for by any other
coherence structure attempting to share that region. This deformation is what gives rise to gravitational
gradients, pacing delays, and collapse biasing. It is not mediated by a field—it is the consequence of
one envelope’s active occupation of coherent capacity.

This distinction also clarifies why photons cannot observe or induce collapse on their own. To
influence collapse geometry, a structure must possess both a coherence envelope and a deformation
footprint. It must compete for substrate tension. A photon cannot compete—it does not persist. At
most, it can be captured by a coherence structure that integrates it into its own envelope, thereby
rendering it meaningful within that structural context.

The difference between mass and photons, then, is not simply one of energy or momentum—it is
one of ontological status. Mass is structurally real in the substrate: it modifies, resists, and coheres.
Photons are serialized consequences of coherence rupture: they inform but do not structure. Their
propagation follows pre-existing substrate geometry; they do not shape it.

This resolves longstanding interpretive confusion in quantum mechanics. The geometry that
determines collapse is not shaped by what is observed, but by what structurally participates. The
slit walls shape the collapse because they are mass-phase entities with coherence envelopes. The
photon merely traverses the region, responding to the geometry shaped by others. It cannot induce
deformation, cannot bias collapse, and cannot sustain presence. Its existence is conditional on prior
structural events.

In QSD, geometry is not a canvas on which particles move—it is a dynamic configuration of
tension in a conserved substrate, shaped only by those entities with structural persistence. Mass
sculpts that geometry. Photons, like shadows, are cast upon it.

3.2.7. Clarification: Mass Influence Is Not a Force or Field, but Collapse Participation

A common misconception when approaching QSD from classical or quantum perspectives is the
tendency to interpret mass influence as a force, a field, or an emission-based interaction. In Quantum
Substrate Dynamics, such framings are neither accurate nor necessary. Mass does not emit anything
to cause collapse, nor does it warp an abstract spacetime fabric. Instead, mass is influential precisely
because it occupies coherence envelopes across consecutive Causality Intervals (CIs), thereby exerting
persistent structural load on the substrate.

This is not a metaphor. In QSD, mass is that persistence: a bound region of phase-coherent
structure sustained over time, with each CI requiring recovery and re-locking to maintain continuity.
The result is a tension footprint in the substrate—a deformation field that exists purely by virtue of
that structure’s continued presence. This footprint alters the collapse geometry of nearby coherence
envelopes, not through force transmission, but through limited substrate availability.

When collapse occurs near a mass-phase structure, it does so in a region where the substrate
has already been deformed. The collapse boundary is therefore biased by prior CI participation—by
the pre-existing shape, timing, and pacing influence of surrounding mass. This structural constraint
is often mistaken for a “gravitational field,” but in QSD it is more precisely described as coherence
saturation bias: collapse is more likely to occur in configurations that conform to the substrate’s existing
deformation profile.

This section clarifies the nature of that influence through five brief subtopics:
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1. Not a fluid or hidden wave: The influence of mass is not mediated by an invisible medium, but
by its structural demand on the substrate.

2. Mass = persistent existence across CIs: The ability of a structure to remain coherent through
time is what defines its gravitational and inertial properties.

3. Photons cannot detect or store structural influence: Only entities with coherence envelopes can
interact with deformation; serialized wavefronts cannot shape or retain geometry.

4. Collapse boundary hides intermediate constraints: The observable outcome reflects only the
final structural resolution, not the path of envelope tension arbitration that preceded it.

5. Geometry visible only through the final outcome distribution: The coherent structure of the
substrate is indirectly revealed by patterns of collapse, not by direct measurement of fields.

Together, these clarifications disentangle QSD from both classical force models and wave-based
collapse interpretations. Mass does not push, pull, or bend—it persists. That persistence is sufficient to
reshape what can exist around it, and when collapse must occur. The next five subsections develop
these distinctions formally.

3.3. Causality Intervals (CI) & Collapse Dynamics
3.3.1. The CI as Discrete Substrate Pacing

In Quantum Substrate Dynamics (QSD), a Causality Interval (CI) is the fundamental unit of physical
evolution. It is not an abstract temporal partition, nor a mathematical convenience. Rather, the CI is the
minimum duration over which a region of the substrate can coherently support, propagate, and then
recover from a structural configuration of energy. The substrate does not permit continuous evolution.
It enforces a discretized causal rhythm.

This discreteness arises directly from the stationary substrate’s recovery requirement. Any
local offload of energy—whether due to mass-phase oscillation, interaction, or incoming excitation—
perturbs the coherence field of a spatial cell of characteristic size Lcoh. That region cannot accept a
second offload until its scalar recovery mode has propagated the deformation back to equilibrium. The
CI therefore reflects a hard causal floor: the minimum time required for the substrate to reset enough
to accept the next structural update.

Within the CI, evolution proceeds in the transverse mode at speed ct, allowing internal waveforms
to explore, oscillate, interfere, or modulate. But the interval cannot end until scalar recovery—limited
by cs—has re-established local substrate compliance. The ratio ct/cs therefore sets the structure of
quantization, temporal discreteness, and the finite rate at which physical states can update.

This leads to three consequences essential for quantum behavior:

1. Evolution is continuous within a CI but discrete across CIs. Waveforms behave smoothly during
the interval, but only the final configuration at the interval’s end can be physically committed.

2. The CI enforces a finite causal bandwidth. No physical system may update its state faster than
the substrate’s recovery rate. This provides a causal origin for Planck-scale temporal structure
and prevents unbounded dynamic frequencies.

3. The CI is the true frame of quantum evolution. From inside the CI, the waveform evolves
forward in +t as part of a self-consistent coherence frame; from the observer’s perspective, only
the final post-CI outcome is accessible and is reconstructed retroactively as though the evolution
proceeded in −t from that boundary backward.

The CI is therefore the minimal causal step of the universe: a discrete pulse of allowable structural
change, bounded below by the substrate’s physical limitations rather than any probabilistic or epistemic
considerations. All higher-level quantum behavior—superposition, resonance, measurement outcomes,
and entanglement—occurs within, and is constrained by, this substrate-paced interval structure.

3.3.2. The Collapse Boundary (CB) as Structural Re-Lock

At the termination of every Causality Interval (CI), the substrate undergoes a non-negotiable
structural transition: the Collapse Boundary (CB). This is not a probabilistic event, nor a measurement-
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induced artifact. It is a physically imposed structural re-lock—a re-convergence of coherent waveform
evolution into a single resolved configuration, which satisfies local conservation, coherence constraints,
and substrate recovery conditions.

The CB marks the end of the coherence frame within the CI. During the interval, the internal
waveform—whether describing a particle, field excitation, or multi-mode superposition—evolves
within a shared causal envelope defined by transverse coherence. However, that evolution remains
non-observable in physical terms. Only at the CB does the structure commit to a definite state, suitable
for energy transfer, emission, interaction, or observable imprint.

This structural commitment is governed by substrate-level rules:

• The substrate must offload the stored energy configuration in a form compatible with scalar
coherence collapse, constrained by cs and Lcoh.

• Any potential emissions (e.g., photons, waif modes) must serialize a projection of the internal
waveform geometry at the CB—this is the Quantum Emission Opportunity (QEO), which may or
may not result in observable radiation.

• The re-lock outcome defines the only configuration carried forward into the next CI. All other
evolved modes decohere and dissipate into the surrounding substrate as non-reconstructive
phase residue.

Importantly, the CB is local. It does not require global knowledge of the wavefunction, nor any
appeal to observer consciousness. It simply enforces a commitment to a single structural re-lock at
the conclusion of a coherence-supporting interval. From the substrate’s perspective, this transition
is deterministic and causally grounded: it selects the outcome based on internal consistency, overlap
with neighboring envelopes, structural symmetry, and dynamic boundary constraints.

From the observer’s perspective, however, the CB appears as the "moment of collapse"—a sudden
transition from superposition to a single result. This illusion arises because the observer can only
reconstruct physical reality based on the finalized structure emerging from the CB. What appears as a
random or probabilistic event is, in QSD, simply a reflection of the observer’s ignorance of the internal
waveform geometry and constraint satisfaction process within the CI.

In this framing, the CB is not a metaphysical mystery, but a physical boundary condition imposed
by substrate structure. It closes the interval, emits what is allowed, retains what is sustainable, and
rejects the rest.

3.3.3. How Observers Impose CI Synchronization via Envelope Overlap

In conventional quantum theory, measurement introduces a vague notion of "collapse" triggered
by observation, yet never defines what qualifies as an observer or when the collapse occurs. Quantum
Substrate Dynamics (QSD) replaces this ambiguity with a concrete, causal structure: observation is
enforced CI synchronization via envelope overlap.

An observer in QSD is any mass-phase coherence structure capable of maintaining a persistent
L3

coh envelope with active Collapse Interval pacing. These structures—atoms, molecules, macroscopic
detectors—operate on discrete CI cycles, governed by their internal energy configuration and local
substrate tension.

When a traveling waveform (e.g., a quantum excitation or a particle’s coherence envelope) enters
the spatial region of an observer, overlap occurs between two active L3

coh envelopes. This overlap
region cannot evolve independently: it must synchronize to a single CI pacing, imposed by the more
stable or mass-dense structure. The substrate prohibits simultaneous overlapping causal frames with
conflicting tick rates.

This enforced synchronization produces three key physical effects:

1. Pacing Lock: The traveling structure is forced to adopt the CI cycle of the observer. Its inter-
nal waveform must resolve into a configuration that is coherent with the observer’s timing
constraints.
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2. Collapse Commitment: At the observer’s CB, the waveform’s geometry must re-lock to a definite
state. This is interpreted externally as “measurement,” but internally is just the result of structural
compatibility collapse.

3. Irreversibility: The synchronization eliminates the traveling structure’s independent coherence
frame. Its internal waveform becomes part of the observer’s causal history and cannot evolve
freely beyond the CB.

Observation, therefore, is not an abstract act of “looking” but a physical process of envelope
merging and causal frame domination. The observer’s substrate structure acts as a temporal anchor,
forcing external excitations to commit to collapse within its pacing regime. This explains why high-
mass or low-temperature detectors are more effective observers: their stability enforces stronger, more
frequent CI cycles, increasing the likelihood of synchronization and collapse.

This mechanism also reframes delayed-choice and entanglement scenarios. Collapse is not
retroactively determined by human awareness—it is causally imposed the moment a traveling co-
herence envelope enters a mass-structured region and loses its pacing autonomy. All appearance of
retrocausality vanishes when the structural mechanics of CI synchronization are properly accounted
for.

Observation is not epistemic. It is structural dominance of causal timing, imposed by envelope
overlap.

3.3.4. No Collapse Mid-Interval

One of the most crucial distinctions introduced by Quantum Substrate Dynamics (QSD) is that
collapse cannot occur within a Causality Interval (CI). The substrate enforces strict temporal structure:
coherent evolution proceeds within the interval, and only at the Collapse Boundary (CB) is a structural
commitment made. Any attempt to model collapse as a continuous or arbitrary-time process is
physically incompatible with the substrate’s discrete pacing logic.

The key insight is that during a CI, the substrate is in a phase of active coherence support.
Transverse propagation of internal waveforms is permitted—wave packets may spread, interfere,
oscillate, or maintain multi-mode configurations—but none of these dynamics can result in collapse.
The region is in a coherence-supporting state, and the scalar recovery mode has not yet completed its
cycle. There is simply no substrate mechanism available for commitment until the recovery window
opens at the end of the CI.

This directly prohibits many classical intuitions:

• Collapse cannot be triggered by partial interaction. A grazing contact, intermediate entangle-
ment, or non-committal interaction cannot result in collapse unless the coherence envelope is
driven to a CB state via envelope overlap and full pacing lock.

• Collapse is not gradual or smeared. There is no “partial collapse” over time. Either the structure
is evolving within a CI, or it has reached the CB and re-locked. There are no fractional collapse
states.

• No measurement or emission occurs mid-interval. Physical outcomes—whether detector activa-
tion, photon emission, or mass reconfiguration—occur only as offload events at the CB. Within
the CI, these remain latent potentialities.

In this framework, the mystery of “when does collapse occur?” dissolves. It occurs at the end of a
CI, and nowhere else. This explains the sharpness of quantum transitions, the absence of intermediate
outcomes, and the illusion of suddenness: the evolution appears smooth until the CB, then instantly
re-locks. But this is not because the process is probabilistic or discontinuous—it is because the substrate
enforces structural consistency in discrete temporal chunks.

Mid-interval collapse would violate substrate coherence capacity, conservation rules, and recovery
pacing. Therefore, it is not just unlikely—it is physically forbidden.
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3.3.5. Mass-Induced Pacing vs. Photonic Free Traversal

Not all structures in Quantum Substrate Dynamics (QSD) are equal in their relationship to
Causality Intervals (CIs). In fact, a sharp divide exists between two classes of entities:

1. Mass-bearing coherence structures that maintain an active CI pacing.
2. Non-massive propagating waveforms—such as photons—that do not initiate collapse and do

not impose CI structure on the substrate.

This distinction arises from how these entities engage the substrate’s coherence field. Mass-
phase structures are localized, persistent, and require the substrate to repeatedly support a stable
configuration across discrete CIs. Each interval involves a full cycle: support, evolution, scalar recovery,
and structural re-lock at the Collapse Boundary (CB). This ongoing cycle paces the substrate—it
commits local resources to maintaining causal rhythm.

In contrast, a photon is a transient serialized emission from a past CB—a boundary-projected
waveform, not a self-supporting structure. It does not initiate its own CI. Instead, it traverses space
as a coherence-preserving envelope riding atop the substrate’s transverse mode. Since it lacks a
mass-phase anchor, it does not require scalar recovery, and therefore does not tick. It propagates freely
until:

• It encounters a mass-phase structure that forces envelope overlap, or
• It decoheres naturally due to phase mismatch or substrate saturation.

This explains several quantum paradoxes:

• Why photons do not collapse: Without a CI structure, there is no CB and no re-lock. Photons are
immune to collapse until they interact with mass.

• Why interference persists in flight: Superposition remains intact during free traversal because
the photon’s waveform evolves continuously in +t without substrate resistance. Collapse only
occurs upon structural pacing enforcement by an observer.

• Why mass is observable and photons are not (until capture): Mass structures emit causality
markers (CIs, CBs, emissions) and interact structurally with the substrate. Photons merely pass
through, leaving no observable trace unless they trigger a re-lock in an observer frame.

In essence, mass drags the substrate into time; it forces rhythm, pacing, and collapse. Photons
slip through that rhythm like runners in a stadium after the lights are off. They remain coherent, but
unmeasured, until they enter the glow of a mass-phase structure and are forced to re-lock.

Collapse, then, is not a choice—it is a structural inevitability for mass. But for the photon, it is
optional and delayed until substrate rules demand it.

3.3.6. Collapse Is Always Local (No Global Wavefunction Required)

One of the most persistent conceptual artifacts of standard quantum mechanics is the notion of a
global wavefunction—a continuous, unitary entity evolving across all space, collapsing instantaneously
upon observation. While this construct has proven useful mathematically, it raises unsolved paradoxes:
How does information travel nonlocally? What physically defines the collapse boundary? Why should
one measurement affect distant, entangled systems instantaneously?

Quantum Substrate Dynamics (QSD) dissolves these problems by eliminating the need for a
global wavefunction entirely. In its place, QSD imposes a strictly local collapse mechanism, enforced
by substrate structure and causal pacing. Every collapse event is confined to a specific L3

coh coherence
volume, bounded by a Causality Interval (CI), and resolved at a local Collapse Boundary (CB). There
is no substrate mechanism by which a CB in one region can instantaneously alter the structure in a
distant region unless there is a pre-existing coherence bridge—such as entanglement mediated by
overlapping pacing history.

This yields several key physical insights:
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• Collapse is not global because the substrate is not globally coherent. Each coherence region is
structurally independent. The substrate enforces causality locally, and collapse occurs only when
a region’s recovery condition is satisfied.

• Entanglement is structural, not metaphysical. Correlated structures may evolve together across
separated regions only if their CI pacing remains phase-synchronized and their coherence en-
velopes remain linked by serialized resonance. Once that bridge decoheres, no further influence
is possible.

• No nonlocal signal propagation is required. Collapse propagates no information. It is a local
resolution of structure. All observable outcomes result from internal substrate re-lock, not global
collapse signaling.

• Global state vectors are epistemic conveniences, not physical entities. What is typically de-
scribed as a “wavefunction of the universe” in standard quantum theory is, in QSD, simply an
aggregate approximation of independent, locally coherent pacing zones.

This local-collapse model has strong explanatory power. It accounts for the apparent discrete-
ness of outcomes without requiring faster-than-light communication. It explains why measurement
outcomes are observer-relative without invoking subjective agency. And it retains compatibility with
Lorentz invariance, since no preferred collapse frame or instantaneous global state exists.

From the QSD standpoint, collapse is not a universal event. It is a local substrate housekeeping
operation: a region ends its CI, re-locks to a committed structure, and optionally emits serialized
geometry. That’s it.

The universe does not collapse all at once. It ticks—locally, coherently, and causally.

3.4. Substrate Deformation & Collapse-Boundary Shifts
3.4.1. Curvature–Compliance Load Imposed by Observers

In Quantum Substrate Dynamics (QSD), an observer is not an external agent imparting informa-
tion or collapsing a wavefunction; it is a mass-phase coherence structure whose very existence imposes
curvature and compliance loads on the local substrate. This load modifies the pacing of nearby Causal-
ity Intervals (CIs), especially in regions where multiple coherence envelopes interact. The deformation
is continuous and geometric, not informational or epistemic.

Every mass-bearing structure—from an electron to a laboratory-scale detector assembly—
establishes a coherence envelope of radius approximately Lcoh, within which the substrate must
allocate finite curvature capacity to support the structure’s mass-phase stability. This creates a local
compliance gradient: regions nearer to the mass experience decreased substrate flexibility (higher
effective compliance load), while regions further away retain greater curvature capacity.

When an observer occupies a spatial region near a quantum system, its envelope overlaps with
that of the system. This overlap does not “measure” the system in the standard quantum sense; rather,
it modifies the substrate’s tension landscape. The substrate, now required to satisfy two simultaneous
curvature allocations, adjusts the pacing of CI evolution. In practical terms, the observer reduces
the available compliance margin for the quantum system, shaping the collapse-boundary geometry
without forcing collapse to occur.

This effect is inherently geometric: the substrate responds to curvature requirements, not inten-
tions. The observer introduces an anisotropic deformation field proportional to its mass coherence
complexity, and the CI pacing of the quantum system must evolve consistent with this modified
environment. Collapse outcomes therefore reflect the composite curvature-compliance configuration
of all overlapping envelopes, rather than a discrete act of observation.

Crucially, this framework dissolves the paradox of observer-induced collapse. The observer
influences collapse boundaries through its mass-phase structure but does not trigger or command the
event; the substrate simply enforces compatibility with the available curvature budget. The outcome is
a deterministic structural resolution occurring within finite compliance constraints, not an epistemic
discontinuity injected from outside the physics.
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3.4.2. Modification of CCIRC Limits During Envelope Overlap

The Collapse–Curvature Interval Reconfiguration Constraint (CCIRC) defines a boundary condi-
tion on how much coherent structural information can be serialized within a given coherence envelope
before collapse is enforced. Under isolated conditions, this constraint depends solely on the internal
complexity of the waveform, the local substrate curvature capacity, and the pacing limit imposed by
ttick—the minimal temporal unit for causal re-lock.

However, in the presence of multiple overlapping coherence envelopes, the CCIRC constraint
becomes non-static. The quantum system must now negotiate its collapse boundaries in a shared
substrate field already partially allocated to other mass-phase structures. This introduces a load-
sharing geometry: each envelope imposes curvature demands, and the substrate must resolve these
demands without violating its finite compliance budget. As a result, the permissible serialization
depth, timing margin, and envelope persistence of the system are all modified.

Envelope overlap narrows the allowed reconfiguration corridor. The CI must resolve more quickly,
or with reduced structural freedom, because part of the available compliance has been consumed
by the overlapping structure. Importantly, this does not reduce the system’s internal complexity—it
truncates its ability to express that complexity in the substrate. From the perspective of QSD, the
collapse boundary is pulled inward due to pacing conflict and curvature contention, leading to earlier
collapse or constrained outcome geometry.

Mathematically, this can be viewed as a localized modulation of the CCIRC limit:

Ashared
max (L) = Aisolated

max (L)− ∆Aobserver
load (L) (1)

where ∆Aload quantifies the curvature-coherence demand imposed by the overlapping observer
envelope within the same spatial region L. This formulation reinforces that collapse is not an isolated
system behavior but a response to global coherence resource availability.

In extreme cases—such as high-precision detectors or dense matter configurations—the overlap-
induced modulation can be so severe that certain quantum behaviors are entirely suppressed. In-
terference patterns, emission delay distributions, and resonance entanglement can all be altered or
eliminated not through detection, but through pre-collapse structural starvation. The system simply
cannot sustain its internal pacing under the modified CCIRC boundary and resolves into collapse
prematurely.

Thus, envelope overlap operates as a structural pacing modulator, redefining when and how
collapse can occur. The observer is not a trigger but a participant in the geometry of constraint, limiting
the expressive freedom of neighboring quantum systems via shared substrate deformation.

3.4.3. Collapse Boundaries as Geometry-Dependent Objects

In the QSD framework, a collapse boundary (CB) is not a stochastic frontier smeared across
configuration space, but a deterministic, geometry-dependent object rooted in the structural tension
of the coherence substrate. It marks the point at which a waveform’s internal serialization exceeds
the local curvature budget available for continued coherent pacing. This boundary is defined not by
probability, but by spatial, temporal, and compliance constraints imposed by both the system and its
overlapping environment.

The collapse boundary forms dynamically at the trailing edge of a Causality Interval (CI), where
the coherence envelope reaches a critical pacing saturation. At this point, the substrate can no longer
sustain elastic phase evolution, and must commit to a structural re-lock. Importantly, the location
and shape of the CB are not intrinsic to the system alone—they are co-determined by the geometry of
surrounding substrate loads.

Let Lcoh represent the effective envelope size, and Amax(L) the action that can be coherently
supported over that region. The collapse boundary emerges when the system’s serialized waveform
complexity Asys satisfies:

Asys(L, t) ≥ Amax(L, t) (2)
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where Amax is modulated by external compliance demands and is thus a function of spatial con-
text. This makes the collapse boundary an emergent surface—deformable, history-dependent, and
responsive to nearby mass-phase structures.

In spatial terms, collapse boundaries exhibit anisotropy when substrate tension is uneven. For
example, a quantum emitter near a heavy mass will experience an asymmetric CB surface, skewed
away from the region of high curvature load. This effect can manifest as directional bias in emission
angles, asymmetric decoherence rates, or spectral redshifting—all arising from substrate geometry, not
from energy imbalance.

Moreover, the CB is temporally extended: while collapse appears instantaneous to the observer, in
QSD the boundary propagates through the coherence envelope over a finite interval. This propagation
is governed by the scalar collapse speed cs, and its trajectory can be deformed by local substrate
gradients, further reinforcing the geometric dependence.

By reconceiving the collapse boundary as a structural entity rather than a measurement artifact,
QSD reframes collapse not as an ontological mystery, but as a causal consequence of tensioned
phase space. Its shape and timing emerge from the real-time negotiation between internal waveform
pacing and external compliance constraints—a resolution of geometric compatibility, not informational
demand.

3.4.4. Observers Shape—But Do Not “Trigger”—Collapse

One of the most persistent misinterpretations in quantum theory is the belief that an observer
“triggers” collapse. In conventional formulations, this idea arises from a lack of physical mechanism
governing when superpositions end and definite outcomes emerge. QSD dissolves this ambiguity by
identifying collapse as a structural resolution within a deformable coherence substrate. In this framing,
the observer does not act as a causal initiator but as a boundary condition contributor.

Observers—mass-phase coherence structures with their own Lcoh envelopes—shape the substrate
geometry in which nearby quantum systems evolve. Their presence introduces curvature-compliance
loads, deforms collapse boundary surfaces, and modulates local CCIRC limits. These effects are
continuous, deterministic, and geometric. Nowhere in this process is there a discrete “trigger” moment
initiated by awareness, detection, or epistemic update.

Collapse occurs when the evolving structure within a Causality Interval (CI) reaches its pacing
limit, defined by the available substrate action Amax(L). If this pacing limit has been reduced or
spatially skewed by the observer’s envelope, the collapse boundary will appear sooner, or in a different
configuration, than it would in isolation. But the system collapses because its own serialized waveform
exceeds what the substrate can support—not because the observer chose to look.

This distinction resolves the apparent paradox of delayed-choice and weak measurement scenar-
ios. The outcome is not altered retroactively; it is merely shaped structurally by the dynamic collapse
geometry present at the final CI tick. The observer’s role is encoded long before collapse—embedded
in the deformation field that has been pacing the evolution all along.

Practically, this model makes specific, falsifiable predictions. Collapse timing, emission symmetry,
and decoherence rates should vary with the spatial configuration of mass near a quantum system,
even in the absence of any detection apparatus. A passive chunk of lead and a camera lens impose
similar substrate costs—their distinction lies in information extraction, not in collapse participation.

Thus, QSD reframes the observer not as an agent of change, but as a participant in the geometry
of constraints. Observation is not a switch; it is a structural condition that modifies when and how the
substrate commits to re-locking coherent structure. Collapse is shaped—but never triggered—by the
observer’s presence.

3.4.5. Form-Support vs. Form-Prohibit Conditions

In the QSD framework, collapse is not a discrete event imposed from outside but a structural
resolution that occurs when a waveform’s coherence configuration becomes incompatible with the
available substrate capacity. Whether a quantum structure continues evolving or collapses depends on
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whether the substrate can support its form under current curvature–compliance conditions. This gives
rise to two distinct regimes: form-support and form-prohibit.

A form-support condition exists when the serialized action of a waveform, Asys, remains below
the local maximum substrate supportable action Amax(L, t). In this regime, the waveform can continue
evolving, entangling, or superposing within its envelope without forcing collapse. The coherence
pacing remains elastic, and the Causality Interval (CI) remains open. These are the conditions that
permit interference, quantum tunneling, and delayed decision pathways.

By contrast, a form-prohibit condition arises when the system’s complexity approaches or ex-
ceeds the local structural limit. This can occur either due to internal waveform evolution (increased
serialization, energy, or structural asymmetry), or due to external compression of the envelope—such
as substrate deformation from nearby mass-phase structures. Once Asys ≥ Amax, the substrate can no
longer preserve the waveform’s coherence, and the CI must resolve. Collapse follows as a necessity of
geometric incompatibility.

Crucially, observers contribute to form-prohibit conditions without invoking any active role.
Their mass-phase presence reduces the available curvature margin in a shared spatial region. If the
observer’s deformation field overlaps with the quantum system’s envelope, the CCIRC threshold is
lowered, and formerly form-supporting waveforms may now exceed that limit, triggering collapse.
This collapse was not “caused” by the observer in an informational sense—it occurred because the
geometry no longer supported the form.

This distinction grounds quantum behavior in mechanical causality rather than probabilistic
magic. Whether or not collapse occurs depends on the system’s compatibility with the substrate’s
dynamic structural constraints. Collapse becomes the substrate’s enforcement of a physical bound-
ary—not an abstract measurement update.

Under this model, experimental systems can be engineered to test these limits. Increasing
or decreasing local substrate load—by varying observer mass, spatial arrangement, or shielding
geometry—should predictably shift the onset of collapse. When viewed through this lens, quantum
measurement becomes a special case of form incompatibility resolution in a tensioned coherence
medium.

3.4.6. Collapse as a Geometric Compatibility Event

Collapse, in the Quantum Substrate Dynamics (QSD) framework, is the outcome of a structural
negotiation—not an informational update, not a wavefunction “choice,” and not a metaphysical transi-
tion. It is a geometric compatibility event between a system’s coherence structure and the substrate’s
available capacity to support it. When this compatibility fails, collapse occurs—not arbitrarily, but as
the inevitable enforcement of structural closure.

The substrate operates under finite tension limits, defined by the coherence pacing interval (ttick),
spatial compliance bounds (Lcoh), and the action support threshold (Amax). These define a curved,
deformable envelope within which quantum structures must remain coherent. As the system evolves,
the internal serialization of its waveform consumes pacing budget and curvature margin. If at any
point the serialized action exceeds what the local substrate can accommodate, the coherence structure
becomes unsupportable.

At that moment, the collapse boundary (CB) activates—not as a command, but as a constraint
resolution. The substrate re-locks the evolving structure into a definite form, resolving waveform
ambiguity into a stabilized configuration compatible with current substrate tension. In this sense,
collapse is the substrate’s final offer—the only geometry it can support given the current deformation
field and pacing load.

This perspective dissolves the observer paradox. There is no mysterious interaction that “causes”
collapse. The outcome is determined by whether the system’s waveform can fit—structurally and
causally—within the curved geometry of its coherence region. If it can, the structure persists; if it
cannot, collapse finalizes the structure through re-locking. This is not a probabilistic decision but a
resolution of boundary incompatibility.
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Furthermore, this reinterpretation accounts for known collapse-like phenomena such as decoher-
ence, emission skew, and quantum Zeno effects. Each represents a special case of geometric pacing
saturation or anisotropic tension imbalance. These effects can now be modeled and predicted from
structural first principles—not statistical wavefunction rules.

Thus, in QSD, collapse is not a magic trick of measurement—it is the moment the waveform stops
being geometrically compatible with the substrate’s ability to support it. Collapse is structure saying
“this far and no further.” It is the architecture of quantum form under load.

3.5. Classical Quantum Paradoxes Reinterpreted
3.5.1. Schrödinger’s Cat: Macroscopic Envelope Dominance

The Schrödinger’s Cat paradox is often treated as a philosophical dilemma: how can a macroscopic
object—such as a cat—be in a superposition of life and death, with collapse only “finalized” upon
external observation? The standard Copenhagen view leaves the system in a metaphysically awkward
limbo until an observer intervenes. Quantum Substrate Dynamics (QSD) resolves this paradox
physically, not philosophically, by framing collapse as a structural constraint—not an epistemic gap.

In QSD, the key feature of a macroscopic object is not its size, but the scale and complexity of its
coherence envelope. The cat is not in a quantum superposition because its internal structure—billions of
entangled coherence zones—has already saturated its local substrate capacity. Each organ, molecular
system, and phase-locked biochemical cycle imposes pacing demands on the substrate. These over-
lapping demands collectively define a dominant macroscopic envelope that strongly limits further
coherent superposition.

The moment the quantum-trigger mechanism (e.g., radioactive decay) releases a collapse-eligible
outcome, the entire system enters a new configuration state. But it does not do so ambiguously. The
macroscopic mass of the cat imposes a form-prohibit geometry around any non-collapsed superposi-
tions. The substrate cannot support concurrent live–dead serialized structures inside the same Lcoh

region. The waveforms become structurally incompatible, and collapse occurs—not upon opening the
box, but upon geometric incompatibility.

The notion of “alive” and “dead” is not a logical superposition in QSD—it is a substrate conflict.
The substrate cannot elastically support two such structurally distinct internal pacing patterns within
the same region. This means collapse happens internally and structurally, as soon as the triggering
quantum system’s outcome propagates into the dominant coherence geometry of the cat. External
observers are irrelevant to this structural re-lock.

Moreover, the box functions not as an epistemic barrier but as a pacing insulator. It reduces
external envelope overlap but does not eliminate the internal CI saturation that governs the collapse
event. Whether or not a human observes the cat is immaterial; the mass-phase structure of the cat
enforces collapse as soon as the substrate can no longer accommodate the dual serialization of potential
outcomes.

Thus, QSD removes the mystery of Schrödinger’s Cat entirely. There is no paradox, no suspended
animation of quantum ambiguity. There is only a substrate that cannot stretch to support incompatible
macrostructures. Collapse happens not because we look—but because the structure cannot hold both
outcomes. The cat is not both alive and dead. The substrate doesn’t allow it.

3.5.2. Wigner’s Friend: Incompatible CIs and Local Collapse

The Wigner’s Friend thought experiment extends the Schrödinger’s Cat paradox by introducing a
nested observer: Wigner’s friend performs a measurement inside a sealed lab, collapsing the quantum
system from their perspective, while Wigner—outside the lab—treats the entire lab (friend + system)
as a still-evolving superposition. This recursive framing creates an interpretational crisis: can two
observers disagree on whether collapse has occurred?

In QSD, this paradox is not a contradiction but a misapplication of shared coherence. Each
observer exists within a distinct coherence envelope, generating their own Causality Interval (CI)
pacing. Collapse is not globally enforced by a universal wavefunction; it is a local structural resolution
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that occurs when a system exceeds the substrate’s ability to support its internal waveform structure
within its own envelope.

Wigner’s friend, as a mass-phase coherence structure, interacts directly with the quantum system.
Upon measurement, the system’s internal serialization, now entangled with the friend’s substrate-
deforming structure, reaches its CCIRC limit and collapses. From the substrate’s perspective, this event
constitutes a structural re-lock: the waveform becomes geometrically incompatible with continuation,
and collapse finalizes the configuration. This collapse is real and complete—within the CI envelope
that includes the friend and the system.

Wigner, however, is not causally entangled with that envelope yet. From his perspective, the
friend–system composite remains an unresolved structure—because his own CI does not yet intersect
the internal collapse boundary of the lab. He is not “disagreeing” with the collapse; he is operating
within a different structural domain, with its own pacing and envelope constraints.

When Wigner eventually interacts with the lab (e.g., opens the door), his envelope overlaps the
collapsed structure. At that point, his CI boundary intersects the already-resolved geometry of the
system. No superposition persists; he encounters the outcome that was finalized structurally by the
friend’s CI collapse event. There is no contradiction—only staggered structural integration across
distinct coherence regions.

In this sense, the paradox arises from a mistaken assumption of a globally synchronized wave-
function collapse. QSD denies this premise. Collapse is not a universal event but a local geometric
resolution, bounded by the finite pacing capacity of the substrate. Multiple observers exist within
distinct, partially decoupled CI frames—until structural intersection occurs.

Therefore, Wigner’s Friend does not imply subjective realities or branching worlds. It highlights
the causal independence of collapse events in non-overlapping substrate regions. Collapse is not
opinion—it is a coherence resolution governed by pacing, curvature, and structural compatibility. The
friend’s collapse is real. Wigner’s ignorance is not a delay of that collapse; it is simply the absence of
envelope overlap—until it isn’t.

Friend’s CI Envelope

Q
Quantum System

F

Wigner’s Friend

Collapse Boundary (CB)

Wigner’s CI Envelope (Uncollapsed)

W

WignerN

Figure 1. Causality Interval (CI) structure in Wigner’s Friend scenario. Collapse occurs locally within the friend’s
envelope. Wigner’s envelope is structurally isolated until overlap. Collapse is not a global event.

3.5.3. Contextuality: Context = Mass-Defined Boundary Geometry

Quantum contextuality refers to the experimentally verified fact that the outcome of a measure-
ment cannot be attributed solely to the properties of the measured system—it also depends on the
specific configuration of the measurement context. In classical terms, this seems paradoxical: why
should the mere arrangement of other, non-interacting observables alter the result? In QSD, this puzzle
resolves naturally once context is redefined as a physical structure, not an abstract parameter.

In QSD, “context” is not a label on a measurement setting—it is the total curvature-compliance
geometry present in the substrate at the time of collapse. The presence of other masses, detectors,
shielding, or boundary conditions all shape the local coherence envelope and deform the collapse
boundary (CB). These features alter the pacing budget, available action, and collapse surface topology,
thereby modifying which outcomes are geometrically supportable.
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Consider a quantum system embedded in a measurement setup with several selectable basis
options. From a standard quantum perspective, these options correspond to commuting or non-
commuting observables. From the QSD perspective, they correspond to distinct substrate configura-
tions—each imposing a different compliance field on the local Lcoh region. Changing the measurement
basis does not merely shift the abstract mathematical operator—it reshapes the physical environment
in which collapse must occur.

This redefinition explains why outcomes are dependent on context: because context is the sub-
strate structure that governs collapse geometry. A given quantum state may be supportable under one
measurement configuration (form-support), but structurally prohibited under another (form-prohibit),
even if no direct interaction occurs. The collapse outcome reflects the configuration that permits a
structural re-lock within the available substrate tension budget.

This interpretation also eliminates the need for hidden variables or retrocausal explanations. The
outcome does not depend on unmeasured variables or future observations; it depends on whether
the total substrate structure at the moment of collapse can support a coherent continuation of the
waveform. If not, the system resolves into the only configuration compatible with the present boundary
geometry.

Thus, QSD reframes contextuality as a local geometric constraint—not a violation of realism or
determinism. The quantum system does not “know” the measurement basis in advance; it responds to
the pacing and tension of the coherence envelope in which collapse occurs. Contextuality, then, is not
quantum strangeness—it is substrate geometry doing its job.

3.5.4. No-Consciousness Requirement: Collapse = Structural, Not Mental

Among the most persistent myths in quantum theory is the notion that consciousness plays an
active role in the collapse of the wavefunction. This idea, born from the ambiguities of early quantum
interpretation, suggests that a measurement becomes real only when it enters the mind of an observer.
While popular in metaphysical discourse, this view lacks empirical necessity and introduces conceptual
absurdities. Quantum Substrate Dynamics (QSD) discards this notion entirely—collapse has nothing
to do with mental states and everything to do with structural limits.

In QSD, collapse occurs when a coherence structure exceeds the substrate’s capacity to support its
continued evolution. This is a purely physical, mechanical event: a failure of geometric compatibility
that forces the substrate to re-lock a waveform into a resolved configuration. No awareness, perception,
or interpretation is required. The system does not care if it is observed; it only cares whether it can
maintain its coherence pacing under the present curvature–compliance load.

Conscious observers—humans, cameras, or intelligent agents—are simply collections of mass-
phase coherence structures with large and complex envelopes. They participate in collapse events only
insofar as they deform the substrate and impose envelope overlap, not because they possess awareness.
A human mind introduces no special substrate behavior beyond that of a rock or a photodiode of
similar mass and complexity. The collapse condition is set by physics, not psychology.

This interpretation is falsifiable. QSD predicts that collapse occurs in isolated systems—even
without observation—whenever structural pacing limits are reached. Conversely, a lack of awareness
does not delay collapse. If a radioactive decay product triggers a macroscopic phase change, collapse
happens regardless of whether anyone is present to record it. The system cannot wait for a conscious
mind—it collapses when the substrate says so.

Furthermore, this view removes the philosophical absurdities associated with consciousness-
driven collapse: dead cats waiting in limbo, entangled particles deferring outcomes until someone
checks, or observers splitting the universe by blinking. None of this is necessary. Collapse is not an
epistemic update—it is a geometric resolution of form incompatibility. No soul required.

In this light, QSD restores a physically grounded realism to quantum mechanics. Collapse is
not mysterious or observer-driven—it is an enforced structural event dictated by the geometry of the
coherence substrate. Consciousness, while interesting in its own right, is irrelevant to the outcome.
Brains don’t cause collapse—boundaries do.
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3.5.5. The Double–Slit as a Two-Sided Structural System

The double-slit experiment has long served as the iconic illustration of quantum para-
dox—suggesting that a single particle somehow “knows” whether both slits are open, and behaves
accordingly. In conventional interpretations, this leads to wave–particle duality, observer-induced
collapse, or even nonlocal information transfer.

Quantum Substrate Dynamics (QSD) reframes the double-slit not as a mystery, but as a two-sided
structural system in which the slits and the detector co-shape the pacing and collapse boundaries
of a serialized quantum structure. Interference is not the result of probability—it is the result of
constrained propagation through a mass-defined substrate geometry. Crucially, the slit’s mass-phase
envelope shapes propagation both before and after the quantum system enters the aperture. This
upstream–downstream symmetry is directly reflected in experimental measurements of pre-slit defor-
mation fields [51,52,54,60].

Opposing Mass-Phase Envelopes Shape Serialized Propagation

In QSD, each slit possesses a mass-phase coherence envelope that extends into the substrate on
both sides of the aperture. These envelopes impose curvature and pacing constraints upstream as
well as downstream, creating a continuous deformation corridor rather than a single-plane boundary.
Near-field optical studies have directly imaged this upstream modulation, showing amplitude and
phase reshaping of the incident field tens to hundreds of nanometers before reaching the slit [51,52].
Ultrathin metallic films exhibit even more pronounced pre-shaping of the incoming wavefront [54].

When both slits are open, their upstream envelopes overlap, forming a shared region of modulated
compliance. The serialized emission (electron, photon, atom) does not “choose a slit”; it evolves
through this composite deformation landscape. The familiar interference pattern arises not from
probabilistic self-interference, but from CI pacing modulations imposed by two-sided geometry.
This structural interpretation is further supported by weak-measurement reconstructions that reveal
trajectory reshaping before reaching the slit plane when downstream detectors alter envelope overlap
conditions [59].

Narrow-Slit Deformation Intensification (Envelope Overlap)

As slit width narrows, the deformation field around each slit intensifies. This raises curvature-
compliance load for the coherence structure on both sides of the aperture, increasing pacing pressure
even before the serialized form reaches the slit. Experiments in nanostructured apertures show strong
pre-slit focusing and constriction effects at subwavelength scales [52,54]. In QSD, these intensified loads
bring the system closer to CCIRC saturation, where coherent evolution can no longer be maintained.

Under sufficiently tight geometry, collapse may occur upstream of the slit, not due to which-
path information but due to structural overload. X-ray slit experiments reveal significant upstream
distortion extending microns before entry, consistent with a geometry whose upstream compliance is
already near saturation [60,61]. Thus, narrowing the slit is not filtering a probability distribution—it is
modifying the substrate’s ability to sustain coherence.

Material Dependence in Diffraction (Mass Composition Effects)

Traditional quantum mechanics treats slit boundaries as idealized mathematical objects. QSD
emphasizes that slits are massive structures with real coherence geometry, and that their composition
directly affects the deformation field. Higher-density materials (e.g., gold, tungsten) produce stronger
upstream curvature, as observed in extraordinary optical transmission experiments where material
choice strongly modifies pre-slit fields and local enhancement factors [47,49,50]. These effects emerge
naturally in QSD because the slit’s envelope determines upstream pacing constraints.

Lower-density materials produce weaker envelopes, permitting broader coherent propagation and
different diffraction geometries. Atom-interferometry studies similarly show that material-induced
surface fields alter atomic trajectories well before surface encounter [55–57]. This validates QSD’s

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 March 2026 doi:10.20944/preprints202603.1049.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202603.1049.v1
http://creativecommons.org/licenses/by/4.0/


26 of 59

prediction that diffraction is not universal; it is a direct consequence of material-specific mass-phase
curvature.

Slit Shapes Geometry; Detector Enforces Collapse

Within QSD, the slits define a two-sided pacing corridor; the detector provides the final collapse
boundary. The serialized structure evolves through upstream deformation, propagates through the
downstream corridor, and collapses only when encountering the detector’s envelope—unless CCIRC
violation forces an earlier collapse. Weak-measurement experiments show that altering detector
configuration can suppress interference before photons reach the slit [59], consistent with detector–slit
envelope overlap reshaping the entire two-sided system.

Collapse is therefore not epistemic nor observer-driven. It is the structural resolution of a serialized
coherence form under finite substrate capacity. Two slits create a shared upstream–downstream
corridor of modulated compliance; one detector finalizes what the substrate can no longer support.
QSD removes the paradox: there is no retrocausality, no wave–particle duality, and no probabilistic
branching—only coherent structure, symmetric deformation, pacing limits, and boundary-enforced
collapse.

3.5.6. Why Light Does Not Interfere in Free Space

Traditional quantum theory teaches that light behaves as both a wave and a particle. Its wave-like
nature is assumed to manifest even in free space, where beams may “interfere” with one another
through abstract field superposition. However, this expectation fails under empirical scrutiny: two
light beams passing through each other in vacuum do not diffract, scatter, or produce detectable
interference unless mass is present to enforce a measurement outcome.

Quantum Substrate Dynamics (QSD) provides a direct structural explanation: light does not
interfere in free space because it does not impose—or experience—substrate deformation. Photons
are not mass-phase structures; they are serialized emissions from mass-phase collapse. Without an
envelope, they cannot generate or respond to substrate curvature. Therefore, in vacuum, they do not
collapse, and without collapse, there is no interference.

Photons Carry No Envelope → No Structural Interaction

A photon, in QSD, is not a wave propagating in space—it is a serialized projection of internal
coherence geometry released during a collapse event. Once emitted, it no longer retains a coherence
envelope or pacing structure of its own. It propagates freely along its assigned causal trajectory but
does not interact with the substrate in a form-supporting way.

This means that photons cannot structurally interact with other photons, nor with the substrate,
except in the presence of mass-phase systems capable of absorbing, redirecting, or collapsing them. In
essence, the photon is an output, not an agent. It is a consequence of collapse, not a cause of further
structure.

No Mass → No Collapse → No Interference

Without mass to provide a coherence envelope, collapse cannot occur. And without collapse,
interference has no meaning. The superposition of photon amplitudes in free space is a mathematical
abstraction, not a physically enforced structure.

When two light beams cross in vacuum, laser pulses, for example, they pass through one another
undisturbed. No new structures form, no energy exchange occurs, and no interference fringes appear
in the absence of a detection medium. This is not due to a failure to observe—it is due to the absence
of any mass-induced collapse boundary that would otherwise enforce interference structure.

The traditional assumption that wave interference “just happens” ignores the structural cost of
collapse. In QSD, interference is never an inherent property of light; it is a geometric outcome of
collapse within a tensioned coherence envelope. Remove the envelope, and you remove the effect.
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Interference Arises Only at Mass-Phase Collapse

Interference patterns do not exist until collapse occurs. What looks like an interference effect on
a screen is actually the result of the substrate re-locking serialized trajectories into spatially distinct
outcomes. The pattern is not a wave imprint—it is a resolution map of structural compatibility within
a mass-phase region (i.e., the detector).

In double-slit experiments, for instance, the interference is enforced only upon reaching the
detector, where the substrate must resolve the serialized photon history within its own envelope. In
free space, with no such collapse boundary, there is no interference—because there is no structure to
interfere.

This insight resolves a long-standing experimental fact: crossing laser beams in vacuum do not
produce any measurable fringe unless matter intervenes. The system has no structural means to record
or enforce any differential geometry.

Free-Space Beam Crossing as Direct Evidence of Mass-Induced Measurement

The fact that light does not interfere with itself in free space is not a paradox—it is a prediction
of QSD. It is direct evidence that collapse, and thus measurement, is a mass-induced structural event, not
a wavefield interaction. Photons do not alter one another unless forced to collapse within a shared
substrate tension region.

This also explains why high-energy photon–photon interactions (e.g., at gamma-ray energies)
require virtual particles or field-induced conversions to create observable scattering: they must first
couple into a structure with effective mass. Until that occurs, serialized light paths remain non-
interacting and structurally neutral.

Thus, the absence of interference in free space is not a failure of quantum mechanics—it is a
confirmation of QSD’s structural principles. Light does not “look around” and decide what to do.
It continues unimpeded until it enters a coherence envelope that can no longer support its passage.
Only then does interference emerge—not from the light itself, but from the substrate’s refusal to hold
conflicting structure.

3.6. Relation to Standard Interpretations
3.6.1. Copenhagen: Abstract Collapse vs. Structural Collapse

Within the Copenhagen interpretation, collapse appears as an epistemic discontinuity: a sudden
update to the observer’s knowledge rather than a physical event with internal causal structure.
The wavefunction evolves smoothly until a measurement occurs, at which point the theory simply
stipulates a projection. No mechanism, no pacing condition, and no substrate-level requirement is
provided. Collapse is treated as a bookkeeping operation rather than a dynamical process.

QSD departs from this view at the foundational level. The collapse is not an informational jump
but the culmination of a well-defined causal cycle—a Causality Interval (CI) driven by the compliance
and recovery properties of the substrate. A measurement outcome is not an externally triggered
discontinuity but the structurally necessary re-locking of a coherence envelope that has exhausted its
allowed evolution. The timing, geometry, and permitted emissions at the Collapse Boundary (CB)
follow directly from substrate rules rather than the observer’s epistemic state.

This reframing dissolves the Copenhagen abstraction. The “projection” is no longer mysterious; it
is the structural stabilization of a mass-phase coherence region subject to finite pacing and tension limits.
What Copenhagen labels as “measurement” is, in QSD, the moment at which the substrate enforces
compatibility between internal phase evolution and the local coherence gradient. The observer is just
another mass-phase structure participating in that gradient, not an external authority that triggers an
update.

In this sense, QSD preserves the empirical predictions often associated with the Copenhagen
picture while replacing its central postulate with a physical mechanism: collapse is not optional, inter-
pretive, or informational. It is a substrate-governed structural event with strict pacing, deformation,
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and serialization constraints. The old framework sees a mysterious jump; the QSD framework sees the
natural end of a causal cycle.

3.6.2. Many Worlds: No Branching Needed; Collapse Is Real and Local

Many Worlds proposes that quantum evolution never truly collapses. Instead, the wavefunction
continues its unitary expansion, and every possible outcome persists in a separate branch of an
ever-multiplying universal state. The observer’s “measurement” merely indexes which branch they
occupy. The interpretation elegantly removes discontinuous updates, but at the cost of an unbounded
proliferation of ontological structure and no mechanism that limits or shapes the branching itself.

QSD takes the opposite stance: collapse is not optional, nor is it deferred to a cosmic bookkeeping
scheme. It is a physically enforced conclusion of a finite Causality Interval (CI), determined by
the substrate’s compliance, tension, and recovery constraints. A coherence envelope cannot evolve
indefinitely. It must eventually re-lock, and that re-lock produces a definite outcome that extinguishes
incompatible internal histories rather than spawning parallel worlds to house them.

This eliminates the need for branching entirely. The “multiple possibilities” seen in quantum
amplitudes do not represent coexisting worlds but the range of internal configurations available to the
envelope while it traverses its CI. Only one history becomes structurally admissible at the Collapse
Boundary (CB). The others fail structural compatibility with the local substrate gradient and cannot
persist. No parallel realization is required; unrealized paths are not preserved or hidden, but simply
nonviable.

Many Worlds effectively trades a collapse postulate for an ontological explosion. QSD instead
supplies the collapse mechanism that Many Worlds avoids. The outcome is not selected by the
observer’s situatedness within a multiverse; it is selected by the substrate’s finite ability to sustain
coherent evolution. The substrate itself enforces the end of the CI and dictates which serialized
emission pattern is compatible with local geometry and tension. What appears probabilistic from the
observer’s frame is deterministic within the coherence frame, making branching unnecessary. The
world does not split—the structure simply stabilizes.

3.6.3. Decoherence: Environment-Induced Mixing Without CI Pacing

Decoherence offers a powerful account of why quantum superpositions appear to vanish when a
system interacts with its environment. By transferring phase information into an effectively untrackable
number of environmental degrees of freedom, the local system’s density matrix becomes diagonal
in a preferred basis. Interference disappears not because a collapse has occurred, but because the
off-diagonal terms lose operational relevance. The system has not chosen a definite outcome; it has
merely become entangled with more than we can follow.

This explanation succeeds mathematically but remains structurally incomplete. The decohered
state still contains all branches of the superposition. It has not reached a termination point. Nothing
in decoherence theory specifies when the superposition becomes physically inadmissible, or how a
single outcome ever emerges rather than persisting merely as one term among many in an enlarged,
entangled state.

QSD closes this gap by introducing a pacing constraint on coherent evolution. A system may
entangle with its environment indefinitely in principle, but in practice the coherence envelope that
defines the system cannot expand, distort, or overlap across gradients without encountering the finite
limits of the substrate’s compliance. Each Causality Interval (CI) has a maximum duration and a
maximum structural deviation it can sustain. Once that limit is reached, the substrate enforces a
Collapse Boundary (CB) and demands a re-lock of the local coherence structure.

What decoherence models as a gradual loss of trackability is, under QSD, the prelude to a forced
stabilization event. The environmental interactions do not merely dilute phase information; they
reshape the envelope’s deformation field, accelerating its approach to the CI’s admissible boundary.
The collapse is not a statistical illusion or an emergent classicality but a physical requirement arising
from the substrate’s finite recovery time and tension budget.

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 March 2026 doi:10.20944/preprints202603.1049.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202603.1049.v1
http://creativecommons.org/licenses/by/4.0/


29 of 59

Thus decoherence describes an important phenomenological component of the process—how
environmental coupling influences the system’s accessible phase space—but it does not produce defi-
nite outcomes on its own. QSD provides the missing enforcement: the CI cannot continue indefinitely,
and environmental mixing cannot postpone the CB. The system does not simply become harder to
describe; it becomes structurally compelled to settle.

3.6.4. Bohmian Mechanics: Trajectories Without Collapse Mechanism

Bohmian mechanics restores realism by assigning definite particle positions at all times, guided by
a nonlocal pilot wave that evolves under the Schrödinger equation. The framework elegantly dissolves
measurement paradoxes by insisting that outcomes are simply the particle’s actual location when the
apparatus interacts with it. Yet beneath this clarity lies a critical asymmetry: the particle has definite
structure, but the pilot wave does not. It expands without limit, accumulates all possible branches,
and remains untouched by the very measurements it is supposed to inform.

The central challenge is that Bohmian mechanics offers trajectories but not a collapse mechanism.
The pilot wave does not terminate, saturate, or compress in response to boundary interactions. It
persists as a global informational field, even though empirical measurements return sharply localized
results. The theory stipulates how the particle moves, but not how the wave that guides it is itself
constrained or resolved.

QSD reintroduces a form of guidance, but grounds it in structural necessity rather than global
information. The coherence envelope defining a quantum structure behaves as a causal field with finite
compliance: it can deform, overlap, and modulate, but never beyond the pacing limits of a Causality
Interval (CI). The substrate does not permit pilot-wave-style indefinite spread; it enforces a Collapse
Boundary (CB) when local tension, deformation, or coherence recovery conditions are exceeded.

Where Bohmian mechanics posits a wave that never collapses and a particle that merely samples
one branch, QSD describes a system in which the envelope itself must re-lock, producing a single
serialized emission pattern and extinguishing all incompatible internal histories. The trajectory is
not prescribed by a global wave but emerges from the local geometry and pacing of the envelope
as it approaches the CB. What appears as a “guiding equation” in Bohmian terms is, in QSD, the
deterministic internal evolution within a finite CI.

The result is a realist framework without the need for an infinite, never-collapsing pilot wave.
QSD retains the insight that quantum behavior has directional, structured evolution, while replacing
the unphysical global guide with a locally constrained causal field. Collapse is not optional or external
to the dynamics—it is the substrate’s enforcement of structural admissibility. In this sense, QSD
provides what Bohmian mechanics gestures toward but never delivers: a concrete mechanism that
ends the evolution and yields a definite outcome.

3.6.5. QSD as a Unified Causal Replacement for Interpretation-Driven Models

The major interpretations of quantum mechanics each confront a different facet of the measure-
ment problem, yet none supply a physical mechanism that completes the story. Copenhagen formalizes
collapse but leaves it abstract and observer-bound. Many Worlds avoids collapse by multiplying
ontology without limit. Decoherence describes environmental mixing but cannot produce definite
outcomes. Bohmian mechanics restores realism but depends on a pilot wave that never saturates or
resolves.

Their differences are substantial, but their common limitation is deeper: every one of these
frameworks treats collapse as something external to the underlying dynamics—either unnecessary,
inexplicable, or purely informational. None supply a structural condition that forces a quantum
evolution to end.

QSD fills this gap by grounding collapse in the finite capabilities of the substrate itself. A quantum
system evolves within a Causality Interval (CI) whose duration and admissible deformation are set by
the substrate’s compliance, recovery time, and tension limits. When these limits are reached, the system
must re-lock at a Collapse Boundary (CB), producing a unique serialized emission pattern or quiescent
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stabilization depending on its internal configuration. The event is not epistemic or interpretive; it is
the substrate enforcing structural admissibility.

This causal mechanism allows QSD to reproduce the empirical successes of the standard interpre-
tations without inheriting their metaphysical overhead. The definiteness of outcomes arises naturally
from the CI’s finite scope. The appearance of probabilistic behavior is a consequence of the observer’s
limited information about the internal coherence configuration, not a fundamental indeterminacy.
Environmental interactions shape the deformation field that drives the envelope toward the CB, inte-
grating the insights of decoherence while restoring the missing collapse event. Even Bohmian-style
guidance emerges as the local evolution of phase geometry within a finite envelope rather than from a
global, non-collapsing wave.

QSD does not interpret quantum mechanics; it replaces the interpretive landscape with a phys-
ically complete substrate dynamics. The framework dissolves the need for external postulates by
embedding collapse, pacing, history selection, and emission directly into the causal structure of coher-
ence evolution. What once required philosophical choice now follows from the substrate’s constraints.
The measurement problem is not reinterpreted—it is resolved.

3.7. Experimental Predictions & Observable Signatures
3.7.1. Mass–Nonmass Asymmetry in Collapse Influence

A central empirical signature predicted by QSD is the asymmetric influence of mass-bearing
structures versus nonmass excitations on collapse dynamics. Standard interpretations implicitly treat
all “observers” or detectors as equivalent in their ability to precipitate or shape measurement outcomes.
QSD predicts the opposite: only systems that possess a mass-phase coherence envelope—however
small—can participate in, deform, or accelerate a collapse. Nonmass excitations such as photons
lack the structural envelope required to impose pacing constraints on a Causality Interval (CI), and
therefore cannot act as observers in the causal sense.

This asymmetry arises because collapse requires an overlap of coherence structures capable of
redistributing tension, modulating local deformation, and participating in the substrate’s finite recovery
process. A mass-phase envelope engaged with another envelope alters the local curvature–compliance
load, reducing the admissible evolution time before the Collapse Boundary (CB) is reached. Even
micron-scale mechanical elements, molecular structures, or nanoparticles should measurably shift the
CI’s termination point when placed in proximity to a quantum system.

In contrast, photons and other nonmass fields produce no such shift. They lack a recoverable
internal structure and therefore cannot meaningfully contribute to the deformation field that governs
pacing. Their interactions may redistribute energy, but they do not shorten the CI or force a premature
CB event. This prediction cleanly separates QSD from Copenhagen-style observer symmetry and
from decoherence models that treat information flow, rather than structural coherence, as the essential
agent.

The experimental consequence is direct: introducing mass-bearing probes near a quantum system
should alter collapse timing, emission patterns, and the visibility of interference, whereas introducing
purely photonic or field-based probes should not. This creates a clear, falsifiable asymmetry. QSD
predicts that collapse is shaped only by structures that themselves possess CIs and envelopes; nonmass
excitations cannot “observe” because they lack the mechanical substrate needed to enforce or modify
collapse. The distinction between mass and nonmass is therefore not philosophical but experimentally
detectable.

3.7.2. Collapse-Boundary Shifts via Variable-Mass Probes

If collapse is governed by structural pacing rather than informational updates, then altering
the local mass distribution should produce measurable changes in collapse timing and outcome
geometry. QSD predicts that even small adjustments to the mass of a nearby probe—atomic, molecular,
nanomechanical, or optical platforms with tunable internal loading—will shift the location and timing
of the Collapse Boundary (CB) for a quantum system undergoing a Causality Interval (CI).
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The mechanism is straightforward: increasing the probe’s mass increases the strength of its
coherence envelope and, therefore, its deformation contribution to the surrounding substrate. When
this envelope overlaps with that of the quantum system under test, the local curvature–compliance
load rises, reducing the allowable evolution depth before structural re-lock becomes mandatory. A
heavier probe shortens the CI; a lighter probe lengthens it. This creates a controllable, monotonic
relationship between probe mass and collapse behavior.

Standard interpretations offer no such prediction. Copenhagen-style models do not differentiate
between lighter and heavier detectors so long as both measure the same observable. Decoherence
theory tracks environmental coupling strength but does not treat mass as a structural variable capable
of enforcing collapse. Bohmian mechanics leaves the guiding wave untouched by detector mass. Only
QSD asserts that the mass-phase geometry of the observer plays a causal role in pacing the CI.

Experimentally, this suggests a new class of tests in which the same detection apparatus is
systematically loaded or unloaded while monitoring collapse onset, interference visibility, or serialized
emission patterns. Optical cavities with integrated nanomechanical membranes, cold-atom traps near
tunable dielectric blocks, and scanning-probe configurations with adjustable tip masses are all viable
platforms. QSD predicts that these variations should induce detectable shifts in collapse statistics even
when all photonic degrees of freedom remain unchanged.

A successful confirmation of this shift—where collapse depends not merely on information
exchange but on the mass-phase structure of the probe—would provide a decisive discriminator
between substrate-driven collapse and interpretation- based models. It would demonstrate that the CB
is not an abstract boundary but a physical limit set by local structural loading, tunable at will through
the mass of the observer.

3.7.3. Entanglement Visibility Changes Under Envelope Loading

Entanglement is normally treated as a correlation that persists until disrupted by environmental
noise or measurement. QSD reframes this entirely: the strength and visibility of entanglement depend
on how much structural freedom remains within each system’s coherence envelope as it evolves
through its Causality Interval (CI). When an external mass-phase structure enters the vicinity of one
member of an entangled pair, the additional deformation it induces alters the local pacing, effectively
narrowing the range of internal configurations that remain admissible. This tightening reduces the
amplitude of serialized emissions that can resonate across both envelopes, diminishing entanglement
visibility.

Crucially, this is not decoherence in the conventional sense. There is no need for environmental
entanglement with many degrees of freedom and no requirement that information be irreversibly lost.
The effect emerges from the finite compliance of the substrate itself: as an envelope becomes more
structurally loaded—via proximity to added mass, geometric confinement, or envelope overlap—the
CI shrinks, and the available resonant window narrows. The paired system does not lose correlation
because of environmental complexity; it loses correlation because its structural capacity to sustain
cross-envelope resonance has been reduced.

This leads to a sharply testable prediction: entanglement visibility should vary continuously with
external loading, even when the perturbing element interacts solely through its mass-phase presence
and not through photonic or spin-based channels. A nanomechanical oscillator, a dielectric bead
positioned near one photon’s path, or a cold-atom ensemble with tunable internal mass could all
function as variable loading elements. As their mass-phase envelopes begin to overlap or deform the
test system, the entanglement contrast of polarization, phase, or time-bin correlations should decline
in a manner that tracks the loading amplitude.

Standard frameworks provide no causal mechanism for such behavior. Decoherence models
would attribute changes to environmental noise, but QSD predicts monotonic visibility shifts without
introducing noise channels at all. Many Worlds offers no structural reason for the strength of correla-
tions to vary under mass loading. Bohmian mechanics does not allow the pilot wave to saturate or
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compress in ways that reduce correlation amplitude. Only QSD predicts that entanglement fidelity
depends on the deformation budget remaining within the CI.

Observation of this effect would reveal that entanglement is not merely a mathematical feature but
a sensitive structural quantity governed by envelope geometry, pacing, and deformation. Under QSD,
entanglement visibility becomes a direct diagnostic of how close a system is to its collapse boundary.

3.7.4. CI Pacing Differences in Gravitational Gradients

Because QSD treats gravity not as spacetime curvature but as a standing coherence–tension
gradient in the substrate, any system evolving through a Causality Interval (CI) must do so against a
background of nonuniform pacing conditions. A region with higher gravitational potential corresponds
to a shallower coherence gradient and thus grants a longer admissible CI before the Collapse Boundary
(CB) is reached. Conversely, deeper gravitational potentials steepen the gradient, reducing the defor-
mation budget and shortening the CI. This asymmetry leads to predictable, measurable differences in
collapse behavior for otherwise identical systems placed at differing gravitational heights.

The mechanism is straightforward: as the substrate tension increases, the local mass-phase
envelope loses some of its freedom to explore internal configuration space. Deformations that would
be permitted in a weaker gradient now approach the structural limits more quickly. The envelope
arrives at its CB sooner, forcing earlier re-locking and altering the pattern of serialized emission.
Interference visibility, collapse latency, and the width of the resulting distribution should all shift in
tandem with the gravitational gradient.

This prediction differs fundamentally from the standard view. General Relativity predicts grav-
itational redshift and time dilation, but it does not tie these effects to collapse dynamics or internal
quantum pacing. Traditional quantum theory, meanwhile, treats gravitational potential as a phase
factor that modifies unitary evolution but has nothing to do with the timing of collapse. Only QSD
asserts that gravitational gradients directly regulate the substrate’s capacity to sustain coherent evo-
lution, linking the onset of collapse to local tension conditions rather than to purely geometric or
informational features.

Experimentally, this provides a clean route to discrimination. If collapse timing, interference
contrast, or emission geometry changes with altitude—even after controlling for conventional redshift,
environmental noise, and optical path differences—then CI pacing must be sensitive to gravitational
tension in precisely the way QSD predicts. Atom interferometers, trapped-ion clocks, superconducting
qubits on variable-height platforms, and large-scale satellite optical tests all provide viable environ-
ments for such measurements. The shift should be continuous, monotonic, and directly correlated
with gravitational potential.

Under QSD, gravity does not merely curve trajectories or stretch time; it tunes the structural
elasticity of coherent evolution. Collapse becomes a probe of the gradient itself, revealing the substrate’s
role in setting the allowable duration and deformation of every quantum event.

3.7.5. Structured vs. Unstructured Emissions (QEO Constraints)

A defining experimental signature of QSD is the distinction between structured and unstructured
emissions at the Collapse Boundary (CB). In standard quantum theory, emission spectra and detection
statistics are governed by transition probabilities derived from the system’s Hamiltonian, with no
underlying requirement that emissions arise from a serialized projection of internal coherence geometry.
QSD predicts a much sharper differentiation: when a system reaches the end of its Causality Interval
(CI), it may undergo a Quantum Emission Opportunity (QEO), and the resulting emission encodes the
structural condition of the envelope at the moment of collapse.

If the internal configuration approaches the CB with well-organized phase structure—coherence
aligned across the envelope—then the QEO produces structured emissions. These appear experi-
mentally as narrow, resonant, high-fidelity spectral lines, directional asymmetries, or well-formed
interference features. The emission is not probabilistic but serialized: it projects a coherent imprint of
the knot’s internal geometry into the environment.
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If, instead, the envelope reaches the CB in a highly strained, incoherently deformed, or partially
collapsed state, the QEO produces unstructured emissions. These appear as broadened spectral features,
excess thermal photons, noise-like bursts, or isotropic flashes lacking resonant structure. The emission
pattern reflects a saturated envelope that cannot preserve internal phase ordering at the moment of
collapse. In physical terms, the substrate delivers a disordered offload because the internal structure
cannot support a clean serialization.

This prediction is uniquely QSD. Decoherence models expect structured signals to wash out only
through environmental entanglement; Many Worlds assigns no physical meaning to the act of emission
at all; and Bohmian mechanics does not provide a mechanism by which the guiding wave can lose or
reorganize coherence during collapse. QSD, by contrast, ties the emission’s character directly to the
deformation field and available coherence budget at the end of the CI.

The experimental signature is unambiguous: by controlling envelope loading, geometric con-
finement, or mass-phase proximity, one should be able to dial a system between structured and
unstructured QEO outcomes. High-Q cavities, superconducting qubits, Rydberg-atom arrays, trapped
ions, and nanomechanical emitters all provide platforms where tuning the local deformation field
should alter the sharpness, coherence, and directional features of collapse-generated emissions. A tran-
sition from structured to unstructured QEOs under deliberate loading would provide direct evidence
that collapse is a serialized projection of coherence geometry rather than a stochastic jump.

3.7.6. Nanoslit Predictions from Two-Sided Envelope Interaction

Nanoscale apertures provide one of the most direct environments for testing the structural
predictions of QSD. When the slit width approaches or falls below the coherence length of the incoming
mass-phase envelope, the system no longer behaves as a simple boundary condition on a propagating
wave. Instead, the slit becomes a two-sided deformation engine: each wall contributes its own mass-
phase envelope, and the incoming structure is forced to evolve in a channel where both boundaries
impose competing curvature–compliance loads. The resulting behavior—notably the diffraction
geometry, collapse timing, and emission character—differs systematically from conventional wave
mechanical expectations.

From the QSD standpoint, a nanoslit is not merely a spatial constraint but a pair of overlapping
envelopes that actively shape the internal evolution of the incoming system’s CI. Both walls contribute
to the deformation field, squeezing the internal phase geometry toward a premature Collapse Boundary
(CB). The interference pattern observed downstream is therefore not solely a function of aperture
width; it is a structural consequence of how the mass-phase envelopes of the slit material modulate the
CI, truncate internal histories, and enforce partial or full serialized emission.

As the slit narrows, the deformation field steepens. The available internal configuration space
shrinks, and the system approaches CB conditions earlier than it would in free propagation. This
produces three experimentally accessible signatures:

1. The geometry of the diffraction pattern becomes explicitly material-dependent, reflecting the
envelope strength of the slit walls rather than universal wave behavior.

2. Ultra-thin channels introduce a regime in which the two-sided deformation is so severe that
only partially coherent internal structures survive the transit, leading to suppressed, asymmetric, or
shifted interference profiles.

3. In the extreme limit, narrow channels induce partial collapse: the envelope begins to serialize
inward-facing structure before fully exiting the slit, producing downstream patterns inconsistent with
any free-space wave model.

What appears, in conventional quantum mechanics, as an aperture-defined interference problem
becomes, under QSD, a CI pacing problem shaped by local mass-phase interaction. The nanoslit
therefore becomes an exquisitely sensitive probe of envelope deformation, collapse thresholds, and
structural loading effects—offering a tunable laboratory for testing substrate-driven predictions outside
the reach of standard interpretations.

The following subsections detail these predictions:
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8.6.1 material-dependent diffraction geometry, 8.6.2 extreme overlap behavior in ultra-thin chan-
nels, 8.6.3 partial-collapse regimes where the slit forces premature serialization.

Each of these arises naturally from two-sided envelope interaction and should be experimentally
accessible with modern nanofabrication and cold-atom or electron-beam platforms.

Material-Dependent Diffraction Geometry

In conventional wave mechanics, a slit’s diffraction pattern is determined entirely by its geometric
width and illumination wavelength. The composition of the slit walls plays no essential role beyond
setting boundary conditions. QSD predicts a fundamentally different regime when the slit approaches
nanoscale dimensions: the diffraction geometry becomes explicitly dependent on the mass-phase
properties of the material forming the aperture.

Every slit wall carries its own coherence envelope, producing a deformation field that overlaps
with the incoming structure. Materials with higher mass density, stronger lattice cohesion, or stiffer
internal phase geometry generate steeper local curvature–compliance gradients. These gradients
compress the incoming envelope more aggressively as it transits the slit, reducing the admissible
configuration space available during its Causality Interval (CI). The resulting collapse geometry—and
therefore the far-field diffraction pattern—reflects the material’s structural influence, not merely the
slit width.

A slit made of tungsten or platinum, for example, imposes a far stronger two-sided deformation
than one formed from carbon or silicon nitride. Under QSD, this leads to systematically narrower
diffraction peaks, shifted intensity profiles, and altered visibility of interference fringes even when
the geometric aperture is identical. The pattern is shaped by how quickly the internal configuration
approaches the Collapse Boundary (CB) under the local deformation field supplied by the slit walls.

This prediction stands in stark contrast to both standard quantum mechanics and decoherence-
based models. Traditional diffraction theory cannot accommodate material-dependence at fixed
geometry, and decoherence frameworks do not tie collapse timing or interference visibility to mass-
phase envelope strength. Only QSD asserts that the slit material itself reshapes the internal pacing and
structure of the CI.

Experimentally, this is among the cleanest tests available. By fabricating identical nanoslit
geometries in materials with widely differing mass-phase properties and comparing their diffraction
signatures, one can directly probe the predicted structural dependence. Any measurable shift in peak
positions, fringe contrast, or envelope width attributable to the slit material rather than its dimensions
would strongly support the QSD view that diffraction at nanoscale is governed by envelope interaction,
not by boundary geometry alone.

Ultra-Thin Slit Envelope Overlap

As the thickness of a nanoslit approaches the transverse coherence scale of the incoming mass-
phase structure, the two walls no longer act as sequential boundaries. Instead, their envelopes overlap
so strongly that the slit becomes a single, unified deformation region. The incoming structure is forced
into a configuration space shaped not by propagation through a channel, but by direct, simultaneous
compression from both sides. This regime produces diffraction patterns that differ qualitatively from
those predicted by conventional wave-based models.

Under QSD, ultra-thin slits generate an intense, localized curvature–compliance gradient that
sharply reduces the admissible evolution depth of the incoming envelope’s Causality Interval (CI).
There is insufficient spatial room for the envelope to recover between interactions with the two walls,
and the substrate is driven toward Collapse Boundary (CB) conditions almost immediately as the
structure enters the aperture. The envelope experiences a kind of “double-sided snap,” where both
walls drain configuration freedom at the same time, leaving only a narrow set of internal phase
geometries capable of surviving transit.

The observable consequences are distinctive. The diffraction pattern tightens and shifts, but
not in the manner predicted by reducing aperture width alone. The pattern reflects the severity of
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the overlapping deformation, often producing asymmetric or intensity-skewed features that cannot
be replicated by simply adjusting geometric parameters in standard quantum models. Material
dependence becomes even more pronounced in this regime, since envelope overlap amplifies the
contribution of each wall’s mass-phase structure.

Crucially, this behavior has no counterpart in traditional theory. The Schrödinger equation treats
ultra-thin slits as mathematical boundaries with negligible thickness, and therefore incapable of modi-
fying the internal structure of the wave beyond imposing spatial constraints. Decoherence provides no
mechanism for immediate structural compression in the absence of extended environmental coupling.
Bohmian mechanics cannot account for sudden saturation of the guiding wave. Only QSD predicts
that thinning the slit amplifies envelope–envelope interactions to the point where collapse pacing itself
is altered.

Experiments using atom beams, electrons, and cold neutrons can access this regime with modern
nanofabrication. As slit thickness is reduced into the few-nanometer range, QSD predicts a sharp
transition in diffraction geometry corresponding to the onset of severe envelope overlap. Detecting
this transition would provide direct evidence that collapse dynamics reflect structural constraints
imposed by two-sided deformation rather than geometric confinement alone.

Partial Collapse in Narrow Channels

When a nanoslit is narrow enough to impose severe two-sided deformation but not so extreme
as to force immediate re-locking, the incoming envelope enters a distinctive intermediate regime:
partial collapse. In this regime, the structure begins serializing internal phase information while still
transiting the slit, yet retains enough coherence to continue evolving after it emerges. The result is a
hybrid emission signature that standard quantum mechanics cannot describe— neither a fully coherent
diffraction pattern nor a fully collapsed localization, but a structurally truncated projection shaped by
the envelope’s strained passage through the channel.

From the QSD perspective, partial collapse occurs because the slit geometry and material-induced
deformation bring the envelope close to its Collapse Boundary (CB) before it has completed its natural
Causality Interval (CI). The envelope is forced into a configuration with reduced internal degrees of
freedom: some branches of its serialized structure terminate prematurely, while others persist through
the exit. The slit thus acts as a structural filter, trimming internal histories that would have survived in
free propagation and allowing only those configurations compatible with the intense local gradient to
pass.

Downstream, this manifests as diffraction patterns with missing or suppressed fringes, asymmet-
ric lobe intensities, unexpected narrowing of the main peak, or a smeared transition region between
high-visibility and washed-out interference. These features do not correspond to geometric changes in
the aperture but to internal serialization events triggered within the channel itself. The system arrives
at the detector with a partially collapsed coherence map: a history that has already been pruned,
leaving only the trajectories that remained admissible under the slit’s deformation field.

This behavior has no clear analog in standard models. Conventional quantum theory assumes
that collapse occurs only at a measurement interaction and that slits, regardless of width, do not
disrupt coherence except by imposing spatial boundaries. Decoherence frameworks require extended
environmental interaction and cannot produce partial collapse without noise or thermal coupling.
Even Bohmian mechanics, with its deterministic trajectories, lacks a mechanism by which the pilot
wave can be serially pruned inside the slit.

QSD, in contrast, treats the nanoslit as an active structural participant that can intermittently
exceed the envelope’s allowable deformation budget without forcing immediate full collapse. This
leads to a new class of experimental signatures: partial serialization within the slit and partial coherent
evolution afterward. By tuning slit width, thickness, and material, one can drive the system into or out
of this intermediate regime. Observation of these hybrid patterns—neither fully coherent nor fully
collapsed—would strongly support the QSD prediction that collapse is a paced structural process, not
a binary event triggered only at detection.
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The nanoslit regime demonstrates that collapse dynamics are not passive consequences of mea-
surement but active responses to structural loading and two-sided envelope interaction. Slit walls exert
deformation fields that reshape the admissible configuration space of an incoming envelope, producing
material-dependent diffraction, ultra-thin overlap effects, and partial collapse within the channel itself.
These behaviors reveal that the substrate’s pacing rules can be accessed—and perturbed—by carefully
engineered environments.

The natural next step is to move from passive structures, such as slits, to active probe-based
control. Instead of accepting whatever deformation a geometry imposes, one can introduce mass-phase
structures whose properties—mass, composition, spatial extent, dynamical state—are tunable. By
varying the probe’s mass-phase envelope, one can deliberately shift the timing, geometry, and outcome
of collapse events, providing a direct and falsifiable route to testing QSD’s CI-based predictions.

3.7.7. Tunable-Mass Observer Probes (Atomic, Nanomechanical Tests)

QSD predicts that collapse dynamics depend continuously on the mass-phase structure of nearby
observers, even when no conventional measurement interaction occurs. A probe with adjustable
mass or envelope strength should therefore modify the collapse behavior of a quantum system in a
predictable, monotonic way. This stands in sharp contrast to interpretations in which observation is
binary, informational, or fundamentally mass-independent.

The mechanism is rooted in CI pacing. A heavier probe carries a stronger coherence envelope,
producing a more substantial curvature–compliance load on the local substrate. When such a probe
is positioned near a quantum system—an atom interferometer arm, a superconducting qubit, a
trapped ion, or a nano-beam emitter—its envelope overlaps with the system’s, reducing the available
configuration space before the Collapse Boundary (CB) is reached. Small changes in the probe’s
mass can therefore shift collapse timing, visibility of interference, or the geometry of QEO-generated
emissions.

Atomic and nanomechanical systems are particularly suitable for such tests. Their effective mass
can be tuned by isotope substitution, mechanical loading, optical trapping parameters, or controlled
adsorption of individual atoms or molecules. Even changes in vibrational state modify the envelope’s
deformation capacity. QSD predicts that these variations should cause measurable, continuous changes
in collapse signatures without altering environmental noise or traditional decoherence channels.

This prediction is incompatible with standard theory. In conventional quantum mechanics,
detector mass plays no fundamental role unless it changes the Hamiltonian of the system in a trivial
way. Decoherence theory requires interaction with many uncontrolled degrees of freedom, not a single
tunable probe. Bohmian mechanics assigns no collapse-driving function to the mass of an observer.
Only QSD asserts that the mere presence of a mass-phase envelope—with no information exchange—is
sufficient to reshape collapse.

Experimentally, this provides a clean and powerful discriminator. By developing tunable-mass
probes and placing them at controlled distances from a quantum system, one can track collapse latency,
interference contrast, and serialized emission structure as continuous functions of envelope loading. If
such mass-dependent pacing effects are observed, they would confirm that collapse is a structural,
substrate-governed process rather than an interpretive or informational phenomenon.

Tunable-mass probes therefore convert QSD from a descriptive framework into a predictive,
testable program. They allow collapse to be dialed, not just observed—revealing the substrate’s causal
role with unprecedented clarity.

3.7.8. High-Precision CB Deformation Measurements (Optical/Atomic Platforms)

If collapse is governed by the substrate’s deformation budget, then the approach to the Collapse
Boundary (CB) must leave measurable traces in systems capable of resolving extremely small shifts
in phase, frequency, timing, or emission geometry. QSD predicts that as a quantum structure nears
the end of its Causality Interval (CI), its internal coherence becomes increasingly sensitive to external
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deformation fields. This sensitivity allows high-precision platforms to serve not merely as measurement
devices, but as direct probes of CB proximity.

Optical and atomic systems are particularly suited to detecting these subtle pacing effects. High-
finesse optical cavities, trapped-ion clocks, Rydberg-atom arrays, and superconducting qubits possess
coherence times and phase resolution exceeding the deformation scales relevant to nanoslit or me-
chanical probes. Under QSD, these systems should show small but systematic shifts in observable
quantities as the envelope migrates toward its admissible structural limit. Frequency drifts, phase slips,
anomalous damping, fringe narrowing, or visibility tapering can each signal the onset of CB-induced
structural pruning before full collapse occurs.

Unlike decoherence, these shifts are not noise-driven. They arise even in ultra-clean, cryogenic,
or vibration-isolated environments, because the substrate’s compliance limit is intrinsic. A quantum
system evolving near a CB has less configuration space available; its internal geometry becomes more
rigid, less tolerant to deformation, and more willing to localize. This predicts a distinctive “pre-collapse
signature”: a continuous, deterministic change in system behavior as the envelope’s deformation
budget is consumed.

Such signatures are invisible to standard theory. Conventional quantum mechanics does not
model pre-collapse evolution; collapse is instantaneous and has no approach phase. Decoherence
predicts gradual loss of coherence only through environmental coupling, not through internal structural
limitation. Bohmian mechanics assigns no physical meaning to a collapse boundary at all. Only QSD
predicts that collapse has an approach trajectory—one that can be metrologically tracked.

Modern precision tools provide several clear pathways for testing these predictions. Optical
cavities can detect CB proximity via shifts in cavity phase accumulation or anomalous broadening of
resonance modes as the internal envelope compresses. Trapped-ion clocks and atomic interferometers
can observe microfrequency drifts or phase instabilities correlated not with environmental scatter but
with controlled structural loading or gravitational gradient adjustments. Superconducting qubits can
exhibit unusual damping profiles or coherence plateauing as their internal envelopes approach pacing
limits under tunable coupling.

The key discriminator is that these effects should persist even when the environment is held
constant and when conventional decoherence channels are suppressed. QSD predicts that the substrate
itself enforces a deformation-bound approach to collapse—one that can be measured with sufficient
sensitivity long before the CB is reached.

High-precision atomic and optical systems therefore offer an unprecedented window into collapse
as a continuous, trackable process. They transform the measurement of quantum systems from
a passive after-the-fact observation into a real-time probe of the substrate’s structural constraints,
allowing collapse dynamics to be resolved with the same clarity that classical physics reserves for
mechanical instability or phase transition.

3.8. Implications & Broader Consequences
3.8.1. Measurement as a Physical Structural Process

Within the QSD framework, measurement is not a semantic act, an epistemic update, or an
externally imposed rule layered onto unitary evolution. Instead, it is a structural event: the completion
of a Causality Interval (CI) under finite substrate tension, resulting in a re-lock of coherence geometry
at a Collapse Boundary (CB). What standard quantum theory treats as an abstract projection is, in
QSD, the irreversible point at which the local substrate has exhausted its capacity to maintain coherent
evolution and must commit to a definite configuration.

This reframes the nature of a measurement device. Any apparatus capable of inducing collapse is
simply a mass-phase coherence structure whose envelope overlaps with, deforms, and re-paces the CI
evolution of another structure. The act of “measuring” is therefore a process whereby two coherence
envelopes become jointly constrained by substrate compliance, producing a synchronized collapse
opportunity. The device is not a passive observer; it is an active participant in the coherence ledger,
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supplying curvature, tension load, and recovery pacing conditions that shape the serialized emission
geometry.

The apparent “choice” of outcome arises because the internal waveform geometry, accumulated
within the CI, must serialize into an emission (or non-emission) spectrum at the CB according to the
QEO rules. From the substrate’s perspective this serialization is deterministic. From the observer’s
perspective it appears probabilistic, because the internal CI configuration is not externally accessible
and cannot be reconstructed in advance of the CB.

This structural framing naturally incorporates all detector behavior without supplementing the
theory with epistemic postulates. A photodiode, a slit edge, an atom, or a macroscopic screen function
identically at the causal level: each supplies an envelope capable of enforcing collapse pacing, tension
limits, and deformation fields. What differs is only the geometry and mass-composition of these
envelopes, which alter the degree of curvature, the compatibility of serialized emissions, and the CI
durations leading to collapse.

In this view, the classical boundary between “measurement” and “interaction” dissolves. Both are
manifestations of the same substrate process: coherence evolution under finite compliance, followed by
enforced re-locking when the CI reaches its saturation threshold. A measurement is simply the special
case where the re-lock generates an outcome that is recorded as persistent structure. The distinguishing
feature is not observation, cognition, or information, but the fact that certain structures—due to their
mass-phase composition and curvature load—stabilize the serialized output in a way that persists
across future CIs.

By grounding measurement entirely in substrate mechanics, the traditional puzzles surrounding
collapse, decoherence, and wavefunction realism acquire a unified causal footing. The measurement
problem does not require a new axiom; it requires a correct account of the physical constraints that force
collapse. QSD supplies precisely this account: a finite-capacity substrate whose structural recovery
demands periodic collapse, and whose local overlap conditions dictate when and how such collapse
becomes shared between interacting systems.

3.8.2. Observer Relativity as Geometry, Not Epistemics

In standard quantum theory, the notion of an “observer” typically enters through epistemic or
informational channels: an observer knows, updates, records, or acquires information. QSD replaces
this interpretive machinery with a structural one. An observer is any mass-phase coherence structure
whose envelope interacts with another, producing deformation, pacing constraints, and curvature
loads that influence the timing and geometry of a Collapse Boundary (CB). The “observer” is therefore
not a cognitive agent but a geometric participant in the substrate’s causal cycle.

Relativity in this context does not arise from differing knowledge states but from differing
envelope geometries. Each mass-phase structure generates a distinct curvature-compliance profile
that shapes the local Causality Interval (CI) pacing and collapse feasibility of other structures. This
yields a strictly physical form of observer relativity: two systems may experience different collapse
timings and serialized emission geometries not because their observers possess different information,
but because their envelopes impose different tension gradients and recovery constraints on the shared
substrate region.

When two envelopes overlap, their effective influence is determined by the combined curvature
fields and the substrate’s finite ability to sustain coherent evolution. This determines the local collapse
schedule. What appears, in traditional formalisms, as two observers assigning different “states” or
“probabilities” is reinterpreted in QSD as two geometric configurations imposing non-identical CI
pacing conditions. Observer relativity becomes nothing more than the structural difference between
how these envelopes couple into the substrate.

This resolves long-standing paradoxes surrounding quantum reference frames, Wigner-type
scenarios, and observer-dependent assignments of state. The substrate does not permit contradictory
realities; it permits differing geometric constraints. Every CI evolves according to the local curvature-
compliance profile. Each envelope samples a different deformation field, and therefore experiences
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a differently “shaped” collapse opportunity. The underlying substrate evolution remains single and
coherent, but its serialization at the CB reflects the specific geometric burdens imposed by participating
mass-phase structures.

In this sense, QSD offers a natural continuation of relativity into quantum behavior. Just as inertial
frames in classical relativity reflect geometric differences rather than epistemic ones, so too do quantum
“observer frames” emerge from structural, not informational, distinctions. The observer is a geometry,
not a knower; measurement outcomes arise from substrate-imposed collapse, not subjective state
updates. What has long been debated as an interpretive problem is revealed to be a straightforward
consequence of how mass-phase envelopes shape the finite-capacity coherence substrate.

3.8.3. Local Collapse Replaces Global Wavefunction Ontology

A central consequence of the QSD framework is the elimination of the global wavefunction as a
physically instantiated object. In its place stands a strictly local, finite-capacity coherence evolution
governed by the substrate’s recovery cycle and limited by the collapse requirements of the Causality
Interval (CI). The familiar global wavefunction appears only as a mathematical approximation describ-
ing the envelope of possible serialized outcomes across many such local cycles. It is not a physical
field spread across space; it is a bookkeeping device that reflects the internal geometry accumulated
during each CI before collapse.

The substrate enforces locality through its finite compliance. A CI cannot extend beyond the
coherence region that the substrate can stably maintain, and every Collapse Boundary (CB) marks the
point at which this coherence demand exceeds local tension capacity. Collapse therefore occurs where
and when the substrate saturates, not across a globally defined state. The appearance of instantaneous
global update is an artifact of projecting a serialized, locally enforced event onto a mathematical
formalism that treats amplitudes as globally accessible.

Once reinterpreted through QSD, the notion of spatially extended wavefunction realism dissolves.
What evolves during the CI is the internal coherence geometry of a local mass-phase structure,
modulated by overlapping envelopes and curvature-compliance loads. When collapse occurs at the
CB, the serialized emission reflects only the CI’s localized history. Nothing outside that coherence
zone is updated or altered. Other regions undergo their own independent CIs, paced by their own
curvature loads, with no requirement for a universal synchronization.

This resolves foundational puzzles associated with wavefunction ontology, including nonlocal
projection, EPR-type instantaneous change, and the ambiguous status of “the wavefunction of the
universe.” QSD provides a single, unified account: collapse is always local because the substrate only
supports local coherence. Correlations arise not from a global state but from phase tuning and shared
history established before the envelopes separate. When CI evolution in one region terminates in a
QEO-driven serialization, another tuned structure may respond if it resides within a compatible Lcoh

domain, but no global update occurs.
By treating collapse as the fundamental physical process and the global wavefunction as an

emergent approximation, QSD reframes the ontology of quantum mechanics around structural limits
rather than abstract amplitudes. What is real are local coherence envelopes, tension gradients, and
collapse cycles; what is global is only the mathematical convenience we impose when describing
ensembles of many such localized events. The theory thus sidesteps the metaphysical burden of main-
taining a physically meaningful worldwide wavefunction and replaces it with a causally grounded,
substrate-limited framework.

3.8.4. Collapse–Curvature Coupling as a Natural Interface with Quantum Gravity

In conventional approaches, quantum theory and gravity are joined only through formal unifica-
tion attempts: quantizing spacetime, imposing curvature operators, or stitching together mathemat-
ically compatible frameworks. QSD instead identifies a shared causal mechanism underlying both
quantum collapse and gravitational behavior: the curvature–compliance response of the substrate.
Because both mass formation and collapse pacing arise from finite substrate tension, the transition
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from quantum to gravitational regimes occurs not at an abstract energy scale but at the structural
boundary where coherence demand and curvature load become inseparable.

Every collapse is mediated by the substrate’s ability to sustain local curvature before reaching
its tension limit. The Causality Interval (CI) accumulates internal coherence geometry while the sur-
rounding curvature field provides the compliance necessary for that evolution. As the CI approaches
its Collapse Boundary (CB), the substrate’s curvature budget—the same structural quantity that deter-
mines gravitational response—sets the maximum allowable deformation before re-locking is enforced.
Collapse is therefore a direct probe of curvature capacity. Conversely, a mass-phase structure’s effective
gravitational behavior arises from the same compliance rules that limit how long a CI can be sustained.

This dual role of curvature–compliance provides a natural bridge between quantum evolution
and gravitational geometry. What general relativity describes as spacetime curvature is, in QSD, the
macroscopic equilibrium expression of the same substrate compliance that governs collapse pacing
microscopically. No separate mechanism is required. The gravitational constant G becomes a measure
of how readily the substrate nucleates stable mass-phase structures, dictating both gravitational
strength and collapse feasibility. As curvature increases, collapse pacing tightens; as mass accumulates,
the local compliance budget shifts to reflect the load introduced by the new structure.

Because collapse is deterministic from the substrate’s perspective and inherently tied to curva-
ture capacity, the apparent incompatibility between quantum uncertainty and classical gravitational
smoothness dissolves. Quantum behavior is intermittent, CI-based evolution constrained by local
compliance; gravitational behavior is the long-timescale curvature field that results from the accumu-
lation of many such re-locks. The quantum-to-gravity transition is thus structural, not formal: the
same curvature budget that sets orbital motion also determines how a coherence envelope serializes
its internal geometry at the CB.

This framework suggests that experiments probing collapse pacing near strong curvature
gradients—such as precision atomic clocks, gravitational redshift platforms, or differential CI timing
measurements—are already sampling the quantum–gravity interface. QSD predicts that variations in
collapse pacing are inseparable from variations in curvature; the supposed “divide” between quantum
mechanics and gravity is simply a legacy of treating collapse as epistemic rather than structural. Once
collapse is recognized as a curvature-compliance event, quantum gravity emerges as an immediate
and natural consequence of the substrate’s finite capacity.

3.8.5. No New Constants: Structural Causation over Probabilistic Axioms

A recurring pattern in attempts to reconcile quantum theory with deeper physical insight has
been the introduction of new constants, new collapse parameters, or auxiliary stochastic fields. These
additions often serve to patch interpretive gaps rather than resolve the underlying causal structure.
QSD takes the opposite approach: it introduces no new constants and instead reinterprets existing
ones—notably h̄, c, and G—as expressions of substrate mechanics rather than as unexplained universal
parameters. The theory reframes quantum behavior not as fundamentally probabilistic but as the
serialized outcome of finite-capacity coherence evolution.

Within this framework, h̄ represents the offload constant associated with the substrate’s recovery
cycle, governing how internal coherence geometry is serialized at the Collapse Boundary (CB). The
speed of light, factored into its causal modes cs and ct, describes scalar recovery and transverse
coherence propagation rather than the kinematics of massless particles. The gravitational constant
G serves as the compliance coefficient controlling the ease with which the substrate can maintain
or nucleate mass-phase structures. Each constant retains its empirical value but gains a unifying
structural interpretation rooted in substrate tension and recovery.

By leaning entirely on these reinterpretations rather than adding parameters, QSD eliminates the
need for external probabilistic axioms. What appears as randomness in standard quantum mechanics
arises from the observer’s lack of access to the internal CI geometry prior to serialization, not from
indeterminacy in the substrate itself. Collapse is deterministic at the structural level because the sub-
strate follows strict tension thresholds, coherence limits, and curvature-compliance rules. Probabilities

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 March 2026 doi:10.20944/preprints202603.1049.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202603.1049.v1
http://creativecommons.org/licenses/by/4.0/


41 of 59

emerge only when observers, lacking access to internal phase information, must represent serialized
outcomes statistically.

This view restores economy and causality to the foundations of quantum theory. Instead of
supplementing the formalism with hidden variables, nonlinear stochastic terms, or objective-collapse
constants, QSD shows that the behavior of quantum systems is already fully encoded in the existing
physical constants once their structural roles are correctly understood. The seeming need for additional
parameters was a symptom of misinterpreting collapse as epistemic rather than as a substrate-bound
physical process.

Crucially, this approach preserves the empirical success of quantum mechanics while reframing
its ontological commitments. Nothing in the predictive apparatus needs to be altered. What changes
is the interpretation: the constants were never arbitrary numerical fixtures; they were reflections of
deeper substrate dynamics. Once this is acknowledged, quantum behavior follows directly from finite
coherence capacity, deterministic collapse, and well-defined structural causation—not from axioms
introduced to mask missing physical mechanisms.

3.8.6. From Interpretation Debates to Coherent Substrate Physics

For nearly a century, quantum foundations has been dominated by interpretive disputes rather
than physical ones. Competing narratives—Copenhagen, Many-Worlds, objective collapse, relational
frameworks, QBism, and others—attempt to explain measurement, probability, and realism without
altering the underlying mathematical formalism. Their disagreements reflect the absence of a physically
specified mechanism for collapse and the ambiguity inherent in treating the wavefunction as both
a computational device and a putative physical field. QSD dissolves this landscape by grounding
quantum phenomena in a coherent substrate whose structural limits make collapse inevitable and
whose curvature–compliance rules render quantum behavior causally intelligible.

Once collapse is understood as a deterministic, local re-locking event enforced by finite substrate
capacity, the interpretive superstructure collapses in turn. The question is no longer which story best
accompanies the mathematics but which physical mechanism actually governs coherence evolution.
The CI–CB–QEO cycle provides a concrete answer. Collapse is not optional, epistemic, or perspectival;
it is the substrate’s recovery cycle. Entanglement is not nonlocal magic but a phase-tuned correlation
within a shared coherence region. Probabilities are not fundamental but emerge from internal geometric
inaccessibility. The conceptual problems that spawned decades of philosophical divergence reduce to
misidentifications of collapse and overextension of the wavefunction ontology.

This shift redirects quantum foundations from narrative debate to physical investigation. Instead
of asking how different observers update their knowledge, we ask how mass-phase structures impose
curvature loads that pace CI evolution. Instead of pondering whether the universe branches, we
analyze how serialized emissions encode internal geometry at the Collapse Boundary. Instead of
speculating about hidden variables, we examine the substrate’s compliance budgets and structural
saturation thresholds. The domain becomes experimentally testable, theoretically unified, and causally
constrained.

Most importantly, this transition clarifies the relationship between quantum behavior and classical
physics. The same substrate that limits coherence and enforces collapse also generates gravitational
curvature and inertial structure. What historically appeared as separate theoretical realms requiring
reconciliation are revealed to be complementary expressions of a single causally grounded substrate.
The interpretive puzzles of quantum theory arise not from the physics but from the attempt to describe
substrate-bound processes using frameworks that lacked a substrate.

In moving from interpretation to coherent substrate physics, QSD does not dismiss the mathe-
matical successes of quantum theory; it explains them. It provides the missing causal infrastructure
that makes collapse mandatory, entanglement local, observation geometric, and gravity emergent
from the same compliance rules. With this shift, the foundations of quantum theory transition from
philosophical pluralism to structural coherence, and the long-standing question of “what quantum
mechanics means” becomes a matter of physical law rather than interpretive preference.
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4. Conclusion
The framework developed in this work reframes quantum measurement, collapse, and entangle-

ment from epistemic or formal devices into explicit structural processes governed by the finite-capacity
coherence substrate. By identifying the Causality Interval (CI), the Collapse Boundary (CB), and the
Quantum Emission Opportunity (QEO) as physically constrained stages of coherence evolution, Quan-
tum Substrate Dynamics (QSD) replaces the global wavefunction ontology with a local, deterministic
mechanism rooted in curvature–compliance limits. Collapse emerges not as an abstract update rule
but as a structural necessity: the substrate cannot sustain coherence indefinitely and therefore enforces
periodic re-locking when tension thresholds are reached.

This reinterpretation displaces many of the conceptual difficulties that have persisted since the
early days of quantum theory. Interference no longer depends on mysterious observer effects but on the
geometry of overlapping mass-phase envelopes and their ability to modulate CI pacing. Entanglement
ceases to imply nonlocal influence and instead reflects shared phase tuning established within a single
Lcoh domain, with serialized emissions responding only when structures remain coherence-compatible.
Probabilities arise from inaccessible internal geometry rather than fundamental indeterminacy. The
wavefunction becomes a computational summary rather than a physical entity distributed across
space.

Equally significant is the unification that follows from recognizing collapse as a curva-
ture–compliance event. The same structural constraints that govern quantum evolution also determine
the macroscopic behavior described by general relativity. The gravitational constant G becomes a
substrate compliance coefficient that controls both mass nucleation and collapse feasibility. Curva-
ture is not a separate geometric field but the large-scale expression of the same tension rules that
force collapse microscopically. What have traditionally been treated as independent theoretical do-
mains—quantum mechanics and gravity—emerge as different temporal and geometric manifestations
of a single substrate with finite coherence support.

Because QSD introduces no new constants and modifies none of the empirical predictions of
quantum theory, it preserves the mathematical success of the standard framework while offering
a causally grounded physical explanation for its structural features. It restores determinism at the
substrate level while retaining statistical predictions at the observational level. Most importantly,
it shifts quantum foundations away from interpretive multiplicity and toward experimental and
theoretical tractability. CI pacing shifts, envelope-induced deformation fields, variable collapse timing
in gravitational gradients, and nanoslit envelope-overlap behavior all provide pathways for direct
empirical testing.

The central outcome of this work is the recognition that collapse is not an interpretive add-on but
the primary engine of quantum evolution. The substrate enforces coherence, limits it, and periodically
resolves it. Measurement is simply the geometric circumstance under which multiple envelopes share
a collapse boundary. Observation is not an act of cognition but a structural coupling. Interference is not
a manifestation of wavefunction duality but of envelope geometry and serialized emission constraints.
With these insights, quantum behavior becomes a unified consequence of substrate structure, not a set
of rules extracted from mathematical formalism.

The broader implication is clear. The path toward a coherent understanding of quantum me-
chanics is not through additional interpretations, new collapse parameters, or increasingly abstract
mathematical constructs, but through identifying the physical substrate whose finite capacity shapes
both quantum evolution and gravitational geometry. QSD provides such a substrate. Its princi-
ples—local coherence support, finite tension capacity, deterministic collapse, and curvature–compliance
coupling—offer a consistent, experimentally anchored, and causally complete account of quantum
phenomena. As the empirical predictions of this framework are pursued, the long-standing division
between quantum and classical physics may dissolve into a single structural narrative grounded in the
mechanics of the substrate itself.
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Abbreviations
The following abbreviations are used in this manuscript:

QSD Quantum Substrate Dynamics
CI Causality Interval (unit of coherence evolution)
CB Collapse Boundary (substrate saturation point enforcing re-lock)
QEO Quantum Emission Opportunity (serialized emission stage at CB)
Lcoh Coherence support length (context-dependent)
L0 Baseline coherence length at rest
ttick Local scalar recovery interval (effective time tick)
t0 Tick duration at rest (baseline tick)
cs Scalar coherence recovery speed (temporal mode)
ct Transverse coherence propagation speed (spatial mode)
Φ Local gravitational potential / curvature load
C(ρ) Substrate curvature–compliance function
κ Substrate compliance constant (resistance to boundary deformation)
κAB Overlap-induced compliance deficit between envelopes A and B
θ(⃗r) Local coherence phase at position r⃗
ρ(⃗r) Coherence density distribution
v Apparent velocity relative to substrate
vcoh Coherence transport velocity = Lcoh/ttick

fsync Collapse pacing synchronization factor between envelopes
σCI Collapse-timing tolerance width (CI synchronization bandwidth)
k0 Baseline deformation amplitude for envelope-induced pacing shifts
Nenv Effective envelope coherence quanta (supporting CI evolution)
Eenv Coherence energy content of an envelope region
Finertial Inertial response force under reconfiguration stress
Poffload(t) Scalar thermal offload power over time
∆Etorsion Accumulated torsional energy due to rotational strain
τ Scalar recovery lag timescale
γ Lorentz factor (structurally compatible with ttick scaling)
SR Special Relativity
GR General Relativity

Appendix A. Formal Definitions and Structural Variables
This appendix provides precise definitions of the structural quantities used throughout the

text. These definitions do not assume any specific form of the substrate Lagrangian; they capture
the operational roles each quantity plays in Quantum Substrate Dynamics (QSD) and establish the
mathematical vocabulary required for modeling coherence evolution, collapse, and serialized emission.
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Appendix A.1. Coherence Structures and Substrate Modes

Appendix A.1.1. Coherence Substrate

A conserved, Lorentz-compatible medium supporting two causal modes: a scalar recovery mode
with characteristic speed cs and a transverse propagation mode with characteristic speed ct. All
physical configurations are phase-supported structures encoded within this substrate.

Appendix A.1.2. Coherence Envelope

The spatial region E in which a mass-phase structure maintains stable coherence during a Causality
Interval. Its extent is characterized by a coherence support length Lcoh, which depends on local
curvature, mass-phase stress, and substrate compliance.

Appendix A.1.3. Coherence Density

A scalar field ρ(⃗r) describing the local concentration of phase-supported structure within the
substrate. It sets the deformation load imposed on other envelopes through overlap.

Appendix A.2. Causality Interval (CI) and Collapse Boundary (CB)

Appendix A.2.1. Causality Interval (CI)

A finite-duration interval during which a coherence envelope evolves continuously under trans-
verse propagation and scalar recovery. The CI duration is controlled by the substrate’s ability to
maintain coherent tension and is given by

tCI = t0 Γ(Φ) (1− κenv),

where t0 is the baseline recovery interval, Γ(Φ) encodes curvature load, and κenv represents overlap-
induced compliance deficits.

Appendix A.2.2. Collapse Boundary (CB)

The structural saturation point at which the substrate can no longer support the accumulated
coherence tension within a CI. At t = tCB the substrate enforces a deterministic re-lock of the envelope’s
internal geometry. The CB is defined implicitly by

∫ tCB

0
σcoh(t) dt = σmax,

where σcoh is the instantaneous coherence stress and σmax is the locally permitted maximum.

Appendix A.2.3. Scalar Recovery Interval (ttick)

The minimal interval required for the substrate to restore coherence capacity after collapse. At
rest and in flat compliance regions this interval equals t0, which sets the pacing of all subsequent CIs.

Appendix A.3. Quantum Emission Opportunity (QEO)

Appendix A.3.1. QEO Definition

At the CB, the substrate serializes internal coherence geometry into an externalized emission
configuration. This emission—photon-like, phonon-like, or more general phase reconfiguration—is
not probabilistic at the substrate level: it is a deterministic map

Eout = S
(
Ψloc(tCB)

)
,

where S is the serialization operator acting on the CI’s internal state Ψloc.
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Appendix A.3.2. Serialized Emission

The output is a boundary-compatible waveform whose structure reflects the internal geometry
accumulated during the CI. The QEO process defines which emission channels are available, but their
selection is determined by the structural content of the CI, not by probabilistic rules.

Appendix A.4. Envelope Interaction and Synchronization

Appendix A.4.1. Envelope Overlap and Deformation

If two envelopes A and B overlap, each imposes a compliance deficit κAB on the other. This
reduces the CI duration and biases collapse timing. The deformation-induced pacing modification is
represented as

t(A)
CI = t0 Γ(ΦA) (1− κAB).

Appendix A.4.2. Collapse Synchronization

Two envelopes synchronize collapse when their CI end-times fall within a joint compatibility
window characterized by a collapse-tolerance width σCI. The synchronization function is

fsync(A, B) = exp

[
−
(t(A)

CI − t(B)
CI )

2

2σ2
CI

]
.

High fsync corresponds to forced re-locking (measurement), while low fsync indicates independent CI
evolution.

Appendix A.5. Curvature and Compliance Fields

Appendix A.5.1. Curvature Load (Φ)

The effective potential describing how local mass-phase structure deforms the substrate. Increased
curvature increases CI duration through the factor

Γ(Φ) = 1 + α
Φ
c2

s
,

where α is a geometry-dependent coefficient tied to the ratio ct/cs.

Appendix A.5.2. Compliance Function C(ρ)

A measure of the substrate’s willingness to maintain coherent tension under a given density
distribution. Variations in C(ρ) modulate collapse pacing, envelope stability, and serialized emission
constraints.

Appendix A.6. Quantized Structural Measures

Appendix A.6.1. Envelope Quanta (Nenv)

An effective count of coherence units supporting the envelope during a CI. It determines the
collapse-tolerance width through

σCI ∼
t0√
Nenv

.

Appendix A.6.2. Coherence Energy

For an envelope with energy content Eenv, the coherence quanta estimate is

Nenv ∼
Eenv

EP
,

linking collapse precision to energy scales without introducing new constants.
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This formal glossary establishes the structural vocabulary underlying the CI–CB–QEO cycle and
ensures consistency across collapse dynamics, measurement interactions, and curvature-compliance
interpretations presented in the main text.

Appendix B. Minimal Quantitative Model for CI Pacing and Synchronization
The conceptual framework developed in the main text does not depend on any particular func-

tional form for CI pacing or envelope synchronization. To support quantitative comparison with
experiment, however, we introduce a minimal parameterization consistent with the structural con-
straints of QSD. These expressions are not intended as final derivations but as experimentally testable
approximations that follow directly from coherence-limited substrate dynamics.

Appendix B.1. CI Pacing Under Local Curvature Load

The duration of a Causality Interval (CI) is limited by the substrate’s ability to support coherent
tension. Let τ0 denote the minimum CI duration in a flat-compliance region (equivalent to the Planck-
limited recovery time in the absence of curvature load).

We introduce a curvature factor Γ(Φ) modifying CI duration:

tCI(Φ) = τ0 Γ(Φ),

where
Γ(Φ) = 1 + α

Φ
c2

s
.

Here Φ is the local effective gravitational potential (curvature source), cs is the scalar recovery
speed of the substrate, and α is an order-unity geometric factor encoding envelope shape. This
expresses the empirical fact that CI durations increase in deeper potentials, consistent with gravitational
redshift.

Appendix B.2. Envelope-Induced Deformation and CI Compression

If two envelopes A and B overlap, each imposes a deformation field on the other. Let κAB measure
the fractional compliance reduction due to overlap:

κAB =
∆CAB

C0
,

where ∆CAB is the local compliance deficit from envelope interaction and C0 is the baseline
substrate compliance.

The CI duration for a structure A under load from B becomes

t(A)
CI = τ0 Γ(ΦA) (1− κAB).

This provides a quantitative model for how a measurement device forces collapse in another
structure: by reducing local compliance and therefore reducing the CI duration.

Appendix B.3. Pacing Compatibility and Synchronization

Two envelopes synchronize when their CI durations fall within a shared collapse window. Define

fsync(A, B) = exp

[
−
(t(A)

CI − t(B)
CI )

2

2σ2
CI

]
,

where σCI is the tolerance width of collapse timing dictated by the local substrate region.
This produces a dimensionless synchronization factor

0 ≤ fsync ≤ 1,
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quantifying the probability-like *compatibility* of collapse timing without introducing true stochastic-
ity.

High synchronization ( fsync ≈ 1) corresponds to forced-collapse geometry, as in measurement
devices. Low synchronization ( fsync ≪ 1) corresponds to negligible interaction.

Appendix B.4. Double-Slit Specialization

For a slit geometry with separation d and incident wavelength λ, the two viable envelope
pathways A and B impose symmetric but offset deformation fields:

κA = k0e−d2/2L2
coh , κB = k0e−d2/2L2

coh ,

reflecting the diminishing overlap between coherence envelopes as slit separation increases.
The CI pacing difference becomes

∆tCI = τ0(κA − κB) ≈ 0

in a symmetric slit, but increases as asymmetries are introduced (tilt, thickness, refractive loading).
The synchronization factor for the two competing histories is then

fsync(A, B) = exp

[
− (∆tCI)

2

2σ2
CI

]
,

which provides a tunable, experimentally measurable prediction: interference visibility is directly tied
to the collapse-synchronization compatibility of the two envelopes.

This yields a practical criterion for interference degradation:

visibility ∝ fsync(A, B).

Appendix B.5. Parameter Grounding and Scaling Relations

Although the minimal model introduces dimensionless factors α, σCI, and k0, these can be tied to
deeper QSD substrate parameters. We provide the following structural estimates.
1. Curvature–response factor α. The curvature-modification parameter α can be grounded in the ratio
of transverse to scalar causal modes:

α ∼ ct

cs
.

Since ct governs transverse coherence propagation and cs governs scalar recovery, their ratio measures
how strongly local curvature slows phase evolution. This connects the pacing factor directly to
substrate mechanics.
2. Collapse-width parameter σCI. The tolerance window for synchronized collapse can be derived from
the substrate’s finite coherence support. If Nenv coherence quanta are contained within the envelope
region, then central-limit scaling yields

σCI ∼
τ0√
Nenv

,

where τ0 is the minimum coherence-recovery interval. Larger, more massive envelopes impose
narrower collapse windows.
3. Overlap-deformation strength k0. The amplitude governing deformation-induced pacing shifts may
be tied to the substrate compliance G via

k0 ∼
(

c2
t

G

)
1

L2
coh

,
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using the QSD relation between compliance and curvature load. This expresses k0 as the deformation
imposed by a unit curvature perturbation over an Lcoh domain.

Appendix B.6. Numerical Illustrations

For practical scale estimates, take

τ0 ≈ tP = 5.39× 10−44 s, Φlab ∼ 10−5 m2/s2.

A lab gravitational potential therefore changes CI duration by

∆tCI ≈ τ0α
Φ
c2

s
≪ 10−44 s,

consistent with the expected insensitivity in flat conditions.
For a macroscopic detector with Nenv ∼ 1027 coherence quanta,

σCI ∼
5× 10−44 s√

1027
∼ 10−57 s,

illustrating how detectors impose extremely tight collapse windows.
By contrast, in vacuum or nanoscale geometries, Nenv ∼ 106 yields σCI ∼ 10−47 s, permitting

interference.

Appendix B.7. Broader Applications

The synchronization factor fsync extends naturally to systems traditionally considered paradoxical.
For example, in Wigner-type scenarios the relation

fsync(Friend, Wigner)

quantifies when two observer envelopes share a collapse boundary. If fsync ≪ 1, their CIs evolve
independently; if fsync ≈ 1, they are forced into shared serialization.

Similarly, for astrophysical contexts such as supernovae or neutron-star envelopes, the relevant
Nenv grows by many orders of magnitude, tightening σCI and thereby accelerating global serialization.
This provides a quantitative link between envelope size, collapse pacing, and observed neutrino-burst
structure.

Appendix B.8. Limitations, Calibration Pathways, and Future Refinements

The quantitative expressions introduced in this appendix are intentionally minimal, providing
order-of-magnitude structure rather than final derivations. Their purpose is to translate the qualitative
substrate rules of QSD into experimentally addressable forms without committing to specific functional
dependencies that will ultimately be constrained by empirical data. Several open questions remain,
each pointing toward future refinements rather than theoretical deficiencies.
1. Derivation completeness. The proportionalities introduced for parameters such as k0 and σCI reflect
structural scaling arguments based on coherence capacity and substrate compliance. A full derivation
would require specifying the substrate Lagrangian density, for example through terms of the form

Lsub ∼ κ |∇2Ψ|2

or related curvature–tension couplings. Such terms are compatible with the QSD framework but not
fixed a priori. The present relations should therefore be interpreted as the leading-order behavior
expected once a full substrate action is written down, not as complete derivations.
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2. Empirical calibration. The numerical estimates provided here assume τ0 = tP and approximate
coherence counts Nenv. In practice, Nenv should be related to measurable quantities such as envelope
energy content,

Nenv ∼
Eenv

EP
,

or to mass-phase density within a coherence region. These relations provide a path toward calibration
once QSD-motivated experiments are performed. The minimal model is therefore structured to
accommodate such empirical determinations when they become available.
3. Scope extensions. The double-slit specialization illustrates how the pacing framework yields
quantitative predictions in canonical interference scenarios. Broader applications—such as Bell-
inequality setups, Wigner-type relational configurations, or collapse pacing in dense astrophysical
environments—require generalizing fsync to multiple-envelope networks and incorporating time-
varying curvature loads. For example, in high-Nenv cores such as proto–neutron stars, the scaling

σCI ∼
τ0√
Nenv

predicts extremely narrow collapse windows, implying serialized neutrino emission pacing on sub-
millisecond scales. Quantitative predictions for such systems will become increasingly precise as the
substrate constants and compliance functions are further constrained.
4. Interpretive status of the minimal model. The expressions given in this appendix should be
regarded as a scaffolding: they formalize the causal structure of QSD in a way that can be numerically
evaluated and experimentally tested, while explicitly avoiding premature commitment to a full analytic
substrate model. Their value lies in providing measurable quantities—tCI, fsync, σCI—that connect
QSD’s structural picture to laboratory geometries without introducing new constants or stochastic
parameters.

Appendix C. Entanglement, Phase Tuning, and Resonant Correlation
Entanglement in Quantum Substrate Dynamics (QSD) arises from shared coherence-domain evo-

lution rather than from nonlocal projection or Hilbert-space superposition. This appendix formalizes
the structural and quantitative rules governing correlations between two or more coherence envelopes
and clarifies how serialized emission at the Collapse Boundary (CB) can trigger resonant re-locking in
a tuned partner system.

Appendix C.1. Shared Coherence Domains

Two structures A and B are entangled if they evolve within a common coherence domain during
some portion of their Causality Intervals (CIs). This condition is expressed as

L(AB)
coh = L(A)

coh ∩ L(B)
coh ̸= ∅.

Within this shared region, the substrate enforces a joint phase-coherence history. The internal
coherence states Ψ(A)

loc and Ψ(B)
loc accumulate compatible phase information during the CI, allowing

subsequent serialized emissions to interact structurally.

Appendix C.2. Phase-Tuning Condition for Correlation

Correlation requires that the phase profiles of A and B remain within a tolerance window set by
the substrate’s compliance and coherence capacity. Define the relative phase mismatch

∆ϕAB =
∣∣θ(A) − θ(B)∣∣.
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A necessary condition for correlation via serialized emission is

∆ϕAB < ϕtol,

where the phase-tolerance threshold ϕtol scales inversely with the number of coherence quanta in the
shared domain:

ϕtol ∼
1√

N(AB)
env

.

This relation reflects the substrate’s finite capacity to maintain synchronized phase evolution
across large or high-energy coherence regions.

Appendix C.3. Serialized Emission and Resonant Response

At the CB of A, the substrate serializes the internal coherence geometry into an emission E(A)
out . If

B remains within a shared-coherence domain and satisfies the phase-tuning condition, this emission
can modify the compliance landscape of B, shortening its CI and forcing earlier collapse.

Let t(A)
CI and t(B)

CI denote the CI durations under their respective loads. The resonant response
condition is

fsync(A, B) = exp

[
−
(
t(B)
CI − t(A)

CI

)2

2 σ2
CI

]
≈ 1,

where σCI is the shared collapse-tolerance width defined in Appendix B.
When this condition is met, the CB of A acts as a pacing trigger for B, causing them to collapse

into mutually consistent serialized outcomes.

Appendix C.4. Bell-Type Correlations in the QSD Framework

In Bell experiments, measurement settings effectively modify the deformation fields and compli-
ance deficits imposed by detectors on A and B. These settings influence the CI pacing of each system
without altering the shared phase history accumulated before spatial separation.

Let κ
(x)
A and κ

(y)
B denote the compliance deficits imposed by measurement settings x and y at the

respective sites. The CI durations become

t(A,x)
CI = τ0 Γ(ΦA) (1− κ

(x)
A ), t(B,y)

CI = τ0 Γ(ΦB) (1− κ
(y)
B ).

Correlations follow from synchronized collapse of the two envelopes conditional on (i) phase
tuning and (ii) the shared domain established prior to separation. No nonlocal signaling is required; the
serialized emission from A is responded to by B only when it resides within the same coherence-tuning
structure.

The model predicts that Bell-violation statistics arise from the geometry of the shared domain and
the compliance-induced pacing differences, not from global wavefunction collapse.

Appendix C.5. Multi-Envelope Generalization

For a set of n structures {E1, E2, . . . , En}, collapse sequencing is governed by pairwise synchro-
nization factors:

F = ∏
i<j

fsync(Ei, Ej).

High global F corresponds to a collapse event that is effectively shared across all participating
envelopes. Low F indicates fragmentation into independent collapse outcomes.

This formulation applies directly to:

• Wigner-type scenarios (friend + friend-system + Wigner),
• networked interferometric arrays,
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• multipartite entanglement in quantum-information settings.

Appendix C.6. Interpretive Clarification

QSD avoids nonlocality by replacing global wavefunction discreteness with local coherence-
domain evolution. Correlations arise not from instantaneous projection across space but from:

1. a shared CI-phase history established before separation, and
2. conditional synchronization of collapse pacing based on substrate compliance and envelope

geometry.

Serialized emission makes the internal geometry of one structure structurally relevant to another
only when they remain coherence-compatible. When these conditions are not met, envelopes collapse
independently, and classical statistics emerge.

This view preserves all experimentally observed quantum correlations while providing a physi-
cally grounded, substrate-based causal mechanism.

Appendix D. Collapse–Curvature Coupling and Correspondence with General
Relativity

This appendix formalizes the relationship between collapse pacing in Quantum Substrate Dy-
namics (QSD) and curvature as described by General Relativity (GR). In QSD, collapse is a structural
saturation event driven by finite substrate compliance. Curvature represents the macroscopic equilib-
rium expression of that same compliance. The two descriptions therefore refer to a common underlying
mechanism viewed at different scales.

Appendix D.1. Curvature as Compliance Load in QSD

Let C(ρ) denote the local compliance of the substrate under a coherence density distribution
ρ(⃗r). High mass-phase concentration decreases compliance, increasing the tension the substrate must
sustain during a Causality Interval (CI). The curvature load Φ experienced by an envelope E is defined
as the compliance-induced deformation:

Φ(E) ≡ − δC
δρ

∣∣∣
E

.

This quantity plays the operational role of gravitational potential. As compliance decreases, the
substrate’s ability to sustain coherent phase structure declines, lengthening CI duration via

tCI(Φ) = τ0

(
1 + α

Φ
c2

s

)
,

where τ0 is the baseline scalar recovery interval and α ∼ ct/cs encodes geometry-dependent response.
This modification of CI pacing is the QSD analogue of gravitational time dilation.

Appendix D.2. Mapping to GR Curvature

In GR, the metric field gµν encapsulates spacetime curvature generated by mass-energy density.
QSD reproduces the same macroscopic behavior by identifying curvature as the large-scale equilibrium
of the compliance field:

gµν ←→ Equilibrium configuration of C(ρ).

The gravitational constant G enters as the substrate’s nucleation coefficient: the ease with which
mass-phase structures reduce compliance and create stable curvature wells. In this interpretation, G is
not a coupling between geometry and stress-energy but a material constant describing the substrate’s
response to coherence concentration.
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At macroscopic scales, compliance variations average into a smooth curvature field satisfying
GR’s field equations. At microscopic scales, those same variations determine the CI pacing and collapse
feasibility of coherence envelopes.

Appendix D.3. Collapse Pacing Under Curvature Gradients

Consider an envelope evolving under slowly varying curvature. The differential change in CI
duration along a spatial direction n̂ is

dtCI

ds
= τ0

α

c2
s

dΦ
ds

.

This leads directly to a collapse pacing gradient:

∆tCI ∼ τ0
α

c2
s

∆Φ.

For small curvature differences (e.g., atomic clocks separated by meters), the effect is tiny but
measurable. For large curvature differences (e.g., near compact objects), the pacing divergence becomes
dynamically relevant.

In QSD, this gradient governs:

• gravitational redshift (longer CIs→ slower local ticking),
• collapse desynchronization in interferometric setups under varying curvature,
• neutrino burst pacing in stellar collapse scenarios.

Appendix D.4. Curvature-Induced Synchronization and Forced Collapse

Two envelopes A and B will collapse in a shared outcome when their CI pacing satisfies

fsync(A, B) = exp

[
−
(t(A)

CI − t(B)
CI )

2

2σ2
CI

]
≈ 1.

A curvature differential ∆Φ reduces synchronization by

t(A)
CI − t(B)

CI ≈ τ0
α

c2
s

∆Φ.

Thus:

• in uniform curvature regions, synchronized collapse is common;
• in steep curvature gradients, synchronization becomes rare unless envelopes overlap strongly or

share a coherence domain;
• measurement devices function because they modify compliance, effectively setting ∆Φ and κAB

to enforce shared collapse.

Appendix D.5. Examples: Laboratory to Astrophysical Regimes

1. Atomic Clock Redshift. For two clocks separated by height h in Earth’s gravitational field:

∆Φ ≈ gh.

The CI pacing ratio becomes
tCI(h)
tCI(0)

≈ 1 + α
gh
c2

s
,

matching the GR time-dilation factor when

α/c2
s ∼ 1/c2,
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which is expected if cs inherits its scale from c at low curvature.
2. Neutron Star Envelopes. Inside a neutron star, Nenv≫1030, producing

σCI ∼
τ0√
Nenv

≪ 10−60 s.

Such ultranarrow collapse windows imply serialized emission pacing that can govern neutrino burst
timing during core collapse—consistent with observed millisecond-scale modulation.
3. Optical Interferometers in Curvature Gradients. A Mach–Zehnder interferometer placed in a slight
gravitational gradient will exhibit path-dependent CI elongation:

∆tCI ∝ ∆Φ,

predicting path visibility reduction without invoking decoherence.

Appendix D.6. Correspondence and Consistency

QSD maintains full compatibility with GR:

• GR describes the macroscopic equilibrium field generated by matter;
• QSD describes the microscopic collapse pacing dictated by the same compliance;
• No GR equations are modified;
• The substrate provides the physical origin of curvature, not an alternative geometry.

The quantum–gravity interface emerges naturally because both collapse and curvature originate
from a shared constraint: **finite substrate compliance under coherence load.**

Appendix D.7. Interpretive Summary

In QSD:

1. Curvature is the macroscopic expression of compliance loss.
2. Collapse is the microscopic enforcement of compliance limits.
3. The CI–CB–QEO cycle therefore occurs within the geometry that GR describes, without requiring

quantized spacetime or new constants.
4. Quantum effects and gravitational effects are two scales of the same substrate phenomenon.

This resolves the traditional “quantum gravity problem” not by quantizing GR or modifying
quantum mechanics, but by recognizing that both arise from structural constraints of a single coherence
substrate.

Appendix E. Comparison with Major Quantum Interpretations
This appendix situates the Quantum Substrate Dynamics (QSD) framework within the broader

landscape of quantum interpretations. The goal is not to replace these interpretations, but to clarify how
QSD reorganizes their conceptual content once collapse is recognized as a structural saturation event
(CB) and coherence evolution as a finite-capacity process within the substrate (CI). The comparisons
below highlight differences in ontology, causal assumptions, and explanatory scope.

Appendix E.1. Copenhagen-Type Interpretations

Copenhagen approaches treat collapse as epistemic: the wavefunction is a tool for predicting
measurement outcomes, and measurement represents an update of information rather than a physical
event. Classical–quantum boundaries are left implicit.

QSD Contrast: QSD models collapse as a deterministic substrate re-lock occurring at the Collapse
Boundary (CB). The wavefunction’s informational role is interpreted as a reflection of the internal CI
geometry, while the actual collapse is a physical saturation of coherence capacity. No special status is
given to observers or classical apparatus; both are coherence envelopes imposing compliance loads on
the substrate.
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Appendix E.2. Many-Worlds (Everett) Interpretation

Many-Worlds eliminates collapse entirely and interprets quantum evolution as unitary branching
into multiple correlated histories. All possible outcomes occur in a superposition, with branching
driven by decoherence.

QSD Contrast: QSD retains a single world and introduces collapse as a necessary structural
feature of finite-capacity coherence. CI evolution cannot continue indefinitely because the substrate
saturates tension. Serialization at the CB selects a single outcome determined by the internal CI
state, with no branching or splitting of ontological worlds. Decoherence appears as a limit case of
envelope-induced compliance loss, not as an ontological multiplicity.

Appendix E.3. Objective Collapse Models

Objective collapse frameworks introduce new physics—often stochastic— to force collapse at
macroscopic scales. Examples include GRW, CSL, and Penrose-type gravitational collapse.

QSD Contrast: QSD introduces no new constants and no stochastic fields. Collapse arises from
finite substrate compliance and deterministic tension saturation. The gravitational correspondence
appears because curvature is the macroscopic expression of compliance loss, not because gravity
causes collapse. This avoids the need for phenomenological parameters or noise terms not grounded
in first-principles dynamics.

Appendix E.4. Pilot-Wave (Bohmian) Mechanics

Pilot-wave theory supplements quantum mechanics with deterministic trajectories guided by a
real wavefunction field. The wavefunction is physically real and defined over configuration space;
measurement is an interaction between particle positions and the guidance field.

QSD Contrast: QSD does not endow the wavefunction with physical reality. Instead, it replaces
the pilot-wave with CI-coherence evolution governed by tension constraints. Particle trajectories
are not fundamental; serialized emissions at the CB are. The apparent determinism arises from the
substrate, not hidden variables in configuration space. The need for nonlocal guidance is removed by
local coherence-domain evolution.

Appendix E.5. Relational and QBist Approaches

Relational interpretations and QBism emphasize the role of observers as information holders.
Measurement outcomes are relative to observers, and quantum states represent subjective expectations
rather than objective entities.

QSD Contrast: In QSD, “observers” are geometric participants: coherence envelopes whose
mass-phase structures impose compliance loads and collapse pacing. Outcomes are substrate events,
not observer-relative updates. The relational aspect arises naturally from geometric asymmetries
between envelopes, not from epistemic constraints.

Appendix E.6. Decoherence-Based Interpretations

Decoherence explains classical behavior as the entangling of systems with environmental degrees
of freedom, effectively suppressing interference.

QSD Complement: QSD incorporates the effect of environmental load through compliance
deficits κAB. Decoherence appears as the limit where environmental overlap forces CI pacing into
synchronization or suppresses shared coherence domains. However, QSD still requires collapse
because CI evolution is finite-capacity. Decoherence alone cannot saturate or reset coherence; only the
CB can.

Appendix E.7. Summary of Correspondence

QSD preserves the empirical success of quantum mechanics while reorganizing its ontology
around physically defined collapse events. The core distinctions are:
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1. Collapse is physical, local, and deterministic—a substrate re-lock—not epistemic, stochastic, or
global.

2. Coherence is finite-capacity, giving rise to CIs and the need for CBs.
3. Serialized emission replaces wavefunction projection, providing a physically grounded mecha-

nism for outcomes.
4. Entanglement is phase tuning within a shared coherence domain, not nonlocal influence.
5. Gravity and collapse share a causal origin, as both result from compliance limits of the coherence

substrate.

QSD thus stands not as another interpretation layered onto standard quantum theory, but as a
structural framework that supplies the missing causal mechanics underlying quantum evolution and
collapse.

Appendix F. Minimal Mathematical Formalization of CI Evolution, Collapse
Conditions, Tension Fields, and Envelope Geometry

This appendix provides a minimal mathematical formalization of the structural elements used
throughout the text. The expressions do not assume a complete substrate Lagrangian; they supply the
operational rules required to model Causality Interval (CI) pacing, collapse criteria, tension gradients,
and envelope behavior in interferometric and measurement scenarios.1

Appendix F.1. Mathematical Definition of Causality Intervals (CIs)

A Causality Interval (CI) is modeled as a discrete evolution in time determined by coherence size
Lcoh(x) and curvature–compliance load C(x). Define the CI update rule:

tn+1 = tn + ∆tCI
(

Lcoh(x), C(x)
)
,

with pacing increment

∆tCI = τ0

[
1 + α

C(x)
c2

s

]
,

where τ0 is the baseline recovery interval and C(x) measures deformation or curvature load.
This formalizes the pacing cadence and connects CI evolution to geometry and mass-phase

concentration.

Appendix F.2. Collapse Boundary (CB) Trigger Condition

Let Ai(x) denote incremental accumulated action during CI evolution. Define:

Atot(x) = ∑
i

Ai(x).

Collapse occurs when the substrate tension limit is exceeded:

Atot(x) > Amax(x) =
c4

t
G

L2
coh(x).

This expression encodes the structural result that maximum sustainable tension scales with c4
t /G

and with the square of the coherence envelope.

1 For clarity, ct denotes the transverse coherence propagation speed and cs denotes the scalar recovery speed of the substrate;
the two modes encode spatial and temporal coherence dynamics, respectively.
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Appendix F.3. Substrate Tension Field Equation

Let ϕ(x) be a coherence-phase amplitude. In the minimal model, ϕ(x) is treated as a dimensionless
normalized amplitude (0 ≤ ϕ ≤ 1), though more general formulations may grant it units of action
density or coherence strain.

Define the effective tension field:

T(x) =
c4

t
G

ϕ2(x).

The local tension gradient becomes

∇T(x) =
c4

t
G

2ϕ(x)∇ϕ(x),

serving as the analogue of a gravitational force field in QSD: envelope deformation, collapse pacing,
and compliance load all arise from spatial variations in T(x).

Appendix F.4. CI Pacing Synchronization Function

Let f1 and f2 be pacing rates, defined via

f =
1

∆tCI
.

Two envelopes interact only if their coherence domains intersect. Define the synchronization
function:

fsync = min( f1, f2)Θ(overlap),

where Θ is 1 when envelopes intersect and 0 otherwise.
This codifies detector dominance: a system with much shorter CI pacing forces the other toward

synchronized collapse.

Appendix F.5. Envelope Geometry and Slit Transmission

Let ∆C be the compliance deficit produced by slit boundaries. The transmission probability is
modeled as:

Ptransmit = exp
(
− ∆C

Cthreshold

)
,

where Cthreshold is the compliance below which the substrate cannot sustain coherent propagation.
This formalism predicts:

• material dependence (denser slit walls→ larger ∆C),
• geometric sensitivity (narrower slits increase deformation),
• asymmetric visibility loss (asymmetric ∆C for left/right paths).

Appendix F.6. Applicability and Model Limits

The relations in this appendix constitute a leading-order, quasi-classical formalization of the
substrate rules. They apply under the following assumptions:

1. Coherence envelopes are large compared to the underlying substrate microstructure (continuum
approximation).

2. Relativistic or quantum-field-theoretic corrections are negligible.
3. ϕ, C, and Lcoh vary slowly over CI durations.
4. Collapse is triggered by tension saturation rather than by microscopic fluctuations.

These limits ensure that the present formalism captures the operative physics of CI pacing,
collapse onset, and envelope deformation without invoking a full relativistic substrate action. Future
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work will extend these expressions to relativistic and field-theoretic regimes as empirical constraints
and mathematical structure develop.

Appendix F.7. Interpretive Role

The mathematical expressions above provide:

• a computable CI pacing rule,
• a structural collapse inequality,
• a tension-gradient field analogous to gravitational force,
• a synchronization law governing measurement dominance, and
• a deformation-based model for slit-dependent coherence transmission.

Together, they serve as the minimal analytic backbone supporting the CI–CB–QEO cycle intro-
duced in the main text.
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