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Abstract. We present a unified field theory, termed Quantum-Elastic Geometry (QEG), wherein
spacetime is modeled as a fundamental, physical substrate with quantum, elastic, and dissipative prop-
erties. The state of this medium is described by a single, symmetric rank-2 tensor field, G.., whose
dynamics are governed by a generally covariant action. Known physical interactions are shown to
emerge as distinct, irreducible deformation modes of this unified field: gravity, electromagnetism, and
a new field —denominated “thermo-entropic field”— that gives rise to irreversible thermodynamics.
Furthermore, fundamental constants of nature are shown to be uniquely determined and interrelated
by the substrate’s properties through a principle of self-consistency, and predicts a scale-dependent
gravitational coupling that resolves key cosmological tensions, including the Hubble crisis. In sum-
mary, the developed framework offers a coherent origin for fields and constants, unifying them as
emergent properties of a single, dynamic spacetime substrate.

”Entia non sunt multiplicanda praeter necessitatem”
— Ockham’s Razor

”Padre, Senor del cielo y de la tierra, te doy gracias porque has ocultado todo esto a los sabios y entendidos y se

I. INTRODUCTION

The quest for a wunified theoretical framework
capable of describing all fundamental interactions
from a common origin remains a central theme in
contemporary physics [I]. Despite the tremendous
success of the Standard Model of particle physics
in unifying electromagnetic, weak and strong forces
[2], and of General Relativity (GR) in geometrizing
gravity [3, [4], a conceptual schism persists between
the quantum field theories (QFTs) of the former and
the geometric description of the latter [5]. Moreover,
observational puzzles such as dark energy and dark
matter [6H8], together with the inability to quantize
gravity in a conventional QFT framework [9], under-
score the need for a deeper, unifying structure.

Thermodynamic and emergent-gravity approaches
have hinted at such a structure. Jacobson’s derivation
of Einstein’s equations from local entropy balance
[10], Verlinde’s entropic gravity proposal [11], and the
striking analogies between black-hole thermodynamics
and vacuum fluctuations [12] point toward an intimate
link between entropy, quantum vacuum dynamics,
and spacetime geometry, and suggest that disparate
forces may be just different manifestations of a single
underlying field.

Recent advances in the paradigm of emergent
gravity suggest an even deeper connection, posit-
ing that spacetime geometry itself arises from the
entanglement structure of an underlying quantum
system [I3HI5]. In this view, entanglement acts as
the 7glue” of spacetime, a concept that resonates
deeply with the QEG model of an ”elastic substrate”
whose properties are governed by the collective
state of its constituent oscillators. The core idea of
QEG—that the physics of curved spacetime emerges
from an underlying medium—also finds powerful
conceptual and experimental support in the field of
analogue gravity [16]. In these systems, excitations
like sound waves in a fluid can be described by
an effective metric analogous to that of a curved
spacetime, demonstrating that phenomena like event
horizons are more general than gravity itself and can
emerge from the collective behavior of a substrate [17].

lo has revelado a los que son como ninos.”
— Matthew 11:25

In this work, we formalize this notion by proposing a
theory of Quantum-Elastic Geometry (QEG), which
posits that spacetime itself is a dynamic, physical
substrate with quantum, elastic, and dissipative
properties. We elevate the standard QFT description
of fields as collections of harmonic oscillators [18] from
a mathematical tool to a physical model, postulating
the vacuum as a quantum oscillator lattice. This
lattice structure introduces a natural discreteness at
the most fundamental scale, aligning our model with
approaches such as Loop Quantum Gravity [19] and
Causal Set Theory [20].

Postulating a physical ”substrate” for spacetime
inevitably raises the question of a preferred refer-
ence frame, or ”aether,” and potential violations of
Lorentz invariance, one of the most rigorously tested
principles in physics. Modern effective field theories,
such as the Einstein-Aether framework [21], provide a
consistent language for exploring such concepts within
a generally covariant context. The QEG model is
consistent with the extremely stringent experimental
limits on Lorentz violation [22], a condition met
because the substrate is fully dynamic and covariant,
preserving local Lorentz invariance for all propagating
excitations.

The collective state of this oscillatory medium is
described by a single, symmetric rank-2 tensor field,
Guv(z), which represents the local strain or deforma-
tion of the vacuum. All observed particles and force
fields become emergent, large-scale manifestations of
the different vibrational, shear, or torsional modes of
this underlying lattice. Within this framework, fun-
damental constants lose their arbitrary character and
become effective parameters describing the substrate’s
material properties (e.g., stiffness, damping). This
leads to a necessary Geometro-dynamic FEquivalence
between the dimensions of mass, length, and time,
a concept whose formal justification can be found
in modern gauge-theoretic approaches to gravity.
Recent work by Partanen and Tulkki, for instance,
has shown that founding gravity upon a U(1)* gauge
symmetry leads to a dimensionless coupling constant
and a renormalizable quantum theory [23], providing
a rigorous basis for the dimensional collapse explored
here.



The aim of this paper is to construct the formal
foundations of QEG. We begin by establishing a
minimal set of physically-motivated axioms for the
spacetime substrate. From these, we demonstrate
how the established laws of General Relativity and
Electromagnetism emerge as low-energy effective
descriptions, along with the necessary emergence of
a third fundamental interaction: a new field—which
we coin " thermo-entropic field”—responsible for
irreversible thermodynamics, which is required to
account for the substrate’s remaining spatial degrees
of freedom. The framework’s predictive power is then
revealed by showing how the values of fundamental
constants are neither postulated nor derived empir-
ically but are uniquely constrained by the theory’s
internal self-consistency. This leads to novel and
falsifiable predictions, including the emergence of a
scale-dependent gravitational coupling that provides a
parameter-free resolution to key cosmological tensions.
This specific prediction places the theory within the
broader context of varying constant theories [24],
which are subject to tight observational constraints
from various astrophysical and cosmological probes,
providing a direct path to falsify or validate the
predictions of QEG [25].  Ultimately, this work
presents a complete and coherent framework for the
origin of fields and constants from the quantum-elastic
properties of spacetime.

Part I: The Foundations of
Quantum-Elastic Geometry

II. FROM FIRST PRINCIPLES TO
SPACETIME EQUIVALENCE

The pursuit of a unified physical description has
historically oscillated between two guiding intuitions:
simplicity —which demands that the universe be
described in terms of the fewest possible fundamental
entities— and structural inevitability —whereby the
mathematical form of natural laws emerges as the
unique consistent framework rather than as an arbi-
trary convention—. The central ambition of this work
is to bring these two intuitions together, building a
unified substrate model governed by the Principle
of Parsimony (Ockham’s Razor) and structural
inevitability.

We proceed systematically from a minimal set of
axioms: a single elastic substrate described by a
deformation field G,., whose dynamics are governed
by a Lorentz-invariant Lagrangian with a single
stiffness constant. This structure directly leads to
the Inertial Equivalence Principle, unifying mass-like
and current-like inertias. Furthermore, by showing
that the 3D Laplacian dictates the inevitable and
unique 1/r static response of the medium, we es-
tablish the Coupling FEquivalence Principle, which
equates the dimensional nature of the gravitational
and electrostatic coupling constants. Taken together,
these two principles force an Spacetime FEquivalence
Principle: the collapse of the dimensions [M], [L],
and [T into a single geometric entity. This unification
is an unavoidable consequence of first principles,
setting the stage for reinterpreting physical sources as
endogenous excitations of spacetime itself.

A. The Principle of a Unified Physical
Substrate

Applying the Principle of Parsimony (Ockham’s
Razor), we begin with a single foundational assump-
tion:

The universe, at its most fundamental
level, consists of a single, unified physical
entity or substrate.

We will show that the identity of this substrate is not
arbitrary. General Relativity has revealed that space-
time is a dynamic field, g,., while Quantum Field The-
ory describes the vacuum as a plenum of fluctuating
fields. The most parsimonious conclusion is that these
are one and the same: spacetime itself. Throughout
this Section, we will show how the foundational as-
sumption leads precisely to the conclusion expressed
above on the nature of the unified physical entity or
substrate.

B. The Unified Lagrangian

A single substrate must be governed by a single, self-
consistent dynamical principle. In modern physics,
this is encoded in a Lorentz-invariant Lagrangian, from
which all equations of motion are derived. The sim-
plest such Lagrangian for a deformation field G,.., con-
sists of a kinetic term, representing the substrate’s in-
ertial resistance to changes in deformation, and a po-
tential term V(G), representing its self-interaction:

Lare = 38 (0°G")(0.G,) = V@), (1

where x is a universal constant representing the
intrinsic stiffness of the substrate. The principle of
unification demands that this constant governs the
inertial response to all possible modes of deformation.

It is crucial to note that the Lagrangian pre-
sented in [1| is a simplified formulation, valid in the
weak field limit on a flat background spacetime
(Minkowski). Its purpose at this stage is to establish
the fundamental principles of substrate stiffness (k)
and the inertia of its different modes of deformation
in a clear and direct manner. A fully covariant and
background-independent formulation, where the field
G defines its own dynamic geometry, will be devel-
oped in SectionM The present simplified model
allows us to deduce the dimensional consequences of
unification before addressing the complexity of the
complete nonlinear dynamics.

Minimal Scalar Field Model for Modal Ezcitations

To provide a dynamical description of the modal
excitations of the unified tensor G,., we can construct
a minimal model that captures their essential prop-
agation features. This model serves as an effective
description for a single projected mode, which we
can denote as a scalar field ®(x). The dynamics of
this effective field are not arbitrary, but are a direct
consequence of the general Lagrangian.

Recall that the kinetic part of the unified field

Lagrangian is governed by a single, fundamental
stiffness constant k:
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We can project these general dynamics onto a sin-
gle scalar mode ®(z), which will naturally contain
terms for the kinetic and potential energy, analogous
to a harmonic oscillator, and the two couplings (or
rigidities”) usual for harmonic oscillatory systems, k1
and ko, which are effective combinations of physical
constants (e.g., €0, wo, G, kB, etc.) under different
substitutions depending on the mode of the elastic-
oscillatory manifestation of the common field. Then,
one obtains the following minimal Lagrangian density:

@) = S w1 (a0)’ ~ Jm(Ve)'  (2)

Here,

e 11 controls the inertial” or kinetic response of
the field mode,

e k2 represents the elastic/spatial rigidity of the
field mode.

The corresponding action S is given by the integral
S[®] = /d4x L(®,0; k1, k2) (3)

Applying the principle of least action, §S = 0, yields
the Euler—Lagrange equation:

0*® 2
K}lﬁ—l‘izv(b:o. (4)

This single partial differential equation governs the
field ®. Depending on how we identify x; with physical
constants and ® with different spacetime deformations
(e.g., mass, charge, temperature), we recover the dif-
ferent field modes.

C. Relativistic Compatibility and Spacetime
Formalism

To ensure compatibility with special relativity, we
introduce a four-dimensional spacetime coordinate:

XM = ,  with metric 7" = diag(—1,1,1,1).
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We define the spacetime derivatives:

Ou = = (6)

The standard Lorentz-invariant kinetic structure is en-
coded in the d’Alembertian operator:

9’
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+ V2. (7)

The equation of motion from our minimal field La-
grangian reads:
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To write this in a Lorentz-invariant form proportional
to 0P = 0, we compare:

e =Rk V2O — e ]
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Rewriting the d’Alembertian as:

9%
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we see that Lorentz invariance requires:

ol 5 ki=ke (10)

K1

Therefore, the field theory is manifestly Lorentz-
invariant if and only if the rigidity constants match:
k1 = k2. This is a profound physical statement: it
reflects that in a Lorentz-covariant theory built upon
a single field, the inertial and elastic responses to vari-
ations must originate from the same isotropic, funda-
mental stiffness x of the vacuum substrate. This en-
sures the action transforms as a scalar and the field
equation becomes the standard wave equation:

0® = 0. (11)

This scalar field model, though minimal, shows how
each modal projection of the unified field tensor G,.
can be described in terms of a wave-like field obey-
ing Lorentz-invariant dynamics. This prepares the
ground for more detailed relativistic formulation in
terms of Klein—Gordon dynamics and projection struc-
tures consistent with general relativity.

Generalization to the Full Tensor Field

The above result —the necessary equality of tempo-
ral (inertial) and spatial (elastic) stiffness coefficients—
is not limited to the pedagogical scalar model. It is
a fundamental requirement for any relativistic field
theory derived from a Lagrangian of the form of
Eq. (1) For the full tensor field G,., the kinetic
term (0%G"")(0aGuv) contains both time derivatives
(a = 0) and spatial derivatives (a = 1,2,3). A Lorentz
transformation mixes these temporal and spatial com-
ponents. For the action to remain a Lorentz scalar, the
universal coefficient x multiplying this term must treat
both types of derivatives equally. Any fundamental
distinction between the substrate’s response to tempo-
ral changes and spatial changes would break Lorentz
invariance at the level of the action itself. Thus, the
conclusion k1 = k2 from the scalar model is a specific
instance of a general principle dictated by the covari-
ant structure of the unified Lagrangian.

D. The Inertial Equivalence Principle

As we have seen in the previous subsection, the re-
quirement of a unified Lagrangian has a profound and
unavoidable consequence deeply rooted in Lorentz co-
variance: the single stiffness constant x must consis-
tently describe the inertia of every deformation mode.
Analyzing the kinetic term reveals that « plays a dual
role:

e For compressive (scalar) modes, associated with
mass-like excitations, x acts analogously to mass
in mechanical kinetic energy $ma*. Thus [k] =
[Mass].



e For torsional (vector) modes, associated with
currents, k acts as a coefficient of rotational in-
ertia, mathematically analogous to inductance
in electrodynamics. Thus [k] = [Inductance].

Since Lorentz covariance and the principle of a sin-
gle unified field demand that a single constant x gov-
erns the inertial properties of all components of G,.,
it follows that the dimensional character of mass and
inductance must be identical:

‘ [Mass] = [x] = [Inductance] ‘ (12)

It is crucial to emphasize that this is not merely
a physical analogy but a structural requirement of
the wunified Lagrangian. The single kinetic term,
1k(8°G")(8aGuv), governs the inertia of all possible
deformation modes of the substrate. Because this one
mathematical object must simultaneously describe the
resistance to compressive changes (a mass-like inertia)
and the resistance to torsional changes (an inductance-
like inertia), the dimensional characters of Mass and
Inductance are forced to be identical. They are not
just analogous; they are two different phenomenolog-
ical manifestations of the single, unified stiffness pa-
rameter K.

Dimensional Consequences of the Inertial Equivalence
Principle

Taking the SI units of inductance L as
[L] = [ML*I*T~?],
the Inertial Equivalence Principle leads directly to
[M] = [ML*1°T?].

For dimensional consistency, this equivalence requires
that the combination [L*T~2T~2] must be dimension-
less. Solving for the dimension of current [I] yields

P =[L°T7% = || =[LT"]| (13)

As a sanity check, in the same way that mass M in a
mechanical oscillator is analogous to inductance L in
an RLC circuit, the resistance R in an RLC circuit is
analogous to the damping coefficient b in a mechanical
oscillator. Establishing the dimensional equivalence
between them, we find that

MT™') = [ML*T*1?],

which again implies that [L?I~27~?] is dimensionless,
consistent with the result (T3)).

Subsequently, from the Inertial Equivalence Principle,
it follows that electric current acquires the dimensions
of velocity. Expressed abstractly,

[1] = [LT7), (14)

so that current is no longer an independent unit (as
in SI), but a kinematical manifestation of deformation
flow. In physical terms, current is the propagation
velocity of a torsional wave of the substrate, while mass
is the inertial coefficient of a compressive deformation.
Both are modes of the same elastic field.

E. The Geometro-Elastic Principle and the
Inevitability of the Laplacian Operator

The central thesis of QEG is that the vacuum is
a continuous elastic medium. To describe the static
configuration of its deformation field, G.., we must
identify the mathematical operator that governs equi-
librium in such a substrate. This operator can be
uniquely and rigorously determined by the most fun-
damental principles of symmetry and simplicity.

Justification from Symmetry: The Mandate of
Isotropy

The most foundational property we can assume
about the vacuum substrate is that it is isotropic: it
has no preferred direction in space. Any fundamental
law governing it must respect this symmetry. For a
continuous elastic medium in static equilibrium, the
operator describing its response must be invariant
under rotations and translations.

The Laplacian (V? = > 0?) is the unique second-
order linear differential operator that possesses this
property. Any other operator of the same order, such
as a weighted sum like (92 + 282 +...), would explic-
itly break rotational invariance, arbitrarily selecting
certain axes as special. This would imply that the
fabric of spacetime is intrinsically anisotropic, a claim
that would require extraordinary justification and
contradicts large-scale observation. Therefore, the
principle of isotropy alone is sufficient to select the
Laplacian as the necessary mathematical structure for
describing the substrate’s static response.

Justification from Simplicity: Ockham’s Razor and
Locality

The principle of parsimony (Ockham’s Razor)
demands that we use the simplest possible mathemat-
ical structure that adequately describes the physics.
The Laplacian operator describes the simplest form
of local elastic tension: it relates the state of the
field at a point to the average state in its immediate
infinitesimal vicinity.

One could postulate more complex, higher-order op-
erators like the biharmonic operator (V*). However,
this would imply that the fundamental interactions of
the substrate are non-local, depending not just on the
immediate neighborhood but on its neighbors’ neigh-
bors. Without any physical or empirical necessity for
such complexity at the most fundamental level, Ock-
ham’s Razor compels the choice of the lowest-order,
non-trivial operator capable of describing elastic
deformation: the Laplacian.

Mathematical Consequence: The Universal 1/r
Potential

Once the principles of symmetry and simplicity force
the selection of the Laplacian, the geometric form of all
long-range static interactions is no longer a choice, but
a mathematical inevitability. The static equilibrium
equation for the deformation field ® in the presence of
a point-like source at the origin (a Dirac delta function,
4(7)) must take the form of Poisson’s equation:

VER(7) = —J - () (15)



The unique solution to this equation in three-
dimensional space is its Green’s function, which has
the universal form:

V2o(r) = -6 (r) — @(r):%. (16)

r

This establishes the 1/r geometric modulus as the uni-
versal mathematical structure for all long-range static
interactions of an isotropic, elastic, 3D substrate.
Consequently, both Newton’s law of gravitation and
Coulomb’s law must appear as macroscopic limits of
this same underlying Laplacian response. This forces a
crucial conclusion: if the substrate is truly unified, the
constants that couple sources to the field in these laws
must share the same dimensional essence, a require-
ment that will be formalized as the Coupling Equiva-
lence Principle in the next subsection.

Note on Short-Range Interactions

It is important to emphasize that the Laplacian op-
erator and the resulting 1/r potential are character-
istics of the theory’s limit for massless, static modes.
This framework thus recovers the universal structure
of long-range forces such as gravity and electromag-
netism. Short-range interactions, such as the strong
and weak nuclear forces, would be described within
this framework as excitations of massive or non-linear
modes of the field G,,.. For these modes, the static field
operator would take a different form (e.g., the Yukawa

operator, V2 — m2), giving rise to short-range poten-
tials (such as e™™" /r) and breaking the universality of
the 1/r behavior.

F. The Coupling Equivalence Principle

We can extract another fundamental principle from
the universal dynamics imposed by the unified La-
grangian and Lorentz covariance. Variation of the ac-
tion leads to a field equation of the form:

ov

:‘il:lgl_”/ — agﬁ

= Jl“’?

where the d’Alembertian operator, [, governs the
dynamics of all massless excitations of the substrate.
This universal, hyperbolic operator is the unique
source of the unified response.

The familiar empirical laws for static fields arise
as the low-energy limit (0; — 0) of these fundamental
wave dynamics, where the d’Alembertian reduces to
the Laplacian (0 — V?):

e For Gravity: V2¢'g =4rGpm
e For Electrostatics: V2V = —(4nK.)pe

Since both of these static laws are different projec-
tions of the same underlying dynamic operator (OJ),
the constants that scale their respective sources—G
and K.—cannot be dimensionally distinct. In a
unified framework where mass density (p,) and
charge density (p.) are manifestations of the same
source tensor Jy,, it is a mathematical necessity that
their couplings share the same dimensional character.
To postulate otherwise would violate the covariant
nature of the theory.

This leads us to state the Coupling Equivalence

Principle as a direct consequence of covariant

dynamics:
[G] = [Ke] | (17)

This principle asserts that gravitational and elec-
tromagnetic couplings share the same dimensional
essence, being merely modal projections of a single un-
derlying rigidity of spacetime.

Dimensional Consequences of the Coupling
FEquivalence Principle

Let us now derive the dimensional consequences of
this principle combined with our previous findings.
The conventional dimensions for G and K. are

Gl = [ M'L’T7?), [K.]=[ML*T*I?.
Setting [G] = [K.], we obtain
M~ 'LPT %) = [MLPT*17?).
Rearranging for [M], and recalling that we have estab-

lished the Inertial Equivalence Principle, [I] = [LT ")
, we substitute 12 as

(M LT = [MLPT (L *T?)].
Simplifying, we find

M~ LPT % = [MLT %] —

[M~'L? = [ML] -

(L] = [M?] —

(M] = [L]| (18)

This outcome, contingent on the Inertial Equivalence
Principle and the Coupling Equivalence Principle
(I F)), signifies that mass and length share the same
undamental dimension within this theoretical struc-
ture.

Moreover, substituting [M] and [I] into the pre-
vious equivalence between resistance R and damping
coefficient b based on the Inertial Equivalence Princi-
ple, [MT~'] = [ML*T~317?], we find that [T~*L%
becomes dimensionless, which in turn implies the
fundamental equivalence

[(M] = [L] = [T] ] (19)

This result does not arise from a choice of units, but
from geometric and dynamical consistency: the Lapla-
cian enforces the 1/r law for static responses, Lorentz
invariance equates time and space, and the unified
Lagrangian requires a single stiffness constant x for
all inertial modes. The collapse of mass, length, and
time into a single dimensional entity is therefore an
inevitable structural feature of a unified substrate.

G. The Endogenous Nature of Sources

Finally, if mass, charge, and current share the same
dimensional character as length and time, they can-
not be external properties imposed on the substrate.
Rather, they are endogenous excitations: localized,
stable topological configurations of the deformation
field G... Mass-energy and charge are not causes of de-
formation, but particular modes of deformation them-
selves. Thus particles and fields, matter and geometry,
are unified as different aspects of the same physical
substrate: spacetime itself.



IIT. MODAL DECOMPOSITION OF THE
UNIFIED FIELD

The deformation field G, encodes the state of the
unified substrate. To connect this framework with
known physical interactions, it is natural to decom-
pose G, into modes according to their tensorial char-
acter and dynamical role. The decomposition mirrors
the standard separation of elastic media into compres-
sive and shear responses, but is here generalized to a
covariant, field-theoretic setting.

A. Scalar, Vector, and Tensorial Sectors

We classify the components of G, into three cate-
gories:

e Scalar (compressive) mode: Ggo, associated
with localized compressions of the substrate.
This sector corresponds to inertial mass and
gravitation, as compressive deformations propa-
gate radially and source the familiar Newtonian
potential.

e Vector (torsional) modes: Go;, associated
with shear-like deformations oriented along spa-
tial directions. These modes are naturally linked
to currents and electromagnetic phenomena, as
they propagate transversely and encode the
transport of torsional strain.

e Tensorial modes: The symmetric tensor G;;
can be uniquely decomposed into its trace (an
isotropic scalar mode) and its traceless part (an
anisotropic shear mode). The traceless part is
naturally identified with gravitational waves and
anisotropic stresses. The trace, Tr(G;;), trans-
forms as a scalar under spatial rotations and
thus must couple to isotropic sources like pres-
sure. As this components G;; represent the re-
maining degrees of freedom of the unified field,
for the QEG framework to be complete, these
modes must also correspond to a physical in-
teraction. As we will demonstrate rigorously in
Part IV, the dynamics of this scalar mode, when
subjected to the substrate’s intrinsic dissipation,
inevitably lead to the laws of irreversible ther-
modynamics. Therefore, we identify this sector
with a fundamental thermo-entropic field,
not by analogy, but as a necessary consequence
of the theory’s completeness and internal consis-
tency.

We now present the explicit projectors for the spatial
tensor G;; due to its rich internal structure, which hosts
multiple physical modes. The projection of the modes
Goo and Gy, is trivial in comparison, as it reduces to
the direct selection of those components, which already
transform as a scalar and a vector under spatial rota-
tions, respectively.

Explicit projectors on the spatial tensor G;;

In a homogeneous/isotropic background (or in
Fourier space on R3), define k; and the transverse pro-
jector Pij = 6i; — kik;j, k= ki/k. The symmetric

tensor G;; decomposes as

Gij = (%0 bij + (8:0; — %%VQ)E)

scalar

+  ouFy + hi;t . (20)
—— ~—

vector, 8; F;=0  tensor, aih;[;_T:O, h};T:O

Corresponding projectors in Fourier space read
(P"),, 0 = 3 (PP + PaPji) = 3P Pa,
(Pv)ij,kl = %(]%ipjl]%k + kj Pk, + - '),
(Ps)z’j,kl = %ijpkl + I;‘lff;l;:k];z (21)

so that PT + PV 4+ PS =T and PAPB = §4B p4,

Justification from Symmetry and Lorentz Covariance

The assignments of the tensor components of the
deformation tensor G,, to the physical phenomena
that we have made above can be justified as inevitable
and physically necessary choices by appealing to the
principles of symmetry and Lorentz covariance. The
mapping is dictated by the transformation properties
of sources under rotations and Lorentz boosts. Each
physical source (scalar mass-energy, vector current,
tensor stress/flux) must couple to the component of
G with matching transformation properties. Any
other assignment would violate covariance. Here’s the
breakdown:

Goo and Scalar Sources (Mass-Energy)

e Physical Source: The primary source of New-
tonian gravity is mass, a scalar quantity (it does
not change under spatial rotations). In relativ-
ity, this is the energy density component, Too,
which also behaves as a scalar under spatial ro-
tations.

e Tensor Component: The Gop component of
the tensor is the only component that transforms
as a scalar under rotations.

e Conclusion: By the principle of covariance, a
scalar source must couple to a scalar mode of the
field. The identification of mass-energy with Goo
is the simplest and most direct way to achieve
this. Associating a scalar source with a vec-
tor (Go;) or tensor (G;;) component would in-
troduce an arbitrary direction into the physics,
which is not observed.

Go;i and Vector Sources (Currents)

e Physical Source: The source of magnetism is
electric current, J;, which is a 3-vector. It
has a direction and magnitude that change pre-
dictably under rotation.

e Tensor Component: The three Gop; compo-
nents are the only parts of the G, tensor that
transform together as a 3-vector under rota-
tions.

e Conclusion: A vector source must couple to a
vector-like part of the unified field. The identi-
fication of currents with the Go; modes is there-
fore almost inevitable. This ensures that the
laws of physics (like Ampere’s Law) maintain
their vector form in all rotated reference frames.



Gi; and Tensor Phenomena (Stress and Gravita-
tional Waves)

e Physical Phenomena: Phenomena like pres-
sure, shear stress (T;;), and the propagation
of gravitational waves are inherently tensorial.
They describe how space itself is stretched and
sheared in different directions.

e Tensor Component: The G;; components
form a 3x 3 symmetric tensor that directly repre-
sents the spatial strain (stretching and shearing)
of the physical substrate.

e Conclusion: It is physically necessary to map
tensor phenomena onto the tensor components
of the unified field. The G;; components are the
only ones that have the correct mathematical
structure to describe the complex, directional
stresses and strains within the spacetime fabric.

In summary, the assignment is a direct mapping of
physical symmetries onto the mathematical symme-
tries of the tensor G,.. The “shape” of the source or
phenomenon (scalar, vector, or tensor) must match
the “shape” of the deformation mode it couples to.
This assignment is essentially unique under Lorentz
invariance: the shape of the source dictates the shape
of the field component it excites. This makes the
chosen identification not just a convenient choice, but
the only one that is fully consistent with the observed
Lorentz symmetry of our universe.

This way, we have shown how gravitation, elec-
tromagnetism, and other tensor spatial deformations
are interpreted as distinct modal projections of the
same underlying substrate field.

B. Unified Source Structure

In conventional field theory [26][27], each interaction
couples to a distinct current: the stress-energy tensor
T for gravitation, the electromagnetic four-current
J# for electrodynamics, and thermodynamic fluxes for
entropy. In the present framework, all these appear as
different components of a single unified source tensor
Juv, which couples universally to G, via the action
principle. Explicitly:

Joo «— Too (mass-energy density component)
Joi +— Jin  (spatial components of 4-current)
Tr(Ji;) «— p (pressure, thermodynamic state)

In addition, the traceless spatial part acts as the nat-
ural source for shear modes:

(Jij = 3655 Te(J)) +—
m;; (anisotropic stress / shear source) (22)

This identification unifies the sources of interaction
as manifestations of the same underlying conservation
principle, arising from the symmetries of the substrate.

C. Modal Dynamics from the Unified
Lagrangian

The universal field equation derived earlier,

oV
gy — T

when projected onto different modes, reproduces the
macroscopic laws of physics:

kOGu, —

e Gravitational mode (Goo): In the static,
massless limit the equation reduces to

V20, = 4nGpm,

i.e. Newton’s law of gravitation. At higher or-
der, we will show later in the Paper how the full
dynamics recovers the Einstein field equations.

e Electromagnetic modes (Go;): The corre-
sponding equations reduce to Maxwell’s laws,
with current J* acting as the source of trans-
verse torsional excitations.

e Other tensor deformation modes (G;;):
The isotropic component describes large-scale
volumetric expansion, while the traceless com-
ponent propagates as shear-like excitations. In
Section we will deduce how in the hydrody-
namic limit these reproduce diffusion-type equa-
tions and the thermodynamic identities associ-
ated with the entropy flow.

Thus, all known field equations are recovered as modal
reductions of the same substrate dynamics, validating
the unification scheme.

Clarification. It is important to stress that grav-
itational phenomena split into two complementary
aspects in this framework. The Newtonian potential
and the coupling to mass-energy density (Too) arise
from the scalar sector Goo. In contrast, gravitational
radiation is not encoded in this scalar but in the
traceless tensorial excitations of G;;. Thus, while Goo
governs the scalar (compressive) aspect of gravitation,
the tensorial shear modes X;; account for the full
propagation of gravitational waves. Consistently,
only the traceless spatial components couple to the
anisotropic stress m;;, while the scalar potential
couples to the rotationally invariant source Too,
preserving the matching of tensorial ranks between
sources and fields required by Lorentz covariance.

D. Lagrangian framework for modal
excitations

Having established the physical identity of each
deformation mode, we now construct the canonical
Lagrangian framework required to describe their
dynamics and interaction with sources. Building
on the minimal scalar field formulation—which
established that any modal projection must obey
Lorentz-invariant dynamics—we transition from the
fundamental Lagrangian governed by the stiffness
constant k to an effective, canonical Lagrangian for
each mode. This is achieved via field renormalization,
a standard procedure in field theory where the physi-
cal constant k is absorbed into the field’s definition
(e.g., G’ = /kG) to simplify the kinetic term.

This formulation allows the modal excitations of
the unmified tensor G,, to be described in terms of

renormalized, scalar-like fields GX). The dynamics
of these modes, including potential mass terms that
arise from the full theory’s potential term V (G, ), can
be described by the following canonical Klein—-Gordon
Lagrangian:

1 1
Lx = 50"G™9,6%0 — Jm} (G, (23)



where G(X) represents a renormalized projection of
the full tensor G,, along mode X. The term
mx is not a new fundamental parameter, but an
effective mass that a mode acquires due to the
self-interaction potential of the underlying unified
field. This Klein—Gordon-type Lagrangian provides a
Lorentz-invariant basis for describing both massless
(mx = 0) and massive field modes within the unified
elastic framework.

The Euler-Lagrange equation yields:

06 +mk g™ =, (24)

which reduces to the Klein—-Gordon equation for free
scalar propagation in Minkowski space.

Although the Lagrangian Lx describes free fields,
coupling to physical sources can be incorporated via
minimal interaction terms of the form:
X
£ = 6% (@) 1V (@), (25)
where JX is an effective source density corresponding

to charge, mass, entropy flux, etc. These terms play
an analogous role to the coupling A, J* in electrody-

namics. Since GX) represents a modal projection of
the unified tensor G,., the coupling is assumed to act
only on the relevant scalarized or vectorial component
associated with the physical mode.

A more general coupling scheme could link the
full tensor to the energy—momentum content of
matter via:

Lint = Guv () T (), (26)
from which each modal interaction Q(X>J X would
arise as a projection or contraction. This formulation

ensures full compatibility with general relativistic
coupling schemes.

Cross-check. In Secs. XTI and [KX Gl we show that
the universal dissipative invariant, implemented via
a Rayleigh functional, yields a hyperbolic—parabolic
(telegrapher) dynamics at the effective level. This
mirrors causal relativistic hydrodynamics (Israel-
Stewart), guaranteeing finite signal speeds and
positive entropy production in the gravito-entropic
sector.

E. Static solutions

In the static limit and for massless modes (mx =
0), the sourced Euler-Lagrange equation derived from

Lx + Ei(ri) reduces to the Poisson equation

V2ox(P) = — JX ), (27)

where we denote by ® x the static potential associated
to the mode X. For a point-like unit source located

1 While this Klein-Gordon form correctly captures the uni-
versal mass and propagation dynamics for any mode, a
full description for vector or tensor modes would require
a more structured Lagrangian (e.g., a Proca Lagrangian
for massive vector modes) to account for all degrees of
freedom. For the purpose of describing the fundamental
dynamics of sourced and source-free propagation, this
canonical form is sufficient.

at the origin, J(7) = 6©)(7), the Green’s function
solution is

Bx(r) = ﬁ . (28)

Multiplying this fundamental response by an effective
charge Cx yields the modal potential:

1
P = — 2
x(r) = Ox — (29)
which matches the expressions summarized in

Sec.

IV. THE UNIFIED DIMENSIONAL
FRAMEWORK

A. Geometrization of Physical Quantities

The Spacetime Equivalence Principle ([M] = [L] =
[T]) forces a complete rewriting of the dimensional
structure of physics. All fundamental physical quan-
tities can be expressed in terms of a single geometric
unit, [L]. The consequences, summarized in Table
are profound: physical sources like mass and charge
acquire the dimension of length, while all dynamical
and coupling constants become dimensionless pure
numbers.

In this new framework, one constant stands apart:
Planck’s constant, h. Its dimensions of action, [E -
T, do not collapse to [L] or [1], but instead become:

[ =[E-T]=[L-L] = [L%. (30)

This is a profound result. It reveals that the quan-
tum of action is not an abstract parameter, but a
fundamental quantum of spacetime area. This ge-
ometrization of quantum mechanics is a cornerstone
of the QEG framework, linking the discreteness of the
quantum world to the geometric fabric of the sub-
strate.

B. Dimensional Equivalence and Its
Implications for Fundamental Units

Through the dimensional collapse, we establish that
all fundamental physical quantities share a common
geometric basis:

[L] = [Time] = [M] = [E] = [Q] = [Temp].  (31)

This does not negate the operational distinction
among meters, seconds, or kilograms in experimental
practice, but clarifies the role of universal constants.
In this framework, any constant not itself a source of
deformation (mass-energy, charge, thermal or entropic
sources, action) becomes dimensionless and functions
as a conversion factor. Hence, SI units, once normal-
ized by these constants, are numerically equivalent ex-
pressions of a single underlying geometric quantity:

Ilm=1s=c’kg=1J=1C=kp-1K. (32

This equivalence is not a matter of notation, but
of geometry: universal constants act as the metric
coefficients of physical space, establishing the cali-
bration between nominal units. Their role is thus



TABLE I. Dimensional collapse of physical quantities in the QEG framework.

Quantity Standard SI Dimensions QEG Dimension [L]
Physical Sources

Mass [M] L]

Energy [ML*T™? (L)

Charge [IT) [L]
Temperature [K] L]
Dynamical/Coupling Constants

Velocity / Current (LT [1] (Dimensionless)
Resistance [ML*T 3172 [1]
Permittivity, eo [M~'L=3T4 17 [1]
Permeability, po [MLT217? [1]
Gravitational C., G [M—'L3T~2] [1]
Boltzmann C., kp [ML*T2K ™) [1]

not arbitrary, but structural, ensuring that all units
reduce consistently to a unified geometric basis.

While the theory itself is scale-free, connecting
it to empirical quantities requires a fiducial reference,
naturally chosen as the SI system since CODATA
values are defined within it. This calibration should
not be mistaken for introducing a free parameter:
setting a reference length, e.g. L,ef = 1 m, serves as a
coherence test. By anchoring the theoretical unit to
an experimental one, the entire system of SI constants
emerges consistently from the predicted relations. The
significance lies not in predicting numerical values,
but in validating that the structure of physical laws is
compatible with a unified geometric origin.

Part II: General Properties of
Geometro-elastic Excitations

Building on the foundational framework of Part
I, this Part focuses on the general, mode-independent
consequences that any excitation of the unified
substrate must satisfy. We begin by deriving the
operator form of the substrate’s elastic response
from the unified Lagrangian. Projecting this onto
its normal modes, we obtain a universal Hooke-type
constitutive law where the geometric deformation
(action) is proportional to the applied source. This
yields a single, powerful source law, @ = kS, valid
for mass, charge, and any fundamental deformation
mode. This structure then provides the basis for
understanding the duality of stiffness and compliance
and the dissipative nature of the substrate.

V. A UNIFIED CONSTITUTIVE LAW
FROM THE GENERAL ELASTIC
EQUATION

A. Operator form of the elastic response

Starting from the unified dynamics of Part I,

ov
HDQ;UJ_ ag“” = JIMM (33)

the linear, long-wavelength (massless) regime relevant
for static and weakly time-dependent fields is obtained
by neglecting the non-linear and massive parts of V.
In this regime one may write, schematically,

static

KG = J, K = 0 225 — V2 (34)

where K is the stiffness operator of the substrate. The
solution is expressed via the inverse (Green operator)
C :=K™!, which plays the role of a compliance opera-
tor:

G=CJ C=K"\ (35)
Equations . are the covariant, ﬁeld theoretic
generalization o ooke s law (stress = stiffness X
strain; strain = compliance x stress) and hold for any

tensorial component of the deformation field G,, and
source Jy, .

B. Modal projection: from fields to lumped
constitutive law

In homogeneous/isotropic backgrounds the operator
K diagonalizes on normal modes. Let II; denote the
projector onto mode i (scalar, vectorial, or tensorial).
Projecting we obtain the algebraic response for
each mode amplitude,

kiGi = Ji, = Gi = —Ji, (36)

where k; > 0 is the modal stiffness. Equation is
precisely a Hooke law at the modal level: deformation
equals compliance times source.

C. Action as geometric deformation and the
universal constitutive law

From Part I we established the dimensional collapse
[M] = [L] = [T] and that action has the character of

a spacetime area, [S] = [L?]. For a normalized unit
4-volume (the fundamental cell of the substrate), the
scalar measure of deformation carried by mode ¢ is
thus naturally identified with a modal action S; pro-
portional to G;. Similarly, the projected source J; de-
fines the modal charge Q; (mass, electric charge, ther-
mal/entropic source, etc.) through the same normal-
ization cell. With this identification, (36]) becomes the
unified Hooke law for sources:

s-ta] = [e=ms]

That is, the deformation (action/area) required to sta-
bilize a mode equals the applied source times the modal
compliance. Equivalently, the source equals the modal




stiffness times the action. This is the sought-for gen-
eralization: the law holds verbatim for compressive
mass-like), torsional (electromagnetic), and tensorial
thermo-entropic) modes.

D. Why this form is inevitable

The operator identity G = CJ is fixed by covariance
and linearity around equilibrium. Its modal reduction
Gi; = Ji/k; is forced by homogeneity/isotropy. With
action identified as the geometric measure of deforma-
tion in the normalized cell, S; « G;, the constitutive
law is not an ansatz but the unique linear, covari-
ant map between sources and deformations compatible
with the unified Lagrangian of Part I. Any alternative
would either break covariance, violate linear superpo-
sition near equilibrium, or introduce extra dimensional
constants contrary to the Spacetime Equivalence Prin-
ciple.

E. Sign conventions and stability

The minus signs familiar from restoring forces (e.g.
Hooke’s law F = —kx) are absorbed here in the
definition of J as the applied source that balances
the internal restoring response. Stability requires
k; > 0 for all propagating modes, ensuring that the
quadratic energy is bounded below and that K is (ellip-
tic/hyperbolic) invertible in the corresponding regime.

VI. THE PRINCIPLE OF MODAL
RECIPROCITY: STATIC STABILITY AND
DYNAMIC CAUSALITY IN THE
SUBSTRATE

A. Static Reciprocity: The Condition of
Stability and the Hierarchy of Forces

For a single, unified substrate to be both stable
(not collapsing) and excitable (not infinitely rigid), its
elastic properties across orthogonal modes cannot be
independent. We elevate this physical requirement to
a fundamental Principle of Modal Reciprocity. This
principle states that the stiffness of the substrate in
a given mode is inversely related to its stiffness in an
orthogonal mode.

For the primary compressive (longitudinal, ||)
and torsional (transverse, 1) modes, this principle is
formalized as a stability condition:

k“ . kJ_ = Cgeom . K/Q, (38)

where k is the universal stiffness constant of the
substrate from Part I, and Cgeom is a dimensionless
geometric factor of order unity reflecting the isotropy
of three-dimensional space. As will be shown in
Sec. [KXVIIL, this factor can be derived from the
geometric integration of self-energy in spherical
coordinates.

Equation guarantees the stability of the
geometro-elastic medium. It expresses the fact that
the medium’s resistance to longitudinal strain is
reciprocally balanced by its resistance to transverse
strain. A stiffer electromagnetic response (large k)
necessarily entails a more compliant, or ”softer,”
gravitational response (small k). Any deviation from
this reciprocity would render the substrate either
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undeformable (if both stiffnesses are large) or unstable
(if both are small).

Physical interpretation

Equation (38) captures the observed hierarchy of
interactions without arbitrary assumptions:

e The electromagnetic field corresponds to tor-
sional excitations with extremely high stiffness
k.1, consistent with its strength and short-range
rigidity.

e Gravity corresponds to compressive excitations
with extremely low stiffness k|, consistent with
its weakness and long-range compliance.

Thus, the empirical disparity between electromagnetic
and gravitational strengths is not accidental but a di-
rect manifestation of the reciprocal balance demanded
by a single geometro-elastic substrate.

Inevitability of the duality

The duality between stiffness and compliance fol-
lows inevitably from three principles already estab-
lished:

1. The Spacetime Equivalence Principle ([M] =
[L] = [T]) reduces all dimensional assignments
to geometry.

2. The unified constitutive law Q; = k;S; requires
each source to be stabilized by a finite stiffness.

3. The single-substrate hypothesis ensures that all
modal stiffnesses derive from the same k, which
enforces the reciprocity relation .

Any violation of this reciprocity would break energy
balance in the substrate: if both k“ and k| were simul-
taneously large, the medium would forbid deformation
altogether (contradicting the existence of excitations);
if both were small, the medium would collapse under
any source (contradicting stability). The hierarchy of
forces is therefore not contingent but structurally in-
evitable, rooted in the duality of stiffness and compli-
ance in a unified elastic spacetime.

Conclusion

We conclude that the extreme weakness of gravi-
tation relative to electromagnetism arises as the elas-
tic complement of the substrate: one mode is strong
because the other is weak. This stiffness—compliance
duality is not an optional feature but the only config-
uration that allows a single geometro-elastic substrate
to remain both deformable and stable. In the next
section we extend this framework by introducing the
concept of dissipation, showing how the intrinsic “vis-
cosity” of the substrate gives rise to the dimensionless
fine-structure constant a.

B. Dynamic Reciprocity: The Causal
Universality Condition

Beyond the static stability condition, the Principle
of Modal Reciprocity finds a profound dynamic
manifestation rooted in a core axiom of the theory:



Lorentz Invariance. For the QEG framework to
be self-consistent, all emergent massless, wave-like
excitations of the unified substrate must propagate
at the same universal speed, c¢. This principle of
Causal Universality imposes a strict constraint on the
constitutive properties of any given mode.

Let us define the effective inertial (permeability-
like) and compliant (permittivity-like) constants for
an arbitrary mode ’i’ as u; and €;, respectively. The
propagation speed of a wave in this modal sector
is given by v; = 1/1/;“51-. The Causal Universality
Condition therefore requires that for every wave-like
mode i:

1
Hi€i = 672 . (39)

Furthermore, the theory establishes a hierarchy of
interactions, where the inertial response of any mode
i can be expressed as a scaling of a baseline inertia,
IUbase- Let this be described by a dimensionless scaling
factor s;, such that:

Hi = Si * Ubase- (40)

By combining these two conditions, the dynamic
nature of reciprocity becomes explicit. Substituting
Eq. into Eq. and solving for the modal com-
pliance ¢;, we find:

1 1 1
(83 - Hbase) €1 = =2 = &= — (,ubasc02> : (41)

Si

Recognizing that the term in parenthesis is simply the
baseline compliance, €pase, We arrive at the general law
of dynamic reciprocity:

1
P = — ase 42
gi= e (42)

This result is a cornerstone of the theory. It rigorously
demonstrates that if the inertial response of a mode is
scaled by a factor s;, its compliant response must be
scaled by the exact inverse factor, 1/s;. This dynamic
reciprocity is not an isolated coincidence but the sec-
ond core manifestation of the Principle of Modal Reci-
procity, complementing the static relationship between
stiffnesses. It confirms that the vacuum’s elastic prop-
erties are deeply interconnected through both stability
and causality, with the capacity to yield in one mode
being intrinsically linked to its resistance in another.

VII. THE DISSIPATIVE NATURE OF
THE SUBSTRATE AND THE ORIGIN OF
THE FINE-STRUCTURE CONSTANT

The Lagrangian presented in Part I, Lqrg, de-
scribes an ideal, perfectly elastic medium. However,
no physical medium can be perfectly elastic: stability
under real excitations requires a mechanism of dissi-
pation. Without it, oscillations would grow without
bound and localized excitations could not stabilize,
contradicting the observed persistence of particles and
fields.

Indeed, the necessity of a dimensionless dissipa-
tive parameter follows inevitably from three prior
requirements:

1. The unified constitutive law (Q; = k;S;) de-
mands finite, stable deformations.
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2. The principle of modal reciprocity requires com-
plementary stiffnesses across orthogonal modes,
but does not by itself suppress divergences in
excitations.

3. The single-substrate hypothesis forbids the intro-
duction of independent damping constants for
each mode: dissipation must be controlled by a
unique, universal invariant.

Taken together, these conditions leave no freedom:
the substrate must carry a single, dimensionless
measure of dissipation. This is entirely analogous to
the damped harmonic oscillator, where the addition
of a velocity-proportional term is the unique way to
stabilize oscillations without altering equilibrium. By
covariance, the same logic applies at the field level:
the equation of motion must include a dissipative
contribution proportional to the “velocity” of the
deformation field.

The most general covariant modification of the
field equations is

ov

HDQWJ - 69“”

- C,uz/aﬁ a()gaﬁ = JMV,

where CW"‘ﬁ is a dimensionless tensor encoding the
intrinsic damping of the substrate. Its presence is
unavoidable: it is the unique covariant structure
that introduces dissipation without violating Lorentz
invariance or adding new dimensional scales.

Because the Spacetime Equivalence Principle collapses
[M], [L], and [T] into geometry, no new dimensional
constants can enter consistently. Dissipation must
therefore be governed by a dimensionless invariant.
We define its scalar norm as

a = |Gull; (43)

1. Physical Origin of the Damping Coefficient

The introduction of a dissipative term into the sub-
strate’s dynamics requires the identification of a di-
mensionless damping constant. We show that this
role is uniquely filled by the fine-structure constant, «.
This is not an arbitrary choice. Within the Standard
Model, « governs the fundamental vertex of Quantum
Electrodynamics (QED), which describes the quantum
interaction between light and matter. More funda-
mentally, QED is the theory of the vacuum’s own self-
interaction, mediated by the continuous creation and
annihilation of virtual particle-antiparticle pairs. In
the QEG framework, dissipation is precisely the mech-
anism by which a coherent deformation (a field exci-
tation) loses energy to the underlying quantum fluc-
tuations of the substrate. It is therefore natural to
identify the universal damping ratio of the medium
with the very constant that quantifies its fundamental
quantum self-interaction. Thus, in QEG, « is elevated
from a purely electromagnetic coupling constant to a
universal property of the spacetime substrate: its in-
trinsic dissipative coefficient.

A. Confirmation from the Vacuum’s
Oscillatory Response

This theoretical identification is powerfully con-
firmed by analyzing the vacuum as an oscillatory
medium, analogous to an RLC circuit. The fine-
structure constant « [28] can be defined as the ratio of
two energies:



e the energy needed to overcome the electrostatic
repulsion between two electrons a distance of d
apart

e the energy of a single photon of wavelength A =
27d (or of angular wavelength d)

Therefore, we have that

“= <4f;d>/ (%)

_ e2 2rd e2 « i
" dmeod T he  4dmeod T he
2
e
= 44
4meohe (44)

Other hand, in the context of an RLC circuit, the
quality factor or Q factor [29] is a dimensionless pa-
rameter that describes how underdamped an oscillator
or resonator is. It is defined as the ratio of the initial
energy stored in the resonator to the energy lost in one
radian of the cycle of oscillation. Therefore, we have
that

def Energy stored

QY2

X
T Energy dissipated per cycle

E
— o f x nergy stored
Power loss

E stored
— o X nergy store

45
Power loss (45)

Where f, is the resonance frequency.

The fine-structure constant can be written as

1
= -7
(e} 2 00,

where Zy = poc = ch is the vacuum impedance and

o= % is the conductance quantum [30} [31]. It follows

that
Zoo = 2a,

which can be interpreted as the intrinsic energy loss
characteristic per radian for the vacuum medium itself.
Thus, one can naturally define a vacuum quality factor
as

Q 1 I % 6077,6 1
= — = 27 = —.
Zoo e2 2c
where we can identify  FEstored = h—)\c and
2
Edissipated - ;;)/\-

The appearance of these two energies follows di-
rectly from well-established properties of a single
electromagnetic vacuum mode of wavelength A and
the framework we have discussed throughout this
Paper. On the one hand, the most fundamental
quantum excitation of an electromagnetic mode is
a single photon. The energy of this photon, which
represents the total energy “stored” in the oscillating
mode for this process, is given by the Planck-Einstein
relation:

hc
Estored = hw = 7

where the energy of a single photon of wavelength
A = 2nd is used. This interpretation defines Fgstored
as the energy of the fundamental quantum of light
that populates and defines the oscillation within that
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vacuum mode.

On the other hand, within our elastic vacuum
formalism, it is natural to propose a dissipated energy
analogous to Hooke’s law. As we will demonstrate
below with a rigorous calculation based on Larmor’s
formula, this simple analogy predicts with great
accuracy the energy dissipated by a quantum dipole.

e Using Hooke’s Law, we can identify the dis-
sipated energy using the formula |E| = |kxz?|
where k is the elasticity constant, and x the dis-
placement [32]. As in the context of the unified
field we have identified k = % = 50%7 and the
displacement x with the elementary charge e, we

2
gEt that Edissipatcd = <.

EQA
e Alternatively, consider an oscillating dipole
p(t) = po - cos(wt) with amplitude po = e - d,
where d = \/(27) is the separation and w = ¢/d
is the angular frequency. Using Larmor formula
for time-averaged power radiated by an oscillat-
ing dipole [33] [34]:

2 4

Pow
P)= —— 46
(P) 12meqc3 (46)
we can derive the energy dissipated per cycle
(period T = 27 /w):

Edissipated = (P) x T = (W> <2l> (47)

127eqce3 w

And one finally gets that

7'1'62 62

—— ~1.05- — 4
350)\ 05 60)\ ( 8)

Edissipated =
Thus, both energies can be derived from first-principles
and lead directly to

Estored hC/()\) 1
=2T X ——— =2T X o~ = —,
Q Edissipated 62/(50 )\) 2a

For an underdamped oscillator, the damping ratio is
defined as

which leads directly to

o~
Il
Q

This perfect correspondence between the first-
principles requirement for a dissipative invariant and
the result from the vacuum'’s oscillatory dynamics pro-
vides strong evidence that « is the universal damping
ratio of the geometro-elastic medium.

B. Interpreting c in terms of the Damped
Resonant Frequency of the System

In a standard underdamped oscillator model [35-
37], the damped frequency wq is given by

wWqg = WQ\/l—CQ, (49)

where wo is the undamped resonant (natural) fre-
quency of the system, and ¢ is the damping ratio.



We can associate these frequencies with propa-
gation speeds by multiplying each angular frequency
by the reference length within our framework, of one

meter, yielding speeds in units of ms™'. Denoting:
Udamped = Wd x 1 m, Vundamped = W0 x 1 m,

we can identify vqampea with the measured speed of
light, conventionally denoted by c. In other words,

C = VUdamped = Wq X 1 m.

From Eq. , we thus have

¢ = wo-1my/1—¢?

Or, equivalently,

C?neasured = c?eal(l - a2) (50)
Which, solving for ¢, can be rewritten as

2

C
mcgsurcd (51)
Creal

(=a=4/1-—

Note the similarity of the above expression with the
reciprocal of the Lorentz factor formula [38]. Thus,
the fine-structure constant o can be regarded as the
reciprocal of a “Lorentz-like” factor via

1 Clns
1— megsured . (52)

Y Creal

These two views—the damped oscillator analogy for
electromagnetic propagation and the Lorentz-like fac-
tor interpretation for a—are not only compatible, but
in fact reinforce each other: o emerges as a geometric
or relativistic “scaling factor” that governs attenuation
in the oscillatory unified field, connecting electromag-
netic propagation and the quantum vacuum’s dissipa-
tive properties.

C. Dissipative duality: roles of the damping

factor ( = a and the reciprocal of the quality

factor é =2

Physical Origin: The Fermionic g-factor

The theoretical framework that we will develop
reveals an apparent duality in the vacuum’s dissipa-
tive response. On one hand, the damping that affects
wave propagation manifests as a relativistic damping
ratio ( = «. On the other hand, the attenuation of
energy in quantum interactions, quantified by the
quality factor @, is governed by 1/Q = 2a.

We propose that this duality is not a contradic-
tion but a reflection of a deeper physical principle:
the factor of 2 originates from the Landé g-factor (g)
of a fundamental, spin-1/2 fermionic excitation of the
vacuum, whose value predicted by the Dirac Equation
is precisely g = 2. This hypothesis establishes
a fundamental distinction between two dissipative
regimes:

e Bosonic Propagation Damping (¢): The
factor ( = « represents the intrinsic damping
experienced by a bosonic excitation (such as a
spin-1 photon) as it propagates through the elas-
tic vacuum medium. It is a pure measure of
spacetime’s “viscosity.”
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e Fermionic Interaction Damping (1/Q):
The factor 1/Q = geaw & 2a governs processes
that involve the fermionic nature of the vac-
uum’s excitations. This includes the “dressing”
of a bare charge to form a stable particle (like
the electron) or the energy transfer that gives
rise to a quantum excitation. In these cases, the
dissipation depends not only on the base vis-
cosity (a) but is also amplified by the intrinsic
spin-1/2 response (ge = 2) of the excitation.

Far from being an electron-centric hypothesis, this in-
terpretation posits that g = 2 is a topological prop-
erty of the fermionic modes of the vacuum lattice it-
self. Particles like the electron simply inherit this
fundamental characteristic. This idea is consistent
with the treatment of the anomalous magnetic mo-
ment (ae = (ge —2)/2) as a higher-order correction to
the same dissipative mechanism.

Analogy with the RLC Circuit: Transient Damping
vs. Resonant Dissipation

This physical distinction between ¢ and @ finds a
powerful analogue in the behavior of a classical RLC
circuit, which strengthens its conceptual justification:

e The damping ratio (¢) in an RLC circuit de-
termines the system’s transient response (i.e.,
how a free oscillation decays). Analogously,
¢ = « in our model governs the decay of a wave
propagating freely through the vacuum.

e The quality factor (Q), in contrast, describes
the steady-state or resonant response. It is de-
fined as the ratio of reactive impedance to dis-
sipative resistance, quantifying the energy loss
per cycle in an established oscillation. Anal-
ogously, 1/Q = gea in our model governs the
energy dissipation in a stable interaction, such
as that which constitutes a “dressed” particle,
where vacuum energy is continuously stored and
dissipated.

Therefore, the vacuum is interpreted as a medium
possessing a base friction for wave propagation (¢ =
«) and a distinct, amplified dissipative resistance for
fermionic interactions (1/Q = ge - ). This interpreta-
tion resolves the apparent duality by unifying the vac-
uum’s relativistic properties with its quantum, spin-
dependent interactions.

D. Interpretation and discussion on Vacuum
Damping

Throughout this Paper, we are proposing that the
quantum vacuum itself acts as a structured, elas-
tic—dissipative medium. In this picture, the vacuum
consists of fluctuating virtual excitations with internal
degrees of freedom that collectively endow it with
both stiffness (reactive elasticity) and finite relaxation
time (viscosity). A propagating electromagnetic wave
then loses energy—not into real particles, but into the
hidden structure of the vacuum—via coupling to these
degrees of freedom. This loss manifests macroscop-
ically as a damping ratio ¢, which we identify with
the dimensionless fine-structure constant via ( = a.
Such a damping constant is natural if one treats the
vacuum as an ensemble of coupled oscillators or as an
emergent condensed-matter system, as suggested by
various approaches to quantum gravity and emergent
spacetime [39H4I]. The resulting reduction in prop-
agation speed is then not a kinematic effect, but a



first-principles consequence of quantum back-reaction.
This allows us to interpret the measured speed of
light c as a damped, effective velocity arising from the
underlying dissipative structure of the vacuum.

Importantly, this view does not violate local Lorentz
invariance.  All local observers measure the same
effective speed ¢ = Cmeasured, and all physical laws re-
main Lorentz-invariant in that frame. The distinction
between crea1 and ¢ thus becomes a global, geometric
feature of the vacuum — akin to how curvature
encodes gravitational effects in general relativity. In
this case, however, the “curvature” is not geometric
but modal: a manifestation of the vacuum’s internal
damping modes, whose excitation state defines a
preferred frame only at a topological level, not at the
level of measurable kinematics. Analogous to an RLC
circuit, where the “natural” frequency wo is never
directly observed but rather only inferred through
modeling, the proposed creal > ¢ does not admit
superluminal information transfer, and thus poses no
contradiction to special relativity or experiment.

E. Final notes

Higher—order radiative effects — e.g. the electron’s
anomalous magnetic moment a. = oz/27r — can
be viewed as additional layers of the same dissi-
pative mechanism. The damping encoded in the
fine-structure constant a would be the first-order
manifestation of how the vacuum’s oscillator lattice
“bleeds” energy back into itself through quantum
fluctuations, and the anomalous magnetic moment
can be viewed, in our framework, as the simplest ra-
diative attenuation of a bare “undamped” coupling by
the lattice’s elastic resistance. Higher-order Feynman
diagrams then correspond to more intricate couplings
among modes of the vacuum, each contributing
successive powers of a.

More generally, it implies that any relation among
fundamental constants—whether in electromagnetism,
gravitation or thermodynamics—must be dressed by
a universal, dimensionless form factor Zeg(a) that
encodes the accumulated effect of loop-induced damp-
ing within the vacuum lattice. In this way, radiative
corrections are not mere perturbative afterthoughts,
but the fingerprint of the same elastic and dissipative
structure that unifies all fields at their quantum origin.

In this view, the fine-structure constant a becomes not
merely a coupling constant, but a unifying signature
of modal attenuation across all field interactions —
electromagnetic, gravitational, and thermo-entropic
alike. Any consistent geometro-elastic substrate must
contain a dimensionless dissipative invariant; its
identification with the fine-structure constant «a is
therefore not optional, but logically enforced by the
unified framework.

Part III: Dynamic of fields

and sources of deformation in
quantume-elastic geometry

VIII. EMERGENCE OF THE CLASSICAL

FIELD EQUATIONS

Having established the foundational principles of
the QEG substrate, we now demonstrate how the es-
tablished equations of General Relativity and Electro-
magnetism emerge as consistent, low-energy effective
descriptions of the substrate’s dynamics. This section
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provides the explicit derivations, bridging the micro-
scopic model of G, with the macroscopic physics of
Guv and F, .

A. From Substrate Dynamics to General
Relativity

The unified field G, contains the full microscopic
description of the spacetime substrate. The smooth,
classical geometry described by GR emerges as its
macroscopic, coarse-grained average. We therefore de-
fine the effective metric g, as the statistical expecta-
tion value of the fundamental field:

Guuw () = (G (2)) (53)

This background-independent definition is a corner-
stone of the theory. It posits that what we perceive
as ”curved spacetime” is the cumulative, large-scale
effect of the substrate’s deformation. This identifica-
tion stems as a necessary consequence of the frame-
work’s axioms: in we established that all coupling
constants reduce dimensionally to the same stiffness
Kk, and in we showed that mass, charge, and en-
tropy are endogenous modes of Gur. Therefore, any
macroscopic geometric descriptor must emerge from
Guv itself. No independent background is admissi-
ble without violating the Equivalence Principles al-
ready established. Moreover, Lorentz invariance re-
quires that the coarse-grained substrate be represented
by a symmetric rank-2 tensor. The only covariant can-
didate is the statistical average of G, which we iden-
tify as the effective metric. This ensures a direct corre-
spondence between the microscopic modes and macro-
scopic curvature: scalar compressions ((Goo)) mani-
fest as time-time curvature, torsional modes ({Go;)) as
frame-dragging, and tensorial strains ((G;;)) as spatial
curvature.

The Emergence of the Einstein-Hilbert Action

The fundamental action Sqec is a generally co-
variant functional of the microscopic symmetric field
Guv of Lorentzian signature, which induces a valid
four—volume form. We adopt the natural invariant

measure /— det(G) d*z and a kinetic term built from

the Levi-Civita connection of G,,. Explicitly,
Sqec = [ d'z \/—det(G) {; G G VaGy VpGpa 6°° — V(G)|  (54)

where the schematic notation (Vg)2 used earlier is
here understood as the positive—definite quadratic
form built by contracting indices with G*”. Other
equivalent kinetic choices related by field redefi-
nitions or addition of covariant total derivatives
lead to the same infrared (IR) effective theory after

coarse—graining

a. Effective Action and the Low-Energy Limit.
The classical action Seg for the macroscopic metric
9guv = (Guv) is obtained by integrating out the micro-
scopic, high-frequency fluctuations of G... As Sqrc

2 One may equivalently write the kinetic term as
gvangagw up to covariant surface terms; the
present form makes index contractions transparent and
keeps manifest general covariance.



is generally covariant, Seg must also be. In the low-
energy limit, its Lagrangian density, Lea, can be ex-
pressed as a derivative expansion in powers of curva-
ture. The leading terms are:

Leg = /=g (Co+ C1R+ O(R?)) (55)

The coefficients are determined by the properties of the
QEG substrate. The constant term Cy arises from the
potential V(G) and corresponds to a cosmological con-
stant, Cp = —2A. The term linear in the Ricci scalar,
C1 R, must emerge from the kinetic term of the QEG
action, which is governed by the universal stiffness k.
For the theory to be consistent, we establish a corre-
spondence principle linking the microscopic damping
to the macroscopic gravitational coupling;:

1
= 16nG "

(56)

Ch

This identification is central: it elevates the grav-
itational constant from an empirical parameter to
a direct measure of the substrate’s elastic stiffness.
The effective Lagrangian thus naturally takes the
Einstein-Hilbert form.

b. Consistency with Uniqueness Theorems. This
result, derived from the internal logic of QEG, is
strongly supported by external consistency argu-
ments. The classic Weinberg-Deser argument shows
that any consistent, universally coupled low-energy
theory for the massless spin-2 excitations of G,
inevitably reconstructs the Einstein-Hilbert action.
Furthermore, Lovelock’s Theorem guarantees that in
3 4+ 1 dimensions, this action is unique for equations
of motion with at most second derivatives of the
metric. These theorems confirm that the form derived
from our physical correspondence principle is not only
natural within QEG, but is the only mathematically
consistent possibility.

Including a matter action Smatter
to the effective metric, we have:

that couples

1
WR - 2A) +Smatter
(57)
Varying this with respect to ¢g"” yields the Einstein
Field Equations:

Seff[gy \I’matter] - /d4$\/jg (

G[J.l/ + Agy.u = 8n(d T/,“_/, (58)

where G, is the Einstein tensor and the stress-energy

] e dSmatter

tensor is defined as T, = —_2=°%mager.  The
coefficient G is fixed by requiring that the theory
reproduces Newtonian gravity in the weak-field,
static limit. The goo component of the equation
becomes V2goo ~ 81 GTpo. Comparing this with the
Poisson equation, V2® = 47Gp, and the definition
goo =~ —(1 4 2®), confirms the normalization chosen
in the action.

Newtonian check. In the weak-field, static limit
goo =~ —(1+2®) and Tyo =~ p, the 00-component yields
V2® = 470G p, fixing the overall normalization of G in
the action.

3 We will demonstrate in subsequent parts of this work
(Parts IV and V) that G is not a free parameter, but is
instead determined by the fundamental elastic and dissi-
pative properties of the substrate.
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Consistency Check: Symmetries and Conservation.
The general covariance of the effective theory leads
to a crucial consistency check. The Einstein ten-
sor is mathematically constructed to be divergence-
less (V#Gu, = 0), which, via the field equations,
enforces the covariant conservation of stress-energy:
V#T,, = 0. This aligns with the deep insight, ar-
ticulated by Weinberg and others, that any theory of
a massless, interacting spin-2 particle must inevitably
lead to the principle of equivalence and the structure
of General Relativity.

Geodesics and the Principle of Least Deformation

In GR, the motion of free particles follows geodesics
that extremize the spacetime interval. Within the
substrate model, we reinterpret this principle dy-
namically: free trajectories minimize the integrated
deformation of the substrate along their path.

Let D[y] denote the deformation functional asso-
ciated with a worldline 7. A natural and covariant
choice for this functional, representing the total
integrated strain along a path, is the line integral
measured by the fundamental field itself:

dxt dxv
Dy = / _g‘“’ﬁﬁ dX (59)
where A is an arbitrary path parameter. Then the
principle of least deformation is
$D[] =0, (60)

which seeks worldlines that are extremal with re-
spect to the microscopic geometry. Under the coarse-
graining operation where G,,,, is replaced by its macro-
scopic average g,., this variational principle becomes

é f v/ —guvdztdx = 0, which is precisely the standard

definition of a geodesic in General Relativity:

A2zt dz? dz
T e 1
dr? YA dr dr 0, (61)

with I' | the Christoffel symbols of g, .

This correspondence is also inevitable. Since motion
sources deformation in G,,, the least-deformation
condition is the unique covariant generalization of free
motion consistent with the Inertial Equivalence Prin-
ciple. Under coarse-graining, it reduces to geodesic
motion in the emergent metric g,. .

Thus, the classical geodesic principle is reinter-
preted as a manifestation of the substrate’s elastic
tendency to minimize cumulative strain, reinforc-
ing the view of geometry as emergent rather than
fundamental.

Conclusion

We have shown that the effective spacetime metric
guv emerges naturally from the deformation field G,.,
as a macroscopic descriptor of substrate dynamics.
The Einstein—Hilbert action appears as the large-scale
limit of the unified Lagrangian, and geodesic motion
follows from the principle of least deformation.

Hence, General Relativity is not a competing
framework but an emergent approximation: the con-
tinuum geometry of GR arises from the coarse-grained
behavior of the underlying quantum-elastic substrate.



B. Emergence of Maxwell’s Equations

The derivation for electromagnetism follows from
identifying the physical fields with the torsional
modes of the substrate. The primary challenge is to
construct an antisymmetric field strength tensor and
its associated 4-vector potential from the dynamics of
the fundamental symmetric tensor G,..

a. Field Identification via Geometric Construc-
tion. To construct an effective U(1) gauge potential
A, from the underlying symmetric tensor G,.,, we re-
quire a construction that satisfies several key princi-
ples. The resulting 1-form must: (i) be built from the
covariant derivatives of the fundamental field, as gauge
potentials are related to field gradients; (ii) isolate the
purely torsional (vector) modes of the substrate’s de-
formation; and (iii) respect Lorentz covariance. The
following form is the simplest and most direct con-
struction that satisfies these physical requirements.

Au(z) = Cpamu® PP 3G 50 (62)

where u” is the substrate’s local rest 4-velocity, Cgas is

a normalization constant, and Pﬁwa 7 is a symmetry-
respecting projector that selects the appropriate tor-
sional (vector) modes of the deformation gradient.
ﬁ The physical, gauge-invariant electromagnetic field
strength tensor Fj,, is then naturally defined as the
exterior derivative of this emergent potential:

Fuy = 0, A, — 0 A, . (63)

This construction provides the natural bridge from
the symmetric tensor G,, to the antisymmetric
field strength Fj,. It guarantees the two source-free
Maxwell equations (V-B =0 and Vx E+dB/0t = 0)
through the Bianchi identity Oj\Fj,,; = 0, while
the invariance of Fj, under the transformation
A, — A, + 0\ ensures the emergence of a local U(1)
gauge symimetry.

b. Derivation of the Field Equations and Coef-
ficient Matching. Having constructed the field F,,
from first principles, gauge and Lorentz invariance
uniquely fix the lowest-order effective Lagrangian den-
sity for the torsional sector to be quadratic in F":

Sem(A;g] = /d‘lx\/fg (4; F F™ AHJ“>.
0

(64)
The coefficient po is not a new fundamental constant,
but an effective parameter emerging from the sub-
strate’s stiffness x in the torsional sector; its precise re-
lationship will be derived in Part IV. The term F),, F'*
is the only parity-even, gauge- and Lorentz-invariant
scalar at two derivatives. Varying Eq. (64) with re-
spect to A, yields the inhomogeneous Maxwell equa-
tions:

VuF* = poJ”. (65)
In the static, weak-field limit, this becomes
V2® = —p/ey, which fixes the normalization

copo = 1/c* and recovers Coulomb’s law. Thus, the
full set of Maxwell equations is recovered.

4 While other, more complex constructions might be pos-
sible, this form stands as the most natural and parsi-
monious expression for an emergent gauge potential. Its
validity is ultimately confirmed by its success in repro-
ducing the full structure of Maxwell’s equations and the
subsequent consistency of the entire network of derived
constants.
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c. Consistency Check: Symmetries and Conserva-
tion. The emergent U(1) gauge symmetry of the ac-
tion implies, via Noether’s theorem, the conservation
of the electric current, V,J"* = 0. The structure
is thus fully self-consistent. The ability to choose a
gauge, such as the Lorenz gauge condition (9, A" = 0),
to simplify calculations without affecting the physical
content is preserved, ensuring full compatibility with
the standard formalism of electrodynamics.

C. Conceptual Closure

The derivations above establish a crucial bridge
between the microscopic dynamics of the QEG sub-
strate and the macroscopic language of classical field
theory. We have demonstrated that the mathematical
structures of General Relativity and Electromag-
netism—specifically, a symmetric rank-2 tensor field
for gravity and an antisymmetric rank-2 field strength
for electromagnetism—emerge as inevitable descrip-
tions of the substrate’s compressive and torsional
modes, respectively.

However, a full demonstration of emergence requires
closing the logical loop by showing that the coupling
constants (G, po) are not free parameters to be fitted
to experiment, but are themselves determined by the
fundamental properties of the substrate (stiffness
and dissipation «). This section has established the
form of the laws; the subsequent Parts of this work
are dedicated to deriving their substance—the values
and interrelations of the constants themselves. This
will complete the unification, showing that both the
field equations and the constants that populate them
arise from the same, single underlying reality.

IX. UNIVERSAL SELF-INTERACTION
AND THE DUALITY OF COUPLINGS

A cornerstone of this framework is that sources are
stable, extended deformations of the substrate. To un-
derstand their properties, we must analyze their self-
energy—the energy required to sustain such a defor-
mation. We will demonstrate that this energy is not a
uniquely defined quantity, but can be calculated in two
physically distinct ways. This duality in the definition
of self-energy, as we will show, is the fundamental ori-
gin of a scale-dependent effective coupling constant for
all physical interactions.

A. The duality of Self-Interaction Energy

The principle of superposition dictates that the total
energy of a system of deformations is the sum of the
energies from the mutual interaction of each pair. For
a distribution of a modal source specified by a density
pa(x), the total self-interaction energy Ua is given by
the integral over all pairs of points in the distribution:

Ulpal = 5 [ @2 pa() Kalxy)oay)  (66)

where the kernel Ka(x,y) = AaGa(x,y) contains
the mode-dependent coupling strength A4 and the
Green’s function G 4 for the interaction (e.g., 1/|x —y|
for long-range forces). This general form can be
evaluated through different physical procedures,
which reveal its inherent duality:



a. 1. Global Self-Energy (Ugon): The Work of
Formation. The first method calculates the total
energy by computing the work done to assemble
the deformation from its infinitesimal constituents
brought from infinity. This represents the total work
of formation, including all internal binding energy.

Let us imagine assembling a spherical deforma-
tion of final radius a and uniform source density
pa by building it up in successive thin spherical
layers, as illustrated in [42]. At any intermediate
stage, the sphere has a radius r and contains a total
modal source Qa(r). The potential at its surface is
Da(r) =AaQa(r)/r. The work dU4 required to bring
an additional infinitesimal layer of source d@Qa from
infinity to the surface at radius r is:

dUs = ®a(r)dQa = <>\AQTA(T)> dQa (67)

For a uniform density pa, the source contained within
radius 7 is Qa(r) = pa-(37r®). The source in the next

layer of thickness dr is dQa = pa - (47Tr2dr). Substi-
tuting these into the expression for dUa:

1672 A 4 p3
2T AAPA ApAr4dr

dU s = )\—A (éprr?’) (47rpAr2dr) = 3
T

3

6
The total energy required to assemble the full sphere
is the integral of dU4 from r =0 to r = a:

a 1 2 2 a 1 2 2 5
Uglob = / dUa = 16" Aapa / ridr = 16w Aapaa®
o 3 o 15

(69)
Expressing this in terms of the total source Qa = pa -
(3ma®), we arrive at the definitive expression for the
Global Self-Energy:

_32aQ%
Uglob - 5 a (70)

The geometric factor C;, = 3/5 is the universal
signature of the total formation energy of a uniform,
volume-filling deformation.

b. 2. Local Interaction Energy (Uyc): The Eux-
ternal Field Energy. The second method calculates
the energy by considering the source to be fully
assembled and residing on a conducting surface,
as in a capacitor. This procedure calculates the
energy stored exclusively in the field external to the
source’s boundary, representing the energy available
for interaction with other distant sources [42].

The energy Ua required to place a source Qa
on a configuration with ”modal capacitance” C4 is
given by:

_1@Qi

For a spherical shell of radius a, which models a source
distribution with no internal structure, the modal ca-
pacitance is Ca = a/Aa. Substituting this yields the
energy stored in the external field:

Uoc =3
! 2a/Xa 2 a

Here, the geometric factor is C; = 1/2. This Local
Interaction Energy correctly describes the energy of a
thin spherical shell source and represents the quasi-
linear regime where internal, non-linear binding ener-
gies are excluded.
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B. Consequence: The Duality of Effective
Couplings

The rigorous derivation above shows that the
self-energy of a deformation is not single-valued, but
depends on the physical question being asked: are
we calculating the total work of formation (Ugion) or
the energy available for external interaction (Uioc)?
The difference is captured by a purely geometric factor.

This duality in energy implies an unavoidable
duality in the effective coupling constant, 4. We
can therefore define two distinct couplings, whose
applicability depends on the physical regime:

e The Local Coupling (Aoc): This coupling
describes systems dominated by non-linear self-
interaction, such as dense, clumpy structures.
The relevant energy is the total work of forma-
tion, Uglop. It is called ”global” energy because
the calculation integrates over the entire global
volume of the source itself, a procedure physi-
cally relevant for understanding a local object’s
internal structure. It is therefore associated with
the geometric factor Cg = 3/5.

e The Global Coupling (Agiob): This coupling
describes systems in the quasi-linear regime,
such as the homogeneous universe on global
scales. The relevant energy is that of the ex-
ternal field, Ujoc, where internal non-linearities
are averaged out. It is called ”local” energy
because the calculation considers only the field
from the local boundary of the source outwards.
It is therefore associated with the geometric fac-
tor for a surface-like source, C; = 1/2.

This section has thus established, from a rigorous
generalization of classical field theory principles, a
necessary duality of effective couplings. This provides
the fundamental basis for the scale-dependent nature
of gravity, which will be explicitly developed and
applied in Sec.

Part IV: From geometro-
elastic properties to Funda-
mental Constants of nature

To connect our previous abstract framework to
physics as observed, we must now explore how the
substrate’s structure manifests itself in concrete,
measurable constants.  The transition requires a
new step: moving from the structural level of laws
and symmetries to the modal level, where specific
excitations of the medium give rise to quantized
actions and effective responses.

This Part is devoted to that bridge. We show
that once the substrate is treated as a network of
oscillators, its modal excitations naturally yield:

1. The geometric nature of action, establishing A
and other quanta as area-like invariants of space-
time.

2. Electromagnetic and thermo-entropic modal ac-
tions, which connect directly to the observed val-
ues of h and A.

3. The reinterpretation of po, K., and kp as ef-
fective electromotive responses, i.e. modal res-
onances of the same elastic substrate under dif-
ferent scaling regimes.

4. The emergence of the fine-structure constant «
as a universal damping ratio, and its dual role in
both bosonic propagation and fermionic dress-
ing.



5. A synthesis equation linking e, kg, po, o, and h,
which condenses the thermal, electromagnetic,
and quantum domains into a single relation.

The guiding principle of this Part is the same as in
the previous one: mnothing is postulated that is not
required by the substrate’s geometry and dynamical
consistency. The constants of physics emerge here
as inevitable modal invariants of a single oscillatory
medium.

In the next sections we develop these results step by
step, beginning with the geometric interpretation of
action itself.

X. THE GEOMETRIC NATURE OF
ACTION

The first step in the modal analysis is to determine
the dimensional and geometric meaning of the action,
S. In conventional physics, S is defined as the inte-
gral of the Lagrangian L over time, or equivalently,
of the Lagrangian density £ over spacetime. In our
framework of dimensional unification, this definition
acquires a precise geometric interpretation.

A. Action as a Geometric Deformation Area

By construction, the action carries the dimensions
of energy x time:

[S] = [E] - [T]. (73)

Within the unified dimensional framework, [E] = [L]
and [T] = [L], so

[S] = [L]-[L] = [L7]. (74)

Thus, the action is not an abstract bookkeeping de-
vice but a measure of spacetime area. Every physical
process corresponds to the sweeping out of a geometric
deformation area within the substrate.

B. The Dimension of the Lagrangian Density

The action is defined as the integral of the La-
grangian density over spacetime:

S = / Lde. (75)

Since [S] = [L?] and [d*z] = [L*], it follows that

[£] = = = L7, (76)

This is a profound and unavoidable result: any consis-
tent Lagrangian density in this framework must have
the dimensions of inverse area. Crucially, [L~?] is pre-
cisely the dimensional signature of Gaussian or Ricci
scalar curvature, which means that the identification
L x R in the Einstein—Hilbert action is not arbitrary
but a necessary consequence of dimensional consis-
tency within a geometro-elastic substrate.
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C. Interpretation

The equivalence
[£] = [R] (77)

shows that the Einstein—Hilbert Lagrangian, Lrpy o
R, is not an empirical postulate but an intrinsic geo-
metric requirement. This elevates the principle of least
action into a principle of extremal geometry: the dy-
namics of fields and particles emerge from spacetime’s
intrinsic tendency to minimize integrated curvature.
In this view, the action is literally the spacetime area
swept out by a deformation, and the Lagrangian den-
sity is the local curvature cost of that deformation.

D. Normalization and the Fiducial Scale

As already advanced in Sec. [[V] while the theory
is intrinsically scale-free, connecting it to measurable
quantities requires the introduction of a fiducial
reference scale. This is a standard normalization
procedure that anchors the abstract geometry of the
theory to the operational units used in empirical
physics, such as the SI system.

Recalling from Sec. [[V] that all physical magni-
tudes collapse to a single geometric unit [L], the
choice of a reference length, time, or mass is formally
equivalent. We therefore adopt the meter as our
fiducial unit to maintain consistency with established
conventions —any other fiducial choice (second, kilo-
gram, etc.) would yield an equivalent identity by the
Spacetime Equivalence Principle-. Therefore, from
this point forward, the fiducial unit of one meter,
Lyes = 1 m —-or its equivalents as defined by the
conversion scheme in Sec. —- will serve as the
baseline scale for all subsequent derivations of physical
constants.

E. The baseline Lagrangian density

We introduce the baseline Lagrangian density as the
curvature associated with the unit area:

Ebase =

T (78)

Integrating this density over a unit 4-volume, d*z =
(1m)*, yields the fiducial action Spase:

Sbase - /Ebase d437 = L : (1 m)4 =1 m2. (79)

(1m)?

This normalization forces a consistency condition be-
tween the geometric and dynamical descriptions of ac-
tion. The Spacetime Equivalence Principle requires
this geometric area to be equivalent to the standard
unit of physical action, leading to the identity:

1m251J~s,

This is not a new physical law, but the bridge that
ensures the theory’s predictions are numerically
consistent with experimental reality. It confirms that
the energy needed to sustain a deformation over time
physically corresponds to a literal area swept out in
the spacetime substrate.

Having established the geometric meaning of ac-
tion and anchored it to a measurable scale, we can



now address its quantization. In the next section, we
will show that the Planck constant, h, emerges as the
fundamental quantum of this spacetime area, unifying
the continuous geometry of the substrate with the
discrete nature of quantum mechanics.

XI. THE QUANTIZATION OF ACTION
AND THE EMERGENCE OF PLANCK’S
CONSTANT

Having established that action is geometrically
a spacetime area, we must address whether this
area is continuous or discrete. The answer is dic-
tated by the physical stability of the substrate. A
continuous spectrum of deformations, allowing for
arbitrarily small action, would lead to an instability
analogous to the ultraviolet catastrophe: excitations
could fragment into an infinite number of infinitesi-
mal modes, preventing the formation of the stable,
localized structures observed in nature (i.e., particles).

Therefore, a consistent and stable geometro-elastic
substrate requires a fundamental regulator: a mini-
mal, non-zero unit of deformation. We identify this
quantum of spacetime area with Planck’s constant, A.

A. Planck’s Constant as the Minimal
Geometric Quantum

The stability of the substrate thus imposes the quan-
tization of action. Any physical action S must be an
integer multiple of this fundamental geometric unit:

S =nh, nezt, (80)

where h is the elementary quantum of spacetime
area. Its dimensions, [h] = [S] = [L?], confirm its
nature as a fundamental geometric area, not merely a
dynamical parameter.

In this framework, A is not an external constant
imported from quantum mechanics, but an intrinsic
property of the geometry of the substrate itself. Just
as a crystal lattice enforces a minimum cell size, the
finite deformability of the geometro-elastic substrate
enforces a minimum unit of action.

B. Geometric Consequences of Quantization

The identification of & with a minimal area has three
immediate consequences:

1. Resolution of the continuity/discreteness
tension: Quantum discreteness is the tessella-
tion of the continuous substrate into fundamen-
tal patches of area h.

2. Universality: Every physical process, regard-
less of its nature, must be built from integer
multiples of the same minimal geometric unit
of deformation.

3. Necessity of quantization: The discrete
spectra of quantum mechanics are not axioms
but inevitable consequences of a stable substrate
with finite deformability.
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C. Conclusion

We conclude that Planck’s constant is the minimal
area of spacetime deformation permitted by the sta-
ble, geometro-elastic substrate. This result completes
the bridge between classical geometry and quantum
discreteness. The next logical step is to derive the nu-
merical value of this fundamental area from the sub-
strate’s properties. In the following sections, we will
show how the interplay between the substrate’s modal
dynamics, its principle of reciprocity, and its intrinsic
dissipation determines the precise value of h.

XII. MODAL SCALES AND THE
ELECTROMAGNETIC QUANTUM OF
AREA

The unified substrate supports distinct orthogonal
modes (compressive, torsional, tensorial), all governed
by the same geometro—elastic law but with different
modal responses. While unified in origin, each mode
is characterized by a natural length scale at which its
dynamics become dominant. In this section, we de-
rive—rather than postulate—the characteristic length
of the torsional (electromagnetic) mode directly from
the constitutive properties of the vacuum, and use it
to obtain the electromagnetic quantum of area, h.

A. The characteristic length of the
electromagnetic mode

The vacuum’s electromagnetic response is encoded
by its constitutive parameters, (g0, po). We now con-
struct the unique length scale compatible with the fol-
lowing principles:

1. Scale covariance: All modal scales must ul-
timately be built from the fiducial reference
length, L.ef, introduced in Sec. without in-
troducing independent dimensional parameters.

2. Lorentz and Duality Covariance: The
scale must be invariant under Lorentz transfor-
mations and electromagnetic duality rotations.
This restricts its dependence on the constitutive
parameters to the unique invariant combination

1
oMo = =

3. Minimality / structural simplicity: In the
absence of further physical principles, the rela-
tionship must be the simplest possible function
consistent with the symmetries. This avoids
introducing unmotivated complexity into the
framework.

These requirements uniquely determine the form of
fem. By (i), any candidate must be of the form

lem = Lret f(0, 110)-

By (ii), f can only depend on the duality—symmetric,
Lorentz—invariant product eouo; by (iii), the simplest
non-trivial relationship is linear:

lem = Lyet (Eo,uo). (81)

5 The vacuum is symmetric under duality rotations that
mix electric and magnetic fields. This symmetry is bro-
ken by quantities like the impedance Zo =/ o /€0 which
cannot, therefore, define a fundamental geometric scale
of the vacuum itself.



Using the vacuum identity eopo = l/c2 and the
SI-anchoring Lyef = 1m of Sec. we obtain the elec-
tromagnetic modal length:

1lm

leM = 072 . (82)

This result is not an ansatz, but the only possible con-
struction compatible with the axiomatic foundations
of the theory.

B. Derivation of the electromagnetic
quantum of area h

Since [S] = [L?], the action carried by a mode of
characteristic length ¢ must scale as ¢2. More pre-
cisely, by homogeneity and the fiduciary normalization
of Sec. &L

2
Smode(é) = C( £ ) Shbase with  Sbase = L?ef-

Lyet
(83)
Requiring continuity to the baseline configuration
when £ = Lyef, i.6. Smode(Lref) = Sbase, fixes C' = 1.
Hence

Smode(£) = 07 | (84)

Applying (84) to the torsional (electromagnetic)
mode_and substituting the modal length derived in

Eq. (32),

Im
KEM = 6727

we obtain the first—order electromagnetic quantum of
area, which we identify with the reduced Planck con-
stant:

h = Sem = (EEM)2 =

(lm)2 _ lrfll2 | (s5)

c? c

Using the fiduciary identity 1m? = 1Js (Sec. [X),
Eq. yields i ~ 1.23 x 1072*Js, in leading-order
agreement with the measured value fiexp = 1.054 X
1074 Js.

On higher—order corrections. The residual discrep-
ancy is expected: the torsional mode is not perfectly
elastic. As shown in Secs. and [[X] dissipation and
self-interaction dress the first—order result by a uni-
versal, dimensionless factor controlled by «, yielding

1m?

B =

o =em(@),  Epm(e) =1+ 0(a),

with the leading radiative dressing consistent with the
vacuum’s quality factor and one—loop—like form factors
discussed later. Thus % emerges predictively from the

substrate’s modal scale (82) together with the dissipa-
tive structuring of Sec. [LX]

XIII. THE GEOMETRIC ORIGIN OF
CHARGE AND ELECTROMAGNETIC
STIFFNESS

In Sec. we derived the characteristic length of
the torsional (electromagnetic) mode,

1m
bem =~
C
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from axiomatic principles of scale covariance,
Lorentz/duality covariance, and structural simplicity.
We now show that this length is not an auxiliary
construct but the very structural unit of electric
charge. This identification not only grounds charge
geometrically but also reveals that the electromagnetic

stiffness of the substrate is encoded in ¢2.

A. The Structural Charge as a Geometric
Length

A central conclusion of the unified framework is the
endogeneity of sources: mass, charge, and entropy are
not external inputs but stable excitations of the sub-
strate itself (Sec.|IL A)). Accordingly, the torsional de-
formation supported by £gm must manifest as the min-
imal quantum of charge. We therefore identify this
structural charge, qs, with the modal length:

Lo, (86)

gs = lem = =

This reinterprets the fundamental unit of charge as a
geometric length scale intrinsic to the substrate.

B. The Universal Elastic Law and
Electromagnetic Stiffness

This identification can be validated against the uni-
versal constitutive relation established in Sec. [V]

Q=kS.
For the electromagnetic mode,
qs = kem SeM, (87)

with Sgem = h the modal action.
previously derived values yields

Substituting the

1m 2

qds 2 C
k; = = < = —-—— 88
EM SEM 1m? Im ( )

This stiffness is not a new fundamental constant but
the speed of light squared, normalized by the fiducial
meter introduced in Sec. In other words,

Physical interpretation. This law stands in precise
analogy with Einstein’s mass—energy equivalence:

E=md (compressive mode, gravitational)
h . .

4 =7~ @ (torsional mode, electromagnetic).
m

(90)

Whereas E = mc? interprets mass as “frozen energy,”
the above relation interprets charge as sourcing a de-
formation whose action is proportional to ¢2. In both,
¢? functions as a universal elastic modulus of space-
time, relating substrate latent content (energy or ac-
tion density) to observable sources (mass or charge).



C. Conclusion

We conclude that the elementary electric charge is
the quantized torsional source of the substrate, arising
inevitably from the modal scale /gy and the universal
constitutive law @ = kS. Its stiffness is encoded in
c?, in full analogy with the role of ¢? in mass—energy

equivalence.

The physically observed elementary charge, e, arises
when this bare excitation is dressed by the dissipative
and self-interaction effects of the substrate. As will
be formalized in later sections, these corrections are
governed universally by the fine-structure constant .

XIV. THE THERMO-ENTROPIC MODAL
SCALE AND THE COSMOLOGICAL
ACTION

Having analyzed the torsional (electromagnetic)
mode, we now turn to the compressive/tensorial modes
of the substrate, associated with large-scale, isotropic
phenomena such as thermodynamics and cosmology.
Our aim is to derive the natural length scale of this
mode, ¢, and the corresponding action it supports,
revealing a direct link between the quantum-elastic
structure of the vacuum and the cosmological constant.

A. The Thermo-Entropic Length Scale

The thermo-entropic mode represents the lowest-
energy, largest-scale collective excitations of the sub-
strate. Its characteristic length scale cannot be a new
fundamental parameter but must emerge from the in-
trinsic properties of the framework already established:

1. Quantum Discreteness: encoded by i, the
minimal unit of action/area.

2. Relativistic Structure: encoded by ¢, which
governs causal propagation.

3. Reference Normalization: the fiducial length
Lyet [XD] which anchors all scales.

By structural necessity, the only non-trivial length
that can be constructed from these three ingredients
is the quantum-relativistic reference length, L,:

he

L, = .
¢ Lref

(91)

For the lowest-energy mode of the substrate, there
is no other available scale to define its characteristic
length. We therefore must identify ¢, with this unique
quantum-relativistic construct:

hic

Zth = Lq = m (92)

Substituting the first-order expression for A from
Eq. , h=1m?/c, yields:

(1m?/cY)e  1m
bip = ——— = —. 93
th 1m c3 (93)
Thus, the characteristic length of the thermo-entropic
mode is uniquely determined by the theory’s structure:

1m

éth == 073 (94)
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B. The Thermo-Entropic Modal Action

As established by the universal scaling law
Smode () = £2, the action of the thermo-entropic mode
is given by:

Sy = (fch)Q _ (%)2 _ 1m2- (95)

6

With the fiducial identification 1m? = 1J - s, this cor-
responds to the value:

1 _
Sw=5Ts |~ 137x10 s (96)

C. Interpretation

This quantity represents the minimal elastic ac-
tion associated with a global, isotropic deformation
of the substrate. Its extreme smallness is a direct
consequence of the modal hierarchy, where compres-
sive/tensorial modes are suppressed by higher pow-
ers of ¢. Subsequent sections will demonstrate that
this residual action density is naturally identified with
the observed cosmological constant A, thereby link-
ing quantum discreteness, relativistic structure, and
cosmic acceleration within a single geometro-elastic
framework.

Conclusion on Modal Actions

We have demonstrated how the actions associated
with the primary modes of the substrate emerge not as
empirical inputs, but as geometrically quantized pro-
jections of a single underlying vacuum structure. The
baseline action (Sbase), the electromagnetic quantum
of action (%), and the thermo-entropic action (S, ) are
not independent parameters but represent the scaled
geometric integrals of the same deformable substrate.
These results strongly suggest that these modal actions
can be interpreted as effective Noether invariants,
each arising from a specific symmetry projection of
the unified geometro-elastic dynamics. In this view,
what we traditionally call fundamental constants are,
in fact, the geometric signatures of the vacuum’s quan-
tized deformability.

XV. MODAL LAGRANGIAN DENSITY
VERSUS EFFECTIVE ENERGY DENSITY

Given the Spacetime Equivalence Principle and the
identification of action as an area, [S] = [L?], it be-
comes inevitable to distinguish between the modal La-
grangian density (L), associated with a single coher-
ent excitation of the substrate, and the effective vac-
uum energy density (pvac), which appears as a macro-
scopic observable after coarse-graining over incoherent
modes. Specifically:

e The Lagrangian Density (£) describes the
dynamics of a single, coherent, fundamental
mode of the vacuum oscillator lattice. It is a the-
oretical, microscopic quantity. Dimensional con-
sistency and the fiduciary normalization 1 m? =
1 J-s require that the fundamental modal action
density takes the form

he
Emodal = W



e The Measured Energy Density (pvac) is a
macroscopic, cosmological observable. It reflects
the net effect of an immense number of uncoordi-
nated vacuum oscillators, with their phases and
spatial orientations being statistically random.
At the macroscopic level, statistical isotropy
enforces a coarse-grained average over random
phases, entirely analogous to the emergence of
guv = (G,u). The observable energy density is

therefore
27
1 »Cmodal hC
off = — Limoda1 df = =
Peft 27/, odal 27 27 - 1m?

Finally, note that:
e By substituting k with the quantum of angular

frequency of the electromagnetic mode 5, and
Planck’s constant h for the quantum of action,
we obtain a quantum expression of mass-energy

using

et
T

This equation directly links the energy of pho-
tons (or other quantum excitations) to mass,
reinforcing Einstein’s mass-energy equivalence
from a fundamentally new perspective. Substi-
tuting A = 1 m in (97), corresponding to the
characteristic scale of the unit quantum oscil-
lator in our framework, we obtain the quan-
tum of mass-energy for the electromagnetic field

(97)

e Dividing this quantum mass-energy by a volume
V =1 m?, and considering the linear momen-

tum A = % we obtain a quantum of mass den-

Sity pvac = I 224 which corresponds with .
When transitioning from the description of a sin-
gle, coherent angular mode to a macroscopic,
isotropic average over all possible phases or solid
angles , we get per = %ﬁﬁ ~ 5.03 x
10727 kg m > which retrospectively matches the
Planck satellite measurements, thereby turning
the concordance into a non-trivial prediction of
the model rather than an adjustment. [43].

XVI. MODAL DYNAMICS AND THE
EMERGENCE OF COUPLING
CONSTANTS

Having established the characteristic scales of the
substrate’s modes, we now derive the coupling con-
stants governing their dynamics. We will show that
the magnetic permeability (uo), Coulomb’s constant
(K.), and Boltzmann’s constant (kp) are not inde-
pendent parameters. They emerge as projections of a
single, universal inductive response law, evaluated at
the characteristic velocity of each mode. To do so, we
first establish the unique scaling of these velocities.

A. DModal Velocities and the Uniqueness of
Scaling

In our framework, current is a dimensionless mea-
sure of deformation flow, [I] = 1. The physical dis-
tinction between modes arises from their characteris-
tic propagation velocity, v. These velocities are not
arbitrary but are uniquely determined by the theory’s
axiomatic principles:
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1. Fiducial Baseline: The reference mode is de-
fined by the fiducial scales, corresponding to a
normalized velocity vbase = 1.

2. Relativistic Limit: Lorentz invariance in-
troduces a single invariant speed, c. The
fastest, torsional (electromagnetic) excitations
must propagate at this speed, vem = c.

3. Modal Reciprocity: The principle of reci-
procity requires that the highly stiff, fast tor-
sional mode (v ~ ¢) be balanced by a highly
compliant, slow compressive/tensorial (thermo-
entropic) mode. The only non-trivial scaling in-
verse to ¢ is 1/c. Thus, ven = 1/c.

These three velocities,

{1, ¢, 1/c},

are therefore the only ones consistent with the
geometro-elastic substrate. Any alternative assign-
ment would violate either Lorentz invariance, reci-
procity, or the fiducial normalization.

B. The Universal Law of Inductive Response

The substrate’s dynamic response to a changing de-
formation flow is governed by a universal inductive
law, analogous to Faraday’s law:

dl
= —Lyac— )
£ - (98)

where £ is the resulting modal potential and Lyac =
o Lyet is the fiducial inductance. The term dI/dt rep-
resents the characteristic rate of change, or accelera-
tion, of the modal deformation.

The characteristic rate of change is the ratio of the
characteristic velocity to the characteristic timescale:
dI/dt ~ VUmode/Tmode- The timescale of a mode is
inversely proportional to its velocity (high—velocity
modes have short timescales, slow modes have long
ones), 80 Tmode ~ 1/Umode- This leads to the universal
scaling rule:

dI Umode 2
@ Uogose ) 29

Hence, the modal potential response is proportional to
the square of the characteristic velocity:

gmode X o (Umode)2 (100)

This law is covariant, dimensionally consistent, and in-
troduces no new parameters: all modal couplings must
be determined by po and the velocity hierarchy.

C. Derivation of the Coupling Constants

Applying the scaling law (100) to the three modal
velocities yields the coupling constants directly.

1.  Baseline Potential (uo): For the reference
mode, Ymode = 1. The response is the baseline po-
tential:

Sbase = Mo, (101)
the intrinsic inertial potential of the substrate in the
quasi-static limit.



2. Electromagnetic Potential (K.): For the tor-
sional mode, vmode = c¢. The response is scaled by

2
c:

1
Eom = poc” = o= (102)

This corresponds, up to the geometric factor 4w, to
Coulomb’s constant K. = 1/4mweo. Thus, K. emerges
as the relativistically—scaled inductive potential of the
substrate.

3. Thermo-Entropic Potential (kp): For the com-
pressive/tensorial mode, vmode = 1/c. The response is

suppressed by 1/c?:

_ Ko
En = 2

(103)
This value coincides, to leading order, with Boltz-
mann’s constant kp. The small deviation observed
experimentally is interpreted as the radiative dressing
of this response by the universal dissipative invariant
«, consistent with Secs. |V_H| and |V_Hl

D. Synthesis and Interpretation

We therefore obtain the unified ladder of coupling
constants:

{uo, dr K., kB} ~ po{l, &, c72}[1+0(a)].

(104)
This shows that the constants governing magneto-
statics, electrostatics, and thermodynamics are not
independent. They are modal projections of the
same inductive response of the vacuum, evaluated
at the three characteristic velocities allowed by the
geometro-elastic substrate.

Conceptual significance. This result provides a
unified operational principle: electromotive response
emerges from the substrate’s geometric resistance to
deformation. What experimental physics has treated
as three unrelated constants are revealed here as facets
of a single property. o sets the baseline inductive
stiffness; K. is its relativistic amplification at high fre-
quency (v = ¢); and kp is its reciprocal attenuation
in the slow, dissipative regime (v = 1/¢). In this
sense, magnetostatics, electrostatics, and thermody-
namics are unified as different modal responses of the
same geometro-elastic medium.

XVII. SYNTHESIS OF CONSTANTS AND
THE VACUUM’S CONSTITUTIVE
EQUATION

Building on the principles derived in the preceding
sections, we now demonstrate their ultimate conver-
gence. We will show that the modal invariants of the
substrate are not independent but are locked into a sin-
gle, self-consistent relationship by the theory’s struc-
ture. This synthesis is achieved by applying the prin-
ciples of fermionic dressing and damped equipartition.

A. The Electro-Thermal Identity

We first establish a direct link between the elemen-
tary charge and the thermal potential of the vacuum.
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1. Principle of Fermionic Dressing: The ob-
served elementary charge, e, is the bare struc-
tural charge of the substrate, ¢s, dressed by the
dissipative response of the vacuum’s spin-1/2

modes. As established in Sec. this is gov-
erned by the factor gea = 2a:
e=qs (gew). (105)

2. The Bare Charge from Constitutive Prop-
erties: The bare charge ¢s can be constructed
independently from the vacuum’s constitutive
properties. In Sec. lm we identified po with
the substrate’s baseline electromotive potential.
The corresponding fiducial capacitance is Crq =
€o - (1m). The bare charge is their product:

1m
gs = po - Cra = pogo - (1m) = = (106)

3. Synthesis: In Sec. [XVI] we also derived the
thermo-entropic potential as kg = po/c?, which
implies 1/¢* = kp/po. Substituting this into
the expression for ¢, gives gs = (kg - 1m)/uo.
Inserting this into the dressing principle yields:

o= (21 o) — [roe=ko2a)
0

(107)
where the fiducial meter (equivalent to 1K
normalizes the relation. This equation forms
the electro-thermal identity of the vacuum.

B. The Thermo-Quantum Identity

We now establish a key thermodynamic principle
of the QEG framework: the effective thermal energy
available to a normal mode of the geometro-elastic
substrate is suppressed by its quality factor, Q.
We demonstrate the robustness of this ”Damped
Equipartition Principle” by outlining two independent
derivations from fundamental statistical mechanics.

a. 1. Energy Balance Approach. Consider a sin-
gle, underdamped normal mode of the substrate mod-
eled as a harmonic oscillator with quality factor Qa4 =
1/(2€a), in thermal equilibrium with a bath at temper-

ature 7. In thermal equilibrium (classical limit) a sin-

gle quadratic oscillator has (Fxin) = LkpT, (Epot) =

2
%kBT, hence

<Est0red> = k/‘BT . (108)
From ([108) one gets the energy irreversibly lost to the
bath per cycle as:

AE(cycle) _ ;ikBT

diss
A

(109)

At equilibrium the bath must inject the same amount
of energy back into the mode over a cycle, by detailed
balance. It is convenient to quotient out the trivial
2w of phase advance and work per natural radian (the
natural coarse-graining time in a quasi-monochromatic
steady state). We therefore define the available ther-
mal energy per radian

AB 1
A iss
EY = —ge = (kaT) 5~ (110)




b. 2. Fluctuation-Dissipation Approach. The
same result is obtained independently from the
Fluctuation-Dissipation Theorem (FDT). Consider a
single normal mode A described (in generalized coor-
dinates) by a damped harmonic oscillator with natu-
ral frequency wo, damping ratio (4 < 1, and stiffness
scale k4 (as in Sec. . The causal susceptibility (cou-
pling Hamiltonian —f(¢) z) is

1
w) = ,
xa(w) HA(wg — w? 7i2CAw0w)

2(,4wow
ra[(@§ — w?)? + (2Cawow)?]

Xa(w) = (111)

The fluctuation—dissipation theorem (classical limit)
for our conventions reads

Spalw) = 2L i)

w

1 oo
o /0 Sae(w) dw,

which reproduces (Epot) = 2rawp(z”®) = SkpT. The
average power dissipated by the mode due to the ther-
mal fluctuations is

(112)

kpT _ wo

= Y0y,
Qa' "

Piiss = / dw w x4 (W) (113)
0

where the last equality follows by evaluating the
narrow-band Lorentzian integral using (111)) and
Q,' = 2¢a. Multiplying by the period To = 27 /wo

yields exactly (109)), hence dividing by 27 gives (110J).
This completes an independent FDT proof of

B = (ksT)/Qa

Quantum correction. Beyond the classical limit the
factor kpT is replaced by ™ coth(hw/2kpT). All re-

2
sults below persist with this replacement; at the fidu-
cial scale we remain in the classical regime by con-
struction.

Application to the Vacuum and the Thermo-Quantum
Identity

We now apply this principle to the vacuum itself. As
established in Sec. processes involving the ”dress-
ing” of localized, spin-1/2 excitations (i.e., fermions)
are governed by a quality factor determined by the
fine-structure constant a and amplified by the Dirac
g-factor, ge = 2:

1 1
Jet 20

Qferm = (1 14)

The effective thermal energy available from the vac-
uum bath to fuel such a fermionic process is therefore:

1

ferm

E§E™ = (ksT) = (ksT)(ge)  (115)

A stable, resonant quantum of the substrate (i.e., a
particle) at a characteristic wavelength A requires that
this available energy matches the quantum of excita-
tion, Eq = hec/A. This energy matching condition,

Eég?rm) = E,, evaluated at the fiducial scale of the
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framework (T'= 1K, X = 1m), yields one of the cen-
tral results of our theory:

hc
(ks - 1K) - (2a) = o (116)
This equation, which we term the Thermo-

Quantum Identity, forms a cornerstone of the syn-
thesis of constants developed in Sec. It connects
the thermodynamic properties of the vacuum (kg), its
dissipative quantum nature («), and its fundamental
quantum of action (h).

C. The Vacuum’s Constitutive Equation

The electro-thermal and thermo-quantum identities
are two sides of the same coin. Combining them yields
a single, powerful synthesis that interlocks the three
domains of physics:

,u0~ezch~2aEE

- (117)

where the second-order terms have been omitted, and
a more accurate approximation would be given by

,u0~eq(20¢+g+l..)
2w
=k 1KQ2a+...)

he
=—(14+2
1m( +2a+...)

(118)
This is the Vacuum’s Constitutive Equation. It is
not a numerical coincidence, but the necessary struc-
tural closure condition of the Quantum-Elastic Geome-
try framework. It reveals the fundamental constants of
nature not as arbitrary measured values, but as deeply
interconnected parameters whose ratios are fixed by
the unified, dissipative, and quantized properties of
the spacetime substrate itself.

XVIII. THE NATURE OF THE
GRAVITATIONAL CONSTANT G

A. Static Origin: Deriving G from Modal
Reciprocity and Self-Energy

The Principle of Modal Reciprocity, established in
Sec. posits that the gravitational compliance (G) is
inversely proportional to the electromagnetic stiffness
(Ke), scaled by a geometric factor:

1

= (119)

G= Cgeom : = Cgeom -4meg

Our task is to determine Cgeom from first principles.
As anticipated in Sec. this factor is derived from
the geometric integration of self-energy.

In Sec. @ we rigorously derived the universal
geometric factor associated with the self-energy of
a dense, volume-filling spherical source. We showed
that the total work of formation (Ugiop) for such a
configuration is characterized by a geometric factor of
Cy = 3/5. Since the standard Newtonian constant of
gravitation, Gy, is precisely the coupling that governs
these localized, self-interacting systems (e.g., stars



and galaxies), it is a requirement of consistency to
identify its geometric coefficient with this value:

3
Ccomzf
® 5

(120)
Substituting this directly into the reciprocity principle
gives the definitive expression for the standard New-
tonian constant of gravitation:

GN = Gloc = (g) 47‘(‘60

. (121)

Evaluating with physical constants,

G = (%) dreg &~ 6.676 x 107 m* kg 572,

in excellent agreement with the measured Newtonian
constant. The numerical success of this derivation
confirms the proposed reciprocity principle: the vac-
uum’s longitudinal compliance (gravitational softness,
G) is inversely proportional to its transverse stiffness
(electromagnetic tension, K.). This reveals a pro-
found symmetry where gravity and electromagnetism
emerge as orthogonal projections of the same under-
lying field elasticity. The empirical disparity between
their strengths is not accidental but a structural ne-
cessity: the vacuum is extremely compliant to gravita-
tional deformation precisely because it is so immensely
rigid electromagnetically. In essence, the vacuum acts
as a geometric impedance surface, whose tension and
compliance must balance, thereby setting the apparent
strengths of the fundamental forces.

B. Dynamic Origin of G: Gravity as a
Quadratically-Damped Vacuum Response

Having established the static interpretation of G as
a compliance modulus of the vacuum, we now turn
to its dynamic origin. We demonstrate that G is
not a fundamental constant, but an inevitable, emer-
gent consequence of the dissipative structure of the
quantum-elastic substrate. The derivation follows di-
rectly from three principles already established in the
QEG framework:

1. The vacuum possesses a universal baseline stiff-
ness, quantified by the magnetic permeability
féo, which sets the primordial interaction scale

2. Dissipation is encoded in the structural damping
tensor (v, with scalar norm ||(uv|| = «, the
fine-structure constant

3. Gravity couples to the energy—momentum ten-
sor Ty, i.e. to quadratic field invariants, and
therefore must arise as a second-order dissipa-
tive response.

From Primary Stiffness to Effective Coupling. At
the bare level, the vacuum stiffness is po. The pres-
ence of dissipation filters this bare coupling through a
dissipative transfer function T (a):

G = Ho - T(Oz)

For first-order processes (e.g. charge dressing), T (a) «
a. However, because gravity couples to T),,, its re-
sponse requires two interactions with the dissipative
medium (mass deformation — dissipative modulation
— induced force). Thus,

TP (@) x o
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In the absence of other fundamental geometric or nor-
malization factors, the principle of parsimony dictates
that this proportionality is direct, setting the constant
to unity in a first-order approximation. Therefore, we
have that

T () = o?

Final Constitutive Relation. This uniquely fixes
the effective gravitational coupling as

G = poa? (122)

which is not a conjecture but a necessary consequence
of: (i) wo as primordial stiffness, (ii) o as damping
norm, and (iii) the quadratic nature of gravitational
coupling.

Tensorial Formulation.
rial origin, we write

Promoting a? to its tenso-

G g = 10 o (o, (123)
which expresses gravity as the effective longitudinal
stiffness generated by the quadratic action of the
structural damping tensor. In analogy with elasticity,
if G, is the strain, then (. represents the induced
internal stress.  Gravity is thus the macroscopic
manifestation of the vacuum’s dissipative geometry.

Numerical Validation.
constants,

Evaluating with physical

G = poa® = (47x1077)-(0.007297)* =~ 6.69x10 "' m’ kg

in excellent agreement with the measured Newtonian
constant.

Conclusion. We conclude that G is not a free pa-
rameter, but the quadratically-damped residual of the
electromagnetic substrate stiffness. This interpreta-
tion anchors gravity within the same constitutive law
as electromagnetism and thermodynamics, completing
the triad of elastic responses of the vacuum.

C. Unified Interpretation of the
Fundamental Forces

Having derived the nature of the fundamental con-
stants, we can now reinterpret the force laws they gov-
ern, revealing that they are not disparate laws, but
complementary modal projections of a single underly-
ing mechanism: momentum exchange through the elas-
tic and dissipative vacuum.

1. Newton’s and Coulomb’s Laws as Damped
Momentum Transfer

From the previously derived first-order expressions,
such as G = uo -a? and kg = ,uo/c2, it follows that:

G=kg-a* &2

Using this expression, we can rewrite Newton'’s law to
reveal its thermo-entropic nature. This force is me-
diated by the exchange of damped, longitudinal mo-
mentum, and expressed in terms of damped relativistic
momenta, where ( = « is the norm of the structural
damping tensor:

Fy=kp- (Mc-¢) - (me-¢) (124)

r2
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Thus, the terms in the numerator correspond to effec-
tive, damped relativistic momenta, whose propagation
is modulated by the damping structure encoded in
Cuv. Gravity emerges as the effective resistance to the
coherent alignment of projected momenta through the
vacuum’s dissipative tensorial geometry.

By symmetry, the Coulomb force can be refor-
mulated as the exchange of wundamped, transverse
momentum:

- Q1Q2  po-® QiQ2 (Q10)(Q2¢)
Fe= K- 2 Aam 2 P T e
(125)

This structure mirrors the gravitational expression,
with Qc playing the role of transverse modal momen-
tum and the vacuum magnetic permeability uo acting
as the transverse field stiffness. Thus, both Newton’s
and Coulomb’s laws appear as complementary modal
projections of the same unified vacuum tensorial re-
sponse.

2. Physical Interpretation: the Structural
Differences

The distinct mathematical forms of Egs. and
are not accidental; they reflect profound differ-
ences in the physical nature of the momentum ex-
change. Comparing the rewritten laws for the grav-
itational (Eq. [124) and Coulomb (Eq. forces re-
veals two fundamental structural differences that pro-
vide deep insight into their distinct physical natures.

a. 1. The Selective Role of Damping. A cru-
cial difference is the explicit presence of the damp-
ing factor, ¢, in the gravitational force, while it is
absent in the static Coulomb force. This does not
imply that electromagnetism is an undamped phe-
nomenon—indeed, we have argued that the propaga-
tion of light is damped. Rather, it reveals the funda-
mental character of each interaction:

e The Coulomb force is a conservative inter-
action between static charges. Its formulation
does not involve dissipation. The dissipative ef-
fects of electromagnetism arise in dynamic phe-
nomena, such as radiation.

e The gravitational force, when expressed in
this thermo-entropic form, is revealed to be an
inherently dissipative and entropic interaction.
It is not a static potential force in the classi-
cal sense, but the result of momentum exchange
through a dissipative medium. Therefore, it
must explicitly include the damping factor ¢ as
part of its fundamental definition.

This suggests that damping is a key feature that distin-
guishes the entropic (longitudinal) modes of the vac-
uum from the conservative (transverse) static modes.

b. 2. The Geometry of Propagation (r* vs. 4mwr?).
The second key difference lies in the geometry of the
denominator.

e The Coulomb force includes the factor 47r?,
the surface area of a sphere. This reflects the
isotropic, wave-like nature of the interaction,
where the influence of a point charge propagates
outwards uniformly in all directions, spreading
over a spherical surface. This is characteristic of
a transverse wave.
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e The re-expressed gravitational force, by con-
trast, lacks the 47 solid angle factor. Its r? de-
pendence represents a direct interaction between
two points. This supports the interpretation of a
longitudinal interaction, where the force acts
as a direct "pressure” or "tension” along the line
connecting the two masses, rather than as a field
radiating spherically.

In summary, both interactions reflect momentum ex-
change across a structured medium, but what differs
is the symmetry of the exchange. The immense differ-
ence in their strengths arises not from arbitrarily dif-
ferent coupling constants, but from the physical prop-
erties of the vacuum itself:

e The gravitational force emerges as a highly sup-
pressed, entropy-weighted longitudinal momen-
tum flow. Gravity is weak not because its cou-
pling is small, but because the vacuum is ex-
tremely rigid against this type of compressional
deformation, and the Boltzmann constant kg
quantifies the high entropic cost required.

e The electromagnetic force, in contrast, reflects a
much more efficient, transversely mediated mo-
mentum exchange, amplified by the vacuum’s
comparatively soft resistance to shear-like defor-
mations, a process governed by .

XIX. SYNTHESIS: UNIFYING THE
VACUUM’S ELASTIC AND QUANTUM
PROPERTIES

We have now established a complete, two-scale
framework for the gravitational constant derived from
both static and dynamic principles. The ultimate test
of this framework is its internal consistency. We will
now demonstrate that the relationships derived are not
only mutually compatible but also lead to profound
connections between the vacuum’s elastic, electromag-
netic, and quantum characteristics.

A. A Consistency Condition for the Vacuum

We have derived the gravitational constant G from
two independent perspectives, grounded in the vac-
uum’s elastic properties:

e Static Origin: Based on a principle of reci-
procity, where G is the geometrically-scaled
compliance of the vacuum:

3
G = (g) 471'5()

e Dynamic Origin: Based on a model of
quadratic damping, where G is the primary vac-
uum stiffness, quadratically suppressed by dissi-
pation:

G= /LoCYQ

For this framework to be self-consistent, these two ex-
pressions for G must be equal. Equating them reveals
a profound consistency condition that the vacuum’s
properties must obey:

<§) dreo = poa” (126)




This equation is a powerful prediction of the theory.
Using the relation Z2 = g—g, we can rewrite this con-
dition as:

4

([

Zo = ~ 376.28 ()

(127)

Q

where one can identify the second-order term and write
the more exact expression

S
Zo= V5 (1+g+...)%376.730
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Another direct and powerful corollary is a relationship
between a, G, and po. Rearranging Eq. (126)) yields:

(128)

This simple expression confirms that « is not an in-
dependent constant, but a geometric attenuation co-
efficient derived from the ratio of the vacuum’s lon-
gitudinal and transverse stiffnesses, and elevates the
fine-structure constant from a mere electromagnetic
coupling parameter to a universal measure of vacuum
damping topology, governing how all interactions man-
ifest.

B. Consistency Check: Emergence of the
Static Reciprocity Principle

In Section we motivated the need for a
principle of static reciprocity, where the vacuum’s
compliance to gravitational deformation (related to
G) should be inversely related to its stiffness against
electromagnetic deformation (related to K.) to ensure
stability. Having now derived the gravitational
constant G from dynamic principles, we can check if
this physical requirement is automatically satisfied by
the theory, rather than being a separate postulate.

One can compute the ratio of the gravitational
compliance to the electromagnetic stiffness. This
yields:

G _ _ma® _ dma? (129)
K. poc? /4w T2

This result is profound. It demonstrates that the rela-
tionship between G and K. is not a simple inversion.
Instead, it is precisely what one would expect from
a dissipative elastic substrate. The leading-order ef-
fect of dissipation on some system’s elastic structure
is expected to be the simplest non-trivial functional de-
pendence. A linear relationship implies a directional
dependence, violating parity, while a constant offset is
trivial. The next simplest and most natural form, con-
sistent with second-order dissipative effects (propor-
tional to power loss), is a quadratic dependence. Find-
ing that the gravitational compliance (G) is indeed
inversely proportional to the electromagnetic stiffness
(K.), and that is also quadratically suppressed by the

universal damping invariant of the vacuum (a?), be-
comes a successful, non-trivial consistency check of the
QEG framework. The theory, by virtue of its dynamic
and dissipative structure, naturally produces the hier-
archy of forces required for a stable substrate.
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C. The quality factor as a
Quantum-Electrodynamic Property

From the definition of the fine-structure constant,
we have:

62

20 =
2meohc

Using the key consistency condition derived from our

model Ggiop = 2meg = 2a/c (207), and substituting

this into the denominator gives:

e2 e? 2 1 e2
4o @

—_— P
(La) he 2ah h
c
This remarkable result implies that the ability of
a channel to conduct charge is determined by the
dissipative properties of the spacetime in which it
exists.

200 =

(130)

The Quantum Hall Effect (QHE) shows that re-
sistance is quantized in units of the von Klitzing
constant, Ry:

Rk = 2= 271'§2 = 27Q?
This implies that the quantized resistance measured in
a 2D electron gas is not an emergent property of the
material system alone, but rather a direct manifesta-
tion of the vacuum’s intrinsic damping. The electrons
in a QHE system are, in effect, probing the fundamen-
tal dissipative structure of spacetime itself.

D. A Unified Emergence Mechanism for
Gravity and Charge

The internal consistency of our framework reveals
a profound structural symmetry between the origin of

the local gravitational constant, Grc, and the squared
elementary charge, e?. As derived in Section [XVIIIB

Groc = po - C* (131)
We now derive an analogous expression for the squared
elementary charge. Starting from our derived first-
order equivalence e = 223 squaring both sides
yields:

2
2 (1 m) 1 2 _ 2

. e — 16 =h- C
The parallel between the two results is striking and
reveals a universal mechanism. Both gravity and
charge are emergent properties determined by the
same squared damping factor, (? = o2, acting as a
Y universal dissipative filter.” The fundamental inter-
actions and charges of our universe become ” echoes”
of more primordial vacuum properties (po and k), all
filtered through the same dissipative process (¢?). The

difference in their nature and magnitude arises from
their distinct origins:

2 _
e’ =4da

e Gravity emerges from the classical, elastic

properties of the vacuum (po).

e Charge emerges from the fundamental, quan-
tum properties of the vacuum (%), and as an ef-
fective electromagnetic field coupling, it adopts
the canonical normalization factor of i.

This shared emergence mechanism is one of the most
powerful pieces of evidence for the coherence of the
proposed framework, suggesting a deep unity in the
principles that govern the cosmos.



E. A Bridge to General Relativity: An
Ohm’s Law for the Vacuum

Additionally, our framework provides a remarkable
consistency check with General Relativity. Substitut-

ing G = po - @ one can check that

ZQLQ

G. = . .2:Z.
C=Horera = A0 N En 13

(132)

The above implies that the product G - ¢ defines a fun-
damental 'resistive-like’ constant of the vacuum, which
we denote as the natural resistance X . The relation-
ship G = ﬁ can be interpreted as an Ohm’s Law for

the vacuum, V = I - R, where:

e Potential (V): The gravitational constant G,
within our dimensionally collapsed framework,
acquires the role of a fundamental potential or

electromotive force, as G = po-¢? and [wo] = [V]

(XVIC).

e Current (I): The term 1/c represents the natu-
ral, scaled current of the vacuum for the thermo-

entropic mode (XVIC).

e Resistance (R): This implies that the vacuum
possesses an intrinsic, dimensionless resistance
Ryac = 1/(167).

This vacuum resistance is not an arbitrary number,
but can be derived from first principles by decompos-
ing it into two meaningful factors:

1 1 1

Rvae =160 =7 1

(133)

The two terms have clear physical origins:

1. The Geometric Resistance (1/47): This fac-
tor arises directly from the Green’s function of
the 3D Laplacian operator . It represents
the fundamental geometric impedance of three-
dimensional space, quantifying how the influ-
ence of a point source is diluted as it spreads
over a spherical solid angle.

2. The Canonical coupling factor (1/4): This
factor is the canonical normalization constant
required for any standard gauge field theory, as
seen in the electromagnetic Lagrangian Lpy =
_iFquW~ Its presence here suggests that
gravity, as an emergent effective field, must in-
herit the canonical normalization of the under-
lying field theory framework.

Therefore, the relationship we propose is not a numer-
ical coincidence, but a profound statement about the
structure of the vacuum. Consider the equation

o=l (1L) o o=l
T ¢ \4 4rw 167G

In Sec. we established a correspondence
principle identifying the macroscopic gravitational

stiffness, 1/(16wG), with the microscopic stiffness of
h

(134)

the substrate, k. The identity in Eq. (134]) therefore
implies a direct proportionality between the speed of
light and the substrate’s intrinsic stiffness:

CX K (135)
This is a remarkable and intuitive consequence of
the theory. It suggests that the speed of light is
not an independent, postulated axiom, but rather
an emergent property determined by the -elastic
characteristics of the vacuum. This is the hallmark of
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wave propagation in an elastic medium: the stiffer the
medium, the faster the wave. The QEG framework
thus unifies the kinematics of spacetime (c¢) with the
substrate’s constitutive properties (k), providing a
mechanical origin for the cosmic speed limit.

Subsequently, this result serves as a fundamental
"bridge” between our elastic vacuum model and the
geometric formulation of General Relativity. It shows
that the pre-factor in the Einstein-Hilbert action,

64 4
SEH = m/R\/fgd x,

is not a random assortment of constants. Instead, the
term ¢*/(16wG) can be seen as the ”stiffness” of space-
time against curvature, emerging directly from the in-
terplay between the vacuum’s fundamental current, its
geometric properties, and the canonical structure of
field theory (1/4).

F. The Impedance of Free Space as a
Damped Geometric Resistance

Note that we can rewrite eq. [[32] just substituting

¢ =a and ﬁ = ﬁ, to have that:

Zo- 2= (136)

1
4

-

where the geometric interpretation of the terms in the
left has already been exposed . Thus, the phys-
ical impedance of the vacuum, Zjp, can be described
as the fundamental geometric resistance modulated by
the vacuum’s own damping factor, { = a. This equa-
tion unifies geometry, quantum dissipation, and elec-
tromagnetism in a single, elegant expression.

G. First-Principles Prediction of the
Fine-Structure Constant

A profound consequence of the vacuum’s self-
consistency is that the value of the fine-structure con-
stant, o, becomes uniquely determined by the geomet-
ric and topological constraints of the framework. In
the preceding sub-subsections, we derived two inde-
pendent, constitutive laws for the vacuum impedance:

1. From the consistency between the static and dy-
namic origins of the gravitational constant G, we
obtained (Eq. |XIX Al):

47

alw

Z()E

(137)

Q

2. From the interpretation of Zy as a damped geo-
metric resistance, we derived (Eq.[1306):

111
4472 16ma?

Zo

(138)

For the theoretical framework to be internally con-
sistent, these two expressions for Zy must be equal.
Equating Eq. and Eq. [T3§] forces a single, unique
value for the fine-structure constant:

47 1

1672

||

(139)
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Solving for « yields:

(%

(140)

1
167/ 24m

where one can identify the second-order term and write
the more exact expression

(e

1
(1t —+...)
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The first-order predicted value matches the experi-
mentally measured CODATA value of a =~ 1/137.036
with remarkable accuracy, and is highly significant. It
shows that the value of the fine-structure constant is
not an arbitrary input, but rather the precise value
required to harmonize the vacuum’s fundamental

a =

properties: its geometric impedance arising from
the 3D Laplacian (=), its canonical field structure

inherited from gauge theories (i), and the geometry

of its self-interaction energy (y/24m). This elevates
the status of « from a mere electromagnetic coupling
parameter to the primary geometric and topological
constant of the unified vacuum.

As a final note, for the above interpretation to
be consistent, then must have dimensions of

3
£4n
5

reciprocal of a resistance. We will uncover and check

that this is indeed the case in (XIX H]).

H. Impedance vs. Dissipative Resistance and
the quality factor Q

The robustness of this theoretical framework can be
further tested by examining the consistency of the clas-
sical RLC oscillator analogy, which has served as a
powerful conceptual guide. Consider the standard for-
mula for the quality factor of a series RLC circuit at
resonance:

CUOL

Q== (141)

Within our framework, we have already established the
following vacuum parameters:

e The vacuum quality factor, derived from quan-
tum conductance, is @ = 1/(2a) (51)).

e The characteristic inductive term is wol =
(%) (po - 1m). Given the spacetime equivalence
where 1s = 1m, this simplifies to wol. = poc,
which is precisely the definition of the vacuum’s
wave impedance, Zy.

Substituting these established quantities into the clas-
sical Q-factor formula allows us to solve for the ef-
fective resistance, Rq, that must govern this specific
dissipative process:

1 Zo
— == 142
20 Rqg (142)

This consistency requirement leads directly to a new
constitutive law for the vacuum:

Z /
RQ:QaZ056052~ gzm

This result is profound. It reveals that the vacuum
possesses two distinct, conceptually different resistive

(143)
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properties:

1. Wave Impedance (Zp): Zp is the vacuum’s
characteristic impedance to wave propagation. It is a
reactive property that governs the ratio of the electric
and magnetic field strengths in an electromagnetic
wave.

2. Dissipative Resistance (Rg): This newly
derived quantity, Rq, is the vacuum’s effective re-
sistance governing the rate of energy dissipation per
cycle in an oscillation, as quantified by the quality
factor. It is a fundamentally dissipative, rather than
reactive, property.

Equation [143] provides the explicit relationship
between these two properties. It states that the
dissipative resistance of the vacuum is its fundamental
wave impedance modulated by its own universal
quality factor, (). This is physically intuitive: the
resistance to energy loss should be proportional to
both the resistance to wave propagation and the
intrinsic friction of the medium.

Note that using Eq. [143] we can express %4% = iR%.
Substituting this into the left-hand side of the master
consistency condition (Eq.[126) yields:

1

ZEQR% = poc’® (144)

This final expression is a remarkably powerful state-
ment of unification. The dimensional consistency
of Eq. holds in both the SI system and the
dimensionally-collapsed framework of this theory, fur-
ther cementing its robustness.

I. Dynamic Origin of Permittivity from
Vacuum Power Principles

Having established the distinct roles of wave
impedance (Zp) and dissipative resistance (Rq), we
can now propose a dynamic origin for the vacuum’s
electric permittivity, 0. We move beyond the static
picture of permittivity as a passive capacity to store
fields and instead derive it from the vacuum’s funda-
mental power dissipation and resistance properties.

First, we define a Unitary Vacuum Power, Pyni:, as
the power dissipated when the vacuum’s intrinsic
structural voltage (V' = po) is applied across a unitary
resistance (R = 12). According to Joule’s Law:

(145)

o5

V2
Punit = f =

In this framework, Py,n.: represents the baseline
rate of energy transfer or dissipation inherent to the
vacuum'’s primary potential.

Next, we postulate that the vacuum’s permittiv-
ity, €0, which represents its compliance or ability to
”permit” an electric field, is an emergent property. It
arises from this unitary power being modulated by
the vacuum’s own internal friction. The most natural
choice for this friction is the dissipative resistance,
Rq, as it governs energy loss per oscillatory cycle. We
therefore propose the following constitutive law:

2

€0 = Punit - R = %RQ =2 gzm (146)



where one can identify the second-order term and write
the more exact expression

3
co= [ pd-2 sdm)| (1+20+..)

J. The Gravito-Entropic Power Equivalence

Building upon this last relationship, we can estab-
lish a direct link between the vacuum’s primary inertial
properties and its large-scale cosmological dissipation.
Eq. yields a direct equivalence:

1o

Z/,LO = 271'60 o= Gglob . C (147)

This equation describes how the vacuum’s capacity to
store inertial or reactive energy in its transverse (elec-
tromagnetic) modes is intrinsically related to the vac-
uum’s compliance to longitudinal deformation (G giob)
and its damping factor (¢). Ultimately, Eq. signi-
fies a profound equilibrium: the vacuum’s capacity to
store inertial energy in its transverse mode is perfectly
balanced by the power it dissipates in its longitudinal
mode. This relationship links the electromagnetic and
gravitational sectors through a fundamental equilib-
rium.

K. The Elementary Charge as a high-order
stiffness of the Vacuum

An additional insight into the vacuum’s fundamen-
tal properties arises when substituting the geomet-
ric definition of « from Eq. into the expression

2-1m 1 . 1m
c? 167r\/%47r c? - 8w %47r

Using the fundamental relation pogo = 1/¢* to replace
¢?, and substituting the permittivity ¢ from Eq. [146]
yields:

)
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e = o

_po-1m

where one can identify the second-order term and write
the more exact expression

3
_Mo-1m
=— (142
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This result shows how charge is a direct, emergent
property of the vacuum itself, determined solely by
its most fundamental characteristic—the transverse
inertial stiffness po—projected through the geometry
of three-dimensional space (7=).

The cubic dependence (e o u3) signifies that
charge is a non-linear excitation of the vacuum field.
While the vacuum’s primary elastic response is linear
(as seen in wave propagation), the formation of a
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stable, quantized charge represents a higher-order,
self-interaction phenomenon. It is a measure of the
vacuum’s capacity to sustain a localized, persistent
deformation against its own inertial resistance.

Importantly, this formulation elevates the mag-
netic permeability po to the status of the single,
primary constant of the electromagnetic sector. The
elementary charge e and the electric permittivity eo
are both derived from it, establishing a clear hierarchy
of fundamental constants.

Finally, equation defines vacuum’s capacity
to manifest charge as a function of its intrinsic stiff-
ness, contributing a big step into the geometrization
of physics by demonstrating that not only forces, but
also the sources of those forces, arise from the fabric
of spacetime.

L. The Quantum of Action as an Emergent
Property of Vacuum Compliance

Following the derivation of the elementary charge
from the vacuum’s inertial stiffness (o), we show how
the quantum of action, A, can also be derivable from
the vacuum’s complementary elastic property: its
compliance, or permittivity (£0). This demonstration
serves to ground not only the sources of forces, but
the very granularity of quantum mechanics, in the
tangible, elastic properties of the vacuum.

Our starting point is the modal action for the
electromagnetic field derived in Eq. [149] which es-
tablished the dimensionality of action as a spacetime
area:

(149)

To express h in terms of permittivity, we use the fun-

damental relationship ¢* = 1/(u3ed) into Eq. (T49),
which yields:

h=(1m?) - (u3eq)

Replacing the inertial term p2 with its equivalent ex-
pression derived from the vacuum’s dissipative prop-
erties, as given in Eq. reveals f as a pure function
of vacuum compliance and geometry:

_fo
2/ 24m
_4-(m?)

2/ 24m

This leads to a new fundamental expression for the
reduced Planck constant:

= (1m?)-

ed - (1m?)

3

h

(150)

This result provides a compelling physical origin for
the quantum of action, reinterpreting it not as an
axiom, but as a direct consequence of the vacuum’s
elastic structure. The equation suggests that the
fundamental discreteness of physical processes, quan-
tified by h, is an emergent phenomenon rooted in
the vacuum’s ability to permit electric fields (eo),
and thus a built-in consequence of the elastic and
geometric properties of spacetime itself.



The cubic dependence on permittivity (& o &)
is highly significant. It indicates that quantum action
arises from a complex, volumetric self-interaction
of the vacuum’s compliance. It can be physically
pictured as the total ”elastic energy potential” that
can be stored in a unit of spacetime area, a potential
that is non-linearly dependent on the medium’s
softness.

Importantly, this result forms a perfect symme-
try with the derivation for the elementary charge
(e o< u3). Together, they paint a complete picture:

e The fundamental quantum of charge (e) is
a non-linear function of the vacuum’s inertial
stiffness (o).

e The fundamental quantum of action (%) is a
non-linear function of the vacuum’s elastic com-
pliance (go).

This duality between stiffness/charge and compli-
ance/action represents a deep, foundational symmetry
of the vacuum. It suggests that the laws of electro-
magnetism and the laws of quantum mechanics are
two sides of the same coin, both emerging from the
fundamental tension between inertia and compliance
in the fabric of reality.

This derivation solidifies the framework’s central
claim: the constants that define our physical laws are
not a random assortment of numbers, but are deeply
interconnected parameters that describe the single,
underlying, elastic quantum vacuum.

M. Derivation of Vacuum Constants and the
Speed of Light from a Single Parameter

The ultimate test of the framework’s internal con-
sistency lies in its ability to define the fundamental
constants of the vacuum, po and &g, and subsequently
the speed of light, ¢, from a single, dimensionless pa-
rameter. Using the equivalence between the static and
dynamic origins of the gravitational constant G (from
Eq. and the expression for the dynamic origin of
permittivity from vacuum power principles (from Eq.
1146]), we can substitute Eq. into Eq. (126) to
obtain that:

(g) 4 MS -2 §4ﬂ = ,uooz2 —

o= o? 1 10,
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167r‘\/%47r 3
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3 = __ 1 —
where we have used oo = om0 l) and the de

rived result is a first-order approximation. Using this
result, we can express o purely in terms of a:

5 3
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Finally, with both vacuum constants defined by « and
geometry, we derive the speed of light using the fun-

(§> 4eg = Eozgoz2 —

(152)
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damental relation ¢? = 1/(uogo):

=t
(50?) - (F507)
2 1 =L (153)
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This result represents the culmination of the unified
framework. The constants po, €0, and c¢ are no
longer fundamental in their own right. They are
revealed to be interdependent functions of a single,
more primary parameter, a. The entire framework of
vacuum electrodynamics and spacetime kinematics is
determined not just by a number, but by the scalar
norm (o) of the rank-2 symmetric structural damping
tensor, (uv, which encodes the vacuum’s intrinsic
dissipative properties.

|
1

Additionally, the relationship ¢ & «~* confirms

that the product ¢ - a* is indeed a constant composed
of the geometric factors derived throughout this sec-
tion. As anticipated in Section this is precisely
the normalization constant required to reconcile the
first-order, bare geometric expression for A with its
physical value, thus closing a crucial loop of internal
coherence in the theory.

Moreover, the derived relationship, ¢ x a~%, of-
fers a profound insight into the nature of causality.
The speed of light is not an arbitrary limit but an
emergent property dictated by the vacuum’s inherent
" friction”. A hypothetical, perfectly frictionless
vacuum (« — 0) would permit an infinite propa-
gation speed, rendering causality instantaneous. It
is therefore the small, non-zero damping of space-
time—the inherent viscosity of the quantum oscillator
lattice—that establishes a finite causal speed limit,
giving the universe its structure in time.

This synthesis elevates the fine-structure con-
stant to the role of the primary architect of physical
reality. It is the scalar measure of the vacuum’s
fundamental dissipative geometry. The value of «
dictates the vacuum’s inertial resistance (uo) and
elastic compliance (g9), and the interplay between
these two properties, governed by «, sets the exact
value of the cosmic speed limit, ¢. Knowing the
norm of the vacuum’s damping tensor is equivalent
to knowing the fundamental operational rules of
spacetime.

N. Geometric Origin of o and c as a
Consistency Check

To close the synthesis of the framework, we provide
a consistency check showing that both the value of the
fine structure constant « and the causal speed c emerge
from purely geometric principles of minimal structure
and dissipation.

a as minimal geometric dissipation.

As we have already pointed out, the fine structure
constant derived in Eq. can be rewritten as

. Iy (L) [ —1—
a_m—(z) () (\/ﬁ) (154)

This decomposition makes explicit three irreducible
geometric factors:



(R1) Gauge Canonical gauge prefactor: Ny = ;.

e The gauge factor 1/4, the canonical normaliza-
tion for any covariant gauge field Lagrangian,

e The Laplacian Green factor 1/(4w), encoding
the minimal isotropic flux dilution in three spa-
tial dimensions,

e The self-interaction factor 1/4/(3/5) 4m, repre-
senting the lowest-energy configuration of a uni-
form spherical distributionﬁ

The product of these three factors singles out «
as the minimal dissipation constant compatible with
gauge consistency, spatial isotropy, and stable self-
interaction. Any smaller value would be insufficient
to stabilize these constraints simultaneously.

Variational Origin of the Fine-Structure Constant

The above can be based more deeply as the solution
to a variational problem. Consider an effective scalar
channel ® (trace mode) and a gauge sector A, (tor-
sional/EM) in a four-volume V. We write a conserva-
tive U(1)-invariant term plus a linear (Rayleigh-type)
dissipation term:

Set[®, A] = a/ dI'zD®, 4] + 1/ 'z F P
4
A% 1%

fixed gauge term

(155)
where D > 0 encodes the positive-definite dissipative
density and a > 0 measures the substrate damping.
We impose three geometric normalization constraints
that fix the relative scale of fields unambiguously:

dissipation (to be minimized)

1

R2) Laplacian/Green On 3D slices, the Green function of —V? carries
(R2) Lap / ,

prefactor 1/(4m):

1

—, (156
Ar|x|’ (156)

/ dS-VG(x)=-1 = G(x)=
S2

hence Np = ﬁ .

(R3) Self-interaction The isotropic self-energy scale in a spherical

cell is governed by (/(2)4r (moment of iner-

tia factor % and solid angle 47), thus Naelt =

Introduce Lagrange multipliers (Mg, Aa, Aserr) and de-
fine the constrained functional

T(e) = (1/ DA (L= N,) + Aa (& — Na) +Aself(\/(g)47r 7/\/.%“)
”

—_——
=0>0

(157)

6 The appearance of the square root in Eq. can be
traced back to the fact that self-interaction energies are
quadratic in field amplitudes, while impedances and re-
sistances are linear. For a uniform spherical source the

3_Q2 so the relevant geometric
5 4meg R’ &

factor enters as 2 47 at the level of energy. When relat-
ing this to an effective resistance—a linear quantity—the

square root must be taken, yielding the factor 4/ % 4

self-energy is Ugelp ~
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As (R1)—(R3) fix the relative normalizations of ®
and A, the only remaining global freedom that can
reduce the total dissipation is «. A parsimonious clo-
sure is to require that the three geometric channels
contribute equally to the dissipative budget. Equiv-
alently, for a fixed product of geometric factors, the
arithmetic mean is minimized when all contributions
are balanced (AM-GM inequality). This uniquely se-
lects the stationary (minimal-dissipation) value

! (158)

Qmin =

which coincides with Eq. Thus, o is not merely
the product of independent geometric constants, but
the unique minimizer of the global dissipation under
the constraints (R1)—(R3).

Minimal action as minimal dissipation.

In this picture, the total dissipation along a trajec-
tory is proportional to its geometric action:
Dpath =« Spath~ (159)

If the vacuum operates at the minimal dissipation
walue o = amin, then the stability condition becomes

6Dpath = QImin 5Spath =0 = (SSpath =0. (160)

Thus, the Principle of Least Action arises naturally
as the principle of least dissipation: physical systems
evolve along those histories that minimize deformation
in a substrate already tuned to the lowest possible dis-
sipative regime.

Causal velocity as dimensional scaling.

Propagation efficiency is inversely related to dissipa-
tion. In a four-dimensional spacetime, the most par-
simonious scaling law links the causal speed c to the
inverse dissipation with exponent equal to the dimen-
sionality:

(161)
Therefore,

c ot (162)

The exponent four is not arbitrary: it is the signature
of four-dimensional spacetime. In the limit o — 0,
corresponding to a frictionless substrate, propagation
would be instantaneous (¢ — oo). The finite value of ¢
is thus a direct consequence of the minimal dissipation
condition.

Conclusion.

This consistency check confirms that the fine
structure constant « is fixed by the minimal geometric
requirements of gauge normalization, isotropic propa-
gation, and self-stability, and that the causal velocity
c emerges as the maximal speed consistent with a
four-dimensional dissipative substrate. This provides
a geometric origin both for a and ¢, and constitutes
one of the jewels of QEG predictions.



Part V: The thermo-entropic
field: a fundamental prediction
from quantum-elastic geome-
try

XX. THE THERMO-ENTROPIC FIELD: A
FUNDAMENTAL PREDICTION FROM
QUANTUM-ELASTIC GEOMETRY

A. DMotivation for a thermo-entropic field

The plausibility of a structured field theory uniting
gravitational and entropic dynamics is supported by
a range of independent theoretical and empirical find-
ings:

e Gravitational wave observations, notably
those by LIGO and Virgo, confirm that the
gravitational field § can vary with time [44].
This supports the existence of dynamical cou-

plings with an auxiliary field T, where tempo-
ral variations in the entropic sector may induce
circulation-like components in g.

e Black hole thermodynamics reveals deep
links between gravitational phenomena and
thermodynamic quantities such as entropy and
temperature [45] [46], supporting the idea that

the entropic field T is not a derivative phe-
nomenon, but rather a fundamental component
of spacetime structure.

e Experimental confirmations of gravito-
magnetic effects, such as those from Gravity
Probe B [47], show that rotating masses gener-
ate a field component dependent on mass cur-
rents. This behavior is consistent with the idea
that a circulating mass flow J,, contributes to

the generation of a complementary field f, in
analogy with magnetism.

e Thermodynamic derivations of gravita-
tional dynamics, such as Jacobson’s approach
to Einstein’s equations [10] and Verlinde’s emer-
gent gravity framework [11]], suggest that gravity
may arise from underlying entropic principles.

e Thermoelectric relationships further
strengthen the proposal. In condensed matter
physics, temperature gradients generate elec-
tric potentials (Seebeck effect), while electric
currents produce or absorb heat (Peltier ef-
fect) [48]. These two-way couplings between
energy and entropy mirror the kind of mutual
interactions expected in a thermo-entropic
field theory. Additionally, the Unruh effect
shows how temperature can emerge from ac-
celeration, reinforcing the connection between
thermodynamics and spacetime structure.

These observations suggest the existence of a missing
dynamic sector in fundamental physics. The Quan-
tum Elastic Geometry (QEG) framework not only ac-
commodates this possibility, but inevitably predicts it.
While the compressive (Goo) and torsional (Go;) modes
of the unified field naturally yield General Relativity
and Electromagnetism, the components of the spatial
tensor, G;;, must correspond to a physical interaction.
We term this the thermo-entropic field, which formal-
izes the interplay between gravity and entropy through
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a field pair {g, ’f} Here, § represents the gravita-

tional field, while T" denotes a circulating field anal-
ogous to magnetism, generated by mass currents. The
name thermo-entropic reflects this intrinsic duality be-
tween radial, mass-induced effects (gravity) and an az-
imuthal, thermo-entropy-induced circulation. The fol-
lowing analysis will show how a single master dynamics
for this field leads simultaneously to (i) Maxwell-like
equations for entropic currents, (ii) an effective stress-
energy tensor for Einstein’s field equations, and (iii)
diffusive equations characteristic of irreversible ther-
modynamics.

B. Field Content and Tensor Decomposition

The spatial part of the substrate deformation, Gi;,
is a symmetric rank-2 tensor in three dimensions. It
decomposes uniquely as

O(z) = Co”Gij(x)
Sij(x) = Cs (Gij(x) — 38iGkn())

(anisotropic shear tensor)

(isotropic thermal scalar)

(163)

where Co,Cs; are normalization constants. We
propose the physical identification of the scalar trace
© with the dynamics of local thermal energy, and the
traceless tensor X;; with anisotropic shear strains.
The validity of this identification will be demonstrated
by showing that the resulting dynamics correctly re-
produce the known phenomenology of irreversible
thermodynamics and lead to testable consequences.
The sources for these fields are, respectively, the
isotropic pressure/heat flux Jo and the anisotropic
stress tensor o;.

This decomposition is mathematically unique:
any symmetric rank-2 tensor in 3D can be uniquely
decomposed into its trace and traceless part. The
physical identification of the trace with a thermo-
entropic scalar field and of the traceless part with
anisotropies follows directly from the analogy with
continuum mechanics (elasticity), where volumetric
dilatation describes isotropic compression and shear
describes volume-preserving deformations. This
physical identification is also required by covariance:
the scalar trace © is the only component that can
couple to scalar sources like isotropic pressure (p),
while the traceless tensor X;; is required to couple to
anisotropic tensor sources like shear stress (o;).

C. The Master Dynamics: Telegrapher’s
Equation

From the QEG action (Sec. , the equations of
motion for G;; include both an elastic term governed
by the universal stiffness x and a viscous term governed
by the universal damping invariant ¢, both established
as foundational properties of the substrate in Part I:

%

k0OGi; — € 0tGij — 5G7 = Jij. (164)

In continuum mechanics, dissipation is introduced via
a Rayleigh functional, R, proportional to the square
of the rate of strain. For a relativistic field theory, this
functional must be a Lorentz scalar. We define the
covariant dissipation functional as:

R = 50 VaGu)(@'V,0") (165



where u® is the 4-velocity of the substrate’s local
rest frame, and ( is the universal damping invari-
ant. This construction ensures that dissipation is
proportional to the rate of change of the deforma-
tion field as measured in the medium’s own rest frame.

The total action for the system is Siotar =
f(EQEG — R)V/—gd'x. The principle of least
action, dStotal = 0, leads to modified Euler-Lagrange
equations. The variation of the dissipative term yields
a force density term proportional to the covariant
derivative of OR/3(VaGuw). In the substrate’s rest

frame (u® = (1,0)), this adds the term —8,Gs; to the
spatial components of the field equations.

As a result, applying the principle of dissipation
in a covariant framework, linearizing around equilib-
rium and neglecting nonlinearities of V, we obtain
the Telegrapher’s equation, a master equation that
governs the full dynamics of the thermo-entropic field:

1
= Jiz,

Ta?gij + 0:Gij — DVQQU = ¢

(166)

with relaxation time 7 = /¢ and diffusivity D defined

by the propagation speed v, such that D = v27. As
calibrated from the modal hierarchy (Sec. , the
characteristic propagation speed for this slow, dissipa-
tive mode is v, = 1/c. This is the most general linear
dynamics compatible with the QEG constitutive law
and reciprocity principle.

The associated dispersion relation reads
2, - 2
Tw” +iw — Dk” = 0. (167)

Its structure guarantees that the field exhibits two
complementary physical regimes.

D. Regime I: High-Frequency Elastic
Response (Wave-like)

When w > 1/7, the inertial term dominates. Equa-
tion (166|) reduces to a damped wave equation. The
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dispersion relation becomes
D
w? o~ 2R Y (168)
T T

with phase velocity v« = 4/D/7. From the modal

hierarchy (Sec. [XVI]), this is fixed to v« = 1/c. Thus,
at high frequency, ® and ¥;; behave as propagating
entropic waves.

Mazwell-like formulation. We define a thermo-
entropic potential ©, and its field strength
H,, =0,0, —0,0,. (169)

This satisfies dH = 0 identically, giving the homo-
geneous equations (source-free entropic analogues of

Maxwell’s). The inhomogeneous equations follow from
the action

Sep = /d4m\/—g (—iHWH‘“’ - GHJQ‘) , (170)
B
leading to

V. H" =kgJt, (171)

where JY is the entropy current. The coupling is
fixed by QEG’s constitutive law as kg = po/c?

(Sec. [XVICJ). This reproduces a complete Maxwell-

like system tor the gravito-entropic sector.
Notes:

e The antisymmetric construction H = dO is
necessary to guarantee the Bianchi identity
VxH,,) = 0, which in turn implies the two ho-
mogeneous Maxwell-like equations. This is not
a free choice, but the unique way to construct
a gauge-invariant field from a 1-form potential
while preserving covariance and antisymmetry.

e The normalization with 1/4kp is fixed, not cho-
sen: in Sec. it was shown that kp =
1o/ c? is the constitutive constant of the thermo-
entropic modes. Therefore, it must appear as
the coupling here, ensuring consistency with the
universal constitutive law and the synthesis of
constants checked in Sec.

This completes the derivation of a Maxwell-like system for the gravito-entropic sector. The structural analogy
with electromagnetism, now established from first principles, is summarized below:

Quantity Electromagnetism Gravito—entropism
Source Electric charge (q) Mass (m)
Main field . ,uof A . kp Lo »

i lat B = =94 A
(circulatory) Y T oy
Derived field

. = K.Q ~ GM

(radial) E = ol g=—37

Coupling constant 140 kg = po/c?
Gauss’s law V-E = 4nK.pq V-g = —47G pm
No-monopole law V-B =0 V-T =0
B
Faraday’s law VxE - 6671‘/ Vxg = — %—7;
Ampéere—Maxwell 9
law VxB = pod + poco 5 VXT:kBJm+kBsTa—§

TABLE II. Comparison of Maxwell-like laws for electromagnetism and the proposed gravito—entropic sector.




-

Here, I,, and p,, represent the effective mass
current and density.

The constitutive constants for each sector—(puo,€0)
for electromagnetism and (kp,er) for gravito-
entropism—are not independent parameters but
distinct projections of the substrate’s univer-
sal properties (k,(), constrained by the relation
kper = pogo = 1/027 which is necessary to ensure a
universal_propagation speed for wave-like excitations
(see also .
A profound consequence of this framework is that the
thermo-entropic compliance is the direct inverse of the
baseline electromagnetic inertia, er = @%62 = 1/uo.

This result reveals a fundamental symmetry between
the substrate’s inertial and compliant properties.
Physically, po represents the baseline inductive inertia
of the vacuum (its resistance to changes in torsional
flux), while er represents its thermo-entropic ca-
pacitive compliance (its capacity to permit a radial
deformation). The relation er = 1/uo therefore
signifies that the compliance of the thermo-entropic
mode is the exact inverse of the baseline inertia of the
electromagnetic mode. This is not an isolated coin-
cidence but a direct manifestation of the Dynamic
Principle of Modal Reciprocity postulated at
the foundation of this theory . It is the same
principle that governs the relationship between the
gravitational and electromagnetic sectors, where the
vacuum’s compliance to longitudinal deformation
(proportional to G) is the reciprocal of its immense
stiffness against transverse deformation (proportional
to K.). Thus, the vacuum’s elastic properties are
shown to be deeply interconnected, with the capacity
to yield in one mode being intrinsically linked to its
resistance in another.

This reveals a non-trivial prediction: while the
primary coupling to sources scales differently between
the modes (kg vs. po), the coefficient of the dis-
placement current term (kper and poco) is a modal

invariant, equal to 1 /c2 in both sectors. This implies
that the efficiency with which the substrate converts

a changing radial field (E or §) into a circulatory field

(E or ’f) is a universal mechanism of the vacuum,
independent of the specific interaction.

Einstein-like formulation. In this propagating
regime, the entropic field also contributes to the effec-
tive stress-energy. The action quadratic in H,, leads
to a stress-energy tensor

1 o o
T;ESE) = k}i (H,uaHy - %g,uuHaﬂH ﬁ) . (172)

B

Coupling this to gravity via the effective Einstein equa-

tions (Sec. [VIII) gives

Guw + Mg = 87G Ty + T5™) . (173)

Thus, the thermo-entropic field enters Einstein’s
equations on the same footing as electromagnetic
fields, but with coupling fixed by kg.

¢ Note: This form is inevitable: it follows from
varying the action Sgg with respect to the metric g"”.
By the standard definition T, = —(2/y/—g) 5/dg"",

the structure of TﬁgE) is uniquely determined. Thus,
the contribution of the thermo-entropic field to Ein-
stein’s equations is forced by the variational structure,
not assumed.
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E. Regime II: Low-Frequency Overdamped
Response (Diffusive)

When w < 1/7, the viscous term dominates and

(1167) reduces to
w ~ —iDk?, (174)
the hallmark of diffusion. The tensorial fields obey:

1. Heat Equation (scalar mode):

1
(u"9,)0 — DV2O = ?J@. (175)
2. Viscous Stress Relaxation (tensorial
mode):
(u“@M)Eij — nyZi]- = %O’i]‘. (176)

These are covariant forms of relativistic heat and
Navier-Stokes—like equations. Although these equa-
tions are parabolic and appear to break relativistic
symmetry, they are in fact the low-frequency approxi-
mations of the full hyperbolic system . Causality
is preserved because the master telegrapher equation
propagates with finite velocity. This mirrors the pas-
sage from causal relativistic hydrodynamics (Israel—
St?wart) to Fourier’s law in the quasistatic limit [49-
52].

F. The Geometrization of Thermodynamics
using Hooke’s Law and Fourier’s Law

The diffusive dynamics for the scalar mode ©
derived in Eq. provide a direct microscopic
origin for the phenomenological laws of thermodynam-
ics. This equation is the covariant generalization of
Fourier’s Law of heat conduction. This identification
allows us to interpret the abstract quantities of our
model in physical terms. By comparing —V?© « Jo
with Fourier’s Law (¢ = —kVT), we can identify
the scalar field © with the local temperature and
its gradient as the driver of heat flux. Furthermore,
within the collapsed dimensional framework of QEG,
the scalar potential whose gradient generates this
flow can be identified with entropy, S. Thus, entropy
is geometrised as the scalar potential of the thermo-
entropic field.

We begin with the standard form of Fourier’s
law in vector notation:

Gh = —kVT, (177)

where ¢4 is the heat flux per unit area [Wm™2], k is
the thermal conductivity [Wm ™! K™!], and VT is the
temperature gradient [Km™!']. To match the dimen-
sional structure of other fields in the unified elastic
formalism, we multiply each side by a characteristic

length L, thereby defining a line-integrated heat flux
field:

q7=4qa-L, (178)
which now carries units of power per unit length

[Wm™!], consistent with the other vector fields in our
framework. Then, Fourier’s law becomes:

§=-kVT-L = —VP. (179)



where VP is the power gradient [Wm™']. Here, P is
interpreted as a scalar power potential whose gradient
drives thermal energy flow, just as V and ® generate
electric and gravitational fields, respectively. However,
note that in this framework, the scalar quantity P
plays a role that is conceptually indistinguishable from
entropy S: it quantifies the internal deformation of
the vacuum associated with thermal processes. Indeed,
since both P and S are dimensionally equivalent in
the collapsed vacuum-elastic formalism, and since
they both act as sources of thermodynamic flow when
modulated by temperature, we can regard entropy
as the mnatural scalar field driving thermo-entropic
deformation.

Thus, from the standpoint of vacuum elasticity,
entropy becomes a geometrically grounded scalar
field, whose gradients yield observable thermal forces
and fluxes. The identification of S with the scalar
potential of the thermo-entropic field completes its
structural analogy with gravitation and electromag-
netism.

In exact parallel with the voltage & = f E-dl of

electrostatics, the thermo-entropic field defines a
thermo-entropic electromotive force

Er = /q-de”
14

with units of power [W]. In the dimension-collapsed
vacuum-elastic system adopted here, powers are
dimensionless, so &1 plays exactly the same algebraic
role as an (dimensionless) electric EMF.

(180)

Given the dimensional equivalence between power
and entropy in the vacuum-elastic unit system, the
quantity Er can also be interpreted as a net entropy
difference between two thermal regions. Thus, the
thermo-motive force becomes not only a measure of
energy flux, but also a geometric manifestation of
entropic imbalance in the vacuum lattice—driving
deformation analogously to how electric potential
drives charge.

As a result, each classical field admits a corresponding
integral expression that encodes its action over an
extended region. The following table summarizes
these correspondences:

Phenomenon | Field | Expression | Physical meaning

Heat 7 / g-dA Thermal flux
Electricity E / E.dA Electric flux

so]1
p}

Magnetism B / -d Magnetic flux

/g-dﬁ

If we denote by AT the temperature differential be-
tween adjacent isothermal layers, we can express the
thermo-entropic response in a strictly Hookean form:

Here, S represents the entropy associated with the
deformation of the vacuum medium, and kqyn acts as
a dynamic entropic stiffness with dimensions [L™']
in the vacuum-elastic unit system. This formulation
reinforces the interpretation of entropy as a scalar
elastic displacement field, and AT as its driving cause.

Gravity g Gravitational flux

(181)
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To provide a more concrete physical picture, we
can interpret this thermal deformation within the
oscillator lattice model. =~ While a coherent, com-
pressional deformation corresponds to mass and a
coherent, torsional one corresponds to charge, we
can identify temperature (Temp) with the incoherent,
isotropic vibrational energy of the lattice oscillators
in a given region. In this view, temperature is a
measure of the average squared amplitude of these
random, uncoordinated oscillations. A temperature
gradient (VT) is thus a gradient in the intensity of
this background ’shimmering’ of the vacuum, which
naturally drives a net flow of energy (heat) from
regions of high-amplitude vibration to regions of
low-amplitude vibration, perfectly aligning with the
phenomenological description of Fourier’s Law.

Hookean elasticity
F' (mechanical force)
Az (displacement)

k (spring constant, [L™1])

Thermo-entropic
P (power) / S (entropy)
AT (Temperature diff.)
Kdyn ([L™1] or Ws™1)

As a result, the thermo-entropic field integrates con-
sistently into our unified tensorial framework as a
Hookean deformation mode, whose force-like response
is power and whose generalized displacement is tem-
perature difference.

G. Stability and Causality

Equation (|166|) guarantees both causal propagation
and Lyapunov stability:

d& 2

=3 d*x9,Gi;|* <0, (182)
with finite signal velocity v. = 1/c. This aligns with
the causal relativistic hydrodynamics of Israel-Stewart
type. The monotonic decrease of the energy functional
follows directly from the viscous term, which is strictly
positive. This constitutes a Lyapunov stability proof
and guarantees consistency with the Second Law of
Thermodynamics: entropy production is non-negative.

H. Conceptual Closure

The thermo-entropic field is not a speculative add-
on but an inevitable consequence of the QEG frame-
work:

e In the elastic regime, it manifests as a
Maxwell-like system with propagating entropic
waves, contributing to Einstein-like field equa-

tions via T;SEE).

e In the dissipative regime, it obeys covariant
heat and stress-relaxation equations, providing
a microscopic origin for irreversibility.

This duality resolves deep puzzles:

e The Arrow of Time: emerges from the intrin-
sic diffusive regime of the field.

e The Cosmic Isotropy: anisotropies are natu-
rally damped by spacetime viscosity.

e The Dark Energy problem: the isotropic ©
field contributes a uniform thermal background
energy density.

Thus, QEG not only recovers Einstein’s and Maxwell’s
theories, but also extends them, predicting a new fun-
damental field of spacetime: the thermo-entropic field.



I. Summary of structural analogies between
elastic responses of the vacuum

We present below the structural correspondence be-
tween the linearized Fourier’s law, Gauss’s law in elec-
trostatics, and Newton’s law of gravitation:

Concept Fourier’s L. | Gauss’s L. | Newton’s L.
Source V-7 vV-E V-g
Potential P=S \% P
Field §g=-VS E=-VV F=-Vo
Poisson eq.|VZS = kpptemp | V2V = 75—3 V20 = 47Gpm

where premp represents a localized temperature density
or distribution acting as the source of entropic defor-
mation. Each of these field laws describes how a scalar
potential gives rise to a vector field through a gradient
operation, and how the divergence of that field con-
nects to a source density via a Poisson-type equation.
In this structural analogy:

e The entropy S plays the role of a scalar thermal
potential,

e The linearized heat flux ¢ is analogous to the
electric field E or the gravitational field g,

e And the Laplacian V2S captures thermo-
entropic curvature, in full parallel with electro-
static and gravitational curvature.

The thermo-entropic field, driven by entropy gradi-
ents and governed by thermal curvature, thereby inte-
grates as a scalar deformation mode within the elastic
manifold defined by the symmetric tensor G,,. This
geometrization of heat completes the triad of scalar
sources—mass, charge, and temperature—unifying
their corresponding field interactions as elastic re-
sponses of the vacuum encoded in the symmetric ten-
sor G .

XXI. VALIDATION AND DEEPER
IMPLICATIONS OF THE

THERMO-ENTROPIC FIELD

A. Fundamental parameters of the
thermo-entropic field

we can derive the fundamental parameters of
the thermo-entropic field just dividing the parameters

obtained for the electromagnetic field by ¢*:

Aihilying the universal scaling rule derived in

e We obtain the quantum of mass-energy for the
thermo-entropic field mentr = h ~ 5.6 X

2me-l m
107 kg.
e We obtain a quantum of mass density pentr =
2#4 kg m~3.
el m

e We can set the action as c% , which matches the

result derived previously (XVIC]J).

B. Boltzmann’s Constant as the
Fundamental Quantum of Thermo-Entropic
Force

Building on the reinterpretation of kg as a thermo-
entropic force (see Sec. |XVIC]) and the fundamental
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equivalence introduced earlier (Eq. [L17]), we now pro-
pose a novel formulation of the Boltzmann constant
as an emergent relativistic force.

Assuming the dimensional equivalence I K =1m = 1s
within our elastic vacuum framework, we express kp
as:

hc 1 E
ka 2-1m 2a-1s a (183)
In this expression, kp acquires the form of a
Newtonian-like force F' = ma, with the following com-
ponents:

° {L—; — m: The characteristic energy scale of the
vacuum, associated with a fundamental quan-
tum of mass or photon energy.

1 _ . i -
® 5= = 1= — a: An effective proper accelera
tion, where the Lorentz-like factor v = i en-

codes the vacuum’s resistance to excitation.

Thus, the Boltzmann constant kg emerges as a
quantized force scale, representing the vacuum’s
intrinsic responsiveness to acceleration. In this inter-
pretation, entropy and temperature arise from the
inertial resistance of spacetime to deformation, with
kp capturing the proportionality between energetic
input and induced entropic curvature.

This Unruh-inspired formulation reinforces the
view that thermodynamic quantities—such as tem-
perature, and heat—are fundamentally geometric in
nature. Here, kp bridges the gap between thermal
response and relativistic motion, playing a role anal-
ogous to that of G or po in mediating the vacuum’s
reaction to mass or charge, respectively. In this sense,
kp can be viewed as the thermo-entropic stiffness
constant of spacetime: a universal coupling between
acceleration, information flow, and thermal excitation.
This perspective helps unify quantum field theory,
thermodynamics, and general relativity within a
common elastic-dynamical substrate.

C. Deriving Unruh effect from the
thermo-entropic field parameters and
Newton’s law

There are several checks that we can perform to
further justify the validity of the fundamental param-
eters derived for the thermo-entropic field. In this
subsection, we will focus on showing that the Unruh
effect can be directly derived from the application of
the fundamental expression of mass-energy for the
thermo-entropic field and Newton’s Law.

The Unruh effect [53] states that an observer

with constant proper acceleration a in vacuum
perceives a thermal bath at a temperature
ha
T nr - . 184
Unruh 2w ckp (184)
Rearranging gives
ha
kp = —————. 185
s 2mc TUnruh ( )

We have already shown how kg can be treated dimen-
sionally as a force (XVIC)). Also, we have derived that
the expression of mass-energy for the thermo-entropic

field is Mentr = % XXI Al By identifying the force



F' in Newton’s second law with the Boltzmann con-
stant kp (as justified by the dimensional equivalence
framework, see [XVIC) and the characteristic length
A with the Unruh temperature Tynrun, the Unruh ef-
fect emerges as the direct application of Newtonian
dynamics to the derived properties of the field:

h
F=kp=mentr-a = ———-a

186
2me TUnruh ( )

This rearranges to the exact Unruh formula.

D. The Common Origin of Thermal
Radiation and Quantum Forces

A powerful consistency check of the unified frame-
work arises from revealing the deep connection be-
tween two seemingly unrelated phenomena: blackbody
thermal radiation, governed by the Stefan-Boltzmann
constant (¢), and quantum intermolecular forces, gov-
erned by the London dispersion coefficient (Cs). We
will demonstrate that their dimensional correspon-
dence is not a coincidence, but a necessary consequence
of their common origin in the fluctuations of the quan-
tum vacuum.

The Dimensional Signature of Vacuum-Mediated
Interactions

London dispersion forces are a direct manifestation
of the quantum vacuum’s activity. They arise from
the interaction of transient dipoles induced by zero-
point fluctuations of the electromagnetic field. For two
neutral atoms, the interaction potential is:

ULondon (T) = =

where the Cg coefficient encapsulates the polarizabil-
ity of the atoms and is fundamentally determined by
the structure of vacuum fluctuations. In our unified
dimensional framework, where energy has dimensions
of length ([E] = [L]), the London coefficient carries
dimensions:

[Cs] = [E] - [L°] = [LT].

Now, consider the Stefan-Boltzmann constant, whose
classical expression is built from the fundamental con-
stants of quantum mechanics, thermodynamics, and
relativity:

274
o= kB
60h3c2

Within our dimensional system, where kg, h, and c re-
duce to combinations of lengths, the Stefan-Boltzmann
constant acquires:

[0] = [Wm 2K * = [L°.

This remarkable outcome reveals that o shares the in-
verse sixth-power length dependence characteristic of
dipole-dipole vacuum interactions —a dimensional sig-
nature of shared physical origin. To formalize the con-
nection, we define:

[0 Cs] = [L™°] x [L7] = [L],

which is the dimension of energy in our framework.
The product 0Cs thus defines an intrinsic energy scale
of the vacuum, suggesting that ¢ and Cs are com-
plementary macroscopic parameters arising from the
same vacuum energy reservoir.
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Physical Interpretation: Thermal vs. Ground-State
FEzcitations of the Vacuum

This dimensional correspondence can be physically
interpreted through the modal structure of quantum
field theory. Both blackbody radiation and Casimir-
London forces derive from the quantization of the elec-
tromagnetic field modes within boundary conditions:

e London and Casimir forces emerge from the
ground-state energy (zero-point energy) of these
modes, typically expressed as Fy = %hw They
represent mechanical stresses exerted by the vac-
uum in its lowest energy configuration.

e Stefan-Boltzmann radiation, in contrast, arises
from the thermal excitation of the same set of
vacuum oscillators. The Stefan-Boltzmann law
captures the total energy flux when these modes
are thermally populated according to Planck’s
distribution.

Thus, London forces and blackbody radiation are not
fundamentally distinct; they are two manifestations of
the same quantized vacuum structure —one probing
the ground state, the other the thermal state. The
constants Cs and o parameterize these effects at the
macroscopic level, but their shared dimensionality and
combined energy scaling (0Cs) highlight their unified
origin. This perspective reinforces the central thesis
of this work: that all physical interactions emerge as
distinct modal responses of a single, elastic quantum
vacuum.

Implications for the Unified Description of Vacuum
Energy and Thermodynamics

This unification between thermal radiation and
quantum dispersion forces provides a profound bridge
between macroscopic thermodynamics and micro-
scopic quantum interactions. The vacuum behaves as
an elastic medium whose modal excitations, whether
thermal or mechanical, dictate both the radiation laws
and intermolecular forces. Accordingly, the Stefan-
Boltzmann constant encapsulates not just an empir-
ical radiation law, but a thermodynamic response of
the vacuum’s elastic structure. The London coeffi-
cient reflects the mechanical manifestation of the same
vacuum under ground-state conditions. This duality
strengthens the proposal that space-time itself pos-
sesses elastic properties, with its interaction with vac-
uum fluctuations giving rise to all observed forces and
thermodynamic behaviors.

XXII. SYNTHESIS: GRAVITY AS AN
EMERGENT PHENOMENON OF VACUUM
THERMODYNAMICS

The internal consistency of the QEG framework
culminates in a profound synthesis that quantitatively
defines the relationship between gravity and thermo-
dynamics. By combining two of the theory’s core,
independently derived results—the dynamic origin of
the gravitational constant and the principle of causal
universality—the nature of gravity is revealed as an
emergent property of the vacuum’s thermodynamic
response.

The starting points are two foundational equations of
this theory:



1. The Dynamic Origin of G: As established in
Sec. gravity emerges as a second-order, dis-
sipative effect of the vacuum’s primary stiffness,
yielding the relation G = poa?.

2. The Dynamic Reciprocity Condition: Asa
direct consequence of requiring a universal prop-
agation speed ¢, we have derived the thermo-
entropic compliance e = 1/puo (see Sec. [XX).
This can be rewritten as po = 1/e7.

Substituting the second relation into the first yields
a new, fundamental expression for the gravitational
constant:

a=%

= (187)

The implications of this equation are remarkable and
provide a first-principles basis for the emergent gravity
paradigm. It states that the gravitational constant G
is not a fundamental parameter of nature, but is in-
stead determined by the ratio of two more fundamental
properties of the vacuum:

e It is directly proportional to the square of the
vacuum’s intrinsic dissipation, quantified by
the fine-structure constant (o).

e It is inversely proportional to the vacuum’s
thermo-entropic compliance (its capacity to
permit thermal/entropic deformations), quanti-
fied by er.

This formulation makes two powerful, falsifiable pre-
dictions about the nature of gravity:

1. If the vacuum were a perfect, non-dissipative
medium (o — 0), then gravity as we know it
would not exist (G — 0). The existence of grav-
ity is therefore intrinsically linked to the irre-
versibility and inherent ”friction” of spacetime.

2. If the vacuum were infinitely ”soft” or compli-
ant to entropic deformations (er — o0), grav-
ity would be infinitely weak (G — 0). The
strength of gravity is therefore a direct mea-
sure of the vacuum’s ”stiffness” against being
deformed thermodynamically.

In conclusion, Eq. positions gravity not as a
primary interaction, but as a residual, second-order
phenomenon emerging from the thermodynamics of
the vacuum’s quantum-elastic substrate. It provides
a concrete, quantitative mechanism for the ideas
proposed by Jacobson and Verlinde, explicitly linking
Newton’s constant to the thermodynamic and dissi-
pative properties that govern the fabric of spacetime
itself.

Part VI: Validation and Caqgs-
mological predictions of the

quantum elastic geometry

XXIII. VALIDATION: THE UNIVERSAL
FIELD STRUCTURE AND ITS
FUNDAMENTAL SOURCES

A cornerstone of the QEG framework is the predic-
tion, derived from the substrate’s universal Laplacian
response (Sec. , that all static fields must adhere
to a common structure. Given that fields in QEG have
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dimensions of inverse length, [Lfl], this universal form
can be expressed as:

1

éx (188)

where 1/(47r) is the universal elastic modulus of the
vacuum, and Cx is a dimensionless coefficient that
represents the strength (potential) of the source for the
mode X. In this section, we validate this prediction by
demonstrating that the standard laws of physics, when
rewritten using QEG identities, collapse precisely into
this form. Crucially, we will show that the source co-
efficients C'x are not arbitrary, but are directly related
to the fundamental quanta of energy and action de-
fined in the Vacuum’s Constitutive Equation 117

,uo~eEkB-2o¢EE
1m

A. Justification of the Fundamental Source:
The Primacy of the Quantum Harmonic
Oscillator

A critical step in our validation is to establish,
from first principles, the fundamental quantum source
for each interaction. We will now demonstrate that
the choice of these sources is not arbitrary, but is a
necessary consequence of the central role of the Quan-
tum Harmonic Oscillator (QHO) as the foundational
building block of all stable, coherent excitations in
nature.

a. The QHO as a Consequence of First Principles.
The fundamental equation of non-relativistic quantum
dynamics is the Schrodinger equation. For any system
in a stable equilibrium, the potential energy V(z) can
be Taylor-expanded around its minimum. The first
non-trivial term is always quadratic, V(z) ~ %ka,
the harmonic potential. This is not a choice, but a
mathematical inevitability for small perturbations
around a stable point. The QHO, as the solution to
the Schrodinger equation with this potential, thus
represents the structural universal model for any
minimal, stable quantum excitation. It is the ”"atom”
of quantum perturbation.

b. The Irreducible Quantum of FEnergy. The
quantization of the QHO yields the famous discrete
energy levels, F,, = (n + 1/2)hw. The lowest possible
energy state (n = 0) is the non-zero ground state, or
Zero-Point Energy:

Eo= ~hw (189)

This FEo is the irreducible, non-zero quantum of
coherent energy that a stable vacuum fluctuation (the
building block of an endogenous source) can possess.
In our framework, we identify this as the fundamental
source quantum for interactions mediated by stable,
coherent particles. For a massless mode of character-
istic wavelength A, this energy is Fo = he/(2)).

As a result, the most fundamental wunit of the
unified field must be this irreducible quantum of
coherent energy, Eo.

c.  From Fundamental Energy to Primordial Source
Fluz. In an elastic medium governed by a Laplacian
response, the relationship between a source density p
and the field it generates, ®, is given by Poisson’s equa-

tion, V - $ = 47Gop, where Gy is the fundamental,



dimensionless coupling constant of the undressed sub-
strate. We set Gy = 1 for this baseline interaction.
The total flux emerging from a source is found by in-
tegrating over a volume enclosing it, via Gauss’s Law:

Flux:?{5~dﬁ':/(V~§)dV:/47rpdV (190)
S 1% 1%

For our fundamental point-like source, we identify its
total content with the irreducible quantum of coherent

energy, fvpdV = Fp. The primordial flux, which

we identify as the fundamental source strength Sy, is
therefore:

hc) _ he (191)

=dn-Ey=4n | —~

S =dm-Eo =dr (2>\ A
At the fiducial scale of our framework, we set A = 1 m.
This yields the fundamental source flux for any mode:

he
Sr 1m
d. A Powerful Consistency Check. This result is
profound. The primordial source flux for the unified
field, derived here from the first principles of quantum
mechanics (Schrodinger Eq. — QHO — Zero-Point
Energy) and geometry (Poisson’s Eq.), is identically
one of the three terms in the Vacuum’s Constitutive
Equation:

(192)

uo-eEkaQerE
1m

This demonstrates that our choice for each mode
sources is not arbitrary. It is the unique choice that is
both fundamentally derived from the nature of quan-
tum excitations and perfectly consistent with the over-
arching structure of interconnected constants in the
QEG framework.

B. Verification of the Universal Structure
a. 1. The Electric Field (E). The standard ex-
pression is Coulomb’s Law, £ = ﬁ 7. This already
matches the universal form proposed. Using the iden-
tity 1/e0 = poc?, we have:

= e 1 . ,u0~e-c2 1
E = == - ).
(z—:o -r) 47rrT ( r ) 47rrr

Using the identity e = 2a- L2, we can re-express it as:

E:(2a~u0v1m)'if
r 4mr

(193)

(194)

where po - 1 m is the vacuum’s base inductance and
2« is the dissipative term.

b. 2. The Gravitational Field (§). The standard
expression is Newton’s Law, § = G;"Qmﬁ Using the
QEG identities for the local coupling, Gn = Gioc =
poa?, and for the fundamental mass quantum, m =
he/(2-1m) = 22— we derive:

G O[Q.hc 1
g= Nmf:(’m Lm ).

(195)

r2 r 47r

This expression expresses the microscopic sourcing of
the gravitational field as a function of the vacuum’s
baseline potential (uo) quadratically suppressed by
the universal damping factor (a?), which rigorously
explains its extreme weakness relative to other forces.
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c. 8. The Magnetic Field (B). The fundamental
expression from a point-like stationary current is B =
sl 47l This already matches the universal form. The

4mr
source is the current I. For the electromagnetic mode,

the characteristic current is the speed of light, I = c.
Since c is dimensionless in QEG, we have

= ol 4 . E.c
B="—60= . 0=
4rr Hoc

1
4rr 2

LI A (196)
r

This expression reveals the magnetic field as a direct
manifestation of the vacuum’s torsional properties,
whose strength is governed by a single dimensionless
coefficient: the vacuum impedance, Zy. Magnetism
is thus interpreted as a measure of the substrate’s
intrinsic  “circulatory stiffness”—its resistance to
being twisted—driven by the characteristic velocity of
the electromagnetic mode.

d. 4. The Thermo-Entropic Field (T). The
source of the thermo-entropic field is the fundamen-
tal quantum of thermal energy exchange, which the
Vacuum’s Constitutive Equation identifies as kg - 2.
The field is driven by this point-like stationary source
and the characteristic baseline velocity, I =1 m/s:

kg -2 »

i (ke 20) 0 (197)

T = Lo

4rr 4rr

Using the QEG identity kg = po/c?, we cast it into
the universal form:

7o /)2y 20wy L, F_gc
4d7r c? 2

(198)
Throughout this validation, the characteristic expres-
sions for the fundamental fields have been constructed
from the Vacuum’s Constitutive Equation, which re-
flects the elementary contribution of the potential of a
single discrete quantum oscillator.

C. Synthesis: The Hierarchy of Fields and
Electro-Gravitacional Equivalence

The unified structure of the fundamental fields re-
veals a remarkable hierarchy. The framework sug-
gests a paradigm shift where the circulatory, azimuthal

modes (é, f) are primary, and the radial force fields

(E, §) emerge as secondary phenomena when the circu-
latory fields are ”amplified” by a universal conversion
factor:

E = -§ . Imax
G=T  Imax (199)
where Imax = Gagiob = 2a/c is the maximum

vacuum current derived previously This re-
lationship can be intuitively understood through a
hydrodynamic analogy, where a circulatory flow (a
vortex, like B) in the vacuum ”fluid” generates a

pressure gradient that results in a radial force (like E).

7 From the Biot-Savart law applied to a localized oscilla-
tory mode, yielding the expression B = wol/4mr, which
better reflects the point-like, modular nature of the vac-
uum excitations in this framework



Crucially, this universal conversion factor, Imax,
is not an arbitrary constant but is determined by
the vacuum’s most fundamental dissipative (o) and
kinematic (c) properties. This implies that the very
existence of radial static forces is intrinsically linked
to the dissipative nature of the substrate. In a
hypothetical, frictionless vacuum where a = 0, this
conversion factor would vanish, and static forces
would not be generated in this manner.

D. The Electro-Gravitational Equivalence: A
Static-Dynamic Duality of the Vacuum

The unified structure of the fundamental fields, de-
rived from the Vacuum’s Constitutive Equation, re-
veals a profound and rigid hierarchy between the inter-
actions. Beyond the relationship between radial and
azimuthal modes, a more direct and powerful conse-
quence is the inescapable link between the two radial
force fields themselves. We find a direct relationship
between the electric and gravitational fields at the fidu-
cial scale:

g-c - e
CALENY
2c0 1

nm‘ D*jl

G-c (200)

Physical Interpretation: The Static- Dynamic
FEquilibrium.

This equation establishes a remarkable FElectro-
Gravitational Equivalence. It represents a fundamental
equilibrium within the vacuum substrate. The left-
hand side, the electric force per unit length, quanti-
fies the static elastic stress of the vacuum in response
to a fundamental charge. It is a measure of the sub-
strate’s capacity to exert a static, radial force. The
right-hand side, the gravitational field multiplied by
the characteristic EM current, quantifies the dynamic
gravito-inertial flux. It is a measure of the substrate’s
capacity for dynamic response and flow. The equiva-
lence reveals that these two aspects of the vacuum—its
static tension and its dynamic flux potential—are not
independent but are two perfectly balanced facets of a
single underlying reality.

Physical Manifestation: The Photoelectric Effect

This abstract equilibrium finds a direct and stun-
ning physical manifestation in one of the cornerstones
of quantum mechanics: the photoelectric effect. The
phenomenon, where a photon liberates a bound elec-
tron from a material, can be reinterpreted as a process
governed by the Electro-Gravitational Equivalence.

e The Bound Electron and the Static Stress:
An electron within a metal is bound by electro-
static forces. The energy required to overcome
this binding and extract the electron is the mate-
rial’s work function, W. This work function is
the integrated measure of the static elastic stress
of the substrate (the LHS of Eq. [200) that con-
fines the electron to its potential well.

e The Incident Photon and the Dynamic
Flux: An incident photon is a localized, dy-
namic quantum of energy, £, = hf. In QEG,
this energy acts as a source for a gravita-
tional/inertial perturbation, g, and it propa-
gates with the characteristic current of the EM
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mode, c. The term on the RHS of our equiva-
lence, gc, therefore represents the dynamic im-
pulsive flur that this quantum of energy can de-
liver to the substrate.

e The Threshold Condition as the Equilib-
rium Point: The famous threshold condition
for photoemission, hfmin = W, is the precise
physical realization of our equivalence principle.
It marks the exact point where the dynamic flux
delivered by the photon (the RHS) is perfectly
balanced by the static stress binding the electron
(the LHS).

Therefore, the photoelectric effect is revealed to be
more than a simple energy exchange. It is a quantum
manifestation of the fundamental static-dynamic equi-
librium of the spacetime substrate, where a quantum
of dynamic flux is absorbed to precisely overcome a
quantum of static elastic stress. This connection pro-
vides powerful, independent evidence for the validity
of the QEG framework, grounding its most abstract
predictions in one of the most fundamental and well-
verified phenomena of quantum physics.

XXIV. GLOBAL GRAVITATIONAL
CONSTANT AS THE FUNDAMENTAL
NOETHER CURRENT OF THE VACUUM

In the QEG framework, the torsional sector (en-
coded in the mixed components Go;) realises a U(1
gauge symmetry at low energies. In this section we (i
derive the associated Noether current directly from the
QEG Lagrangian, (ii) evaluate its fundamental ampli-
tude for the fiducial vacuum cell, and (iii) prove that
this amplitude coincides with the global gravitational
constant of the quasi-linear cosmological regime:

Galob = Imax |-

This identification turns the large-scale gravitational
coupling into an unavoidable consequence of the vac-
uum’s U (1) symmetry and its conserved current.

(201)

A. Torsional sector of QEG and the U(1)
gauge symmetry

We model the torsional response of the substrate
by a gauge 1-form A, obtained as a linear projection
of the mixed components of the deformation tensor,
Ay = Cy HH’” Goi, with a fixed projector II. The
gauge-invariant field strength is Fj,, = 0,4, — 0, A,.
The universal torsional Lagrangian density (vacuum
plus minimal matter) reads

1 v *
['tor = _m FMDFH + (DH‘II) (DH\IJ) - U(“I}D
0

D, =0,+ieA,, (202)
where ¥ is a complex order parameter for the co-
herent torsional excitation (the minimal U(1) matter
content) EI, e is the charge quantum, and po is the
vacuum'’s transverse stiffness previously identified in
the constitutive relations.

8 Physically, ¥ represents the effective, coarse-grained field
describing the coherent phase and amplitude of the un-
derlying substrate’s torsional oscillators.



a. Gauge structure and global U(1l) symmetry.
The Lagrangian (202]) is invariant under local U(1)

transformations ¥ — e*X@W A, — A, — d.x.
Noether’s second theorem enforces identities for the
gauge sector.
charge/current, we restrict to the global subgroup
x(xz) = 6 = const. Then the variation 0¥ = e ¥
yields a strictly conserved Noether current:

. 8Etor . * *
o — B — (DM

jt = 8(8@11)6\1] + cc. = i|U(DHY) — (DHO)' W
Auj" = 0. (203)

This current is the unique, symmetry-mandated flow
associated with the torsional U(1) sector of QEG. Its
spatial integral gives the conserved Noether charge
Q = fdngo, which identifies the charge quantum e
for a single coherent cell.

B. Fundamental amplitude of the vacuum
Noether current

Consider the uniform, single-mode, coherent solu-
tion W(z) = ¥o e ™*, with spatially homogeneous am-
plitude |¥y| = const and vanishing background po-
tential A, = 0 (Coulomb gauge; the evaluation at
A, = 0 fixes the intrinsic, un-driven current scale).
Then D,V = (0, +ieA,)¥ — 9,7V, so Eq. gives

j0:26|\110|27 j:2e|\I]0|QVPh’

(204)
In a fiducial QEG cell of linear size Lyef = 1m with
periodic boundary conditions (the same cell used to
define the constitutive identities), a purely temporal

mode (k = 0) has vpn = 0 and carries conserved
charge Q = fVM j%d®z = 2e|¥o|?Vier. Fixing the
elementary quantum @ = e in the fiducial cell fixes
the amplitude |¥o|? = 2V1ref = 1 since Vier = 1m®.
A small, uniform gauge oscillation A9 = 0, A;(t) =

AEO) cos(wt) minimally couples as 6L D j#A, and in-
duces a spatial current density j(¢) o sin(wt) with am-
plitude proportional to w. Integrating over the cell
cross-section (unit area in our fiducial construction)
gives the current amplitude

C C

—_—= 205
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Inax = € - Wref , Wref =

Using the QEG constitutive identity for the elemen-

20+ 1
tary charge (Sec. [XVIIA), e = %
c
the inevitable magnitude of the vacuum’s fundamen-
tal Noether current:

I = ew 7(2a-1m)(c)727a
max — ref — 2 1m = c
206

No further dynamical assumptions enter: Eq. (206]
follows from (i) the U(1) symmetry of the torsional
sector, (ii) Noether’s theorem, and (iii) the QEG con-
stitutive identities and fiducial scale.

, we obtain

C. Independent derivation of the global
gravitational constant

Independently, the global gravitational constant
Gaiob that governs the quasi-linear, homogeneous

For the purpose of a conserved

vph = V(wi—kx)/w.
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regime is fixed by the fine-structure constant,

2 2
e e
= — Gagiob = 2 = .
@ 4meghe Glob eo 2ahe
(207)

Substituting the QEG identities e = % and h =
1

m” ields

[

G Qacém)z - 2 (208)
Glob = a(lc'f)c =

D. Fundamental identity and hierarchy of
fields

Equations (206]) and (208) give the central identity

[Goron =l . (209)

now seen as a corollary of (i) symmetry and conser-
vation (Noether current of the torsional U(1) sector)
and (ii) the constitutive synthesis of constants in QEG.
This identity also clarifies the hierarchy relations es-
tablished in Sec.

E = B Inmax, G =T Lmax, (210)

so that the same invariant Imax = Gaiob functions as
the universal conversion factor from primary azimuthal
(circulatory) modes to secondary radial (potential)
modes in both electromagnetic and gravito—entropic
sectors.

E. Validation: inductive origin of the
vacuum energy density

As a quantitative check, the fiducial vacuum induc-
tance is Lyvac = po - 1 m. Assuming equipartition be-
tween magnetic and electric energies in a fundamental
coherent mode, the peak energy is twice the magnetic
peak:

2
FEpeak = 2 Lyac Irzﬂax = Q(MO : 1m) (%) (211)

Interpreting Epeax as the mass-energy in the reference
volume Viet = 1m® gives the vacuum mass density

2
_ 2 (po - 1m) (22)
Pvac = Vier (1 m)3
~ 5.956 x 107%" kgm ™

Epeak _

(212)

in excellent agreement with cosmological observa-
tions [43]. This agreement validates the identification
Galob = Imax and the use of I.x as the fundamental,
symmetry-fixed scale governing both the hierarchy of
fields and the global gravitational coupling.

a. Summary. Starting from the QEG torsional
Lagrangian and its U(1) symmetry, Noether’s theo-
rem uniquely fixes a conserved current whose funda-
mental amplitude in the fiducial cell is Imax = 2a/c.
An independent route from the definition of « yields
Geaiob = 2a/c. Their equality is therefore not a nu-
merical accident but a constitutive identity of the vac-
uum: the global gravitational constant is the funda-
mental Noether current amplitude of the torsional sec-
tor. This anchors the macroscopic gravitational cou-
pling in the microscopic symmetry structure of the
QEG substrate and explains, at once, the weakness
of gravity and the universality of the conversion factor
in the field hierarchy.



XXV. CASIMIR CONSTANT AS THE
FUNDAMENTAL QUANTUM OF VACUUM
PRESSURE

The Casimir effect [54), [55] is a direct manifesta-
tion of the mechanical stress of the quantum vacuum.
Within the QEG framework, we derive the fundamen-
tal quantum of this vacuum pressure from first prin-
ciples, combining thermodynamic and geometric rea-
soning.

A. From Zero-Point Energy to Elementary
Force

The irreducible energy of a vacuum oscillator of
characteristic wavelength L is its zero-point energy:

_he
T oL’

As we have already seen in Section [KXIITA] this is
a universal result of the quantum harmonic oscillator
and represents the minimal coherent excitation of the
vacuum. The elementary force conjugate to the length
scale L follows from the principle of virtual work:

Eo(L) (213)

OB
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_ e (214)

Fo(L) = ‘— =

This step uses only the variational identity F =
—9JFE /0L and requires no additional assumptions.

B. From Force to Isotropic Pressure:
Laplacian Flux Conservation

To connect this force to a physical pressure, we ap-
peal to the Laplacian structure of the substrate. In the
static limit, the vacuum response is conservative and
flux-preserving (Gauss’s law). Thus, the total force
flux Fp must distribute isotropically over the surface
of a sphere of radius L, with area A = 4wL?. The
associated vacuum pressure quantum is therefore

_ R(L) ke
T 4wL? T 8wILA’

Po(L) (215)
This is the universal unit of isotropic vacuum stress: its
scaling fic/L* follows from dimensional analysis, while
the prefactor 1/(8x) follows uniquely from flux conser-

vation in three dimensions, consistent with the Green
kernel 1/(4nr).

C. Thermodynamic Consistency Check

The same result can be obtained directly from ther-
modynamic first principles. Pressure is defined as the
negative gradient of energy with respect to volume:

oF
P=——. 216
ov (216)
Assigning to a single isotropic mode of scale L the

natural spherical volume V' = %WL3, one has dV =
4mL2dL. Applying the chain rule,

OB AL _(he)(L5) =
OL dV — \2L?2) \4xL2?)  8xL*’
(217)

Py(L) =
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identical to the flux-conservation result in Eq. .
This dual derivation—from both virtual work and
thermodynamic definition—confirms that Py(L) is the
fundamental, geometry-independent quantum of vac-
uum pressure.

D. From the Quantum to the Observable
Casimir Force

The magnitude of the Casimir force per unit area A
between two perfectly conducting plates separated by
a distance d is classically given by:

Fe m*he 1.3 x107* N-m?

AT 2404~ d4 ’

whereas using the quantum of vacuum pressure yields

Fe  he 126x107% N-m?

A~ 8wLt T 4

The agreement with both theoretical estimates and ex-
perimental measurements [56}, [57] confirms the validity
of this first-order approximation derived from QEG
principles. The second-order approximations can be
attributed to radiative corrections, and the topology
and spectral properties of the boundary configuration.

XXVI. THE GRAVITATIONAL
CONSTANT AS AN EMERGENT SUM
OVER QUANTUM VACUUM MODES

In this section, we present a consistent derivation
of the Newtonian gravitational constant, GG, from the
first principles of the framework. We will demonstrate
that G emerges from the collective effect of all quan-
tum oscillatory modes of the vacuum. The derivation
begins by establishing the correct on-shell action of
spacetime geometry, which is then connected to the
vacuum'’s intrinsic elastic force. The result reveals a
profound link between gravity and the mathematical
structure of quantum mechanics.

A. The On-Shell Action of a
Vacuum-Dominated Spacetime from the
Einstein-Hilbert action

The most fundamental description of pure
geometry is the Einstein-Hilbert action,
Spn = g [ Ry—gd'z [58] [59] H]. To evalu-
ate the action for the physical vacuum, we must
evaluate it for the appropriate solution to the field
equations. In a universe whose energy content is
dominated by the vacuum energy density pvac (and
its associated cosmological constant A), the correct
solution is the de Sitter metric, for which the Ricci
scalar is constant and given by R = 4A.

Crucially, our framework posits that the vacuum
energy (and thus A) is not a fundamental parameter
to be added to the action, but an emerging property
of the substrate’s quantum fluctuations. Therefore,
the physically consistent approach is to start with
the action for pure geometry ([ R) and to evaluate it
for the physical vacuum solution generated by these
fluctuations (R = 4A). This is conceptually distinct
from the standard on-shell action which evaluates the
effective Lagrangian (R — 2A), as our model derives A



from the substrate’s dynamics rather than postulating
it. The action integral is therefore sourced by the full
geometric response of the vacuum to its own emergent
energy content:

C4 4

We can substitute the cosmological constant A via

A = 8@ P (219)

C

to obtain that
4
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Substituting, we have that

he o he®
2 pyac 2 =2——— % =
P ¢ 1m4c 1 m#

(221)

In an almost flat universe, spacetime is only slightly
curved, and the metric tensor g,, deviates minimally
from the flat Minkowski metric 7,.,. Therefore, the
determinant of the metric tensor g can be expressed
as:

VEI=1+ 380 (222)
For practical purposes in an almost flat universe, dg
is so small that /—g =~ 1 is a valid approximation.
This is fully justified at the modal-cell level, where
deviations from flatness are negligible compared to
the scale of coarse-graining.

To evaluate this action, we integrate over the
baseline 4-volume of the substrate, d*@pase = (1m),
which represents the fundamental cell of spacetime in
our framework. This yields the total geometric action
generated by the vacuum’s quantum fluctuations
within a reference unit:

hc® 4 3
Sen = (21 m4> (1 m") =2he

(223)

Using the framework’s fundamental identity h =
1m?/c* (derived in Sec. [XITB)), this action has a clear

geometric interpretation:

1m? 2m?
SEHZQ(T>03: m
C

; (224)

This quantity, with dimensions of action, represents
the total geometric action generated by the full energy
content of the vacuum’s quantum fluctuations.

B. The Fundamental Elastic Force of the
Substrate

Our framework is built upon the principle that the
vacuum behaves as an elastic medium. The rela-
tionship between an applied action, the resulting de-
formation, and the emergent restoring force can be

44

described by a consistent set of Hookean relations.
As established, the force-like response (F') and the
deformation-like displacement (z) are related by the
substrate’s stiffness (k):

F=—kx (225)
Furthermore, we have established a dimensionally con-
sistent constitutive law unique to this framework,
which relates the deformation z to the applied action
S via the same stiffness parameter:

z=kS (226)
Combining these two expressions yields a direct rela-
tionship between the action applied to the substrate
and the resulting microscopic restoring force it exerts:

F=—k’S (227)
To evaluate this fundamental force, we must identify
its two components from the principles already de-
rived:

e The Geometric Stiffness (k): The stiff-
ness k represents the vacuum’s intrinsic resis-
tance to deformation. For a three-dimensional
isotropic medium, this response is governed by
the Green’s function of the Laplacian operator.
Its geometric signature is the factor 1/(4xr).
The stiffness, with dimensions of inverse length,
is therefore the modulus of this geometric re-
spo?se evaluated at the reference scale (r =
1m):

B 1
b= o im (228)

e The Vacuum Action (S): The action S cor-
responds to the dynamics of the vacuum in a
baseline spacetime cell. As derived in Section

the most fundamental description of
pure geometry, Einstein-Hilbert action, evalu-
ates to the quantum-relativistic constant Spg =

2 m?

c

C. Derivation of the Gravitational Constant

By substituting the geometric stiffness (228) and
the vacuum action into the fundamental force
law (227)), we can calculate the characteristic Hookean
force of the vacuum substrate:

F=kiS= (47r ~11m)2' (2(1111)2)
_ 1 (1m)?
<16w2-(1m)2>'<2 c >

~ 15 (7)

T 16me \«w
This expression represents the microscopic, fundamen-
tal elastic force intrinsic to the vacuum. To connect
this to the macroscopic world, we recall the expression

for the gravitational constant G derived previously in
Sectionm

(229)

1
167c

Comparing the fundamental force F (229) with the
gravitational constant G (230), we uncover a direct
and strikingly simple relationship:

o= )

(230)

(231)




D. Physical Interpretation: Gravity as the
Wallis Product of Vacuum Modes

The identity in Eq. (231) reveals the deepest na-
ture of gravity within this framework. The numerical
factor m/2 is not an arbitrary constant, but a well-
known mathematical result with profound connections
to quantum physics: the Wallis Product.

g, - (2 (A (s,
2 714712—1_ 1-3 3.5 5.7/ 77

(232)

Geometric factor as a modal product: the inevitability

of m/2

1. The Physical Basis: A Network of Quantum
Oscillators Assume that the vacuum substrate is
a network of quantum harmonic oscillators (QHO),
each corresponding to a mode n with characteristic
frequency w, = nwp. The global geometric factor that
rescales the gravitational constant G must therefore
emerge from the combined contribution of all these
modes.

We assume that each mode n contributes to the
total geometric factor through a dimensionless term
gn. If the modal contributions are independent or
multiplicative (as in partition functions or Gaussian
determinants), the total factor is given by the infinite
product:

oo
I = Hgn.
n=1

2. The Geometric Contribution of a Single Mode
The form of g, must reflect the physics of the os-
cillator. In a dynamical system, equilibrium con-
stants typically arise from a balance between ez-
citation (self-interaction of the mode) and restora-
tion (anchoring of the mode to the network). For
the 2n-th harmonic, the intensity of self-interaction
scales as (2n)? (two creation/annihilation operators
in a quadratic transition), while the most immediate
restoration comes from its neighbors 2n + 1. Thus,

Excitation (2n)? 4n?

9 = Restoration (2n—1)(2n+1) T m2-1

This is not ad hoc: it is the natural ratio between
the “weight” of the mode itself and the minimum “an-
choring” imposed by its nearest neighbors in the modal
ladder.

8. The Collective Result: the Wallis Product The
collective geometric factor is then

o0
4n?

4n2 —1°
n=1

T =

This infinite product is exactly the Wallis product, and
it converges to

m
r = —-.
2
Therefore, the geometric scaling that links the funda-
mental elastic force of the substrate to the gravita-

tional constant G is uniquely fixed, without additional
freedom, by the completeness of the modal summation.
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Formal justification (mathematical and quantum, in
two steps)

(i) Mathematical—Euler’s sine product). The clas-
sical Euler identity

i 2
. x
sinx = xll(l—ﬁ)
T™4n
n=1

implies, upon evaluation at x = 7/2, that

2 - 1 ST 4n? ™
- 1-— L
x Hl( 4n2) — = 73

n=1

Thus, closing the product over the entire modal ladder
n =1,2,... inevitably enforces the 7/2 factor.

(#) Quantum—DModal determinant in the QHO). In
the path integral formalism, the propagator of the
one—dimensional harmonic oscillator reads

e exp| = Sa (s, zs; T) |,

Rlen T 00 =\ [ smih sin(t) |k

where the prefactor [sin(wT)] /2 arises from the in-

finite product over Fourier modes (Gaussian deter-
minant) and is evaluated using Euler’s sine product.
For a natural “quadrature shift” of the modal cell,
wT = 7/2, one obtains

1 1 2 T 4n? ™
Hl(l 4n2) r 1_[14712—1 2
That is, upon performing the complete modal decom-
position in the standard formalism, the Wallis factor
appears inevitably.

Conclusion The factor 7/2 is not a numerical
coincidence nor an empirical fit: it is the statistical
stgnature of coherently summing the entire ladder of
oscillatory modes of the quantum-—elastic substrate.
Consequently, the constant of gravitation G is is the
macroscopic measure of the vacuum’s fundamental
elastic force, scaled by the mormalized, collective con-
tribution of the infinite ladder of quantum oscillatory
modes of the substrate.

This final result has two transformative implica-
tions:

1. Gravity as Quantum Vacuum Pressure:
The connection solidifies the interpretation of
gravity as a phenomenon emergent from the
quantum vacuum, analogous to the Casimir ef-
fect. The value of G is a direct measure of the
"pressure” exerted by the vacuum’s zero-point
fluctuations. Its weakness is a consequence of
the specific geometric and elastic properties of
the substrate.

2. Gravity as an Entropic/Informational
Constant: Because the Wallis product is a sum
over all possible modes (n = 1,...,00), the
value of G is determined by the total number of
degrees of freedom of the spacetime substrate.
This aligns perfectly with the paradigm of en-
tropic gravity, where gravity is not a force but
a statistical manifestation of information. The
constant G ceases to be a simple coupling con-
stant and becomes a measure of the information
capacity of the vacuum itself.



In conclusion, this framework establishes that the
gravitational constant is the macroscopic manifesta-
tion of the vacuum’s collective oscillatory structure.
The Wallis factor ensures the unique consistency of
the modal summation, thereby unifying the geomet-
ric, elastic, and quantum aspects of the substrate in a
single, inevitable identity.

XXVII. THE COSMOLOGICAL
CONSTANT AS AN EMERGENT
PROPERTY OF THE QUANTUM VACUUM

In this section, we derive the origin and magnitude
of the cosmological constant, A, from the first princi-
ples of Quantum-Elastic Geometry. We demonstrate
that A is not a fundamental parameter to be added
to the action, but is instead an inevitable consequence
of the granular, oscillatory structure of the spacetime
substrate. By modeling the vacuum as a network of
quantum harmonic oscillators, we show that the col-
lective zero-point energy of these modes, regularized
by the substrate’s own fundamental scale, gives rise
to a vacuum energy density that, in the macroscopic
limit, is identified with the observed cosmological con-
stant. This result elevates A from a persistent puzzle
to a core prediction of the theory.

A. The Substrate as a Quantum Oscillator
Network and its Zero-Point Energy

The foundational postulate of QEG is that space-
time is a physical, elastic medium quantized as a lat-
tice of oscillators. Each normal mode of this lattice,

indexed by its wavevector k, behaves as an indepen-
dent quantum harmonic oscillator (QHO). As estab-
lished by the universal principles of quantum mechan-
ics, any such oscillator possesses an irreducible ground-
state energy, or zero-point energy, given by:

Ehk:%M% (233)

As already derived in Sectioan_V[, the measured energy
density (pvac) is a macroscopic, cosmological observ-
able. It reflects the net effect of an immense number
of uncoordinated vacuum oscillators, with their phases
and spatial orientations being statistically random. At
the macroscopic level, statistical isotropy enforces a
coarse-grained average over random phases, entirely
analogous to the emergence of g, = (Gv). The ob-
servable energy density is therefore

2w
1 Emodal he
= — Limodal d0 = = XV
Peft = o /0 odal 2m 27 - 1m?

B. From Microscopic Energy to Macroscopic
Curvature: The Emergence of A

The coarse-graining of the high-frequency quantum
fluctuations of the substrate field G, leads to an effec-
tive low-energy theory for the macroscopic metric gu.,
which takes the form of the Einstein-Hilbert action. In
this emergent framework, the microscopic vacuum en-
ergy density pvac acts as a persistent, isotropic source
term for the macroscopic geometry. The standard re-
lationship from General Relativity,

81
A= Tpvac

; (234)
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is reinterpreted in QEG not as a definition, but as
a consistency condition that connects the microscopic
physics of the vacuum to the large-scale curvature it
generates. By substituting our derived expression for
pvac (Eq. into this condition, we obtain a first-
principles prediction for the cosmological constant:

_87rG( he )_ 4-Gh

A= 2
27 -1 m4 (235)

c? c-1m#

C. Synthesis with the Planck Scale and
Physical Interpretation

This result reveals a spectacular connection to the
fundamental scale of quantum gravity. By using the

definition of the Planck length, lf, = %, we can rewrite

Eq. 235 as:

2
A:ﬂ — A:4M
c-1m*

(236)

Mechanical Interpretation: A as Vacuum Kinetic
Pressure and Torsional Inertia

The expression for the cosmological constant in Eq.
allows for a profound physical interpretation in
mechanical terms, further grounding the properties
of spacetime in the tangible dynamics of the QEG
substrate. This interpretation can be viewed from two
complementary perspectives, linear and rotational.

a. Kinetic Momentum Interpretation. Within
the QEG framework, where velocity is dimensionless,
the quantity pp; = I, - ¢ can be identified as the funda-
mental Planck momentum. It represents the momen-
tum of the most primordial quantum fluctuation: a
Planck-scale excitation propagating at the maximum
causal speed. With this identification, Eq. be-

comes:

2
Ppi

A=dgh

(237)

Given that the square of momentum (p?) is directly
related to kinetic energy, this expression reveals that
the cosmological constant can be understood as the
density of kinetic pressure exerted by the zero-point
fluctuations of the vacuum. The accelerated expansion
of the universe is thus reinterpreted not as the effect
of a mysterious ”dark energy,” but as the macroscopic
manifestation of the incessant kinetic impulse of the
spacetime substrate’s own fundamental quantum
vibrations.

b. Torsional Inertia  Interpretation. Alterna-
tively, the term (I, - ¢)? has dimensions of [L?], which
is dimensionally equivalent to the moment of inertia
per unit mass (I/m ~ r?). We can therefore identify
this term with the fundamental rotational inertia of a
primordial cell of the vacuum substrate. The formula
for A then acquires a new meaning:

Ifund /mfund

A=d (1 m)*

(238)

From this perspective, the cosmological constant mea-
sures the density of the vacuum’s torsional inertia. It
reflects spacetime’s intrinsic resistance to rotational
or shear-like deformations. This view powerfully
connects the cosmic expansion to the torsional and



shear modes of the spatial substrate itself (encoded
within G;;), suggesting that the universe’s expansion
could be the result of the substrate ”unwinding” a
primordial torsional stress, governed by its intrinsic
inertia.

These two interpretations—linear momentum and
rotational inertia—are complementary facets of the
same underlying mechanical reality. They solidify the
view of spacetime as a dynamic, physical medium,
whose fundamental properties dictate the large-scale
evolution of the cosmos.

D. Consistency with Geometric and
Thermo-Entropic Structures

The QEG prediction for A, derived from quantum
principles, must be consistent with the well-established
geometric and thermodynamic roles it plays in physics.
This subsection demonstrates this perfect correspon-
dence.

From Planck Momentum to Spacetime Curvature:
The Microscopic Origin of Vacuum Energy in
General Relativity

The standard framework of General Relativity
(GR) accommodates the observed cosmic acceleration
by introducing the cosmological constant, A, which
is interpreted as the energy density of the vacuum
itself. In this subsection, we demonstrate that the
phenomenological description of vacuum energy
in GR is a direct macroscopic consequence of the
fundamental principles of QEG, originating from the
primordial momentum of the substrate’s quantum
fluctuations.

In GR, the energy content of the vacuum is de-
scribed by an effective energy-momentum tensor of a
perfect fluid:

Tlic = (pvac + pvao)uuuu + PvacGuv (239)
For this tensor to be Lorentz invariant, as the
vacuum must be, it requires that the pressure be

exactly pvac = —pvac. This leads to the well-known
form T,;7° = pvacgur, and the consistency condition

pvac = Ac?/(87G). While GR requires this negative
pressure, it does not explain its physical origin.

QEG provides this missing physical foundation.
We have derived the cosmological constant from the
first principles of the quantum-elastic substrate (Eq.
236)):

4(lp - 0)* 4p129l

A= Wmt T Ty

(240)

where we have identified p,; = [, - ¢ as the fundamental
Planck momentum. By substituting this result into the
GR consistency condition, we obtain a first-principles
expression for the vacuum energy density:

AP 4p3 _ poc’
817G~ &G \ (1m)* ) 27G- (1 m)4
(241)
This equation is a powerful bridge between the micro
and macro worlds. It dictates that the vacuum energy
density is determined by the kinetic pressure of the
substrate’s most fundamental quantum fluctuations.

Pvac =
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This perspective provides a direct physical origin
for the mysterious negative pressure. The kinetic
pressure exerted by the zero-point fluctuations is
inherently isotropic—it pushes outwards in all di-
rections. In an expanding spacetime, a pressure
that pushes outwards does negative work on its
surroundings (dW = —pdV), which is the defin-
ing characteristic of negative pressure. Therefore,
the enigmatic negative pressure of dark energy is
reinterpreted in QEG as the natural and inevitable
consequence of the kinetic pressure of the vacuum’s
quantum vibrations.

This result provides the concrete microscopic
mechanism for the emergent gravity paradigm, as
hinted at by Jacobson and Verlinde [I0, II]. Their
frameworks posit that gravity emerges from under-
lying thermodynamic and entropic principles. QEG
provides the physical substrate for these ideas: the
vacuum is a network of quantum oscillators whose
collective kinetic and inertial properties manifest
simultaneously as the thermodynamics of the vacuum
(entropy and temperature) and as its gravitational
effect (spacetime curvature via A).

Thermo—-Entropic Action Density and the Geometric
Structure of the Cosmological Constant

Substituting A = 2 Tz from (XIIB|) and G = ﬁ
from (134) in Eq. [235] we arrive at:

1
A= P — (242)

Recalling that the thermo-entropic modal action was
shown to be Sin, = %, we see that

_ St
47 - 1m*

This reveals the cosmological constant as the mani-
festation of a universal modal action density per 4D
volume. It acts as a tension-like Lagrangian density
of the vacuum, coupling entropy and expansion across
a fundamental volume cell.

This relationship can be further illuminated by
rewriting it to explicitly reveal its constitutive

components:
1 Stn
A=(——)-
(47T-1m> (1m3)

This formulation is particularly powerful as it pro-
vides a direct mechanical origin for the cosmological
constant. The first term is precisely the Geometric
Stiffness Modulus of the substrate, derived from the
3D Laplacian Green’s function, which quantifies the
vacuum'’s intrinsic elastic resistance to deformation.
The second term represents the Thermo-Entropic Ac-
tion Density per unit volume, the measure of the sub-
strate’s minimal, dissipative quantum action. Thus,
the cosmological constant is revealed to be the prod-
uct of the vacuum’s fundamental stiffness and its base-
line entropic action density. This recasts A not as an
abstract energy value, but as the intrinsic elastic ten-
sion of the spacetime substrate, generated in response
to its own fundamental thermodynamic state. This
perfectly unifies the geometric, thermodynamic, and
quantum aspects of the vacuum within a single, coher-
ent mechanical framework.

(243)



Interpretation as Geometric Surface Tension

Indeed, note that setting r = ¢® - 1 m situates A as
an effective curvature density, with 47r? = 4wc® -1 m?
representing the ”surface” of an expanding spherical
volume. Thus, the cosmological constant acquires a
direct geometrical interpretation as an inverse areal
curvature density, analogous to curvature or density of
a spherical boundary in expanding space, projecting
a constant action flux over the expanding boundary
of the universe. From this viewpoint, A is not a
bulk energy density but a quantized surface effect—a
geometric relic of the thermo-entropic elasticity of the
vacuum.

This form provides a physical interpretation in
which the large-scale expansion of the universe is
driven by a steady energy flow that distributes itself
over the expanding boundary, dynamically adjusting
the effective curvature density as the volume of the
universe grows. This interpretation not only aligns
with the curvature requirements of an accelerating
universe but also positions A as a fundamental
invariant describing how the vacuum tension dis-
tributes minimal action quanta across areal elements,
reinforcing the idea that the cosmological constant is,
in essence, the vacuum’s curvature Lagrangian.

The Inevitable Gauge-like Structure of the
Thermo-FEntropic Field

The principles of QEG demand that every mode
of the unified substrate G,., be described by a self-
consistent, covariant field theory. Having identified
the scalar (Goo) and vector (Go;) modes with gravity
and electromagnetism, the remaining degrees of
freedom within the spatial tensor G;;—which we have
identified as the thermo-entropic field—must also
adhere to these principles.

For a massless or very light field emerging in the
low-energy limit, the principles of Lorentz covariance
and locality uniquely constrain the form of its kinetic
action. The most general, non-trivial Lagrangian at
the two-derivative level must be quadratic in a field-
strength tensor derived from an underlying potential.
This is not an analogy, but a structural necessity for
any fundamental interaction. Therefore, the dynamics
of the thermo-entropic sector must be describable by

an effective field strength tensor, ]—"l(EE), constructed
from the underlying modes of the substrate:

FS = 09,650 — 9,6 (244)

where gﬁ“ represents the effective potential of the
thermo-entropic modes. The corresponding La-
grangian density for this sector is thus structurally
fixed to the canonical form:

b

]:(ICJ"E)]:(GE)MV
dkgp™ *

LcE = (245)

where kgg is the modal stiffness constant for the
thermo-entropic sector.

The total energy density of the vacuum, pyac, is
the sum of the zero-point energies of all substrate
modes. The cosmological constant, as the macroscopic
manifestation of this energy, is therefore the vacuum
expectation value of the sum of the Lagrangians of all
field modes, A = (3. £;). In a vacuum dominated
by the thermo-entropic fluctuations, this simplifies to
A=~ <£GE>-
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This provides a profound meaning to our derived
result reflected in Eq. 23] and Eq. @

RY
Ad. hG :4(lp c)
c-1m* 1 m4

The equations reflect precisely the canonical form of
Eq. g;yll ;]7 and validates them as a fundamental
result derived from the vacuum’s zero-point energy,
which—when formalized into a consistent field the-
ory—necessarily adopts the canonical normalization of
a gauge-like structure. The correspondence is a pow-
erful confirmation of the theory’s internal consistency.

(246)

Gravity as an Emergent Thermodynamic Action

The reduction of the Einstein-Hilbert action in a
vacuum-dominated universe to the form (220))

4 4

- _¢ oty — ¢ Ep
SEwaﬂ_G/ZLA\/ gd'z yPre AV/—gd'x
(247)

reveals a profound identity when combined with our
identification of the cosmological constant A as the ef-
fective Lagrangian density of the thermo-entropic field,
A = (Lgg). Substituting this identification back into
the Einstein-Hilbert action, we obtain:

4

C
SEH = G (248)

/ (Lee)v/—gd'z

This result has fundamental implications for the na-
ture of gravity. It demonstrates that the FEinstein-
Hilbert action is, up to a prefactor, identical to the
effective action of the thermo-entropic field. The dy-
namics of spacetime geometry are thus shown to be
a direct macroscopic manifestation of the underlying
thermodynamics of the vacuum. This provides a con-
crete physical basis for the emergent gravity paradigm,
realizing the vision hinted at by Jacobson and Ver-
linde [I0] [1I]. The principle of least action for ge-
ometry (6Sgm = 0) is reinterpreted as a principle of

extremal entropic action, and the prefactor % be-
comes the fundamental conversion factor between the
two descriptions.

E. Derivation of the Planck Length from the
First Principles of QEG

The network of constitutive identities developed
within the QEG framework not only predicts cosmo-
logical constants but also allows for the derivation of
nature’s most fundamental scales from its primordial
principles. In this subsection, we demonstrate how
the Planck length, [,—the minimal granularity of
spacetime—emerges as a direct consequence of the
substrate’s quantum-elastic properties.

We begin with the
Planck length:

standard definition of the

Gh
2
Within QEG, G and & are not independent, funda-
mental constants but are instead emergent properties
of the substrate. Using the identities derived in previ-
ous sections:



e The gravitational constant, as a manifestation of

the vacuum’s elasticity (Sec. [XIXE): G = Tlm;'

e The quantum of action, as the minimal defor-
mation area of the electromagnetic mode (Sec.

2
149): h= L3,

We substitute these QEG identities into the definition
of the Planck length:

l2— (ﬁ) (ICTZ) 1m2

P c3 16mc8

(250)

Taking the square root, we obtain the Planck length
expressed purely in terms of the speed of light and the
fiducial meter Iﬁm scale:

1m

l =
P ay/met

We can rewrite this expression to reveal its profound
structure by using the identity A = (1 m)?/c*:

(251)

h 1
b= A am l”_(47r.1m)'h'ﬁ
(252)

Physical Interpretation: The Granularity of
Spacetime as a Quantum Deformation

Equation (252) is one of the most powerful vali-
dations of the QEG framework. It reveals that the
Planck length is not an axiom but a derived theorem.
Its structure can be decomposed into three elements,
each with a clear physical meaning:

1. The Geometric Stiffness (;——): This
term represents the intrinsic elastic resistance of
the substrate to being deformed. The 1/(4w)
factor is the unmistakable signature of the
Laplacian operator in three dimensions, which
governs all static responses of the medium.

2. The Quantum of Action (h): This is the
primordial source of the scale, representing the
minimal deformation or geometric ”excitation”
that the substrate can support.

3. The Quantum Normalization Factor (1/7):
This is not an arbitrary factor but the math-
ematical fingerprint of the substrate’s nature
as a network of quantum harmonic oscillators
(QHOs). Its origin lies in the Gaussian inte-

gml(f e~ dr = \/7), which is the foundation
for normalizing quantum vacuum states and for
calculating the path integrals that describe their
dynamics. It also emerges from the fundamental
value of the Gamma function at T'(1/2) = \/,
which quantifies the geometric factor of a pri-
mordial quantum excitation.

Therefore, Equation is interpreted as follows:
the smallest possible length in nature (Ip) is the
deformation gemerated by the primordial quantum of
action (h), scaled by the elastic stiffness of spacetime
and normalized by the intrinsic geometric factor of its
own quantum fluctuations.
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Consistency with the Foundational Hookean Struc-
ture. This result is in perfect agreement with the
foundational Hookean structure of the theory, which
posits that any fundamental deformation (x) arises
from the product of the substrate’s stiffness (k) and
the driving source action (Ssource). In this context,
the Planck length (I,) represents the minimal possible
deformation of the substrate. Our derived expression
(Eq. precisely matches this constitutive law:

1
I, = (7) . n . v
P 4m-1m ~~ ~~
N———" Effective Source S Geometric factor
Stiffness (k)

(253)
Here, the stiffness of the substrate is its geometric
modulus (k), while the driving term is the fundamen-
tal quantum of action (%), modulated by a dimension-
less geometric factor (y/m) arising from the vacuum’s
quantum nature. Thus, the Planck length emerges not
only from kinematic identities but also as the direct re-
sult of the substrate’s fundamental elastic response, so-
lidifying the deep mechanical consistency of the QEG
framework.

XXVIII. THE SCALE-DEPENDENT
GRAVITATIONAL COUPLING AND THE
RESOLUTION OF COSMOLOGICAL
TENSIONS

The QEG framework predicts that gravity is not
characterized by a single universal constant, but ex-
hibits distinct responses depending on the geomet-
ric distribution of the source energy and the self-
interactions involved. This behavior is an inevitable
consequence of the duality of self-energy (Sec. [IX]). As
we show in this section, this duality provides a first-
principles, parameter-free explanation for the Hub-
ble tension, and naturally extends to the dark sector,
structure growth, and gravitational lensing anomalies.

A. The Two Asymptotic States of Gravity

As a direct consequence of the duality of self-energy
(Sec. [IX)), the QEG framework inevitably predicts that
the effective gravitational coupling is not a universal
constant, but depends on the geometric distribution
of the source energy. We can derive the two expected
asymptotic values for this coupling by examining the
universal geometric factors that arise from integrating
over two distinct idealized source geometries:

1. A Volume-Dominant, Self-Interacting Ge-
ometry: This regime corresponds to localized,
clumpy structures where energy density fills a
volume. The standard calculation for the total
self-energy of such a spherical distribution uni-
versally yields a geometric prefactor of 3/5.

2. A Surface-Dominant, Quasi-Linear Ge-
ometry: This regime corresponds to the large-
scale, homogeneous universe where strong non-
linearities are averaged out. The energy is effec-
tively treated as residing on a boundary, anal-
ogous to the charge on a spherical conductor.
This calculation universally yields a geometric
prefactor of 1/2.

These purely geometric factors allow us to define two
distinct gravitational couplings as a direct application
of Sec. ﬁ



e Local Coupling (Gioc): The volume-
dominant case is identified with the local,
strongly self-interacting compressive channel
(Goo), where the total work of formation (Ugion)
is the relevant energy. It is identified with the
standard Newtonian constant G :

Gloc = § 4meq

- (254)

e Global Coupling (Ggiob): The surface-
dominant case is identified with the global,
quasi-linear volumetric channel (Tr(G;;)). This
fits with the homogeneous regime of the cosmos,
where non-linearities are averaged out and only
the external field energy (Uloc) is relevant. Its
value is:

1
Gglob = 5 4meo = 2meo (255)

Crucially, these two values are not free parameters
adjusted to fit data. They are parameter-free pre-
dictions derived uniquely from the universal geome-
try of the substrate’s elastic response. The fact that
these values, when inserted into the Friedmann equa-
tions, precisely resolve the Hubble tension (as shown
in the next subsection) provides powerful, non-trivial
evidence for the theory’s central claim: that gravity is
fundamentally geometric in nature.

B. A Parameter-Free Resolution of the
Hubble Tension

The first Friedmann equation [60] [61] [62] is given
by:

= —5  Pvac + —, (256)

(9)2 871G ket A
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a

This equation relates the rate of expansion (the Hub-
ble parameter, H = a/a) to the energy density of the
universe. Assuming a nearly flat universe (k & 0), the
Hubble parameter can be calculated as

8 G Ac?
H2 = ——F—— Pvac =
g Pt 3

Substituting with the classical expression for A (234),
we have that

87 G Ac?

3 pVac + 3 —
87 (3 8WGPZ%CQ
Ty Pee T T3
9 (% Vac) _ 167w G

3 3

H? =

Pvac (257)

Substituting G1oc and Gaiob into the Friedmann equa-
tion yields two distinct predictions for the Hubble con-
stant:

e Local Hubble constant (HoLoc):

1 ocC
Ho,Loc = 4/ %pvac ~ 73.17km/s/Mpc, (258)

in excellent agreement with the SHOES value of
73.0 £ 1.0 km/s/Mpc [63].
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e Global Hubble constant (Ho,giob):

1 o
%pm ~ 66.81 km/s/Mpc,

(259)
in excellent agreement with the Planck 2018 re-
sult of 67.4 + 0.5 km/s/Mpc [64].

Ho,glob =

The Hubble tension is thus reinterpreted not as a
conflict, but as observational evidence of a dual grav-
itational response. The early Universe probes the
global, weakly-coupled channel, while late-time obser-
vations probe the local, strongly self-interacting one.

C. The Dynamical Transition Mechanism:
From Bare to Dressed Gravity

The existence of two asymptotic values for the
gravitational coupling suggests a dynamical interpo-
lation between the two regimes. Within QEG, this
transition is not a postulate but a direct consequence
of the ”dressing” of the bare gravitational interaction
by the dynamics of the thermo-entropic field.

As established in Sec. the bare, static re-
sponse of the geometro-elastic substrate is governed
by the Laplacian operator, corresponding to a prop-
agator of the form 1/k? in momentum space. This
describes the fundamental, unscreened interaction.
However, the substrate is not merely elastic but
also dissipative, with its dynamics governed by the
thermo-entropic field (Sec. .

In the quasi-static cosmological limit, this field’s
dynamics become diffusive, introducing a characteris-
tic physical scale, A, related to the substrate’s stiffness
x and viscosity (. This dynamic screening mechanism
modifies, or ”dresses”, the bare gravitational propa-
gator. The resulting effective gravitational coupling,
Ger(k), must therefore interpolate between the two
asymptotic states. The general mathematical form for
such a screened interaction, which transitions from a
global, unscreened value at large scales (k — 0) to a
local, bare value at short scales (k — 00), is given by:

kX)?
Gegt(k) = Gaiob + (GLoc — Gaiob) (k)

— (2
Tz (260
which can be rearranged to
GGlob - GLOC 1
e k) = oc 1 5
Gerr (k) GL + Groe 1T (h0)2
(261)

where )\ is the transition scale set by the substrate’s
stiffness x and viscosity (. This form ensures

lim Gcff(k) = GLOC;

lim Geg (k) = Gaiob.

k—oo k—0

Eq. is not a phenomenological ansatz, but the
expected functional form for a dressed coupling
constant in a theory with a diffusive screening scale.
The running of G with scale is thus a dynamically
inevitable consequence of the interplay between
the substrate’s fundamental elastic (Laplacian) re-
sponse and its dissipative (thermo-entropic) dynamics.

a. Phenomenological Model for Observational
Tests. To connect this theoretical prediction with
cosmological observables, we need a phenomenological
model for the evolution of Geg as a function of



redshift, z. A logistic function provides a simple and
flexible parameterization for such a smooth transition:

GLoc — GGIob)

GeH(Z) = Galob + (m

(262)

While the parameters z. (transition redshift) and
a (transition rate) are treated as free parameters
when fitting to cosmological data, our theory predicts
that they are not fundamental. They are effective
parameters that, in principle, can be derived from
the substrate’s properties (k,(). Specifically, the
transition redshift z. would correspond to the epoch
where the mean density of the universe dropped below
a critical threshold related to the substrate’s intrinsic
stiffness, while the rate o would be governed by its
viscosity .

This model provides a concrete framework for
testing the theory against a suite of cosmological
data (SN Ia, BAO, RSD). A successful, consistent fit
for z. and « across multiple probes would provide
compelling evidence for the dynamical transition
predicted by QEG, offering a clear path to either
validate or falsify the framework.

D. Observational Consequences

This framework makes several testable predictions:

e Redshift evolution: H(z) must interpolate
smoothly between Hgion ~ 67 km/s/Mpc at
high z and Hroc ~ 73 km/s/Mpc at low z.

e Structure formation: Growth rates differ de-
pending on whether Ggiob or Groc dominates,
offering an explanation for the Sg tension.

e Gravitational lensing: Weak lensing (Mpc
scales) should systematically underestimate
masses if analyzed with Gproc, by a factor ~
GGlob/GLoc =~ 0.83.

e Gravitational waves: Propagation is gov-
erned by the tensorial channel (X;;), which re-
mains consistent with LIGO/Virgo observations
since the radiative sector is not altered by the
scalar /tensorial decomposition of static gravity.

E. Consistency with Gravitational Wave
Observations

A potential concern with scale-dependent gravity
is consistency with gravitational-wave constraints. In
the present framework, this consistency emerges as a
natural consequence of the modal decomposition of
the substrate. Gravitational waves are sourced by the
traceless shear modes of G;; and propagate as high-
frequency excitations on a background set by Geg.
Since the scale-dependent interpolation is governed
by the isotropic thermo-entropic (trace) channel, it
renormalizes the background coupling G without al-
tering the hyperbolic, radiative tensor sector. There-
fore, the speed and dispersion of gravitational waves
remain unchanged to leading order, in agreement with
LIGO/Virgo observations, while cosmological probes
remain sensitive to the running of Geg.

F. Theoretical Context and Consistency

This proposal does not modify Einstein’s equations,
but the effective coupling between geometry and mat-
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ter. In the local, non-linear regime, General Relativ-
ity with Groc is recovered. In the global, quasi-linear
regime, averaging over large volumes renormalizes the
coupling to Ggiob. Friedmann equations thus remain
valid, but with a scale-dependent Geg(z).

G. Implications for the Dark Sector

The scale-dependent nature of gravity reframes the
interpretation of the dark sector. The fundamental
quantity driving cosmic acceleration is the geometric
invariant A. The effective vacuum energy density that
would be inferred by an observer assuming a constant
G is given by:

Ac?
81
while the real effective value would be

Ac?
8mGer(2)

Pinferred =

Pvac =

This has two profound consequences:

e Dark energy: The accelerated expansion is
driven by the geometric invariant A, not by an
ad hoc fluid. The “dark energy” of ACDM is an
artifact of assuming a constant G.

e Dark matter: The discrepancy arises from
interpreting local dynamics within the global
cosmological contert provided by the ACDM
model. The ACDM framework is calibrated on
the largest scales (e.g., the CMB), implicitly em-
bedding the weaker global coupling, Ggiopb, into
its predictions for cosmic structure and mass
content. However, the actual gravitational dy-
namics within a local system (e.g., a galaxy) are
governed by the stronger local coupling, Giec.
An observer comparing the observed strong lo-
cal gravity to the mass content predicted by the
Gglob-based model will find a significant gravita-
tional deficit, which is then attributed to ” miss-
ing mass” (dark matter). Therefore, a substan-
tial fraction of the inferred dark matter may
be an artifact of applying a global gravitational
framework to a local regime where gravity is in-
trinsically stronger.

H. A Unified Framework for Other
Cosmological Tensions

Finally, the dual couplings Gro. and Gaiob explain
other major tensions:

e Structure growth (Ss tension): Since
Gaiob/GLoc = 0.83, the true growth rate is sup-
pressed relative to ACDM predictions, explain-
ing why LSS surveys infer lower Sg values than
the CMB.

e Gravitational lensing anomalies: Strong
lensing (local regime) agrees with Groc, while
weak lensing (large-scale regime) reflects Gaiob.-
This dichotomy predicts a ~ 17% systematic
mass underestimate in weak lensing analyses,
matching observed discrepancies.

In summary, the scale-dependent gravitational cou-
pling derived from QEG provides a single, parameter-
free mechanism that resolves the Hubble tension, the
Sg tension, and anomalies in lensing, while simultane-
ously reinterpreting the dark sector.



I. Derivation of the MOND Acceleration
from First Principles

The phenomenological success of Modified Newto-
nian Dynamics (MOND) is centered on a fundamental

acceleration scale, ag ~ 1.2 x 107'° m/s®>. Within the
QEG framework, we demonstrate that this is not an
ad-hoc parameter, but an emergent property of the
dissipative, elastic vacuum.

We identify ao as the critical threshold where
the vacuum’s response to deformation transitions
from being purely coherent and elastic (the regime
of Newtonian gravity) to being dominated by in-
coherent, dissipative dynamics (the regime of the
thermo-entropic field). At this precise transition
point, we invoke a principle of equipartition: the
substrate’s capacity to respond to the deformation is
equally partitioned between the elastic and dissipative
channels.

Consequently, the effective stiffness, keg, avail-
able to sustain the coherent deformation is exactl
half of the total geometric stiffness derived in SeC.F@,
At the fiducial scale (r = 1m), this effective stiffness
is:

1 1
ke = —ks ucial = 3
ff 2 fid 1 2 (

1 1
47r-1m) T 8r-1m (263)

The fundamental acceleration scale is the rate at which
the substrate can dynamically sustain this effective
elastic tension, given by the product of this effective
stiffness and the characteristic velocity of the dissipa-
tive mode, ven = 1/¢ (Sec. :

1 1
a0 = Vtn - ket = —

— 264
c 8r-1m (6)

Numerically, this yields a value of ao ~

1.33 x 10710 m/sQ, which is in remarkable agree-
ment with the empirically determined MOND
parameter.

a. Physical Interpretation. This result provides
a first-principles origin for MOND. It suggests
that MOND-like behavior is a manifestation of the
vacuum’s thermo-entropic dynamics becoming co-
dominant with the elastic response. The constant ag
is the fundamental threshold of equipartition between
coherence and dissipation in the spacetime substrate.

J. Synthesis of Gravitational Modifications:
A Two-Level Framework

The QEG framework predicts two distinct mod-
ifications to standard gravity, which operate in
different regimes and resolve different observational
puzzles. Rather than being contradictory, they form a
complementary, two-level description of gravitational
phenomena.

a. Level 1: Scale-Dependent Coupling (Gioe vs.
Ggion ). As derived from the duality of self-energy
(Sec. [IX]), the effective gravitational coupling constant
itself depends on the scale and geometry of the
source distribution. This principle governs the overall
strength of gravity, explaining discrepancies between
the local universe (governed by the stronger Gioc)
and the global cosmological background (governed
by the weaker Ggiob). Its primary success is the
parameter-free resolution of large-scale cosmological
tensions, such as the Hubble and Ss tensions. This
framework sets the ”background” value of G for a
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given system.

b. Level 2:  Acceleration-Dependent Dynamics
(a0 and MOND). Within a local regime where the
coupling is already set to Gioc, a second modification
emerges. As derived in Sec. Sggl ] when the local
acceleration falls below the critical threshold ap—a
fundamental constant of the dissipative vacuum—the
dynamical response of the substrate transitions from
a purely elastic to a dissipative regime. This explains
the anomalous rotation curves of galaxies without
invoking dark matter.

c. Conclusion: A Unified Picture. There is no
conflict between these two effects. The MOND phe-
nomenology, governed by ao, describes a change in
the dynamical law at low accelerations inside a system
(like a galaxy) which is itself governed by the stronger
coupling constant Gioc = Gn. Together, they pro-
vide a complete, self-consistent picture of gravity from
galactic peripheries to the cosmic horizon, all emerging
from the same underlying physics of a quantum-elastic,
dissipative spacetime.

XXIX. FINAL VALIDATION: FROM
COVARIANT FORMALISM TO A
MINIMAL GENERATIVE MODEL

The culmination of the QEG framework is the syn-
thesis of all its derived relationships into a single, pre-
dictive mathematical object. This final validation pro-
ceeds in two stages. First, we present the complete,
covariant Unified Response Operator in its 10-
component (4x4) form, demonstrating that this rig-
orous formalism perfectly reproduces all the physical
laws and constants derived in this paper. Second, we
reveal that this complex structure is not fundamental,
but emerges from a remarkably simple Minimal Sub-
strate Model (a 3x3 matrix) based on first principles
of symmetry. This not only validates the theory’s in-
ternal consistency but also showcases its profound ad-
herence to the principle of parsimony.

A. Validation via Operator Synthesis: The
Unified Response Tensor

The culmination of the QEG framework is the
synthesis of all its derived relationships into a single,
predictive mathematical object. Following a rigorous
operator formalism, we can construct the Unified
Response Tensor, K,,, which dictates the sub-
strate’s complete elastic and dissipative response.
This provides the ultimate validation of the theory,
demonstrating that the entire structure of physical law
emerges from a minimal set of generative principles.

The total response is the linear superposition of an
elastic part and a dissipative part, K., = K + Kdis.
Each part is obtained by factorizing the problem into
its minimal components: a set of modal projectors
and a diagonal matrix of physical weights. This is
nothing but the modal restatement of the constitutive
law

Qi = kiSs, (265)

already established in Eq. (37).



1. The Modal Projectors

The foundation of the structure is a complete and
orthogonal set of projectors {II4} that decompose the
space of symmetric tensors into the physically relevant
subspaces. For QEG, these are:

e Ilpo: Projects onto the scalar, time-like compres-
sive mode (static gravity).

e Ilp;: Projects onto the vector, time-space tor-
sional modes (electromagnetism).

e II;: Projects onto the scalar, isotropic spatial
mode (thermo-entropics, trace of G;;).

® Ilghear: Projects onto the tensor, anisotropic
spatial mode (gravitational waves, traceless part
Of g”)
These projectors satisfy ZA T4 = Isym and IT4Ilp =
5ABHA-

2. The Unified Response Tensor

The effective stiffness for each mode is encoded by
applying a diagonal operator of “weights” in the basis
of these projectors.

a. The Elastic Response (K¢ ). The elastic part
is governed by the baseline inertial stiffness po and
the causal modulator c¢. The operator is constructed
by assigning the derived elastic stiffness to each modal

projector:
( M;) ‘ Htr)
c
—_——

Thermo-entropics (Compliant)

(266)
This operator correctly assigns the maximum stiff-
ness (o< ¢?) to the transverse EM mode and the

maximum compliance (ox ¢ 2) to the longitudinal
thermo-entropic mode.

Ko = (,uoc2 : HO'L) +

—_———

Electromagnetism (Stiff)

b. The Dissipative Response (Kga;s). The dissipa-
tive part is governed by the baseline stiffness po and
the universal damping coefficient . As derived, grav-
ity is a second-order dissipative phenomenon. There-
fore, its stiffness is assigned to the gravitational pro-
jectors:

Kais = (H0a2 'Hoo) + (MOOLQ 'Hshear) . (267)

Static Gravity Gravitational Waves

Strictly speaking, the dissipative operator is of tele-
graph type (hyperbolic—parabolic), but poa? captures
its static limit consistently.

c. The Total Response Operator. The complete
Unified Response Tensor is the sum of the elastic and
dissipative parts:

K,uu = (,LLOC2 IIo; + % Htr) + (,Uanz IIoo + ,Uanz Hshear)

(268)

8. Reproduction of Physical Equations and New
Predictions

This operator formalism reproduces all constitutive
relations derived in this paper. For any deformation
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state, represented by a vector |¢) in the space of sym-
metric tensors, the resulting physical interaction is
governed by the eigenvalue of the response operator:

Kuv ) = Al). (269)
e If |¢) lies in the subspace of Ily;, the operator
returns the electromagnetic stiffness: K, |¢) =

foc® ).

e If |¢) lies in the subspace of Ilgg, the opera-
tor returns the gravitational stiffness: K., |¢) =

poa® ().

e The same holds for thermo-entropic and shear-
gravitational modes, reproducing all the derived
values of G, K., and kp.

a. New Predictions. This formalism does not
yield new numerical constants, but it makes a pro-
found prediction: the structural uniqueness and
rigidity of physical law. It implies that there can
be only four fundamental types of long-range interac-
tion, corresponding to the four orthogonal projectors.
Their strengths are not independent but are rigidly
locked by the operator structure. This opens the door
to systematically calculating higher-order corrections
(mixing between projectors) and analyzing the run-
ning of the constants under the renormalization group.

B. The Underlying Simplicity: A Minimal
Generative Model

Having established the validity of the complete 10-
component operator, we now demonstrate that this
entire structure is not fundamental, but can be gen-
erated from a far simpler model based on first prin-
ciples of symmetry and parsimony. To analyze the
substrate’s response, we distinguish between the full
10-component unified tensor G,, and its purely spa-
tial deformation components. We define a Symmetric
State Tensor, S;j;, as the 3x3 matrix representation of
the spatial block G;;. This object is not an abstract
source, but represents the physical ”shape” of the spa-
tial deformation at a given point. Any such symmet-
ric tensor can be uniquely and irreducibly decomposed
into two fundamental modes:

e Isotropic (Radial) Modes: These phenom-
ena represent spherically symmetric, compres-
sive/decompressive deformations of the sub-
strate, like a ”breathing” motion. They have
no intrinsic directionality other than the radial
line from the source. This family includes Elec-
trostatics, Newtonian Gravity, and the dif-
fusive flow of the Thermo-Entropic Field.

e Anisotropic (Torsional/Circulatory)
Modes: These phenomena represent defor-
mations with an intrinsic directionality or
orientation, such as shear or rotation. This
family includes Magnetism, Gravitational
Waves, and other torsional effects like frame-
dragging.

This physical dichotomy is directly mapped to the
mathematical structure of the unified tensor, providing
a rigorous, non-arbitrary classification of all physical
law. The response modulator matrices (which we de-
note M. and M,) act upon these intrinsic modes of
the state tensor S to produce the observed hierarchy
of forces.



Derivation of the Minimal Modulator Matrices from
First Principles

We seek the simplest law for the response coef-
ficients consistent with the substrate’s fundamental
symmetries: homogeneity, isotropy, index-shift equiv-
ariance, and left /right separability (K;; = a;b;). As a
mathematical theorem, the only non-trivial form sat-
isfying these conditions is an exponential scaling law,
Kij o< /™" EI This rule is not a postulate but a de-
duction from symmetry, yielding two Dimensionless
Modulator Matrices:

1 ¢ 1 a o
M. = 11 e, Moy=|a?t 1 «a
2 et a? a7t 1

(270)

a. Dimensional consistency. The scales ¢ and «
within these matrices are treated as pure numbers. All
physical dimensions are carried by the baseline prefac-
tors.

The Constitutive Law: Superposition of Responses

The total response of the substrate to a symmet-
ric deformation state S is a linear superposition of
the elastic and dissipative channels, analogous to the
Kelvin-Voigt model. The observable field, Q, is gener-
ated by applying the Green’s operator, G, to the sum
of the internal source responses:

Q = G poSym(M. ® S) + noSym(M, @S)]
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where po is the dimensionless baseline elastic strer(lgth)7
no is the baseline dissipative strength, © is the
Hadamard product, and Sym[X] = (X + XT)
ensures a symmetric response. The operator G
represents the appropriate Green’s function for the

d’Alembertian, which in the static 3D limit becomes
the Laplacian kernel G(r) = 1/(4xr).

Additive Law vs. Multiplicative Couplings.

The constitutive law (Eq. is fundamentally ad-
ditive. However, when projected onto a single modal
subspace A, the effective scalar coupling k4 can be
factorized into a multiplicative form:

ka(w) = po ™4 |:1+AA(LU):|, o

This rigorously shows why the measured effective con-

stants (like G nooz2) appear as products, even
though the underlying operator law is a sum.

9 Lemma (Toeplitz—separable = exponential weights). Un-
der index-shift equivariance and left/right separability,
Kij = aibj with KiJrrrijrr = Ki]' implies Kl'j = const -
x 7~ for a constant x independent of i,j. Hence the co-
efficient masks are uniquely (up to normalization) of the
form y 7%,

Aaw) = gw) 22 (2)
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Recovery of Physical Constants and Predictions

This minimal formalism reproduces all static scales
as channel-dominated limits of the law. The
even-powered exponents (A = 0,42) correspond
to isotropic, radial, stable, long-range forces (EM,
Thermo-entropics, Gravity), while the odd-powered
exponents (A = =1) are correctly identified as
anisotropic, torsional, dynamical, short-range cou-
plings, such as the vacuum impedance Zy o poc:

e Electrostatics (K. o poc?): The strongest
static force, arising from the stiff pole (A = 2) of
the elastic channel acting on an isotropic state.

e Thermo-Entropics (kg uocfz): The weak-
est elastic force, from the compliant pole (A =
—2) of the elastic channel on an isotropic state.

e Gravity (G « moa?): A static force aris-
ing from the stable, second-order dissipative re-
sponse (A = 2) on an isotropic state. We unify

the framework by identifying 7o = po x o

e Magnetism (Zy = poc): A transient, dynamic
coupling arising from the first-order elastic re-
sponse (A = 1) on an anisotropic state.

It is crucial to distinguish between the physical state
of the substrate and the laws that govern it. The de-
formation itself is described by a tensor field, such as
the symmetric state S;;, which has a value at each
point in spacetime. The response matrices, M. and
M., are not tensors in this sense. They are opera-
tors that represent the substrate’s intrinsic constitu-
tive law. Their indices do not span spacetime coordi-
nates, but rather an abstract "modal space” that cap-
tures the different types of response (e.g., maximally
stiff, baseline, maximally compliant). The Hadamard
product (©®) is the mathematical tool that describes
how this abstract rulebook (the matrix) acts upon the
concrete physical state (the tensor) to determine the
outcome of an interaction. This formalism allows us
to separate the universal rules of the substrate from
its specific, local deformation.

C. Discussion: Two Formalisms, One Physics

This two-tiered validation opens a profound dis-
cussion. The 4x4 operator formalism provides the
complete, covariant description necessary to map in-
teractions to the geometry of spacetime. However, the
3x3 minimal model demonstrates that the underlying
”genetic code” of physical law is far simpler and is
rigidly constrained by symmetry.

AaThis suggests that the 4x4 formalism is the nec-

essary “phenotypic” expression of the underlying
” genotypic” simplicity of the 3x3 structure. The ques-
tion of which representation is more ”fundamental”
is a deep one. QEG suggests that the truest answer
lies in their synthesis: the universe operates on the
simplest possible principles (the 3x3 model), which
necessarily manifest in the complete covariant struc-
ture (the 4x4 operator) required by the geometry of
spacetime. This dual perspective provides a powerful,
self-consistent, and remarkably simple foundation for
a unified theory of physics.

As a final note, the Causal-Dissipative Equiva-
lence ¢ x a* reveals that the speed of
light is an emergent property determined by the
vacuum’s quantum friction. A universe with less
friction (v — 0) would have a faster speed of light



(¢ = 00). The existence of a finite cosmic speed limit
is a direct consequence of the fact that spacetime is a
dissipative medium. The value of « sets the value of
¢, unifying causality and quantum dissipation into a
single, profound principle. Therefore, the minimum
generative model could be simplified even more,
just to the simplest geometric tool (the Laplacian
operator V? = BB—; + %;2 + %) and the simplest
geometric dissipation dictated by symmetry, isotropy

. . — 1
and auto-interactions (a = ——5— T .

XXX. FINAL CONCLUSIONS

A. A Coherent and Predictive Framework
from First Principles

This work has introduced Quantum-Elastic Geom-
etry (QEG), a unified framework built upon a small
set of foundational axioms: the universe consists of
a single, unified substrate—spacetime itself—which
is described as a quantum, elastic, and dissipative
medium. From these physically-motivated first
principles, we have demonstrated that a remarkably
coherent and internally consistent picture of funda-
mental physics emerges.

The theory’s primary strength lies not in pre-
dicting constants ex nihilo, but in revealing the
inevitable network of relationships that constrains
them. By postulating a single, unified field G,., we
have shown that:

1. The Laws of Physics are Emergent: Gen-
eral Relativity and Electromagnetism are not in-
dependent theories, but the macroscopic mani-
festations of the compressive and torsional de-
formation modes of the substrate, respectively.
The theory further predicts a third, thermo-
entropic field from the substrate’s spatial modes,
providing a first-principles origin for irreversible
thermodynamics.

2. Fundamental Constants are Interdepen-
dent: Constants such as G, h, and « are not
arbitrary inputs, but are uniquely determined
by the substrate’s properties (stiffness x, dissi-
pation «) and by the stringent requirements of
internal consistency. The successful parameter-
free prediction of o and the resolution of cosmo-
logical tensions like the Hubble crisis serve as
powerful, non-trivial validations of the frame-
work.

3. Sources are Endogenous: Mass and charge
are not external entities that deform spacetime,
but are themselves specific, stable configurations
of deformed spacetime.

In summary, QEG presents a paradigm in which
the universe is not a collection of disparate laws and
constants, but a deeply interconnected system whose
entire structure is rigorously determined by the prop-
erties of a single underlying entity.

B. Correspondence with Formal
Gauge-Theoretic Frameworks

The physical principles of QEG find a profound
conceptual correspondence in the formal gauge theory
of Unified Gravity (UG) proposed by Partanen and
Tulkki [23]. While QEG proceeds from physical and
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geometric principles, UG arrives at a similar vision
from the mathematical rigor of gauge theory, success-
fully deriving a dimensionless gravitational coupling
and demonstrating one-loop renormalizability.

The correspondence is striking: QEG’s “modal
projections” of the G,, tensor can be seen as the
physical manifestation of UG’s distinct U(1) gauge
symmetries. Furthermore, UG provides a formal, first-
principles derivation of the stress-energy-momentum
tensor as the source for gravity, justifying the phys-
ical coupling at the heart of QEG. This suggests
that the UG formalism may provide the rigorous,
renormalizable quantum field theory for which the
QEG framework lays the physical and conceptual
foundation, lending significant theoretical support to
the idea that the principles and derivations of QEG
reflect a deep, symmetric structure of our universe.

C. Broader Implications: The Torsional
Substrate and the Cosmic Spin Anomaly

Beyond its ability to unify fields and constants,
the QEG framework offers a novel perspective on
outstanding observational puzzles that challenge the
standard cosmological model. One such puzzle is
the recently reported evidence for a large-scale spin
asymmetry in the universe, suggesting a preferred
axis or ”cosmic spin” [65] [66]. Such an observation,
if confirmed, would represent a profound violation of
the cosmological principle of isotropy and would be
difficult to reconcile with the ACDM model.

The QEG framework, however, not only accom-
modates this possibility but provides a natural
physical mechanism for it. The connection arises from
three of the theory’s core tenets:

1. Primordial Torsional Modes: The unified
field Gu. possesses torsional modes (G;;) as a
fundamental component of its structure. It is
therefore entirely plausible that the initial state
of the universe contained a net primordial an-
gular momentum, a coherent torsion embedded
within the substrate itself. The observed spin
asymmetry in galaxies could be a "fossil” of this
initial condition, a faint remnant of the space-
time fabric’s own intrinsic rotation.

2. Inertia of the Vacuum: As derived in Sec.
the cosmological constant itself can be
interpreted as the density of the vacuum’s ro-
tational inertia. A non-zero primordial spin is
a natural consequence of a substrate possessing
such an intrinsic property. The observed cosmic
axis would then correspond to the axis of this
primordial inertia.

3. Intrinsic Dissipation and the Fading
Anisotropy: The most elegant aspect of this
explanation lies in its consistency with the ex-
treme isotropy of the Cosmic Microwave Back-
ground (CMB). The QEG substrate is not only
elastic but also inherently dissipative, possessing
an intrinsic ” viscosity” (Sec. . This property
ensures that any primordial anisotropy, such as
a large-scale rotation, would be naturally and
inexorably damped over cosmic time.

This leads to a compelling narrative: the universe
may have been born with a significant spin, but the
dissipative nature of spacetime has smoothed out this
anisotropy over 13.8 billion years. What we would ob-
serve today is not a violently rotating cosmos, but a
nearly isotropic one, retaining only a ghostly, statis-
tically subtle residue of its primordial spin—precisely



what the observational anomaly suggests. Thus, the
potential discovery of a cosmic axis, far from being a
crisis for QEG, would stand as one of the most pow-
erful pieces of observational evidence for the torsional,
dissipative, and elastic nature of the spacetime sub-
strate itself.

D. A Final Word on the Structure of
Physical Law: The Pond and the Rulebook

At its core, the synthesis presented in this paper can
be understood through a simple yet powerful physical
analogy: the universe is a vast, dynamic medium—the
spacetime substrate—akin to the surface of a pond.
The laws of physics are not arbitrary rules imposed
upon this medium, but are the very description of its
intrinsic properties and how waves form and propagate
within it.

The Tensor as the State of the Pond.

The physical state of the universe at any point is de-
scribed by the deformation tensor, G,,,, or its simplified
form, the state tensor S;;. This tensor is the pond
itself. Its components describe the precise shape of
the water’s surface at every location: where there are
peaks, where there are troughs, how steep the slopes
are. It is a dynamic, living object—a geometric de-
scription of ”what is happening” in the substrate.

The Matrices as the Rulebook of Water.

The minimal response matrices, M. and M,, are
not part of the pond’s surface. They are the rulebook
that describes the fundamental properties of the ”wa-
ter”. They are not a tensor in spacetime, but an ab-
stract operator that answers questions like: How much
does this water resist being compressed? (Stiffness).
How quickly do waves die out? (Viscosity). This rule-
book is universal and the same everywhere. Its struc-
ture is not arbitrary but is a direct consequence of
fundamental symmetries, as we have shown.

e The Elastic Matrix (M.) is the chapter on the
water’s ”tension and density”. It catalogues the
different responses based on the causal speed,
c: the immense resistance to creating a static
peak (o ¢?), the impedance to a traveling wave
(x ¢), and the profound ease of a slow, global

tide (o ¢72).

e The Dissipative Matrix (M,) is the chap-
ter on the water’s ”viscosity”. It catalogues the
different ways the pond dissipates energy, gov-
erned by the damping coefficient, a.. It describes
the weak, second-order friction that governs the
most heavily suppressed phenomena, like grav-

ity (o< ?).

The Laplacian as Universal Syntaz, the Tensor as
Physical Semantics.

The emergence of all physical law from this founda-
tion is the interplay of three elements:

1. The Source (J..): The ”stone” thrown into
the pond.
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2. The Universal Rule of Propagation (The

Laplacian, V2): This is the universal ”syntax”
of the universe, a rule of geometry dictated by
isotropy. It governs the 1/r shape of all long-
range potentials, just as geometry dictates that
waves in the pond will be circular.

3. The Character of the Interaction (The
Unified Response, K, ): This is the ”seman-
tics” of the universe, constructed from the rule-
book matrices. It does not change the geometric
shape of the interaction, but it determines its
amplitude (the elastic part) and its duration
(the dissipative part).

In this view, the rich tapestry of physical law is not ad-
hoc. The immense strength of electromagnetism, the
subtle nature of thermodynamics, and the weak, per-
sistent presence of gravity are the direct and inevitable
consequences of the interplay between the universal
syntax of geometry and the specific semantic proper-
ties of our universe’s elastic and dissipative fabric.

E. A Final Word on the Nature of
Quantum-Elastic Geometry

At its core, Quantum-Elastic Geometry is the
logical conclusion of viewing the universe as a single,
unified entity. If spacetime is the only true sub-
stance, then all phenomena must be manifestations
of its properties. QEG formalizes this by modeling
spacetime as a quantum elastic medium, a postulate
justified by the fundamentally oscillatory, wave-like
nature of everything that exists. Its capacity for
different types of vibration gives rise to the distinct
interaction modes we call gravity (compressive),
electromagnetism (torsional), and thermodynamics
(diffusive), which differ not in substance, but only in
topology and strength.

Perhaps the most profound shift is the reinter-
pretation of physical sources. In QEG, entities like
mass and charge are not external agents that deform
spacetime; they are localized, stable deformations
of spacetime. This leads to the ultimate insight
of the Hookean framework: because the classical
”sources” are now understood as the ”deformations”,
the true driving term in the universe’s constitutive
law becomes the action associated with stabilizing
that deformation. In this view, all of physics above
the Planck scale is unified under a single, supreme
elastic law, where the geometry of spacetime itself
acts, reacts, and resonates in response to the flow of
quantum action.

In summary, the results of Quantum-elastic ge-
ometry challenge our notions of what is fundamental
in the universe. If gravity, electromagnetism, and
quantum phenomena all arise from the same oscilla-
tory vacuum, then the distinction between these forces
are more illusory than real. They are just expressions
of the same underlying reality, a vibrating cosmos
that resonates through every level of existence—from
the quantum realm to the largest cosmic structures.

This realization suggests that the universe is not
a fragmented collection of forces and constants,
but a deeply interconnected whole, where every
phenomenon is an expression of the same underlying
dynamics, and divisions between forces and fields are
merely artifacts of our limited understanding, and
where every aspect of reality is a manifestation of the
same fundamental processes.

resonates with

Quantum-elastic geometry also



the philosophical principle of simplicity, or ” Occam’s
Razor”, which suggests that the simplest explanation
that accounts for all phenomena is likely to be correct.
The notion that the universe’s complexity—spanning
from quantum mechanics to general relativity—can
be fundamentally explained through the dynamics of
vacuum oscillations provides a powerful example of
how simplicity can reveal profound truths.

The metaphysical vision offered as a byproduct
by this model invites us to reconsider the nature of
the universe as a whole. It suggests a cosmos that
is not a static structure governed by immutable laws
but a dynamic, evolving system where everything is
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interconnected. This invites a more holistic view of
the cosmos, where complexity and diversity arise from
simple, fundamental vibrations at the heart of reality
itself.
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