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A novel photon-based proton model is developed. A proton’s ground state is as-
sumed to be coherent to the degree that all of its mass-energy precipitates into a
single uncharged spherical structure. A quantum vortex, initiated by the strong
force, but sustained in the proton’s ground state by the circular Unruh effect and
a spherical Rindler horizon, is proposed to confine the proton’s mass-energy in its
ground state. A direct connection between the circular Unruh effect, the zitterbe-
wegung effect, spin, and general relativity is proposed. Such a structure acts as
an uncharged zitterbewegung fermion, and may explain neutrino mass. A ground-
state proton’s central zitterbewegung fermion is assumed to be surrounded by a
halo of charge shells of both signs. Virtual photon standing waves are assumed to
synchronize the inner shell with the central zitterbewegung fermion. The charge
shells are proposed to be associated with isospin and proton g-factor. There are
only two model inputs—proton mass and quantized electronic charge—and just
one adjustable parameter. The adjustable parameter, reduced only by about 0.4%
from an initial estimate, provides the proton’s experimentally determined mag-
netic moment to arbitrary precision. The resulting modeled proton charge radius
agrees very well with the 2018 CODATA value. Magnetic moment and charge ra-
dius are calculated algebraically in a manner easily understood by undergraduate
physics students. This proposed ground-state proton model could be considered a
low-energy approximation to a full quantum chromodynamical proton model.
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I. INTRODUCTION

Recent chiral effective field theory modeling has been shown to be inadequate for de-
scribing certain aspects of neutron spin at very low energies'. Chiral effective field theory?
is derived from quantum chromodynamics (QCD)3. Therefore QCD itself may provide an
inadequate description of both low energy neutrons and ground state protons. Hansson has
argued?, that at low momentum transfers, the quarks and gluons of QCD cannot be defined
and thus do not really exist within a proton.

Recent photon-based proton models, conceptually similar to those presented in this work,
have been proposed®®. However, both Niehaus® and Kovacs® propose models that directly
conflict with established QCD. In contrast, this work fully accepts established QCD and
attempts to explain the origin of quarks, gluons, color charge, and the QCD proton’s pion
cloud.

This work proposes that a proton, in its lowest energy (ground) state, is a completely
coherent self-synchronizing structure. This may explain why a ground-state proton cannot
decay. At energies above the ground state, the structure is proposed to transform into
quarks and gluons according to established QCD theory.
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This work proposes that the properties of a ground-state proton’s measured projection
can be derived from those of a hypothetical revolving circularly-polarized virtual photon.
This virtual photon is proposed to propagate via both toroidally and poloidally revolving
electromagnetic fields. The virtual photon’s energy is assumed to be identical to proton
mass energy. The proton’s mass energy is proposed to be a quantized manifestation of
the circular Unruh energy” 16 of a zitterbewegung fermion. Suppose a point-like linearly-
coupled Unruh-DeWitt detector circles at light speed in a massless scalar quantum field'”.
This work defines a zitterbewegung fermion as the superposition of such Unruh-DeWitt
detectors, with a spherically uniform distribution of rotation axes.

The zitterbewegung fermion circulation is associated with the measured projection of the
proton’s quantized spin angular momentum. The virtual photon’s poloidal revolution is
associated with isospin, charge generation, and the measured projection of proton magnetic
moment. The ratio of a quantum particle’s projected magnetic moment to its projected spin
is defined as the particle’s g-factor'®19. This work offers an explanation for the proton’s
g-factor. Together, the virtual photon’s projected toroidal and poloidal revolutions define
a volume. This volume is directly related to measurements of proton charge radius.

This work models the properties of a proton’s measured projection in an external
approximately-uniform magnetic field. The external magnetic field is assumed to vary
on scales much larger than the proton’s size. It will be assumed that an electron or muon,
in a proton orbital, magnetically interacts so that the proton appears to possess the prop-
erties of the modeled proton projection presented in this work. It will also be assumed
that observers with no information about a proton’s magnetic environment will perceive a
proton to be the superposition of all possible three-dimensional orientations of the modeled
proton projection. Such a superposition will be spherically symmetric.

Suppose, that in its ground state, a proton’s mass-energy completely dissociates from
charge and precipitates down to what appears, to inertial observers, to be a single circling
point-like quasiparticle similar to a Majorana fermion. This work will refer to such a
quasiparticle as a zitterbewegung fermion. This quasiparticle is proposed to contain all
of a ground-state proton’s spin angular momentum?®. Section V explains how spacetime
curvature is a necessary component of this zitterbewegung fermion model. Such a model
may also explain how an uncharged neutrino can be massive without interacting with the
Higgs field.

Suppose, that according to inertial observers, a ground-state proton’s massless charge
forms a double-shell halo structure at a considerable distance from the central zitterbe-
wegung fermion. These two massless charge shells may be quasiparticles similar to Weyl
fermions?'. This double-shell charge structure is proposed to contain all of a ground-state
proton’s isospin?2:23,

This work assumes that a ground-state proton’s mass energy is quantized excess vac-
uum energy in the form of quantized circular Unruh energy’ 6. To inertial observers, a
ground-state proton’s mass energy is proposed to appear as a point-like particle circling at
light speed. Such light-speed circular motion is called zitterbewegung motion®24 32, Zit-
terbewegung motion involves centripetal acceleration, which will be called zitterbewegung
acceleration in this work. On subatomic scales, this work proposes that such centripetal
acceleration involves the circular Unruh effect” 14,

A particle circling at light speed can neither act as an observer nor be observed. How-
ever, this can conceptually act as a classical model, based on space-time algebra33, of the
projection of the particle’s quantum mechanical spin about a particular axis. This spin
projection can be measured by inertial observers. Even after measuring spin projection, the
location and momentum of the particle’s center is still subject to Heisenberg’s uncertainty
principle34.

This work proposes, that in a ground-state proton, the space-time algebra model?®32:33 of
a point-like proton mass circling at light speed is equivalent to a point-like linearly-coupled
Unruh-DeWitt detector, circling at light speed in a massless scalar quantum field'”, with
a proton’s zitterbewegung acceleration. The angular momentum of this circling Unruh-
DeWitt detector is assumed quantized as a spin-half fermion. The circular Unruh effect
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generates thermal excess vacuum energy with a characteristic Unruh temperature” 6. It is
reasonable to assume that the Unruh effect is fundamentally local®>. It will be shown that
the median energy associated with this characteristic Unruh temperature is approximately
98.9% similar to proton mass energy. It will be argued that self-synchronization with the
ground-state proton’s inner charge shell quantizes the Unruh energy’ ' as proton mass
energy. This self-synchronization may be connected to the proton’s unique stability.

When excited above its ground state, about 1-2% of a proton’s quantized excess vacuum
energy may couple with the Higgs field and transfer from the central zitterbewegung fermion
to its double-shell charge structure. This may form three valence quarks, and a pion cloud,
via a similar mechanism to Weyl fermions coupling with the Higgs field to form quarks?®®.
The weak isospins of the three valence quarks sum to the proton’s net isospin®’. The
remaining 98-99% of a proton’s quantized excess vacuum energy is proposed to transform
into virtual gluons and sea quarks®®. The proton’s spin angular momentum may partially
migrate from the virtual gluons and sea quarks to the valence quarks. This partial migration
may be interaction-dependent and provide a conceptual clue to the proton spin crisis3* 1.

1. PROPOSED ZITTERBEWEGUNG QUANTUM VORTEX MOTION

This work proposes a ground-state quantum vortex (GSQV) proton model, based on as-
pects of the zitterbewegung interpretation of quantum mechanics®2432, the circular Unruh
effect” 4, quantum electrodynamics, and classical electromagnetism. At energies above
the ground state, this model transforms into the established QCD description of a proton
derived from quantum field theory!”.
Recent experimental evidence? 4, supports the concept of the zitterbewegung effect
being due to stable intrinsic high frequency oscillations. In standard quantum mechan-
ics, zitterbewegung is interpreted as the interference between positive- and negative-energy
wave components. In quantum electrodynamics, the negative energy states of electron
zitterbewegung are modeled as positron states?®. A purely classical interpretation of the
zitterbewegung effect?®32 is problematic®7.

This work models the zitterbewegung of an unobserved proton as the superposition of
virtual photon vortices with every possible rotation axis. The observed projection of proton
zitterbewegung, in an approximately uniform external magnetic field, is modeled as the
toroidal revolution of a photon vortex in a plane orthogonal to the external magnetic field. It
is acknowledged that the proton’s spin axis will actually be in a state of Larmor precession'®.
However, this work models only the properties of a proton’s observed projection in an
external magnetic field.

Prior zitterbewegung-based particle models have generally focused on the electron?432.
Some models assume the electron to be a circling point charge co-located with the elec-
tron’s mass energy?* 3. Other models assume that the circling point of mass energy has an
extended, but still very localized, co-moving charge structure®?. These works either assume
or conclude that the centripetal force required for the particle to self-circulate is electro-
magnetic in nature. This work proposes that a proton displays zitterbewegung motion due
to a non-electromagnetic quantum vacuum interaction.

This work assumes proton mass to be intrinsic. It is set to the 2018 CODATA value.
Others have long explained proton spin angular momentum and Heisenberg’s uncertainty
principle via the zitterbewegung interpretation of quantum mechanics?®32. This work pro-
gresses this line of reasoning and adds explanations for isospin, charge generation, charge
quantization, magnetic moment, and charge radius. A similar, but far from identical, model
was recently proposed®. A key difference is that the proton model proposed by Niehaus
contains only positive charge®, whereas the GSQV proton model proposed in this work
contains both positive and negative charge. In addition, the GSQV proton model proposed
in this work explains the origin of quarks and gluons, whereas the proton model proposed
by Niehaus is presented as a challenge to the established QCD theoretical frameworkS.
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I1l. MODEL DESCRIPTION

The GSQV proton is a relatively simple structure consisting of just three parts: A central
relatively-compact zitterbewegung fermion inside two massless oppositely-charged rotating
shells. Proton isospin, charge generation, quantization, and circulation are explained in
the context of a revolving circularly polarized virtual photon. Proton-antiproton pair pro-
duction is initiated via a sufficiently energetic photon interacting with an atomic nucleus.
This work assumes that the spin-1 photon initially splits into two spin-half photon vortices.
Photon vortex rotation is assumed to be initiated by the strong force in the guise of a
force centripetally accelerating a point-like Unruh-De-Witt detector in a massless quantum
field. Each photon vortex, which will be called a quantum vortex, is assumed to be the
spherically-uniform superposition of revolving circularly-polarized virtual photons. Each
virtual photon of the superposition is assumed to revolve with one poloidal cycle for every
two toroidal cycles.

A half poloidal cycle per toroidal cycle is assumed to be the geometrical cause of a
GSQYV proton’s quantized half isospin. The poloidal electromagnetic field rotation rate
is assumed to generate and quantize the GSQV proton’s charge. How could the poloidal
rotation of a revolving virtual photon’s fields generate charge? It is well known that an
accelerating charge generates electromagnetic radiation. This work effectively assumes that
highly accelerated virtual electromagnetic fields generate charge in a quantized manner.
Similar mechanisms for electron and quark charge formation have been proposed. Baixauli
recently derived electron and quark charge quantization from Planck sphere rotation in a
higher dimension*®.

This work assumes that a GSQV proton’s mass energy and angular momentum are con-
tained in an uncharged central spherical region. The GSQV proton’s charge shells are
therefore assumed to carry no additional energy or angular momentum. The combined
toroidal and poloidal virtual electromagnetic field flow of a GSQV proton’s projected vir-
tual photon is assumed to form a spindle torus structure. Fig. 1 shows a polar cross-sectional
diagram of the projection of a GSQV proton. It will be assumed that opposing charge forms
on the surfaces of two coherently rotating shells with the equatorial diameter of the inner
shell precisely matching the proton’s Compton wavelength, A. = h/mc, where h is Planck’s
constant, m is proton mass, and c is the speed of light.

The assumption that the inner shell’s equatorial diameter precisely matches the proton’s
Compton wavelength relates a GSQV proton’s magnetic moment to its size. According to
classical electromagnetism, the volume inside a GSQV proton’s inner shell should contain
many repelling electric forces. According to quantum electrodynamics, this volume is filled
with virtual photons carring electric force. This work assumes that virtual photons, precisely
matching the proton’s Compton wavelength, form standing waves across the inner shell’s
diameter. These standing waves are assumed to both maintain the charge structure of the
GSQYV proton and resist perturbation.

A spindle torus consists of an inner lemon surface and an outer apple surface. This work
assumes a GSQV proton’s inner lemon surface is negatively charged while its outer apple
surface is positively charged. A GSQV antiproton is assumed to have the same charge
structure, but with opposite charges. This work assumes that each of these massless charge
shells coherently rotates toroidally with an equatorial speed pegged to the speed of light.
In special relativity, a massless object can only move at light speed. While the charge
structure is assumed to be generated by the poloidal flow of a projected virtual photon’s
electromagnetic fields, the charge structure itself is assumed to circulate purely toroidally
with zero poloidal component. This charge motion generates the proton’s magnetic mo-
ment according to classical electromagnetism. A GSQV proton’s projected charge radius
is assumed to be equivalent to the radius of a sphere with the same volume as the outer
charge shell of the GSQV proton model.

A GSQV proton model is initially derived as a first approximation with no adjustable
parameters. The GSQV proton magnetic moment is calculated to within 0.15% of the
2018 CODATA value. The GSQV proton charge radius is calculated to be about 0.64%
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larger than the 2018 CODATA value. A refined GSQV proton model, with one adjustable
parameter, is derived. This refined model calculates the GSQV proton magnetic moment
to arbitrary precision and the GSQV proton charge radius to well within the uncertainty of
the 2018 CODATA value.

There has been considerable debate over whether free protons are perfectly spherical,
slightly prolate, slightly oblate, or malleable between prolate and oblate?. A subrelativistic
GSQYV proton should appear quite spherical to observers with no knowledge of the proton’s
magnetic environment. However, during very close interactions with another magnetic
dipole, the GSQV proton is assumed to appear as a single slightly-oblate projection to
the other magnetic dipole, as in Fig. 1. A closely interacting magnetic dipole may include
another nucleon, electron, or muon. Experimental evidence for non-spherical proton-nucleon
interaction was recently published by the PHENIX Collaboration®®.

IV. QUANTIZED CIRCULAR UNRUH ENERGY

Recently, Miranda-Coldn has argued that Unruh temperature represents the temperature
on a quantum wave packet membrane®'. This temperature is claimed to fluctuate at the
zitterbewegung frequency. In contrast, this work argues that proton mass energy is equiva-
lent to quantized circular Unruh energy due to the internal circulation of a zitterbewegung
fermion.

Section V argues, that to inertial observers of a subrelativistic ground-state proton, a
point-like proton mass appears to be constantly moving at light speed on a thin zitterbewe-
gung spherical shell of radius r,. Section VI explains why a GSQV proton’s zitterbewegung
radius, 7, should be
Ae h
r,=—=—

4t 2mc
where i = h/2m is Planck’s reduced constant. Fig. 1 shows that 7, is much smaller than the
proton’s charge radius. Suppose, that in a GSQV proton’s central zitterbewegung fermion,
a point-like linearly-coupled Unruh-DeWitt detector''!2 is in light speed uniform circular
motion at zitterbewegung radius, r,. The detector’s proper centripetal acceleration is given

~ 0.10515 fm, (1)

by a = 72v?/r,, where v is detector speed and 72 = (1 — 1}2/62)_1. Since v = ¢, both 2
and a are undefined.

Unruh temperature
acceleration. For an Unruh-DeWitt detector
Unruh temperature is given by’ 16

7716 "in the form of excess vacuum thermal energy, is associated with

11,12 with proper linear acceleration, a, linear

ha

Tin = )
! 2mwckp

(2)

where kg is the Boltzmann constant. For an Unruh-DeWitt detector in uniform circular
motion, with a very low energy gap with respect to its environment, the ratio of circular to
linear Unruh temperature in the ultrarelativistic limit is given by’

Teire T
CZ—‘lin 2\/§

The GSQV proton’s central zitterbewegung fermion is defined as the uniformly distributed
superposition of zitterbewegung trajectories with all possible rotation axis orientations pass-
ing through its center. Such a superposition of Unruh-DeWitt detector trajectories will
form a thin spherical shell of radius r,. This zitterbewegung spherical shell may itself be
an Unruh-DeWitt detector quantum entangled with the point-like centripetally-accelerating
Unruh-DeWitt detector. In other words, each and every ensemble member may be entangled
with the remainder of its ensemble.

To inertial observers, the total inward centripetal force, required to accelerate the super-
position of centripetally accelerating ultrarelativistic point-like Unruh-DeWitt detectors,

3)
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needs only to move at the speed of the center of zitterbewegung circulation. Therefore, for
a subrelativistic proton, this required centripetal force will be proportional to zitterbewe-
gung acceleration measured in the observer’s coordinate reference frame,

2

c
a, = E (4)
Combining Eqns. (1) and (4) yields
2 3
4 = o~ 8.547 x 1032 m/s? (5)

for a subrelativistic proton. Combining Eqns. (2), (3), and (5) yields
ha, me>
4\/361{)3 2\/3]@’3

for a subrelativistic GSQV proton’s central zitterbewegung fermion. This implies that a
GSQV proton’s mass energy,

Trire = ~ 3.143 x 102 K (6)

E =mc® = 2V3kpTeire. (7)

The median energy of a particle in a thermal bath at temperature, T, is given by®2
kpT/0.2855. This appears to imply that a GSQV proton’s mass energy, E, is approxi-
mately equal to 2v/3 x 0.2855 ~ 98.9% of the median thermal excess vacuum energy due
to the circular Unruh effect. A GSQV proton’s quantized mass energy appears to be di-
rectly related to the thermalized Unruh energy associated with its central zitterbewegung
fermion. However, as shown in Fig. 1, virtual photon standing waves, precisely matching
the proton’s Compton wavelength, A., are assumed to continually pass through the GSQV
proton’s central zitterbewegung fermion. It will therefore be assumed that this triggers the
Unruh energy of the central zitterbewegung fermion to quantize to the single frequency
matching the proton’s Compton wavelength. This self-synchronization may be connected
to the proton’s unique stability.

It has long been established that approximately 1% of a proton’s mass energy is at-
tributable to its valence quark masses. In the standard model, Weyl fermion coupling with
the Higgs field generates the proton’s valence quark masses. Being massless, the GSQV pro-
ton’s charge shells may behave like a pair of Weyl fermions of opposing chirality. This work
assumes, that when a proton is excited above its ground state, approximately 1-2% of a pro-
ton’s mass energy couples with the Higgs field and transfers from its central zitterbewegung
fermion to its double-shell charge structure.

At energies sufficiently elevated above the proton’s ground state, this work proposes that
the 42e charge of the outer GSQV proton shell evenly divides into three up quarks. Due to
the Pauli exclusion principle, these three up quarks cannot be in the same quantum state.
This may explain why QCD involves precisely three fundamental color charge types. In
accordance with QCD, the three up quarks formed by the outer GSQV proton shell must
each possess a different color charge. The right-hand column of Panel (a) in Fig. 2 represents
the outer GSQV proton shell transforming into a red, a green, and a blue up-quark trio.

Since a QCD proton is color neutral, the GSQV proton’s inner shell must also be color
neutral. At energies sufficiently elevated above the proton’s ground state, this work proposes
that the —e charge of the inner GSQV proton shell divides into a down and anti-up quark
pair. To maintain color neutrality, these two quarks must be a color/anti-color pair. This
may explain why QCD involves three anti-color charges. The left-hand column of Panel (a)
in Fig. 2 represents the inner GSQV proton shell transforming into a red down quark and an
anti-red (shown as dashed red) anti-up quark. However, any color/anti-color combination
is possible.

Once the GSQV proton’s shells have transformed into five quarks, three can form a QCD
proton, as shown below the slanted line in Panel (b) of Fig. 2. The remaining two quarks
can then initiate the formation of a virtual neutral pion cloud. This may explain why a
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QCD proton must possess a neutral pion cloud, and why neutral pions are color neutral. A
neutral pion is one of the many two-quark particles called mesons. It is well known that all
mesons are color neutral.

V. STRONG FORCE AND GRAVITY

Consider the accelerated reference frame of the point-like Unruh-DeWitt detector de-
scribed in Section IV. Since the detector is moving at light speed, it cannot act as a
classical observer and its centripetal acceleration, a, is undefined. However, as the velocity
of a circling object tends toward the speed of light, its centripetal acceleration tends to-
ward infinity. For an object with acceleration tending toward infinity, its associated Rindler
horizon distance'®'® tends toward zero.

For general centripetal acceleration, a Rindler horizon cannot form in the usually defined
way®3. This is because such a horizon can’t act as a Killing horizon due to not being in a
consistent direction relative to the rotation axis. In a circling object’s accelerated reference
frame, light emitted from any observable source appears to spiral into and can eventually
reach the object®®. However, a Rindler horizon at zero distance can conceivably act as an
instantaneous Killing horizon, akin to the light surface defined in Refs. 54 and 53.

Section IV explains why the superposition of Unruh-DeWitt detector locations will form
a thin zitterbewegung spherical shell of radius r,. This work will assume that the associ-
ated superposition of instantaneous Killing horizons, at zero distance from the centripetally
accelerating detector, acts as a spherical Killing horizon, of radius ., for the quantum vac-
uum inside the shell. Tt will be argued that observers outside this zitterbewegung spherical
shell will experience spacetime curvature without perceiving the shell as a Killing horizon.
The GSQV proton’s central zitterbewegung fermion is therefore not a black hole.

This work models the interior of this zitterbewegung spherical shell, of radius r,, as
Minkowski spacetime. One quantum of the circular Unruh energy of the GSQV proton’s
central zitterbewegung fermion is assumed to be contained inside this zitterbewegung spher-
ical shell. Unruh energy is in excess of the background vacuum energy of the immediate
environment.

In Minkowski spacetime, excess energy trapped inside a volume will exert excess internal
pressure, p = U/3V, where U is excess internal energy and V is volume. For the GSQV
proton’s zitterbewegung spherical shell, U = mc? and V = %wr?. Therefore excess internal
pressure exerted by circular Unruh energy,

ch

(8)

P= 4grd”
The total outward force exerted by circular Unruh energy on the zitterbewegung spherical
shell, F' = pA, where A = 47r2. Therefore

ch

F =

P ma,, (9)
where a, is zitterbewegung centripetal acceleration defined by Eqn. (4). Clearly F' is the to-
tal inward force required to generate the required centripetal acceleration, needed to contain
the GSQV proton’s mass energy inside its central zitterbewegung fermion, and to balance
the zitterbewegung spherical shell’s excess internal vacuum pressure due to circular Unruh
energy. In this GSQV proton model, this force plays the role of the strong force. Applying
inertial and gravitational mass equivalence, it will be assumed that spacetime curvature, de-
scribed by general relativity, causes the total inward surface pressure, p, required to stabilize
the zitterbewegung spherical shell.

The point-like Unruh-DeWitt detector described in Section IV travels at the speed of
light. It therefore cannot act as an observer because it experiences extreme time dilation to
the degree that time does not elapse at all. If it attempted to act as an observer, it would
observe nothing. To an object traveling at light speed, the observable Universe would be
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nothing other than the point of its location. However, distances of zero length may be
physically impossible. Suppose that the point-like Unruh-DeWitt detector is actually a
sphere of radius v/2 1,,, where I, ~ 1.616 x 1073 m is the Planck length®. The circling
Unruh-DeWitt detector’s cross-sectional area will then be 27rl§‘

This Unruh-Dewitt detector is always located somewhere on the surface of the zitterbe-
wegung spherical shell. The inward gravitational force due to pressure, p, = mc?/4nr?,
exerted by curved spacetime on this Unruh-DeWitt detector, will be assumed to be cross-
sectional area, 27rl§, multiplied by the pressure exerted by spacetime curvature:

me’ly  Gmmyl,  Gm?

— 2 — —
Fy =2rl p, = 93 93 g3 (10)

since ¢* = Gmy/l, and myl,/r, = h/cr, = 2m, where m,, is the Planck mass. The Unruh-
DeWitt detector therefore experiences a force, due to curved spacetime, as if it were a
point-like proton mass, m, in the Newtonian gravitational field of another apparent point-
like proton mass at the center of the zitterbewegung spherical shell. The same effect would
result if the apparent point-like proton mass, at the center of the zitterbewegung spherical
shell, was actually uniformly distributed on a thin spherical shell of radius < r,. This
structure would have zero interior gravitational field and zero spacetime curvature, but the
same exterior spacetime curvature as that of a point-like proton mass.

It is therefore appropriate to model the zitterbewegung spherical shell’s interior as
Minkowski spacetime, as was assumed when deriving Eqn. (8). The geometries of the two
apparent proton masses: one point-like; the other uniformly distributed on a spherical
shell of radius, 7., are the same as the two quantum entangled Unruh-DeWitt detectors
described in Section IV.

One way to visualize why the gravitational force, described by Eqn. (10), is so much
weaker than the centripetal force, described by Eqn. (9), is that curved spacetime must
always be capable of attracting a spherical Unruh-DeWitt detector, of radius v/2 lp, at any
location on any possible trajectory on the zitterbewegung sphere. This is assumed to be
because spacetime curvature, caused by a zitterbewegung fermion’s confined mass energy,
cannot determine a priori the location of an Unruh-DeWitt detector circling at light speed.
It is therefore incapable of applying pressure only in the momentary direction of the circling
point-like Unruh-DeWitt detector. Spacetime curvature, due to a zitterbewegung fermion,
must therefore always be spherically symmetric.

Another way to interpret Eqn. (10) is that the light-speed circling Unruh-DeWitt de-
tector’s effective mass is evenly diluted over the zitterbewegung sphere by the factor
22 /4mr? = 12/2r2. In the coordinate reference frame of a subrelativistic GSQV proton,
the centripetal force required to keep this diluted mass circling at light speed,

Ml?, 2 Gm?

- 2 .. 2
2rs r, T3

c = Fg, (11)
which shows that the exceptionally weak inward gravitational force on the zitterbewegung
sphere maintains the centripetal force required for zitterbewegung motion.

This work therefore claims that the apparent zitterbewegung of a ground state proton is
due to the combined effects of general relativity and the circular Unruh effect derived from
quantum field theory. The strong force, as described by QCD, does not become apparent
until a GSQV proton gains enough energy to form valence quarks. It is well known that
quarks obtain mass via Higgs field interaction. However, the Higgs mechanism does not
explain neutrino mass formation. The zitterbewegung fermion model, proposed in this
work, occurs independently of charge and thus may also serve as a neutrino mass model.

VI. MASS DYNAMICS

Section V argued, that to inertial observers of a subrelativistic ground-state proton, a
point-like proton mass appears to be constantly moving at light speed on a thin zitterbe-
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wegung spherical shell of radius r,. It will be shown that

h Ac
Ty = ome 97 (12)
since A, = ii/mc and A. = A./27 is a proton’s reduced Compton wavelength, is consistent
with both Heisenberg’s uncertainty principle and spin-half angular momentum.
In the coordinate reference frame, of an observer co-moving with the center of zitterbe-
wegung circulation, the magnitude of the momentum of a GSQV proton’s point-like circling
mass appears to be

P, =mc = =—. (13)

Combining Eqns. (12) and (13) yields spin angular momentum,

h A h
L:pzrz:?c?c:§~ (14)
This is the intrinsic angular momentum for all spin-half particles, including low energy
protons.

It is well known that the quantum mechanical spin of a free spin-half particle appears to
be the superposition of all possible spin axis orientations. Therefore, according to inertial
observers, the position of the point-like mass of a GSQV proton can be modeled as randomly
varying on the surface of a sphere of radius r, = A./2.

A light-speed particle constrained to move on a spherical surface will be at an indetermi-
nate position on that surface. The probability distribution of its location will be uniform
on that surface. Therefore the position of the apparent point-like mass of a GSQV proton
on a sphere of radius 7, = A./2 is indeterminate. A GSQV proton’s zitterbewegung motion
is therefore not deterministic to inertial observers.

In each of the three spatial dimensions, the uncertainty of a GSQV proton’s position
will be 47, and its uncertainty in momentum, a vector quantity, will be Ap = +p,. This
satisfies Heisenberg’s position-momentum uncertainty principle, since
A h h

(£r.)(£p.) = £r.p. = i?; = :|:§ (15)

in each of the three spatial dimensions.

VIl. CHARGE GENERATION AND DISTRIBUTION

This work assumes that charge is generated by the poloidal rotation of the electromag-
netic fields of a revolving virtual photon that is circularly polarized. Net charge is assumed
to be quantized due to precisely half a poloidal turn occurring each cycle. This is indepen-
dent of Compton wavelength and therefore rest mass. The poloidal cycling itself may be
geometrically equivalent to proton isospin.

This work assumes that a GSQV proton’s charge structure exists on the surfaces of a
spindle torus. The outer apple surface is assumed to be purely positively charged while
the inner lemon surface is assumed to be purely negatively charged. Fig. 1 shows a polar
cross-sectional diagram of the proposed GSQV proton. A GSQV antiproton is assumed to
have the same structure, but with oppositely charged surfaces.

To a first approximation, it will be assumed that the total charge on each shell is propor-
tional to the shell’s volume. This assumption has been found to yield numerically accurate
results. Classically, if a volume is the source of free charges of like signs, these free charges
will tend to accumulate on the volume’s surface. This model will be refined so that charge
quantization occurs on each charge shell. This work assumes each charge shell toroidally
rotates as a coherent structure, with the equator moving at the speed of light.
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Planck charge, gp = V4meghe = e/+/a, where € is the electric permittivity of free space,
e is the magnitude of quantized electronic charge, and « is the fine structure constant, is the
only base Planck unit that does not depend on the gravitational constant. It is therefore
reasonable to propose that a particle’s charge could exist spatially dissociated from its
mass. It is proposed that such a mass-charge dissociation can only occur in very low energy
interactions and that free massless charged particles cannot exist. At higher energies, the
GSQYV proton is assumed to transform into a quark-gluon structure and be well described
by QCD.

This work assumes the lemon surface’s equatorial diameter is the proton’s Compton
wavelength, A. = h/mec, where h is Planck’s constant. This is shown in Fig. 1. Quantum
electrodynamics (QED) assumes that electric force is carried by virtual photons. This work
assumes that many virtual photon standing waves of Compton wavelength propagate across
the lemon’s equator.

VIll. MAGNETIC MOMENT AND CHARGE RADIUS

The nuclear magneton is defined as

eh cen

=50 = 2c = cer,. (16)
Magnetic moment, g, is a measure of the overall magnetic field strength of a magnetic
dipole. It is well known that a uniformly charged spherical shell of charge @ and radius
r, rotating with angular speed w, has magnetic moment, p = Qwr?/3. This work assumes
equatorial speed to be pegged at the speed of light: w = ¢/r. Therefore a uniformly charged
spherical shell has magnetic moment
Qcr Qr Qr QV (17)
—-— = cer, = = ,

3 3er, °  3er, HN er, A HN
where V = 3718, A = 47r?, and V/A = r/3 for a sphere.

Suppose that a perturbed spherical shell has a charge distribution equivalent to a radially-
projected uniformly-charged sphere. Such a shell, with its equator rotating at light speed,
will be assumed to have magnetic moment,

_ Qv
o= 4T R%er,

UN

HUN, (18)

where Rg is the shell’s equatorial radius.

In the GSQV proton model, to a first approximation, the surface charge on each shell
is assumed to depend on its volume. Each shell is assumed to have a charge distribution
equivalent to a radially-projected uniformly-charged sphere.

The GSQV proton has two charge shells. To a first approximation,

QOVO Q’L‘/’L <QOVO Qz‘/z > UN

- 47TR2E06TZ p BN = R%O Rin 4mer,’

19
4w R%er, (19)

Hp

where p denotes proton, o denotes outer, and ¢ denotes inner.

Suppose a circling point-like mass travels two cycles in a proton’s Compton wavelength.
The radius of this loop will be r, = A./4m = 0.10515 fm. As shown in Fig. 1, the radius of
each circle in the polar cross-sectional diagram of the GSQV proton,

A
R= 5‘ + 7, = 0.76585 fm. (20)

Therefore, the equatorial radius of the outer apple surface will be given by Rg, = R+ 7,
and the equatorial radius of the inner lemon surface will be given by Rg; = R —r,.

The Appendix explains: ¢, = ¢ = cos~!(r,/R) = 1.4331 for the inner lemon surface
of a spindle torus; ¢,, = ¢, = m — cos (r,/R) = 1.7085 for the outer apple surface of a
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spindle torus. The half-angles, ¢; and ¢,, are shown in Fig. 1. These half-angles can be
interpreted as the maximum geodetic latitude on each surface. The Appendix outlines a
proof that both the lemon and apple volumes may be calculated from Eqn. (A.4). Applying
Eqn. (A.4): the GSQV proton’s inner lemon volume, V; = 1.3260 fm?; the GSQV proton’s
outer apple volume, V, = 2.5434 fm®. The radius of a sphere with volume V,, is given by

s/ 3
s =1/ —V, = 0.8468 fm. 21
r i 0.8468 fm (21)
This is about 0.64% larger than the 2018 CODATA value for proton RMS charge radius:
0.8414 fm.
To a first approximation, charge is assumed proportional to shell volume:

Qo Vo
Xo _ _ Yo 22
Proton net charge +e implies
Qo + Qz = €. (23)
Combining Eqns. (22) and (23) yields
eV,
Qo = AT 2.0892e¢ and Q; =e— Q, = —1.0892e. (24)
Therefore the GSQV proton’s projected magnetic moment can be calculated:
QoVo QiV; KN
= = 2.7968u . 25
e <(R +7r,)2  (R—1,)?%) 4mer, HN (25)

This is within 0.15% of the experimental 2018 CODATA value of p, = 2.7928uy.

IX. REFINED GROUND STATE QUANTUM VORTEX PROTON MODEL

Applying the right-hand rule for magnetic force from classical electromagnetism, it will
be assumed that the self-interaction of the charge shell electric currents with the GSQV
proton’s dipolar magnetic field provides an inward force on the equatorial regions of both
charge shells. It will also be assumed that virtual photons maintain a standing wave of
wavelength A\. across the inner shell’s equatorial diameter, and that this completely pre-
vents the inner shell’s equator from compressing. It will therefore be assumed that the
proton’s magnetic field compresses only the outer shell’s equatorial diameter. This assump-
tion justifies making R, shown in Fig. 1, an adjustable parameter. Note that this will be
the lone adjustable parameter, and that the adjustment will be only about 0.4%.

In polar regions, applying the right-hand rule for magnetic force from classical electro-
magnetism, it will be assumed that the proton’s dipolar magnetic field provides an outward
force on the positively charged outer shell and an inward force on the negatively charged
inner shell. It will be assumed that these forces cause the charge shells to separate. This
prevents opposing charges from being extremely close together, which avoids the possibility
of extremely large attractive electrostatic forces.

It will be assumed that a positive-charge polar exclusion zone extends out to the outer
shell’s maximum axial range. This is indicated by the tip of the upper R arrow in Fig. 1.
This implies that both positive and negative charge generation, caused by the poloidal flow
of the revolving virtual photon’s electromagnetic fields, involve omnidirectional flow in the
axial direction. In particular, the inner shell’s charge is assumed to be generated by poloidal
electromagnetic field rotation in one axial direction (e.g. up), while the outer shell’s charge
is assumed to be generated by poloidal electromagnetic field rotation in the opposing axial
direction (e.g. down).
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It will be assumed that the inner shell’s charge is quantized to —e and the outer shell’s
charge is quantized to +2e. It will be assumed that the apparent uncharged circling mass
maintains its circular path of radius r, = A./4w. This makes sense, since changing the
GSQV proton’s zitterbewegung radius would imply also changing its inertial mass and
spacetime curvature.

The value of R is optimized so that u, = 2.7928, which agrees with the 2018 CODATA
value to five significant digits. Note that R may be optimized to provide p, to arbitrary
precision. However, the analysis shown below is limited to five significant digits. This is
because the most accurate proton charge radius estimates to date are limited to four or
fewer significant digits.

Define radius of polar charge exclusion zone,

ra =R —\e/2, (26)

which differs from r, as R is adjusted. The outer charge shell is now modeled as a semicircle
revolved about flat polar caps. The surface area will be slightly less than the corresponding
apple surface area, while the volume will be slightly larger than the corresponding apple
volume. The Appendix outlines a proof that the outer shell surface area, A,, is now given
by Eqn. (A.6) and the outer shell volume, V,, is now given by Eqn. (A.7). Proportion of
outer shell surface area with no charge,

2772
QEX - AO . (27)
Define
2Vo V;, KN
= — . 2
& ((1 “Qw) (Rt (R >> i (28)

The optimized value of R = 0.76273 fm provides p, = 2.7928y, which agrees with the 2018
CODATA value to five significant digits. This optimized R value is only about 0.4% below
that given by Eqn. (20). The optimized outer shell surface area is given by Eqn. (A.6):
A, = 89120 fm®. The equivalent apple surface area is 8.9121 fm?, as calculated from
Eqn. (A.3) with ¢, = cos™!(r,/R). This differs negligibly from A,. The optimized
value of Qux = 7.339 x 1072 = 0.7339%. The optimized outer shell volume is given by
Eqn. (A.7): V, = 2.49434 fm®. The equivalent apple volume is 2.49427 fm?, as calculated
from Eqn. (A.4) with ¢, = 7 — cos™!(r,/R). This differs neglibly from V.
The radius of a sphere with volume V,, is given by

/3
Te =1 Vo= 0.8413 fm, (29)

which compares very well with the 2018 CODATA proton RMS charge radius of 0.8414(19) fm.
Note that this GSQV proton model could be falsified by future experimental estimates of
proton charge radius.

Adjusting Qex by £20%, and reoptimizing R so that Eqn. (28) provides p, = 2.7928n,
generates the 2018 CODATA standard uncertainty in proton RMS charge radius. Insert-
ing these reoptimized R values into Eqn. (26) yields a £10% uncertainty in polar charge
exclusion radius, r, = 0.10 = 0.01 fm.

X. COMPARISON WITH P+AU COLLISION ANALYSIS

The PHENIX Collaboration analyzed the collision of a proton with a gold nucleus®.
They report surprisingly long lived and quite elliptical impact patterns. They found hy-
drodynamical models, which have long been used to model plasma behavior, provide the
best description of their measurements. The GSQV proton model presented in this work
is in a sense a stable current-carrying plasma double layer system®®. However, a major
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conceptual difference is that the charge shells in the GSQV proton model are not comprised
of independent charged massive particles. It is therefore inappropriate to model them as a
hydrodynamical plasma system.

Both charge shells in the GSQV proton are almost spherical and almost uniformly
charged. To a first approximation, this system could perhaps be treated as a spherical ca-
pacitor. A charged spherical capacitor will store energy. However, the shells of the GSQV
proton are massless. It requires no force to reposition classical massless particles, which
implies they can’t store potential energy. Both charge shells are necessarily associated with
a central zitterbewegung fermion containing all of the GSQV proton’s mass energy. The
charge shells therefore cannot behave as independent charged massive particles. This work
therefore claims that no additional energy is stored in the GSQV proton’s electric field.

The elongated elliptical-like impact patterns of highly energetic p+Au collisions, shown
in Fig. 1b of Ref. 50, could perhaps be explained by the intrinsically oblate GSQV proton
undergoing a magnetic equatorial slide during the initial phase of the collision. When the
magnetic equators of two attracting magnetic dipoles closely approach, there is far less
resistance to equatorial slide than movement along the polar axes. This is easily demon-
strated using any two oval or spherical magnetic dipoles. Therefore a GSQV proton model,
with substantial equatorial slide, is consistent with the elongated aspect of the PHENIX
Collaboration’s published analysis of the collision of a proton with a gold nucleus®®.

XI. DISCUSSION

A ground-state proton model, which accurately calculates both projected magnetic mo-
ment and charge radius, has been developed. This GSQV proton model has only two model
inputs—proton mass and quantized electronic charge—and one adjustable parameter, R,
shown in Fig. 1. This model offers geometric explanations for ground-state mass-energy
confinement, projected spin angular momentum, proton isospin, and charge quantization.
It provides a mechanism for sourcing proton quark mass energies from the local quantum
vacuum. This model explains why QCD invloves three color charges and why a QCD proton
possesses a pion cloud. The zitterbewegung fermion model, developed in this work, may
also explain how neutrinos can possess mass without involving charge.

The GSQV proton model offers hints as to why nature prefers the proton mass over
other particle masses. Assuming the two charge shells remain quantized as +2e and —e,
increasing/decreasing a GSQV proton’s mass energy would reduce/increase its zitterbewe-
gung radius, r,. This would decrease/increase shell separation, which could conceivably
lead to electromagnetic instability. However, an explanation as to why the GSQV proton’s
charge shells are uniquely stable is not offered in this work.

The GSQV proton model’s assumptions come from a variety of existing theories, both
quantum and classical. The GSQV proton model relies on the existence of the vacuum
of quantum field theory, which yields the circular Unruh effect upon particle rotation. A
direct connection between the circular Unruh effect, the zitterbewegung effect, and general
relativity was proposed in Sections IV-VI. Proton magnetic moment and charge radius were
calculated classically in Sections VIII and IX.

In this GSQV proton model, the strong force is in the guise of a centripetal force. It is
assumed to initiate quantum vortex rotation during pair production, and transform into
the QCD-defined strong force, when the GSQV proton gains enough energy to form valence
quarks. The GSQV proton model does not require the additional hidden dimensions of
string theory.

The proton models of lattice QCD are extremely complex structures that require super-
computers to analyze. In stark contrast, the GSQV proton model, directly applicable only
in very low energy situations, has only three parts. It could be considered a low-energy ap-
proximation to a full QCD proton model. The GSQV proton’s magnetic moment and charge
radius are calculated algebraically in a manner easily understood by undergraduate physics
students. This proposed GSQV proton model could be falsified by future experimental
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FIG. 1. Polar cross-section of the spindle torus charge structure of the GSQV proton, where A, is
Compton wavelength, r, = \./4r is zitterbewegung radius, R = A\¢/2 + 72, ¢; = cos” *(r./R), and
d)a =T — ¢l

estimates of proton charge radius.

The GSQV proton model could be incorporated as a teaching tool in much the same
way that the Bohr model is still used to teach introductory quantum physics. Doing so
could make quantum physics intellectually accessible to a much wider segment of the lay
population. This would ultimately benefit the physics community.
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(a) GSQV proton (b) QCD proton

N ——e I.- outer shell

inner shell

proton

FIG. 2. Transition from GSQV to QCD proton model. Each circle represents a quark.
a, The three quarks in the right-hand column are formed from the outer +2e charge shell of the
GSQYV proton. The two quarks in the left-hand column are formed from the inner —e charge shell
of the GSQV proton. The inner charge shell is shown transitioning to a quark pair with red and
anti-red (shown as dashed red) color charge. The inner shell may alternatively transition to green
and anti-green or blue and anti-blue color charge pairs. b, The same five quarks in Panel (a)
reorganize. The quark pair above the slanted line form a neutral pion. A neutral pion is shown
formed from a quark pair with red and anti-red (shown as dashed red) color charge. The neutral
pion may alternatively be formed by a green and anti-green or blue and anti-blue quark pair. The
three quarks below the slanted line form a QCD proton. The inner shell, outer shell, GSQV proton,
pion, and QCD proton each possess neutral color charge.

Appendix: Volume and surface area derivations

A spindle torus consists of an inner lemon surface and an apple outer surface. The polar
cross-section of a spindle torus is shown in Fig. 1. The lemon is generated by rotating an
arc of half-angle ¢,, less than /2 about its chord, with ¢, = ¢; = cos~!(r,/R). The half-
angle, ¢;, is shown in Fig. 1. Note that ¢ denotes geodetic latitude, as used in geophysics.
It does not denote the azimuthal angle of conventional physics spherical coordinates. The
surface area is given by

Hm
A=21R? / (cos ¢ — cos ¢y )d. (A1)
—¢m
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The volume is given by

¢'VYL
V =nR3 / (cos ¢ — cos ¢y, )? cos pdep. (A.2)
—ém

These integrals can be evaluated analytically, giving

A = 47 R*(Sin ¢y — P COS Py (A.3)

V= 4R [sin® g — 3 c05 6 (20m — 5in 26,,)] (&4)

The apple is generated by rotating an arc of half-angle ¢,,, greater than 7 /2 about its chord,
with ¢, = ¢pq = ™ — cos~!(r,/R) = m — ¢. The half-angle, ¢,, is shown in Fig. 1. Note
that Eqns. (A.3) and (A.4) are valid for both the lemon and apple.

With the refined GSQV proton model, R becomes an adjustable parameter. The quantity
r, is replaced by the radius of the polar charge-exclusion zone,

re =R —A:/2. (A.5)

The outer charge shell is modeled as a semicircle revolved about flat polar caps. Pappus’s
centroid theorems are applied. The area of a surface of revolution, generated by rotating
a plane curve about an external axis in the same plane, is equal to the product of the arc
length of the curve and the distance travelled by the centroid of the curve. In this case,
the curve is a semicircular arc with centroid located 2R/7 more distant than r,. The arc
length of the semicircle is 7R, and the distance travelled by the centroid is 27 (r, + 2R /7).
The area of each endcap is 772. Therefore, including both endcaps, the outer shell surface
area is given by

A, =21°R (1o + 28) + 270, (A.6)

The volume of a solid of revolution, generated by rotating a plane figure about an external
axis in the same plane, is equal to the product of the area of the figure and the distance
travelled by its centroid. In this case, the plane figure is a semicircular area with centroid
located 4R /3w more distant than r,. The area of the semicircle is mR?/2, and the distance
travelled by the centroid is 27 (r,+4R/37). The cylindrical volume between the two endcaps
is 2772 R. Therefore, the outer shell volume is given by

Vo, =mR? (ro + 48) + 2mr2R. (A7)
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