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Abstract

We derive mass, gravity, and nuclear confinement from first principles through a spacetime mechanism
where electromagnetic quantum vacuum fluctuations—originally derived from black-body radia-
tion—induce metric perturbations that serve as a foundational source. Utilizing correlation functions,
we demonstrate that highly coherent modes of zero-temperature black-body radiation undergo deco-
herence within the proton’s resonant cavity, producing its exact mass energy density. From Einstein’s
field equations, we calculate the conversion factor of electromagnetic vacuum fluctuations into gravita-
tional waves traveling through the proton’s cavity. We find that this converted energy is equivalent to
the energy density of a Kerr-Newman solution at the proton’s reduced Compton wavelength, which
defines a surface horizon. We compute the Hawking radiation and evaporation of this surface and find
it equivalent to the proton’s rest mass. The evaporation lifetime far exceeds the observable universe’s
age and satisfies experimental constraints. However, internal vacuum fluctuations within the proton
cavity may provide a stabilizing source term equivalent to Hawking radiation energy, potentially
affording extreme stability to the proton. Our formulation reduces to a Klein-Gordon equation on the
metric perturbation that yields a confining Yukawa-like energy potential, demonstrating that both
confining forces and gravitational forces emerge as consequences of metric perturbations generated
by quantum electromagnetic fluctuations. This result aligns well with experimental measurements
across multiple scales—from the color force to the residual strong force, and ultimately to gravitation.
By computing both confining forces and gravity as emergent manifestations of vacuum fluctuations
curving spacetime rather than separate fundamental interactions, we resolve Einstein and Rosen’s
attempt to geometrize particles and forces at the quantum scale.

Keywords: quantum vacuum fluctuations; spacetime curvature; gravitational waves; mass generation;
Hawking radiation; black hole horizons; color confinement; strong force unification; Einstein field
equations

Introduction

The origin of mass remains a central enigma in quantum field theories since the inception of
modern particle physics [1,2]. The concept of mass remains profoundly unsettled within contemporary
theoretical frameworks, with quantum chromodynamics (QCD), quantum electrodynamics (QED),
and general relativity (GR) each conceptualizing "mass" through disparate mathematical and phys-
ical paradigms. In QCD, hadronic mass emerges predominantly from non-perturbative dynamics
of the strong interaction, while the Higgs mechanism imparts bare masses to quarks via Yukawa
couplings—accounting for only a negligible fraction approximately 1 — 5% of total hadron mass [3-5].
In the context of QCD, the dominant contribution to proton rest mass instead arises from confinement
energy, strong-interaction binding energy within gluon fields, and spontaneous chiral symmetry
breaking [6-10]. Despite the combination of lattice QCD and the Higgs mechanism being recognized as
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the Standard Model explanation for hadronic masses, current lattice QCD simulations—incorporating
gluon condensates and energy-momentum tensor form factors—reproduce proton mass values only
by fitting parameters to match empirical parton distributions [11,12]. While numerically successful
in reproducing hadron spectra [13-15], these form-factor approaches fail to fundamentally elucidate
the physical origin of mass from first principles, unable to explain why the overwhelming majority of
hadronic mass emerges from strong-interaction effects rather than the Higgs condensate. The intrinsi-
cally non-linear and non-perturbative nature of QCD renders a complete theoretical and analytical
description of the proton’s mass and quark confinement mechanisms elusive, thus necessitating novel
theoretical frameworks [16,17].

In QED, mass originates through renormalization procedures, wherein the divergent self-energy
of charged point particles, such as the electron, undergoes absorption into a redefined physical
mass parameter. Dirac initially identified this conceptual challenge in his seminal treatment of
the electron’s self-interaction, which led to the formulation of an infinite "bare" mass shielded by
vacuum polarization effects [18,19]. Contemporary QED formalism attributes the observed mass to the
coupling between the electron and vacuum fluctuations of the electromagnetic field, which manifest in
experimentally verified phenomena such as the Lamb shift and anomalous magnetic moment [20,21].
The zero-point energy of the quantized electromagnetic field contributes as a ubiquitous background,
modifying fundamental particle properties via loop corrections; nevertheless, the renormalization
scheme remains mathematically formal—effectively subtracting infinite quantities without providing
substantive physical mechanisms underlying mass generation [22].

In general relativity, mass receives a fundamentally geometric definition through its influence
on the spacetime metric tensor. According to Einstein’s field equations, mass-energy functions as the
source term for spacetime curvature, with exact solutions such as the Schwarzschild metric explicitly
establishing a mathematical correspondence between spherically symmetric mass distributions and
resulting spacetime geometry [23,24]. Within this theoretical framework, the gravitational field be-
comes intrinsically encoded in the spacetime manifold structure, with inertial trajectories following
geodesics defined by that curvature. While the equivalence principle successfully unifies gravita-
tional and inertial mass concepts, it provides no explicit mechanism for mass generation; massive
entities are postulated ab initio, and their gravitational influences are characterized through resultant
metric curvature. Stated differently, GR presupposes the stress-energy tensor without specifying its
microscopic structure, quantum origin, or the fundamental reason for mass-energy’s existence. This
theoretical lacuna underscores the profound incompatibility between general relativity and quantum
field theory in providing a coherent explanation for mass at the Planck scale. Considering the proton
specifically, its mass effectively confines quarks through residual strong forces—yet interpreting these
nuclear confining forces from a gravitational perspective would necessitate curvature magnitudes at
femtometer scales that vastly exceed conventional expectations. Consequently, one might reformulate
the inquiry, as Wilczek incisively proposed, not "why is gravity so weak?" but rather "why are hadronic
masses so small?" [25]. This conceptual reframing illuminates that the conventional assumption of
gravitational weakness may represent a fundamental mischaracterization; instead, a more profound
physical mechanism might be actively screening vacuum energy with such remarkable efficiency that
the observed hadronic mass appears inconsequentially small compared to the underlying vacuum
energy density.

This fundamental tension between gravitational and quantum-mechanical conceptualizations
of mass necessitates examination of unification attempts across theoretical physics. Efforts to rec-
oncile these disparate theoretical frameworks have proven exceptionally challenging. Subsequent
explorations, including Einstein and Rosen’s seminal work [26], employed a purely geometric con-
ceptualization of particles as nonsingular wormhole solutions—representing particles as topological
features rather than entities embedded within spacetime. Their approach described particles through
"bridges" connecting two sheets of spacetime, avoiding singularities while unifying field and motion
problems. In general relativity, these Einstein-Rosen bridges emerge from the same mathematical
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framework as black holes; a complete extension of the Schwarzschild solution demonstrate that a black
hole from one perspective can be understood as a bridge to another region of spacetime, with the event
horizon serving as the "throat." This geometrization approach to describing particles as spacetime
structures, while mathematically elegant in classical general relativity, was ultimately abandoned
primarily due to a significant scale discrepancy. Indeed, inserting the proton’s rest mass into the
Schwarzschild solution yields a radius of r; = 10~>* meters— approximately 10?° times smaller than
the Planck length and 10% times smaller than the measured proton charge radius.

This geometric perspective experienced a remarkable renaissance through Susskind and Malda-
cena’s ER=EPR conjecture [27], which proposed a fundamental equivalence between Einstein-Rosen
bridges (wormholes) and Einstein-Podolsky-Rosen entanglement. Their revolutionary insight sug-
gested that quantum entanglement and geometric connectivity are different manifestations of the same
underlying phenomenon. In this framework, Susskind and Maldacena viewed elementary particles as
microscopic black holes, with quantum entanglement between particles corresponding to wormhole
connections through spacetime. This approach offered a potential resolution to the scale problem
that had previously derailed geometric particle models: rather than requiring classical Einstein-Rosen
bridges at the Planck scale, the ER=EPR correspondence suggested that quantum mechanical effects
at these scales naturally give rise to the geometric structures that manifest as particles. However,
this framework remained largely conjectural, lacking the mathematical precision necessary to make
testable predictions about particle interactions and hadronic mass.

Yet, the Einstein-Rosen’s approach contains a crucial insight that remained unrecognized for
decades until now. The ratio between the measured proton radius r, and the calculated Schwarzschild
radius s yields precisely the fundamental constant ay ~ 1073%, where a, represents the gravitational
coupling constant—the ratio between the strong nuclear force and the gravitational force. This is
no mere numerical coincidence: the calculation was revealing that the energy density concentration
required at the proton scale to produce the observed confinement force is precisely «,.

This critical insight lies in reversing the conventional application of the Schwarzschild solution
[? 1. Rather than inserting the proton’s rest mass 1, into rs = 2GM/c? to obtain an impossibly
small radius, one should instead use the experimentally measured proton radius r,, to calculate the
requisite mass-energy that would generate a Schwarzschild radius of this size: M = r,c?/2G. This
inverted calculation yields M =~ 10%*m,, revealing that producing the observed strong confinement
force requires a mass-energy density precisely a ! times greater than the proton’s rest mass. This is
not merely a numerical relationship but a fundamental physical insight: the ratio a, directly quantifies
the screening of quantum vacuum energy density from Planck to nuclear scales.

Had this geometric relationship been recognized, it might have been realized that Einstein and
Rosen’s approach was not failing but rather revealing the profound connection between spacetime
geometry, vacuum energy density, and the hierarchy of forces—a connection that would require the
full machinery of quantum field theory and an understanding of vacuum fluctuations to properly
elucidate. Nevertheless, this pioneering work initiated a paradigm shift toward treating elementary
particles as topological features of the spacetime manifold itself."

This geometric relationship between mass-energy density and force generation finds direct empir-
ical validation in the nuclear mass defect phenomenon. When nucleons bind to form composite nuclei,
the measured nuclear mass M, leys 1S Systematically less than the sum of constituent nucleon masses:
AM =Y, m; — Mpycleus > 0. This mass defect AM converts via Einstein’s mass-energy equivalence
into the binding energy B = AMc?, which manifests as the residual strong force maintaining nuclear
cohesion. For instance, the helium-4 nucleus exhibits a mass defect of approximately 0.03 atomic mass
units, corresponding to a binding energy of 28.3 MeV—representing 0.75% of the total constituent
mass transformed into confining force. This reveals that mass isn’t some immutable, unchanging
quantity—it’s dynamic, convertible, and intimately connected to the forces and energies operating in
nature. What we’re seeing is direct evidence that mass can transform into the very forces that bind
matter together.
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Recently, various researchers have unsuccessfully attempted to establish a consistent integration
between general relativity and quantum chromodynamics [17,28]. String Theory and Loop Quantum
Gravity (LQG) represent the most mathematically developed approaches of quantum gravity that seeks
to unify quantum mechanics and general relativity. String Theory conceptualizes fundamental particles
as one-dimensional vibrating strings, with gravity mediated by gravitons in a 10- or 11-dimensional
spacetime [29], offering theoretical unification via the AdS/CFT correspondence [30], yet suffers from
the landscape problem’s combinatorial explosion of possible vacuum states [31]. LQG provides a
background-independent quantization of spacetime through spin networks, predicting a granular
structure at the Planck scale [32,33], but encounters difficulties in recovering classical general relativity
at macroscopic scales and lacks experimental validation [34]. Alternative formulations—including
Causal Dynamical Triangulations, Asymptotic Safety approaches, and non-commutative geometry
models—have similarly failed to resolve the fundamental theoretical incompatibilities [35]. The persis-
tent limitations of these approaches—despite decades of intensive theoretical development—strongly
suggests the necessity for fundamentally novel conceptual frameworks that transcend conventional
quantum field theoretic and geometric paradigms, particularly in addressing the physical origin of
mass and the nature of strong interactions at subnuclear scales.

Given these persistent challenges in unifying quantum theories with general relativity, we must
reconsider the fundamental conceptualization of mass itself. Stepping back from the specialized
treatments within individual theoretical frameworks, we observe that contemporary formulations
of particle mass within the Standard Model framework necessitate confronting intrinsic infinities,
manifesting either as the requirement for non-perturbative treatment of the QCD Lagrangian or as
the introduction of divergent bare mass terms in QED renormalization schemes. Concomitantly, the
framework of QED and subsequent advancements in quantum field theory established the concept
of zero-point energy (ZPE)—a non-vanishing vacuum energy density persisting at absolute zero
temperature [36,37]. Originating from Planck’s seminal resolution of the ultraviolet catastrophe in
black-body radiation theory [38], ZPE introduced a fundamental %hw term in quantum harmonic
oscillator energy eigenvalues. Dirac, Pauli, Feynman, and other theoretical pioneers recognized
that vacuum fluctuations necessitated by ZPE generate formal divergences when integrated across
momentum space to arbitrarily short wavelengths [39]. These quantum vacuum fluctuations have
subsequently received experimental validation through multiple independent phenomena, including
the Lamb shift in hydrogen spectral lines [40], macroscopic Casimir force measurements between
conducting plates [41,42], and spontaneous electron-positron pair creation [43]. These theoretical
foundations and experimental confirmations necessitate a fundamental reconsideration of vacuum
field ontology: whether quantum vacuum fluctuations function solely as regularization artifacts within
renormalization procedures, or whether they constitute the primary causal mechanism underlying
both inertial mass generation and the manifestation of nuclear interaction potentials.

In this paper, we propose that vacuum fluctuations constitute not merely a passive background
medium for zero-point shielding, but rather the fundamental ontological substrate from which both
inertial mass and spacetime curvature emerge as complementary manifestations. This proposition
extends seminal contributions by Wheeler on quantum foam [44] and Sakharov’s mechanism of in-
duced gravity [45,46], both of which establish theoretical frameworks wherein Planck-scale quantum
processes translating the zero-point field fluctuations, are intrinsically and coherently related to local
metric perturbations at that scale. Within this unified field-geometric paradigm, baryonic rest mass
can be rigorously formulated as arising from coherent, collective excitation modes of the underlying
vacuum field structure—specifically, the proton acts as a quantum-mechanical resonant cavity con-
fining specific zero-point field eigenmodes exhibiting long-range collective phase correlation. The
theoretical foundation for this mechanism draws further support from electromagnetic-gravitational
coupling phenomena, including Yakov Zel'dovich’s investigation of electromagnetic-to-gravitational
wave conversion [47] based on prior works [48,49], and Hawking’s analysis of primordial metric
perturbations [50], which collectively indicate that sufficiently coherent electromagnetic field config-
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urations generate spacetime curvature of sufficient magnitude to effectively confine energy within
sub-femtometer volumes through purely geometric boundary conditions—thereby manifesting the
phenomenological properties conventionally attributed to rest mass.

The foundational element of our theoretical framework connects the proton’s observed mass and
strong nuclear forces with spacetime’s local geometry by examining how the proton’s core structure
curves spacetime. Our formalism is grounded in Einstein’s field equations incorporating an explicitly
defined electromagnetic stress-energy tensor constructed from zero-point field correlation functions
at various length scales. Under weak-field perturbation analysis, the resulting covariant wave equa-
tions decompose into a system of coupled Klein-Gordon differential equations, each characterized by
distinct eigenvalues corresponding to three fundamental length scales—Planckian, Comptonian, and
hadronic—which solutions manifest precise exponential attenuation profiles mathematically isomor-
phic to the Yukawa potential that characterizes nuclear binding interactions [51]. This formulation
elucidates how macroscopic gravitational "weakness" emerges naturally as a screened residual of the
same underlying vacuum energy pressure that generates the effective "color-confining" force with
explicit geometric origins within the proton’s internal structure.

The predictive capacity of the model extends beyond qualitative explanation, reproducing the em-
pirical values of nucleon masses, quark pressure distributions, and the confining string tension derived
from lattice QCD numerical simulations [13,14]. By reconceptualizing nuclear interactions, we replace
the conventional interpretation of gauge bosons as abstract exchange particles with quantifiable metric
fluctuations—physically real spacetime deformations generated by coherent electromagnetic vacuum
oscillations that establish boundary conditions at critical screening horizons. Rather than relying on
ad-hoc renormalization procedures that merely discard divergent terms, our approach provides a phys-
ically meaningful mechanism explaining how vacuum energy generates observable mass-energy while
remaining gravitationally screened at larger scales. This unified framework—requiring no additional
free parameters—demonstrates that the same zero-point fluctuations underlying fundamental QED
processes simultaneously generate both hadronic matter’s self-gravitating structures and large-scale
spacetime curvature—which manifests as what we classically interpret as forces, particularly here
nuclear forces.

The manuscript is organized as follows: Section I presents a comprehensive overview of zero-
point field theory within QFT. Section II addresses the vacuum energy density computation, its
renormalization via Planck-scale cut-off, and the consequent relationship to Wheeler’s quantum foam
topology. Section III derives the proton rest mass through correlation function analysis of vacuum
energy fluctuations yielding the observed decoherence mechanisms manifest an apparent Hawking
temperature. Section IV solves Einstein’s equations with quantum vacuum stress-energy. Section V
analytically computes the proton rest mass as the Hawking radiation spectrum emanating from the
proton’s core black hole structure identified in Section IV. Section VI examines the implications of these
results for spacetime metric deformation through solutions to the coupled Klein-Gordon equation
system, demonstrating that proton’s internal mass-energy structure induces observed phenomena
including color confinement and residual strong nuclear interactions. The discussion Section broadens
the theoretical framework to cosmological scales.

1. Origins and Development of Zero-Point Energy
1.1. Max-Planck and the Black Body Spectrum

The discovery of zero-point energy (ZPE) emerged from studies of black-body radiation, specifi-
cally through Max Planck’s efforts to resolve the ultraviolet catastrophe predicted by classical models.
The initial framework was built on the Stefan-Boltzmann law

j(T)=0oT? (1)

where ¢ is the Stefan-Boltzmann constant. From the classical model, Max Planck described atoms as
harmonic oscillator cavities [36] and derived the radiated energy density B, (T)dv (in J.m~3) in the
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frequency interval [v, v + dv]. By equating the absorption rate of an external electromagnetic energy
by a black body and its emission rate he obtained the energy density spectrum

8712

B(v,T) = CTU(V, T) )

where U(v, T) is the total internal energy of the oscillator [38]. At the time, the challenge was the
determination of the correct expression for U(v, T).

Although the oscillator is typically visualized as a linear spring moving back and forth, it’s
important to understand that this spring model is actually a one-dimensional projection of three-
dimensional rotational motion. This 3D rotational perspective provides a more accurate representation
of what occurs in real physical resonators, such as atoms.

After unsuccessful attempts by Rayleigh-Jeans (B,(T) = 873’ “kgT) and Wien (B,(T) =

_ hv
8”6#6 8T) [52]'. , Planck’s breakthrough came in 1901 with the law

hw? 1
B(V, T) = 87'[%}”/7 (3)
" ek —1
However, a discrepancy in the internal energy expression led to Planck’s second attempt at resolving
the ultraviolet catastrophe (1912), which introduced a crucial additional term to the internal energy

expression
hv 1
ekt —1

This second term, %hv, represents what Max Planck coined the zero-point energy —a fundamental
ground state energy persisting even at absolute zero temperature Uy = %hv. Max Nernst later extended
this concept to the vacuum field fluctuations, leading to the complete electromagnetic energy density
spectrum

w1 h3

Bi(v,T) = SNCTE +4r 3 (5)
This groundbreaking formulation achieved a crucial unification between thermal radiation and vacuum
energy, establishing zero-point energy (ZPE) as an intrinsic property of quantum systems [52]. While
experimental validation would follow in subsequent years, this theoretical breakthrough carried its
own challenge: the UV-catastrophe’s divergence was effectively replaced by a ground state energy
density divergence. However, as we will explore in modern ZPE derivations, this divergence primarily
manifests in coherent field modes—where phase correlations amplify energy fluctuations across the
frequency spectrum—and only persists when analyses neglect the critical relationship between phase

space scaling and spacetime metric structure.

1.2. Modern Derivation of ZPE in Free Electromagnetic Field

Modern quantum field theory describes electromagnetic quantum vacuum fluctuations energy
density through correlation functions between field interference patterns. They are typically treated as
a quantized electric field in the Coulomb gauge [37]

. 0A
E(r,t):—ﬁ
— [n .
=1 L\ 5 (B (DA (x) = (DAL) ©
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where 4, (t) = —iwl,\(t), Apa(r) = \%Ve"k'rek)\ and ey, characterizes the polarization of

the plane wave. The normalization condition of A, ) (r) over the quantization volume V gives
Jy|Aw (x)[2d%r = 1. The number of photons in the state w emitted by quantum vacuum fluctuations
follows the Bose-Einstein statistic for a gas of photons

(Nw) = () = 55— @)

The quantum operators follow the Hermitian property 4, (t) = 4/, (t), which results in the decompo-

sition of the electric field into positive and negative frequency components
B t) =8 )+ B (1) 8)

The positive frequency component ]AEH) (r,t) operates through annihilation operators 4, (t), corre-
sponding to photon absorption, while the negative frequency component £ (r,t) employs creation
operators 47, (t), corresponding to photon emission [53] . The non-commutative behavior of these oper-
ators results in interference between positive and negative frequency components for each oscillator
mode w, observable in phase conjugation experiments [54].

In disordered systems, where quantum coherence is suppressed, this non-commutativity is set
to zero, and the electromagnetic field energy density is given by the normally ordered correlation

function

h o0 dww?’e*i“’T
J

(B w0 B wren) = 5 [ ©)

In a coherent system, positive (absorption/photon annihilation) and negative (emission/photon
creation) frequencies can interfere resulting in a symmetrically ordered correlation function (see Ap-

pendix A)
(B(r,t) B(rt+71)) = <fs<‘>(r, 1B T)>
£(+) £(-) (10)
+ <E (r,t)-E (r,t+r)>

_ 2h ; / dwa;w COSWT h ; / dwwdelwr (11)

TTEQC 0 ekt —1 TTEQC 0

4
_n_ v S 42 (12)
7t¢” sinh”(bt) | sinh”(b71)

where b = ”k;T. When the field modes are sufficiently coherent (the characteristic time is very

small, T ~ 0), the electromagnetic energy density o(T) (in J.m~2) derived from the expectation value
of the electric free field is

o(T) = eo(B*(x,1) ) (13)
h [® 1 1
_ O°°(B(u, T) + Bo(v))dv (15)
— Ao [T By (16)
c 0
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where o = % is the Stefan-Boltzmann constant. The first term represents thermal radiation, while
the second term represents the ZPE density

o
Poac = /0 By(v)dv (17)

which displays a divergence at high frequencies. This is resolved by regularizing the field with a
cut-off frequency as shown later in Section 2.2.

This formulation, developed through quantum electrodynamics (QED) and quantum field theory
(QFT), establishes zero-point energy as a cornerstone of modern quantum mechanics—essential for
explaining spontaneous particle creation, quantum interactions, and the critical renormalization
procedures in both QED and quantum chromodynamics (QCD). The Standard Model, despite its
celebrated predictive success in particle physics, remains fundamentally inadequate in its treatment of
vacuum energies, offering merely computational workarounds rather than genuine physical insight. Its
significant limitation lies in its inability to coherently integrate these energies with gravitational fields.
This persistent incongruity underscores a fundamental gap in our current theoretical framework.

Attempts to renormalize infinities in quantum theory have profound implications for spacetime
structure, culminating at black hole singularities where spacetime itself diverges to infinity according
to general relativity. Hawking’s groundbreaking discovery of black hole radiation [55] catalyzed a
fundamental crisis in physics—the information paradox—wherein quantum information appeared
to be permanently lost when black holes evaporate, violating quantum mechanical unitarity. This
contradiction spurred the development of the holographic principle, first proposed by "t Hooft [56]
and Susskind [57], and later formalized by Maldacena’s AdS/CFT correspondence [27], suggesting
that gravitational systems can be completely described by quantum field theories of one lower di-
mension. Parallel explorations include Wheeler’s quantum foam [44], Hawking’s virtual micro-black
holes [58], and the ER=EPR conjecture linking quantum entanglement with spacetime connectivity
through Einstein-Rosen bridges. While these approaches primarily focus on resolving infinities and
conservation laws in relativistic contexts, they often sidestep the fundamental renormalization issues
in quantum mechanics. Nevertheless, applying spacetime formalisms at quantum scales may provide
crucial physical insights into regularization and renormalization procedures, illuminating a path
toward quantum gravity.

In the following, we will highlight how ZPE is a necessity in both theoretical approaches and
experimental results analysis for consistency.

1.3. Zero-Point Energy: Mathematical Consistency and Its Role as a Source Term

The elucidation of the electromagnetic field in the vacuum state can be deduced from quantum
mechanics. An electromagnetic field in vacuum is typically treated mathematically as a one dimen-
sional harmonic oscillator, a model broadly used in quantum mechanics especially in perturbation
theory [52]°. The generic quantum Hamiltonian for a harmonic oscillator is

y_ PPl 50
with m the particle mass, p = —i1V. the momentum operator, £ the position operator and w = v'k/m

the typical oscillator of force k frequency. Using Dirac’s creation and annihilation operators (4, 4) with

~

the non-commutative rule [2, 4] = 1, this becomes

A = heo <a;aw n ;) (19)

yielding energy levels

2 p.36-41
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Ey =hw <n + ;) (20)

with n € N, the number of photons present in the mode |1).

The ground state (n = 0) retains a non-zero energy Eg = 1w, representing ZPE, the energy
associated to quantum vacuum fluctuations. This zero-point energy serves as a crucial source term
for the stability of matter, as demonstrated in the dipole model of the atom which takes into account
the radiation reaction field w3t# (in the small-damping approximation wyt < 1) and the vacuum
fluctuation source - Eq(t) is

i+ BTk + whx = %Eo(t) (21)

2¢2
3mc3

(Eo(t) = 0), the dipole would collapse as

with T =

and wy the natural frequency of the system. Without quantum vacuum fluctuations

LUZT
x(t) = —xpe~ 2 !(cos(wt) +sin(wt)) — 0 (22)
£>(wiT) 1
In fact, the quantum vacuum fluctuations act as a source term necessary to the stability of
matter, counterbalancing the radiative damping of the dipole. Including the source term (Eo(t) =

Eo. cos(wt + 0)), the solution becomes

x(t) = _em<( Eg e iwtte ) )

m w? — wj) +itw?

This source term maintains both the stability of matter and the fundamental non-commutative
relationship [£, p| = if (see [52], p 53), from which emerges the uncertainty principle

Ox0p = h<n + ;) > g (24)

Zero-point energy is not merely a mathematical artifact but a physical necessity for the stabil-
ity of quantum systems and the foundation of quantum mechanical principles [52]. Without this
irreducible ground state energy, quantum systems would collapse into their classical counterparts,
undermining the entire framework of quantum mechanics. Quantum vacuum fluctuations manifest as
perpetual fluctuations in quantum fields—even at absolute zero temperature—preventing particles
from simultaneously occupying precise positions and momenta.

These vacuum fluctuations fundamentally maintain the non-commutativity of conjugate operators
[%,p] = ih, establishing the algebraic structure from which the Heisenberg uncertainty principle
naturally emerges. This causal relationship is frequently misunderstood: contrary to what is commonly
presented, the uncertainty principle is a consequence of ZPE, not its source [52]. The primacy of ZPE
in quantum theory is further evidenced by phenomena such as the Casimir effect, Lamb shift, and
spontaneous emission, where measurable physical effects arise directly from vacuum field fluctuations
and cannot be attributed to uncertainty principles— defining unambiguous experimental confirmation
of ZPE’s ontological status beyond mathematical formalism (see Appendix B for extensive list of
experimental validation of ZPE).

Furthermore, quantum vacuum fluctuations provide the mechanism through which virtual
particle-antiparticle pairs continuously emerge from and return to the vacuum, creating a dynamic sub-
structure that permeates seemingly empty space. This quantum "foam" not only mediates fundamental
forces through virtual particle exchange but also reveals the vacuum as an active, energy-laden medium
rather than an inert void—establishing ZPE as perhaps the most ubiquitous yet underappreciated
physical reality in our universe.
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The zero-point energy’s treatment within quantum field theories —particularly in Quantum
Electrodynamics (QED) and Quantum Chromodynamics (QCD) —presents fundamental problems
for mass generation mechanisms. Renormalization techniques, while computationally effective, have
raised profound mathematical concerns among quantum theory’s founders. Dirac (1975) challenged
the mathematical legitimacy of these approaches, asserting that "Sensible mathematics involves
disregarding a quantity when it is small — not neglecting it just because it is infinitely great and you
do not want it!" [39]° This critique directly questions how QED and QCD handle infinite quantities
when calculating particle masses. Feynman (1985), despite his pivotal role in developing QED,
remained skeptical of its mathematical foundation, describing renormalization as a "dippy process"
and "hocus-pocus" that has "prevented us from proving that the theory of quantum electrodynamics
is mathematically self-consistent," ultimately suspecting that "renormalization is not mathematically
legitimate." [59]* These criticisms from two Nobel laureates highlight how the treatment of zero-point
energy affects our understanding of mass generation in fundamental physics, suggesting that current
frameworks may require significant theoretical revision.

In the Sections below, we explore the relationship of ZPE and the associated vacuum fluctuations
to the structure of spacetime, its physical relevance and role in experimental work.

2. Quantum Electromagnetic Vacuum Fluctuations and Its Energy Density
2.1. Quantum Vacuum Energy Density

In this Section, we examine how quantum vacuum fluctuations shape spacetime structure and
contributes to mass definition. Having established ZPE’s theoretical foundations and experimental
validation, we now derive its total vacuum energy density. Electromagnetic quantum vacuum energy
density emerges exclusively in coherent space (cf. Equations (12), (13) and Appendix A), arising from
the sum of elementary spherical harmonic oscillators with ground state energy Eo(w) across all possible
field modes w. For a three-dimensional spherical oscillator—functioning as a resonant cavity—the
ground state energy of the three-dimensional Hamiltonian H = Hy + Hy + H; for rotational oscillations
is given by

3

Ey(w) = Ehw (25)

and the vacuum energy density for a continuous mode distribution is (see Appendix C)

1 1 Wmax

poae = 3 Ln(ew)Eolew) = 37 [ Eofw)dn(e) (26)
_ 3h Wimnax 3 . 3h 4

- 27l /o widw = 8rrc3 max @7)

where dn(w) represents the number of modes between w and w + dw in volume V. When an
infinite number of modes is permitted (i.e., Wyax — ©0), the vacuum density pyqc diverges. Thus, the
vacuum energy divergence occurs when an infinite amount of scales is considered underlying the
possible fractal nature of spacetime at the quantum scale defined by the Planck scale, which is found
as well in cosmology at the horizon of black holes where the entropy is computed as the holographic
principle [56,60]. Furthermore, spacetime vacuum that appears flat at a large scale is in fact extremely
energetic and fluctuating at the small scale of the quantum world.

Einstein’s general relativity equations establish that all energy-momentum distributions funda-
mentally determine spacetime geometry, manifesting as gravitational phenomena. This principle
suggests that the immense energy fluctuations inherent in the quantum vacuum should generate
profoundly curved, topologically complex spacetime geometries with significant gravitational conse-
quences, which we later connect to nuclear confinement mechanisms (see Section 7).

p-184
4 pa28
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Wheeler’s seminal work on Quantum Geometrodynamics [44] demonstrates that virtual particle-
antiparticle pairs, perpetually emerging from and returning to the vacuum at Planck scales (~ 1073
m), induce continuous, dynamic distortions in spacetime fabric. These quantum vacuum fluctuations
operate with such intensity that they fundamentally undermine the conventional notion of spacetime
as a smooth, deterministic continuum with well-defined geometric properties.

Rather than a featureless void, Wheeler proposes conceptualizing spacetime as "quantum
foam"—a probabilistic superposition of all possible geometric configurations and topological connec-
tivities that only approximates classical smoothness when observed at scales significantly larger than
the Planck length. This revolutionary framework suggests that spacetime itself emerges as a statistical
phenomenon from underlying quantum fluctuations, reconciling the apparent contradiction between
quantum mechanics’ probabilistic nature and general relativity’s deterministic geometry.

Wheeler illustrates this concept by comparing quantum foam to an ocean surface. From a great
distance, the ocean appears perfectly flat, showing no measurable energy. Closer inspection reveals
waves with measurable energy, and further magnification exposes breaking waves and foam formation.
Each observation scale corresponds to a distinct energy level, that is to say in the case of spacetime, a
mass.

2.2. Natural Cut-Off at the Quantum Scale

In his seminal work, Wheeler provided compelling evidence for both this cut-off and the existence
of quantum foam by determining the precise length scale at which spacetime metric fluctuations
emerge in response to vacuum electromagnetic fluctuations [44]. His analysis centered on the phase of
the Feynman-Huygens equation, combining an Einstein-Hilbert action with an electromagnetic free
field. The exponent phase in this equation is given by

% ~ / [(c3/8nGh)(ag/ax)2

+ (1/87thcp) (0A/9x)* | (—g)/2d*x  (28)

where S represents the total action, A denotes the vector potential, and Suv represents the space-
time metric. Within a four-dimensional spacetime region L*, the phase variation é¢ in the path integral
formulation—arising from both metric perturbations and electromagnetic fluctuations in the vector
potential 6 A—can be expressed as (see Appendix D and [44])

8¢ = 8S/h ~ (3/hG)L?(8g) + (1/hepy) L2 (5A)? (29)

Field variations in this region contribute to path histories when phase variations are sufficiently
small to generate constructive interference, specifically when d¢ ~ 1. According to Einstein’s Field
Equation, electromagnetic vacuum fluctuations induce spacetime curvature, resulting in a metric

variation g

G 6 A2
2
A 0

This leads to electromagnetic and gravitational phases of equivalent magnitude
2

Lj((s )2 L—(&A)Z 1 (31)
7z \%8 ficuo

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202509.1835.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 September 2025 doi:10.20944/preprints202509.1835.v1

12 of 62

Consequently, the characteristic metric and electromagnetic field energy density fluctuations scale

2
as 6g ~ % and 0 ~ (5(1)2 ~ % Since metric fluctuations reach their maximum at 6g ~ 1, the

characteristic length L of these fluctuations approximates the Planck length

L~ /¢ (32)

Furthermore, the electromagnetic field oscillators at the Planck length scale carry energy on the order

of the Planck mass

SEG

M~ = =my (33)

Wheeler’s investigation revealed that electromagnetic vacuum fluctuations create gravitational re-
sponses resulting in a "quantum foam" at the Planck length scale ¢, where metric fluctuations dg
directly and coherently respond to quantum vacuum fluctuations. At this scale, spacetime curvature
fluctuations form virtual wormholes with Planck-scale properties: charge g, = v/47eghic ~ 12, mass
g, and energy E = myc? ~ pyacl® related to zero-point energy. These fluctuations cause spacetime to
pinch into self-gravitating entities (Figure 1.a).

Wheeler’s spacetime bubble theory builds upon Einstein and Rosen’s 1935 work while incorpo-
rating quantum mechanics. Unlike Einstein-Rosen’s stable bridges representing permanent particles,
Wheeler’s quantum geometrodynamics introduced quantum uncertainty, proposing that spacetime
undergoes continuous topological fluctuations at the Planck scale. In this framework, fundamental par-
ticles emerge from coherent disturbances in these fluctuations, as transient micro-wormholes form and
annihilate. Wheeler thus preserved Einstein’s geometric vision while adding the quantum principles
absent from the original Einstein-Rosen model.

Combination of Einstein-Rosen conception of
particles and Wheeler’s quantum foam.

Spacetime Wheeler’s
horizon

Wheeler’s quantum foam

quantum foam + 08

Hawking
Radiation

Einstein-Rosen

Black Hole/Wormhole / bridge
horizon Angular
momentum
(b)

Figure 1. (a) Elementary spacetime nucleation producing ‘virtual” particles from spacetime pinches due to
electromagnetic quantum vacuum fluctuations at the Planck scale and characterizing the annihilation a,, and
creation a!, operators. The resulting Planck scale 'voxels” have a Planck mass 71,. (b) Combination of Einstein-
Rosen bridge (or wormhole) and Wheeler’s quantum foam. The creation-annihilation processes at the black
hole/wormhole horizon screen the internal vacuum energy density pyac which coherency is induced by the
angular momentum (or circulation) in the Planck plasma.

Through another analysis of the relationship between general relativity and quantum mechanics,
we find a similar minimum wavelength scale to determine the lower boundary condition of the energy
at which spacetime will nucleate. This scale emerges when we combine spacetime dynamics with the
Heisenberg uncertainty principle arising from zero-point energy (ZPE). When vacuum fluctuations
behave coherently, they induce mass-energy concentrations which curve spacetime and result in
angular momentum in spacetime, suggesting that quantum foam structures may resemble microscopic
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Kerr-Newman vortices (see Section 4.2). This framework establishes a regularization cut-off and yields
a minimal angular momentum value for an extremal spacetime vortex, characterized by momentum p,
energy Mc?, and radius R. Considering Wheeler’s approach and utilizing the uncertainty principle,
we have

AxAp > Z (34)

where Ax = R represents the vortex radius and Ap denotes the relativistic momentum flow (Ap ~ Mc).
Thus, the minimal angular momentum I';;, = MRc is /1/2 and it obeys the condition MR = 2% Such
structure emerges in the spacetime metric, producing quantum foam at the critical Schwarzschild limit
where % = % By resolving these two conditions from quantum mechanics and general relativity, we

obtain a cut-off condition that corresponds to the unifying energy of the Planck scale

[hG
1 Jhc  my
M=3Ve=72 (36)

with my and ¢ representing the Planck mass and length respectively. These Planck units define a
fundamental minimum scale in spacetime structure, which physicists typically choose as a limiting
case when studying black hole singularities and early universe cosmology [55].

2.3. Consequences of the Planck Length Cut-Off

We have used two different approaches to describe the relationship between electromagnetic
vacuum fluctuations and spacetime curvature resulting in a natural cut-off value of the spacetime
structure at the Planck scale. Returning to Equation (27) and renormalizing with an oscillator of
characteristic diameter of the order of the Planck length ¢, we obtain a cut-off pulsation

27tC 2c
Wimax = E = 7 (37)

and a finite vacuum energy density expressed as

7

Done = %é ~ 890 x 103 |.m 3 (38)

which corresponds to the Planck density, typically expressed as p; = % = Gc—zh, multiplied by
the geometric factor %. This geometric factor arises because the universal oscillator is spherical rather
than cubic. The geometry of space becomes particularly important when we examine the fundamental
spacetime fabric voxels and calculate black hole entropy in the context of Hawking radiation (see
Section 5). Therefore, examining equation (38), the vacuum fluctuations energy density py,c can be
computed by the aggregate of elementary spacetime voxels of mass m, in a volume V

mgcz_é ’ _
Vo mGam P

(39)
3

where Vj = %71 % represents a single voxel’s volume. These fundamental spacetime voxels can

be mathematically characterized as spherical cavity harmonic oscillators—precisely the quantum

mechanical systems that underpin Planck’s blackbody radiation law. Each oscillator possesses a

minimum ground state energy at absolute zero temperature, consistent with the zero-point energy

predicted by quantum field theory
1

T2
Importantly, these voxels exhibit a plasma-like fluid structure analogous to quark-gluon plasma
(QGP) observed in high-energy physics experiments [61,62]. This non-trivial vacuum architecture

Eg M pax = mpc? (40)
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generates coherence within quantum vacuum fluctuations through plasma fluid vorticity mechanisms,
as proposed in modified hydrodynamic models of quantum vacuum [63]. The resulting topological
structures can be described using techniques from magneto-hydrodynamics, where coherent vortical
excitations emerge naturally from the underlying field equations [64].

The quantum vacuum structure described above—with its spherical oscillators and plasma-like
vortical dynamics—provides a microscopic foundation for macroscopic gravitational phenomena.
To bridge these scales coherently, we can formalize the fundamental relationship between quantum
vacuum fluctuations and general relativity by expressing the Schwarzschild metric using Planck units
((—, +,+, +) metric signature convention)

-1
ds? = — <1 - 2eM)chtZ + (1 — %M) dr? + r2dQ0? (41)
r my r my

as well as the general form of the Einstein Field Equations

1 T,
(Ruv — 5 Rguw + Agw) (=481 (42)

Poac

These equations establish Planck units and zero-point energy pysc as natural normalization factors
in general relativity. Analyzing the Einstein Field Equations in dimensionless form confirms the Planck
scale as fundamental, with ZPE density py,c generating spacetime curvature (Ricci scalar R) on the
order of the Planck length R ~ 712’ consistent with our earlier cut-off. Just as a soap bubble balanced by
internal pressure and surface tension, a stable Schwarzschild black hole represents perfect equilibrium
where outward repulsive pressure exactly counterbalances the inward pull of spacetime elasticity
Pvacgz ~ Fy.

Both mathematical approaches—Wheeler’s path integral formulation and our analysis combining
uncertainty principles with general relativity—confirm the Planck scale as a fundamental physical
threshold, not merely a mathematical construct. This natural regularization cut-off resolves the diver-
gence in quantum vacuum energy density py,c while establishing a dimensional threshold for physical
equations. At this scale, spacetime transitions from a continuous manifold to a dynamic quantum
foam made of Planck scale wormholes and topological fluctuations. Expanding Wheeler’s ocean
analogy, just as the surface of a fluid, spacetime curvature appears continuous at macroscopic scales
but fragments into discrete structures microscopically. At ultra-small dimensions, extreme spacetime
curvature folds upon itself, creating quantized geometric elements. This self-enclosure provides a
coherent explanation for the transition from continuous differential geometry of general relativity to
the inherently discrete nature of quantum spacetime. Our paper develops two complementary frame-
works: the continuous approach to spacetime metric in general relativity, and the discrete perspective
resulting from the electromagnetic quantum vacuum fluctuations curving spacetime at the microscale
(see Section 4.1, 5.3 and 7.1).

3. The Origin of Mass as Coherent Modes of Quantum Vacuum Fluctuations at the
Hadronic Scale

3.1. Electromagnetic Vacuum Fluctuations Correlation Functions in the Temperature-Independent Regime

Our analysis thus far has established that ZPE density—which emerges from coherent modes
of electromagnetic fields radiated by a zero-temperature black body—exhibits two critical behaviors:
it either diverges when correlation time vanishes (t = 0, see Section 1.2) or it approaches the very
high Planck energy density when regulated by a Planck-scale cutoff (corresponding to correlation time
T¢). This demonstrates that the system’s energy density is fundamentally governed by the correlation
time 7, which characterizes the coherence intervals of constructive quantum interference patterns.
We now extend these same correlation functions and analytical frameworks to explore analogous
quantum vacuum phenomena at the vastly larger hadronic scale (some 20 orders of magnitude larger),
where similar coherent structures emerge with profound implications for our understanding of mass
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and nuclear forces generation. To investigate the decoherence process of ZPE density at macroscopic
scales, we analyze the system energy density p using first-order correlation functions for a black-body
radiation field. We consider a characteristic correlation time 7 that delineates the decoherence scale
of electromagnetic vacuum fluctuations within the low-temperature regime where T < kBLTas a first
approximation (temperature’s impact will be addressed later in Section 3.3). Under these conditions,
the correlation functions for black body radiation reduce to their temperature-independent terms
(detailed in Appendix A, Equation (A13))

A

p(t) = eo(E(r t), E(r,t + 1))

4
67}1(3)4 = Povac ({f) (43)

—
ksT< B 70 (€T

where t, is the Planck time and py,c the ZPE density at the Planck cut-off. Remarkably, when we
consider a significant change of scale, or ~ 20 orders of magnitude, and we implement the characteristic
time of the proton 7, defined by

.
T, = ?’7 ~ 2.8 x 107 (44)

where 7}, is the proton RMS charge radius, which is as well consistent with the characteristic time
of the strong nuclear force typically given by the p meson lifetime (4 x 10~24s), we obtain the energy
density p, of that scale resulting from the decoherence of py,c considering the creation and annihilation
cycle reducing by a factor of 2

1 tg 4 3 hc - 34 _3
Thus, the corresponding energy &, for that scale resulting from the coherent behaviour of the quantum
vacuum fluctuations in the volume of a proton is

Ep = %mi’, X pp = 4):1: = 938.81 £ 0.71 MeV (46)
The uncertainty range translates the uncertainty in measuring precisely the proton charge radius. This
profound, non-trivial result demonstrates how our theoretical framework precisely derives an energy
range in which the experimentally measured rest mass of the proton falls (938.27209028(3) MeV.c~2).
Our model establishes a direct relationship between the Planck scale vacuum energy density poac
and the proton’s rest mass through a precisely calibrated decoherence or screening mechanism. The
quantum field theoretical framework we derived reveals how Planck-scale vacuum fluctuations
undergo systematic screening via coherent quantum processes, ultimately manifesting as the observed
proton mass.

This screening phenomenon emerges from our analysis of the dynamical equilibrium between
creation and annihilation processes of virtual particle-antiparticle pairs within a cavity of proton-
scale characteristic dimension. The mechanism effectively converts a precisely determined fraction
of electromagnetic vacuum energy into gravitational potential energy. This transduction operates
through vacuum fluctuations decoherence that is analogous to, yet distinct from, symmetry-breaking
principles observed at the quantum chromodynamic scale. Section 4 computes the comprehensive
mathematical formalism of this process, including explicit derivations of the coupling constants that
govern the screening mechanism.

This theoretical framework naturally extends to a complementary interpretation where the proton
functions as a quantum electrodynamic resonant cavity with characteristic length r, = c7,. In this
model, the screening mechanism manifests as a modified Casimir effect, where the quantum vacuum
pressure exerted on the cavity boundaries generates both the proton’s rest mass and its confining force.
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The Casimir pressure, expressed generically as P « % where a is the cavity’s characteristic length,

— 3hc

precisely matches our derived proton rest mass energy density p, = &7 with the geometric factor

3/ m characterizing our specific boundary conditions. When quantified, the resulting confining Casimir
force can be estimated as
Feasimir ~ pp X Ap ~ 10°N (47)

This value aligns remarkably with the measured magnitude of the strong nuclear interaction (see
Section 7 for in-depth analysis of forces), providing compelling evidence that hadronic mass and
nuclear binding forces share a common origin in quantum vacuum dynamics. This unification
reveals a profound connection: both nuclear confinement and mass emerge from quantum vacuum
fluctuation dynamics through a Casimir-like effect. Recent experimental measurements of proton
pressure distributions [65,66] corroborate this framework, demonstrating that the binding pressure
force is generated by quantum vacuum fluctuations as our model predicts.

3.2. Effective Radius and the Charge Radius 'Puzzle’

Our analysis of the correlation functions reveals a direct relationship between the proton’s charge
radius and its rest mass £, = 4’;’—; = mypc?, which links to its reduced Compton wavelength A, = mipc
Due to the large uncertainty on the charge radius measurement, this result cannot meet the precision
of the experimentally measured proton rest mass. However, as this equation was already obtained
geometrically by one of us utilizing Planck units [67], we deduce that this relationship is exact and can

be expressed concisely as:

- rp

The reduced Compton wavelength emerges as a fundamental parameter in our theoretical framework
for several reasons:

1. It marks the quantum-classical boundary through two mechanisms:

*  Atdistances approaching A, Heisenberg’s uncertainty principle shows momentum uncer-
tainty becomes Ap ~ ﬁ = %, making relativistic effects and particle-antiparticle pair
creation energetically possible

e  Solutions to the relativistic Klein-Gordon equation diverge from the non-relativistic

Schrodinger approximation at 7 &~ A,

2. It establishes the characteristic scale at which vacuum fluctuations effectively couple to the
proton’s mass-energy structure

3. It governs the exponential decay rate of virtual mesons mediating the nuclear force, as Hideki
et/ Ap

Yukawa demonstrated [51], where the potential follows V() o

Most significantly, our derivation shows that A, defines the radius at which vacuum energy
screening transitions from quantum-dominated to classically observable effects. The relationship
Ap = %” reveals a geometric efficiency factor in how vacuum energy configures into observable mass.
This parameter is essential in quantifying the screening mechanisms explored in Sections 4.1, 5 and
7 where we demonstrate how vacuum fluctuations generate both the proton’s mass and the nuclear
binding force.

These results connect to the ongoing discussion regarding the proton radius puzzle (Figure 2).
The proton charge radius r,, is defined by the slope of the proton charge form factor at zero momentum
transfer. In 2010, muonic hydrogen spectroscopy measurements revealed a ‘small” radius of r, =
0.84184(67) fm, significantly different from the previously accepted 'large’ radius of ~ 0.87 fm obtained
via electron-proton scattering and hydrogen spectroscopy. The holographic mass approach, proposed
in 2012, relates the proton’s rest mass to its charge radius through the same equation r, = 41, =
41/ (mpc) = 0.84123564021(26) fm (green star on figure 2 and [67]). This framework, incorporating
vacuum electromagnetic fluctuations and phase coherence, yielded a radius value consistent with the
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smaller measurement before its widespread acceptance (Figure 2) with six digits greater precision
thanks to the high precision on the proton rest mass measurement.

From 2017 onward, refined electron-proton scattering experiments with smaller momentum
transfer corroborated the ‘small’ radius measurement. Reanalysis of previous experimental data using
models that incorporate Zero Point Energy (ZPE) contributions brought older measurements into
alignment with this value. The Codata 2022 recommended value of r, = 0.84075(64) fm reflects this
convergence, supporting theoretical frameworks that predicted values in this range through vacuum
fluctuation approaches.

CODATA, Muonic Hydrogen, and Haramein
Proton RMS Charge Radius (2002-2022)

Haramein 2012 Value

CODATA Values

Muonic Hydrogen Measurements
Haramein (2012)

i
gl |

0.88

0.87 -

0.86 1

Proton RMS Charge Radius (fm)

0.85 1

________________________________ ) N S R T
0.84 1 *x % []

2002 2006 2010 201220132014 2018 2022
Year

Figure 2. Historical evolution of the CODATA values for charge radius measurement originally based on electron
scattering. The fundamental change in CODATA 2018 was based on experiments starting in 2010 of more precise
muonic measurements and re-analysis of the previous electron scattering measurements [68? ]. This graph shows
how the geometrical and holographic approach of [69] (green star prediction) recovered in this paper from the
correlation functions analysis at the proton scale predicts the most recent and precise measurement of the proton
charge radius.

3.3. Temperature Emergence from Quantum Vacuum Decoherence

In our prior analysis of the proton rest mass derived from black body electromagnetic field
correlations over the proton’s characteristic time 7, we initially neglected temperature-dependent
terms to establish a first-order approximation of the decoherence process. Given the profound reduc-
tion—approximately 80 orders of magnitude—from quantum vacuum energy density (~ 1014 J.m~3)
to proton rest mass-energy density (~ 10%* .m~3), a more complete model requires examining the
fundamental relationship between coherence time T and temperature T generated by quantum vacuum
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fluctuations within the Planck Plasma. We propose that decoherence processes must correlate with
temperature increases, analogous to free mean path dynamics in gas theory, which can be expressed
mathematically as ?TZ > 0.

By incorporating both temperature-dependent and temperature-independent terms in the cor-
relation function yielding Equation (12), we can determine the thermodynamic point at which the
total electromagnetic field energy density matches the proton’s rest mass density. This relationship is
expressed formally as

(E(r,t) - E(r,t + 7))

+2

4
h b l 3 _py @)

763 sinh?(bry) | sinh?(bt,)

mtk

BT _ 3 _he
7~ and pp =

7 (cty)t
The solution to this equation reveals two distinct solutions: b1, = {0;1.37}. The first solution

where b =

corresponds to the zero-temperature limit (T = 0), which is physically interpreted as a vanishing
coherence time (T = 0) leading to the previously identified energy density divergence. The second and
non-trivial solution, when combined with our established relation r, = 4/_\p, yields

fic

T~ m = T;\ (50)
This result carries profound implications: our model demonstrates that when both coherence time and
finite-temperature effects are properly accounted for in quantum vacuum fluctuations, the derived
temperature exactly matches the Hawking temperature for a black hole whose radius equals the
proton’s reduced Compton wavelength. This remarkable correspondence establishes a deep connection
between quantum field thermodynamics and spacetime geometry at the hadronic scale—a relationship
that will be explored in the following Section.

The emergence of this Hawking-equivalent temperature indicates a fundamental mechanism
wherein collective, coherent electromagnetic quantum vacuum fluctuations directly influence space-
time geometry, inducing Bogoliubov transformations between flat and curved spacetime field opera-
tors: (ay, al,) — (bw,bl,). These mathematical transformations represent the vacuum state transition

|0>ﬂat - |0>curved’
state populated with correlated particle-antiparticle pairs. This precisely generates thermal radiation

wherein the curved spacetime vacuum appears to a flat-space observer as a thermal

with temperature proportional to spacetime curvature at the effective horizon—a mechanism we will
examine extensively in Section 5.
From an alternative perspective, this phenomenon manifests as a generalized Unruh effect, in

which an observer undergoing uniform acceleration a through vacuum detects thermal radiation

ha
27TCkB 4

theoretical framework, the coherent collective behavior of quantum electromagnetic fields produces

at temperature T = while an inertial observer registers only vacuum fluctuations. In our
measurable geodesic deviation (quantifiable as proper acceleration), causing neighboring worldlines to
experience relative acceleration. This acceleration-induced horizon establishes an observer-dependent
thermodynamic boundary. In the forthcoming Section, we will demonstrate quantitatively how the
collective coherent dynamics of the Planck plasma generates sufficient spacetime curvature to produce
the characteristic temperature T5.

4. From Quantum Vacuum Fluctuations to Gravitational Field in General
Relativity

The quantum vacuum’s microscopic fluctuations play a crucial role in shaping the geometry of
spacetime through their collective behavior. These fluctuations manifest as minute disturbances in the
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quantum fields permeating all of space, creating a dynamic fabric that simultaneously responds to and
influences gravitational forces. In his groundbreaking 1967 work, physicist Andrei Sakharov proposed
a microscopic foundation for gravitation arising from quantum vacuum fluctuations. Sakharov
introduced the concept of "metric elasticity of space,” incorporating the Planck length cut-off to
establish a direct equivalence between electromagnetic vacuum fluctuations and the gravitational
constant G [45].

c— 3 20302
~ 167hC [ kdk — 16mCh

(51)

withC = Sin, a geometrical constant on the order of unity and [ kdk is the sum of all modes of the
electromagnetic vacuum fluctuations. Considering the Planck length cut-off, according to Sakharov’s
definition, the gravitational force results directly from the energy density of the fluctuations in the
quantum foam determined by the scale of the smallest oscillator [70]°. Here, the electromagnetic
vacuum fluctuations are the source of spacetime elasticity generating the gravitational constant.
However, the mechanism under which the microstates of the quantum vacuum electromagnetic field
is converted to a gravitational component is undefined.

By treating the microstates of electromagnetic vacuum fluctuations as the fundamental building
blocks of spacetime, we can demonstrate how classical gravity emerges from quantum mechanics.
This approach creates a natural bridge between quantum field theory and general relativity, where
classical geometry emerges as a collective behavior arising from quantum vacuum states.

4.1. First Screening : Electromagnetic Vacuum Fluctuations to Gravitational Wave Generation

In 1973, physicist Yakov Zel’dovich, building upon earlier work [48,49,71], characterized the
conversion of electromagnetic waves into gravitational waves when propagating through a strong
magnetic field [47]. Zel’dovich demonstrated that an electromagnetic wave with energy density ;—20
traveling through a magnetic field H partially transfers its energy into gravitational energy. This
gravitational energy flux along the propagation direction (specifically, along the r-direction in spher-
ical coordinates) can be quantified using the Landau-Lifschitz pseudo-tensor component 7 = 1.
Although this mechanism represents a classical effect derived directly from Einstein’s field equations
(see Appendix E), it exhibits characteristics analogous to a phase transition, wherein an extremely
coherent electromagnetic field at the Planck scale undergoes an abrupt transformation to a lower
coherence, curving spacetime at the hadronic scale.

While Zel’dovich described this mechanism as a ‘conversion’ between electromagnetic and
gravitational waves, it is crucial to understand that the electromagnetic wave generates a non-zero
stress-energy tensor that produces gravitational curvature through Einstein’s Field Equations. The
amount of gravitational curvature depends on the energy density of the electromagnetic wave, which
in our case is related to the Planck plasma coherence or phase in that region of space. At sufficiently
high energy densities to overcome spacetime elasticity, the electromagnetic field creates a gravitational
field strong enough to confine most of the electromagnetic energy within a bounded region, i.e. a
bubble is formed.

This self-confinement mechanism establishes a direct equivalence between the electromagnetic
and gravitational components, both manifestations of the same underlying physical reality, rather than
separate phenomena. The gravitational and electromagnetic descriptions represent complementary
physical manifestations of a unified mechanism, such that the term "conversion” here describes how
electromagnetic waves decohere in the presence of their own gravitational fields, with most energy
remaining trapped in electromagnetic form while a portion manifests as gravitational radiation.

In this work, we model proton mass-energy density as the manifestation of quantum electromag-
netic vacuum fluctuations’ collective behavior (Planck plasma flow) at the Planck scale producing

5 p.427-428
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gravitational energy flux at the proton scale. The Planck plasma flow can be conceptualized as space-
time voxels carrying a fundamental Planck charge g, = \/47eghc and exhibiting a toroidal flow (see
Figure 3.b). This flow generates vorticity and ensures high coherency (v = ty) within the proton’s core.
This configuration enables the production of an incident electromagnetic wave radiating radially from
the center with energy density Z—z = Ouac, passing through the static magnetic field H produced by the
circulation of spacetime voxels at the proton’s core surface, identified at its reduced Compton wave-
length A, = Zr‘l—c Due to the extremely high quantum vacuum energy density, which vastly exceeds the
Schwarzschild condition, the resulting electromagnetic field is sufficiently strong to curve spacetime,
generating a gravitational force that characterizes the proton’s mass-energy. Utilizing the formalism
on which Zel’dovich’s analysis was built upon [48,49], we evaluate the corresponding gravitational
component by computing the Landau-Lifschitz pseudo-tensor in the weak field approximation for
Einstein’s field equations, which gives the energy flux per unit time radiated by the proton’s core
surface

Spacetime Voxels

\q{’; mp

Uniform
H Field

*
*
iR

Produced Poloidal
GW Flow

y -——
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X Emerging
L / EMW
11 11

;1
x|
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Horizon 1, 1

(a) (b)

Figure 3. (a) Initial work from Boccaletti ef al. investigating the conversion efficiency of electromagnetic waves
(EMW) into gravitational waves (GW) as they propagate through a strong static electromagnetic field (E, H) over
distance L (adapted from [49]). (b) Our proposed model illustrating the EMW-to-GW conversion mechanism at
the hadronic scale. Here, an EMW generated by a spacetime voxel undergoes conversion to a GW. The magnetic
field strength H is produced by a spherical shell of Planck charge gy, which forms through the circulation of
spacetime voxels orbiting at the modified Compton wavelength A .

4G
0 = Ho CTPWCLZHZ (52)

where i is vacuum permeability and L = A, is the path length of the electromagnetic wave
through the magnetic field (see Appendix E for the detailed derivation).

We compute the proton’s internal magnetic field at its reduced Compton wavelength A, through
the coherent flow of Planck plasma quantum vacuum fluctuations. As a first-order approximation,
these voxels collectively behave as an outer charged rotating spherical shell, thereby generating a
constant magnetic field vector that aligns parallel to the rotation axis (here the z-axis). The magnitude
of this intrinsic magnetic field can be expressed as

qewx qec
_ Qwr, e 53
A, T 16mA2 3)

where w; = ;£ is the pulsation of the toroidal circulation undergoing four poloidal circulations
P -

in one toroidal rotation. With path length L = A, the energy transfer from electromagnetic vacuum

fluctuations to the gravitational component can be computed as
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2
on_ .o
= pwc@ sin“ 0 (54)
Thus, the total gravitational wave energy Ecy radiated at the surface A, over a characteristic time
T = % is
Eow = 11 [[ A2 sin 0d0dg — = A3 £ (55)
GW = T} % ¢ = 3 vaac16/—\%
which is equivalent to a gravitational energy density within the enclosed volume V3
E &

PL =, = PoacT 57
AT 1612

We can now identify the conversion coefficient x of the electromagnetic wave energy density py,c
converting to a gravitational wave travelling through the proton’s core as

- 02 02
- O (57)
pz)uc 16)\;7 rp

This extremely small gravitational conversion coefficient xy ~ 10740 of the electromagnetic vacuum
density pyac represents a significant screening of the energy density available within the proton at that
scale—thus the weakness of gravity relative to the electromagnetic force. By examining this screening
coefficient, we can deduce a discrete mechanism clearly apparent in %, which we recognize from

previous work [69] as a surface ratio defined by the Planck-scale entities that pixelizes the surface A,

)2
-

X:

where 75 = %\ is a surface Aj; at the reduced proton Compton wavelength (A,) tiled by the cross-
Section oy of Planck scale voxels obtained earlier (see Equation (37)). This surface appears to reduce
the coherency of electromagnetic vacuum fluctuations, transducing a small quantity into gravitational
wave energy density.

This formulation bridges the continuous and discrete approaches to quantum gravity. While
Zel’dovich’s original analysis treated spacetime as a continuous medium through which waves
propagate, our pixelization by Planck-scale voxels introduces a fundamental discreteness that resolves
several theoretical inconsistencies. The ratio g—‘; = % effectively quantifies the translation between

these paradigms—representing how continuous field descriptions at the proton scale emerge from
discrete Planck-scale phenomena. This duality allows us to maintain the computational advantages
of continuous field equations while simultaneously acknowledging the discrete, quantized nature
of spacetime at its most fundamental level. The screening coefficient x = 1y ! thus represents not
merely an energy conversion factor but a fundamental bridge between continuous mathematical
formalisms (as exemplified in Einstein’s field equations of general relativity) and discrete mathematical
approaches (as manifested in quantum mechanical operators and lattice quantum chromodynamics).
This theoretical framework not only reconciles seemingly disparate mathematical treatments but also
provides a foundation for deriving further physical insights into the quantum gravitational nature of
hadrons.

Consequently, returning to our gravitational density computation (Equation (56)), we find the
following mass-energy

E Apc?
M; = GW _ XPuvac Vi = pC (59)
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This remarkable result reveals the Schwarzschild solution rs = A, = 26612\47‘ , describing the energy

density of a black hole with radius A, resulting from the collective coherent behavior of electromagnetic
quantum vacuum fluctuations in the enclosed volume curving spacetime. This establishes a profound
connection between quantum vacuum phenomena and classical gravitational structures at the hadronic
scale. The emergence of the Schwarzschild metric at precisely the reduced Compton wavelength of
the proton suggests that the gravitational screening mechanism we have identified corresponds to a
fundamental topological feature of spacetime.

4.2. Kerr-Newman Solution and Black Hole Particle

Given the black hole structure found in the proton’s core, we can now rigorously confirm our
first approximation of the magnetic field strength H utilizing the Kerr-Newman solution for a charged

2
rotating black hole at the hadronic scale with mass M3 = /\zp—é, charge Q = gy, and angular momentum

;\pM;\C

] = ~E5*. These parameters correspond to radius rs = A, and angular velocity wy = In

ﬁ.
Boyer-Lindquist coordinates, 2 = ﬁ, where M is the total energy of the black hole which can be
approximated as Mj since charge and angular momentum contribute minimally to total energy.
Therefore, the transverse magnetic field is

F
T sinf = qe sin (60)

= Jorsin® 47A3 - 167A2

Hy

where Fyy is the (7, ¢) component of the electromagnetic Faraday tensor in spherical coordinates
(see Appendix E). This result validates our previous first approximation model for predicting the
internal proton’s magnetic field amplitude and confirms the Zel’dovich conversion factor characterizing
quantum vacuum fluctuation conversion into gravitational effects or more precisely in terms of
spacetime curvature that produce the black hole structure within the proton’s core.

The relationship between discrete Planck-scale physics and continuous gravitational formalism
becomes particularly elegant when expressed in terms of screening of vacuum energy density

ps = Foee (61)
i
where p;s is the black hole mass-energy density. This formulation demonstrates how the seemingly
enormous electromagnetic zero-point energy (ouac) is naturally regulated by a surface-to-volume ratio
171 which translates spacetime curvature reduction from the Planck scale to the reduced Compton
wavelength event horizon.

This leads back to Einstein and Rosen’s visionary approach to unifying particle physics with
general relativity. In their July 1935 work, they proposed that elementary particles are not point-like
objects existing within space, but manifestations of spacetime geometry itself—specifically, bridge-like
structures (now known as wormholes) equivalent to the Schwarzschild solution. Their revolutionary
perspective sought to reduce the complexities of particle physics by treating protons and electrons as
purely geometric features.

This approach was ultimately abandoned primarily due to a significant discrepancy in the
calculation of the size of these black hole/wormhole tubes. Indeed, inserting the proton’s rest mass
into the Schwarzschild solution yields a radius of rs = 10~>* meters—approximately 20 orders of
magnitude smaller than the Planck scale and 39 orders of magnitude smaller than the proton scale.
However, this apparent contradiction contains a crucial insight. The ratio between the measured proton
radius 7, and the calculated Schwarzschild radius rs yields the fundamental constant a, relating the
gravitational force to the color force or strong force

Ts ©

= = 78' ~ 107 (62)
P
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Had this been noticed, it may have been realized that this calculation was hinting that the energy
curvature at the proton scale—which produces the strong confining force—results from an energy
density concentration % = “2—5' within that region of space. While the relationship of spacetime
curvature and the forces at the hadronic scale, which includes a Yukawa potential, will be treated in
the Section 7.1, it is important to notice here that our formulation resolves this scale discrepancy by
considering quantum vacuum fluctuations and a screening mechanism as the critical elements missing
from Einstein and Rosen’s original conception. The screening coefficient x effectively quantifies
what Einstein and Rosen were missing—the vacuum energy contribution that enables the geometric
approach to yield physically consistent results. By incorporating Planck’s zero-point energy (ZPE),
we demonstrate how Einstein’s geometric vision of particles as spacetime features can be reconciled
with observed physical phenomena, effectively completing Einstein’s attempt at unification through
geometry.

While the notion that elementary particles may be black holes or contain singularities at their
core might initially seem radical, it becomes more plausible when considering that quantum vacuum
fluctuation densities in localized space substantially exceed the Schwarzschild threshold for black hole
formation—yet remain screened by the mechanisms we have demonstrated. Significantly, the resulting
energy values align precisely with measured nuclear confinement forces (detailed in Section 7.2.1). In
string theory, the concept of particles being related to black hole physics became prominent resulting
in Leonard Susskind’s observation that “One of the deepest lessons that we have learned over the past
decade is that there is no fundamental difference between elementary particles and black holes” [72].

This screening mechanism of quantum vacuum fluctuations fundamentally transforms both the
concept of black hole formation and our understanding of mass in Quantum Field Theory (QFT). Rather
than vacuum fluctuations being responsible merely for the bare mass shielded by virtual particles, our
model establishes that these fluctuations constitute the primary source of mass, as demonstrated by the
correlation functions derived in this paper. The shielding effect arises from the dynamical properties of
spacetime voxel flow, exhibiting behavior comparable to quark-gluon plasma at thermal and chemical
equilibrium with their color charge and force.

However, our geometric framework stands in stark contrast to current approaches relies on
lattice QCD, which model nuclear confining forces and proton rest mass (with the Higgs mechanism
accounting for only 1-5%). This computational method discretizes spacetime into a four-dimensional
grid where quark and gluon interactions require intensive numerical approximations. Unlike our
analytically elegant solution that provides clear physical insights, lattice QCD demands enormous
computational resources—some calculations requiring years of continuous processing on the world’s
most powerful supercomputers just to obtain approximate solutions.

Despite this extraordinary computational investment, lattice QCD cannot fundamentally explain
why the strong force exceeds gravity by a factor of oég’l ~ 10%—this enormous disparity is simply
accepted as an unexplained given. While producing numerical predictions, the computational brute-
force approach obscures rather than illuminates the underlying physical principles that connect these
fundamental forces.

Our analysis demonstrates that the screening process of quantum vacuum fluctuations, due to
an exponential decay phase transition (see Section 6) decoherence at the proton scale, constitutes the
source of mass, nuclear and gravitational forces. This spacetime Planck plasma model characterizes
a phase transition between a coherent, high-energy Bose phase at the center that decoheres to a
high density Bose-Fermi mixture at the black hole horizon. This high-density Bose-Fermi mixture
creates a screening boundary where quantum coherence partially breaks down, comparable to atomic
superfluids exhibiting both condensate properties and quantum statistical effects (see Figure 4.a).
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Figure 4. (a) Schematic representation of the dual screening process that generates rest mass from quantum
vacuum fluctuations. This process occurs at two distinct screening surfaces: (1) the Compton wavelength, which
produces the proton core energy density, and (2) the proton charge radius, which results in the rest mass energy
density. This hierarchical screening mechanism corresponds to phase transitions in the Planck Plasma, progressing
from the initial Bose phase to the high-density (HD) and low-density (LD) Bose-Fermi phases. (b) Semi-permeable
boundaries at the two screening surfaces (A, and rp) characterize phase transitions through elementary voxel
aggregation into kernel-64 structures. This process screens vacuum fluctuations, transforming the vacuum energy

density (ooac) first into the proton black hole density (op;, = %) and subsequently into the rest mass energy

density (0p = 25;1:1654 )

This screening mechanism can as well be generalized beyond the proton scale to any volume
V containing Planck plasma vacuum density pyac. The surface screening parameter # mediates the
relationship between vacuum fluctuations energy and mass-energy

M= Pvacv o rc?

Tyt T 2G

(63)

This formulation connects quantum vacuum fluctuations to classical gravitational phenomena, with
% describing how vacuum energy transforms across spacetime structure boundary surfaces.

Contrary to the classical approach, which views black hole formation primarily as the result of
accreting infalling material to a critical limit, our findings demonstrate that black holes form as a result
of natural spacetime behavior at the Planck scale resulting in a high electromagnetic energy density
in a region. Specifically, black holes emerge from a state of coherence among collective quantum
vacuum fluctuation oscillators that generate an electromagnetic energy density, curving spacetime, an
effect classically attributed to mass. This coherence mechanism fundamentally relates to the angular
momentum of an oscillator, as Max Planck originally described. The coupling of these oscillators
produces collective behaviors analogous to quantum vortices in a turbulent spacetime manifold flow,
which we term a Planck Plasma flow, manifesting as what we observe as black hole dynamics.

These quantum vacuum coherent behaviors at the source of black holes formation may explain
recent James Webb Space Telescope observations of supermassive black holes at redshifts z > 5 in
the early universe, where conventional star formation and accretion timeframes appear insufficient to
produce such massive structures [73,74]. Furthermore, this mechanism is in accordance with Stephen
Hawking’s analysis of early universe formation, which concluded that “a sufficient concentration of
electromagnetic radiation can cause gravitational collapse”, forming primordial and elementary black
holes at Planck length and Compton wavelength scales [50].

This is as well consistent with the holographic principle and Bekenstein’s entropy conjecture.
Thereafter, Hawking-Bekenstein entropy can be written function of the surface information #

kiAo

5=z ~ kg

(64)
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where kp represents the Boltzmann constant. This formulation establishes a direct measure of surface
information, leading to Hawking temperature (Section 5.1). At the horizon, entropy maximizes as
coherent modes undergo decoherence, analogous to a Bose-Einstein condensate (BEC) quantum critical
point. These nearly gapless Bogoliubov modes—collective quantum excitations requiring minimal
energy to activate—exist at the horizon where quantum effects become significant and function as
holographic degrees of freedom accounting for black hole entropy. This quantum mechanical frame-
work posits that these excitations on the two-dimensional horizon surface encode the information of
the entire three-dimensional black hole, providing a microscopic explanation for Bekenstein-Hawking
entropy consistent with Dvali’s graviton condensate model [75], comparable to the Hawking-Page
transition in AdS-CFT correspondence [30].

The correlation functions (treated earlier in Equation (45)) establish a direct link between the
highly coherent Bose phase of quantum vacuum fluctuations py,;c and rest mass production at the
proton’s effective time scale, suggesting a second decoherence mechanism. In the next Section, we will
analytically describe how this second screening surface manifests through Hawking radiation at the
proton scale, quantifying the thermodynamic properties of the screening boundaries and establishing
precise correspondences between quantum gravitational phenomena and experimentally measurable
parameters in hadron physics.

5. Hawking Radiation at the Proton Scale: From Vacuum Fluctuations to Mass
Generation

5.1. Hawking Radiation Analysis at the Proton Scale

In 1973, Hawking proposed a revolutionary concept building upon Bekenstein’s work on black
hole entropy : when virtual particle pairs form near the event horizon, one particle may fall into the
black hole while its partner escapes as "real" radiation (see Figure 1.b). This process gradually depletes
the black hole’s energy, as each infalling particle carrying "negative" energy effectively extracts mass
from the black hole [55].

Accepting the fundamental validity of Hawking radiation—notwithstanding the absence of direct
experimental confirmation—this mechanism provides a compelling theoretical framework for our
analysis. Within this context, we can reasonably postulate that our solution for mass origination from
vacuum energy density (0,qc) necessarily undergoes an initial decoherence phase transition under
extreme gravitational conditions corresponding to the phase transition found at black hole horizons [76].
This Section quantitatively evaluates Hawking radiation effects at the proton charge radius horizon,
specifically addressing the implications of the proton’s black hole core found in Section 4.1. Our
analysis establishes a potentially measurable connection between quantum gravitational phenomena
and conventional particle physics, offering a novel experimental pathway to test our unified model.

According to the Stefan-Boltzmann law for black body radiation, the energy radiated at the proton
charge radius surface A = 47rr% over the characteristic coherence time 7, = %” is given by

& =0oTi AT, (65)

Here, Tj represents the Hawking temperature generated by the Compton horizon A,. We posit
that the region between the Compton horizon and the charge radius surface contains vacuum fluctua-
tions behaving as a superfluid, allowing us to assume an isothermal process between these boundaries.

Hawking, building upon Bekenstein’s work, derived the Schwarzschild black hole entropy for
radius 75 by pixelating the black hole cross-Section with Planck squares of area ¢2

2
szku% :kB% (66)

The corresponding Hawking temperature as a function of the Planck temperature T; and entropy

Sis
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We extend Hawking’s approach by incorporating spherical geometry for the elementary voxels,
specifically selecting the cross-Section of a Planck mass black hole of radius 2¢ = ZGm‘ characterizing

the high density Bose-Fermi phase (see Section 5.3). By tiling the Compton Cross—Sectlon Az /4, we
derive

Ay/d A
(20)2 kBC(ze)

where C represents the surface compacity characterizing the kernel-64 circle packing of the

S = kgC (68)

Compton cross-Section. The modified Hawking temperature becomes

47T -
= 4FA Z_\/C4rck3 \/ © Tulhy) 69)

The radiated energy expression simplifies to

E=0A,TiTy (70)
4
2k 4w he r
— "B ()X — | 42 71
6032\ V C amkgr, | T @)
47
= 150z (72)

This derivation demonstrates a profound result: the proton’s rest mass-energy (£, = npc?) emerges
precisely from Hawking radiation—a quantum gravitational effect previously thought to be significant
only near astrophysical black holes. The thermal energy transferred via black body radiation from
vacuum fluctuation pair production at the Compton horizon A, diffuses to the charge radius surface r,,
generating exactly the empirically measured proton rest mass-energy when the geometric correction
factor in the system’s entropy is properly accounted for. This remarkable correspondence establishes a
revolutionary link between quantum gravity and hadron physics. Furthermore, this result indicates
that the second screening process by the discrete parameter 17, (see Section 5.3) represents a fundamen-
tal Hawking-like radiation mechanism that precisely transfers energy from the semi-permeable black
hole horizon characterized by 75, manifesting as the proton’s rest-mass energy. The calculated packing
compacity provides additional quantitative confirmation, differing by less than 1% (A ~ 0.009) from
the theoretical compacity for hexagonal circle packing C = 5 \f ~ 0.906, thereby confirming

£ =0T ATy = myc? (73)

A compelling validation of our model emerges from analyzing the peak wavelength of black body

radiation. For a black body at temperature T, the peak wavelength A, can be determined by solving

aB{;% = 0 (see Equation (15)), yielding

5 o he 1 o 289777 x 10°
peak — kgT 5+ Wo(—5€75) - T

(74)

where W represents the principal branch of the Lambert W function. Substituting the temperature

4 he

C Tk We obtain the remarkable result
7'L'kB/\p

of our proposed proton black hole T; =

}‘peak ~Tp (75)
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This calculation reveals that the peak wavelength of radiation from the Compton horizon black
hole almost exactly coincides with the measured proton charge radius. This striking correspondence
provides strong support for our theoretical framework, suggesting that the proton’s charge radius and
rest mass can be interpreted as manifestations of electromagnetic radiation from an internal black hole
structure.

5.2. Hawking Evaporation

Having established that the proton’s rest mass energy emerges naturally from Hawking radiation
of its internal black hole at the Compton horizon A,, we now extend our formalism to analyze the
temporal evolution of such quantum black hole structures. Our framework necessitates quantitative
determination of the characteristic lifetime of a proton-scale black hole radiating mass-energy via the
Hawking evaporation mechanism [77], while accounting for the vacuum energy density source term
Puac. This calculation provides critical insight into the stability of baryonic matter across cosmological
timescales. For a black hole of radius r, the interior energy contained within the vacuum fluctuation
field is given by

Eint = Pvuc§7T73 = SEL:mzcz (76)

An energy variation d€ corresponds to a reduction in spacetime voxels and black hole interior

size dr according to
2
s = 24m5622—3dr 77)

Over time interval d¢, the system radiates energy d€ following

47t 4hc?
— 4 e A
A€ = —oT(r,t)* A(r, t)dt = 502 72 dt (78)

This radiation corresponds to a system size variation dr over time dt

r? 470 4hc?

From these equations, we can evaluate the complete evaporation time of a proton black hole

dE = 24m,c?

—y [0 5r4 A
tevap = ?7 5, 6—4011' = 74’] ~ 7.64 x 10* years (80)
where v = %Cz is a numerical factor.
Equation (80) also allows us to calculate the reduction J in a proton black hole’s radius since the
estimated beginning of the universe (t, = 13.7 x 10° years)

tu o Ay 5t 5yA%é
b= [ar="2 (7 T o 20 (81)
0 ¢ Jipve £ L cl
This yields
tuctt _5p
b= ~754x10 2 m (82)
5yA%

Our calculations reveal that a proton black hole has an extraordinarily long lifetime—approximately
10% billion years—rendering the proton energy structure extremely stable over cosmological timescales.
This remarkable stability bears striking conceptual parallels to John Archibald Wheeler’s pioneering
work on geons (gravitational-electromagnetic entities) in the 1950s [78]. Wheeler proposed these
theoretical constructs as self-sustaining, particle-like solutions to the Einstein-Maxwell equations
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where electromagnetic energy is confined by its own gravitational field, creating stable or metastable
localized energy concentrations.

While classical geons were ultimately shown to be unstable against radial perturbations [79],
our quantum gravitational approach addresses this instability through the introduction of quantum
coherence at the Planck scale. The semi-permeable horizon mechanism we’ve identified provides the
necessary constraint against dissipation that pure classical geons lacked. This suggests that protons
may represent a quantum realization of Wheeler’s visionary concept— quantum geons stabilized by
the precise equilibrium wherein vacuum correlation functions within the cavity generate the rest mass
energy, which is subsequently emitted as Hawking radiation at exactly the rate required to maintain
structural integrity—establishing a self-regulating balance between vacuum energy extraction, coherent
mass formation, and radiative emission at the semi-permeable horizon boundary.

Moreover, since the estimated beginning of the universe, a proton would have lost an infinitesi-
mally small amount of energy (5 ~ 7.54 x 10~°2 m in radius reduction), consistent with experimental
observations of protons as remarkably stable particles. This calculated stability aligns with empirical
constraints on proton decay, where experiments such as Super-Kamiokande have established lower
bounds on the proton lifetime exceeding 10%* years [80]. No measurable variations in mass or radius
would be detectable within the relatively brief span of the universe’s current age estimate, reconciling
theoretical predictions with the apparent permanence of matter observed in nature.

Our predicted proton lifetime (~ 10% billion years) exceeds theoretical estimates from various
Grand Unified Theories (GUTs). Minimal SU(5) GUT models predict proton lifetimes of approximately
103! years [81], while supersymmetric SU(5) models typically yield values around 103 years [82].
SO(10) GUT frameworks predict lifetimes ranging from 10% to 10% years depending on symmetry
breaking patterns [82]. String theory-inspired models with additional dimensions suggest values
between 1034 and 1038 years [83]. Notably, our calculated lifetime provides a theoretical foundation for
the observed stability of matter.

Notably, this result establishes a precise equilibrium at the proton charge radius surface be-
tween internally generated energy—quantified through the electromagnetic vacuum correlation func-
tions—and radiated energy via the Hawking mechanism at the horizon. From Equations (45) and (73),
this equilibrium can be expressed as

Ep =eo(E(r,t),E(r t + 7))V = UT/%.ATP (83)

This equality demonstrates that the mass-energy generated through coherent electromagnetic
correlations within the proton’s interior precisely compensates for the Hawking radiation component
emitted at the charge radius boundary, conferring extraordinary stability to the proton structure. The
mechanism can be conceptualized as a self-regulating dynamical system within the Planck plasma
(see Figure 4.b) and explored in Section 8 as a relationship to cosmological scales. The toroidal
circulation (characterized by azimuthal flow around the rotation axis) manifests as the radiative
energy component directed toward the exterior, while the poloidal circulation (characterized by
meridional flow patterns) corresponds to the mass-energy component that remains confined internally
due to quantum coherence effects. This dual circulation pattern creates a perfect energetic balance
that simultaneously maintains structural integrity while satisfying energy conservation principles
across the semi-permeable horizon boundary, explaining the extraordinary stability of protons over
cosmological timescales as demonstrated in our evaporation calculations.

5.3. Second Screening: Quantum Gravitational Transduction to Electromagnetic Mass

The extraordinary stability of our proton’s core black hole model, demonstrated through Hawking
evaporation calculations, implies a precise mechanism for energy transduction that maintains the
proton’s structural integrity. The analysis of this proton’s core black hole electromagnetic radiation can
be alternatively derived using Zel’dovich and Boccaletti’s framework, which establishes that gravita-
tional wave (GW) components can manifest as electromagnetic waves (EMW) through a bidirectional
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relationship we previously established through Einstein’s field equations. This complementary per-
spective provides additional theoretical support for our proton’s core black hole stability calculations
while explaining the exact mechanism by which gravitational waves re-express as electromagnetic
radiation between the proton’s core horizon A, and charge radius r,

Poac (coherent EMW) = pp;, (GW)
Region (1)

=—> p (decoherent EMW)
Region (2)

The electromagnetic energy density after both phase transitions is given by

4 2G2 5
p= Pvac%L%L% << HVHP + H},l) H(z))

2
+ (HPH — P HY) ) (84)

The transverse magnetic field in region (1) corresponds to the field generated by the Kerr-Newman
proton’s core black hole (derived in 4.2)

c .
HY = 16% T sin6 and H{') ~ 0 (85)

We can reasonably assume that the magnetic field in region (2) is also generated by the central
charged rotating black hole. As a first approximation, the magnetic field remains approximately
constant in this region, varying slowly between A, and r,, given the intensity of the screening parameter

-1 —40
ny ~ 10

HyY ~ HyY and HY ~ 0 (86)

With Ly ~ Ly ~ A, the total magnetic energy density reduces to

2 4 Poac
P = PoacX” = Poac g ~ 8-—— = pp (87)
] My
where x = f—; = %, where p, equals the proton rest mass and 7, represents a screening
P p

coefficient at ,. Here, we obtain the same results as the vacuum fluctuations field correlation function
(Equation (12), modulo a factor of 2) which can be interpreted as two surface screening within our
discrete framework. With the first screening occurring at A, (Equation (58)), we identify the second
boundary condition at rp, thus deriving the proton rest mass-energy density p, through a dual
hierarchical screening of the vacuum energy density pysc. This boundary condition translates a Planck
plasma’s phase transition from the event horizon to a lower-energy, less coherent state at the charge
radius, termed low-density Bose-Fermi phase in Figure 4.

This transition manifests through the aggregation of self-gravitating spacetime voxel oscillators
that establish precise scale relationships—exemplifying the fundamental duality between continuous
and discrete treatments of spacetime. While general relativity treats spacetime as a continuous
differential manifold at macroscopic scales, our analysis reveals that at the Planck scale, this continuity
dissolves into a quantum foam of discrete voxels analogous to Wheeler’s ocean metaphor: smooth
at a distance yet composed of discrete molecular structures microscopically. These oscillators induce
spacetime curvature that effectively encapsulates internal energy through a hierarchical filtering
process (see Figure 4.b), creating a bridge between the continuous vacuum energy field and its discrete
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manifestations. A refined characterization of this self-aggregating process explains the origin of the
factor 8 in p, = 8,7‘0;—;17;.

The filtering process operates through two complementary mathematical frameworks simultane-
ously: a continuous differential approach treating the vacuum energy density py,c as a field subject
to Einstein’s equations, and a discrete quantum approach wherein individual spacetime voxels with
characteristic wavelength ¢/2 interact through quantum correlation functions. This mathematical
duality manifests physically through a hierarchical screening mechanism, spanning approximately
20 orders of magnitude from Planck to hadronic scales, generating the proton rest mass (cf. Eq (46))

through two distinct scale-dependent processes:

1. At the proton’s core black hole horizon A,, the parameter 75 performs primary filtering of
individual voxels with characteristic wavelength £/2 in the high-coherence Bose phase. This
boundary represents the interface where vacuum energy undergoes its first phase transition.

2. Subsequently, a secondary screening occurs at the charge radius r, through Planck-scale entities
in the high-density Bose-Fermi phase. Each of these entities corresponds to a quantized spacetime
structure carrying discrete mass-energy equivalent to a Schwarzschild radius of Planck mass

ZGmg -
2

20 (88)

These discrete structures represent the fundamental building blocks of the proton’s rest mass-
energy content, analogous to the water molecules in Wheeler’s ocean metaphor, which corre-
sponds to 64 elementary Planck voxels aggregates in the volume of a sphere of radius 2¢ which
surface tiles 64 voxels defining the first "primordial” black hole (previously identified in [84,85])
that we term kernel-64 which reduces the surface information capacity to

47712 1 4mrr?
Nea = pz =7 pz = ﬂl (89)
t(20) 16 n_([) 16
2

Through this double-screening process, the proton rest mass density p, emerges directly from the
zero-point energy (ZPE) vacuum density pyqc according to

op = % Poac (90)

The factor % in our mass density equation acquires profound physical significance within this
framework, revealing a fundamental connection between different mathematical approaches. Initially
emerging from pair creation-annihilation processes in our correlation function analysis, this factor quan-
titatively characterizes the Hawking-type radiation dynamics at the first screening boundary—where
paired excitations at the black hole horizon undergo separation with one component falling inward
while its partner radiates outward. We have verified this second screening process through three
complementary analytical approaches: (1) correlation functions in quantum vacuum fluctuations estab-
lishing precise filtering parameters 775 and 77,; (2) Hawking radiation thermodynamics predicting the
proton mass as emergent radiation at exactly the proton charge radius; and (3) Zel’dovich-Boccaletti’s
gravitational-electromagnetic transduction framework elucidating the mathematical mechanism by
which gravitational waves convert to electromagnetic manifestations. The remarkable convergence of
these distinct theoretical frameworks—spanning quantum field theory, general relativity, and black
hole thermodynamics—to identical quantitative predictions provides compelling evidence for our
unified model of proton structure and mass origination.

6. Solving Einstein’s Field Equations for a Continuous Energy Density Profile

In the previous Sections we described mass as a decoherence state of the quantum vacuum
electromagnetic field through the correlation function. This ultimately identified an internal proton
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black hole horizon at the Compton wavelength and the proton rest-mass at its charge radius. Having
established these two discrete screening boundaries, we now seek to derive the continuous energy
density profile characterized by metric fluctuations 1, that generates forces between and outside
these horizons. While our analysis has revealed that vacuum energy screening manifests through
discrete boundaries at the Compton wavelength and charge radius, the underlying principle of general
covariance in Einstein’s field equations necessitates a continuously varying screening function that
modulates the Planck plasma flow across the entire spacetime manifold, reconciling the discrete
quantum transitions with the differentiable nature of classical gravitational fields.

Utilizing the wave equation derived by Boccaletti et al. (see Appendix E) from Einstein’s field
equations within the weak field approximation, we find an equivalent Klein-Gordon equation with a
mass term characteristic of each phase of the Planck plasma. We solve these equations for a spherically
symmetric geometry, revealing notable parallels with massive scalar field theories that mediate both
short and long-range interactions in quantum field theory. The total continuous energy density emerges
as the sum of all solutions corresponding to each phase of the continuous Planck plasma flow.

Under the weak-field approximation (¢, < 1), Einstein Field Equations can be expressed as a

wave equation
167G
Dlpyv = - CZ THV 1)

where ¢, = gy — g,(g/) represents metric fluctuations around a flat spacetime region characterized
by the Minkowski metric gl(,?/) using the standard (—, +, +, +) signature convention. (glg?,) is used
here to avoid confusion with the screening factor #.) Boccaletti and Zel’dovich calculated the energy
conversion efficiency between an incoming electromagnetic wave of amplitude 4 and the resulting
gravitational wave 9", as it propagates through a region of length d containing a static magnetic field
H (Figure 3). In this configuration, the Faraday tensor F,,, combines both static field components and

incident wave terms with amplitude a

F12 = yoH; + aexpliko(x — ct)],

F23 — ]/loH ,
" * (92)
F20 = —aexpliko(x — ct)]
The electromagnetic stress-energy tensor (see Appendix E) is given by
o=t (pwx Fro — Lg@rpsp Faﬁ) 93)
Ho 4

The solutions of Equation (91) for metric fluctuations i, ” represent gravitational waves converted
from electromagnetic vacuum fluctuations
8nGd a

¥, =i focd %zx;j’ expliko(x — ct)] (94)

where txlyv are static-field-dependent constants appearing in Einstein field equations (see Ap-
pendix E). From Equation (94), we can derive

id 87G
11[]]11/ - 6764 T;u/ (95)

By lowering u index and keeping the first order in i, this transforms Equation (91) into

2ik,
O — =~ = 0 (96)
We find that Equation (96) corresponds to a Klein-Gordon equation for a massive scalar field

2 _ K’k

with complex mass m* = -77. In this formulation, ko represents the wave number of the incident
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electromagnetic wave, while d denotes the conversion pathlength specific to each region of the
screening mechanism. These parameters collectively determine the efficiency and spatial characteristics
of the electromagnetic-to-gravitational wave conversion process.

Remarkably, this mass term emerges naturally from our formalism without requiring the introduc-
tion of a larger counterterm mass—in contrast to quantum electrodynamics (QED), where an infinite
bare mass must be introduced for the electron. In our model, the electromagnetic wave mode ky and
the characteristic scale of the resonant cavity d together determine the effective mass that characterizes
the metric fluctuations ¢y

We extend Boccaletti’s framework to spherically symmetric geometry by solving for metric
fluctuations between the screening horizons. This approach yields a Klein-Gordon equation while
preserving the connection to Einstein Field Equations with electromagnetic stress-energy tensor
sources. Unlike conventional quantum field theory where the massive scalar field equation serves as a
source term, our model identifies the electromagnetic field generated by coherent quantum vacuum
fluctuations curving spacetime as the source of the mass.

The derived Klein-Gordon equation possesses remarkable properties due to its complex mass
term. The imaginary component generates a dissipative mechanism—manifested through exponential
decay (Yukawa-like form)—while simultaneously mediating the electromagnetic-to-gravitational wave
conversion process. This mathematical framework exhibits crucial phase-dependent adaptability,
enabling the specification of distinct ky and d parameters for each phase. Following Boccaletti et al.,
we constrain our analysis to the case where d = k; !, ensuring gravitational waves vanish in region I
while being exclusively emitted in region III (Figure 3.a).

Our model describes the proton as a hierarchical quantum-gravitational structure characterized
by three distinct phases, each associated with a specific horizon and screening mechanism:

1.  The innermost Bose phase, dominated by quantum vacuum fluctuations at the Planck scale
2. The intermediate Bose-Fermi phase beginning at the reduced Compton wavelength boundary
(Ap), subdivided into:

e Ahigh-density (HD) region extending from A, to the proton charge radius (r,)
*  Alow-density (LD) region beyond r,

3. The outermost Fermi phase beginning at the full Compton wavelength (A, = 271A,), governing
long-range interactions

Each phase boundary represents a screening surface where electromagnetic waves generated
by quantum vacuum fluctuations convert to gravitational waves through the Klein-Gordon process
described above. This decoherence mechanism progressively transforms vacuum energy (pyqc) into the
observed proton rest mass (o) through precisely defined energy density transitions at each horizon
(Table 1). The mathematical formulation below quantifies the gravitational energy flux associated with
each phase and its corresponding wave function. Building upon our previous analysis (Section 5.3),
the third screening horizon at A, completes our model framework.

We find discrete boundaries but it corresponds to a continuous flow of discrete Planck’s scale
entities (see Section 2.3) across the Planck plasma phases. The dynamics of each phase is characterized
by the characteristic length of the oscillators generating the incident electromagnetic waves that are
converted into gravitational waves. We can therefore identify for each phase, function of its reference
density, a set of parameters (kg, d) characterizing the continuous decoherence mechanism embedded
in the Klein-Gordon equation (96) as presented in Table 1.
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Table 1. Phase boundary conditions and Klein-Gordon parameters: this table describes the characteristic energy
density of each phase, setting boundary conditions at the screening surface previously identified within the
discrete approach of the decoherence mechanism incorporated in the correlation functions. Each phase function
of its reference density is associated to a set of parameters d = k ! characterizing the continuous decoherence
mechanism embedded in the Klein-Gordon equation (96).

Boundary Conditions Klein-Gordon Parameters
Phase : .
(Discrete) (Continuous)
Bose Po(T < }\p) = Puvac
~ . kY __ Poac 1) - 1 _
Bose-Fermi (HD) p1(Ap) = TS d) = ok 2/
: _ _ 1 Poac 2y 1 _ 3
Bose-Fermi (LD) p2(rp) = pp = 27 a2 = k(()—z) =Ap
Fermi p3(Ap) = Boe d® > % =Ap
3 ko

For the spherically symmetric case, we restrict our analysis to the non-zero stress-energy tensor
components Ty and T;,. The metric perturbations contributing to the gravitational wave energy flux
tO1 are characterized by 1 (r,t) = 1, (r,t) = ¥(r, t) in wave equation (96). Exploiting the spherical
symmetry, the solution becomes independent of angular coordinates 6 and ¢, yielding a general

spherical wave of the form
p(r,t) = ée"(‘z’t*f") + gei(d)t+l~cr) -

where A and B are amplitude constants with units of length, representing outgoing and incoming
waves, respectively. The resonant coupling between the induced gravitational wave and the incident
electromagnetic wave requires identical temporal frequencies @ = wy (as noted by Gertsenshtein, [48]),
ensuring that the solution satisfies the dispersion relation

2 .
P2 _ o 2k
k= 2 + y (98)
thus k = kg + ik; with
e = koy [ P12 (99)
ki = ko /% (100)

with g = /1+ 5.
0
By considering only non-diverging solutions (as expanding gravitational waves with a diverging

amplitude is not physically valid), we set A = 0 and the solution for ¥ follows a Yukawa-like form

#’(71 t) _ gefklrei(wgtfer) (101)

Therefore, using the results from Boccaletti et al. (see Appendix E), we compute the energy flux
for any radius r

3 Pvach%

¢ i 2 2 ,—2kpr
| Ol(r)| 1677G|ll](r/ )l 67’](7’) 4 ( 0 )
where 7(r) = 4"—[22 is the number of voxels on the surface of radius r as defined in Section 4.1.
(2

As demonstrated in Equations (54) and (55), the energy flux tg; across a screening (or phase transition)
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surface is equivalent to an energy density characterizing the new phase through the relation ty; = pc,
such that the boundary conditions of Table 1 set the energy flux at each phase transition surface.
The condition kg = % ensuring only converging gravitational waves yields 8 = /5 and

kg = ko/@ (103)

ki = koy /o1 (104)

with =1 = @ This result demonstrates notable correspondence with Davies’ result carries
significant mathematical interest [76]. In his 1989 analysis of Kerr-Newman black holes in de Sitter
space, Davies identified a critical relationship between angular momentum and mass at >/ M? =
(v/5—1)/2 = 0.618 where the heat capacity discontinuity marks a second-order phase transition. The
same mathematical value emerges in our formulation as the ratio
b _ g (105)
kr
characterizing the spatial decay rate of metric fluctuations. For uncharged rotating black holes (Kerr
case with Q = 0), Davies demonstrated that this specific ratio represents a critical threshold in black
hole thermodynamics, separating regions of negative and positive specific heat. In our model, although
we employ the full Kerr-Newman metric framework, the electromagnetic charge contribution is sub-
stantially smaller than the angular momentum component, allowing us to effectively approximate
Q =~ 0 in alignment with Davies” Kerr black hole case. This mathematical parallel aligns with our
framework where mass emerges as a decoherence state of quantum vacuum fluctuations undergoing
phase transitions whose coherence is established by the angular momentum of the Planck plasma flow.
The appearance of the same ratio in both contexts suggests a connection between the decay characteris-
tics in wave equations and phase transition boundaries in gravitational systems. The mathematical
correspondence with Davies” work further suggests that the thermodynamic properties of macroscopic
black holes and the quantum-gravitational structure of hadrons share deeper underlying principles
than previously recognized and will be treated in an upcoming paper.
The gravitational energy flux can be written as

PuackG p2 2ty /5Ty
ltor (r)| = 5" B7e "0V (106)
611(r)
We can now compute the gravitational energy flux for any radius r by determining the constant B
for each phase characterized by the parameter ky = d ! and the boundary condition of Table 1.

1.  Bose-Fermi (HD) Phase : First Screening (d!) = 1/ k(()l) =20
The energy density of the high-density Bose-Fermi phase emerges from the primary screening
of quantum vacuum fluctuations, wherein kernel-64 aggregates of spacetime voxels coherently
generate electromagnetic waves with characteristic wavelength 27t x 2/ (see Section 5.3). Apply-

ing the boundary condition |t(()11) (Ap)] = pf]—”:c at the reduced Compton wavelength, we derive the

Ap_
amplitude constant B() = 2¢1/6¢2V?, yielding

(1) _ PoacC _. /o1 A
ty (1) = ——e [ (107)
| 01 ( )| ;7(1,)

and the corresponding gravitational wave

p D (r,t) = %e—\/fpfl o e (wot=v/97) (108)

2. Bose-Fermi (LD) Phase : Second Screening (d(2) = 1/ k(()z) =Ap)
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The energy density of the low density Bose-Fermi phase resulting from the second screening
mechanism involves electromagnetic waves generated by the proton black hole horizon, with
wavelength 2774 ,,. The boundary condition |t((ﬁ) (rp)| = ppc yields B?) = v/3le*V 97", and results
in

(2) _ 8ouacc —24/971 r;p
() = —= e P (109)
for () 131 (r)

with the corresponding gravitational wave

p@ (r, 1) (110)

VBT i)
r
3.  Fermi Phase: Long-Range Dynamics (d®) >> 1/ k(()3) ~ Ap2)
This final case represents the long-range behavior, incorporating a third screening of the gravi-
tational energy flux where |t((§) (Ap)| ~ % which leads to B®) ~ agAy. Utilizing a first-order
A

. . G 1 (3) poaccky n(3)2 .
approximation where k; o and |t ()| 2w B'®)%, we obtain
(3) _ 2 PoacC
ltoy ()| = “S 6 () (111)

And the corresponding gravitational wave

ﬁei(th—ﬁ)
r

YO (r,t) = ag (112)

where ag = 16177 ! represents the gravitational coupling constant characterizing the relationship
between the strong nuclear force and the gravitational force and, here, phase transitions of the
Planck plasma flow associated to a change in energy density as described in Section 4.1.

The total gravitational energy flux as a function of radius r can be expressed as the sum of all
three contributions (noting that 775 = %’)

1)) = (£ () + 152 ()] + 168 ()] (113)
_1 — r—r 2
= Z”(”;)C (e—\/ng r* +%e_2 L af) (114)
r—A e
_ PvacC e /¢—1 Z\p + Ee 2y/ ¢ Ap + 1i§ (115)
n(r) D 315

Our mathematical framework reveals a distance-dependent hierarchy in the gravitational energy
flux, with each component dominating at a specific characteristic scale:

1. The first term |t(()11) (r)| dominates in the innermost high density Bose-Fermi phase region near the
reduced Compton wavelength A,

2. The second term |t((ﬁ) (r)| becomes predominant at intermediate distances around the proton
charge radius r;, in the low density Bose-Fermi phase.

3. The third term |t((ﬁ) (r)| governs the long-range interactions at distances far beyond the proton
radius (7 > rp) in the Fermi phase.

This formulation provides a complete and continuous description of gravitational wave energy
flux at any radial position near the proton. While the energy flux varies continuously throughout space,
it undergoes its most dramatic changes in localized narrow regions, defining discrete screening surfaces.
Importantly, our analysis reveals that vacuum energy (pvsc) does not transfer uniformly throughout
the volume, but rather experiences a steep attenuation in the vicinity of each screening surface—a
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fundamental quantum-gravitational phenomenon mediated by the Yukawa-type exponential decay
with phase-dependent characteristic length scales. The efficiency of this transfer mechanism is precisely
quantified by the screening parameter #(r), which counts the number of Planck-scale spacetime voxels
participating in the energy transfer at each spherical boundary surface. To clarify, our approach
does not result in gravitational field screening but instead describes a screening mechanism of the
electromagnetic field energy density through exponential decay, which consequently leads to spacetime
curvature reduction. In the following Section, we explore how this systematic reduction in curvature
manifests as the varying strength and range characteristics of nuclear confining forces within the
proton’s core structure eventually leading to the Newtonian gravity.

7. Geometric Unification of Color Confinement, Residual Strong Force, and
Gravity

7.1. From Metric Perturbations to Fundamental Nuclear Forces: A Geometric Derivation

We now derive three fundamental forces—the color force, residual strong force, and classical
gravitational force—by analyzing metric fluctuations in our gravitational wave framework. These
forces emerge naturally from the three previously defined cases (ref to the equations for the metric) of
metric perturbations we previously established.

In the weak field approximation, we express the metric components as

v = My + Py (116)

where ¢, < 1. For our analysis, we consider the spherically symmetric case where only T} and T;,
are non-zero. Thus the time-like geodesic of a spacetime voxels along the r coordinates corresponds to
(see Appendix F)

dr . [ ax® 2

i T <d‘r> (117)
The 5—; term can be deduced from the conservation of energy (resulting from the time symmetry

and associated killing vector {* = (1,0,0,0) = 9;)

dt
8t = —E, (118)

where E is the total energy of the system per unit mass. As a first approximation, we consider a
test-particle with zero initial toroidal velocity, such that Z—f = r% = 0, where L represents the total
angular momentum per unit mass. Exploiting the spherical symmetry, we can restrict our analysis to
the equatorial plane 6 = 7, yielding g—z = 0. The radial component % can then be derived from the
normalization condition of the 4-velocity vector u# = %, which arises from the proper time definition

of a time-like geodesic in the case of pure radial motion.

dt\? dr\?
— — ] =-1 119
gtt(dT) +grr<dT> (119)
Therefore, utilizing the conservation of energy and the normalization condition, we compute the radial
acceleration of a test particle function of the total energy of the particle and the metric components in a

aﬂg_r;,+52(r;r_;t> (120)
dr Srr 8t \&r 8it

Our analysis focuses on the gravitational forces generated by coherent spacetime voxels in

region of spacetime

the vicinity of a proton black hole. We identify three distinct regions of spacetime (illustrated in
figure_forces), each characterized by a unique gravitational wave function
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1 2/ _Fﬂ (wt— BT
PO t) = Voo Vot el va) (121)
A(rt) = Vare VT T VTR (122)
6O (r 1) = a g%’g(“’f*a) (123)

In the weak field approximation where ¢ < 1, we find E() ~ 1. This condition, combined with
null initial radial velocity, yields three distinct geodesic accelerations (detailed calculations including
Christoffel symbols are provided in Appendix F)

,\/F'_/i\l’
=y Sw—e Lo (124)
@) = _ Velgh (1, Ve
a®(r) \f 5 <r+ i, (125)
a(B)(r) _ T 2 (126)

22

With zero initial radial velocity, we can focus solely on the amplitude of metric fluctuations, allow-
ing us to characterize the gravitational dynamics without considering oscillatory wave components
(see Figure Al).

To derive the forces relevant to nuclear physics, we examine interactions between proton phases.
Specifically, we consider: the proton black hole mass Mj at Ay, a spacetime voxel with mass 1y at r,, for
color force estimation, and the interaction of two rest mass protons at r >> p for classical gravitational
force calculation. This approach recovers the screening mechanism forces at different previously
identified horizons (see Figure 4)

3 /3 -1
FOR,) = MzaM(R,) = ﬁmgcz 2% . E (127)
20 Ay
FO(r,) = ma®(r,) = 2L ‘@(1 iy o)~ B (128)
i 2 Uh
2 2Gm2
(3) @) (y) — e
F¥)(r) r>;rp mpa'> (r) = 2Fng 2= 2 (129)

The total force as a function of radius can be expressed as

Es(r) = FY () + F(r) + FO) (1) (130)
= M5a W (r) +mea® (r) + mpa(3) (r) (131)

- h (3G v
2 [ qrrp 2
+\[€<1+\/go )Lr>e LT -1—21xg£2>
p

The behavior of the total force F; mirrors that of the gravitational energy flux, with F (1), F2) and FG)
dominating at their respective horizons: Ay, rp, and r >> .

(132)

Figure 5 illustrates the behavior of F;, demonstrating the sequential screening transitions from the
ground state force F, to the Newtonian gravitational force F; = F (3), The first screening (blue line),
characterized by the Planck length ¢, manifests in the immediate vicinity of the horizon A,, where
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the force rapidly decreases to approximately F;/#,. The force then exhibits a gradual decline up to
the proton charge radius, where it maintains a magnitude of ~ 10° N. Beyond this point, the second
screening mechanism (orange line) induces a sharp reduction in force magnitude revealing that the
Newtonian gravitational force (purple line) derive from two Planck force screenings similar to the
proton rest mass density (eq (45))

F,
FO(r,) = =72 — g (133)
s UpULY!
1045 4 F - - 10%] sasasseserorecsereresnenenenenen Fé’
10
e — 10%-
10% - £.
L:.:nm“
o
1023 A é 11" First Screening Screening
12 W=, +nf
= 10 Fy(r,) ~ 105N %
E, _::F——--fs_(3-3rp) ~30N Number of Planck length n
10" S
§ « >« \\\ >«
2 10-10 4 Color Residual \\ Newtonian
Force Strong Force Gravity
10721 1 e \‘ >
Second Screening \
102 -—\\\
A T, 3.3 ——
P p =T
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Figure 5. Evolution of three fundamental forces—color confinement, residual strong, and gravitational—arising
from gravitational waves induced by Planck-scale quantum vacuum fluctuations. This plot illustrates the dual
screening mechanism originating from the Planck force ground state F;. The inset magnifies the first screening
transition (blue line), plotted in Planck length units from the Compton wavelength horizon A,. Key features
include the color confinement force reaching ~ 10° N at the proton radius r, and the residual strong force
measuring ~ 30 N at the characteristic inter-nucleon separation of 1.93 fm during the second screening phase
transition (orange line). For comparison, the electrostatic Coulomb force (green line) and Newtonian gravitational
force (purple line) are also displayed.

7.2. Gravitational Origin of the Strong and Residual Strong Force
7.2.1. Strong Force

Our metric fluctuations analysis reveals a hierarchical screening mechanism for forces at each
screening horizon—from the Planck force F; down to the gravitational force at the proton scale

Fo(r) o Gr—r:’% This mechanism is mediated by the same screening parameter 7 that governs the proton’s
energy density (see equation (87)). By comparing our theoretical predictions with experimental data on
both the strong force and residual strong force, we confirm that the first screening phase corresponds
precisely to the nuclear fundamental interactions. This establishes a unified geometric framework for
understanding nuclear forces through spacetime curvature induced by vacuum fluctuations.

For the first screening at the charge radius, we calculate

(2) :Qé -1\ _ 5
F@(r,) ) (1—!—4\/(;) ) 1.63 x 10°N (134)

This calculated value aligns remarkably well with recent groundbreaking measurements of the
internal pressure force experienced by quarks within the proton [65,66,86]. This force also corresponds
to the established understanding in lattice QCD of the confining force strength at the proton’s horizon.
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At large separations, where ‘gluon tubes’ snap and result in quark-antiquark pair creation [87], the
confinement potential between a static quark-antiquark pair grows approximately linearly [65,88]:
A(r) ~ or, where 0 is the string-tension. This characterizes quark-anti quark force Fyg, typically
given in lattice QCD as ¢ &~ 1 GeV/fm ~ 10° N [14,89]. Recent measurements of ¢ result primarily
from lattice QCD simulations, confirming the established range of o ~ 1.0 — 1.2GeV/fm in pure
gauge SU(3) theory (e.g. [90]) and ¢ =~ 0.9 — 1.0GeV/fm in full QCD (e.g. [15]). This confirmation
demonstrates that the first screening, related to the black hole structure in the energy density profile,
can be identified as the “color” confinement force responsible for maintaining proton structure and
stability.

This force can be interpreted as the proton black hole mass M), gravitationally binding the proton
rest mass energy at r, surrounding the A, horizon:

GM
E = F(r,) ~ 220 (135)
"y
or
F, m
Lo ~pT]
R~ M, ag ~ 13 (136)

This derivation highlights that the decoherence process is similarly described by both the screening
surface parameter 77 and ag, allowing us to express energy screening with both parameters (cf Table 2).
Our computation confirms that both gravitational and color forces originate from the Planck force
F; and the Planck energy flow pressure Py, which generate highly curved space within the proton
interior. The quark-gluon formalism—where gluon flux tubes snap to generate quark-antiquark
pairs from vacuum fluctuations and create confinement—is intrinsically linked to the electromagnetic
Planck plasma pressure of the quantum vacuum, which we have shown to be the source of both mass
and confinement. In other words, what has traditionally been called the strong force is actually the
gravitational force exerted by the internal black hole structure of the proton expressing a Yukawa-like
potential at its horizon.

While the standard model lacks a precise definition of the strong force and QCD relies on 9 free
parameters, our solution provides an analytical framework grounded in fundamental physics. This
approach resolves the proton-proton binding paradox without requiring the numerous approximations
needed in traditional QCD formalism.

Table 2. Summary of Planck force screening

2
B, = SM e ~ 1.17 x 104N Planck force
(25?2 &
F, % ~ GN:;""” ~ agFy ~ 10°N Color confinement force
P
Gmj F, 8F,
F ~Y p ~Y =S ~Y [ ~J . . .
g 3 Med  MAlled ~ 107N Newtonian Gravitational force
2
14 Fg
8

7.2.2. Residual Strong Force

The residual strong force is responsible for nuclear binding even as protons experience electrostatic
repulsion. Comparing the total force obtained in equation (132) to the electrostatic repulsion between
two protons yields

2

The system achieves equilibrium at r = 3.3 r),, corresponding to an internuclei separation of
33rp —rp = 2471, ~ 1.93 fm. At this distance, the residual strong force maintains a characteristic
magnitude of Fs(3.3 ) ~ 30 N. Notably, this equilibrium separation aligns with experimental
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measurements of proton spacing in a-clusters, which range from 1.9 to 2.4 fm [91,92]. This threefold
agreement in force magnitudes at the nuclear scale provides compelling evidence for the gravitational
origin of both the color force and residual strong force.

Our analysis demonstrates that nuclear confinement forces derive their high intensity from
quantum vacuum fluctuations (o), which curve spacetime and underlie the fundamental nature of
forces at the quantum scale. These forces manifest as pressure in the Planck plasma flow, ultimately
resulting in the Newtonian gravitational force (Fg) at macroscopic distances. While our screening
mechanism using a semi-permeable surface # provides accurate force approximations at different
horizons, the forces extend beyond these boundaries, producing a residual strong force essential for
nuclear binding energy.

Our geometric framework fundamentally reshapes our understanding of nuclear physics by
demonstrating that both the color force and residual strong force emerge naturally from metric
fluctuations, elegantly explaining their scale-dependent transitions. The mathematical structure
reframes quantum chromodynamics (QCD) within spacetime geometry, where metric fluctuations ¥,
directly encode the binding mechanisms traditionally described by SU(3) gauge symmetry.

This geometric interpretation reveals that color confinement—conventionally attributed to gluon
exchange—emerges from quantized spacetime curvature at the nuclear scale, suggesting that color
charge represents a fundamental geometric property rather than an independent gauge field. By
unifying gravitational and strong nuclear interactions within a single geometric framework, this
approach not only resolves the classical-quantum divide in nuclear force descriptions but also provides
a powerful new perspective on nuclear binding mechanisms and the geometric origin of strong force
phenomena.

8. Discussion and Theoretical Implications at the Cosmological Scale

Having established the foundational screening Equation (87) in our analysis, we now extend our
discussion to the broader theoretical implications of this formalism at the cosmological level. The
demonstrated geometric relationship between electromagnetic quantum vacuum fluctuation decoher-
ence and mass origin manifests at discrete spacetime boundaries that establish specific scale horizons
for the continuous Planck plasma flow analytically computed in Section 6. While the underlying
energy transfer remains continuous across scales, these boundaries mark critical thresholds where
the fluid structure undergoes abrupt transitions in quantum coherency state over remarkably short
distances. This creates a dual discretization framework: first, through the fundamental spacetime vox-
elization at the Planck scale, and second, through emergent scale boundaries that demarcate coherency
transitions—while preserving the continuity of the underlying plasma flow. These semi-permeable
screening surfaces, characterized by parameter 7, function as a fundamental coupling constant between
vacuum energy at the Planck scale and observable mass at the proton scale—suggesting profound
consequences for our understanding of quantum gravity.

This scaling relationship spans approximately 20 orders of magnitude in spatial dimension from
the Planck scale to the proton scale, and extends symmetrically to cosmological dimensions. The
geometric mechanism for energy reduction identified in our analysis creates a hierarchical propagation
pattern across all scales, providing a mathematical bridge between quantum fluctuation dynamics
and macroscopic cosmological parameters. This quantitative framework not only generates testable
predictions for observational cosmology but also demonstrates how quantum geometric relationships
become holographically encoded in the universe’s large-scale structure, suggesting a fractal-like
organizational principle spanning the entire physical spectrum.

When we scale Einstein’s Field Equations to the universe’s observable size, we find the spacetime
curvature corresponding to the Hubble constant

Ho\> 1 16
RN R — = —= = — 1
(&) =2 -ne a3
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This scaling yields an equivalent energy density

Tpy ~ £oe (139)

u

Here, we recognize our first screening mechanism characterizing the black hole condition operat-
ing at the universal scale 7,,. Remarkably, this relationship leads directly to

Poac _ 3H(% = Ouri
N e crit

(140)

This final equation reveals a profound cosmological insight: the screened vacuum energy den-
sity at universal scale precisely corresponds to the critical density (o.,;) measured by observational
cosmologists—potentially unifying phenomena currently attributed to dark matter and dark energy.
Moreover, our analysis demonstrates that the universe’s energy density satisfies the black hole condi-
tion, corroborating recent theoretical proposals that the observable universe itself exhibits black hole
characteristics, as we previously established in [85].

The proton’s total internal energy from quantum vacuum fluctuations, contained within its
Compton radius volume V), is given by

4 ho\?
Vi, == — ) ~855-10% 141
PvacVa, 3 TtPvac (mpc) 8.55-10°7] (141)

This enormous amount of energy equals the total energy in the observable universe, calculated
using the current estimate of the Hubble constant (Hy = 67.4 km/s/Mpc)

7T
Oerit Vi = pﬂ—v = S Puctul? ~ 831109 (142)
u

This mathematical relationship reveals a crucial aspect of the holographic principle: each proton
contains the same information as the entire observable universe. Like a hologram where each fragment
contains the whole image, every node in the network stores complete information about the entire
system, though only a tiny fraction is locally accessible due to the screening mechanism.

Pvacv/\p ~ Ocrit Vu (143)

This formulation suggests that universal structure may manifest as a literal holographic interfer-
ence pattern generated by quantum vacuum fluctuations, producing the observed hierarchy of forces
and masses across multiple scales. The fundamental scaling parameters emerge directly from the
screening mechanism, establishing quantitative relationships between seemingly disparate physical
phenomena. We can express this relationship more elegantly through holographic ratios ® —a funda-

mental geometric parameter defined as % = % = @&~ 1 [85] which link mass-energy and geometric
properties at both scales
,\°
P, = (27_[) (144)

Through this dimensionless representation, patterns emerge that illuminate scale connections. We

can express this scaling law using the gravitational coupling constant a,:
o — ay? (145)
t ()

This shows how information encoded at the proton level mirrors the universe’s large-scale

structure. The gravitational coupling constant a¢ serves as a bridge between quantum interactions and
cosmic parameters, revealing connections between fundamental forces:
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Table 3. Mass and Radius Scaling Relations

| | Proton | Universe |
Mass my = aé/zmg M, = 647.[3“873/2”[(
Radius rp = 4(Xg_1/2£ Ty = 1287’[306873/26

These relationships demonstrate that a¢ serves as a natural scaling parameter across diverse uni-
versal scales, as previously shown by Carr and Rees [93]. Our analysis reveals a profound connection
between black hole proton cores and the force hierarchy, spanning from strong interactions (s ~ 1) to
gravity (g ~ 107%).

The holographic principle manifested in these equations suggests a bidirectional information
flow between scales. The Planck-scale vacuum fluctuations screening at the proton’s surface boundary
influences universal dynamics, while cosmological evolution imprints itself on local Planck plasma
flows. This reciprocal relationship establishes a fundamental coherence mechanism within the pro-
ton—wherein sustained angular momentum maintains quantum vacuum fluctuations coherency to
generate the vacuum energy density mass source term py,c, which subsequently undergoes deco-
herence due to the intrinsic spacetime elasticity within Einstein’s field equations. Furthermore, this
bidirectional coupling suggests that universal expansion directly correlates with new protons forma-
tion, as the system compensates for pressure loss from volumetric expansion by generating additional
hadronic matter as Einstein envisioned in his ‘lost” paper published in 2014 [94].

At the cosmological scale, this relationship gives rise to the cosmological constant A, emerging
naturally from our screening mechanism:

2
A= 3(120) Q) = %@5@*2 =32 (146)

Hu

where the density parameter for dark energy is (25 =~ % and @, is the universe holographic ra-
tio [85]. This derivation provides a theoretical foundation for the observed cosmic acceleration, offering
a unified description of gravitational phenomena across scales—from quantum to cosmological.

Conclusion

In this work, we demonstrate that quantum electromagnetic vacuum fluctuations generate extreme
spacetime curvature at the proton scale, providing a self-consistent mechanism for mass generation
and confinement without ad hoc scalar fields or high-dimensional operators. By treating the proton as
a resonant cavity and analyzing correlation functions of zero-temperature blackbody radiation, we
quantitatively derive the proton’s rest mass from coherent electromagnetic vacuum fluctuations. The
decoherence of these fluctuations manifests a Hawking-like temperature of a proton-size black hole,
yielding a Kerr-Newman structure at the proton’s reduced Compton wavelength.

By extending zero-point energy (ZPE) to a multi-phase quantum fluid framework, establishing
that electromagnetic modes transition from Planck scale to observable hadronic mass via two successive
screening across semi-permeable horizons which function as phase boundaries, effectively transducing
vacuum energy into observable rest mass-energy while simultaneously reducing local spacetime
curvature. Unlike lattice QCD, this approach analytically explains why nucleon mass derives primarily
from strong confinement dynamics rather than the Higgs mechanism which only predicts 1 — 5%
of their mass. While the decoherence process follows continuous field equations, we find it to be
equivalent to a quantized screening of the electromagnetic vacuum field depending on the discrete
number of Planck-scale voxels populating each screening surface.

This framework establishes a direct connection between quantum field correlations and spacetime
geometry through Einstein field equations, where electromagnetic vacuum energy density directly
induces metric curvature via spacetime elasticity sufficient to generate self-gravitating solutions.
Analysis of the "first screening” reveals that black hole formation represents a fundamental quantum-
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gravitational process operational at subatomic scales, not merely an accretion phenomenon. The local
energy density of zero-point fluctuations exceeds the critical threshold for gravitational self-collapse at
the proton’s reduced Compton horizon, inducing a Kerr-Newman black hole configuration bounded
by a semi-permeable horizon. This self-confinement mechanism—arising from coupling between
quantum vacuum stress—energy and spacetime curvature—demonstrates that coherent vacuum modes
inevitably generate black-hole-like geometries without conventional matter accretion.

This approach unifies nuclear-scale physics with gravitational phenomena by re-conceptualizing
both confining forces and gravity not as separate fundamental interactions but as emergent mani-
festations of fundamentally gravitational phenomena governed by underlying spacetime curvature
resolving Einstein-Rosen’s attempt at geometrizing particles and forces at the quantum scale [26]. This
framework reveals that what appears as the strong force at nuclear distances is actually an extreme
gravitational effect arising from quantum vacuum-induced spacetime geometry. Zero-temperature
black-body coherence and quantum foam serve as source terms for curvature at both Planck and
hadronic scales. This establishes an energetic equilibrium where mass-energy generated through
coherent electromagnetic correlations within the proton precisely compensates for Hawking radiation
emitted at the charge radius boundary. Such equilibrium confers extraordinary stability to the proton
through a self-regulating dynamical system, while dissolving the traditional bifurcation between
gravitational and quantum-field-theoretic descriptions—revealing black holes as natural sub-nuclear
manifestations of quantum vacuum dynamics that characterize Planck-scale physics.

We propose a fundamentally different approach to mass generation and symmetry breaking.
While the Standard Model incorporates numerous arbitrary parameters and struggles to integrate grav-
ity, our approach provides a more comprehensive, predictive framework with fewer phenomenological
parameters while expanding explanatory scope across multiple scales. The screening mechanism of
electromagnetic quantum field fluctuations constitutes a novel bridge between quantum field theory
and general relativity, connecting the smallest and largest scales through quantum vacuum geom-
etry without requiring additional dimensions or exotic matter fields. This unification of quantum
vacuum dynamics with spacetime geometry provides a conceptual foundation for understanding
mass generation and confinement as emergent phenomena from the most fundamental structures
of physical reality—revealing the proton not merely as a constituent of matter, but as a quantum
resonance structure embodying the fundamental principles of spacetime itself.

Conflicts of Interest: The authors declare that they have no conflict of interest.

Appendix A. Correlation Function and Black Body Radiation

Appendix A adapts the work done in [37] section 3.9.
We can use the density operator to evaluate the second order correlation functions of the optical

field

B() ) _ oy e et

(B B (1)) = WZA: SecV T =T (A1)
&(+) 5(-) _ oy hw T

<E (r,t) - B (r,t+ T)> = L 20,y o/l (A2)

w,A
where the single polarization components of the electric field operator are

£ =i Y | 2 g e = B (1,0 (A3)

&(-) : hw Ak iwt
E r,t)=—i ’/711 e A4
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It results the normally ordered field correlation functions is
g(-) B(+) hew —iwr
B B =
(7w £t +1)) ; 2ecy (Nole
. (45)
_ Ziwm'r Aﬁw)\>e 1wt
Z 2€0V w
and the anti-normally ordered correlation function is
~(+ ~(— hw N N i
<E( )(r, £)- E( )(r,t—f— T)> = Z Yy <awl)\aZ},A)em (A6)
R
hiw ;
= N, 1)e'" A7
L peqp(Neb + 1) (A7
The creation annihilation operator for the mode w gives
A 4 A 1
(aw,/\aLr/Q = (ai,//\aw,,ﬁ +1= <Na;> +1= m +1
ehw/kBT (AS)
= ohw/kgT _ 1

where N, is the photon number operator for the mode w and (N,,) = (ﬁL’ 2w, 2) is the average
photon number of mode w.

A coherent system yields symmetrically ordered correlation function corresponding to the sum of
the normally and anti-normally ordered correlation functions which results, in the mode-continuum
limit (V — o), considering the horn torus geometry and the two polarization states, in

<fs(r, £ B(rt+ r)> = (B B (e + 7))+ () B (e + 7))

00 —iwT iwT ; A9
= n;;cs fo (e}‘mf/kBT_l + ehw?kBT_l + 9T wldw (A9)
2h 00 h ©
= 2 s ehiﬁ’fk‘;’flw3dw+ o Jo e wdw
The temperature-dependent term can be calculated as
2h /°° COSWT _ 3,
meged Jo  efw/kT — 1
Al
_2n bt 3 Lol 3 (A10)
mtepc3 \ sinh?(bt) | sinh?(b1) T
where b = #. The temperature-independent term can be evaluated as [37]
h w3 h 6
dw = X — A1l
mteped /o ¢ wiaw meged T T4 (ALD)

such that the total energy density associated with the symmetrically ordered system correlation
function is

. R 2n b 3
eo(E(rt) - E(r,t+1)) = S S (b0) Linhz(b'r) + 21 (A12)

and in the limit case of T — 0 K (using sinh(x) ~ x for x = b7 < 1)

eo(B(r,t) - E(rt+1)) — ﬂ><i: ke ' (A13)
A=Y ’ 120 e  h - Pl 7
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Appendix B. Experimental Validations of the ZPE

Zero-Point Energy (ZPE) is not merely a theoretical construct but has tangible, experimentally
verified consequences. Key examples include:

1.  Casimir Effect: Predicted by Hendrik Casimir [95], this is the attractive force between two closely
spaced, parallel, uncharged conducting plates in a vacuum. It arises because the plates alter
the boundary conditions for vacuum fluctuations, excluding longer wavelength modes between
them compared to outside. This difference in vacuum pressure results in a net attractive force.

¢  Static Casimir Effect: Measured precisely by Lamoreaux [41] and subsequently by others
[42], confirming the 1/a* dependence for parallel plates and 1/4° for sphere-plate geometry
(a = separation). Measurements now achieve high precision, testing dependencies on
material properties and geometry [96,97].

e  Casimir Torque: Predicted for anisotropic materials or non-parallel geometries [98,99],
where vacuum fluctuations exert a torque attempting to align the plates. Measured experi-
mentally [100,101].

*  Dynamical Casimir Effect (DCE): Predicted by Moore [102], where real photons are created
from the vacuum by rapidly moving mirrors or changing boundary conditions. Observed
experimentally in superconducting circuits [103,104] and optical analogues [105]. See review
[106].

2. Lamb Shift: Discovered by Willis Lamb [40], this is a small energy difference between the 25, /,
and 2P, /, states in the hydrogen atom, which Dirac’s original relativistic theory predicted to be
degenerate. Bethe provided the first theoretical explanation [20], attributing it to the interaction
of the bound electron with vacuum fluctuations, effectively "smearing" the electron’s position
and modifying its interaction with the Coulomb potential. Precise measurements of the Lamb
shift provide stringent tests of QED.

3. Anomalous Magnetic Moment of the Electron (g-2): Dirac’s theory predicts the electron’s g-
factor to be exactly 2. Schwinger first calculated the leading QED correction [21], showing that
interactions with vacuum fluctuations slightly increase the magnetic moment (g ~ 2.00232).
Extremely precise measurements and higher-order QED calculations of g — 2 show remarkable
agreement, making it one of the most accurately verified predictions in physics [107].

4. Spontaneous Emission: An excited atom in vacuum will spontaneously decay to a lower energy
state by emitting a photon. In classical electrodynamics, an excited state is stable without external
perturbation. Quantum mechanically, spontaneous emission is triggered by the interaction of the
atom with vacuum fluctuations of the electromagnetic field [52,108].

5. Van der Waals Forces: These are weak, short-range attractive forces between neutral atoms or
molecules. The London dispersion force, a component of Van der Waals forces, arises from quan-
tum fluctuations creating temporary dipoles that induce dipoles in neighboring atoms/molecules.
At larger distances, retardation effects (finite speed of light) modify the interaction, becoming the
Casimir-Polder force [109], directly related to ZPE.

6. Hawking Radiation: Predicted by Stephen Hawking [55], black holes are expected to emit
thermal radiation due to quantum effects near the event horizon. Pair production from vacuum
fluctuations near the horizon leads to one particle falling in and the other escaping, effectively
causing the black hole to radiate and lose mass. This is a prediction linking ZPE, quantum
mechanics, and general relativity.

7. Electron-Positron Pair Production (Schwinger Effect): In extremely strong electric fields, virtual
electron-positron pairs from the vacuum can be separated and become real particles [110,111].
While the required field strength is immense (E,;; ~ 1.3 x 10'® V/m), analogous effects are
observed in condensed matter systems like graphene [112,113] and potentially in heavy-ion
collisions [114] or magnetar magnetospheres [115].

8.  Casimir Diode: The Casimir Diode is a non-reciprocal device based on quantum vacuum
fluctuations, that can affect unidirectional transfer of energy, like a diode [116].
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The Lamb shift, discovered in 1947, provided early validation of zero-point energy (ZPE). Lamb
and Retherford measured an unexpected shift in hydrogen’s 2, , energy level, later attributed to
vacuum energy fluctuations [40].

The Casimir effect further confirmed ZPE. Casimir found that vacuum fluctuations create an
attractive force between mirrors in vacuum [95]. Lamoreaux first measured this in 1997 [41], with
numerous confirmations following [42].

Recent experiments have validated the dynamical Casimir effect and Casimir torque [106]. First
theorized by [102], the dynamical effect involves extracting photons from vacuum using oscillating
mirrors. In 2011, researchers confirmed this by extracting microwave photons using a modified
SQUID [103].

One of the most surprising predictions of modern quantum theory is that the vacuum of
space is not empty. In fact, quantum theory predicts that it teems with virtual particles
flitting in and out of existence. While initially a curiosity, it was quickly realized that these
vacuum fluctuations had measurable consequences, for instance producing the Lamb shift of
atomic spectra and modifying the magnetic moment for the electron. Wilson, 2011 [103]

The effect was confirmed by a second group in 2013 [104] then again in 2019 [105].

These results open the door to using the Casimir torque as a micro- or nanoscale actuation
mechanism, which would be relevant for a range of technologies, including microelectrome-
chanical systems and liquid crystals. [...] The van der Waals and Casimir effects both result
from the same mechanism (quantum and thermal fluctuations), although historically they
were derived from different physical pictures. Somers, 2018 [100]
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Table Al. List of physical effects based on the ZPE with the theoretical prediction or post-experiment explanation

and corresponding experimental validation.

Theoretical . . .re
ZPE-based Effect Prediction/Expla- ExRerlmental Vali- | Additional Refer-
. dation ence
nation
L. Planck (1900- | Kirchhoff . .
Black Body radiation 1912) [36] (1860) [117] Milonni (1993) [52]
. Einstein Millikan Lehnert
Photoelectric effect (1905) [118] (1916) [119] (2014) [120]
Spontaneous Photon Emission Einstein (1916) N/A Dirac (1927) [108]

Lamb Shift

Bethe (1947) [20]

Lamb-Retherford
(1947) [40]

Casimir Torque

(1948) [109]

(2018) [100]

.. Casimir Lamoreaux
Casimir Effect (1948) [109] (1997) [41] Bordag (2001) [42]
Casimir Somers

Dynamical Casimir Effect

Moore(1970) [102]

Wilson(2011) [103]

Dodonov
(2020) [106]

(1951) [111]

HaWking_
Zeldovich
Hawking Radiation-Unruh Effect | (1972-1973) .
Unruh(1976) [77,
121,122]
' i i i Anderson
Electron-Positron pair creation Dirac (1928) [123] (1932) [43]
Sauter (1931) [110] anh??a1
Schwinger effect _ Schwinger Graphene In-
stitute - Geim

(2022) [112,113]

Vacuum Birefringence

Heisenberg - Euler
(1936) [124]

STAR experiment
(2021) [114] - IXPE
(2022) [124]

Breit-Wheeler Effect

Breit-Wheeler
(1934) [115]

Pike et al
(2014) [125]

Higgs mechanism

Anderson
(1962) [126]

LHC (2013) [107]

Appendix C. ZPE Calculation

The ZPE density derives from the sum of elementary spherical harmonic oscillators with ground

state energy Ey on all possible modes of the fields (see Appendix C). For three dimensional spherical

oscillators

3

Eo(a)) = —hw

2

(Al4)

and the vacuum energy density results from the sum of all the mode of energy Ey(w):

1

Pvac = i% Zn(w)EO(w)

w

(A15)

with n(w) the number of mode of pulsation w. Following the calculation derived by Adler et al

in [127], we calculate the number of modes dn between w and w + dw in a volume V as the volume of

momentum of space in a thin horn torus shell, divided by (27r)3, such that

dn(w) =

and therefore, by switching the sum into integral we have

c3(2m)3

2 x 4t w?dw
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1 Winax Wmnax 87-[ 3 hw4
_1 £ _ 3 Winax Al7
Poac V/o o(@) 2 / 3(2m)3 deo 8w 3 (A17)

One would expect an infinity of possible mode (wax — ©0) such that the vacuum density pyac
would diverge. However, as explained in Appendix D, we limit the large frequencies to an oscillation
cut-off pulsation corresponding to an oscillator of characteristic diameter ¢, the Planck length, we

obtain a cut-off pulsation wyx = 227%‘1_5 = 27C And thus, the vacuum energy density is finite and can be
¢ /
expressed as (in unity of mass) :
_6c 10% ko /m3 Al
Qovac = = 9.89 x10”® kg/m (A18)

The choice of the cut-off w;,;x = % is justified by considering the Planck length scale as the minimum
acceptable length in our space time structure as described in Section 2.2.

Appendix D. Planck Cut-Off and Metric Gradient Limit

Wheeler demonstrated support for this cut-off and its associated quantum foam (in [44]) by
calculating the length scale at which spacetime metric fluctuations become observable as a response to
vacuum electromagnetic fluctuations. In his analysis, Wheeler examined the phase of the Feynman-
Huygens equation for a field combining an Einstein-Hilbert action and an electromagnetic free field,
where the exponent phase is described by

% ~ / [(c3/8nch)(ag/ax)2
+ (1/87thcug) (0A/0x)?| (—g)2d*x  (A19)

where S represents the total action, A denotes the vector potential, and g, represents the space-
time metric. Within a typical four-dimensional spacetime region L*, the phase variation §¢ in the path
integral formulation, arising from both metric perturbations and electromagnetic fluctuations in the
vector potential A, can be expressed as [44]

6¢ = 6S/h ~ (3 /hG)L*(6g)* + (1/hcpg) L (6A)? (A20)

where the phases are defined as

3L2(5g)? o
dpg = e gravitational phase (A21)
L2(5A)?
OPemn = h(céy) : electromagnetic phase (A22)
0

The field variations of such region of space contribute to the path histories when phase variations
are small enough to create constructive interferences or d¢ ~ 1. Also, according to Einstein’s field
equations, in a vacuum, spacetime curvature will result from the electromagnetic field energy density
given by

1 8nG

Ry = 5Rguw = = T (A23)

Considering small variations of the metric §g, Einstein’s equations for the metric component
reduces to

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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(A24)

g  GB
L2 c* po

The electromagnetic energy density £ = B—j for small variations of the potential vector 6 A is given

by
0A
B~ —— A2
- (A25)
2
e=0 L (A26)
po  Hol
Thus, the spacetime curvature resulting from electromagnetic vacuum fluctuations induces a
metric variation g defined by
5g2 G B2 G 2
~ ———0A A27
o (A27)
(A28)

2" Ay

2
(ng ~ %&
c* Mo
Therefore, the electromagnetic and gravitational phases are of the same order §¢g ~ é@em ~ 1
2, ., IL? )
- ~—(8A)? ~1 A29
208~ 5o (o) (A29)
As a result, the typical metric and electromagnetic field energy density fluctuations are
14
0g ~ i3 (A30)
SA? e
0E ~ ——— ~ — A31
AL (A3
For the Schwarzschild metric we have
1
8rr = 1_ T (A32)
T
and the derivative of g;, along the r coordinate is
ogrr _rs 1 1 s (A33)
(r—r)? 1

-2 2
or TP
Therefore, a small perturbation of the metric in the radial direction outside the Schwarzschild
(A34)

50t <1

radius less than the unity
g = )

The metric reaches a maximum fluctuations when dg ~ 1. Then, the characteristic length L of the
(A35)

metric fluctuations is of the order of the Planck length
L~/

Similarly, the energy of the electromagnetic field oscillators at the Planck length scale is of the
(A36)

5E063
~ = me

order of the Planck mass:
M 2
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Wheeler’s investigation of electromagnetic vacuum fluctuations inducing a gravitational response,
led to what he coined quantum foam. He found that these fluctuations have qualitative and quantitative
consequences at distances in the order of the Planck length, ¢, where the metric fluctuations ég are
coherent enough. Therefore, spacetime curvature fluctuations due to vacuum fluctuations give birth
to creation and annihilation of virtual wormholes described by Wheeler having a charge of the order
of the Planck charge g, = V4reghc ~ 12¢, a mass of the order of the Planck mass, n,, and a typical
energy E = myc? ~ pyacl® associated to ZPE (0yac). Then Wheeler investigated the possibility that
the mass and charge of elementary particles could be described from a quantum geometrodynamic
point of view. This means that mass and charge of elementary particles, such as the proton and the
electron, would result from a collective and coherent disturbance of vacuum fluctuations associated
with the metric and gravitational fluctuations generated by the creation-annihilation of Planck size
micro-wormholes, Wheeler’s quantum foam.

Appendix E. Conversion Ratio from EMW into GW

In this appendix, we derive the main equations developed by Boccaletti et al. (1970) that yield
the conversion factor between electromagnetic waves (EMW) and gravitational waves (GW) as used
by Zel’dovich. This derivation aims to reconcile the Italian formulation, which used 47t in their
expressions, with the standard formulation using the magnetic permeability constant .

Assuming the weak-field approximation, the Einstein Field Equations can be written as a wave
equation

Oy, = —CTT”V (A37)

where ¢, represents small fluctuations of a nearly flat metric.

The objective of Boccaletti’s study was to calculate the energy fraction of an incoming electro-
magnetic wave (region I in Figure 3) that converts into a gravitational wave ¢, in region III. This
conversion occurs while passing through region II, which contains a static electromagnetic field (E, B).

The energy-momentum tensor in region Il is given by:

1 1
T, = A (pim Fyo — 417%1?“!*1?“,3) (A38)
This tensor contains contributions from both the static field and the incident electromagnetic
wave. In region II, using the (—, +, +, +) metric convention, the electromagnetic field can be expressed
as:

F12 = B, + aexp[ik(x — ct)],

F23 - BX/
13 _
Fo= _Ey’ (A39)
F20 = — =L — gexplik(x —ct)],
Ex
FIO = —=x,
F0=_E

c
where 7 is the amplitude of the magnetic propagating along the x-axis. Note that Zel’dovich sets

the electric field to 0. By keeping only the mixed term and not taking into accounts the quadratic terms,
Boccaletti ef al. were able to simplify the stress energy tensor into

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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HoTy! = a (B2 + 2 ) explik(x - ct)),
noT,)! = —atx explik(x — ct)),
uoTs' = —aBy explik(x — ct)],
HoTy! = a( % + Bz ) explik(x — ct)),
joT,2 = a(BZ - 7) xplik(x — ct)],
(A40)

uTy = —a (By %) explik(x — ct)],

noT? = —atz explik(x — ct)],

uoTy® = —a (BZ Ty) exp[ik(x — ct)],
(

[a]

uoT,> = —aBy explik(x — ct)],
uo T = _“(T + BZ) explik(x — ct)].

By evaluating the continuity conditions at each boundaries between region I, II and III, one can

notice that the amplitude of the gravitational wave in region IIl never vanishes and depends linearly
upon the length of the static field, and therefore the production of gravitational waves are

. - B8 8y ke —
¥, = a,” explik(x —ct)] = = l/lO exp[ik(x — ct)] (A41)

where the 0(;41/ are the static-field-dependent constants which appear in the previous equations system,
eg. ocl = (BZ + ) .

T, = )" explik(x — ct)] (A42)
Fo
Boccaletti demonstrated that ", solutions correspond to the metric fluctuations in region IIT and
contribute to the energy flux of the gravitational wave is given by Landau & Lifschitz [24] as

ct 01 - o - 1 In = An = _on =
(=)t = = {gob 8" = 8% &+ 58" g p8 n — (8% 8mng"pg") + 8" gmnd”},8")) (A43)

+ 8img" g% a3 + ( gt — g e!™) (28upgqr —gpqgm)g"flg”7m}, (A44)

where §" = \/—g ¢"” and , i denotes a simple differentiation with respect to x’. By considering the

lower order in the metric fluctuations, this rather complicated expression of the energy momentum

01

pseudo-tensor t°* reduces to

3
= e [P g = b, (A45)

where the dots mean differentiation with respect to t — x/c. In Boccaletti’s paper, they found %, but

in our calculation using SI units we obtain a ¢ instead which correspond to the right dimension for ¢!

(y I:;z> (BZ+EZ>2], (A46)

being J.m~2.s~ . Finally, we get

47TGd2 2

(01 _
Voc3
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when only the magnetic field B is non-zero
01 _ 47'5(; P22B2 — 47TV0G A0C gy (A47)
Hge
where pyoc = Z—i and B = ppH. Thus the conversion factor used by Zel’dovich is
4”V°Gd2HZ (A48)

Appendix F. Test Particle Acceleration

This appendix derives in details three fundamental forces—the color force, residual strong force,
and gravitational force—by analyzing metric fluctuations in our gravitational wave framework. These
forces emerge naturally from the three previously defined cases of metric perturbations we previously
established.

Appendix F.1. Analysis of Proper Acceleration without the Oscillatory term

In the weak field approximation, we express the metric components are expressed as
Suv = Muv + Py (A49)
where ¥, < 1and ¢, verifies the equation
2ik
Uy — 71/@,, =0 (A50)

For our analysis, we consider the spherically symmetric case where only Ty and T, are non-zero

TEM) = 5 0 p2 (A51)
T = ¢ E? (A52)

such that only oy and ¢, are to be considered. Thus the time-like geodesic of a spacetime voxels
along the r coordinates corresponds to

*  Let us consider the spherically symmetric case where only Tj; and T}, are non-zero. Thus the
geodesic for the r coordinates corresponds to

2 )
d7r =TI didi (A53)

dr? “Bbdr drt
dr\? 6\ dp\?
() ~T(@) () (A59)

2
— (%
tt T
i g; can be deduced from the conservation of energy (resulting from the time symmetry and
associated killing vector ¢# = (1,0,0,0) = 9;)

i _
St gr =

where E is the total energy of the system per unit mass.

—E, (A55)

o % can be deduced from the conservation of angular momentum written as

dp L
i A
dtr 12 (A56)
which is equal to 0 in the case of no angular momentum for the initial condition (g—f) =0.
X0
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*  the spherically symmetric case allows us to choose to be in the equatorial plane 6 = 7, as
"le  cos ), we have
de
P (A57)
thus the geodesic equation for the r—coordinate is
d*r , E? dr
— = -1 A58
ar?2 i g% ( dt ) (A58)
The normalization condition g, u*u" = —1, of the 4-velocity vector u¥ = ‘fix , which arises from
the proper time definition of a time-like geodesic in the case of pure radial motion gives
dt\? dr\?
gtt([i’r) +grr<d,l_> =-L (A59)
thus the radial velocity is
2 1 + B
(dr> _ (A60)
dt Srr

Therefore, utilizing the conservation of energy and the normalization condition, we compute
the radial acceleration of a test particle function of the total energy of the particle and the metric
components in a region of spacetime

EZ
L
dT2 ttg%t rr »
., E>/T., T
:ﬂ+(ﬂ_tt> (A61)
8rr 81t \8rr 8t

To understand the gravitational forces generated by coherent spacetime voxels around the proton
black hole, we examine three distinct regions of spacetime (illustrated in figure_forces). These regions
correspond to three gravitational waves:

l/J(l)(r,t) f2€ Ve elwiy/@ay) (A62)
2)(r,t>:¢§;37 P ) (A63)
9O (r 1) = ,,(g%i’ei(“'**#) (A64)

We notice that the metric fluctuations amplitude can be written as |()| = %e_ %, where A; and ¢; are

determined by the three regions:

A
Ay =206V 20,5y = 20,/ (A65)

Ay = 0y/3eV? R 00 =Ap\/ (A66)
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Thus, the metric can be generalized as
A _r
g =—1+ S = —1+a(r) (A68)
A _:
gr =1+ 7373 =1 +04(7’) (A69)
R A (A70)
2 5r2e5 + Adr 257’ rr
=T = (A71)
such that the acceleration of each phase is
EZ
@B e
dr2 tt g%t rr Srr
rr gtt grr gt
1 E2 2
17
_F”(vc+1+a—1oc2—1> (A72)
From |¢(?)|, we can deduce the set of parameters for the different solution :
—A
Ay = 20V6eV 9 20,5y =20/ (A73)
Ay = 03V 7 R 00 =Ap /9 (A74)
Az = aglp, 63 — 00 (A75)
For each case i = 1,2, 3 we can derive the total energy of a particle of mass m placed with zero
velocity at r = A, and r = r),. From gttdd—; = —Eand
dt \? dr\?
Stt E + Qrr at =-1
the nul velocity initial cond1t10n = 0 yields
A _n
E(ro) = /—gu = (/1 — %e s (A76)
EM =, /1- % ~1 (A77)
)\P
E@ =, [1- %gé AN | (A78)
p

E® = /1 4ag~1 (A79)
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_ —1
) \/1 _ z\r/gfesi Vit 1 (A80)
P
E® _ 1 Q 1 (A81)
P

E® = /1—ag~1 (A82)

For the range of radius we consider here E() ~ 1 such that

d’r 1 1 a(a? +1)
i ‘<?+Z> 2a+1)2(a—1)2 (A83)

which reduces, in the weak field approximation (x < 1), to

d?r a1 1
LA o A84
dt? 2<r+5> (A84)
A /1 1
A, o(;+3) (A85)

and finally the force experienced by a particle of mass m; in the acceleration field of the metric
fluctuations:

; A /1 1
(i) — .t _
FW(r) mj e (r + 51‘) (A86)

We then compute the accelerations and the corresponding forces for each phase:

o1 /\P
=/ zqo-l (A87)

@) _ 1’ ’P 4)71
a?(r) \/_ 5 (r + i, > (A88)
Ty
a(»’»)(,) ;’728 2 (A89)
(A90)

Now, to evaluate the forces generally used in nuclear physics, we must compute the forces
between two protons, such that the test particle has a mass of a black hole proton M3 at A, and r,, and
the rest mass for  >> r;,. This allows us to recover the forces resulting from the screeening mechanisms
at the different horizons

§(P71
FO(R,) = MV (R,) = mgcz i ~F (A91)
r® (rp) = mga(z)(rp) = 1 (1+4/¢ —Z (A92)
52 2Gm?
®) G)(y) = A
F@)(r) r>;rp mpa'” (r) = 2Fng 2= 2 (A93)

Now we can have the total force function of the radius
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Es(r) = FU(r) + FA(r) + FO (1) (A94)
= M5a W (r) + mea® (r) + mpa(3)(r) (A95)

- _pg<1,/2¢ e
(A96)

2 Tr’p
\/—€_<1+\/¢7)\p> \/_AP —|—2ch )

Similarly to the gravitational energy flux, the total force F; is ruled by F(1), F(2) and F®) at the
horizons Ay, r, and r >> ), respectively.

Appendix F.2. Analysis of Proper Acceleration with Oscillatory Terms

In this Section, we analyze the proper acceleration when incorporating the oscillatory term from
equation (101). Extending our previous methodology, we derive a more complex expression for the
Christoffel symbols, which yields the following proper acceleration:

d?r Ae /% | cos(wt +kgr)  cos(wt + er)
=R o + P . sm(wt + kgr) (A97)

Figure A1l illustrates this acceleration across multiple subplots, each representing distinct re-
gions separated by two screening horizons. Our analysis reveals the dynamics of the envelope that
characterizes the force scales at different distances.
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Figure A1. Dynamics of the envelope of the forces produced by the gravitational wave.
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