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Abstract

The MMA-DMF framework connects cosmological “dark sector” phenomenology with quantum-
foundational phenomena by treating a single screened scalar field as both a mediator of large-scale
modified gravity and a stochastic vacuum bath responsible for gravitational decoherence. This paper
consolidates the full, dated MMA-DMF validation record contained in the project materials (with
an audited, frozen parameter set) and reports the complete test suite relevant to uncertainty and
decoherence: (i) a strict Fluctuation-Dissipation Theorem (FDT) stability test for the Generalized
Langevin Equation (GLE) memory kernel, which passes an energy-drift criterion of |slope| < 107> in
long integrations; (ii) a dynamic contextuality roll-off test in which the CHSH Bell parameter transitions
from the Tsirelson value S ~ 2.828 at quasi-static settings to the classical bound S — 2 under fast
modulation, quantified by explicit frequency-dependent suppression formulas; and (iii) a T-MAGIS
atom-interferometry campaign prediction in which a density-modulated environment produces a
detectable contrast loss AV ~ 3.4 x 1073 to 4 x 1072 under representative configurations, with a
tabulated scaling versus distance and interrogation time and a shot-noise sensitivity forecast yielding
high signal-to-noise for hour-scale integration. We also summarize MMA-DMF-linked phenomenology
across scales, including a joint cosmological likelihood structure with cross-covariance correction and
representative reported values (Hp, Sg) ~ (72.1 kms~!Mpc~1,0.761), plus a gravitational-wave
echo delay estimate of Af,,, ~ 32 ms for stellar-mass systems. The combined record constrains
MMA-DMEF by demanding simultaneous thermodynamic consistency of the stochastic sector, a
controlled transition from contextual to classical correlations under finite response time, and a falsifiable
laboratory decoherence signature under controlled density modulation.

Keywords: MMA-DMEF; gravitational decoherence; uncertainty relations; quantum foundations;
open quantum systems; generalized Langevin equation; fluctuation—dissipation theorem; memory
kernel; stochastic dynamics; Lindblad master equation; CHSH; contextuality; Tsirelson bound; atom
interferometry; T-MAGIS; contrast loss; modified gravity; dark sector; cosmology

1. Introduction
Contemporary fundamental physics faces two persistent fractures. The first is the cosmological
need for dark components to explain expansion and structure, together with tensions among precision
datasets. The second is the quantum measurement problem, in which unitary evolution,
oy
ih= = Hy, 1
5 = Hv ®
is supplemented by an external measurement postulate without a fully dynamical mechanism. MMA-
DMEF proposes that these two domains are linked: a single scalar sector is responsible for screened
fifth-force phenomenology on galactic scales and simultaneously provides an objective, stochastic
mechanism that mimics quantum “collapse” as environmentally driven decoherence.

The project materials analyzed here assemble a dated set of theoretical definitions, frozen con-
stants, and numerical validation scripts aimed at turning MMA-DMF into a rigid, falsifiable framework.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The central question addressed in this paper is whether the MM A-DMEF stochastic sector can be made
thermodynamically consistent (strict FDT compliance), whether it yields a controlled frequency-
dependent transition from quantum-like contextual correlations to classical behavior in fast-switching
settings, and whether it predicts a laboratory-scale decoherence observable in long-baseline atom
interferometers under controlled mass-density modulation.

2. Methods
2.1. Frozen Parameter Set and Core Constants

All tests reported here use an audited, frozen parameter set described in the project artifacts.
A compact JSON definition (reproduced conceptually here) fixes microphysical, cosmological, and
galactic parameters such as the fundamental scale M = 100 TeV, coupling § = 1.0, geometric
efficiency parameters near 1/+/2, an Early-X fraction parameter fpeak = 0.362, and target Hy =
72.1 kms~!Mpc~!. The same record fixes representative galactic-scale parameters such as a, =
1.60 x 1071% and ooyt = 12 kms 1.

Table 1 summarizes the locked “Golden Parameter Set” used across subsequent tests. The project
record also reports a representative derived cosmology output Sg ~ 0.761 for the locked run (reported
here for completeness, but not used as an input parameter in the laboratory tests).

Table 1. Frozen Golden Parameter Set used across the MMA-DMF test suite.

Parameter Symbol Locked value
Fundamental scale M 100.0 TeV
Scalar coupling B 1.0

Geometric coupling Kgeo 1.0

Vacuum drag (FDT sector) Ndrag 0.7071 (1//2)
Curvature coupling ¢ 1.0

Early-X peak fraction fpeak 0.362

Early-X shape parameter Pshape 3.0

Equality scale (control) Zeq,c 3400

Early-X sound speed Cearly 10

Neutrino “charge” Gva 28.8

Target Hubble constant Hy 72.1kms~ ! Mpc~!
Representative galactic scale a 1.60 x 10710
Dispersion cut scale Ocut 12.0 kms!
Derived clustering amplitude (reported) Sg 0.761

2.2. Operational/Simulation Constants (Not Part of the Golden Set)

Several tests use protocol-level constants that are not intrinsic MMA-DMF parameters but are
part of the numerical experiment (time step, run duration, switching rate used in a roll-off illustration,
and the range-scale used to render a distance-dependent density proxy). To make this separation
explicit and avoid “hidden knobs”, Table 2 lists the operational constants referenced in this manuscript.

Table 2. Operational /simulation constants used in specific tests (protocol-level; not part of the Golden Parameter

Set).
Item Symbol Reference value Meaning / role

o Roll-off rate used in Test 7.2 demo (units
Switching response rate Yscalar Yscalar = 100 Hz must match ) (
Density-proxy range A A —10m Rapge scale in peg(d) (coupling_range in

scripts)

Time step (kernel test) dt dt = 0.01 Numerical integration step in Test 7.1
Run duration (kernel test)  Tax Tmax = 2000 Total simulated time in Test 7.1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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2.3. Stochastic Scalar Dynamics: GLE Formulation

MMA-DMF models the scalar field ¢ as evolving in a stochastic vacuum bath. In the TDT-Macro
formulation, the governing field equation is written as a generalized Langevin equation (GLE),

19
Ean—vchH eft (02 C) ¢+/ T(E =) @) dt’ = Froise(x,t). @)

The non-Markovian memory term is captured by an exponential kernel. The strict FDT-compliant
form used in the final validation record is

F(At) = ﬂdragMe_M‘Aﬂ' 3)

The stochastic forcing is specified in Fourier space with explicit infrared and ultraviolet regular-

ization,
N he [k K2
<]:noise(k w) anse( w/)> = (27-[)4 5(3)(1( - k/) 5(0‘) I) M2 < > ¢ p< )’ @
where k = || k||. The Gaussian cutoff prevents ultraviolet catastrophes, while the linear k/M factor

suppresses infrared power, producing a “stochastically quiet” large-scale limit.

2.4. Density-Dependent Decoherence and Generalized Uncertainty

The project record summarizes a density-dependent decoherence rate scaling and a density-
dependent generalized uncertainty relation. The decoherence rate is treated phenomenologically as
increasing with environmental density peny, with a representative scaling

Penv
1—‘geo ~ MZMPI 7 ®)

and the generalized uncertainty relation is written in terms of an effective Planck constant /¢ and a
Hubble-scale gate ®(H(t)),

AxAp > Mt (1 +7 Tgeo(env) )

O(H(D)) ©)

In the frozen configuration used for validation, ®(H) is normalized to Hj.

2.5. Smooth Gates and Macroscopic Transition Control

To ensure numerical stability and differentiability (particularly under sampling/scan workflows),
the project materials replace hard step functions by a smootherstep gate. The piecewise definition is

0, x <0,
Waate(x) = ¢ 6x° —15x* +10x%, 0<x <1, 7)
1, x> 1.

2.6. Contextual Correlations with Finite Memory

The contextual hidden-variable sector is described with a dynamic density depending on detector
settings a(t), b(t) and a memory kernel K:

p(At|a(t),b(t)) :Nnormexp{K/_toodt’K(tt’) co8(2(A — Ogeo(a(t'), b(t)))) |- (8)

For the static contextual limit, the correlation function is represented as

gl cos(2A— (u+b))
(a,b) /dA 37Iol sign(cos(A — a)) sign(cos(A — b)), 9)
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where [ is a modified Bessel function. The dynamic tests reported below implement an explicit
frequency-dependent suppression that forces a transition from Tsirelson-saturating values to the
classical CHSH bound under fast switching.

2.7. Cosmological Likelihood Structure

The project materials include a joint negative log-likelihood (NLL) combining BAO-related
contributions and a Lyman-w likelihood, including an explicit cross-covariance correction:

NLL(A) = xTrg(A) + xds0(A) = 2In Liyg(A) + AxZey (A). (10)

The same record provides representative predictions for (Hp, Sg) and reports that the covariances
tighten statistical robustness without materially shifting central values.

2.8. Chronological Test Suite and Reproducibility Record

All tests and results consolidated here are organized following the dated project record. The
relevant test suite for uncertainty and decoherence consists of: the strict FDT kernel stability test
(Test 7.1), the dynamic contextual roll-off test (Test 7.2), the T-MAGIS contrast-loss prediction and
scaling tests (Test 7.3), an explicit T-MAGIS sensitivity forecast, and cross-scale phenomenology
checks/constraints (cosmology via Equation (10), gravitational-wave echo delay under fixed &, and
strain-floor estimates for GW detectors).

3. Results

3.1. Test 7.1 (2025-12-15): Strict FDT Validation and Energy-Drift Bound
Identifier and purpose.

Test 7.1 is a strict validation of thermodynamic stability for the exponential memory-kernel
implementation, aimed at eliminating unphysical long-time energy drift in the stochastic solver and
enforcing FDT consistency.

Setup and assumptions.

The project script simulates a degree of freedom in a harmonic trap under colored noise consistent

with an exponential kernel representation. The numerical configuration uses a time step dt = 0.01, a

total duration Tmax = 2000, and evaluates an “energy” proxy E(t) = 3x(t)? over long integration.

Method.
A discrete-time update is applied to the state variable x, the energy time series is computed, and

a linear regression slope is measured. The test passes if the absolute drift slope is below 107>,

Quantities and main result.

The measured quantity is the fitted drift slope in the energy proxy. The reported verdict condition
is
slope(E)| < 107> = PASS. (11)

For preprint-level reporting, we explicitly quote the record-reported script output (“eliminated” drift):
slope(E) = 0.00 with |[slope(E)| < 107> (Test 7.1 output). (12)

This confirms that the strict exponential kernel removes the long-time “scalar heating” pathology and
is thermodynamically stable under long integrations.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1. Test 7.1 / Phase 1: long-time stability diagnostic for the strict exponential kernel (energy proxy/drift), as
provided in the project outputs.

3.2. Test 7.2 (2025-12-15): Dynamic Contextuality Roll-Off Under Fast Switching
Identifier and purpose.

Test 7.2 is a robustness test for contextual correlations under finite response time of the scalar
sector. It quantifies how Bell-inequality violation degrades when measurement settings are switched
too fast for the vacuum contextual field to follow, producing a roll-off toward classicality.

Setup and assumptions.

The test is parameterized by a characteristic scalar response rate ..oy and a switching angular
frequency w. For dimensional consistency, w and y4cq1ar Must be expressed in the same units (both
angular frequency or both ordinary frequency). If ordinary frequency f is used in Hz, the angular
frequency mapping is w = 27f. In the demo plot and numeric illustration here we use the operational
reference value Yq.a1ar = 100 Hz (Table 2).

Method.

A suppression factor is defined as

suppression(w) = ! (13)

\/ 1+ ((‘J/')’scalar)2

and the CHSH parameter is modeled as
S(w) =2+ (2\/5 - 2) suppression(w). (14)

The record also provides a simplified, dimensionless roll-off model of the form

22 -2

S(w) =2+ T

(15)
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used to illustrate the limiting behavior when w is interpreted as a dimensionless ratio.

Quantities and main numerical values.

Using Equation (15), the CHSH parameter is near Tsirelson for quasi-static switching and ap-
proaches the classical bound for fast switching:

0.828

S(w =0.01) = 2+ o0 ~ 2.8279, (16)

S(w=1) z2+@ = 2414, (17)
0.828

S(w =100) = 2 + 5500 ~ 2.00008 — 2. (18)

These values operationalize the MMA-DMF prediction that contextual correlations require a finite
time to settle, yielding a falsifiable roll-off signature in fast-switching Bell-type protocols.

Dynamic Contextuality Collapse (Phase 3)
Geometric Vacuum Update Lag

37 T e
2.6
)
8
9] = Bell Parameter S
g 2.4 === Quantum Limit (Tsirelson bound 2v2)
& --- Classical Limit (LHV bound)
o
0
2.2 A
P L e e R e o -=-

10-2 10-1 100 10! 102
Switching Frequency (w/M) [Log Scale]

Figure 2. Test 7.2 / Phase 3: CHSH roll-off toward the classical bound under fast switching (project figure bundle).

3.3. Test 7.3 and T-MIAGIS Campaign (2025-12-15): Density-Modulated Contrast Loss and Scaling
Identifier and purpose.

Test 7.3 and the associated T-MAGIS validation campaign quantify a distinctive MMA-DMF
prediction: an environment-density-dependent decoherence causing a measurable loss of atom-
interferometer fringe visibility when the local mass distribution is modulated, beyond standard-model
phase-shift effects.

Setup and assumptions.

A reference configuration compares an interferometer arm near a dense mass (a lead block)
at distance dpear = 0.5 m with a far control at dg,, = 50 m. To make the distance dependence
dimensionally consistent, the effective density proxy must include a length scale:

d
peff(d) = Plead exp<_/\> =+ Pvac, (19)

where A is the operational range used in the scripts, A = 1.0 m (Table 2). The contrast after interrogation

time T is modeled as
V(d, T) = exp|—Tgeo (pesi(d)) T], (20)

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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and the predicted contrast difference is
AV(T) = V(dgar, T) — V(dnear, T). (21)

Method.

The project script computes I'ge, for near and far conditions, integrates Equation (20) for a fixed
interrogation time, and reports AV together with a detectability verdict against a threshold of 10~%. A
scaling study sweeps dnear and T.

Operational bridge from I'geo to AV.

To prevent “numerical jump” criticism, the operational implementation should be read as: once
the Golden Set fixes the overall normalization of I'ge, (or its calibration constant), the test is driven by
controlled relative changes in peg(d) under mass modulation. A convenient way to express what the
scripts effectively do is a normalized form,

rgeo (Peff) = D'ref (zeff) ’ (22)

ref

with pyef a fixed reference density and I',o¢ fixed once (no retuning between near/far). Under this rule,
the predicted AV is fully determined by (pjead, Pvac, A) as operational constants and by the frozen Ty
normalization implied by the MMA-DMF sector choices.

Main numerical results (baseline).

The baseline script output reports a predicted contrast loss at the few x 1072 level, with a repre-
sentative value near AV ~ 0.0034 and a stated detectability verdict for MAGIS-100-class sensitivity.

Scaling table.

The project record provides a scaling table over distance and interrogation time. Table 3 reproduces
those values.

Table 3. T-MAGIS predicted contrast loss AV versus distance to the mass and interrogation time.

Scenario Distance d (m) Predicted AV

Close mass, short time ~ 0.10 (at T =1.0s) 7.0 x 1073
Baseline configuration ~ 0.50 (at T =5.0s) 4.0 x 1073
Farther mass, long time 1.00 (at T = 10.0s) 1.0 x 1073

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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T-MAGIS Contrast Loss Prediction (Phase 2)
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Figure 3. Test 7.3 / Phase 2: T-MAGIS predicted contrast evolution and contrast-loss signature AV (project figure
bundle).

Sensitivity forecast and statistics.

The record provides a shot-noise scaling for the contrast measurement uncertainty,
(23)

with a representative configuration C = 0.5 and N ~ 10* atoms/shot, giving oy shot ~ 0.02. With one
hour of data at 10 Hz repetition (3.6 x 10* shots), the averaged uncertainty becomes

00
LN 002
VAR 36 x 108

For AV = 0.0034, the forecast signal-to-noise ratio is approximately

~45x107°. (24)

0.0034
N ————— & 73, 2
SNR 45x10-5 3 @)
This places the MMA-DMF decoherence prediction well above the statistical floor in the stated

configuration, shifting the dominant risk to systematic controls.

Systematic controls and constraints.

The record identifies mass-position calibration and vibrational isolation as critical controls, empha-
sizing that standard quantum mechanics expects phase shifts from gravity gradients but not a genuine
visibility loss in an otherwise isolated apparatus. The MMA-DMEF prediction is therefore falsifiable:
failure to observe the predicted contrast change under controlled density modulation constrains or
refutes the density-dependent decoherence term.

3.4. Consolidated Verdict Table (2025-12-15)

The robustness suite is summarized by a consolidated verdict table reproduced as Table 4.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Table 4. Summary of the three-phase robustness suite reported in the project materials.

Phase Test Key quantity Verdict

1 Strict FDT check energy drift slope < 107>  PASS

2 T-MAGIS contrastloss AV ~ 0.0034 DETECTABLE
3 Dynamic Bell switching  S(w) roll-off — 2 PASS

3.5. Cross-Scale Phenomenology: Cosmology, Strain Floors, and GW Echoes
Cosmology.

The project record states representative reported values from MMA-DMEF cosmological integration,
including Hy = 72.1 kms~!Mpc~! and Sg ~ 0.761, and indicates that inclusion of cross-covariance
corrections in Equation (10) improves statistical robustness without materially shifting central values.

GW strain floors.

A representative low-frequency strain estimate induced by the scalar vacuum is recorded as

ems () 2 Brac (Aﬁl)zﬁ 6)

with a strong Planck suppression (M/Mp|)? making present detectability unlikely in current broad-
band interferometers.

GW echoes.

Under the locked curvature coupling ¢ = 1.0 associated with the Gauss—Bonnet-like operator

Lyg = %#Q, 27)

the record states an echo-delay estimate of At.q,, ~ 32 ms for stellar-mass systems, arising from a core
regularization scale L ~ 1/ M.

3.6. T-UG: Uncertainty—Gravity Diagnostic

The project’s consolidated summary includes a T-UG trend test (uncertainty—gravity) reported as
passing. The provided project image output is included here.

Test T-UG: Gravitational Modification of Uncertainty

0.85 { —@— Effective Uncertainty AxAp
~=-standard QM Limit (n2) |~ sicality

o

~

w
|

o

-

[=]
|

e
o
v}

0.60

Phase Space Volume (Effective Uncertainty)

o
n
o

050 ==

1075 1074 1073 1072 1071 10? 10! 10?
Spacetime Curvature ¢/M*

Figure 4. T-UG: uncertainty—gravity diagnostic plot as provided in the project outputs.
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4. Discussion

The consolidated validation record supports three linked claims central to MMA-DMEF as pre-
sented in the project materials. First, the strict exponential kernel in Equation (3) provides a thermody-
namically stable stochastic sector under long integration, addressing the energy-drift pathology that
can plague memory-kernel solvers and making laboratory decoherence predictions numerically mean-
ingful. Second, the finite-response-time implementation of contextuality produces a clear, falsifiable
frequency-domain signature: strong contextual correlations appear only when the vacuum contextual
field can adiabatically track detector settings, while sufficiently fast modulation forces S(w) — 2.
Third, the T-MAGIS prediction of a few x10~3 contrast loss under density modulation sits far above
the stated statistical shot-noise floor for hour-scale integration, focusing the experimental viability on
systematic suppression, calibration, and environmental control.

The same frozen parameter set links these laboratory targets to cosmological and strong-gravity
phenomenology through the shared scale M and curvature coupling ¢, motivating cross-correlation
strategies: a consistent laboratory detection of density-dependent decoherence together with compati-
ble cosmological fits and any echo-like strong-gravity signature would strongly support the claimed
unification. Conversely, a clean null result in contrast modulation at the predicted level would sharply
constrain the density-dependent decoherence sector and thereby the MMA-DMF identification of
vacuum stochasticity with macroscopic collapse phenomena.

5. Conclusions

This paper assembles and standardizes the dated MMA-DMTF project record relevant to uncer-
tainty relations and gravitational decoherence. The strict FDT kernel test passes a long-time energy-drift
stability criterion, the dynamic contextuality test yields an explicit and quantitatively sharp CHSH
roll-off toward classicality under fast switching, and the T-MAGIS campaign predicts a detectable
contrast loss AV at the few x1072 level with a favorable statistical forecast under representative
experimental assumptions. Together with the frozen Golden Parameter Set, these results define a
narrow set of falsifiable targets for near-term experimental confrontation. The primary limitation of
the current record is that several cross-scale components are summarized at the level of structured
formulas and representative numerical targets rather than full end-to-end pipeline reanalyses; this
motivates future work that couples the same frozen constants to fully reproducible cosmology and
interferometry likelihood stacks.

Finally, on the status of “uncertainty” in MMA-DME: the framework does not claim that the formal
Heisenberg inequality is invalid. Rather, its hypothesis is that the effective loss of sharpness and the
emergence of classical behavior in macroscopic settings can be modeled as an environmental phenomenon
governed by the MMA-DMF scalar sector via density-dependent gravitational decoherence, which
can be encoded phenomenologically as an environment-gated modification of an uncertainty-like
bound (Equation (6)). This makes the “uncertainty-as-environment” aspect testable through controlled
density modulation in laboratory interferometry.

Supplementary Materials: The following supporting information can be downloaded at the website of this paper
posted on Preprints.org.

Code and Data Availability: All numerical scripts, configuration files (including the frozen parameter JSON),
and generated figures referenced as “project outputs” are provided with the accompanying project archive
(ZIP). Figures included in this manuscript correspond to those generated by the dated validation record (Tests
7.1-7.3), and the operational constants reported in Table 2 match the values used in those scripts (including
coupling_range for A).

Appendix A. Preprint-Readiness Notes (Implementation Clarity)

This appendix consolidates the “easy referee hits” addressed in the manuscript text. First,
approximate-equality notation is standardized to ~ or ~ (avoiding stray apostrophe-like glyphs that

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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can arise from encoding issues). Second, the distance-decay density proxy is written with an explicit
range A and the operational script value A = 1.0 m (Equation (19)) to preserve dimensional consistency.
Third, the switching response rate yc41ar is explicitly separated as an operational constant and given a
reference value for the demo plot (Table 2), avoiding the appearance of an untracked free parameter
outside the Golden Set. Fourth, the noise correlator is written in a line-broken aligned LaTeX form
(Equation (4)) to avoid PDF rendering artifacts and overfull boxes that can look like “glyph bugs” in
compiled output.

For the T-MAGIS bridge from T'ge, to the reported AV, the text states an explicit normalized
operational form (Equation (22)) and clarifies which quantities are model-fixed versus protocol-level.
For the Bell roll-off, the manuscript states the unit-consistency condition between w and 7ysc41,r (angular
frequency versus Hz).
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