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Abstract 

This article develops a covariant theoretical framework in which spontaneous subatomic mass-
energy interconversion is modeled as a stochastic marked point process. The central proposal is 
not that quantum randomness directly equals spacetime curvature, but that a large population of 

microscopic interconversion events may generate a stable coarse-grained stress-energy mean 
while leaving a smaller residual noise sector. In this construction, each event contributes a 

localized stress-energy packet with random spacetime position, exchanged energy, lifetime, and 
tensor character. The ensemble mean defines an effective macroscopic source in Einstein’s 
equation, while the residual fluctuations define a covariant noise kernel that sources metric 

perturbations through an Einstein-Langevin equation. 

This formulation distinguishes statistical homogeneity and isotropy in a cosmic rest frame from 

the stronger condition of local Lorentz invariance required for a truly vacuum-like stress tensor. 
Under that stronger condition, the mean interconversion sector reduces to a form proportional to 
the metric and therefore behaves as an emergent cosmological-constant contribution. In 

cosmology, the background interconversion density is expressed through the active event 
density: event rate per physical volume and time multiplied by mean exchanged energy and 

effective event lifetime. This gives a microphysical dictionary for the equation-of-state parameter 
and for possible late-time dark-energy-like or early-time transient behavior. 

The model also gives a formal route by which a transient pre-recombination component could 

reduce the sound horizon and thereby affect Hubble-constant inference. The manuscript 
emphasizes that this is a phenomenological bridge, not a completed quantum-gravity theory. 

Conservation, perturbation bounds, thermodynamic stability, and observational viability remain 
mandatory tests. 

Keywords: stochastic gravity; mass-energy interconversion; Einstein-Langevin equation; 

coarse-graining; cosmological constant; dark energy; Hubble tension; stress-energy fluctuations; 
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1. Introduction 

A directly related foundation for the present stochastic-gravity framework is developed in 

Willis’s article A Dynamical Origin of Wave-Particle Duality From Stochastic Mass-Energy 
Interconversion. That article applies spontaneous stochastic mass-energy interconversion to the 
quantum problem of wave-particle duality. Its central claim is that inertial mass may undergo 



small stochastic fluctuations consistent with Einstein’s mass-energy equivalence, and that these 
fluctuations modify the kinetic phase of a quantum system. In that framework, interference arises 

from coherent path-dependent kinetic-phase accumulation, while particle-like localization 
emerges when stochastic phase relations become dynamically decohered at detection. The article 

therefore provides a quantum-scale mechanism in which mass-energy interconversion is not 
merely a cosmological or gravitational hypothesis, but a proposed microscopic source of 
quantum phase dynamics, interference visibility, and decoherence. 

The study Observation of Quantum Effects on Radiation Reaction in Strong Fields provides 
meaningful experimental support for the broader idea of stochastic mass-energy interconversion. 

It shows that, in the strong-field quantum regime, energy transfer from relativistic electrons to 
emitted radiation does not behave as a smooth, continuous classical process. Instead, it occurs 
through discrete, probabilistic quantum emission events. 

The experiment reports a high-significance observation of radiation reaction, exceeding the 
5𝜎threshold, and shows that quantum radiation-reaction models fit the observed data better than 

classical models. This improvement arises because the quantum models more accurately 
reproduce the measured electron energy losses and photon emission spectra. Of particular 

importance for a stochastic interconversion framework, the study finds that photon emission in 
this regime becomes inherently stochastic, with individual emissions sometimes removing a 

substantial fraction of an electron’s energy. 

The observed post-collision electron spectra show reduced electron energies, broadened 
distributions, and a strong relationship between increased photon production and greater electron 

energy loss. These features are consistent with quantized, probabilistic transfer of energy from 
matter to radiation. While the study does not prove that stochastic mass-energy interconversion is 

a universal mechanism operating in all physical settings, it does provide strong evidence that, 
under extreme electromagnetic conditions, matter-radiation energy exchange can proceed 
through discrete stochastic quantum processes rather than through purely deterministic classical 

dynamics. 

The relevance for the present article is that the dynamical-duality framework supplies a 

quantum-scale precursor to the gravitational model developed below. In the duality article, the 
stochastic interconversion process acts on the phase of matter waves; in the present article, the 
same general class of stochastic mass-energy processes is elevated to a covariant stress-energy 

source capable of contributing to spacetime curvature. The conceptual bridge is therefore 
continuous: stochastic mass-energy interconversion first appears as microscopic phase noise and 

phase coherence in quantum mechanics, and then, when represented covariantly as localized 
stress-energy packets, becomes a candidate source of both mean relativistic geometry and 
residual metric fluctuations. This connection strengthens the motivation for treating stochastic 

interconversion as a unifying intermediate principle between quantum uncertainty, wave-particle 
behavior, semiclassical stress-energy fluctuations, and the emergence of smooth gravitational 

geometry. 

A persistent problem in fundamental physics is the relationship between the stochastic character 
of quantum phenomena and the smooth deterministic geometry of general relativity. Quantum 

theory describes microscopic systems through probabilistic amplitudes, fluctuations, and event-
like transitions. General relativity, by contrast, describes gravitation through continuous 



spacetime curvature sourced by a classical stress-energy tensor. The gap between these 
descriptions raises a basic question: how can a smooth classical geometry emerge from 

microscopic stochasticity without simply ignoring the underlying randomness? 

The present work proposes a phenomenological bridge based on stochastic subatomic mass-

energy interconversion. The core hypothesis is that microscopic matter-energy conversion events 
occur locally and randomly. Each event contributes a small stress-energy packet. A single packet 
is not a smooth gravitational source. A very large ensemble of packets, however, can possess a 

stable statistical mean. This mean can source a smooth background geometry, while deviations 
from the mean appear as a small stochastic gravitational-noise sector. 

The model therefore uses a two-part decomposition. The first part is the ensemble-averaged 
stress-energy tensor of the interconversion process. This part contributes to the mean curvature 
of spacetime. The second part is the fluctuation about that mean. This part is captured by a noise 

kernel and enters the metric dynamics through an Einstein-Langevin equation. The classical 
geometry of general relativity is recovered when the number of active events inside a 

macroscopic coarse-graining region is large, so that the relative strength of stochastic 
fluctuations is suppressed by the usual inverse-square-root statistical law. 

A central concept is the distinction between two symmetry statements that are sometimes 

conflated. Statistical homogeneity and isotropy in a cosmological rest frame are sufficient to 
make the mean interconversion sector behave like an effective perfect fluid. They are not, by 

themselves, sufficient to force a vacuum equation of state. A vacuum-like stress tensor requires 
the stronger condition that the large-scale mean be locally Lorentz invariant. Only under that 
stronger condition must the mean stress tensor be proportional to the metric. 

This distinction matters because the same stochastic interconversion sector can have multiple 
macroscopic limits. If the event statistics yield a nearly constant energy density, the sector can 

mimic a cosmological constant. If the event statistics evolve with cosmic expansion, the sector 
behaves like a dynamical effective fluid. If the sector is transiently enhanced before 
recombination, it can raise the early expansion rate, lower the sound horizon, and potentially 

shift the inferred value of the Hubble constant. These possibilities are formal and require 
observational testing; they are not claimed as established results. 

The aim of this article is therefore fourfold. First, it defines a covariant stochastic stress-energy 
model for spontaneous mass-energy interconversion. Second, it shows how a mean-field limit 
can produce smooth relativistic geometry. Third, it clarifies the conservation and symmetry 

requirements needed for consistency. Fourth, it identifies the cosmological consequences and 
observational constraints that would determine whether the framework is physically viable. 

2. Conceptual Structure and Assumptions 

The framework rests on the following conceptual chain: microscopic stochastic interconversion 
events -> mean stress-energy + noise -> Einstein-Langevin dynamics -> coarse-grained classical 

geometry 

This chain should be read as a phenomenological proposal. The event process is not yet derived 

from a complete quantum field theory or pre-geometric theory. Instead, it is introduced as a 



controlled mathematical representation of a possible microscopic substrate. The theory must 
therefore be judged by internal consistency and by whether its macroscopic consequences can be 

made compatible with observation. 

The assumptions used throughout the manuscript are as follows: 

The interconversion sector is modeled as a covariant stochastic process, not as arbitrary noise 
inserted by hand. 

The total stress-energy tensor must satisfy the covariant conservation condition required by the 

Bianchi identity. 

Statistical isotropy in a cosmic rest frame produces a perfect-fluid form; full local Lorentz 

invariance is required for a vacuum-like form. 

Classical spacetime emerges only after coarse-graining over a large number of active events. 

A viable cosmological model must keep the induced fluctuation spectrum below observational 

limits from the cosmic microwave background, lensing, and structure growth. 

3. Geometric and Physical Setting 

Let 𝑀 be a four-dimensional Lorentzian spacetime with metric 𝑔𝑎𝑏  and signature (−, +, +,+). 

Unless explicitly restored, units are chosen so that 𝑐 = ℏ = 1. 

 (𝑀, 𝑔𝑎𝑏),  signature(𝑔𝑎𝑏) = (−, +, +, +) (1) 

The gravitational field satisfies Einstein’s equation with a bare cosmological constant Λbare : 

 𝐺𝑎𝑏[𝑔] + Λbare𝑔𝑎𝑏 = 8𝜋𝐺 𝑇𝑎𝑏  (2) 

The total stress-energy tensor is decomposed into ordinary matter/radiation and the proposed 
interconversion sector: 

 𝑇𝑎𝑏 = 𝑇
𝑎𝑏

(𝑚)
+ 𝑇

𝑎𝑏

(𝜒)
 (3) 

The Bianchi identity requires the total stress-energy tensor to be covariantly conserved: 

 ∇𝑎𝐺𝑎𝑏 = 0  ⇒   ∇𝑎𝑇𝑎𝑏 = ∇𝑎(𝑇
𝑎𝑏

(𝑚)
+ 𝑇

𝑎𝑏

(𝜒)
) = 0 (4) 

Here 𝜒 labels the stochastic interconversion sector. It is not assumed at the outset to be separately 

conserved. Separate conservation is a special case. In the general case, the ordinary and 
interconversion sectors may exchange energy-momentum while the total remains conserved. 



4. Microscopic Stochastic Interconversion Process 

Interconversion events are modeled as a marked point process on spacetime. Each event has a 
location 𝑋𝑖 in spacetime and a mark 𝑞𝑖 encoding its exchanged energy, duration, microscopic 

orientation, and tensor character. 

 {(𝑋𝑖 ,𝑞𝑖)}𝑖∈𝐼 ∼ marked point process on 𝑀  (5) 

The local intensity of events is written as 𝜆(𝑋,𝑞), so that the expected number of events in a 

small spacetime volume 𝑑𝑉𝑋  with marks in 𝑑𝜇(𝑞) is 

 𝑑𝑁expected = 𝜆(𝑋, 𝑞) 𝑑𝑉𝑋  𝑑𝜇(𝑞) (6) 

Each event contributes a localized stress-energy packet 𝑡𝑎𝑏 . The total interconversion stress-

energy tensor is the sum over all event packets: 

 
𝑇

𝑎𝑏

(𝜒)
(𝑥) = ∑ 𝑡𝑎𝑏

𝑖

(𝑥; 𝑋𝑖 , 𝑞𝑖) 
(7) 

A convenient local packet model is 

 𝑡𝑎𝑏(𝑥; 𝑋𝑖 , 𝑞𝑖) = 𝜖𝑖  𝐴𝑎𝑏(𝑞𝑖; 𝑋𝑖) 𝑊ℓ(𝑥,𝑋𝑖) (8) 

where 𝜖𝑖 is the energy scale exchanged in the event, 𝐴𝑎𝑏  is a dimensionless tensor structure, and 

𝑊ℓ  is a covariant smearing kernel with microscopic width ℓ. The kernel is normalized by 

 
∫ 𝑊ℓ

𝑀

(𝑥, 𝑋𝑖) 𝑑𝑉𝑥 = 1 
(9) 

The packet width ℓ prevents the model from treating events as physically singular point sources. 

It also provides a scale below which the coarse-grained continuum description is not expected to 
apply. 

5. Conservation Law and Exchange Current 

The central consistency condition is total covariant conservation: 

 ∇𝑎[𝑇
𝑎𝑏

(𝑚)
+ 𝑇

𝑎𝑏

(𝜒)
] = 0 (10) 

The strongest version of the model imposes conservation event by event: 



 ∇𝑎𝑡𝑎𝑏(𝑥; 𝑋𝑖 ,𝑞𝑖) = 0 for every event 𝑖  (11) 

A more flexible and physically natural version allows exchange between ordinary matter and the 
interconversion sector: 

 ∇𝑎𝑇
𝑎𝑏

(𝑚)
= 𝑄𝑏 ,  ∇𝑎𝑇

𝑎𝑏

(𝜒)
= −𝑄𝑏  (12) 

The exchange current 𝑄𝑏  represents local transfer of energy-momentum between sectors. The 

sum remains conserved, so the Einstein equation remains compatible with the Bianchi identity: 

 ∇𝑎𝑇𝑎𝑏 = 𝑄𝑏 − 𝑄𝑏 = 0 (13) 

This framework makes it explicit that stochastic interconversion cannot be introduced as an 

unconstrained source. Any concrete model must specify either conserved event packets or an 
exchange current 𝑄𝑏  that preserves total conservation. 

6. Mean-Field Limit 

Taking the ensemble average over the event process defines the mean interconversion stress-
energy tensor: 

 𝑇𝑎𝑏

(𝜒)
(𝑥) ≡ ⟨𝑇

𝑎𝑏

(𝜒)
(𝑥)⟩ (14) 

For a Poisson marked process, the mean is the intensity-weighted integral of the individual event 

packet: 

 
𝑇𝑎𝑏

(𝜒)
(𝑥) = ∫ 𝑑

𝑀

𝑉𝑋∫ 𝑑𝜇(𝑞) 𝜆(𝑋, 𝑞) 𝜖(𝑞) 𝐴𝑎𝑏(𝑞; 𝑋) 𝑊ℓ(𝑥, 𝑋) 
(15) 

If 𝜆, 𝜖, and the mark averages vary slowly across the microscopic support of 𝑊ℓ , the mean 

becomes local: 

 𝑇𝑎𝑏

(𝜒)
(𝑥) ≃ 𝑛𝜒(𝑥) 𝜖𝜒(𝑥) 𝐴𝑎𝑏(𝑥) (16) 

The active event density 𝑛𝜒  is the number of active interconversion events per physical spatial 

volume. If Γ𝜒 is the event rate per physical volume per proper time and 𝜏𝜒  is the effective 

lifetime of an active event, then 

 𝑛𝜒 (𝑥) = Γ𝜒(𝑥) 𝜏𝜒(𝑥) (17) 



Therefore the local mean source may be written as 

 𝑇𝑎𝑏

(𝜒)
(𝑥) ≃ Γ𝜒(𝑥) 𝜏𝜒(𝑥) 𝜖𝜒(𝑥) 𝐴𝑎𝑏(𝑥) (18) 

This is the corrected microphysical dictionary: the background contribution is controlled by an 

active event density, not merely by an event rate alone. 

7. Fluctuation Field and Stress-Energy Decomposition 

The full interconversion stress tensor is decomposed into a mean and a fluctuation: 

 𝑇
𝑎𝑏

(𝜒)
(𝑥) = 𝑇𝑎𝑏

(𝜒)
(𝑥) + 𝛿𝑇

𝑎𝑏

(𝜒)
(𝑥) (19) 

The fluctuation field has zero mean by definition: 

 ⟨𝛿𝑇
𝑎𝑏

(𝜒)
(𝑥)⟩ = 0 (20) 

This mean-plus-fluctuation split is the mathematical basis for the bridge from microscopic 
stochasticity to large-scale geometry. The mean determines the background curvature, while 

𝛿𝑇
𝑎𝑏

(𝜒)
 sources stochastic perturbations. 

8. Effective Fluid Decomposition 

Introduce a local unit timelike vector field 𝑢𝑎  satisfying 

 𝑢𝑎 𝑢𝑎 = −1 (21) 

and define the spatial projector 

 ℎ𝑎𝑏 = 𝑔𝑎𝑏 + 𝑢𝑎𝑢𝑏 (22) 

The mean interconversion tensor can be decomposed as 

 𝑇𝑎𝑏

(𝜒)
= 𝜌𝜒 𝑢𝑎𝑢𝑏 + 𝑝𝜒ℎ𝑎𝑏 + 2𝑢(𝑎𝑞

𝑏)

(𝜒)
+ 𝜋

𝑎𝑏

(𝜒)
 (23) 

where 𝑞𝑎

(𝜒)
 is the energy-flux vector and 𝜋

𝑎𝑏

(𝜒)
 is the anisotropic stress tensor. Their defining 

conditions are 



 𝑞𝑎

(𝜒)
𝑢𝑎 = 0,   𝜋

𝑎𝑏

(𝜒)
𝑢𝑏 = 0,  𝜋 (𝜒)

 𝑎

𝑎
= 0 (24) 

If the event ensemble is statistically homogeneous and isotropic in the local rest frame, then 

 𝑞𝑎

(𝜒)
= 0,  𝜋

𝑎𝑏

(𝜒)
= 0 (25) 

and the mean tensor reduces to a perfect-fluid form: 

 𝑇𝑎𝑏

(𝜒)
= 𝜌𝜒 𝑢𝑎𝑢𝑏 + 𝑝𝜒ℎ𝑎𝑏  (26) 

The effective equation-of-state parameter is 

 
𝑤𝜒 ≡

𝑝𝜒

𝜌𝜒

 
(27) 

This section makes a key conceptual point: isotropy gives a perfect fluid, but it does not by itself 
require 𝑤𝜒 = −1. A vacuum-like equation of state requires the stronger Lorentz-invariance 

condition discussed next. 

9. Emergent Vacuum-Like Limit 

If the large-scale mean of the interconversion sector is locally Lorentz invariant, then the only 
available rank-2 tensor with the required symmetry is the metric. Therefore 

 𝑇𝑎𝑏

(𝜒)
= −𝜌vac

(𝜒)
𝑔𝑎𝑏  (28) 

Comparing this with the perfect-fluid form gives 

 𝑝𝜒 = −𝜌𝜒,  𝑤𝜒 = −1 (29) 

The corresponding effective cosmological-constant contribution is 

 Λ𝜒 = 8𝜋𝐺 𝜌vac

(𝜒)
 (30) 

and the total effective cosmological constant becomes 

 Λeff = Λbare + Λ𝜒 (31) 



This result is logically valid only under the stronger Lorentz-invariant averaging assumption. In a 
cosmological rest frame, where the expansion itself selects a preferred timelike direction, the 

interconversion sector may instead behave as a general effective fluid with 𝑤𝜒(𝑎) not exactly 

equal to −1. 

10. Effective Einstein Equation 

Substituting the mean-plus-fluctuation split into Einstein’s equation gives 

 𝐺𝑎𝑏[𝑔] + Λbare𝑔𝑎𝑏 = 8𝜋𝐺 [𝑇
𝑎𝑏

(𝑚)
+ 𝑇𝑎𝑏

(𝜒)
+ 𝛿𝑇

𝑎𝑏

(𝜒)
] (32) 

If the mean interconversion sector is vacuum-like, the vacuum contribution may be moved to the 
geometric side: 

 𝐺𝑎𝑏[𝑔] + Λeff𝑔𝑎𝑏 = 8𝜋𝐺[𝑇
𝑎𝑏

(𝑚)
+ 𝛿𝑇

𝑎𝑏

(𝜒)
] (33) 

Thus the same microscopic process contributes two gravitational components: a smooth mean 

curvature term and a residual stochastic curvature source. 

11. Noise Kernel and Stochastic Stress-Energy Fluctuations 

Define the stochastic source field 

 𝜉𝑎𝑏(𝑥) ≡ 𝛿𝑇
𝑎𝑏

(𝜒)
(𝑥) (34) 

with 

 ⟨𝜉𝑎𝑏(𝑥)⟩ = 0 (35) 

The covariant noise kernel is the two-point correlation function of the fluctuation field: 

 𝑁𝑎𝑏𝑐𝑑(𝑥,𝑦) ≡ ⟨𝜉𝑎𝑏(𝑥)𝜉𝑐𝑑(𝑦)⟩ (36) 

For a Poisson event process with independent marks, the shot-noise contribution is 

 
𝑁𝑎𝑏𝑐𝑑(𝑥,𝑦) = ∫ 𝑑

𝑀

𝑉𝑋∫ 𝑑𝜇(𝑞) 𝜆(𝑋, 𝑞) 𝑡𝑎𝑏(𝑥; 𝑋, 𝑞)𝑡𝑐𝑑(𝑦; 𝑋, 𝑞) 
(37) 

If the events are correlated rather than Poisson, a connected correlation term must be added: 



 𝑁𝑎𝑏𝑐𝑑 = 𝑁
𝑎𝑏𝑐𝑑

(Poisson)
+ 𝑁

𝑎𝑏𝑐𝑑

(connected )
 (38) 

This addition is important because correlations could either enhance or suppress the stochastic 
metric perturbations. Observational viability depends strongly on the size and scale dependence 

of this kernel. 

12. Coarse-Graining and Emergence of Classicality 

Let 𝐾𝐿(𝑥, 𝑦) be a normalized covariant coarse-graining kernel on a macroscopic scale 𝐿: 

 
∫ 𝐾𝐿

𝑀

(𝑥, 𝑦) 𝑑𝑉𝑦 = 1 
(39) 

The coarse-grained interconversion tensor is 

 
𝑇

𝑎𝑏,𝐿

(𝜒)
(𝑥) = ∫ 𝐾𝐿

𝑀

(𝑥,𝑦)𝑇
𝑎𝑏

(𝜒)
(𝑦) 𝑑𝑉𝑦 

(40) 

Let 𝑉𝐿  be the physical coarse-graining volume and let 𝑁𝐿 be the number of active events inside 

that region: 

 𝑁𝐿 ≃ Γ𝜒𝜏𝜒 𝑉𝐿 (41) 

For many weakly correlated events with finite variance, the relative size of the coarse-grained 

fluctuation scales as 

 
√Var(𝑇

𝑎𝑏,𝐿

(𝜒)
)

|𝑇𝑎𝑏,𝐿

(𝜒)
|

∝
1

√𝑁𝐿

 

(42) 

The classicality condition is therefore 

 𝑁𝐿 ≫ 1 (43) 

When this condition holds, the mean dominates over the stochastic fluctuations and spacetime 
appears smooth at scale 𝐿. When it fails, the continuum mean-field approximation is not reliable. 

13. Einstein-Langevin Form 

Let the metric be decomposed into a mean background and a stochastic perturbation: 



 𝑔𝑎𝑏 = 𝑔
𝑎𝑏

+ ℎ𝑎𝑏  (44) 

The mean geometry satisfies 

 𝐺𝑎𝑏[𝑔] + Λbare 𝑔
𝑎𝑏

= 8𝜋𝐺 [𝑇𝑎𝑏

(𝑚)
+ 𝑇𝑎𝑏

(𝜒)
] (45) 

If the vacuum-like part has been absorbed into Λeff, this may also be written as 

 𝐺𝑎𝑏[𝑔] + Λeff𝑔
𝑎𝑏

= 8𝜋𝐺 𝑇𝑎𝑏

(𝑚)
 (46) 

The linearized stochastic perturbation satisfies an Einstein-Langevin equation of the schematic 

form 

 𝛿𝐺𝑎𝑏[ℎ] + Λeffℎ𝑎𝑏 = 8𝜋𝐺[𝛿𝑇
𝑎𝑏

(𝑚)
[ℎ] + 𝜉𝑎𝑏] (47) 

with stochastic source statistics 

 ⟨𝜉𝑎𝑏(𝑥)⟩ = 0,  ⟨𝜉𝑎𝑏(𝑥)𝜉𝑐𝑑(𝑦)⟩ = 𝑁𝑎𝑏𝑐𝑑(𝑥, 𝑦) (48) 

This equation gives the corrected bridge: the microscopic interconversion process supplies both a 
deterministic mean source and a stochastic source whose correlations are encoded in 𝑁𝑎𝑏𝑐𝑑. 

14. Cosmological Specialization 

On a Friedmann-Robertson-Walker background, the metric is 

 𝑑𝑠2 = −𝑑𝑡2 + 𝑎2(𝑡)𝛾𝑖𝑗 𝑑𝑥 𝑖𝑑𝑥 𝑗 (49) 

where 𝑎(𝑡) is the scale factor and 𝛾𝑖𝑗  is the spatial metric of constant curvature 𝑘. The 

Friedmann equation becomes 

 
𝐻2 =

8𝜋𝐺

3
(𝜌𝑚 + 𝜌𝑟 + 𝜌𝜒 ) +

Λbare

3
−

𝑘

𝑎2
 

(50) 

The acceleration equation may be written as 

 
𝐻̇ = −4𝜋𝐺(𝜌tot + 𝑝tot ) +

𝑘

𝑎2
 

(51) 



The corrected microscopic dictionary for the interconversion density is 

 𝜌𝜒(𝑎) = Γ𝜒(𝑎) 𝜖𝜒(𝑎) 𝜏𝜒(𝑎) (52) 

If the interconversion sector is separately conserved at the background level, its continuity 

equation is 

 𝑑𝜌𝜒

𝑑𝑡
+ 3𝐻(1 + 𝑤𝜒)𝜌𝜒 = 0 

(53) 

Therefore the effective equation of state is 

 
𝑤𝜒(𝑎) = −1 −

1

3

𝑑ln𝜌𝜒

𝑑ln𝑎
 

(54) 

Using the microscopic dictionary, this becomes 

 
𝑤𝜒 (𝑎) = −1 −

1

3

𝑑ln[Γ𝜒(𝑎)𝜖𝜒(𝑎)𝜏𝜒 (𝑎)]

𝑑ln𝑎
 

(55) 

If there is energy exchange with ordinary matter or another sector, the continuity equation 

generalizes to 

 𝑑𝜌𝜒

𝑑𝑡
+ 3𝐻(1 + 𝑤𝜒)𝜌𝜒 = −𝑄𝜒 

(56) 

where 𝑄𝜒  is the background energy-transfer rate from the interconversion sector into the other 

sector. A complete model must specify 𝑄𝜒  or justify 𝑄𝜒 = 0. 

15. Metric Fluctuation Spectrum and Observational Constraints 

To connect the model to observations, assume a Gaussian spatial profile for the event packet: 

 
𝑊ℓ(𝑟) = (2𝜋ℓ2 )−3/2exp [−

𝑟2

2ℓ2
] 

(57) 

Its Fourier transform is 

 
𝑊̃ℓ(𝑘) = exp [−

𝑘2ℓ2

2
] 

(58) 



The equal-time density-fluctuation spectrum from independent event noise has the schematic 
form 

 𝑃𝛿𝜌,𝜒(𝑘) ≃ Γ𝜒𝜏𝜒 𝜖𝜒
 2

|𝑊̃ℓ(𝑘)|
2
 (59) 

On sub-horizon scales, the Newtonian potential obeys 

 𝑘2Φ(𝑘,𝑎) = 4𝜋𝐺𝑎2 𝛿𝜌𝜒 (𝑘, 𝑎) (60) 

so the induced potential spectrum is 

 
𝑃Φ,𝜒 (𝑘,𝑎) = (

4𝜋𝐺𝑎2

𝑘2
)

2

𝑃𝛿𝜌,𝜒 (𝑘, 𝑎) 
(61) 

A necessary observational viability condition is 

 𝑃Φ,𝜒(𝑘, 𝑎)

≪ 𝑃Φ,obs(𝑘, 𝑎) on constrained CMB, lensing, and structure-growth scales 

(62) 

This condition prevents the model from treating background expansion alone as sufficient. Any 

interconversion component large enough to affect the expansion history must also avoid 
producing excessive perturbation power. 

16. Early-Universe Ruler Deformation and Hubble-Tension Relevance 

The comoving sound horizon at photon decoupling is 

 
𝑟𝑠(𝑧∗) = ∫

𝑐𝑠(𝑧)

𝐻(𝑧)

∞

𝑧∗

 𝑑𝑧 
(63) 

where 𝑐𝑠 is the sound speed in the photon-baryon fluid. Suppose the interconversion sector 

contributes a positive transient fraction 𝑓𝜒(𝑧) to the pre-recombination energy density: 

 𝐻2(𝑧) = 𝐻ΛCDM
2 (𝑧)[1 + 𝑓𝜒(𝑧)] (64) 

with 

 
𝑓𝜒(𝑧) ≡

𝜌𝜒 (𝑧)

𝜌ΛCDM(𝑧)
 

(65) 



For small 𝑓𝜒, the leading perturbative shift in the sound horizon is 

 Δ𝑟𝑠

𝑟𝑠

≃ −
1

2
⟨𝑓𝜒⟩

𝑟𝑠
 

(66) 

where the sound-horizon-weighted average is 

 

⟨𝑓𝜒⟩
𝑟𝑠

≡
∫ (𝑐𝑠/𝐻ΛCDM)

∞

𝑧∗
𝑓𝜒 (𝑧) 𝑑𝑧

∫ (𝑐𝑠/𝐻ΛCDM)∞

𝑧∗
𝑑𝑧

 

(67) 

Because many early-universe Hubble-constant inferences scale inversely with the calibrated 

sound horizon, the approximate response is 

 Δ𝐻0

𝐻0

≃ −
Δ𝑟𝑠

𝑟𝑠

 
(68) 

Thus a positive early interconversion component could formally raise the Hubble constant 

inferred from early-universe calibration by lowering 𝑟𝑠. This is a route of formal relevance to the 

Hubble tension. It is not, by itself, a solution. A successful model must also satisfy CMB peak-
shape constraints, baryon acoustic oscillation constraints, structure-growth constraints, and the 
fluctuation bound in Eq. (62). 

17. Core Conclusions of the Model 

Under the assumptions, the model supports the following conclusions: 

1. Microscopic stochastic interconversion events can be represented as a covariant 
marked point process. 

2. The ensemble mean of the event process defines an effective macroscopic stress-
energy tensor. 

3. Statistical isotropy produces a perfect-fluid form, while full local Lorentz invariance 
is required for a vacuum-like form. 

4. If the mean is vacuum-like, it contributes an effective cosmological constant Λ𝜒 =

8𝜋𝐺𝜌vac

(𝜒) . 

5. The residual fluctuations define a noise kernel that sources stochastic metric 
perturbations through an Einstein-Langevin equation. 

6. Coarse-graining over many active events suppresses relative fluctuations as 
1/√𝑁𝐿, producing a smooth classical limit. 



7. In cosmology, the background density is controlled by Γ𝜒𝜖𝜒 𝜏𝜒 , which determines 
the effective equation of state and possible deformation of the expansion history.  

8. Any viable model must pass perturbation and conservation tests; background 
expansion effects alone are insufficient. 

18. Compact Formal Statement 

The entire framework may be summarized compactly as 

 𝑇
𝑎𝑏

(𝜒)
= ∑ 𝑡𝑎𝑏

𝑖

(𝑥; 𝑋𝑖 , 𝑞𝑖) = 𝑇𝑎𝑏

(𝜒)
+ 𝜉𝑎𝑏  

(69) 

with 

 𝑇𝑎𝑏

(𝜒)
= ⟨𝑇

𝑎𝑏

(𝜒)
⟩ (70) 

and 

 𝑁𝑎𝑏𝑐𝑑(𝑥,𝑦) = ⟨𝜉𝑎𝑏(𝑥)𝜉𝑐𝑑(𝑦)⟩ (71) 

The mean geometry obeys 

 𝐺𝑎𝑏[𝑔] + Λbare 𝑔
𝑎𝑏

= 8𝜋𝐺 [𝑇𝑎𝑏

(𝑚)
+ 𝑇𝑎𝑏

(𝜒)
] (72) 

while the stochastic perturbation obeys 

 𝛿𝐺𝑎𝑏[ℎ] + Λeffℎ𝑎𝑏 = 8𝜋𝐺[𝛿𝑇
𝑎𝑏

(𝑚)
[ℎ] + 𝜉𝑎𝑏] (73) 

The coarse-grained classical limit is defined by 

 

𝑁𝐿 = Γ𝜒 𝜏𝜒𝑉𝐿 ≫ 1,  
√Var(𝑇

𝑎𝑏,𝐿

(𝜒)
)

|𝑇𝑎𝑏,𝐿

(𝜒)
|

∝ 𝑁𝐿
−1/2

 

(74) 

When the mean is locally Lorentz invariant, 

 𝑇𝑎𝑏

(𝜒)
= −𝜌vac

(𝜒)
𝑔𝑎𝑏 ,  Λeff = Λbare + 8𝜋𝐺𝜌vac

(𝜒)
 (75) 



In the general cosmological-fluid case, 

 
𝜌𝜒(𝑎) = Γ𝜒(𝑎)𝜖𝜒(𝑎)𝜏𝜒 (𝑎),  𝑤𝜒 (𝑎) = −1 −

1

3

𝑑ln𝜌𝜒

𝑑ln𝑎
 

(76) 

19. Numerical Constraints and Testable Parameter Bounds 

To make the stochastic mass-energy interconversion bridge theory quantitatively testable, the 
interconversion sector can be constrained by cosmological background data, early-universe 

bounds, perturbation-amplitude limits, matter-growth measurements, interferometric coherence 
limits, and strong-field quantum-electrodynamic benchmarks. These constraints do not alter the 

formal structure developed above; rather, they identify the parameter space in which the existing 
framework could remain viable. 

It is useful first to define the dimensionless interconversion density fraction and the fractional 

contribution of the interconversion sector to the total cosmic energy density: 

                                                           Ω𝜒(𝑎) ≡
𝜌𝜒 (𝑎)

𝜌crit(𝑎)
                                                         (77) 

 

                                                           𝑓𝜒(𝑎) ≡
𝜌𝜒 (𝑎)

𝜌tot (𝑎)
                                                            (78) 

 

Using the central microphysical dictionary of the model, the same density is also given by 

                                                        𝜌𝜒(𝑎) = Γ𝜒(𝑎)𝜖‾𝜒(𝑎)𝜏𝜒 (𝑎)                                                (79) 

           

where Γ𝜒is the event rate density, 𝜖‾𝜒 is the mean exchanged energy, and 𝜏𝜒 is the effective event 

lifetime. Observational constraints can therefore be interpreted directly as constraints on the 

product Γ𝜒𝜖‾𝜒 𝜏𝜒 . 

A first numerical bound comes from the present-day dark-energy density. If the interconversion 

sector accounts for all or part of dark energy, then its present-day density cannot exceed the 
observed dark-energy density. Using the Planck 2018 flat-ΛCDM parameters, this gives the 

approximate upper bound 

                                                Γ𝜒,0𝜖‾𝜒,0𝜏𝜒,0 ≤ 5.3 × 10−10  J m−3                                            (80) 

 

                                                   𝜌𝜒,0 ≤ 5.8 × 10−27 kg m−3                                                    (81) 

 

Equivalently, for an assumed microscopic exchanged-energy scale, the maximum active event 

density is 



                                                          𝑛𝜒,0 = Γ𝜒,0 𝜏𝜒,0 ≤
𝜌Λ,0

𝜖‾𝜒,0

                                                  (82) 

 

Representative benchmark values are: 

Assumed mean exchanged energy 𝜖‾𝜒  Maximum active event density 𝑛𝜒,0 

1 eV ≤ 3.3 × 109 m−3 

1 keV ≤ 3.3 × 106 m−3 

1 MeV ≤ 3.3 × 103 m−3 

1 GeV ≤ 3.3 m−3 

A second constraint comes from the late-time equation of state. If the interconversion sector 
behaves as the dominant dark-energy component at low redshift, then its effective equation-of-
state parameter must remain close to −1. A conservative bound may be written as 

                                                              ∣ 𝑤𝜒 + 1 ∣≤ 0.06                                                         (83) 

 

Using the relation between the equation of state and the evolution of the interconversion-density 
product, this becomes 

                                               ∣
𝑑ln [Γ𝜒(𝑎)𝜖‾𝜒(𝑎)𝜏𝜒(𝑎)]

𝑑ln 𝑎
∣≤ 0.18                                         (84) 

 

Thus, if the interconversion sector is intended to reproduce cosmological-constant-like behavior, 

the product Γ𝜒 𝜖‾𝜒 𝜏𝜒must be nearly constant at late times. 

A third constraint applies if the theory is used to address the Hubble-tension problem through a 
transient pre-recombination energy component. The leading sound-horizon response derived 
above may be summarized as 

                                                          
Δ𝑟𝑠

𝑟𝑠

≃ −
1

2
⟨𝑓𝜒⟩𝑟𝑠

                                                           (85) 

 

The fractional increase required to shift the Planck-inferred Hubble constant toward the SH0ES 
local value is approximately 

                                                       
73.04 − 67.4

67.4
≃ 0.084                                                     (86) 



 

If this were achieved entirely by reducing the sound horizon, the required sound-horizon-

weighted interconversion fraction would be roughly 

                                                         ⟨𝑓𝜒⟩𝑟𝑠
≃ 0.17                                                              (87) 

 

However, early-dark-energy analyses generally require the allowed pre-recombination fractional 
contribution to be significantly smaller. A conservative phenomenological bound for the 

stochastic interconversion sector is therefore 

                                        𝑓𝜒(𝑧 ≃ 103 − 104) ≤ 0.07–0.10                                         (88) 

 

This means the theory should claim formal or partial Hubble-tension relevance unless a full 
Boltzmann-code analysis demonstrates that its perturbation structure can evade ordinary early-
dark-energy limits. 

If the interconversion sector behaves as an extra radiation-like component in the early universe, 
it is also constrained by limits on the effective number of relativistic species. A useful 

approximate bound is 

                                                        Δ𝑁eff,𝜒 ≤ 0.3                                                            (89) 

 

                                                         
𝜌𝜒

𝜌rad

≤ 0.05                                                             (90) 

 

The stochastic fluctuation sector is constrained even more directly by the observed smallness of 

CMB anisotropies. Since CMB temperature fluctuations are of order 10−5, the dimensionless 

potential perturbation sourced by the interconversion noise should satisfy approximately 

                                                        ΔΦ,𝜒 ≤ 10−5                                                           (91) 

 

Equivalently, in power-spectrum form, 

                                       ΔΦ,𝜒
2 (𝑘) ≡

𝑘3𝑃Φ,𝜒 (𝑘)

2𝜋 2
≤ 10−10                                         (92) 

 

A more conservative requirement that the new stochastic-noise sector remain subdominant is 

                                                    ΔΦ,𝜒
2 (𝑘) ≤ 10−11                                                     (93) 

 

Matter-growth measurements provide another consistency check. If the interconversion sector 
changes structure formation, its contribution should not shift the matter fluctuation amplitude 

beyond the observed precision. A useful conservative constraint is 



                                                  ∣ Δ𝜎8 ∣≤ 0.006–0.01                                               (94) 

 

Laboratory interferometry provides a complementary constraint on the stochastic phase sector. If 

stochastic mass-energy interconversion induces intrinsic phase noise, high-visibility matter-wave 
experiments require 

                                            
𝑉

𝑉0

= exp ( −
𝜎𝜙,𝜒

2

2 ) ≥ 0.9                                      (95) 

 

which implies 

                                                    𝜎𝜙,𝜒 ≤ 0.46 rad                                                    (96) 

 

                                                         𝜎𝜙,𝜒
2 ≤ 0.21                                                      (97) 

 

For a stochastic mass-fluctuation covariance 𝐶𝑚(𝑡 − 𝑡′), this may be written as the integral 

constraint 

                                    
𝑝4

𝑚0
4 ℏ2

∫ ∫ 𝐶𝑚

𝑇

0

𝑇

0

(𝑡 − 𝑡′) 𝑑𝑡 𝑑𝑡′ ≤ 0.21                           (98) 

 

Finally, the strong-field QED limit supplies an empirical benchmark. Any proposed 

interconversion mechanism should reduce to known stochastic quantum-emission behavior in 
regimes where matter-radiation energy exchange is already experimentally observed to proceed 
through discrete probabilistic emission events. This requirement does not by itself fix Γ𝜒, 𝜖‾𝜒 , or 

𝜏𝜒 in cosmology, but it provides an important physical consistency condition: the theory should 

reproduce known stochastic quantum energy-transfer behavior before being extrapolated to 
semiclassical gravity or cosmology. 

20. Discussion 

This framework suggests a coherent way to think about the emergence of smooth spacetime from 
microscopic stochasticity. Its central virtue is structural unity. The same event process generates 
the mean gravitational source and the stochastic fluctuation sector. The theory therefore does not 
artificially separate background curvature from noise; both arise from one underlying process. 

The most compelling part of the model is its coarse-graining mechanism. Classical geometry 
emerges because many microscopic events combine to produce a stable statistical mean. This is 

analogous to the way thermodynamic variables emerge from many microscopic molecular 
motions. The microscopic events remain random, but their macroscopic average becomes 
predictable. 



The vacuum-like limit is also conceptually attractive, but it requires careful qualification. A 
stress tensor proportional to the metric follows from Lorentz-invariant averaging, not merely 

from ordinary cosmological isotropy. This distinction improves the logical clarity of the theory. 
It allows the interconversion sector to behave either as a cosmological-constant-like term or as a 

more general effective fluid, depending on the symmetry and evolution of the event ensemble. 

The cosmological implications are significant but preliminary. If Γ𝜒𝜖𝜒 𝜏𝜒  is nearly constant at late 

times, the sector mimics dark energy. If it evolves slowly, it behaves like dynamical dark energy. 
If it has a transient early-time enhancement, it can raise the pre-recombination expansion rate 

and reduce the sound horizon. This gives the model a formal path toward Hubble-tension 
relevance. 

However, formal relevance is not the same as observational viability. The model must 

demonstrate that the stochastic noise associated with the interconversion sector does not 
overproduce metric perturbations. It must also respect conservation, thermodynamic stability, 

causality, local Lorentz tests, fifth-force constraints if couplings are introduced, and precision 
cosmological data. 

The largest unresolved theoretical issue is the microscopic origin of the event process. In the 

present article, the marked point process is phenomenological. A deeper theory would need to 
derive 𝜆(𝑋, 𝑞), 𝜖(𝑞), 𝜏𝜒 , 𝐴𝑎𝑏 , and the correlation structure from a more fundamental quantum 

field, quantum-gravity, or pre-geometric model. Without such a derivation, the theory should be 
treated as a formal bridge and a model-building template rather than a completed fundamental 

theory. 

Despite these limitations, the framework has a clear conceptual payoff. It reframes the relation 

between quantum noise and classical spacetime: smooth geometry does not require microscopic 
randomness to vanish. Instead, smooth geometry can arise as the law-of-large-numbers limit of a 
deeper stochastic mass-energy substratum. 

The stochastic mass–energy interconversion bridge theory should be investigated as a multi-

scale research program rather than as a single isolated hypothesis. Its central claim is that 

microscopic stochastic interconversion events may produce two macroscopic consequences: first, 
a smooth ensemble-averaged stress–energy source capable of contributing to classical spacetime 
geometry; and second, residual stress–energy fluctuations that appear as stochastic metric 

perturbations. This places the theory between quantum foundations, semiclassical gravity, 
stochastic gravity, cosmology, and precision interferometry. The existing Stochastic Quantum 

Gravity article already frames the model as a phenomenological bridge rather than a completed 
theory, and that distinction should guide the investigative strategy.  

A first line of investigation should focus on mathematical consistency. The most important 

requirement is covariant conservation. In general relativity, the Einstein tensor satisfies the 
Bianchi identity, so any stochastic stress–energy source must preserve total conservation. The 

theory must therefore specify whether each microscopic interconversion packet is individually 
conserved or whether conservation is restored through an exchange current between the ordinary 
matter sector and the interconversion sector. This is not a secondary technical issue; it is the 

condition that determines whether the stochastic source can be consistently inserted into 
Einstein’s equation. The theory should therefore be tested by constructing explicit packet models 



𝑡𝑎𝑏(𝑥; 𝑋𝑖 , 𝑞𝑖)whose divergence either vanishes event by event or is exactly balanced by a 

compensating exchange current 𝑄𝑏 . 

A second line of investigation should embed the model within the established language of 
stochastic gravity. Stochastic gravity already studies the way stress–energy fluctuations source 
metric fluctuations through the Einstein–Langevin equation. Hu and Verdaguer describe 

stochastic semiclassical gravity as an extension of semiclassical gravity in which the expectation 
value of the stress–energy tensor is supplemented by a noise kernel that sources metric 

perturbations. This is directly relevant because the proposed interconversion theory also 
separates the stress–energy sector into a mean term plus a fluctuation term. The immediate 
research task is to determine whether the proposed interconversion noise kernel has the 

mathematical properties required in stochastic gravity: covariance, conservation, positive 
semidefinite correlations, and consistency with known semiclassical limits.  

A third line of investigation should address the microscopic origin of the stochastic events. At 
present, the marked point process is phenomenological: it assumes localized interconversion 
events with an event rate, energy scale, lifetime, and tensor structure. A deeper theory would 

need to derive those quantities from quantum field theory, vacuum fluctuations, strong-field 
quantum electrodynamics, or a pre-geometric substrate. The related Dynamical Duality article is 
important here because it applies stochastic mass–energy interconversion to wave-particle 

duality, proposing that stochastic inertial-mass fluctuations generate kinetic-phase variations that 
influence interference and localization. That article therefore supplies a possible microscopic 

quantum-scale precursor to the gravitational model: stochastic interconversion first appears as 
phase noise in matter-wave propagation, and then becomes a covariant stress–energy source 
when lifted into the gravitational setting.  

A fourth line of investigation should use matter-wave interferometry to constrain the proposed 
stochastic phase sector. If stochastic mass–energy interconversion produces kinetic-phase noise, 

then high-precision interferometers should be able to bound or detect the resulting loss of 
coherence. Heavy-particle interferometry is especially important because mass-dependent phase 
effects should become more visible as particle mass, momentum, and flight time increase. 

Experiments have already demonstrated quantum interference for molecules beyond 25 kDa, 
showing that coherent superposition can survive in systems containing thousands of atoms; such 

results place strong limits on any intrinsic stochastic decoherence mechanism. Arndt and 
Hornberger also emphasize that testing the limits of quantum superposition has become an 
experimentally active route for probing whether standard quantum mechanics remains valid at 

larger masses.  

A fifth line of investigation should examine strong-field quantum electrodynamics as a 

possible empirical analogue of stochastic mass–energy transfer. The study Observation of 
Quantum Effects on Radiation Reaction in Strong Fields reports high-significance observation of 
radiation reaction in a regime where quantum effects are substantial, and it compares quantum 

radiation-reaction models with classical descriptions. This is relevant because the strong-field 
regime shows that energy transfer between relativistic electrons and emitted radiation can occur 

through discrete quantum emission processes rather than through a purely smooth classical loss 
channel. The result does not prove the full stochastic interconversion theory, but it does provide 
an experimentally grounded example of probabilistic matter–radiation energy exchange under 

extreme conditions.  



A sixth line of investigation should test the model through cosmological background evolution. 
The theory predicts an effective interconversion density of the form 

𝜌𝜒 (𝑎) = Γ𝜒(𝑎) 𝜖𝜒 (𝑎) 𝜏𝜒(𝑎), 

 

where Γ𝜒is the event rate density, 𝜖𝜒 is the mean exchanged energy, and 𝜏𝜒 is the effective event 

lifetime. If this product is nearly constant at late times, the sector can mimic a cosmological 
constant. If it evolves with scale factor, it behaves as a dynamical effective fluid. If it is 

transiently enhanced before recombination, it could reduce the sound horizon and affect the 
inferred value of the Hubble constant. However, any such claim must be tested against the 
precision cosmological constraints from the cosmic microwave background, baryon acoustic 

oscillations, supernovae, and large-scale structure. The Planck 2018 results remain a central 
reference point for CMB-based cosmological parameter constraints.  

A seventh line of investigation should compare the theory to early-dark-energy approaches to 
the Hubble tension. Early dark energy models have been proposed as a way to reduce the sound 
horizon before recombination and thereby increase the CMB-inferred value of 𝐻0. Poulin, Smith, 

Karwal, and Kamionkowski showed that an early dark energy component can, in principle, 

reduce the sound horizon and shift the inferred Hubble constant. The stochastic interconversion 
model could be studied in a similar phenomenological way, but with a different microphysical 
interpretation: instead of introducing an early scalar-field component, one would model a 

transient increase in Γ𝜒𝜖𝜒 𝜏𝜒 . The key test would be whether such a component can change the 

background expansion without producing unacceptable perturbations.  

A eighth line of investigation should focus on the fluctuation spectrum, because this is where 
the model is most vulnerable to falsification. Any interconversion sector large enough to alter the 

expansion history will also carry stochastic fluctuations. Those fluctuations may source 
gravitational potentials, CMB anisotropies, lensing signatures, or structure-growth deviations. 

Therefore, the model cannot be judged only by whether it produces a desired background 
expansion. It must also satisfy a perturbation constraint of the form 

𝑃Φ,𝜒 (𝑘, 𝑎) ≪ 𝑃Φ,obs(𝑘, 𝑎) 

 

on scales constrained by CMB, lensing, and galaxy clustering data. This requirement is central 
because it turns the model from a flexible explanatory framework into a quantitatively testable 
theory. 

A ninth line of investigation should develop numerical simulations. The theory can be 
simulated at two levels. At the microscopic level, one can generate stochastic event ensembles 

with specified event rate, lifetime, energy scale, and correlation structure, then measure how the 
coarse-grained stress–energy tensor approaches a smooth mean. At the cosmological level, one 
can insert 𝜌𝜒 (𝑎), 𝑤𝜒(𝑎), and a corresponding perturbation sector into Boltzmann codes used for 

CMB and large-scale-structure predictions. This would allow direct comparison with Planck, 

BAO, supernova, lensing, and structure-growth datasets. Such simulations would determine 
whether the required event statistics are physically plausible or already observationally excluded. 



A tenth line of investigation should define clear falsifiability criteria. The theory would be 
weakened or ruled out if high-mass interferometry continues to show no intrinsic mass-, 

momentum-, or flight-time-dependent coherence loss beyond known environmental 
decoherence; if cosmological fits require a stochastic energy density that overproduces metric 

perturbations; if no conserved stochastic stress–energy construction can be formulated; or if the 
required interconversion rate violates laboratory bounds on energy conservation, fifth forces, 
Lorentz symmetry, or equivalence-principle tests. Conversely, the theory would gain support if 

independent observations revealed a consistent pattern of stochastic phase noise, matter–
radiation energy-transfer discreteness, and cosmological fluctuation behavior matching the same 

underlying parameter set. 

The most productive way to investigate the stochastic mass–energy interconversion bridge 
theory is therefore not to ask whether it immediately solves quantum gravity, dark energy, or the 

Hubble tension. The more rigorous question is whether one can construct a conserved stochastic 
stress–energy model whose microscopic event statistics simultaneously satisfy quantum-

coherence bounds, stochastic-gravity consistency conditions, and cosmological perturbation 
constraints. If the same small set of parameters can survive all three regimes, the theory would 
become a serious candidate for a unifying phenomenological bridge. If not, the model will still 

have served a useful scientific purpose by identifying where stochastic mass–energy 
interconversion fails as a mechanism connecting quantum noise to smooth spacetime geometry. 

21. Conclusion 

This article has constructed a covariant stochastic framework in which spontaneous subatomic 
mass-energy interconversion generates both an effective macroscopic stress-energy sector and a 

residual fluctuation sector. The ensemble mean can behave as a general effective fluid or, under 
the stronger condition of local Lorentz-invariant averaging, as a vacuum-like source equivalent 

to an emergent cosmological-constant contribution. The fluctuations define a noise kernel that 
sources metric perturbations through an Einstein-Langevin equation. Coarse-graining over many 

active events suppresses the relative fluctuations as 𝑁𝐿
−1/2

, yielding smooth deterministic 

spacetime at macroscopic scales. 

In cosmology, the model reduces to a simple but powerful dictionary: the effective 
interconversion density is determined by event rate density, mean exchanged energy, and 

effective event lifetime. This density controls the equation of state, modifies the Friedmann 
expansion history, and provides a formal route to dynamical dark-energy behavior or early-time 

sound-horizon deformation. The same formalism also identifies the key danger: stochastic 
perturbations must remain small enough to satisfy observational constraints. 

The theory is therefore best understood as an internally coherent phenomenological bridge. It is 

not yet a completed quantum-gravity theory and does not yet prove that stochastic mass-energy 
interconversion occurs in nature. Its value lies in showing how a single stochastic stress-energy 

process could, in principle, connect microscopic randomness, smooth relativistic geometry, 
effective vacuum curvature, and cosmological phenomenology within one mathematical 
framework. 
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