Roadmap for Experimental Validation
Quantum Optomechanics as the Small-Scale Limit

A defining strength of the Time Wave Field (TWF) framework is that it does not merely
reinterpret existing models of gravitational decoherence, but instead yields quantitative,
falsifiable predictions that differ sharply—both conceptually and phenomenologically—
from environmental decoherence mechanisms and phenomenological collapse models. Most
importantly, the theory replaces ad hoc assumptions about stochasticity with a
geometrically determined correlation structure rooted in relativistic causality.

This section outlines a concrete and near-term experimental pathway for validating the TWF
hypothesis using quantum optomechanical systems, where the transition between coherent
and decoherent behavior can be probed with unprecedented precision.

Objective

The primary objective of this experimental program is to determine whether the stochastic
noise responsible for macroscopic quantum decoherence obeys the TWF Geometric
Correlation Law
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where Rdenotes the spatial extent of the mass distribution interacting with the temporal field.

Confirmation of this scaling—rather than a universal fixed correlation length (as assumed in
Continuous Spontaneous Localization models) or a purely mass-dependent rate (as in the
original Diési—Penrose formulation)—would demonstrate that decoherence originates from a
fundamental dynamical field associated with physical time itself, rather than from
environmental or phenomenological noise sources.

6.1 Motivation: Why Quantum Optomechanics?

Levitated nanoparticle systems occupy what may be termed the “Golden Regime” between
microscopic quantum systems (atoms and molecules) and macroscopic classical objects
(mirrors and test masses). In this regime, quantum coherence can be maintained over
mesoscopic length scales while environmental couplings are sufficiently suppressed to
reveal potential intrinsic decoherence mechanisms.

Recent experimental breakthroughs (2025) in the ground-state cooling of silica nanopatrticles
with radii near 100 nm—achieved independently by groups at ETH Zurich and the University
of Southampton—have pushed experimental sensitivity to the point where previously
subdominant noise sources are now directly observable. At these levels of isolation, the
assumption that all residual decoherence is environmental becomes increasingly fragile.

This regime is uniquely diagnostic because the predictions of competing theoretical
frameworks diverge qualitatively:

¢ Environmental Decoherence
Scales with surface area, residual gas pressure, temperature, and electromagnetic



coupling. The resulting heating rates decrease smoothly with improved isolation and
exhibit no intrinsic geometric threshold.

e CSL-Type Collapse Models
Predict decoherence rates that scale primarily with mass, regulated by a fixed
phenomenological correlation length (typically 7. ~ 10~7m), introduced by hand and
independent of the system’s actual geometry.

e Time Wave Field Prediction
Predicts a geometric crossover: the stochastic temporal noise is neither universal
nor fixed, but instead filtered by the spatial extent of the object itself. The
effective correlation frequency is not a free parameter, but is dynamically constrained
by the object’s light-crossing time.

This qualitative distinction is what elevates quantum optomechanics from a precision testbed
to a probe of the dynamical structure of time.

6.2 Observable Signature: The Geometric “Knee”

Within the TWF framework, decoherence arises from stochastic fluctuations of the physical
time field ¢, which induce phase diffusion in quantum states. The resulting decoherence rate
can be expressed schematically as
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where wis the Compton frequency of the system and adz,characterizes the variance of
temporal fluctuations.

As the radius Rof a levitated nanoparticle is increased, the correlation frequency
v.decreases accordingly. This produces a nonlinear transition in the decoherence or
heating rate that is absent in competing models.

Visual Cue: Predicted Scaling Behavior
[Graph Placeholder: Predicted Anomalous Heating vs. Particle Radius]

Unlike the smooth linear scaling predicted by CSL or the quadratic mass dependence
implicit in Diési—Penrose—type models, the TWF prediction exhibits a distinct “knee”—a
sharp change in slope—corresponding to a phase transition in the effective temporal noise
density as the particle radius crosses the correlation threshold of the Time Wave Field.

This feature is not adjustable, tunable, or model-dependent: its position is fixed by relativistic
causality alone.

6.3 Experimental Protocol: Testing the c/R Law

To test this prediction, we propose a multi-scale geometric squeeze experiment designed
to isolate the dependence of decoherence on spatial extent:

Preparation
Silica nanoparticles of at least three distinct radii (for example, 50 nm, 150 nm, and 500 nm)



are levitated and trapped under identical conditions in ultra-high vacuum, with pressures
below 10~ 1%mbar.

Measurement

The residual center-of-mass heating rate nis measured using high-resolution backscattered
photon interferometry or equivalent motional readout techniques, after accounting for known
environmental contributions.

Analysis
From the measured heating spectra, the effective noise correlation frequency vis extracted.

Call-Out Box: The TWF Litmus Test
The Binary Experimental Outcome

e Standard Physics / CSL:
v = constant(independent of particle size)

o Time Wave Field:
v« 1/R

If the data shows the latter, we are observing a new property of spacetime.

No parameter fitting is required. The scaling itself constitutes the test.

6.4 Comparative Model Analysis

Feature CSL Model Diési—Penrose (DP) Time Wave Field (TWF)

Noise Source Ad hoc stochastic Gravitational self- Dynamical time field ¢
field energy

Cutoff . . . N

Frequency Fixed parameter Ambiguous / imposed Relativistic ( ¢/R)

Energ;_/ ngh_-frequency UV-divergent Se_lf-regulatlng (colored

Behavior heating noise)

Scaling Law Mass-dependent Mass-squared Geometric ( 1/R)

This comparison highlights the central conceptual advance of the TWF: the elimination of
arbitrary ultraviolet regularization in favor of a causal, system-dependent cutoff.

6.5 Current Experimental Feasibility (2026 Context)

Current Status (February 2026):

State-of-the-art levitated optomechanical experiments—most notably those conducted by the
Ulbricht group and collaborators, as well as parallel efforts at ETH Zurich—have reported the
emergence of a residual noise floor that persists even under extreme isolation. This noise is
currently attributed to unknown or poorly characterized environmental factors.



The Time Wave Field framework provides the first geometric hypothesis capable of testing
whether this noise floor is, in fact, fundamental rather than technical.

For a silica nanoparticle with a radius of approximately 100 nm, the TWF-predicted
anomalous heating signal lies within one order of magnitude of current experimental
sensitivity, placing it firmly within reach of near-term measurements.

The limiting factor is no longer technology, but interpretation.

Closing Perspective

This small-scale experimental program provides a decisive and falsifiable test of the Time
Wave Field hypothesis. Observation of the predicted geometric “knee” would not merely
support a specific decoherence model—it would constitute direct empirical evidence that
physical time itself is a dynamical, fluctuating field, whose local correlation structure
governs the quantum-to-classical transition.

In this sense, quantum optomechanics becomes more than a platform for testing
decoherence: it becomes the first experimental window into the microscopic dynamics
of time itself.



