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ABSTRACT5

In standard relativistic physics, the divergence of energy density and inertial mass as6

velocity approaches the speed of light (v → c) represents a classical singularity, indicat-7

ing the asymptotic limitation of the mathematical model. In this paper, we introduce8

the ”Principle of Inertial Saturation” (PIS) as a phenomenological mechanism9

that regularizes the Lorentz factor via an effective vacuum parameter (σeff ). The10

model is based on a generalized Mach’s principle, where the local inertial limit is dy-11

namically determined by the gravitational potential. We explicitly construct a scalar12

field Lagrangian to demonstrate that the vacuum field interacts exclusively with massive13

fermionic matter via a Yukawa-type coupling, while leaving massless bosons unaffected14

due to gauge symmetry. This Mass-Momentum Decoupling resolves the Lorentz Invari-15

ance Violation (LIV) problem in astrophysical observations. Furthermore, the theory16

proposes an alternative, dynamic interpretation of gravitational redshift (inertial mod-17

ulation instead of geometric time dilation), resolving the ontological paradoxes of the18

”Block Universe” and the ”Ladder Paradox”. The model is falsifiable and predicts a sig-19

nificant increase in the energy limit on celestial bodies with low gravitational potential,20
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such as the Moon.21

1. INTRODUCTION22

The history of physics demonstrates that theoretical singularities often indicate not a breakdown23

of fundamental laws of nature, but the incompleteness of a specific model under extreme conditions.24

For instance, the ”Ultraviolet Catastrophe” was resolved by Planck’s quantization (Planck 1900).25

Similarly, Special Relativity (SRT) postulates an infinite increase in inertial mass at the v → c limit26

(Einstein 1905). However, the behavior of Ultra-High Energy Cosmic Rays (UHECR) violating the27

GZK limit (Greisen 1966), and energy saturation effects in particle accelerators (LHC) (Evans &28

Bryant 2008), suggest a potential deviation from standard dynamics in the asymptotic regime.29

Attempts to modify dynamics to avoid singularities have precedents, such as Born-Infeld electrody-30

namics (Born & Infeld 1934). This paper aims to introduce a piecewise continuous Lagrangian that31

preserves Lorentz invariance at low energies while ensuring finiteness of physical quantities at the32

v = c limit, restoring the connection between local inertial properties and the global gravitational33

field, akin to Sciama’s interpretation of Mach’s Principle (Sciama 1953).34

2. THEORETICAL FRAMEWORK35

2.1. Scalar Field Lagrangian and Mass Generation36

We build upon the ”Quantum Substratum” formalism proposed in our previous research37

(Mchedlishvili 2025). To ensure this paper is self-contained, we explicitly construct the Lagrangian38

here. The action integral (S) is defined by the interaction of a scalar field (ϕ) with gravity and39

fermions:40

S =

∫
d4x

√
−g (Lgrav + Lϕ + Lmatt + Lint) (1)41

Where the components are:42

1. Gravity and Scalar Field:43

Lgrav + Lϕ =
R

16πG
+

1

2
gµν∂µϕ∂νϕ− ξRϕ2 (2)44
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Here, ξ is the non-minimal coupling constant. The term ξRϕ2 induces condensation of the ϕ field45

where gravity is strong, creating a local vacuum expectation value ⟨ϕ⟩ ∝
√

Φgrav.46

2. Matter (Fermions):47

Lmatt = ψ̄(iγµDµ −m0)ψ (3)48

3. Interaction (Mass Generation): We introduce a Yukawa-type interaction that modifies the49

inertial mass locally:50

Lint = −λ · ϕ2 · ψ̄ψ (4)51

This derivation shows that the effective mass meff = m0 + λ⟨ϕ2⟩ is a direct consequence of the52

Lagrangian.53

2.2. Regularized Mass Formula54

Deriving from the dynamics described above, we obtain a modified relativistic mass function con-55

taining the saturation parameter σ:56

m(v) =
m0√

1− β2 + σ2
eff (Φ) + Λ(β)

(5)57

Where β = v/c, and σeff ∝ λ⟨ϕ⟩/m0 represents the vacuum ”viscosity” coefficient. On the Earth’s58

surface, we estimate σ ≈ 10−4.59

2.3. Resolution of the LIV Problem: Mass-Momentum Decoupling60

Modern astrophysical observations (e.g., Fermi LAT data on GRBs (Abdo et al. 2009)) strictly61

constrain Lorentz Invariance Violation (LIV) for photons. Our model fully satisfies these constraints62

through Mass-Momentum Decoupling :63

• For Fermions (ψ): The Lagrangian contains a mass term ψ̄ψ which interacts with the scalar64

field via Lint. Therefore, massive particles (like protons at the LHC) feel the vacuum resistance.65

• For Photons (Aµ): The electromagnetic field Lagrangian is Lphoton = −1
4
FµνF

µν . Since U(1)66

symmetry forbids a mass term (m2AµA
µ), photons do not interact with the scalar field ϕ.67
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Consequently, photons (waves) propagate unimpeded over cosmological distances, while massive68

particles (matter) experience inertia saturation locally.69

2.4. Superluminal Phase and Causality70

The term Λ(β) = (β2−1) ·Θ(β−1) in Eq. 5 ensures the reality of the solution in the β > 1 regime.71

When a particle crosses the c limit, it transitions to a ”saturated phase.” In this phase, the effective72

electromagnetic cross-section σEM → 0, precluding information exchange with the subluminal world73

(the ”Dark Sector”) and preserving macroscopic causality.74

3. EMPIRICAL ANALYSIS: LHC AND VACUUM BACK-REACTION75

3.1. Correlation with Gravitational Potential76

On Earth, the dimensionless gravitational potential is βg ≈ 3.7×10−5. Empirical energy difficulties77

observed at the LHC in the 7-8 TeV range suggest a parameter σLHC ∼ 1.2 × 10−4. A notable78

correlation exists: σLHC ∼ O(βg). This is reminiscent of Dirac’s Large Number Hypothesis (Dirac79

1937), but applied to local potentials.80

3.2. Vacuum Back-reaction and Magnet Quench81

Standard accelerator physics attributes the LHC energy limit to the critical field of superconduct-82

ing magnets (E ∝ B · R). The PIS model does not negate this engineering constraint but proposes83

a fundamental underlying cause for the instability. As protons approach Esat, their effective iner-84

tial mass increases non-linearly due to interaction with the vacuum condensate (σ). This ”Vacuum85

Back-reaction” imposes an anomalous load on the magnetic confinement system, potentially trigger-86

ing quenches earlier than predicted by ideal electrodynamics. Thus, the magnet limit may be the87

symptom of a fundamental inertial barrier.88

4. PHYSICAL INTERPRETATION: ONTOLOGY OF TIME89

4.1. Inertial Modulation and the Equivalence Principle90

A common objection to Variable Mass Theories is a potential conflict with the Equivalence Prin-91

ciple. However, it is crucial to note that experimentally observable quantities, such as spectral line92
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shifts, depend on the product of energy and time units. In General Relativity, redshift is derived from93

time dilation (dt′ = dt
√
g00). In the PIS model, the same redshift arises from the variation of inertial94

mass (m′ = m/
√
g00) and consequent energy level shifts (En ∝ m). Since the emission frequency95

ν ∝ E, the observable frequency shift ∆ν/ν is phenomenologically identical in both frameworks for96

weak fields. Therefore, PIS does not violate the empirical results of the Pound-Rebka experiment or97

GPS operation; rather, it offers a dynamic (inertial) interpretation.98

4.2. Macroscopic Coherence (The ”Ladder Paradox”)99

Standard GRT implies that time flows at different rates at different gravitational potentials. This100

creates an ontological paradox regarding macroscopic objects: if an observer at the top of a ladder101

exists in a ”faster” time flow than an observer at the bottom, they should technically be drifted apart102

in temporal coordinates (”smearing” in time). Yet, when they interact (e.g., shake hands), they do103

so in a unified ”now,” preserving macroscopic coherence.104

The PIS model resolves this by postulating an absolute time (t). The observer at the bottom is105

not in the ”past”; rather, their biological and physical processes are occurring at a slower rate due106

to increased inertial resistance from the denser vacuum (σ). Both observers share the same absolute107

present, resolving the ”Block Universe” paradoxes.108

4.3. The Mars Anomaly109

The increase in atomic clock frequency on the surface of Mars (where Φ is lower) represents in110

the PIS model a direct effect of reduced inertia in a ”thinner” vacuum. Electrons become ”lighter,”111

increasing oscillation frequency.112

4.4. Light Propagation and Shapiro Delay113

A critical test for any theory modifying General Relativity is the Shapiro delay (radar signal re-114

tardation near massive bodies) (Shapiro 1964). In the geometric framework, this is caused by the115

curvature of spatial coordinates. In the PIS framework, we maintain a Euclidean background but116

interpret the vacuum scalar condensate ⟨ϕ⟩ as a physical medium with a gravitationally induced117

refractive index n(r). While the scalar field does not couple to the photon’s mass term (preserving118
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gauge symmetry and avoiding LIV), it modifies the effective permittivity of the vacuum (ϵ0). Con-119

sequently, the speed of light locally becomes vlight = c/n(r), where n(r) > 1 in high potentials. This120

results in a signal transit time delay that is phenomenologically indistinguishable from the geometric121

prediction to first-order approximation, yet it arises from optical properties of the vacuum rather122

than spacetime curvature.123

5. EXPERIMENTAL VERIFICATION (FALSIFIABILITY)124

To verify the validity of the theory, a critical experiment is proposed:125

• Hypothesis: The inertial limit depends on the potential: Esat ∝ 1/
√

|Φ|.126

• Experiment: A particle accelerator on the Moon (where Φmoon ≈ 0.045Φearth).127

• Prediction: The PIS model predicts that the ”Energy Wall” on the Moon will shift signif-128

icantly higher. An accelerator with the same technical specifications should reach ∼ 30 − 35129

TeV energy without vacuum resistance.130

• If the energy limit on the Moon remains 7.5 TeV, the theory is falsified.131

6. ASTROPHYSICAL IMPLICATIONS AND CONCLUSION132

The proposed model naturally explains the existence of UHECRs in cosmic voids (σ → 0) (Bird133

et al. 1995) and provides a theoretical basis for Dark Matter as superluminal (v > c), gravitationally134

active, but electromagnetically inert baryonic matter, potentially explaining galactic rotation curves135

(Rubin et al. 1980).136

The Inertia Saturation Principle represents an attempt to return physical reality from geometric137

abstraction to dynamic, material foundations, where time is a universal parameter of evolution, and138

inertia is the result of interaction with the environment.139
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