THE BOUNDARY OF WORLDS: Experimental Protocol for Detecting the
Transition from the Quantum to the Classical reality

Abstract

This paper presents a formal experimental protocol designed to detect and measure the precise
boundary between the reversible quantum world and the irreversible classical macro-world.
Based on Andrei Sakharov's concept of metric vacuum elasticity, we propose that the
quantum-to-classical transition is governed by a strict yield strength of the vacuum, occurring
at a critical mass of 27 picograms. For a monodisperse silica (SiO) microsphere, this
threshold corresponds to a critical diameter of 2.863 microns. Below this threshold, the
vacuum undergoes purely elastic, reversible deformation, preserving time-reversal symmetry
(t — —t). Above it, the vacuum experiences plastic flow, triggering energy dissipation and the
objective emergence of the arrow of time. We outline the optomechanical infrastructure, a 5-
point scanning grid using levitating microspheres, a comprehensive noise budget, and explicit
falsifiability criteria to distinguish this model from the smooth decoherence models of Diosi
and Penrose.

Keywords: Sakharov vacuum elasticity, Arrow of time, Quantum-to-classical transition,
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1. Introduction and Core Essence

Two worlds—the quantum and the classical—coexist within the same physical framework,
yet the exact boundary separating them has never been quantified or measured. This
experiment aims to discover it.

We predict that the boundary occurs at a sharp mass threshold of 27 picograms. Below this
threshold lies the reversible world: a domain of pure elastic vacuum deformation where the
arrow of time does not exist, and time serves merely as a geometric parameter or label. Above
this threshold lies the irreversible world: a domain of plastic flow, structural dissipation, and
the physical progression of time. For a quartz (SiO;) microsphere, this mass corresponds to a
critical diameter of 2.863 microns. This is not the abstract Planck scale; it is a macroscopic
dimension that can be physically manipulated in a modern laboratory.

2. Theoretical Model

In 1967, Andrei Sakharov demonstrated that the quantum vacuum behaves as an elastic
medium (metric elasticity). Fundamentally, any physical elasticity possesses a yield
strength—a limit beyond which elastic deformation yields to plastic flow. This maximum
energy density limit (E_max) can be derived directly from fundamental constants (A, c, G, A)
without a single free or adjustable parameter:

E max =(E P>- E A)"1/3=2.05x 107 ]

Where E_P is the Planck energy and E_A is the energy scale associated with the cosmological
constant (dark energy).

Concurrently, the gravitational self-energy (E_G) of a homogenous microsphere of diameter
D and density p is defined as:

E G=(n2/30)- G- p>- D°



In three-dimensional space, the gravitational self-energy of a homogeneous sphere scales as
DS5. This is a fifth-power growth — explosive. If the vacuum is an elastic medium (Sakharov,
1967) and possesses no yield strength, then for a sufficiently large mass the deformation
energy of the vacuum grows without bound. In 3D, there is no geometric mechanism to limit
it. The result is unbounded compression, a singularity, and the collapse of space-time itself.

Yet the observed Universe does not collapse. The cosmological constant A sets a finite
vacuum energy scale. Therefore, in three spatial dimensions, the vacuum must possess a yield
strength — not by analogy with ordinary materials, but because without one, three-
dimensional space cannot exist as a stable structure. The yield threshold is not a material
property transferred to the vacuum,; it is a geometric necessity of 3D.

The only non-trivial energy scale constructible from the Planck energy EP and the dark-
energy scale EA without a single free or adjustable parameter is the geometric mean: Emax
=(EP2-EA)1/3. This is the yield strength of the vacuum.

When the gravitational self-energy matches the vacuum's yield strength (E_G = E _max). We
now derive the functional form of the dissipation rate above the yield threshold. We define the
dimensionless loading parameter:

x=EmaxEG

Below threshold (x < 1): The vacuum is in the elastic regime. By definition, elastic
deformation is reversible and does not dissipate energy. Therefore, the excess damping is
identically zero:

I'c=0for x<1

Above threshold (x > 1): The vacuum undergoes plastic flow. The dissipation rate must
vanish continuously as x — 17 (the onset of plastic flow) and must increase with both the total
gravitational load and the degree by which the load exceeds the yield strength. This gives a
two-factor structure:

(x — 1) — the dimensionless excess load, i.e., how far the gravitational self-energy
exceeds the yield threshold. At x = 1, plastic flow has not yet begun; this factor is zero.
Without excess load, there is no plastic dissipation.

x — the total dimensionless load, i.e., the full gravitational coupling to the vacuum. This
factor determines how much energy is available to drive plastic flow.

The product x(x — 1) represents the rate of plastic dissipation as: available energy x excess
drive. This structure is standard in continuum mechanics: the rate of plastic energy dissipation
in a solid is proportional to the product of the applied stress (total load) and the rate of plastic
strain (which is non-zero only above the yield point).

Introducing a single dimensional prefactor K, calibrated once at the lowest data point above
threshold (Point 6), we obtain the cascade damping law:

I'c=K-x(x—1),for x>1

Calibration. At Point 6 (D =3.0 um, x =1.263, " c=64.4s™"):



K=1.263%0.26364.4=0.33264.4~193.9 s—1
Prediction — Point 7 (x = 1.743):

['c=193.9x1.743x0.743=251.0 s—1V
Prediction — Point 8 (x = 16.240):

['c=193.9x16.240%15.240=47,960 s—1V

K is not a free parameter. It is a single dimensional constant fixed by one calibration point.
All subsequent predictions across the scanning grid follow without further adjustment, the
vacuum ceases to deform elastically and begins to flow. Irreversibility is born at this exact
boundary. Below it, all processes are time-reversible, and time is a static coordinate. At the
threshold, time becomes a dynamic, physical process. This is a direct consequence of
continuum mechanics applied to the fabric of space-time: elasticity — yield strength —
plastic flow. The sole objective of this experiment is to verify whether this threshold exists in
nature.

3. Measurement Framework

The experimental methodology relies on Ringdown Analysis (the decay of mechanical
oscillations). We levitate a quartz microsphere in a controlled environment, excite its
fundamental mechanical mode to a resonance frequency of f, = 100 Hz, record the
exponential decay of its amplitude over time, and extract the total damping rate (I).

The test is repeated across a scan grid of eight distinct sphere diameters.

o Ifathreshold exists: Below D_crit, mechanical damping will be absent (the oscillation
amplitude remains strictly constant). Above D _crit, damping will appear abruptly as a
step function.

e Ifno threshold exists (Standard Decoherence): Damping will scale smoothly and
continuously with the diameter.

4. Structural Scanning Grid

The experiment scans a grid of eight points. A 5-point subset (Points 2, 4, 5, 6, 7) is sufficient
for the primary sweep to capture the quantum regime, the boundary, and the classical regime.

Poin D E G/ M I' c IT/FZ Physical
t (um) E ma (pg) (s . Regime
X
Quantum
1 1.00 0.005 1.15 0 o0 World
Quantum
2 2.00 0.166 9.22 0 o0 World



Poin D E G/ M I' c 1 /1: Physical
t (um) E ma (pg) (s o Regime
X
3 2.50 0.508 18.00 0 o Quantum
) ) ) World
4 2.70 0.746 22.68 0 o Quantum
) ) ) World
The
5 2'386 1.000 27.04 0 o0 Boundar
y
15.5 Classical
6 3.00 1.263 31.10 64.4 ms World
4.0 Classical
7 3.20 1.743 37.75 251.0 ms World
16.24 144.0 48,000. Classical
8 3.00 0 0 0 2L ps World

Note: 1 represents the relaxation time required for the oscillation amplitude to decay by a
factor of e. Density (p) is assumed at 2200 kg/m?>. For points Ne1-Ne5, the excess damping is
identically zero (I'_excess = 0), and the total decay rate is strictly bounded by the classical
trap floor (I'_total <y bg); the amplitude is not absolutely constant but decays exponentially
according to the classical background.

S. Experimental Infrastructure

o Diamagnetic Levitation Trap: Constructed using pyrolytic graphite and a high-gradient
array of NdFeB permanent magnets, generating a mechanical trapping frequency of fy
~ 100 Hz (following Vinante et al., 2023).

o Ultra-High Vacuum System: A ultra-deep cryopump operating at P < 107'° mbar,
backed by a turbomolecular pump for initial pump-down.

e Cryogenic Cooling: A liquid helium cryostat maintaining the experimental chamber at
T =4 K. (A dilution refrigerator is not required).

e Optical Detection: A balanced laser interferometer with a displacement sensitivity of <
1075 m/\Hz at 100 Hz and a measurement bandwidth of > 10 kHz.

o Excitation System: An electrostatic or optical pulse generator capable of inducing a
coherent initial oscillation amplitude of Ag ~ 1-10 nm.

e Material Samples: Monodisperse, high-purity amorphous silica (SiO;) spheres (p =
2200 kg/m?®) with diameters specified in the scanning grid. Diameter tolerances must
be verified via Scanning Electron Microscopy (SEM) to < 1%.



6. Operational Procedure (Per Grid Point)

1. Sample Loading: Launch a microsphere of diameter D into the diamagnetic trap at
atmospheric pressure, engage active optical feedback damping to capture the sphere,
and center it in the trap potential.

2. Evacuation and Cooling: Pump down the chamber. At 10~® mbar, initiate liquid
helium cooling to T = 4 K. Activate the cryopump to reach P < 107'° mbar. Equilibrate
for 2 hours.

3. Calibration: Record the Power Spectral Density (PSD) of the sphere's residual
Brownian motion to extract the exact resonance frequency f,. Calibrate the
interferometer's volt-to-meter conversion using the equipartition theorem.

4. Excitation: Deactivate active feedback damping. Apply a brief phase-locked
electrostatic or optical drive pulse to induce a coherent mechanical oscillation
amplitude of Ay ~ 1-10 nm. Cease excitation.

5. Ringdown Recording: Continuously stream the interferometer displacement data.

o For Points 1-5: Record for t record = 10-100 s.
o For Point 6: Record for t record =0.2 s (~ 131).
o For Point 7: Record for t record = 0.05 s (~ 121).
o For Point 8: Record for t record = 1 ms (~ 487).

6. Extraction: Extract the oscillation envelope A(t) via digital lock-in demodulation. Fit
the envelope to A(t) = Ap exp(—T_total - t) via least-squares regression to extract the
total damping rate I'_total.

7. Statistical Iteration: Repeat the excitation-ringdown sequence N = 100 times per data
point to compute the mean damping rate I total and its standard statistical uncertainty
o I

7. Damping Noise Budget

To definitively isolate the vacuum yield signature, all classical damping mechanisms must
remain orders of magnitude below the predicted post-threshold signal (I' ¢ =64.4 s™ at D =
3.0 um). At P =107 mbar and T = 4 K, the background damping contributions (y) are
calculated as:

o Residual Gas Friction (Knudsen regime): y gas ~ 1077 s

o Trap Magnetic Dissipation (Eddy currents/Hysteresis): y mag ~ 10™* s

o Laser Optical Backaction (Photon shot noise/Radiation pressure): y rad ~ 10™* s™!
 Internal Material Friction (Bulk SiO, at 4 K): y int ~ 107 s

e Total Background Noise Floor (y_bg): <1073 s™!

Signal-to-Noise Ratio (SNR): The predicted excess signal at Point 6 is ' ¢ = 64.4 s7".
Compared against the noise floor y bg <107 s™', the experiment yields an extraordinary
signal-to-background ratio of ~ 6 x 10*. Even under highly pessimistic operating conditions,
the SNR remains > 1000, ensuring an unmistakable step-function contrast across the
threshold. During sample replacement, the geometric center of the trap must be monitored via
the interferometer with sub-nanometer precision (< 0.1 nm). Any modification or mechanical
re-alignment of the trap's magnetic assembly during sphere swapping is strictly prohibited to
prevent artifact-induced threshold jumps.

8. Critical Detection Criteria

The transition threshold is considered discovered if the data satisfies three conditions
simultaneously:



1. Zone of Silence: For Points 2 through 5, the total extracted damping matches the
background floor within error limits: I' total <y bg + 36 _I'. The excess fundamental
damping (I'_excess =I"_total —y bg) must be statistically indistinguishable from zero.

2. The Step Function: At Point 6 (D = 3.0 pm), the excess damping must abruptly jump
to I'_excess > 50 s™! (against the predicted 64.4 s7. Over 100 measurement cycles, with
a statistical uncertainty of 6I'~0.5 s—1(estimated from the signal-to-noise ratio of the
interferometric detection system), the statistical significance of the step at Point 6 is
approximately 100c. However, the dominant uncertainty in this experiment is systematic
— sphere-to-sphere variations, trap drift, and thermal stability. A conservative estimate
including systematic contributions yields an overall significance of > 50c, which is more
than sufficient for unambiguous detection of the threshold.

3. Monotonic Scaling: Beyond the threshold, damping must increase continuously:

I' excess(Pt 7) >T"_excess(Pt 6) > T excess(Pt 5) = 0.

9. Falsifiability Protocols
The proposed model stands fully falsified if any of the following outcomes are observed:

e Absence of the Silence Zone: Measurable excess damping occurs below the critical
threshold (I'_excess > 0 at D <D _crit).

e Absence of the Sharp Step: Damping increases smoothly and continuously across the
entire diameter range without an abrupt cliff. This outcome would validate alternative
theories, such as the Diosi—Penrose model, which predicts a continuous linear
relationship (I" o« x) without a threshold.

e Mismatched Scaling Law: Post-threshold damping fails to adhere to the geometric
cascade law I' « x(x—1). Specifically, the ratio I'(Pt 7)/I'(Pt 6) must equal = 3.9,
contrasting sharply with the 1.38 ratio predicted by Didsi—Penrose.

e Violation of Density Scaling: If the threshold is verified for SiO, at D = 2.863 pum but
a subsequent test using pure Silicon spheres (p = 2330 kg/m?) fails to show a kink at
exactly D = 2.798 pm. The model mandates that D_crit « p~(—2/5).

10. Control Experiments

o Pressure Dependence Test: Increase chamber pressure to P = 107 mbar. If the
background noise floor y_bg rises linearly while I' _excess at Points 6 and 7 remains
unchanged, the post-threshold signal is confirmed to be independent of gas dynamics.

e Temperature Dependence Test: Elevate the temperature to T = 100 K. Classical gas
damping scales as \T. If the threshold position D_crit and the excess damping
magnitude I'_excess remain static, the effect is confirmed to be non-thermal.

e Trap Mechanism Independent Verification:Re-run the scanning grid utilizing an all-
optical tweezer trap instead of a diamagnetic trap. If the sharp damping step occurs at
the exact same critical diameters, it eliminates trap-specific magnetic or geometric
anomalies.

11. Cosmological and Ontological Implications

Confirming a sharp yield threshold at 27 picograms carries profound consequences for the
foundations of physics:

e The Emergence of the Arrow of Time: Below the threshold, the vacuum undergoes
perfectly elastic deformations. The system resides in a time-reversible domain where
Schrodinger's equation holds absolute symmetry under t — —t. Time here is an



external geometric label, not a physical process. At the threshold, the vacuum breaks
and yields to plastic flow, generating structural dissipation. Here, as formalized in
Alexander Levich's metabolic time theory, time transforms from a passive parameter
into a substantive, directional, and generative flow.

Bohr vs. Einstein Resolution: The experiment provides the first quantifiable boundary
that reconciles two opposing descriptions of reality. Below the threshold lies Bohr's
domain: a world of quantum superposition, probabilistic amplitudes, and observer-
dependent reality. Above the threshold lies Einstein's domain: an objective, classical
reality where macroscopic bodies maintain definite states independent of
measurement.

Eradication of Gravitational Singularities: A finite yield strength for space-time
eliminates the unphysical infinities predicted by General Relativity during
gravitational collapse. Singularities arise from extrapolating linear space elasticity (the
cosmic analogue of Hooke's Law) beyond its physical limits. When a collapsing mass
exceeds E_max, the vacuum transitions into plastic flow, dissipating the energy and
arresting infinite compression.

Solution to the Cosmological Constant Problem: The energy threshold E_max is
derived directly from the cosmological constant A. The notorious 120-order-of-
magnitude discrepancy between quantum field theory vacuum energy estimates and
astronomical observations scales precisely with the threshold ratio: (E P/ E max)? =
1022, Verifying this threshold proves that dark energy and the mechanical yield
strength of the quantum vacuum are two sides of the same fundamental cosmic
phenomenon.

The Dissipative Synthesis: This protocol integrates three historically independent
frameworks: Andrei Sakharov's metric vacuum elasticity, Ilya Prigogine's irreversible
thermodynamics of non-equilibrium systems, and Alexander Levich's substantive time
flow. The 27-picogram threshold is the structural junction where Sakharov's vacuum
stress yields to Prigogine's dissipation, physically manifesting Levich's arrow of time.
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