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Abstract

In this review of recent tests of special relativity it is shown that
the electromagnetic momentum plays a relevant role in various ar-
eas of classical and quantum physics. Crucial tests on the locality of
Faraday’s law for "open” currents, on a modified Trouton-Noble ex-
periment, on nonconservation of mechanical angular momentum, on
the force on the magnetic dipole, and on a reciprocal Rowland’s exper-
iment are outlined. Electromagnetic momentum provides a link also
between quantum nonlocal effects and light propagation in moving
media. Since light waves in moving media behave as matter waves in
nonlocal quantum effects, the flow of the medium does affect the phase
velocity of light, but not necessarily the momentum of photons. Thus,
Fizeau’s experiment is not suitable for testing the addition of veloci-
ties of special relativity. A crucial, non-interferometric experiment for
the speed of photons in moving media, is described.
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1 Introduction

In recent years, several experiments have been proposed that test unexam-
ined aspects of the special theory of relativity (STR) and are realizable with
present technology. We mention here only some of the experiments with
which we are more familiar, such as those related to the interaction between
current elements (Graneau [1], Pappas [2], Phipps and Phipps Jr. [3], Caval-
leri and Spavieri [4], and Cavalleri et al. [5]), the experiments of the Trouton-
Noble type (Cornille [6], Nieves and Spavieri [7], Spavieri and Gillies [8], [9]),
the proposed test for the correct force on a magnetic dipole (Spavieri and
Gillies [8], [9]) with the related polemic on the nonlocality of quantum effects
(Boyer; Aharonov, Pearle, and Vaidman, and Spavieri [10]; Boyer [11]), the
link between the Sagnac effect and Fizeau’s experiment [12], and the newly
proposed experiments on light wave propagation in moving media (Spavieri
and Gillies [13]).

The aspects of electromagnetism, wave propagation, and STR involved
in some of these tests refer to issues that are still unclear theoretically or not
yet corroborated experimentally. These issues form part of a more general
context that includes pre-relativistic interpretations of electromagnetism and
the subsequent advances of STR over the past century. With our discussion
of relevant experimental aspects of STR and proposal of new crucial tests,
we do not intend to present a systematic and complete review of the ex-
periments supporting STR because this is already partly available in most
texts and in other more thorough review articles. Instead, we intend to point
out particular theoretical and experimental aspects of STR that have either
emerged recently or have not been discussed in the conventional literature.
One of these aspects refers to the unifying role of electromagnetic momen-
tum in several phenomena of classical and quantum physics. This and other
aspects considered are of significant interest because they reveal otherwise
uncovered features of STR and they establish new, unexpected important
links between STR and other areas of modern physics [13], [14].

Some of the experiments we discuss are related to tests of Faraday’s law
of induction, and specifically for the cases where induction is either produced
by convection currents (i.e., "open currents”) or where the resulting induc-
tion field is observed locally with test charges. Some others refer, or are
related, to optical experiments or propagation of electromagnetic (em) waves
in moving media, such as in a new test of the Fizeau [15] type. Faraday’s
law of induction is considered here in relation to the concept of locality (or



nonlocality) of em interactions. We clarify why the known tests of Faraday’s
law (mostly in its integral form) are not sufficient to corroborate it in its dif-
ferential (local) form, and we propose a set of new experiments that test the
locality of Faraday’s law. In discussing the correct force on a magnetic di-
pole in the context of nonlocality of quantum effects [8]-[11], we consider the
feasibility of a test of this force. With regard to the optical experiments, we
reconsider Fizeau’s experiment and its unexpected link with quantum effects
of the Aharonov-Bohm type for electrons (Aharonov-Bohm [16]), magnetic
dipoles or neutrons (Aharonov-Casher [17]), electric dipoles (Spavieri [18],
[19], Tkachuk [20]), and electron-positron pairs (Spavieri [21]). The link is
due to the similarity of the wave equations for matter and light waves and to
the common origin of the em interaction described in terms of the em momen-
tum of fields [14]. All this has led to the formulation of a magnetic model of
light propagation in moving media, discussed by Cook et al. [22], Leonhardt
and Piwnicki [23], and Spavieri and Gillies [13], [14]. On account of this
model, we are able to point out a misconception that has been propagated
within several standard texts on STR.

Most of the controversial issues discussed during 100 years of STR are
related to the concept of the ether. As noted by Duffy [24], physicists who
use the concept of ether in modern physics claim to have met with adverse
criticism and hostility, even where their work is directed towards advancing
physics, and there is no suggestion of taking science back to the concepts of
yesterday. The ether concept in question may concern the argument about
Lorentz’s and Einstein’s interpretations of relativity, the Stokes-Planck ether
theory [25], Dirac’s ether in a quantum-mechanical context, or the modern
ether related to cosmic background radiation. There may be grounds for
believing that all ether theory is lacking compared to alternative ways of
interpretation. Alternatively, it may also be the case be that only some
concepts of ether are obsolete, so that clarification of the modern concept of
ether may still make some conceptualizations of it at least partly acceptable
or useful.

Our present proposal of crucial tests of STR does not adhere to a spe-
cific alternative based on some ether theory, nor are these tests to be placed
within a controversial context. Our purpose is to point out, in an objective
manner, those crucial aspects of STR that have not been corroborated ex-
perimentally. Our considerations are based on the fact that the various tests
and phenomenological studies supporting STR cover only a fraction or a part
of the theory. There are aspects and assumptions that have not been tested
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directly, such as the ones discussed above. Thus, it is not simply a problem
of alternative interpretations of existing phenomenology, but of corrobora-
tion and new experimental support. The new tests we propose have the aim
to corroborate, complement and integrate the body of experiments on em
phenomena and em wave propagation. We wish to show that in the present
modern theoretical context, even after 100 years of scrutiny, STR cannot be
claimed to represent a well-tested theory until these issues are clarified theo-
retically and examined experimentally. We believe that all these arguments
amply justify the need and call for much further work and discussion on STR
and related issues.

We consider in Sec. 2 a generalization of the law of Faraday. The concept
of locality (or nonlocality) is introduced together with the em momentum of
interaction fields Q. It turns out that Q appears in a wide class of phenomena
such as in quantum effects of the Aharonov-Bohm (AB) type [18], [21], [14],
the nonconservation of the mechanical angular momentum of an isolated
charged system [9], and the propagation of em waves in moving media [13].

Several experiments that test the locality of Faraday’s law are proposed
in Sec.3. We consider only experiments that are realizable with present
technology. Among the various experiments, we consider in Sec. 4 a test
of the nonconservation of the mechanical angular momentum and one [§]
that has the aim of testing the correct force on the magnetic dipole. In
Sec. 5 we consider tests related directly to investigations of Rowland’s effect
[26]-[37], viz., that electrified bodies in motion produce magnetic effects.
Polemical aspects of Rowland’s experiment, related to the locality of em
interactions, are revised. The role of the em momentum Q in each of these
tests is discussed, as it turns out that the test of Faraday’s law for open
currents is also indirectly a test of the "reality” of the em momentum Q [9].

The majority of optical experiments such as Michelson-Morley’s and tests
of the Sagnac effect are well understood, even though according to some
physicists [38], [12], their physical interpretation may still contain some con-
troversial facets. In the present context, in Secs. 6-10, we present a revised
design of the Fizeau experiment of 1851 as a test for the speed of light in a
moving medium. The original Fizeau’s experiment is based on an interfero-
metric technique, analogous to the one used in testing effects of the AB type.
As mentioned above, the analogy between effects of the AB type and light
wave propagation in moving media is formally represented in the so-called
magnetic model of light propagation. It turns out that even for the case of
light wave propagation in moving media the em interaction is represented by
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the em momentum Q, which provides a surprisingly unified view of all these
effects [14].

However, with an interferometric technique one can measure only phase
variations of waves. Thus, contrary to what has been believed for more than
a century, Fizeau’s experiment provides corroboration of the phase speed of
the light wave but not of the speed of the light particle (i.e., the photon),
so that it cannot be used to corroborate the addition of velocity foreseen by
STR. This result is quite important because Fizeau’s experiment seems to
be the only one dedicated to a test of the relativistic addition of velocities.
A new experiment of the Fizeau type [13], capable of measuring the speed of
photons in moving media with present technology, is described in Sec. 10.

2 Nonlocality and electromagnetic interaction

In the context of em interactions, in this Section we discuss the concept of
nonlocality, Faraday’s law of induction, and its relation to nonconservation
of the action and reaction principle in STR (violation of Newton’s third law).
Taken separately, these concepts have been discussed in detail in the litera-
ture. However, what is probably not well known is that an important link
between them is represented by the em momentum, the linear and angular
momentum of the em interaction fields. In usual ordinary em interactions,
the em momentum vanishes so that it does not play an important role. Nev-
ertheless, in several of the proposed tests discussed in this paper the em
momentum does not vanish and can be related to the locality (or nonlocal-
ity) of the em interactions or to a violation of Newton’s third law. The latter
are important aspects of the theory not yet supported or corroborated by
experimental evidence.

2.1 Faraday’s law and the em momentum

Faraday’s law of induction is an integral law that relates the potential differ-
ence (the electromotive force or emf) induced in a closed loop or circuit to
the time variation of the linked magnetic flux and is expressed as

d
emf = j{Eeff -dl = —c’la j{B-dS. (1)

For circuits (or part of them) in motion, the field E.;; appearing in (1) is
actually the effective field experienced by an observer at rest with the loop,



ie., By = E+ ¢ 'u x B to first order in v/c and where E and B are the
fields as measured in the laboratory frame. The quantity ®,, = ¢ B-dS is the
linked magnetic flux, B being the magnetic (induction) field. The differential
form of Faraday’s law is nothing more than Maxwell’s equation

VXE=—-c " —. (2)

Since B =V x A, where A is the vector potential, in the present context
Eq.(2) implies that E = —c"'0A /dt, which yields a force on a test charge ¢

given by

d q
f=q¢E = —a(zA) (3)

Expression (3) has been derived only to highlight here a fact that is not well
known, i.e., that the quantity ¢A/c in Eq.(3) is actually the em momentum
of the interaction fields Q, i.e.

Q:i/(ExB)dx?’:l/pAdﬁ:?A (4)
e c &

where in the volume integral, E is the electrostatic field produced by the
charge ¢ and B the external magnetic field. The em momentum is per se
a nonlocal quantity, while the equality (4) is valid in the natural Coulomb
gauge and has been derived by several authors [39] in the context of discus-
sions on the nonlocality of the AB effect. We see from the above relations
that Faraday’s law is related to the em momentum which, in turn, plays an
important role in the nonlocality of effects of the AB type. Faraday’s law
in integral form (1) is per se a nonlocal law in the sense that it does not
specify in which part of the circuit the emf is induced. The differential form
of Faraday’s law (2) is local in the sense that it links the fields E and B in
space and time while these fields themselves are local in that they could act
locally on a test charge ¢ via the Lorentz force ¢E + ¢ tqu x B.

2.2 Nonlocal em interactions and effects of the Aharonov-
Bohm type
As an example of nonlocal em interaction we consider the one appearing in

the context of the quantum effects of the AB type. In the magnetic AB
effect, matter waves (electrons) encircle a thin solenoid and are made to



interfere to form an observable interference pattern visible on a screen. Since
the electrons travel outside the solenoid, where E = B = 0 but A # 0,
there is no force acting on the electrons. Thus, there is an em interaction
momentum given by (¢/c)A as in (4) but the Lorentz force on the particles is
zero. The em interaction has the effect of modifying the phase of the matter
wave function, i.e., the solution of the Schrédinger equation, by the amount
[(g/c)A -dl, in units of h. Classically, one would expect the interference
pattern not to be displaced when the solenoid is placed in the path of the
particles. However, this is not the case: the pattern is displaced by an
amount related to the path integral §(¢/c)A -dl, where (¢/c)A = Q is the
em momentum of the interaction fields. Indeed, it has been shown that in
all the effects of the AB type [18] the interaction momentum is given by the
em momentum. This fact provides a unitary view of all these effects, which
besides electrons involve particles with magnetic and electric dipole moments.
Generally speaking and according to classical electrodynamics there are no
forces acting locally on the interfering particles in these effects. Because of
this, they are considered to be quantum nonlocal effects. However, a polemic
on nonlocality related to effects of the AB type surges after the discussion
on what is the correct expression of the force on particles possessing em
properties and specifically what is the correct force on a magnetic dipole [8],
[10], [11].

Recently it has been pointed out that the observable quantity in effects
of the AB type is related to the variation AQ of the em momentum [21].
Although the fields and potentials are constant in time when the interference
pattern is formed and observed, the quantum observable is measured by
comparing the interference pattern for a value of Q with the interference
pattern for a different value of Q. The variation AQ implies a change in the
fields and potentials which gives rise to a force and this, in turn, suggests a
hypothetical local action of the nonvanishing force on particles. This aspect
of the AB class of effects enriches the discussion and adds to the related
polemic on nonlocality.

2.3 Generalization of Faraday’s law for electric and
magnetic dipoles

Faraday’s law in differential form (2) may be obtained from the force relation
(3) which, through (4) links the force to the variation of the em momentum.



From (2), dividing this expression by ¢, one can then derive by integration
Faraday’s law in integral form (1). As mentioned above, the em interaction
momentum appears in the AB effect for particles with charge ¢q and for effects
involving particles possessing electric (d) and magnetic (m) dipole moments.

Starting from the expression of the force on ¢, it is possible to build
Faraday’s law in integral form where the effective field acts on a charge ¢
in a closed loop. Can one then build analogous laws for electric (d) and
magnetic (m) dipoles? For this purpose we consider the Lagrangian for a
particle possessing em properties (¢, d, m, etc.) expressed in the general
form £ = K —V + v-Q, where V is the scalar potential and Q is the em
interaction momentum. In AB effects the quantum phase of the particle for
the corresponding Hamiltonian H reads ¢ =A™t [ Q-dr.

The equations of motion for £ yields

d
= %(
For a flux or beam of particles along a path C' of length [, let us consider
the force density f = f/l,. In the absence of scalar potentials (V' = 0) and

f mV):—%Q+V£:—VV—8tQ+VX(VXQ). (5)

taking for simplicity /, = 1, evaluation of the closed path integral fo f -da
yields

.4 .4 d
7{Cf.dg _ _EjéQ.dg _ _Eﬁv X QudS = =P, (6)

where 0®.,, = V x Q is the flux tube density and ®.,, the em flux through
the surface S.

Before deriving from (6) a law for em dipoles analogous to Faraday’s,
we show how (6) can be used to establish a relation between the quantum
phase shift of effects of the AB type and the hypothetical forces that would
be acting on the particles if the em momentum is varied.

The initial phase ¢ = h™'(p-x — Et) of a free non-interacting beam of
particles is shifted by the amount

5¢:h17{5p-dx:h1j{5(mv)~dfzh1/dt%f-d?
C C C

by the action of the force f producing the momentum change § p. Integration
of (6) over dt, from ¢t = 0 to ¢t with Q = Q(¢) and Q° = Q(t = 0), yields

_/Ot dt}[cf-dfz jq{C(Q —Q)-dl = ]{SV X Q-dS = Pepy. (7)
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For simplicity in Eq. (7) we have assumed that Q° = 0 (A¢ = d¢ and
A, = D.,,) as usual. Expression (7) establishes the relation between the
phase shift variation of effects of the AB type and the hypothetical action of
the em forces on the particles corresponding to the variation AQ.
Returning now to the discussion of Faraday’s law, let us consider explicitly
Eq. (6). If Q is given by (4) as in the magnetic AB effect, then f is given by

(3) and (6) reads
0 q - d
~ LAy = Lo,
?{C at(c )-de dt "

Dividing this equation by ¢, considering that the em flux becomes the mag-
netic flux, ®.,, — ®,,, and with the help of E = —c¢19A/dt, it yields
Faraday’s law in integral form (1). It follows that expression (6), which con-
tains (1) as a special case, represents a generalization of Faraday’s law. In
fact, the same procedure used for ¢ can be applied to particles possessing
electric and magnetic dipoles, as shown in Ref. [19]. Therefore, with the
introduction of the em momentum and associated em flux ®.,,, Eq.(6) con-
tains the usual Faraday’s law in integral form and analogous or corresponding
laws for electric and magnetic dipoles, and in general for any particle with
em properties. These analogous ”Faraday’s laws” and the related tests for
electric and magnetic dipoles will be discussed elsewhere (in preparation).

In closing, we simply mention here that the force expression (5) has been
used to determine the correct, although controversial, expression for the force
on a magnetic dipole [8], [10], [11].

2.4 Faraday’s law and the violation of the action and
reaction principle

Our purpose is to discuss and propose experiments that verify the locality
of the standard Faraday’s law, i.e. that verify directly the validity of the
differential form (2) and the locality of the em interactions involved. There
are several aspects that will be considered:

a) the case when the magnetic field B is produced by closed currents
(either conduction currents or charges moving in closed paths) while the
effective field E.;; associated with the emf is measured with test charges
(open currents or circuits).

b) the case when the magnetic field B is produced by open currents
(convection currents) and the emf is measured through induction in a closed



circuit.

c) the case analogous to a) but involving an isolated system where the
mechanical angular momentum is not conserved and can be detected.

In the last of the mentioned tests, Faraday’s law in differential form plays
an important role in conceptualizing violations of Newtons third law. The
conservation law of electrodynamics tells us that what is conserved in an iso-
lated system is the sum of the mechanical momentum plus the em momen-
tum. If we find a system where the em angular momentum is not conserved,
then also the mechanical momentum cannot be conserved.

A well known example of violation of Newton’s third law is the system
composed of two interacting charged particles in relative motion. In general,
the em forces between the two charges are not equal and opposite. The
mechanical momentum is not conserved in this case, but the total momentum,
sum of the em momentum + mechanical momentum, is conserved.

In the next sections we exploit this property to test the locality of Fara-
day’s law of induction. Curiously, in our proposed experiment, the em mo-
mentum is given by Eq.(4), which represents the nonlocal interaction of the
AB effect and now is responsible for the violation of Newton’s third law in
this test.

3 Test of Faraday’s law with an open circuit

3.1 Testing Faraday’s law with a Trouton-Noble type
of capacitor

With the same spirit that motivated the papers mentioned above [7]-[9],
we believe that it is worth reconsidering here one of the tests of classical
electrodynamics, the Trouton-Noble (TN) experiment, that has been recently
discussed in the literature. In providing a short review of this experiment, we
relate a proposed new experiment of the TN type to the test of the locality
of Faraday’s law. Historically, the outcome of the TN experiment has been
considered to indicate a null result only. A charge moving with respect to
the ether frame where the Maxwell equations were valid, would create a
magnetic field. To check this hypothesis, TN suspended a charged capacitor
from a thin thread. According to Maxwell, the Earth (and the capacitor)
was supposed to be moving with respect to the frame of the ether.
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Figure 1. A section of the Earth, perpendicular to its rotation axis,
mimics a Faraday’s disk. A simplified scheme of the lines of the magnetic
field B of the Earth are drawn, assuming cylindrical symmetry and
neglecting the asymmetric components of B. According to the standard
interpretation of special relativity, the field lines of a rotating magnet do
not rotate and the emf is induced on the rotating portion AR of the closed
circuit ADCE. A test charge placed on the surface of the Earth feels the
effective local electric field E.;y = v x B, where v is the tangential velocity
of the Earth’s surface at the location of the laboratory. A charged capacitor
of the Trouton-Noble type, experiencing this field, tends to rotate to align
the charged plates in the direction of the field.

The magnetic field produced by one of the charges of the capacitor in motion
would act, via the Lorentz force, on the other charge producing a torque and
an observable rotation of the apparatus. The experiment was first performed
by TN [40] and later by Chase [41] and others, and more recently and with a
high sensitivity by Hayden [42]. The result of all these experiments indicate
so far that the effect sought by Trouton and Noble does not exist: a null
result.
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Recently Cornille [6] has described the outcome of a TN experiment in
which a positive result is claimed and he discusses a number of reasons why
the previous experiments did not arrive at the same finding. This outcome
is surprising because it seems to stand in contrast to the generally accepted
interpretation of the TN experiment and of the standard, relativistic inter-
pretation of classical electrodynamics.

We wish to show that a test of the Faraday law in differential form can
be related to an experiment of the TN type such as the one performed by
Cornille. Cornille’s experimental set up differs from the others because he
did not shield the suspended condenser from external electric fields. He
also mentions that the magnetic field of the Earth cannot produce a torque
because the charges of the capacitor are at rest in the laboratory frame of
the Earth. However, according to the standard interpretation of Faraday’s
law of induction, a positive result may be theoretically possible if the effect
of the magnetic field of the Earth on the capacitor is taken into account.

The Faraday disk, as shown in Fig. 1, consists of a conducting disk
rotating about its symmetry axis and connected to an electric circuit ARDCE
with one end (A) on the axis at the center of the disk and the other end (R)
in the form of a sliding contact touching the external circumference. When a
magnet is placed near the rotating disk with its magnetic pole aligned along
the disk axis, an induction current flows in the circuit.

If the magnetic field B is uniform near the disk of radius R rotating with
angular frequency w, the electromotive force is given by

emf = %Eeff-dl = ?{(v x B)-dl = %me. (8)

In many textbooks, result (8) is deduced from the integral form of Fara-
day’s law taking into account the change of the magnetic flux as the material
segment AR rotates in the presence of the field B. The integral form of
Faraday’s law cannot tell where, along ARDCE, the em f is induced.

However, the term v x B represents the induced effective field E.¢; seen
by the charges co-moving with the disk along the segment AR. It is a con-
sequence of the validity of the Lorentz force F = E+ ¢v x B, written in a
reference frame S, that indicates that the charge moving with velocity v in
the presence of B and with E = 0, experiences the field E ;s = F/¢= v x B.
According to the transformations of the electromagnetic fields of special rel-
ativity, an observer in a reference frame S’ instantaneously co-moving with a
point on the disk experiences the fields B’ ~ B and E' ~ v x B.

12



The observers of both frames S and S’ agree that the emf is induced in
the radial path of the disk and the description of the effect is essentially the
same for S and S’. The same result is obtained if the magnet is rotating with
the disk or if a rotating conducting magnet alone is used as a Faraday disk. In
fact, according to the standard relativistic interpretation of electrodynamics
a cylindrical magnet can be thought of as made of a cylindrical current
distribution, and the current and field produced by the current is the same
even if the current loops rotate about the symmetry axis.

Historically, the field lines of B were considered to have a precise physical
reality. The potential difference generated across the radius AR was inter-
preted as due to the cutting of the magnetic field lines by the rotating metal.
In the term gv x B, the velocity was interpreted as that of the charge with
respect to the field lines, and not as the velocity of the charge relative to the
reference frame.

In the case of a Faraday disk formed by a rotating magnet, in the pre-
relativistic interpretation, Faraday’s hypothesis of 1851 — in which he visu-
alized the magnetic lines as fixed to the magnet and rotating with it — was
assumed. In this case, the lines will be cut by the external branch RDCE
and the emf is not induced in the disk but instead in the stationary part
RDCE of the electric circuit. In this interpretation v represents the velocity
of the ”cutting” field lines at the position of the RDCE.

Measurements of the induced voltage and/or current cannot discriminate
between one theory or the other since in both cases the generated inten-
sities are the same. In 1917 Kennard [43] achieved a breakthrough when
he suppressed the RDCE branch and was capable of measuring an induced
potential difference along AR when the whole system rotated as a unit. Ken-
nard’s experiment consisted of a cylindrical capacitor and a coaxial solenoid.
The induced electrostatic charge separation was measured by inserting an
electrometer by means of two leads located along the axis. One of the leads
was connected to the inner part of the capacitor, the other was connected
to a radial wire reaching the outer part of the capacitor. When Tate [44] in
1922 reviewed the whole problem, he acknowledged Kennard’s result and the
implied disproof of the theory of rotating lines of force.

Without negating the validity of Kennard’s experiment, we point out
some of its limitations. First of all the apparatus consisted, as in the case of
the Faraday disk, of two parts in relative motion: the measuring device, or
electrometer, at rest; and the rotating capacitor in motion. What is being
measured is always a potential difference between the two parts and not
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the local field. The inner part of the capacitor had finite dimensions and,
if the flux lines are rotating, one cannot exclude that they may induce a
potential difference in the stationary part of the electrometer. Furthermore,
the results are necessarily qualitative because of the difficulties of calibrating
and reading the electrometer and eliminating additional electrostatic effects,
e.g. due to the air drag produced by the rotating parts.

In an ideal experiment the measuring device should be co-moving with
the rotating apparatus and measure the local electric field intensity, so that
these objections no longer apply. This ideal situation is achieved with the
set up of an experiment of the TN type that exploits the Earth’s rotation,
as described below.

What we look for in the present experiment is the effect of the external
magnetic field of the Earth on the moving charges. The magnetic field of
the Earth is usually approximated by the equivalent field due to a magnetic
dipole placed at the center of the Earth of intensity m, ~ 8 x 10224 - m? (=
8 x 10%gauss-cm?). Correspondingly, the magnetic field on the surface of the
Earth varies from 0.3 to 0.6 gauss depending on the latitude. Neglecting the
small deviation of the axis of the Earth’s magnetic dipole m, with respect to
the geographic North-South direction, the Earth can be considered equivalent
to a rotating magnet so that the results valid for the Faraday disk, can be
applied here. In analogy with the interpretation of the Faraday disk, a charge
fixed on the Earth and rotating with it in the presence of the field B due
to m, will feel an effective electric field E.;y = F/q = v x B, where the
components of B are known.

With respect to frame S, the velocity v of the charges is in the West
to East direction. With B the magnetic field of the Earth, in the frame S
the sought for effect is due to the Lorentz force gv x B, while in the frame
co-moving with the charge the effect is due to the existence of the electric
field v x B. In order to detect this electric field, shielding screens around the
capacitor must be avoided, as in the case of Cornille’s experimental set up.
A resulting torque 7 will act on a capacitor with parallel plates separated
by the distance r = d. This torque generates a rotation of the capacitor
that tends to set d perpendicular to v. At the position of equilibrium the
capacitor has rotated by an angle ¢ such that 7 = kd. In order to verify that
this angle is detectable with an apparatus of the Trouton-Noble type, we
express the charge on the capacitor, for a parallel-plate capacitor, as g = C'V
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and C' = £,5/d. The result is that, in optimal conditions,

5 €OSV(UB). (9)

k
In order to estimate §, we consider a location near the equator where
the tangential velocity is greater, for example in Venezuela at 8° above the
equator and this corresponds to an angle § = 82° between r and the rotation
axis. In this case, with the radius of the Earth given by r = 6.37 x 10°m and
a velocity of v = wrsinf = 445m/ sec near the Equator, the useful perpen-
dicular field component turns out to be B ~ 0.17gauss directed toward the
centre of the Earth and E.;y = v x B ~ 7.5 x 107*V/m. With a potential
difference of V = 2 x 10*V, a plate surface S = 1m? and a torsion con-
stant k = 107%kg - m?/ sec?, the torsion angle turns out to be of the order of
0 ~ 0.13radians ~ 7.5°, which is easily observable. Actually, the charge on
the plates of the capacitor can be increased by filling it with a dielectric. For
a relative dielectric constant € ~ 100 the torsion angle should be observable

even with a smaller potential difference.

3.2 Testing Faraday’s law with a capacitor rotating in
the magnetic field of the Earth

The force f = gc~'v x B (or the corresponding field f/q = E = ¢~'v x B)
has been tested and confirmed in many experiments performed in the labo-
ratory frame of reference where the test charge moves with velocity v with
respect to an external magnetic field B (for example, charged particles mov-
ing in a cyclotron). However, there are no tests of f or E performed, for
example, in the rest frame of a charged particle. Such an experiment is de-
scribed below. Referring to the test of E.;; = ¢ 'v x B described above,
in an ideal experiment the measuring device should be co-moving with the
rotating apparatus (magnet or solenoid) and measure the local electric field
intensity. This ideal situation is achieved conceptually with the proposal,
described and discussed above, for an experiment of the TN type that ex-
ploits the Earth’s rotation. For the experiment under consideration, the TN
apparatus works as a detector of a static electric field. However, one of
the limitations of this apparatus is that it needs a generator to charge the
capacitor and then to keep its charge constant.

15



Sliding
contacts
'S

............ Rotating
capacitor

Electrometer

Figure 2. A capacitor placed in the effective local electric field
E. s = v x B, where B is the magnetic field of the Earth, v is the
tangential velocity of the Earth’s surface at the location of the laboratory.
If the capacitor is placed with its plates perpendicular to E.¢; and the
plates are connected electrically, a charge () flows from one plate to the
other. If the capacitor is rotated by 180 degrees while the plates are
connected to an electrometer, the flowing charge () is detected by the
instrument. Knowing the electrical parameters, the charge () may be
related to the value of E.; that can thus be measured.

This experiment was performed by one of us (GS) in Mérida, Venezuela
where, although the TN apparatus had good sensitivity, the external con-
ditions did not permit the attainment of meaningful results. In fact one of
the problems was that the capacitor was influenced by the electrostatic field
produced by the generator, even when the latter was placed far away. Also,
the charged capacitor was found to induce electrostatic charges in nearby
objects that in turn influenced the orientation of the capacitor. Moreover,
the potential difference V' could not be set too high because, when it reached
10 — 15 KV, the capacitor was observed to get out of balance suddenly, due
to the emission of charges at the edges that had the effect of setting the TN
apparatus in continuous rotational motion. Even though these difficulties
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can be alleviated with a better experimental arrangement and generator sys-
tem in particular, and with a larger working space in the laboratory, and by
avoiding sharp edges in the design of the capacitor, they indicate that suc-
cessful realization of the experiment is still not an easy task. Thus, in order
to perform the proposed test and retain the possibility of double-checking
the results, we believe that alternative arrangements should be considered.
Let us introduce a parallel-plate capacitor that can be set in rotational
motion about a central axis parallel to the plane of the plates and pass-
ing through the center of the capacitor as shown in Fig. 2. The capacitor
possesses a capacitance C' = kegS/d = QQ/V and rotates in the presence
of the external electric field E.;y = v x B ~ 1072V/m that we wish to
measure. When the field is perpendicular to the plates that are electrically
connected, these will be charged by the potential difference V' = E,¢d. Dur-
ing the course of a measurement sequence, the capacitor would be charged
to a level of Q = E.;rkeoS ~ 10712C, the entire assembly would be set into
constant-speed rotational motion, and the time varying charge states of the
pairs would then be monitored via electrometry (the sensitivity of a modern
commercial electrometer is ~ 10713C). There could be several advantages
to such an arrangement. For instance, the surface area of the plates, S,
that need not be suspended as in the case of the TN apparatus, could be as
large as required, e.g., 2 — 3 m?. By rotating at a constant angular speed,
one could use synchronous detection techniques to demodulate the signal
from the rotational carrier frequency, and thus gain factors of approximately
1000:1 in improved signal-to-noise ratio for long integration times [45], while
averaging over any direction-dependent background couplings that could oth-
erwise mask the effect being sought (See [46] for citations to the various such
experiments where mercury bearings of this type have been used and also

[47]).

4 Conservation laws and forces on charges
and magnets

For our physical system we consider a small cylindrical magnet of radius
R height H and magnetic moment m, placed at the center of a charged
conducting spherical shell of radius a, and suspended by a thin fiber, as
shown in Fig. 3.
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4.1 Faraday’s law and nonconservation of mechanical
angular momentum

The system magnet + charged shell represents an isolated system. In the SI
system the em momentum is given by Eq.4 where p(x) = 00(r) = Q 6(r —
a)/4ma? is the charge density and Q is the total charge distributed uniformly
on the sphere.

®,
\Y

f + qoA/ot

g\ A
me B

Figure 3. Faraday’s law and the nonconservation of the mechanical
angular momentum of an isolated system. A magnetic dipole m (a small
rod magnet) is placed at the centre of a charged spherical shell. The whole
system is suspended by a thin vertical torsion fiber. If m varies with time
(or if the shell is discharged through the conducting suspension fiber) the
em angular momentum of the system varies. By Faraday’s law of induction
in differential form, an azimuthal force —c g9, A, tangent to the surface of
the shell, is applied to the charge ¢ on the shell and the corresponding
torque acts on the system. Since there is no reaction torque on the magnet,
the mechanical angular momentum of the isolated system is not conserved.

Let us suppose that the spherical shell, initially grounded, is charged with
the charge () through the conducting fiber or wire, or that, since the shell
is already charged, the magnetic moment m is switched on (or off). In
correspondence to the force f = ¢E of Eq.(3), there is a torque 7 acting

18



on the total charge () that will produce the variation of the mechanical

angular momentum I',,..,. If m is constant and the charge () varies, the
same torque and corresponding mechanical angular momentum variation is
applied because of the force f = qv x B acting on the elementary charges
g while these transfer with velocity v from the wire to the sphere that is
being charged. However, there is no hidden angular momentum [11] for our
system, i.e., there is no reaction torque on the magnet. In fact, the electric
field inside the shell is zero and there are no stresses or charges induced on
the magnet. Thus, there is action on the charge ) when the dipole moment
m of the magnet varies with time, but no reaction due to the charge () on
the magnet.

In the absence of a hidden angular momentum, the em angular momentum
of the system is

—

Cem = /rx(p(x)A(x)) dx, (10)

and the law of conservation of the total angular momentum of the isolated
system reads

—

e + Tpeen, = const. (11)

Thus, if I',,,varies with time, then I',,.., must also vary.

The component of I',,, about the symmetry or suspension axis is easily
calculated using the dipole approximation A(x) = (p/47)(m 