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Modern physics has characterized spacetime, the interactions between particles, but
not the nature of the particles themselves. Previous models of the electron have
not specified its substance nor justified its cohesion. Here we present a relativistic
electrodynamical model of the electron at rest, founded on natural interpretations
of observables. Essentially intertwined positively and negatively charged subparticles
revolve at light velocity in coplanar circular orbits, forming some coherent “envelope” and
“nucleus”, possibly responsible for its wavelike and corpuscular behaviors, respectively.
We show that the model can provide interpretations of fundamental constants, satisfy
the Virial theorem, and exhibit cohesion and stability without invoking Poincaré stresses.
Remarkably, the stability condition allows predicting electron mass, regarded as being
a manifestation of its total (kinetic and potential) electromagnetic cohesion energy,
and muon mass, directly from the substructure. Our study illustrates the possibility of
constructing causal and objectively realist models of particles beneath the Compton
scale. Finally, wave-corpuscle duality and the relation to quantum mechanics are
discussed in the light of our electron model.

Keywords: electron substructure, fundamental constants, electromagnetic mass, wave-corpuscle duality,
objective reality

INTRODUCTION

Depending on the experiment, the most emblematic subatomic particle, the electron, has been
found to interact as a point-like corpuscle in scattering experiments [1], or to behave as an
extensible wave [2]. Elaborating on Bohr’s interpretation of Quantum Mechanics [3], Heisenberg
concluded that particles could neither be represented nor even apprehended by the human
mind, and that only their abstract mathematical description existed [4]. For de Broglie however,
“abstract presentations have no physical reality. Only the movement of elements localized in
space, in the course of time, has physical reality” [5]. Hence, modern physics has identified
with unprecedented precision the interactions and their underlying principles, has successfully
described its environment, spacetime, but still lacks a characterization of the nature of its “objects,”
the particles themselves.

Consequently, several kinds of electron models have been proposed: extended models [6],
point-like models, and mixed models in which a point-like corpuscle follows an extended trajectory
[7]. Early attempts included the spherical models of Abraham [8] and Lorentz [9], which led
to theories of electromagnetic mass [10-13]. Spherical models soon evolved into the so-called
ring models of Parson [14], Webster [15], Allen [16], and Compton [17], constituted of rotating
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infinitesimal charges and verifying the properties of classical
magnetic moment and Compton scattering. Essential constraints
however, such as electron cohesion and stability, could not be
satisfied: new putative forces, denoted Poincaré stresses [18],
were suggested to maintain the cohesion of the negatively
charged electron. The abstract descriptions of quantum
mechanical theories [19, 20] then successfully accounted for
the wave-like behavior of the electron and probabilistically
predicted [21] the values of most observables by considering
a point-like particle, yet failed at interpreting fundamental
constants or explaining how a point-like corpuscle could
have spin or a finite energy density. Paradoxically, quantum
mechanics revived geometric models when Schrodinger noticed
within the Dirac equation itself a rapid oscillatory trembling
motion, which he called Zitterbewegung (zbw) [22], exhibiting
microcurrents arising at light velocity c. Surprisingly, the
electron seemed to follow a helical trajectory of radius X, the
reduced Compton wavelength, surrounding the average travel
direction (Figure 1A). Several such zbw models, identifying spin
with orbital angular momentum, were interpreted classically
[27-29]. Subsequent electrodynamical or hydrodynamical
models involved fluids with spin [30], current loops of a certain
thickness [31], Dirac-like Equations [32, 33], moving charged
membranes [34], plasmoid fibers [35], or toroidal geometry
[35, 36]. Wondering whether zbw could be a real phenomenon,
Hestenes emphasized the need to investigate the electron
substructure, suggested zbw could originate in the electron
self-interaction [37], and showed zbw was compatible with the
ring models [38].

With the development of realist models of the electron
emerged theories of electromagnetic mass. At first, the spherical
models of Abraham [8], and Lorentz [9] seemed to fail to
recover Einstein’s relation E = mc? due to the appearance of a
factor 4/3, but later proved to be compatible, once relativistic
corrections were accounted for [12]. Stability of the sphere

however still relied on Poincaré stresses or unknown surface
tension [34], and electron mass could not be predicted from
an objective criterion, but depended on the value taken by an
arbitrary parameter, whose value is unconstrained, i.e., the radius
of the sphere. Of note, the mass of subatomic particles is not
predicted by quantum theories, and their values need to be
inserted in calculations [12]. Most ring models [14-17] are prior
to the discoveries of the spin, anomalous magnetic moment, and
quantum mechanics. The ring model of Bergman and Wesley
[31] exhibited cohesion and stability, but the expression for
mass still involved an arbitrary parameter (i.e., width of current
loop), and the substance constituting the electron remained
indeterminate. More recently, Consa proposed a point-like
electron following a toroidal trajectory [36], recovered mass
independently of any arbitrary parameter, but did not specify
how the trajectory developed nor demonstrated its stability. To
our knowledge, the Virial theorem, which should be satisfied
since the electron is a bound system, has not been considered
in electron models. Potential energy is often equated to +mc?,
although cohesion potential energy should be negative for a
bound system [as it is for the atom for instance [19]]. Kinetic
energy is not usually accounted for, even though Lorentz [9],
Hestenes [38] and others [e.g., [32]] noted the existence of a
rotating motion and wondered whether kinetic energy did not
contribute to rest mass. For Barut and Bracken, rest mass energy
of the particle is the energy of the internal motion in the rest
frame [29].

Hence, several issues remain to be addressed regarding the
electron: for instance, which forces could cause the puzzling
helical trajectory? What could be the nature of the substance
constituting the electron? Could an electrodynamical description
account for electron cohesion and stability? And could Lorentz’
hypothesis advocating the electromagnetic origin of mass be
simultaneously implemented from an objective criterion, instead
of an arbitrary parameter?
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FIGURE 1 | Triolets and the helical trajectory. (A) In Schrodinger’s Zitterbewegung

(]
e
_. 6 A Envelope
O 6 triolets

nucleus
A
v, YA

N

+e/6
—el6

O""\)c

(zbw) model, the wavefunction associated to the electron seems to revolve at light

velocity along a helical trajectory of radius X¢, the reduced Compton wavelength, surrounding the average travel direction, and to exhibit microcurrents. Quantum
mechanics does not specify which forces could cause the electron, which is assumed to be point-like, to follow such a peculiar helical trajectory. (B) Triolets are
colorless particles composed of three sparks, each bearing electric charge +e/6 and a specific strong interaction color charge. Thus triolets bear electric charge +e/6
or +e/2 depending on their combination of sparks. They travel at light velocity ¢, possess angular momentum Ly, and triolets will thereafter be represented as
upward or downward, filled or hollow triangles depending on their electric charge, as depicted here. (C) In our model, the electron is composed of triolets forming a
nucleus and an envelope. It is conceivable that, in the absence of perturbation, the nucleus of the moving electron attracts envelope triolets and maintains them
bound, thus explaining their helical trajectory. Conversely, envelope triolets would revolve at light velocity on an orbit of radius X around the nucleus, exhibiting the
zbw microcurrents, and guide the nucleus, as in pilot-wave theories [23-26], sensing the electromagnetic fields generated by the envelopes of other particles.
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In this study, we present a relativistic electrodynamical model
of the electron at rest, in which charged subparticles follow
definite trajectories. The model is based on two main hypotheses:
(i) the existence of charged colorless subparticles called triolets,
(ii) the assumption that triolets revolve at light velocity on
coplanar circular orbits, constituting an envelope and nucleus,
depending on their electromagnetic charges. As the electron
is coherent, it is assumed that the model satisfies the Virial
theorem. Constraints capturing the measured values of several
observables (classical and anomalous magnetic moments, spin,
Compton wavelength, kinetic energy) are formulated. Using
Liénard-Wichert potentials, we then determine the specific
kinds and numbers of triolets satisfying envelope and nucleus
stability. Remarkably, we find that these kinds and numbers are
precisely those that allow predicting electron mass and muon
mass electromagnetically directly from the substructure, thus
implementing Lorentz’ hypothesis. Electron mass is effectively
derived from an expression of substructure stability, which
constitutes an objective criterion in our view. Our system also
illustrates the possibility of constructing causal, local, objective,
and realist models of particles beneath the Compton scale.
Finally, we discuss novel perspectives suggested by the model,
relative to the understanding of wave-corpuscle duality and to its
relation to quantum theory.

DESCRIPTION OF THE MODEL AND
HYPOTHESES

In a previous study, we proposed that just six kinds of
indestructible elementary subparticles denoted sparks, bearing
electric charge +e/6 and a specific strong interaction color
charge, are necessary and sufficient to reconstruct all subatomic
particles, so that sparks are conserved and reorganized
across particle decays and annihilations [Avner, Boillot,
Richard, submitted]. Since sparks are subject to both the
strong and electromagnetic interactions, with the former
dominating at short distances [20], groups of three sparks
could presumably assemble beforehand to form composite
colorless particles, thereafter called triolets, bearing charge
+e/6, -el6, +e/2, or -e/2 (Figure1B). Henceforth, we
shall suppose that the electron is exclusively composed
of triolets, which travel at light velocity [7], exhibit some
intrinsic angular momentum Ly, and being colorless,
are submitted to electromagnetic and centrifugal forces
only (hypothesis A).

Following de Broglie’s proposition, we aim at constructing
a plausible electrodynamical model of the electron at rest, in
which positive and negative triolets form an electromagnetically
bound system, exhibit the zbw microcurrents, and account
for all experimentally measured observables. The electron is
considered here as a particle of a certain extension, composed
of revolving charged subparticles, the triolets, thereby exhibiting
magnetic moment and intrinsic angular momentum (its spin)
sensed by other particles. We know that the measured
value of the electron magnetic moment is the sum of Bohr
magneton up = —eh/2m, predicted by both classical physics

and quantum mechanics, where £ is reduced Planck constant,
m the electron mass, and e the elementary charge, and
an anomalous magnetic moment [39], which accounts for
a small fraction a,,,; < 0.001159 of the previous and is
only predicted by quantum electrodynamics [20]. Remarkably,
the value of the classical magnetic moment of the electron
can be derived by considering a charge (-e) revolving on
a circular orbit of radius X. [19]. Hence, we reckoned the
classical and anomalous magnetic moments could, respectively,
be produced by two different components of the electron,
namely a negatively charged envelope and a neutrally charged
nucleus, also possibly responsible for the electron’s wavelike
and corpuscular behaviors, respectively. The peculiar helical
trajectory of the electron predicted by zbw could then be naturally
apprehended by considering that zbw describes the dynamics
of envelope triolets, which are attracted and bound to the
nucleus (Figure 1C). Electron spin could correspond to the
sum of angular momenta of envelope triolets. Moreover, we
shall regard electron mass as being a manifestation of the total
electromagnetic cohesion energy E of the particle, as Lorentz
hypothesized [9], through Einstein’s formula m = E/c2. The
latter interpretation of the mass is naturally suggested by the
observation that the muon possesses a mass ~206.77 times
bigger than that of the electron, while its Compton wavelength
is ~206.77 times smaller, as would be the case for a mass of
electromagnetic origin, presenting a potential proportional to
inverse distance.

The net electromagnetic forces acting on any particular
envelope triolet should mostly depend on its surrounding
triolets. The envelope could be organized into a complex
structure, with triolets irregularly distributed along the orbits,
or revolving at various radii, or experiencing fluctuations. To
facilitate calculations however, we chose to make approximations
and consider triolets at radial equilibrium rotating in the
same direction on four coplanar circular orbits of different
radii depending on their four different electromagnetic charges
(hypothesis B, Figure 2). In our model, positive and negative
nucleus triolets are intertwined to maintain their cohesion and
could rotate along two close yet separate orbits due to the charged
envelope. This could cause in turn a similar arrangement in
the envelope, which would exhibit predominantly intertwined
triolets, in spite of the excess of negative triolets. We are aware
our model is only an approximation, even if we reckon that a
collection of fluctuating +e/6 and F=e/2 triolets traveling at light
velocity could possibly converge toward such a configuration.
Because of their stronger charges, =+e/2 triolets could be
more tightly bound and form a condensed nucleus, while
+e/6 triolets would be bound more loosely and constitute
the envelope.

In addition, as the electron is a bound system whose inner
potentials allegedly depend on position coordinates only and
not velocities (justification is given below), the Virial theorem
should be verified [40]: for inverse square law electromagnetic
interactions, one typically has E = U/2 and E = -T, where
T is the total internal kinetic energy and U the internal
potential energy. Therefore, T and U should, respectively,
amount to +mc? and —2mc?, resulting in total internal energy
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FIGURE 2 | Model of the electron at rest. In our simplified model, triolets
rotate at light velocity in the same direction along four different coplanar
circular orbits depending on their electric charge, constituting an envelope,
and nucleus. Negative triolets are more numerous at the envelope, while the
nucleus is neutrally charged. Due to the charged envelope, nucleus triolets are
separated into two close orbits depending on their charge. Envelope triolets
similarly revolve on separated orbits whose radii are close to the reduced
Compton wavelength. Possible triolet configurations (triolet kinds and
numbers, angular distributions, orbital radii) must fulfill constraints expressing
radial stability and the measured values of charge, spin, magnetic moments,
and mass. Due to consecutive negative triolets in the envelope, intertwined
envelope triolets assemble into stretches separated by a distance dgpy .

E =T + U = -mc* corresponding to electron mass, the
minus sign being indicative of a bound system. Finally, we
shall admit that, for the electron at rest, envelope triolets
approximately follow a circular trajectory of radius X. = A/mc,
as suggested by the classical derivation of Bohr’s magneton, and
by zbw-like models. Interpretations of fundamental constants
associated to the electron, such as reduced Planck constant
h and fine-structure constant o = e*/4meghc (where &g
designates vacuum permittivity), should also emerge from
the model.

FORMULATION OF THE MODEL

Our system captures the measured values of charge, magnetic
moments, spin and kinetic energy, and will be validated by
showing that cohesion and stability can be satisfied, and
potential energy (and thus electron mass) can be recovered.
Let us here mathematically formulate the constraints: (i) a
charge -e carried by Ny = Newyt+ + Nepy— triolets of charge
+e/teyy at the envelope; (ii) a classical magnetic moment
up generated by envelope triolets rotating at radii peny+ =
NenviXe> Penv— = Nenv—Ke» and PrOdUCing currents Iepyt, leny—3
(#ii) an anomalous magnetic moment dgy,,;.up generated by
Npye nucleus triolets (Nyye+ = Npyc—) of charge te/ny,,
rotating in the same direction as envelope triolets at radii
Pnuct = Nnuc+Ro> Pruc— = Nnuc—Ke, With momentum  pyc
>~ Puuc— = Puuc and producing currents ILyyer, Inyc—; (iv)
an internal kinetic energy T = ) ipic = +mc%; (v) a spin

Senv = —+Nh/2 generated by envelope triolets of momentum

Penv+> Penv—:
|:<Nenv+) <Nenv7> (Nnuc+>
e - +
Neny Neny Mnuc

—e =
B (Nnuc—>] )
Mnuc ’
—eh 2 2
o = Lenv+ TPepyt + Lenv—TTPgpy—> (2)
—a leﬁ
— = Inuc—&-”pﬁuc.q_ + Inuc—”p%,uc_x (3)

2m
ZP:’C = (NenVerem/Jr + Nem/fpem/f
i

+ Nnucpnuc) G (4)

3 Nenvt Penv-+Penv+ + Nenv—Penv—Penv—- (5)
The fact that the muon has same spin as the electron, despite
possessing a smaller Compton wavelength and the same number
of triolets according to our chemical theory [Avner, Boillot,
Richard, submitted], suggests that the angular momentum of
envelope triolets could be a constant Peny-+Penv+ = Penv—Penv—
= Lyit eny yielding from (5):

h= 2Nenthrlt,env~ (6)

Lisit eny is possibly determined by the triangular substructure of
envelope triolets made of three strongly interacting sparks, and
could be at the basis of Planck’s constant. Further constraints are
also deduced (see Values of Observables) from Equations (1-5):

feny = Neny— — Nenyt» (7)

feny = (Nenv—TNenv— — Neny+Tenv+) » (8)
AanmiMnye = Nuuct Mnue— — Nnuct) > 9

Tenv+Tnuc -1~ L <M+M>
mc?  beny \ Nenvt Nenv—
N (10)
bruchnuc
beny = 2Neny, (11)

where by, and by, are dimensionless numbers. Assuming that
Nenv+ = Nenv— = Neny = 1, we deduce (in Values of Observables)
from Equations (10-11) that the kinetic energies of the envelope
and nucleus are approximately equal Teyyq = Tpye +mc2/2,
leading to relation:

brucnue = 2Nnye. (12)
Furthermore, the electromagnetic force acting on a nucleus
triolet due to the envelope charge and current and the
electromagnetic force exerted on an envelope triolet due
to the net nucleus magnetic moment were derived but
found to be negligible when compared to intra-component

interactions. This suggests that each component is only loosely
bound to the other, almost constituting an independent
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system, and thus verifies the Virial theorem independently
(see Values of Observables), yielding for potential energies
Upy =~ Upe =~ -mc® and total energies E.,, = Epye
~ —mc?/2. The system of Equations (9-11) further allows
to determine 7,,.+ (Values of Observables) for each value
of Nyyey:

2
Nuyct Aanmibnuchinuc Aanmibruchnuc
Nnuc+ = 2— 5 + |4+ — >
buuc 2N, e 2N2,..

(13)

while 7. is then given by Equation (9).

System cohesion and stability can be formulated by ensuring
triolets are at radial equilibrium. As triolets are electrically
charged and travel at light velocity, we use Liénard-Wichert
potentials from relativistic electrodynamics [41] to express the
radial components of electric field E;j1 and magnetic field B;;
emitted by triolet T; of charge g; at retarded time ¢’, radius p; and
retarded angle 6, and sensed at distance Rj—electromagnetic
fields traveling at light velocity in vacuum—by triolet T; arriving
at the vertical (angle 0), radius p;, at time ¢ (Figure 3A). From
known electrodynamical expressions [41] for these fields, using
cylindrical unit vectors and coordinates, and Figure 3B, we
deduce (Forces and Potentials):

gj sin y; N
EijL: / ! - 50> (14)
4meoRijpi (1 + sin yj)
Bj = i 2, (15)

47 e9cR;jp; (1 + sin yj)z

where R;j and y; are defined by:

Ri2j = p? + pjz — 2pipjcos b, (16)
. Pi .
siny; = — siné.. 17
= gosind (17)

Note that these fields depend on position coordinates only, not
velocities, thereby justifying the use of the Virial theorem. We
then derive expressions (Forces and Potentials) for the net radial
Lorentz force Fjj1 due to triolet T; exerted on triolet T; belonging
to the same component, and for the centrifugal force Fyyp;
experienced by triolet Tj:

qiq; siny; 17
FijJ_z e/ - 2|: lj+*’:|l), (18)
4 egR;j (1 + sin y) Pi o)
— he
Fctfg,i = hip-z P, (19)
1

where b; stands for b, (respectively, b,,.) when T; belongs
to the envelope (resp. the nucleus). In the electron at rest,
assuming triolets remain at radial equilibrium, the net radial
component of the Lorentz force exerted by other triolets
should compensate the centrifugal force. Neglecting the small
contribution of the envelope onto the nucleus and vice-versa, and
expressing equilibrium for triolet T; along the radial direction

FIGURE 3 | Geometric diagrams. (A) The influence of electromagnetic fields
due to triolet 7; onto T;: let triolets 7; and 7; belong to the same component
(envelope or nucleus). Triolet T; rotates at light velocity along circular orbit of
radius p; and arrives at angle 6; at time ¢, but was at position 7;” at retarded
angle ¢;" and time t” when it emitted electromagnetic fields that reached triolet
T; revolving along coplanar circular orbit of radius p; and arriving at angle 0
(vertical y axis) at time t. The retarded electromagnetic fields can be expressed
using Liénard-Wichert potentials. This figure applies to all envelope and
nucleus triolets. (B) Diagram showing vectors and angles involved in the
demonstration of the expressions of electromagnetic fields and potentials.

(C) Diagram depicting the case pj= pi.

and rearranging (Triolets at Radial Equilibrium), we obtain for
the envelope and nucleus:

Neny—1

1 —bew pisgn (i - j) (sinyj N i)
o g, jeenv Rij (1—|—sinyj)2 pi pj
= Gicenv (0i) » (20)
1 —buuc Nfl pfsgn (i - j) (sinyj N i)
@  mue L Ri(L+siny)’ \ P 0
= Gienuc (1) » 21
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where sgn(i-j) is the sign of the product of the charges
of triolets T; and Tj, and « is the fine-structure constant,
which is found to be related to the ratio between the
centrifugal force and the net radial electromagnetic force
experienced by any single triolet inside the electron. We
assume positive and negative triolets are intertwined and
uniformly distributed along the orbits except—as negative triolets
are more numerous at the envelope—consecutive negative
envelope triolets, which presumably repel to produce stretches
of alternatively charged triolets separated by empty space
(Figure 2). Let d,y,, designate the distance (using the number of
missing triolets as units) between the stretches. The expressions
under the sums in Equations (20-21) can be calculated by first
considering the non-retarded angular positions 6; of triolets
distributed along the circular orbit, then by determining the
corresponding retarded angles 67, as illustrated in Retarted
Angles, using Newton’s recursion method for instance onto
transcendental equation:

N2 ; , A\ 2
(ej—ej) :1—2&c056’j+(&> R
Oj Pj

(22)

and then deriving y; from Equation (17). Equations (20-21) will
help us derive adequate values for Neyy, Nyucs fenvs finuc> Yenvs bnuc-

The potential energy due to interactions between the nucleus
and envelope being negligible, the total potential energy of
our system is approximately Uy >~ Uepy + Upye, where Ueyy,
and Uy, are, respectively, the envelope and nucleus potential
energies, which are evaluated in Potential Energy:

2ame2 Neww New 1 sgn (i ]) (23)
eny — T 5 Tr (1 1 . \°
env.icenv  j#i Hij (1 T sin )/])
20mc? N N sgn (i)
Unuc = a Hi') (24)
G — j#i i (1 +sin VJ)

where Hjj = Rjjl/ Xc. Assuming Neny+ 2 Neny— = 1, we demonstrate
(Potential Energy) from b, =2Ney, (11) and Equation (20),
which expresses the radial stability of every envelope triolet, that
Equation (23) yields U,y, >~ —mc?. Likewise, assuming nuyc+ =~
Nnuc—»> we demonstrate (Potential Energy) from by nnuc = 2Nyyc
(12) and Equation (21), which expresses the radial stability of
every nucleus triolet, that Equation (24) yields Uy, =~ —-mc2.
Hence, we find: Uyt =~ Upny + Upye = —2mc?, as expected from
the Virial theorem, and recover electron mass. As substructure
stability implies radial equilibrium for all envelope and nucleus
triolets (20-21), it allows predicting electron mass. We find it
remarkable that the same number of triolets allows to recover
both substructure stability and electron mass.

DETERMINATION OF SUITABLE
CONFIGURATIONS

The problem then reduces to determining triolet configurations,
i.e., sets of values for {reuy, Huuc, Nenyts Newy—s Nuues benvs buues
Nenv+> Nenv—> Nnuct> Nnuc—»> deny}> that verify radial equilibrium

for every triolet and correctly predict the total energy. We shall
estimate the stability and total energy in three different models
of the envelope successively, each lying at a different level of
approximation. The three models are: the one-orbit model, where
all envelope triolets rotate on the same orbit 9epy+>Neny—="Nenvs
the two-orbits model, where positively-charged envelope triolets
revolve on orbit of radius 7.,,+ and negative triolets at radius
Nenv—; the n-orbits model where every envelope triolet i rotates
on a circular orbit of specific but fixed radius ;.

We shall first estimate the number of triolets N,,, present
in the envelope by considering the one-orbit model. Assuming
Nenv+ = Nenv— and Nuuc = Npuc—, We have R; = 2pjcosy;
(Figure 3C) both at the envelope and nucleus, and Equations
(20-21) can be approximated to:

N 71 . .
1 _b env S n 1 .
2~ . 25”" 8 ( ]) >~ Giecenv (1) » (25)
o Meny jeenv Cosyj (1 +sin )/])

Nae—1 w
1 _b nuc S n l .
o nuc & ( J? >~ Gienue (0i) . (26)
o 2m2, cos y; (1 + siny))

jenuc

Recalling that by, is related to Neyy via beyy = 2Neyy (11), and
setting values for input parameters {#1¢ny, deny}, the iteration over
Neny values in Equation (25) enabled us to determine values
for beny, and N,y approximately verifying Equations (25) and
(11) simultaneously. Due to the asymmetry in the arrangement
of envelope triolets, we found these Equations were satisfied
for different values of N,, depending on the triolet T; under
consideration. In the case #.,, = 6, doyy, = 0 for instance, we
found positive triolets approximatively satisfied these conditions
for N,y = 108, while negative triolets did so for N, =~ 144,
thus justifying the necessity of considering two distinct orbits
in the envelope. Although these figures should be regarded as
merely indicative, cases dgpy = 1 and de,, = 2 also pointed at
average value Ny, = 126, corresponding to Ny = 60 and
Neny—= 66, and we shall be considering only this case in the
remainder of our analysis. For the nucleus, in the absence of a
constraint like Equation (11), values for b, and 7, satisfying
Equations (26) and (12) simultaneously were determined for
every iterated value of Ny,;,.. However, when accounting for the
correction due to envelope current (first two terms, Triolets at
Radial Equilibrium):

(27)

Genv>ienuc ~

. brucsgn (i) |:n131uc + 3’7ﬁuci|
i 2 8 |’
the best estimate appeared to be Ny, = 18 (Table 1). Note that
input values other than n.,, = 6, n,,. = 2 did not yield any
possible solutions.

Now, considering fepy = 6, Hnye = 2, deny = 2, Nenv+ == Neny— =
1 (one-orbit model), and putting in the value obtained above for
Neny, we evaluated potential energies Uy, Upyc using Equations
(13, 23-24) and found U,,, = —0.997-mc? (Table2), U,y
~ —1.000-mc*> (Table1). The total potential energy therefore
amounts to Uy >~ —1.997-mc2, close to our expected result.

Hence, recalling that kinetic energies satisfy Ten, = Tpye =
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TABLE 1 | Stability and energy of various nucleus configurations.

TABLE 3 | Stability of individual envelope triolets.

Nnuc bnuc 77nu(:+ 77nuo— GHUC+ Gnuo— Genv>nuc UHUC TI‘HIC

6 563.42 0.0213 0.0221 127.69 146.51 =£0.001 —0.9996 +0.5001
8 425.49 0.0373 0.0379 132.47 141.62 =£0.006 —0.9998 +0.4999
12 290.89 0.0823 0.0827 135.02 138.21 #£0.043 —1.0000 +0.5000
16 221.08 0.1446 0.1449 136.29 137.78 =£0.186 —1.0002 +0.5001
18  197.356 0.1823 0.1825 136.49 137.58 4+0.340 —1.0005 +0.5000
20 178.27 0.2243 0.2245 136.63 137.45 +£0.5688 —0.9999 +0.5000
22 162.55 0.2706 0.2708 136.71 137.35 +£0.970 —1.0003 +0.4999
24 149.39 0.3212 0.3214 136.79 137.29 +£1.538 —1.0000 +0.5000

At the nucleus, setting npue = 2, values for bnye and nucleus radii npuc+, npuc— are
determined for several values of Nnye, the number of nucleus triolets, according to
Equations (9, 12, 13, 26), so as to yield Unye~ -mc?, Tpue =~ +mc2/2 and satisfactory
stability values Gnuc+, Gnuc— (value 137.03 stands for stability). Accounting for first
correction terms Gepy~nuc due to envelope current and specified by Equation (27), the
best estimate seems to be Npy,c= 18. Nucleus potential energy Unuc and kinetic energy
Thuc are expressed in terms of mc2.

TABLE 2 | Stability and energy of various envelope models.

Model Nenv+ Nenv- Nenv  <Gj> K Uenv Tenv
One orbit 1.0 1.0 120 1314 417 -0.949 +0.5000
126 136.7 48.0 -0.996 +0.5000
132 1575 465 —1.139 +0.5000
Two fixed orbits ~ 0.977  1.023 120 1246 17.3 -0.962 +0.4997
126 130.0 16.1 —1.011 +0.4997
132  148.7 16.1 —1.155 +40.4997
Specific orbits various various 126 137.7 3.2 —-0.975 +0.5020

The potential energy Ueny, kinetic energy Teny, and average absolute stability deviation
K are shown for the three considered envelope models, involving triolets revolving on (i)
a single orbit at reduced Compton wavelength, (i) two fixed envelope orbits neny+ and
Nenv—, (i) Neny orbits of specific but fixed radli, with parameters set to neny = 6, deny
= 2. Energies are expressed in terms of mc2, where m is the mass of the electron and
c is light velocity. It can be seen that for the single orbit and two fixed orbits models,
the solution Nepy+ = 60, Neny— = 66 yields accurate potential energy values. Although
in the one-orbit or two-orbits models, total energy of the envelope Egn, is close to
-mc?/2, K stability values strongly diverge from 0, indicating that triolets do not verify radial
equilibrium. A configuration of fixed specific orbits yielding overall satisfactory energy and
average stability values (value 137.03 stands for stability) has been determined using our
optimization algorithm.

+m€2/2, then Ttot >~ Tenv + Tﬂuc ~ —|—mc2, Etot ~ Ttut+ Utot
~ —mc?, and the mass of the electron is deduced directly from
our model substructure. Likewise, since the muon is seen as an
excited state of the electron [6] according to our chemical theory
[Avner, Boillot, Richard, submitted], presumably displaying a
similar arrangement of triolets albeit on a smaller scale, muon
mass can also be successfully calculated by replacing m by
muon mass 11, in expressions (23-24), or equivalently X by the
reduced muonic Compton Wavelength Xmyon-

We next evaluated the cohesion and stability of individual
triolets. For the symmetric nucleus, we computed the right-hand
side Gpyc of Equation (21) for every triolet; for nuuc = 2, Nyyc
= 18 for instance, accounting for the correction due to the
envelope current, we obtained Gy (Mnuct) = 136.83, Guuc(Mnuc—)
2~ 137.24 (Table 1). For the asymmetric envelope, which can be

Triolet One orbit Two fixed orbits Specific orbits
# +/- i Gi i Gi i G;
1 - 1.0 75.4 1.023 108.4 1.761 137.0
2 + 1.0 189.4 0.977 145.4 0.861 114.0
3 - 1.0 105.2 1.023 134.5 0.880 137.0
4 + 1.0 178.8 0.977 134.3 0.931 139.5
5 - 1.0 110.4 1.023 139.7 0.915 137.0
6 + 1.0 176.0 0.977 131.3 0.947 145.3
7 - 1.0 111.9 1.023 1411 0.925 137.3
8 + 1.0 175.4 0.977 130.7 0.958 137.0
9 - 1.0 111.8 1.023 141.0 0.987 143.6
10 + 1.0 176.0 0.977 1314 0.974 137.0
iRl - 1.0 110.6 1.023 139.7 1.012 142.0
12 + 1.0 177.8 0.977 133.2 0.977 141.7
13 - 1.0 108.2 1.023 1371 0.968 143.1
14 + 1.0 181.0 0.977 136.5 0.975 137.0
15 - 1.0 1038.9 1.023 132.5 1.019 137.5
16 + 1.0 186.7 0.977 142.3 0.998 137.0
17 - 1.0 96.1 1.023 124.0 1.045 137.0
18 + 1.0 198.2 0.977 154.0 1.004 144.0
19 - 1.0 78.0 1.023 104.4 1.017 133.8
20 + 1.0 231.7 0.977 188.2 1.043 137.0
21 - 1.0 —12.0 1.023 1.0 1.130 137.0
K 48.0 16.1 3.2

The stability of individual envelope triolets belonging to the first stretch—the five other
stretches of 21 triolets being identical in the Nen, = 126 case—is evaluated by determining
Gj and comparing it to 1/a >~ 137.036, in the three envelope models (single orbit, two fixed
orbits, n fixed orbits of specific radii), with input parameters set to neny = 6, Neny+ = 60,
Neny— = 66, depy = 2. The one-orbit model was evaluated at nen,=1 corresponding to
radius ¢, the reduced Compton wavelength. The two-orbits model was evaluated for
radlii nepy+ = 0.977, nenv— = 1.023, that yielded acceptable energy value (Table 2). In the
model with specific radii, our optimization algorithm converged toward the 21 different radii
shown here, together with their corresponding individual stability value G; (value 137.03
stands for stability). The average absolute deviation K to 1/« is supplied for the three
envelope models.

divided into six identical stretches of 21 triolets in the case N,
= 126, we computed the right-hand sides G, of Equation (20)
for every triolet belonging to the first stretch and compared the
results with the left-hand side 1/« >~ 137.036, which they should
yield if triolets were truly at radial equilibrium. For the one-
orbit model, setting n.,, = 6, values of Gy, disagreed with the
expected value for all values of d,,, (the case d,,, = 2 is given
in Table 3). Clearly, in these conditions at least, the centrifugal
and net electromagnetic forces fail to compensate and to ensure
radial equilibrium, one dominating over the other, and triolets
would be moving radially as well as azimuthally. Therefore,
we considered the two-orbits model with 1¢y,+2> 0.977, Nepy—
~ 1.023, for which we obtained an acceptable energy value
(Table 2). Once again, we found that radial equilibrium was not
verified for many envelope triolets, especially for consecutive
negative triolets or those adjacent to them (Table 3). Hence,
we decided to complicate our model again and considered
envelope triolets orbiting at various but fixed radii p; (n-orbits
model) instead of the probably too general peyy+ and peny—. We
heuristically determined fixed radii exhibiting reasonable stability
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for all envelope triolets, then used an optimization algorithm,
described in Optimization Algorithm, to make every triolet tend
toward radial equilibrium, minimizing criterion K, the average
absolute deviation from 1/« per triolet:

Neny

1 1
K= r Z Gieenv (ni) - a > (28)
i

env

which effectively constitutes a measure of global stability of
envelope triolets. Our algorithm converged toward a solution
yielding acceptable energy and global stability (Table 2). The
stability values Gy, () of individual envelope triolets belonging
to the first stretch in the n-orbits model are shown in Table 3:
most values appeared to be close to 1/a. We found that our
optimization algorithm nicely converged toward stable solutions.
However, the latter were highly dependent on initial conditions,
and a thorough optimization study is needed to ensure local
minima are avoided.

DISCUSSION

In this study, we presented a relativistic electrodynamical
model of the electron based on natural interpretations of its
associated observables. Our electron model is composed of
triolets that revolve along coplanar circular orbits constituting
an envelope and nucleus, which could be responsible for its
wavelike and corpuscular behaviors, respectively. These two
components would thus constitute a natural solution to wave-
corpuscle duality. Capturing the values of charge, spin, magnetic
moments, Compton wavelength and kinetic energy, we created
a triolet-based configuration that verified cohesion and stability
without invoking Poincaré stresses, and predicted electron and
muon mass, defined as electromagnetic cohesion energy, directly
from substructure stability. Importantly, our model accounts
for kinetic energy and presents a negative cohesion potential
energy, in agreement with the Virial theorem. In our model, the
numbers of triolets in the envelope and nucleus are the adjusting
parameters, and the same numbers are found to account both
for substructure stability and electron mass. Notably, electron
mass can be derived directly from an expression of substructure
stability. Our study therefore implements Lorentz’ hypothesis,
which advocates the electromagnetic origin of mass, from an
objective criterion, even if satisfaction of the criterion itself relies
on two parameters, i.e., the numbers of triolets in the envelope
and nucleus. Noteworthy, these parameters are not arbitrary,
but instead are strongly constrained by several relations (11, 12,
20, 21, 27) that fix their values in our model. Altogether, we
believe our study establishes that deterministic electrodynamical
models of subatomic particles can be constructed beneath
the Compton scale, in agreement with an objectively realist
conception of physics.

Envelope triolets could also fluctuate radially or otherwise
in time, possibly constituting a periodic wave that revolves at
light velocity. This system has not been investigated here, but
is of interest because this periodic wave could correspond to
the wave associated to the electron, first imagined by de Broglie

and later represented by wavefunction | > in Schrédinger’s
wave mechanics or Dirac’s quantum mechanics. It is conceivable
that a wave made of envelope triolets, if it exists, attracts and
drives the nucleus in the manner of the de Broglie-Bohm guiding
wave [23, 24], sensing the electromagnetic fields generated by
the envelopes belonging to other particles. Hence, envelope
triolets could undulate and incarnate wavefunction | >, whose
concrete existence has recently been reconsidered [42]. Note
further that nucleus triolets could also form a wave, reminiscent
of the second wave described in de Broglie’s double solution
theory [23]. Specifically, triolets could propagate in a highly
dynamical manner and experience irregular fluctuations, as in the
hydrodynamical model of Bohm and Vigier [25]. Importantly,
it has been suggested that solutions of this type could account
both for quantum phenomena [26] and for quantum principles
[37]. Bell also wrote that such solutions were compatible with the
predictions of quantum mechanics [43]. Further, it is conceivable
that such a complex envelope can exhibit several stable states,
much like modes for a vibrating rope. These could correspond
to the eigenstates of quantum mechanics. In the general case,
the envelope would be in an unstable state, but could converge
toward one of its eigenstates upon measurement, which could be
conceived as the sum of interactions between system subparticles
and apparatus subparticles. Such propositions constitute an
interpretation of von Neumann’s reduction of the wave packet
[44], and would provide a possible solution to the measurement
problem of quantum mechanics [45].

These considerations suggest that quantum theories,
which encompass all subatomic phenomena and whose
standard interpretation states that everything is intrinsically
probabilistic, could eventually emerge [46, 47] from a relativistic
electrodynamical description in agreement with the deterministic
paradigm, which supports the causality principle, objective
reality, and governs macroscopic physics. In this perspective,
Schrodinger and Dirac Equations would constitute high-level
descriptions of the dynamics of envelope triolets. Our study
therefore provides new insight regarding the unification of
the two apparently irreconcilable paradigms in physics: the
deterministic and quantum paradigms.

Now, how exactly does the electron appear to be point-
like in corpuscular interactions? How does our model relate
to the observation that the electron seems spherical [48],
or that its spin, charge and orbital components seem to be
separable [49-51]? How would the moving electron, which
exhibits a wave satisfying de Broglie relation p=h/A, be described?
Could our description be regarded as an attempt to create a
corpuscular counterpart to wave mechanics? Could analogous
electrodynamical models be similarly constructed for other
subatomic particles [52]? Could our extended model of the
electron bring insight to the nature of molecular bonding, or
to the arrangement of electrons inside atoms? And finally,
what would be the implications for the interpretation of
quantum mechanics [45]? How would quantum properties,
such as the existence of eigenstates, the measurement problem
or entanglement, and quantum phenomena, such as the
two-slits experiment or the one-dimensional potential well,
be understood in the light of our model? We believe the
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aforementioned questions should stimulate discussion and foster
novel investigations.

METHODS

Values of Observables

Charge

The charge of the electron is given by the N, triolets of
charge (+e/neny), the Nepy — triolets of charge (—e/ngpy), the Nyyeq
triolets of charge (+e/ny,) and the Ny, triolets of charge
(—e/Mpye):

e—e |:<_Nenv7> + <Nenv+> + <_Nnucf) + <Nnuc+)i| )

Neny Neny Nnuc Nnuc
Assuming the nucleus is neutrally charged (hypothesis B),
implying Nyyc4+= Npyc—, we deduce:

Neny = Neny— — Neny+- (A1)

Nucleus and Envelope Orbits
Let us suppose triolets of charges (4-e/t1¢pny), (—€/Meny), (+€/Mpuc),
(—e/nyyc) revolve along four coplanar circular orbits of radii:

Penv+ = Nenv+AC
Penv— = Nenv—KC
Pnuc+ = Unuc+)\C
Pruc— = Nnuc—XC

(A2)

where X. = 7i/mc is the reduced Compton wavelength, and n’s are
dimensionless real numbers.

Classical and Anomalous Magnetic Moments

Let us express the classical magnetic moment pug= -eh/2m =
> iliAi= Y iQjAi/t;, where I; is the current generated by triolet
Ti, Q; its charge, t; = c/27p; the time taken to go through a full
orbit at light velocity ¢, and A; the area formed by this orbit.
The magnetic moment is due to a net charge (-e) made of Neyy
= Neny++ Neny— triolets revolving in the same direction along
envelope orbits of radii peyy+ and pepy—:

—eh Qenv+Aenv+ Qeny—Aeny—
MB= —— = >

2m Lenv+ Leny—

2 2
—el Neny+€ €T gy Neny— (=€) CTUpg,,
- >

2m Neny 27T Penv+ Neny 27T Peny—
—eh e

c h
= (Nenv+ Nenv+ — Nepy— nenvf) 5
2m 2Meny mc

(Nenv—nenv— — NenvtNenv+) = Neny- (A3)

As the anomalous magnetic moment (Lyye = —Agymi(eh/2m), with
Agnmi == 0.001159, is relatively small, let us assume it is produced
by an equal number Ny .+ = Nyyc— of positive and negative
triolets of charge (£e/ny,.) revolving in the same direction as
envelope triolets along nucleus orbits of slightly different radii
due to the net envelope charge:

el B Qnuct+Anuc+ Quuc—Anuc—

Mnuc = —Aanml 5 = >
2}’}’! tnuc+ tnucf

Nuuet+ Mnue— — Mnuct) = GanmiPnuc- (A4)
Virial Theorem

The virial theorem states that if a system remains bound, and
if its inner potentials do not depend on velocities but only on
positions, then the kinetic and potential energies take on definite
shares in the total energy, depending on the degree n of the
forces that apply. As the electron is a bound system, and as
in our system the magnetic force will be found to depend on
position coordinates p and y only, the theorem applies and, for
electromagnetic interactions in r~2, it stipulates that:

T = mc?
U= —2mc

E=T+U=—-mc

(A5)

where T, U, and E, respectively, designate the internal kinetic
energy, internal potential energy, and total internal energy of the
system. Note that the potential and total energies are negative, as
they should be for a bound system.

Kinetic Energy
The kinetic energy is given by:

T=mc = ZP:’C = Nenv+Penv+€ + Neny—Penv—C€

1

+ Nuuc+Pruc+€ + Nuuc—Pruc—6 (A6)
suggesting:
Penv+ = mC/Kenv+
Penv— = mc/K (A7)

Pruct+ = mc/Knuc-'r ’
Pruc— = mc/K

nuc—

where the K’s remain to be determined, thus yielding from
Equation (A6):

Nenv—
KE”V*

Nnuc+
Knucf

Nnuc+
Knucf

N,
1 = env+

(A8)
Kenv+

Note that we may assume that nucleus triolets possess
comparable momentum puyc+ >~ Ppuc— = Pnuc and that their
orbit radius is approximately ppuct+ = Puuc— = Pnuc> since (Ppyct—
Pnuc—) is very small according to Equation (A4).

Spin

Since particles as different as quarks and leptons (which possess
different numbers of sparks according to our chemical model
[Avner, Boillot, Richard, submitted]) share same spin, the latter
can be interpreted as being the total angular momentum the
particle conveys to the objects it encounters, i.e., the sum of
the angular momenta of its envelope triolets. For the electron,
assuming all triolets revolve in the same positive direction, it is
written using Equations (A2, A6):

h
S= 5 = Z pPipi = Nenv+penv+penv+ + Nenv—penv—Pem/—a (A9)

i
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- >

l _ Nenv+nenv+ + Nenv—nenv— (AlO)
2 Keanr Kenvf

Further, as the muon is composed of the same number of triolets

as the electron according to our chemical model and exhibits a
Compton length much smaller than that of the electron [Avner,
Boillot, Richard, submitted], spin #/2 is thus independent of the
radii of triolets’ orbits. A necessary and sufficient condition is
then that variables K’s be proportional to ’s:

Kenvt = benvs Nenv+
Kenv— = beny—nenv—
Kuyer = bnuc’]nuc-!—
Knucf = bnucnnucf

(A11)

where beny+> benv—» buuct> buuc— are values independent of radii,
in order that the n’s cancel out in Equation (A10), yielding:

l — Nenv+ Nenv— ) (AIZ)
2 benv+ benvf
The angular momentum of triolet i is given by:
Lizpoi=le 20 (A13)
i = Ppipi = bin; Ni me bi’
implying for spin and kinetic energy:
beny
P = Nenv+ + Newy—» (A14)
1 Nenv+ Nenv— Nnuc+ Nnuc—
benvNenv+ benyNenv— brucnuct brucnuc—
(A15)

Definition of Planck’s Constant

Supposing angular momentum Ly, ., is @ constant common to
every envelope triolet, the expression for the spin, from Equation
(A9), due to the envelope is:

h

5 = Nenv+Ltrlt,env + Nenv—Ltrlt,env = Nenthrlt,enva

and thus:

h= 2NenVLtrlt,env> (A16)

meaning that the constant angular momentum Ly, common
to every envelope triolet could be at the basis of Planck’s constant.

Kinetic Energy of the Nucleus and Envelope
From Equations (A6, A7, A11), the kinetic energy of the nucleus
is given by:

Thuc = Nuuc+Pnuct€ + Nuue—Pruc—¢

_ mczNWH_( 1 N 1 )

(A17)
bnuc Nnuc+ Nnuc—

Likewise, the kinetic energy of the envelope is:

Tenv = Nenv+Penv+C + Nenv—Penv—C:

Tenv =

mc? <Nenv+ (A18)

+ Nenv—) .
Nenv+ Neny—
Now, assuming 7epy+2 Nenv— = 1 according to Schrodinger’s
Zitterbewegung, T.,, becomes, using Equation (A14):

benv

mc? 1,
Tenv = 7—— (Neny— + Nepyt) = —mc”, (A19)
beny 2
and thus:
1 2
Toue = T — Teny = EmC . (A20)

The forthcoming study of the interactions between the nucleus
and envelope will show that they are negligible compared
to intra-component forces (nucleus onto itself, envelope onto
itself). The two components therefore almost behave as two
bound independent systems, and thus presumably obey the Virial
theorem separately. Hence, since we have T',,,c 2~ Ty, > mc?/2, we
should also obtain Uy, 2 Ugpy> —mc? so that the total energies
amount to: Epye = Eeny =~ —mc?/2 and Egpr>~ —mc?.
Determination of ynuc+ and ypyc-

In order to determine 7,,,+ and 7,,., considering Equations
(A17) and (A20), we have:

( 1 N 1 ) - bhuc .
Nnuc+ Nnuc— 2Npyc+
The latter expression, together with Equation (A4), can allow us

to determine nyuet+ and Nuue— in terms of Nuyycts Qanmis Poucs
and b,

(A21)

bruc - 1 n 1
2Nnuc+ Nnuc+ (nnuc+ + “unml”nuc) ’

nuc+

1 (bnucnnuﬁ- _ 1) _ 1 1
Nnuc+ 2Npuct Nauct+ \ 1+ el

Nuuct Nnuct

1= (1 + AanmlMnuc ) <bnuc77nuc+ _ 1) ,

Nt Nnuc+ 2Npuc+

b Agnmibnuch

2 nuc anmlPnucMnuc
— |+ —_— =2

Nnuc+ (ZNﬂuc_;,_) Mnuc+ ( ZNﬁuH_ )

. (aunmlnnuc> —o0,

Nnuc-‘r

2
A—d4+ aanmlbznucnnuc ’
2N

nuc+

and taking the positive solution, we find:

2
Nuuc+ Aanmibnucnuc Aanmibnucnuc
Nnuc+ = 2 — + 4+ | — ,
e buue 2N? 2N?

nuc+ nuc+

(A22)

and 7y,.— can then be derived from Equation (A4).
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Forces and Potentials

Centrifugal Force of a Triolet

Assuming triolets travel at light velocity, the centrifugal force
[16] of triolet Tj, revolving along orbit of radius p; = n;X, is in
cylindrical coordinates:

E pivi mc-c hc
tHi = —— = = —F,
D= o T bimips bip?

(B1)

where b; stands for b, (respectively, b,,.) when T; belongs to
the envelope (resp. the nucleus). This expression applies both to
nucleus and envelope triolets.

Electromagnetic Force Exerted on Nucleus Triolet i
Due to Current at Envelope

The electromagnetic force exerted onto nucleus triolet i is given
by the Lorentz force written using scalar potential V and vector
potential A:

— sgn(i) - e

0 — A
Fenvtsi = —Acpytsi+c0

Vv,
e envt>i 9t

- =
X (V X Aenvi>i)]>

if all triolets revolve in the same positive direction. The
expressions for the scalar and vector potentials and their
derivatives must be determined.

As a net charge (-e) circulates around the envelope, the scalar
potential and vector potential, for r,,;,c < reny and cos & = 0 (since
the orbit is in the plane z = 0), are given [41] by:

(B2)

00 N
Venv:l:>i€nuc = M Z [Pl (0)]2 (pL) > (B3)

4meor,
0Tenv+ 1=0.24... env+

0 1 2 I
polenv+ Py (0) i
Aenvt>icnuc = ks Z [ L ] : > (B4)
2 =135, l(l + 1) Penv+t

where the P;(x) and P;'(x), respectively, designate the Legendre
polynomials and associated Legendre polynomials, yielding:

Qv | 1 1 p? 9 pf
Venv:t>iEnuc = s + - 31 + — 5Z > (BS)
4meg Penv+ 4 Penv+ 64 Penv+
V. . 1 . 9 3
envi>icnuc Qenvt 1 ;01 + = '501 ) (B6)
0Pnuct drmeg | 2 Penv+ 16 Penv+
Recalling Moo= 1/(80(32), v =cand Qenvi = £Nepy+e/tepny:
oleny+ o 10 Qenvt
2 2tenv+
1 +Nepyre c
~ . < envt ) < )) (B7)
2¢g0c Neny 27 Peny
+Nepwre | 1 p; 3 p}
Aenvt>ienuc = s P l + = 41 > (BS)
47 E0Cheny | 2 Poyys 16 pgyy s
0 (Aenv:t>ienuco> "
- = _Aenv:t>i€nuc7p
Otnuc nuc

— (ENmze) [ 1 3 07 |,
e I N P
4T €0 Neny Zpem;i 16 Penv+
o 0 k
I S A TR B G S
op 0 iz 0Pnuc

o

0 Aem/:l:>iEnuc

~ (£Neny+e) 1
4T E0Cheny | 202 0s

9 20,
+— 2k (B10)
16 Peny+

The electromagnetic force (B2) exerted on a nucleus triolet T; by
the envelope is then given by:

2 o msen@ (ENewze) {1 g 3 pf
envt>ienuc — P E g P
Npue 47T E0Neny Pyt Penvt Penv+
9 p |.
+ = (B11)
16 Penv+

Electromagnetic Force Exerted on Envelope Triolet i
Due to Current Flowing at Nucleus

According to Equation (A3), the magnetic moment due to the
nucleus is:

—Agnmieh N Niyuc+ec

Mnuc = (Pnuct — Pnuc—) - (B12)
2m 2M5¢
The vector potential and its derivatives are given [41] by:
e Mo Mnuc 5
A nuc>icenv =~ —— rl;lco’ (B13)
4 0;
1 N, e - ) A
Xnuc>ieenv ~ nuc+€ (Pnuct . Pnuc )0) (B14)
8megc Myye o;
0 <Anuc>ieenvé) c .
8—1‘,- = _Anuc>ieenvﬁp
_ —1 Nuycte (Pnuc+ _3 Pruc—) 3 (B15)
8men  Mauc ;
o 0 k
=1 e ’g 9 9 el (Anuc>ieenv) 2
V x A= 3 = 9| = T k
0 pabd dz 3,01'
0 Anuc>ieenv 0
— (_1) leCJre (pnchr _3 pnucf)l"(. (Bl6)
4mwegc Npye o;

As the net nucleus charge is zero, and using Equation (A4), the
force is defined by:

- sgn(i) - e 9 — N s
F rucsicenv = e |:_* A yye=i + c0; (V X Anuc>i>] >

Neny ot
= 3 sgn(i) eanuc+ (Mnuc+ — Mnuc—) XC 4
F pucsicenv = 3 >
8meg Npuclenv Pj
— —3 sgn (i) € agumiXc
F nuc>iceny — g anm3 . (B17)
8mwey  Meny o;
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Electromagnetic Force Exerted on Triolet i at Radius
pi Due to Triolet j at Radius p;

Every triolet experiences the fields emitted by all other triolets
belonging to the same or adjacent orbit in the same component.
Here we estimate the electromagnetic field and force exerted by a
single triolet revolving on the same or adjacent orbit.

Let triolet T}’ (pjsin 6, pjcos 6°;) of charge g, revolving at light
velocity on circular orbit of radius pj, be positioned at angle 6’; at
retarded time ¢, and emitting an electromagnetic field received at
time ¢ by triolet T;(0, p;) of charge g; revolving at light velocity on
circular orbit of radius p;, and arriving at angle 6; = 0 on vertical
axis y (Figure 3A). We have:

— — sm9/
T;T; K
pi — pj €os 0]-

T;T? = pf + /’;'2 —2pipjcost; = Rle’ (B18)

,ﬁ —% sin 9]
A = o 1, B19
o\ Aeesh (B19)

R;

R = \//’12 + pjz — 2pipj cos 9]»/. (B20)

The trajectory, velocity and acceleration of triolet T; are,
respectively, given by:

7\’)]‘ (t/) = pj (sin wt % + cos wt?) , (B21)
—v)j (t/) = pjw (cos wt % — sin a)t/)?) , (B22)
_a)j (t/> = —pjwz (sin wt % + cos wt/fr) , (B23)

with w being the angular velocity, satisfying relations c = pw and
0’ = wt’. Since v = ¢, B = v/c = 1, we also have:

sin Oj/ cos 0]-/ —csin Gj//,oj
pj | cost; | Bj | —sin 0 | Bj | —ccos 0;/pj
0 0 0
— .
pj

T
g:l—ﬂj-ﬁjizl—cos(z—i-yj):1+sinyj. (B25)

The electric and magnetic fields emitted by T; and received by T;
are given [41] by:

cos = = 2 fj — Bj|, (B29)
Vj 1 _ 1
cos 7] — \/E (1 + cos Vj) = \/E (1 —|—sinyj). (B30)
And thus:

N A~ A Vj Vj .
fij; - (nji - ﬂj> fij; —ﬂj‘ ~c057] = 2cos’ 7] =1+siny;. (B31)

From Equations (B25, B28) and identity: ax(bxc) = (a-c)b-

(a-b)c, we deduce:
(Bj . ﬁji) (ﬁji - ﬂj) - [flﬁ : (ﬁji - ﬁj)] Bj»

flji X I:(flj,‘ — ﬂj) X ﬂ]:|
i x [(ﬁji - ﬁj) X ,BJ:| pijcosyj (ﬁji - ﬂj> — (1 + sin y]) Bj,
(B32)

implying, since 1-B2 = 0 and using Equations (B24, B25, B32):

fij; X [(ﬁji - ﬂj) x /3]]

E =2 . ,
4meg cg’Rjj
qj (A COs Yj R 1
b= 9 [(sp) iy .
) Jt . .
41 g9 Rjjpj |: ! (1 + sin yj)3 ! (1+sin yj)z
(B33)
From Figure 3B, we also have:
A . (T ~ ~
Bj x nj; = —sin <E +)/j)z= — oS ¥ji, (B34)
Bjxﬁﬁ = —ﬂxﬁﬁ < sin (71 - yj) P sin yjz, (B35)
pj pj pj

yielding, using Equations (B27, B28) and o = 1/(gpc?):

[ —4

4megcRijpj (1 + sin yj)z

_c

5y €08 7} COS Yj — pij(l + sin y;) sin y;

(14 sin y;)3R;

Hodgj
4

}2’

(B36)

Z.

The magnetic force is directed along p; since B; is along z. But
to express the equilibrium we need to find the component of E;
along p;, and thus we need:

T 4me gsRle @Ry fji-p; = R—l] (,o,- - pj cosHj) , (B37)
R PN . R ~ ’ T . ’
i = ’ !
4 R} &°R;j pi-pj = cosd), (B39)
(B27) o )
yielding from Equation (B33):
From Figure 3B, it can be seen that:
. c q; 1 / COs ¥}
LRy = — i B28 Ejij=—"— | — (p- =0 cos@-) 0
Bj-ji ” cos (B28) L= e |:Rij i 0 j (1 sin Vj)3
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’
cos 9]-

(1 —+ sin yj)z

. ’
sin 0]- Cos Yj

(1 + sin yj)3

} p. (B40)

This can be rearranged by expressing 6°; as a function of y; and
vice versa. From Equations (B19, B24):

CoSy;i = —pi-hi; = —sin6: —&siné/
Vi = TR = i i

U]
, [ pi — pj cos 0.
—coso [T
] Rij
1 /
cosy; = — (,o]- — pi €os Gj) . (B41)
Ry
Similarly, from Equation (B28):
x y z
sinyji _ ;)jXﬁji _ sian cost / 0 ,
i 9/ Pi—pj cost 0
Rjj J Rjj
. Pi .
siny; = ——sin Qj. (B42)
)
Relations (B41) and (B42) may be reversed:
sin Qj = —siny;, (B43)
i
’ 1
cosf; = P (0j — Rijcosy)). (B44)

Then, using these to rearrange Equation (B40) and developing:

1 ’ ’
z (pi — pj cos 9]‘) (pj — Di COSGJ»)
)
_ i . 0: G 29’ —R2 9’
= pipj sin” 6; jjcoso; |,
)
sin49j/ , , i ,
i— ‘c059-)+c059- 1+ —siné;
R; (P] Pi i i ( R; ]>

’ p] . ’
= cosf; + —sin6.,
] Rij ]

we obtain using Equation (B42):

qi sin6; ; , .
Eji, = L J 3 [& sinf; + 1} o,
47rsoRizj (1+siny)) ij
gj sin yj .

(B45)

E; =
ji .
4 eoR;jpi (1 + sin yj)2

The Lorentz force is then:

FijJ_ = q; (Eijj_ + Cé,‘ X Bij) s

Fi, = qiqj
Y 4m eoR;jpi

sin yj
(1 + sin yj)z

qiq; 1 .
4 e0R;ip; (1+siny; 2|
iij + sin y))

iqi sin y; 1.
19 - [ Yy —} p.  (B46)
4 eoR;; (1 + sin y)) Pi Pj

Fj1. =

The scalar and vector Liénard-Wichert retarded electromagnetic
potentials [41] are:

qj qj

4 ey (R,‘j — ﬂj'Rij)rtrd 47[80Rij (1 + sin V])

{B47)

Vj =

q;vi0; q;%

140
Ay = - __(B48)
Vg (Rij - ﬂj-Rij)md 4megcRij (1 + sin y))

Approximation p;=p;. When making this approximation (one-
orbit model), from Figure 3C, R;; becomes:

Rjj = 2pjicos ;. (B49)
Note that if pj= pj, Equation (B46) then becomes:
qiqj n
Fij1= & p. (B50)

" 8o pi? cos ¥ (1 + sin y))

Triolets at Radial Equilibrium

Equilibrium of Envelope Triolets

Envelope triolets are submitted to the centrifugal force (B1), the

magnetic force due to the net nucleus magnetic moment (B17),

and the net electromagnetic force due to the other envelope

triolets (B46). Equilibrium for env- triolets can be written:
Nepy—1

he (—e) e 1 sgn (j)

0=
Neny 47T €0 R,‘j(l + sin ]/1)2

2
benvpenvf Neny

|: siny 1 ] 3 & agumke
X — .
Penv— Pj 8 eg Neny )Ogm,,

And rearranging to isolate the fine-structure constant:
Nenv—1 1 s gn (])

Neny R,’j(l + sin )/])2
sin 1 3a,umik

« < 14 + 7) _ argml C )
Penv— P] ZPe,,V_

Likewise, equilibrium for env+ triolets can be written:

4meoghc 1
— ==

2
benvpem,_

e o Neny

(C1

2 Nepy—1
1 _ be'lvpeanr N

1 sgn(j) (sineri)

o Neny Neny Rij(l —+ sin )/])2 Penv+ Pj
3a Xc
e (C2)
2penv+
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Neglecting the term due to the nucleus magnetic moment, the
equations become:

Neny—1

é — _221’11/ Z

nenv ]

2 . . .
pisgn(t-j sin 1
%( Y +*) =G env- (C3)
R;i(1 +siny;) Pi Pj
The fine structure constant therefore appears to be naturally
related to the ratio between the centrifugal force and the net

electromagnetic force experienced by a single triolet. Making the
pi=p;j approximation (B49), we obtain:

Newy—1 .
l —beny sgn (1 ]) (C4)
o 2n2,  cos yi(L+siny) |

Equilibrium of Nucleus Triolets

Nucleus triolets are submitted to the centrifugal force (B1), the
electromagnetic force due to the envelope (B11), and the net
electromagnetic force due to the other nucleus triolets (B46).
Equilibrium for nuc- triolets is thus written:

1 ~ bpﬁuc— Pruc— [ Nenv+ _ Neny—
3
Peny—
NnuC71

o 2Meny
+ Y L () (Siny +i) . (C5)

3
Penv+

o Nnuc
. 2 .
Mnuc le (1 -+ sin y]) Prnuc— Pj
Similarly we have for the nuc+ triolets:
l ~ bp%uc+ Pnuc+ Nenv+ _ Nenvf
o Mhuc 2Meny pgnv+ 1063711/—

Npue—1 L sgn (j) ( siny
Nyuc le (1 + sin ]/])2 Pruc+

+i) . (Ce)
Pj

Neglecting the term due to the envelope current, the
equations become:

j

Nupue—1

1 -b 2son (i-j sin 1
- = 2”“5 Z Pivs ( J) 2 ( Y + *) = Gnuc.
o N2, ; Rji(1 + sin y)) Pi Pj
(C7)
Making the p;=p; approximation (B49), we obtain:
Npe—1 .
1 —buue S sgn (1 ])
o« 22 Z (C8)

fuc ; cos yj(1 + sin ;)

Also, the correction due to envelope current (first two terms) is:

G ) ~ _bnucsgn (l) (_nEnV) pguc 310:11146
env>ienuc e Heny ng,m’ Spfm,
- 3 4
~ bnucsgn (l) nnuc + 3nnuc . (C9)
Nnuc 2 8

Retarted Angles

Evaluating the Values of Retarded Angle 6; From
Non-retarded Angle 6;

If we suppose triolets are uniformly distributed along the circular
orbits (this is certainly true of the nucleus since we have N+
= Nyyc—, but is an approximation in the case of the envelope,
as there are more negative than positive triolets), then angle 6
(expressed in radians) determining the position of the j triolet
(starting at 1) at non-retarded time ¢ on the orbit is defined by:

j

nuc

9]'5,1,45 =2 (D1)

Note that, for the envelope, we also need to account for the empty
space of length d,, (using the number of missing triolets as units)
separating the .y, stretches of triolets, yielding for triolets T;
belonging to the first stretch:

HjelstStretch =2n ( / (D2)

Neny + ”envdenv) )

To evaluate ¢;” determining the angular position 7" at retarded
time ¢’ when the electromagnetic field was emitted toward triolet
T;, which arrives at angle 0 (vertical y axis) at time ¢ to receive the
field, we use the following relation, derived from Figure 3A:

Rij = pj80; = pj (9]' — 9]/) . (D3)
Then squaring Equations (B20) and (D3) and equating,
we obtain:

(ej—e’j) —1—2<p]>c059 +(pj’> .

Given p;, pj, and 6;, the retarded angles 6’ may be
numerically determined by recurrence, using a computer
program that implements Newton method for instance, to
resolve transcendental Equation (D4) for all triolets of angular
position 6; expressed in radians. The corresponding values of y;
are then estimated using Equation (B42).

(D4)

Potential Energy

Electric Potential Energy

By definition, the electric potential energies at the envelope and
nucleus are defined by:

Neny Newy—1

qz%
elec env —Z Z qi V,] Z Z - (E1)
i icenv ji 4HEORI] +sin V])
2 .
amc Sgn(l ])
Uelec,env = 5 F’ (EZ)
Menv icemy ji Y ( + sin J/])
where Hjj = Rjj/Xc. Likewise, we have:
OU’l’lC gn(z ])
elec,nuc Z Z Hl] + sin y]) (E3)

”“C ienuc j#i
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Making the p; = p; approximation (B49), we obtain:
2 .
amc sgn(i - j)
Uelec,env = 2 Z Z . > (E4)
Neny oo P 1j COS ¥ (1 + sin yj)
2 .o
amc sgn(i - j)
Uelec,nuc = 272 Z Z 1 . . (E5)
Mic erme 23 T OS] (14 siny;)

Magnetic Potential Energy

The magnetic potential energy U4, and electric potential energy
Ueec are, respectively, the opposite of the magnetic work and
electric work [41] given by:

1
Wmag - Bzdf - _Umag> (E6)
2100 Jai space
&
Welee = - Eldr = — elec- (E7)
2 Jan space

Now, the vector expression relating the magnetic field to the

electric field:
— —
B = E

f x (E8)

h\»—t

holds in relativistic electrodynamics with particles going at light
velocity, yielding:

1
Wingg = —— / E*dr, (E9)
ZI'LOC all space
and since we know that ¢ = 1/g 19, we have:
I 2
Winag = */ Efdt = W (E10)
2 all space
Therefore:
Umag = Uelec- (E11)

Total Potential Energy

Neglecting the potential energy of the envelope acting on
the nucleus Ugpy>nue> and the potential energy of the nucleus
acting on the envelope Upycsenv, the electron potential energy
is approximately:

Utot = Uenv + Unuc> (EIZ)

where Ug,, is the envelope potential energy and Uy,
the nucleus potential energy. Using Equations (E2, E11),
we obtain:

Compatibility Between Potential Energies and Radial
Equilibrium Equations

It can be shown that Equations (E14, E15) are compatible with
Equations (C4, C8) if we assume uuc+ > Nnuc— and Nepy+ > Neny—
=~ 1. Indeed, Equation (C4) becomes:

Nenv_l

>

2
~ —Meny

abeyy

sgn (i ])
2 cos yj(1 + sin y;)

Then, by replacing the relation above into Equation (98), since
77env+2773m;—2’1, we obtain:

Zamc sgn (i - j)
D Tt
Mowy ot 7 2nicos ¥ (1 + siny;)
—2amc? ngw
— env >
gy, abeny
—2N,,,mc?
Uenv X
benv

Since beyy = 2Neny, this yields: Uy, —-mc?

Equation (C8) becomes:

as expected. Likewise,

Nvmcfl 2
Maue

abyye

sgn (i ])
2 cos yj(1 + siny;)

Then, by replacing the relation above into Equation (E15),
we obtain:

U = 2amc? Z Z sgn(i - §) N —2amc® Nyye 12,
nuc — - = 5
Mowe St 7 2micosy; (1+siny;) 2 Maue Cbnuc
—2N,yemc?
Unuc - -
buucnuc

Since 2Nuue = buuchinue (A21), we obtain: 2

as expected.

Upue >~ -mc

Optimization Algorithm

An optimization algorithm has been devised and implemented
to determine a set of optimum orbital radii for envelope triolets
by minimizing average absolute deviation K, in the n-orbits
model where each triolet possesses a specific radii n; at the
envelope. An approximate solution is determined heuristically
before applying this algorithm. The algorithm next considers
in turn every envelope triolet belonging to the first stretch,
tries five different radii surrounding the current radius, and
computes for each the stability of all envelope triolets. The

Uenv = Uenvmag + Uenv.elec = 2Uenv.clec: (E13)  radius yielding best overall stability is then attributed to the
2amc? sgn(i - j) corresponding triolets in all six stretches. Once the procedure

Uenv S TR (E14) . . o
n,, — Hj (1 + sin Vj) has been applied to all triolets of the first stretch, it is run
iceny j#i again, considering five closer radii this time (thus slowly reducing
where Hij= Rjj/X.. Likewise, using Equation (E.3) we have: the noise), until convergence toward an optimum solution
is reached. The corresponding pseudocode is shown below.
2amce sgn(i - ) The algorithm was applied with the following values: delta =
Unie ="—F5— D ) —F———. (E15)  0.00201, step = 0.00005, #tgny= 6, Ny = 60, Nepy_ = 66,

Moue ot “= Hij (14 siny))
J# deny = 2.
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Function optimize_env_radii( radius[126], delta, step ):
for d in range( delta to 0.00001 by —step ):
for i in range( 0 to 20 by +1 ):
previous_radius = radius] i ]
R = previous_radius
best_r=R
best_ K = 10000
list_new_radii = { R—2d, R-d, R, R+d, R+2d }
for r in list_new_radii:
set_radius( i to r in all six stretches )
clear( list_inv_alphas )
for j in range( 1 to 20 by +1 ):
G = compute_inv_alpha(i,j)
add( G to list_inv_alphas )
K = compute_error_K( list_inv_alphas)
if K < best_K:
best K=K
best_ r=r
set_radius( i to best_r in all six stretches )
return radius[126]
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