The relation between the ( hypothetical) intrinsic vibrational motion

of particles and some of their fundamental properties.

Osvaldo F. Schilling

Departamento de Fisica, Universidade Federal de Santa Catarina, 88040-
900, Florianopolis, SC. Brazil

Email: osvaldo.neto@ufsc.br

PACS: 03.65.5¢; 12.39.-x
Keywords: zitterbewegung, mass, leptons, nucleons.

Abstract
The concept of an intrinsic vibrational-rotational motion of the electron(

zitterbewegung) has been introduced by Schroedinger, and later developed by
Kerson Huang and more recently by A. Barut, among others. These authors
listed a series of features that should accompany such motion, although its
very existence is usually regarded as merely speculative. In the present paper
we investigate the consequences of the existence of this motion as far as
measured properties of particles are concerned. A phenomenological model
based upon the quantization of a classical vibrating system, in the lines of the
old Correspondence Principle of Bohr, is applied to particles to mimic the
effect of the zitterbewegung upon measurable dynamic properties like the
magnetic energy, and the magnetic moment. Gauge invariance is inevitably
imposed in the form of a quatization criterion needed for the passage from the
classical to the quantum treatment, which results in the prediction of magnetic
flux quantization within the area covered by the vibrations. The calculations
are carried out for the electron, and also for the proton and the neutron by
considering the electric charges of their constituent quarks. The conclusion is
that if the zitterbewegung motion is real, the mass, the magnetic moment, the
Compton wavelengths (or the measured sizes for the nucleons) for each of
these particles, are gathered together in a single expression which is a
function of the number of flux quanta trapped inside their ”orbits”. The theory
proposed seems to be the first to produce a relation between the rest mass of
particles and the inverse of the constant o, which might be associated to the
extensive analysis of data for all particles carried out years ago by M.
MacGregor. We finish the paper making some remarks on the compatibility
of these results with those obtained from first principles by QCD.
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1. Introduction

The intrinsic vibrational-rotational motion of an electron was predicted by
Schroedinger in 1930[1] as a consequence of solving the Dirac wave-
equation including both positive and negative energy terms in the
spectrum of states considered. Such subject was reassessed by Huang in
1952[2] in a more quantitative fashion for a wave packet, and again in
1981 by Barut and Bracken[3]. The properties that should accompany such

motion according to these studies should be: 1) The permanent existence of
a rotational motion of the electron with frequency o= 2m02/h and radius
given by the Compton wavelength A= 7 /mc). 2) The association of the
intrinsic magnetic moment of the electron ug= e % /(2mc) with such a
motion, as well as the existence of its spin angular momentum. 3) The rest
energy of the motion should be mc2 [3]—Such dramatic prediction in fact

attributes the origin of free electrons to the mixture of positive and negative
energy states from the vacuum reservoir, and implies that a situation of
dynamic equilibrium should be established between what we call an
electron and such vacuum background. In the introduction to his paper,
Huang explains that observing the motion should be impossible since
investigating deep inside the length-range of the Compton wavelength
would create electron-positron pairs. The uncertainty principle also
prohibits the direct observation of the isolated Bohr magneton of a single
electron, so that we are left in a seemingly impossible position to actually
check for the intrinsic motion in a direct experimental way. On the other
hand, the magnitude of the effect has been deemed much smaller and short-
lived for actual wave packets than predicted by Huang[4]. Recent work has
argued that detailed field-theoretic reformulation of the treatment of the
Dirac electron can be developed with no mention needed of hypothetical

intrinsic vibrations[5].



What if the intrinsic motion of a charged particle is real, or otherwise ( as
put in [3]) real because the corresponding formal description leads to
measurable consequences? Are there other consequences of this apparently
unaccessible and polemic effect that have not been included in previous
work? Something that the present work is going to show is that indeed
there is a very important feature of the periodic rotational-vibrational
motion of a charged particle that should have been considered in so much
previous discussion. In fact the inclusion of the magnetic flux associated
with the hypothetical electron orbit provides a link between several of the
guantities listed in the previous paragraph. The inclusion of such a quantity,
indispensable from the point of view of sustaining the continuity of the
particle wave function, in addition to giving results consistent with Huang’s
and Barut’s conclusions, will permit the extension of this interpretation of
the data to composite particles like the nucleons, as discussed in the

following sections.

2. Gauge invariance in a charged-particle closed orbit.

The subject of gauge invariance was introduced by Weyl in his attempts of
unification of Gravitational and Electromagnetic fields. Schroedinger in
1922[6] and later, London [7], carried on with the implementation of
Weyl’s ideas by admitting that the action in a Hamilton-Jacobi differential
equation should include the electromagnetic potentials( as proposed by
Weyl himself), and dropping off the metric tensor of the original
formalism. With the advent of quantum mechanics London ( after Born)
realized that the phase of the wave function for an electron should be
complex and would replace the length of a measurement rod introduced in
the original conception of Weyl. Such phase would include an action term,
and to keep gauge invariance of the whole theory the canonic momentum
in the action should be supplemented by the magnetic vector-potential in

the form eA/c. It follows that the nonintegrability of the phase of the



wavefunction representing a particle in periodic confined motion requires
that the line integral of the magnetic vector-potential A around a closed

circuit (i.e., the magnetic flux across the area of the circuit) be an integer n
number of ®g= hc/e, otherwise the wavefunction will not be kept single-

valued. Such point is discussed in detail for a particle in confined motion
in the book by Frenkel[8], and in its simpler form this results in the Bohr-

Sommerfeld-Wilson quantization rules.

Although no special attention was given to this detail at the time, those
authors had in this way established that the gauge invariance of quantum
theory in the presence of electromagnetic fields leads to flux quantization.
The gauge invariance of quantum theory is fundamental in the
interpretation of the Aharonov-Bohm effect, for instance. It should also be
mentioned on passing that recent work by Yilmaz et al.[9] indicates that

the Dirac electron should perform an intrinsic orbit enclosing an amount of
flux dp/2 = hc/(2e). As argued below such factor of Y2 -difference is

probably related to the details of the algebra covered by the position and
momentum operators ( among others) appropriate to the dynamics of the
motion. The extra numerical factor is absent if such details are not
considered in the calculations, by assuming nonrelativistic conditions, for

instance, and might be different according to the details of the algebra.

3. A classical model of a vibrating object and its application to
particles.
As far as we know, there have been no previous attempts in the literature to
include flux quantization as one of the features associated with
zitterbewegung. The proposed program to be followed hereafter is
therefore focused on the inclusion of such feature in the analysis of that
motion, with the objective of seeking new predictions that might be

comparable with experiments.



The author has been involved in the study of a fully classical oscillating
system, called the Superconducting Electromechanical Oscillator (SEO) (
Schilling [10]). The SEO comprises a superconducting rectangular loop
which performs (forced) harmonic oscillations under the effect of magnetic
fields and gravity. The SEO deserves further attention in this case for the
following reasons: 1) It develops a time-oscillating magnetic moment
similar to that predicted by Huang for the zitterbewegung, due to a
supercurrent that flows around the loop; 2) Similar to what has been
proposed by Huang and others for a stable electron in a vacuum, the SEO
rests in a stable energy state, in an equilibrium condition with the
surrounding fields( cf. [10]). If the Correspondence Principle is applied to
the SEO, with the quantization of terms in its energy expression, one might
hopefully get a limiting case comparable to an actual oscillating particle
performing zitterbewegung. We restrict the analysis to the semiclassical
limit, but recognize that more precise treatments of the algebra of operators
might insert correcting factors of order %2 to 2. From the analytsis of the
SEO one obtains that the system rests in a state of total energy[10]

E=Y%c @i (1)

In this equation i is the current that flows around the loop and @ the
corresponding magnetic flux. We note that such expression of the energy
is of the expected form for a closed-circuit magnetic system, and appears
for instance in Fritz London’s treatment of shielding currents around voids
in superconductors( cf. Superfluids, vol.l, Mac Graw-Hill, NY, 1950).
With this result in hand it is possible to go straight to the application of the
Correspondence Principle. One inserts into (1) the magnetic flux trapped
inside the zitterbewegung orbit, which from the previous paragraph should
be an integer number of flux quanta, nhc/e. The zitterbewegung

expression for the current( after solution of Dirac’s equation) is simply



we/(2r). If such expression is inserted into (1) one obtains an expected
result for a (nonrelativistic) quantum oscillating system, which is

Y2 n i o, including the ground state value for a single flux quantum, %2 7 ®
(n =0 is meaningless) . Such result indicates the procedure makes sense,
but the objective is to reproduce experimental data for particles, and the
frequency of the oscillations is only predicted by Huang and others as
2ymc? i (y> 1 is a relativistic correction for mass). By inserting this
value for the frequency with n = 1 flux quantum we immediately obtain
that E= ymc?, that is, we obtain an identity between the magnetic-
vibrational energy associated with a single flux quantum and the total
energy of the particle.

Let’s return to equation (1). Rather than inserting in it the zitterbewegung
theoretical frequency and current, one should use in it an independent
estimate for this current. Let’s utilize the usual definition of the magnetic
moment( we neglect numerical correction factors associated to algebra of

operators,which might dependent on geometry):

w=i (xRl )
In equation (2) a classical picture ( consistent with Huang’s own vision)
may be considered in which the magnetic moment p of the particle is
given by an effective loop current i times the area of the loop of radius R.
Independently of the calculations of the zitterbewegung we know p is the
Bohr magneton e#/(2ymc), with y >1 the relativistic correction for mass.

We know also that QED calculations estimate the size of the extension of
vacuum polarization( which might represent R) due to the electron charge as

given by a corrected Compton wavelength A= 7 /(ymc). In a purely formal
interpretation one might discard the classical picture proposed and simply
consider o as the rate of transition between the positive and negative

energy states involved in the formation of a free electron state. The freed



electron should therefore be in a mixture of the two states for virtual
particles within its range A. Inserting these expressions in equation (2)
and then back into equation (1) one obtains E= % ymc?, which again
identifies the total energy with the trapped magnetic energy, within a
factor of two, which might be eliminated through the precise application
of operators algebra -It seems that the relativistic correction in this
particular case should already be an intrinsic part of what is considered the
observed rest energy, and will be dropped hereafter. By comparison, Barut
and Bracken [3] developed a group-theoretic description for the
zitterbewegung and showed that the dynamics should also be that of a
harmonic oscillator, with the operators for momentum and position
covering the group SO(5). One of their conclusions is that there would be
a length scale given by A imposing the space curvature, and the energy of
the motion of the charge in the reference frame of the center of mass
would be mc?, with m being defined from the Compton wavelength as m=
i I(Ac). Their results hilight the importance of an appropriate treatment
taking account of the geometry. The derivation of the Dirac equation from
their analysis demonstrates quite clearly that the complexity of the matrix-
form of such equation and its 4-dimensional state vectors are a
consequence of the symmetry underneath the entire algebra, which is in
fact responsible also for the value of the g factor, among other details.
One must point out also that according to the socalled Klein Paradox there
would be no stable states for a relativistic oscillating motion of a particle,
and that the treatment in [3] has been able to overcome such problem by
treating thedynamics in SO(5).

What we have achieved here is the independent proposal of a simplified
model that associates the origin of particles to magnetodynamic energies,

which is related to the detailed model in [3], to be extended below.



4. Extension of the model to nucleons.

The calculations carried out in the previous section should be valid for
any charged fundamental particles.
First of all, let’s combine equations (1) and (2), taking account of the

quantization of flux, and then make the obtained expression for E equal to
mcz, as indicated by the foregoing results. Measurable properties for

particles are therefore gathered in the formula

mR?/u= nh/(2rec) 3)
Here we reach a very interesting result: if the mass in (3) is rewritten as the
rest energy mc? in units of electron-statvolts, the right side of the equation
Is nothing more than n times the inverse of the fine-structure constant a.
The extensive analysis of experimental data for all particles carried out by
MacGregor[11] indicates that there indeed exist relations associating o, its
inverse, and its powers, with lifetimes and rest energies for particles. What
we have proposed here is perhaps the simplest ( and first) theoretical
analysis leading to a relation between mass and the inverse of alpha.
It must be pointed out that such equation might have been proposed by

Barut and Bracken [3] straight from their set of equations (69), simply by
adding to them the well-known relation ug = e A/2 , for R= A, if only they

had considered such expression physically relevant. In the present case
equation (3) is indeed our most important result, since it has been obtained
from the hypothesis of a magnetodynamic origin for the rest energy, which
Barut and Bracken did not put forth ( on the other hand, Barut thought
about a magnetic origin for binding nuclear forces in hadrons; see “Stable
Particles as Building Blocks for Matter”, preprint IC/79/40, Trieste, 1979).
It appears that the present approach emphasizes the issue of the origin of

the particles in such way that it immediately suggests its own



generalization to include more complicated composite particles like the
nucleons. We hereafter apply (3) to investigate if nucleons might have the

same origin as the electron.

4a. Application of the model to the proton

In order to analyze the specific cases of the proton and the neutron we will
take the simple assumption that they are formed by the combination of
three fundamental particles, named up- and down- quarks, with fractionary
charges of 2e/3 and —e/3, respectively.

In equation (3) all terms are known for the proton and neutron, with the
exception of n. The rest masses, and the magnetic moments are known,
whereas the radius of the proton has recently been determined as 0.84

fm( Antognini et al. [12]).

Figure 1 is the reproduction of the theoretical transverse planar charge
density profiles in the proton and neutron( Miller [13]), which indicate a
wide charge distribution with its “tail” at about 1.5 fm. Such planar
distributions are useful in the present case since a loop of current is being
considered. In the analysis below we will consider the parameter R as
given by the averaged size for these 2DIM distributions taken from the
plots, which is 0.6 fm (what Miller calls R*, see [13]).

In the case of the proton the left side of (3) requires m = 1.67x10%* g,
n=1.41x10"* erg/Oe, and we take R= 0.6 x10™ cm. Replacing the

constants on the right side of (3) one obtains n=5.8 which is very close to 6.

Considering that the conditions of gauge invariance must be valid also for
wave functions representing the quarks, we conclude that due to its
fractionary charge the up-quark orbit would contain 3/2 ®,. For the down-
quark would correspond 3 @,. It is not clear how these numbers obtained

for the individual quarks would combine. One possibility is that they might
9



be added according to the rules for weighted angular momentum vectors
addition, which includes the use of Clebsch-Gordan coefficients in the
weighted average that would produce spin-1/2 nucleons from their
combinations. In any case,[14] the fluxes are effectively summed as scalar
numbers, taking account of the sign of their particles charges. In a nucleon
the two similar quarks combine in a triplet S=1 state( in a pictorial view,
they would turn in the same direction), so that it is the oppositely charged
quark the one whch will turn in the opposite direction. If no weighted
average of configurations is taken the result is that the absolute number of
flux quanta are summed for the three quarks( two up and one down),
giving 6 flux quanta. This exactly agrees with the n derived from the

application of (3) to the data for the proton.
4b. Application of the model to the neutron.

In the case of the neutron the left side of (3) requires m = 1.67x10* g,
n=0.966x10" erg/Oe, and we take R= 0.6 x10™*® cm. Replacing the
constants on the right side of (3) one obtains n=8.5. In view of the half
integer number of flux quanta for the up quark, fractionary values for n
might be expected. Repeating the procedure and arguments of the previous
subsection [14] for the( two down and one up) quarks combination in a

neutron one obtains n= 7.5.
5.Analysis and Conclusions.

The set of results indicates the following. If the intrinsic vibration-rotation
motion of fundamental particles exists in nature, such motion must trap
quantized amounts of magnetic flux, which is required by gauge invariance
of the theory. The values of the flux depend on the actual charge of the

particle and on the details of the algebra. We have shown that if these
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particles are simply considered as loops of current( a useful image, as
noted earlier), the corresponding magnetodynamic trapped energy matches
their rest energies to a precision factor that should depend on details of the
algebraic treatment. This seems to be valid for fundamental as well as to
composite particles. In particular, the accurate results for the nucleons are
rather unexpected in view of the literature on the origin of mass for the
baryons which relies on QCD calculations [15], although the observed
dependence of mass upon the inverse of the constant alpha is consistent
with data analysis carried out by MacGregor[11].

One should notice however that the present phenomenological treatment by
no means replaces QCD calculations for nucleons, which will actually
determine the range R from first principles. However, the possibility of
quantitatively analysing the electron and the nucleons within the same
theoretical model, albeit simple, is indeed a novel result. The justification
Is certainly related to the general application of the principle of gauge
invariance both in the present( fully magnetodynamic) treatment and in
gauge theories like QCD, which results in the present case in magnetic flux
quantization for the electrons and also for the quarks inside the nucleons.
One must remember that ( the equivalent of) flux quantization within the
strong-interaction formalism of SU(3) is a quite old concept, which has
become a center piece of QCD. For instance, just to mention one of several
seminal papers, Mandelstam used the concept in the 1970s to justify
guarks confinement[16] in SU(3), which has been followed by a stream of
publications on the subject up to this day[17]. It is interesting that in that
early paper Mandelstam comments that his conclusions should be
independent of quarks colors, which essentially reduces the problem of
confinement to its topological aspects. Although the theory has evolved
considerably ever since[17], this seems to justify the good results of the
present phenomenological model, but the demonstration lies beyond the

scope of this treatment.
11



In summary, if the zitterbewegung motion is real, the rest mass,
the sizes, the magnetic moments, are all tied together through gauge
invariance of the theory, which imposes flux quantization inside the
orbit. Such theory produces a dependence of mass upon the inverse of
alpha, as extensively described by MacGregor[11], although we lack

information to extend the analysis to other particles treated by him.
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Figure and Figure Caption

Figure 1. Theoretical transverse charge densities for the nucleons( from

[13]).
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