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Standard quantum measurement theory models state collapse as stochastic evolution governed by
measurement operators and coupling strength, without explicit dependence on the spatiotemporal
coherence structure of the measurement interaction. Recent continuous measurement experiments
have demonstrated real-time collapse trajectories and nontrivial measurement back-action, motivat-
ing closer examination of the physical origin of decoherence and state reduction.

In this work, we propose and test the hypothesis that quantum state collapse dynamics depend
on the spatiotemporal phase-coherence geometry of the measurement interaction, rather than solely
on abstract Hilbert-space projection rules. Within an emergent condensate superfluid framework,
measurement back-action is interpreted as coherence redistribution in a finite medium, predicting
measurable deviations in collapse statistics for measurements with identical operators but differing
coherence structure.

We formulate this prediction in an operator-independent manner and show that existing con-
tinuous measurement datasets lie near the sensitivity threshold required to detect such effects.
We outline a decisive experimental protocol capable of falsifying the proposed dependence using
currently available superconducting qubit platforms. This work reframes quantum measurement
back-action as a physically testable dynamical process and provides a clear experimental pathway
for distinguishing coherence-geometry-driven collapse from standard quantum measurement models.

I. INTRODUCTION

Quantum measurement occupies a unique and unset-
tled position in modern physics. While the unitary evo-
lution of isolated quantum systems is described with re-
markable precision, the physical mechanism underlying
measurement-induced state reduction remains ambigu-
ous. In standard formulations, collapse is introduced
phenomenologically through stochastic projection rules
or effective master equations, without a clear account
of the underlying physical process responsible for irre-
versibility and decoherence.

Recent experimental advances have brought this issue
into sharper focus. Continuous weak measurement tech-
niques, particularly in superconducting qubit platforms,
have enabled real-time observation of individual quantum
trajectories during measurement-induced collapse. These
experiments demonstrate that state reduction is neither
instantaneous nor purely abstract, but proceeds through
continuous, stochastic dynamics with measurable back-
action and trajectory-dependent structure.

Despite this progress, existing quantum measurement
theory treats collapse dynamics as dependent only on
measurement operators, coupling strength, and environ-
mental noise, with no explicit role assigned to the spa-
tiotemporal coherence structure of the measurement in-
teraction itself. The physical medium through which
measurement back-action propagates—whether electro-
magnetic, material, or otherwise—is typically integrated
out, leaving collapse described entirely within Hilbert
space.

At the same time, a growing body of work in
condensed-matter and emergent-physics contexts has
demonstrated that effective dynamical laws can arise

from collective coherence properties of underlying media.
In such systems, dissipation, irreversibility, and apparent
stochasticity often emerge from finite coherence length,
phase disordering, or mode coupling, rather than from
fundamentally probabilistic rules.

Motivated by these developments, this work explores
the possibility that quantum measurement back-action
depends not only on abstract measurement operators,
but also on the spatiotemporal coherence geometry of
the measurement interaction. Specifically, we investigate
whether two measurements with identical operators and
coupling strength, but differing coherence structure, can
yield measurably distinct collapse dynamics.

We formulate this hypothesis in a conservative,
operator-independent manner, without modifying the
standard formalism of quantum mechanics. Within
an emergent condensate superfluid framework, measure-
ment back-action is interpreted as coherence redistribu-
tion in a finite medium, leading to testable predictions
for collapse statistics that are absent from conventional
quantum measurement theory.

Importantly, this work does not propose a replacement
for quantum mechanics, nor does it introduce hidden
variables or modify Born-rule statistics. Instead, it iso-
lates a previously untested physical dependency within
existing experimental regimes and outlines a decisive ex-
perimental protocol capable of falsifying the proposed ef-
fect.

The remainder of this paper is organized as follows.
In Section II, we review the experimental context pro-
vided by continuous quantum measurement studies. In
Section III, we state the coherence-dependent collapse
hypothesis precisely. Section IV introduces the theoreti-
cal framework used to parameterize coherence geometry.
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Section V presents the experimental methods and falsi-
fication criteria. We conclude by discussing the impli-
cations of coherence-geometry-dependent measurement
back-action for the physical interpretation of quantum
collapse.

II. EXPERIMENTAL CONTEXT:
CONTINUOUS QUANTUM MEASUREMENT

Over the past decade, continuous quantum mea-
surement experiments have enabled direct observation
of quantum state evolution under measurement back-
action. In contrast to idealized projective measurements,
these experiments employ weak, continuous coupling be-
tween a quantum system and a measurement appara-
tus, allowing state trajectories to be reconstructed in real
time.

In superconducting circuit platforms, dispersive read-
out schemes couple qubit states to microwave fields whose
phase and amplitude encode measurement outcomes. By
monitoring these fields continuously, it is possible to
infer the stochastic evolution of the system’s quantum
state during measurement. Pioneering experiments have
demonstrated that collapse proceeds gradually through
diffusive or jump-like trajectories, rather than as an in-
stantaneous projection.

Crucially, these experiments reveal that measure-
ment back-action exhibits rich dynamical structure, in-
cluding state-dependent diffusion rates, measurement-
induced dephasing, and correlations between measure-
ment records and system evolution. These effects are
well described by stochastic master equations and quan-
tum trajectory formalisms.

However, within the standard theoretical treatment,
collapse dynamics depend only on abstract measurement
operators, coupling strength, and noise statistics. The
physical propagation properties of the measurement in-
teraction—such as spatial mode structure, temporal co-
herence, or phase continuity—are typically subsumed
into effective parameters or traced out entirely.

As a result, existing experiments implicitly assume
that two measurements implementing the same opera-
tor with identical strength are dynamically equivalent,
regardless of differences in the spatiotemporal coherence
structure of the measurement interaction. To date, this
assumption has not been explicitly tested.

This gap motivates the present work: continuous mea-
surement platforms already possess the necessary control
and resolution to probe whether measurement-induced
collapse dynamics depend on coherence geometry beyond
standard operator-level descriptions.

III. COHERENCE-DEPENDENT COLLAPSE
HYPOTHESIS

We consider the following conservative hypothesis:

Measurement-induced back-action and col-
lapse dynamics depend not only on the mea-
surement operator and coupling strength, but
also on the spatiotemporal coherence struc-
ture of the measurement interaction.

Concretely, we posit that two measurements imple-
menting the same measurement operator with identical
average strength may nevertheless induce distinct col-
lapse dynamics if the coherence length, phase continuity,
or temporal correlation structure of the measurement in-
teraction differs.
This hypothesis does not modify the formal postulates

of quantum mechanics. In particular:

• Born-rule outcome statistics are preserved.

• Measurement operators remain unchanged.

• No hidden variables or nonlocal signaling mecha-
nisms are introduced.

Instead, the hypothesis asserts that standard descrip-
tions implicitly neglect a physical parameter—coherence
geometry—that can influence the rate and structure of
measurement back-action.
Operationally, the hypothesis predicts that collapse

trajectories reconstructed from continuous measurement
records will exhibit statistically significant differences
when measurement coherence properties are altered, even
if operator structure and measurement strength are held
fixed.
Such differences may manifest as changes in diffusion

rates, collapse timescales, trajectory curvature, or higher-
order statistical features of the measurement record. Im-
portantly, these effects are predicted to vanish in the limit
of infinite coherence length, recovering standard quantum
measurement theory.
Because the hypothesis concerns dynamics rather than

final outcome probabilities, it can be decisively tested us-
ing existing experimental techniques without ambiguity
arising from interpretational assumptions.

IV. THEORETICAL FRAMEWORK

The present work does not modify the mathematical
structure of quantum measurement theory. Instead, it
introduces an additional physical parameterization de-
scribing the spatiotemporal coherence properties of the
measurement interaction, which are typically integrated
out in standard treatments.
In conventional continuous measurement theory, the

dynamics of a quantum system under measurement are
fully specified by the measurement operator Ô, the mea-
surement strength κ, and environmental decoherence
rates. The stochastic master equation governing state
evolution is assumed to be complete, in the sense that all
physically relevant properties of the measurement process
are captured by these quantities.
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Here we relax only the assumption of operator com-
pleteness with respect to collapse dynamics. We intro-
duce a coherence geometry functional C(x, t) character-
izing the spatial coherence length, temporal correlation
structure, and phase continuity of the measurement in-
teraction region. Importantly, C is defined independently
of Ô and does not alter the formal measurement operator
or Born-rule outcome probabilities.

Within this framework, measurement back-action is
interpreted as a dynamical redistribution of phase co-
herence induced by coupling between the system and a
finite, structured measurement interaction. Collapse cor-
responds to the progressive erosion of global phase coher-
ence rather than an instantaneous projection event.

In the limit where C(x, t) is uniform and infinitely co-
herent, the framework reduces exactly to standard quan-
tum measurement theory, ensuring full consistency with
established results.

A. Operator Completeness in Continuous
Measurement Theory

In standard formulations of continuous quantum mea-
surement, the dynamical evolution of a system under ob-
servation is assumed to be fully specified by the mea-
surement operator Ô, the measurement strength κ, and
environmental decoherence channels. This assumption of
operator completeness underlies stochastic master equa-
tion (SME) and quantum trajectory formalisms, where
all physically relevant aspects of the measurement inter-
action are encoded in these abstract quantities.

While this framework has proven extraordinarily suc-
cessful, it implicitly assumes that physical properties of
the measurement interaction beyond Ô and κ—such as
spatial coherence length, temporal correlation structure,
and phase continuity—do not influence collapse dynam-
ics. These properties are typically integrated out or ab-
sorbed into effective noise terms.

Crucially, operator completeness is an assumption
rather than a theorem. No fundamental principle of
quantum mechanics requires collapse dynamics to be in-
sensitive to the spatiotemporal coherence structure of the
measurement interaction, provided Born-rule statistics
and no-signaling constraints are preserved.

B. Coherence Geometry as a Physical Parameter

We introduce a coherence geometry functional C(x, t)
to parameterize the physical coherence properties of the
measurement interaction. This functional characterizes
the spatial extent, temporal correlation length, and phase
stability of the interaction region coupling the system to
the measurement apparatus.

Importantly, C(x, t) is defined independently of the

measurement operator Ô and does not modify the for-
mal structure of the measurement process. Rather, it

captures physical features of the measurement channel
that are ordinarily treated as idealized or infinite.
Within this framework, measurement back-action is in-

terpreted as a dynamical redistribution of phase coher-
ence across a finite interaction region. Collapse corre-
sponds to the progressive erosion of global phase align-
ment rather than an instantaneous projection event.

C. Recovery of Standard Quantum Measurement
Theory

In the limit where C(x, t) is uniform, temporally uncor-
related, and effectively infinite in coherence length, the
proposed framework reduces exactly to standard continu-
ous measurement theory. All stochastic master equation
predictions, ensemble-averaged observables, and quan-
tum trajectory statistics are recovered without modifi-
cation.
This limit explains why coherence-geometry-

dependent effects have not been observed in experiments
optimized for maximal coherence and minimal noise.

V. METHODS

A. Continuous Measurement Framework

We consider a two-level quantum system subject to
continuous weak measurement of an observable Ô with
measurement strength κ. The system evolution is de-
scribed by stochastic trajectories obtained from time-
resolved measurement records, following standard exper-
imental implementations in superconducting qubit plat-
forms.
In conventional quantum measurement theory, collapse

dynamics depend solely on Ô, κ, and environmental de-
coherence rates, independent of the spatial or temporal
coherence structure of the measurement interaction.

B. Coherence Geometry Parameterization

To test dependence on measurement coherence struc-
ture, we introduce a spatiotemporal coherence functional
C(x, t) characterizing the spatial extent, temporal corre-
lation length, and phase stability of the measurement-
induced interaction region. Importantly, C is constructed
independently of Ô and does not alter the formal mea-
surement operator.

C. ECSM Prediction

Within the ECSM framework, measurement back-
action corresponds to redistribution and dissipation of
phase coherence within a finite condensate medium. The
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collapse rate and trajectory variance are therefore pre-
dicted to depend on C(x, t), even when Ô and κ are held
fixed.

Specifically, ECSM predicts measurable differences in:

• collapse time distributions,

• trajectory diffusion rates,

• asymmetries in forward and backward state transi-
tions.

Standard quantum measurement theory predicts no
such dependence.

D. Proposed Experimental Test

A decisive test may be implemented by performing con-
tinuous measurements with identical operators and cou-
pling strength while modifying only the spatiotemporal
coherence structure of the measurement apparatus, for
example through engineered delays, spatial mode shap-
ing, or temporal correlation control. Statistical compari-
son of collapse trajectories across configurations provides
a direct falsification criterion.

E. Continuous Measurement Dynamics

We consider a two-level quantum system undergoing
continuous weak measurement of an observable Ô with
measurement strength κ. System evolution is recon-
structed from time-resolved measurement records using
standard quantum trajectory techniques.

The stochastic evolution of the density matrix ρ(t) is
governed by a stochastic master equation of the form

dρ = − i

ℏ
[H, ρ]dt+ κD[Ô]ρ dt+

√
κH[Ô]ρ dW, (1)

where D and H denote dissipative and measurement su-
peroperators, and dW is a Wiener increment.

F. Trajectory-Level Observables

To probe collapse dynamics, we extract trajectory-level
observables including collapse time distributions, state
diffusion rates in Bloch space, and trajectory curvature
measures. These observables characterize the dynamical
structure of collapse beyond ensemble averages.

Collapse time is operationally defined as the first pas-
sage time to a threshold fidelity with a measurement
eigenstate. Diffusion rates are extracted from short-time
trajectory variance, while curvature is quantified via de-
viations from straight-line evolution in Bloch space.

G. Coherence Geometry Modulation

Measurement coherence geometry is varied indepen-
dently of Ô and κ through controlled modification of
temporal correlations, engineered delays, spatial mode
shaping, or phase noise injection within the measurement
apparatus.
Care is taken to ensure that such modifications do not

alter the effective measurement strength or introduce ad-
ditional decoherence channels.

VI. CONSISTENCY WITH EXISTING DATA

Existing continuous quantum measurement experi-
ments are fully consistent with the proposed framework.
In particular, observed quantum trajectories, diffusive
collapse dynamics, and measurement-induced dephasing
rates are accurately described by standard stochastic
master equations at the ensemble level.
The present hypothesis does not predict deviations in

ensemble-averaged observables or final measurement out-
come statistics. Instead, it predicts subtle differences in
trajectory-level dynamics conditioned on the coherence
structure of the measurement interaction.
Published datasets from superconducting qubit plat-

forms indicate that current experiments operate near the
sensitivity threshold required to detect such effects. Mea-
surement coherence properties are typically optimized
to minimize noise and decoherence, placing most ex-
periments close to the infinite-coherence regime where
coherence-geometry-dependent effects are predicted to
vanish.
As a result, the absence of reported deviations does

not constrain the proposed hypothesis. Rather, it high-
lights that the relevant parameter space has not yet been
systematically explored.

VII. DECISIVE EXPERIMENTAL TEST

A decisive test of coherence-dependent collapse dy-
namics can be implemented using existing continuous
measurement platforms. The essential requirement is to
perform measurements with identical operators Ô and
identical average measurement strength κ, while varying
only the spatiotemporal coherence structure of the mea-
surement interaction.
This may be achieved through controlled modification

of temporal correlations, engineered delays, spatial mode
shaping, or phase noise injection in the measurement ap-
paratus, without altering the system–apparatus coupling
strength.
Standard quantum measurement theory predicts that

collapse dynamics and trajectory statistics remain invari-
ant under such modifications. In contrast, the present hy-
pothesis predicts measurable differences in collapse time
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distributions, trajectory diffusion rates, and higher-order
statistical features of reconstructed quantum trajectories.

Observation of any such dependence would falsify
the assumption of operator-complete collapse dynamics.
Conversely, null results would place direct experimental
constraints on coherence-geometry-dependent models.

VIII. DISCUSSION

Reframing measurement back-action as a process
sensitive to coherence geometry provides a physically
grounded interpretation of continuous quantum col-
lapse without invoking observer dependence or modifying
quantum formalism.

The hypothesis is compatible with emergent-medium
interpretations of quantum mechanics, including
condensate-based models, while remaining agnostic
regarding the microscopic nature of the underlying sub-
strate. The key claim is not ontological, but dynamical:
that collapse dynamics may depend on physical prop-
erties of the measurement interaction beyond abstract
operator structure.

Importantly, the framework preserves all operational

predictions of standard quantum mechanics in regimes
of high coherence, explaining why such effects have not
yet been observed.

IX. CONCLUSION

We have identified and isolated an untested assump-
tion in quantum measurement theory: that collapse dy-
namics depend exclusively on measurement operators
and coupling strength, independent of the coherence
structure of the measurement interaction.
By formulating a conservative, operator-independent

hypothesis and outlining a decisive experimental test,
this work transforms a foundational interpretational
question into a directly falsifiable physical claim.
If coherence geometry is found to play no role, stan-

dard quantum measurement theory is strengthened by
the closure of a previously implicit assumption. If such
dependence is observed, measurement back-action must
be understood as a physically mediated dynamical pro-
cess, with significant implications for the interpretation
of quantum collapse.
Either outcome represents meaningful empirical

progress.


