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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 areas of classical and quantum physics. Crucial tests on the locality of
Faraday’s law for ”open” currents, on a modi…ed Trouton-Noble experiment, on nonconservation of mechanical angular momentum, on
the force on the magnetic dipole, and on a reciprocal Rowland’s experiment are outlined. Electromagnetic momentum provides a link also
between quantum nonlocal e¤ects and light propagation in moving
media. Since light waves in moving media behave as matter waves in
nonlocal quantum e¤ects, the ‡ow of the medium does a¤ect the phase
velocity of light, but not necessarily the momentum of photons. Thus,
Fizeau’s experiment is not suitable for testing the addition of velocities of special relativity. A crucial, non-interferometric experiment for
the speed of photons in moving media, is described.
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Introduction

In recent years, several experiments have been proposed that test unexamined 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], Cavalleri and Spavieri [4], and Cavalleri et al. [5]), the experiments of the TroutonNoble 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 e¤ects
(Boyer; Aharonov, Pearle, and Vaidman, and Spavieri [10]; Boyer [11]), the
link between the Sagnac e¤ect 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 experiments 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 momentum in several phenomena of classical and quantum physics. This and other
aspects considered are of signi…cant 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 speci…cally for the cases where induction is either produced
by convection currents (i.e., ”open currents”) or where the resulting induction …eld 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
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nonlocality) of em interactions. We clarify why the known tests of Faraday’s
law (mostly in its integral form) are not su¢ cient to corroborate it in its differential (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 dipole in the context of nonlocality of quantum e¤ects [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 e¤ects
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 momentum of …elds [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 Du¤y [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 clari…cation 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 speci…c 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 experimentally. 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 corroboration 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 clari…ed theoretically 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 …elds Q. It turns out that Q appears in a wide class of phenomena
such as in quantum e¤ects 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 [8]
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 e¤ect
[26]-[37], viz., that electri…ed bodies in motion produce magnetic e¤ects.
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 e¤ect are well understood, even though according to some
physicists [38], [12], their physical interpretation may still contain some controversial 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 interferometric technique, analogous to the one used in testing e¤ects of the AB type.
As mentioned above, the analogy between e¤ects 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
4

the em momentum Q, which provides a surprisingly uni…ed view of all these
e¤ects [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 literature. 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 …elds. In usual ordinary em interactions,
the em momentum vanishes so that it does not play an important role. Nevertheless, in several of the proposed tests discussed in this paper the em
momentum does not vanish and can be related to the locality (or nonlocality) 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 di¤erence (the electromotive force or emf) induced in a closed loop or circuit to
the time variation of the linked magnetic ‡ux and is expressed as
I
I
1 d
B dS:
(1)
emf = Eef f dl = c
dt

For circuits (or part of them) in motion, the …eld Eef f appearing in (1) is
actually the e¤ective …eld experienced by an observer at rest with the loop,
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i.e., Eef f = E + c 1 u B to …rst order in v=c and where E and
H B are the
…elds as measured in the laboratory frame. The quantity m = B dS is the
linked magnetic ‡ux, B being the magnetic (induction) …eld. The di¤erential
form of Faraday’s law is nothing more than Maxwell’s equation
r

E=

c

1 @B

@t

:

(2)

Since B = r A, where A is the vector potential, in the present context
Eq.(2) implies that E = c 1 @A=@t, which yields a force on a test charge q
given by
@ q
f = qE =
( A):
(3)
@t c
Expression (3) has been derived only to highlight here a fact that is not well
known, i.e., that the quantity qA=c in Eq.(3) is actually the em momentum
of the interaction …elds Q, i.e.
Z
Z
1
1
q
3
Q=
(E B) dx =
A dx3 = A
(4)
4 c
c
c
where in the volume integral, E is the electrostatic …eld produced by the
charge q and B the external magnetic …eld. 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 discussions on the nonlocality of the AB e¤ect. 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 e¤ects 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 di¤erential form
of Faraday’s law (2) is local in the sense that it links the …elds E and B in
space and time while these …elds themselves are local in that they could act
locally on a test charge q via the Lorentz force qE + c 1 qu B.

2.2

Nonlocal em interactions and e¤ects of the AharonovBohm type

As an example of nonlocal em interaction we consider the one appearing in
the context of the quantum e¤ects of the AB type. In the magnetic AB
e¤ect, matter waves (electrons) encircle a thin solenoid and are made to
6

interfere to form an observable interference pattern visible on a screen. Since
the electrons travel outside the solenoid, where E = B = 0 but A 6= 0,
there is no force acting on the electrons. Thus, there is an em interaction
momentum given by (q=c)A as in (4) but the Lorentz force on the particles is
zero. The em interaction has the e¤ect of modifying the phase of the matter
wave
function, i.e., the solution of the Schrödinger equation, by the amount
R
(q=c)A dl, in units of ~. 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 Hcase: the pattern is displaced by an
amount related to the path integral (q=c)A dl, where (q=c)A = Q is the
em momentum of the interaction …elds. Indeed, it has been shown that in
all the e¤ects of the AB type [18] the interaction momentum is given by the
em momentum. This fact provides a unitary view of all these e¤ects, 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 e¤ects. Because of
this, they are considered to be quantum nonlocal e¤ects. However, a polemic
on nonlocality related to e¤ects of the AB type surges after the discussion
on what is the correct expression of the force on particles possessing em
properties and speci…cally what is the correct force on a magnetic dipole [8],
[10], [11].
Recently it has been pointed out that the observable quantity in e¤ects
of the AB type is related to the variation Q of the em momentum [21].
Although the …elds 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 di¤erent value of Q. The variation Q implies a change in the
…elds 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 e¤ects 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 di¤erential form (2) may be obtained from the force relation
(3) which, through (4) links the force to the variation of the em momentum.
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From (2), dividing this expression by q, one can then derive by integration
Faraday’s law in integral form (1). As mentioned above, the em interaction
momentum appears in the AB e¤ect for particles with charge q and for e¤ects
involving particles possessing electric (d) and magnetic (m) dipole moments.
Starting from the expression of the force on q, it is possible to build
Faraday’s law in integral form where the e¤ective …eld acts on a charge q
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 (q, d, m, etc.) expressed in the general
form L = K V + v Q, where V is the scalar potential and Q is the em
interaction momentum. In AB e¤ects the quantum
R phase of the particle for
1
the corresponding Hamiltonian H reads = ~
Q d~`.
The equations of motion for L yields
d
d
(mv) =
Q + rL = rV @t Q + v (r Q):
(5)
dt
dt
For a ‡ux or beam of particles along a path C of length lp , let us consider
the force density f = f =lp . In the absence of scalar potentials (V = 0) and
H
taking for simplicity lp = 1, evaluation of the closed path integral C f d~`,
yields
I
I
I
d
d
d
~
~
Q d` =
r Q dS =
(6)
f d` =
em ;
dt C
dt S
dt
C
f=

where
Q is the ‡ux tube density and em the em ‡ux through
em = r
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 e¤ects of the AB type and the hypothetical forces that would
be acting on the particles if the em momentum is varied.
The initial phase = ~ 1 (p x E t) of a free non-interacting beam of
particles is shifted by the amount
Z
I
I
I
1
1
1
~
(mv) d` = ~
dt f d~`
=~
p dx = ~
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(t) and Q0 = Q(t = 0), yields
Z t I
I
I
0
dt f d~` = (Q Q ) d~` =
r Q dS = em :
(7)
0

C

S

C
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For simplicity in Eq. (7) we have assumed that Q0 = 0 (
=
and
em =
em ) as usual. Expression (7) establishes the relation between the
phase shift variation of e¤ects of the AB type and the hypothetical action of
the em forces on the particles corresponding to the variation Q.
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 e¤ect, then f is given by
(3) and (6) reads
I
d
@ q
( A) d~` =
em :
@t c
dt
C

Dividing this equation by q, considering that the em ‡ux becomes the magnetic ‡ux, em ! m , and with the help of E = c 1 @A=@t, it yields
Faraday’s law in integral form (1). It follows that expression (6), which contains (1) as a special case, represents a generalization of Faraday’s law. In
fact, the same procedure used for q 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 ‡ux em , Eq.(6) contains 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
di¤erential form (2) and the locality of the em interactions involved. There
are several aspects that will be considered:
a) the case when the magnetic …eld B is produced by closed currents
(either conduction currents or charges moving in closed paths) while the
e¤ective …eld Eef f associated with the emf is measured with test charges
(open currents or circuits).
b) the case when the magnetic …eld B is produced by open currents
(convection currents) and the emf is measured through induction in a closed
9

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 di¤erential 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 isolated system is the sum of the mechanical momentum plus the em momentum. If we …nd 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 Faraday’s law of induction. Curiously, in our proposed experiment, the em momentum is given by Eq.(4), which represents the nonlocal interaction of the
AB e¤ect and now is responsible for the violation of Newton’s third law in
this test.

3
3.1

Test of Faraday’s law with an open circuit
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 …eld. 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 simpli…ed scheme of the lines of the magnetic
…eld 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 …eld 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
e¤ective local electric …eld Eef f = v 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 …eld, tends to rotate to align
the charged plates in the direction of the …eld.
The magnetic …eld 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 …rst 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 e¤ect 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 …nding. 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 interpretation of classical electrodynamics.
We wish to show that a test of the Faraday law in di¤erential form can
be related to an experiment of the TN type such as the one performed by
Cornille. Cornille’s experimental set up di¤ers from the others because he
did not shield the suspended condenser from external electric …elds. He
also mentions that the magnetic …eld 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 e¤ect
of the magnetic …eld 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 ‡ows in the circuit.
If the magnetic …eld B is uniform near the disk of radius R rotating with
angular frequency !, the electromotive force is given by
I
I
1
(8)
emf = Eef f dl = (v B) dl = !R2 B:
2
In many textbooks, result (8) is deduced from the integral form of Faraday’s law taking into account the change of the magnetic ‡ux as the material
segment AR rotates in the presence of the …eld B. The integral form of
Faraday’s law cannot tell where, along ARDCE, the emf is induced.
However, the term v B represents the induced e¤ective …eld Eef f seen
by the charges co-moving with the disk along the segment AR. It is a consequence of the validity of the Lorentz force F = E+ qv 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 …eld Eef f = F=q= v B.
According to the transformations of the electromagnetic …elds of special relativity, an observer in a reference frame S0 instantaneously co-moving with a
point on the disk experiences the …elds B0 ' B and E0 ' v B.
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The observers of both frames S and S0 agree that the emf is induced in
the radial path of the disk and the description of the e¤ect is essentially the
same for S and S0 . 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 …eld produced by the current is the same
even if the current loops rotate about the symmetry axis.
Historically, the …eld lines of B were considered to have a precise physical
reality. The potential di¤erence generated across the radius AR was interpreted as due to the cutting of the magnetic …eld lines by the rotating metal.
In the term qv B, the velocity was interpreted as that of the charge with
respect to the …eld 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 prerelativistic interpretation, Faraday’s hypothesis of 1851 – in which he visualized the magnetic lines as …xed 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”…eld 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 intensities are the same. In 1917 Kennard [43] achieved a breakthrough when
he suppressed the RDCE branch and was capable of measuring an induced
potential di¤erence along AR when the whole system rotated as a unit. Kennard’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 di¤erence between the two parts and not
13

the local …eld. The inner part of the capacitor had …nite dimensions and,
if the ‡ux lines are rotating, one cannot exclude that they may induce a
potential di¤erence in the stationary part of the electrometer. Furthermore,
the results are necessarily qualitative because of the di¢ culties of calibrating
and reading the electrometer and eliminating additional electrostatic e¤ects,
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 …eld 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 e¤ect of the external
magnetic …eld of the Earth on the moving charges. The magnetic …eld of
the Earth is usually approximated by the equivalent …eld due to a magnetic
dipole placed at the center of the Earth of intensity mo ' 8 1022 A m2 (=
8 1025 gauss cm3 ). Correspondingly, the magnetic …eld 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 mo 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
…xed on the Earth and rotating with it in the presence of the …eld B due
to mo will feel an e¤ective electric …eld Eef f = F=q = v 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 …eld of the Earth, in the frame S
the sought for e¤ect is due to the Lorentz force qv B, while in the frame
co-moving with the charge the e¤ect is due to the existence of the electric
…eld v B. In order to detect this electric …eld, shielding screens around the
capacitor must be avoided, as in the case of Cornille’s experimental set up.
A resulting torque 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 = k . 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 q = CV
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and C = "o S=d. The result is that, in optimal conditions,
=

"o SV (vB)
:
k

(9)

In order to estimate , we consider a location near the equator where
the tangential velocity is greater, for example in Venezuela at 8o above the
equator and this corresponds to an angle = 82o between r and the rotation
axis. In this case, with the radius of the Earth given by r = 6:37 106 m and
a velocity of v = !r sin = 445m= sec near the Equator, the useful perpendicular …eld component turns out to be B ' 0:17gauss directed toward the
centre of the Earth and Eef f = v B ' 7:5 10 3 V =m. With a potential
di¤erence of V = 2 104 V , a plate surface S = 1m2 and a torsion constant k = 10 8 kg m2 = sec2 , the torsion angle turns out to be of the order of
' 0:13radians ' 7:5o , which is easily observable. Actually, the charge on
the plates of the capacitor can be increased by …lling it with a dielectric. For
a relative dielectric constant " ' 100 the torsion angle should be observable
even with a smaller potential di¤erence.

3.2

Testing Faraday’s law with a capacitor rotating in
the magnetic …eld of the Earth

The force f = qc 1 v B (or the corresponding …eld f =q = E = c 1 v B)
has been tested and con…rmed in many experiments performed in the laboratory frame of reference where the test charge moves with velocity v with
respect to an external magnetic …eld B (for example, charged particles moving 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 described below. Referring to the test of Eef f = c 1 v 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 …eld
intensity. This ideal situation is achieved conceptually with the proposal,
described and discussed above, for an experiment of the TN type that exploits the Earth’s rotation. For the experiment under consideration, the TN
apparatus works as a detector of a static electric …eld. 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.
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Figure 2. A capacitor placed in the e¤ective local electric …eld
Eef f = v B, where B is the magnetic …eld 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 Eef f and the
plates are connected electrically, a charge Q ‡ows from one plate to the
other. If the capacitor is rotated by 180 degrees while the plates are
connected to an electrometer, the ‡owing charge Q is detected by the
instrument. Knowing the electrical parameters, the charge Q may be
related to the value of Eef f 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 conditions did not permit the attainment of meaningful results. In fact one of
the problems was that the capacitor was in‡uenced by the electrostatic …eld
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 in‡uenced the orientation of the capacitor. Moreover,
the potential di¤erence 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 e¤ect of setting the TN
apparatus in continuous rotational motion. Even though these di¢ culties
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can be alleviated with a better experimental arrangement and generator system 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 successful 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 passing through the center of the capacitor as shown in Fig. 2. The capacitor
possesses a capacitance C = k"0 S=d = Q=V and rotates in the presence
of the external electric …eld Eef f = v B ' 10 2 V =m that we wish to
measure. When the …eld is perpendicular to the plates that are electrically
connected, these will be charged by the potential di¤erence V = Eef f d. During the course of a measurement sequence, the capacitor would be charged
to a level of Q = Eef f k"0 S ' 10 12 C, 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 ' 10 13 C). 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 m2 . 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 otherwise mask the e¤ect 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 …ber, 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 (x) =
(r) = Q (r
a)=4 a2 is the charge density and Q is the total charge distributed uniformly
on the sphere.

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 …ber. If m varies with time
(or if the shell is discharged through the conducting suspension …ber) the
em angular momentum of the system varies. By Faraday’s law of induction
in di¤erential form, an azimuthal force c 1 q@t A, tangent to the surface of
the shell, is applied to the charge q 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 Q through the conducting …ber or wire, or that, since the shell
is already charged, the magnetic moment m is switched on (or o¤). In
correspondence to the force f = qE of Eq.(3), there is a torque acting
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on the total charge Q that will produce the variation of the mechanical
!

angular momentum mech . If m is constant and the charge Q varies, the
same torque and corresponding mechanical angular momentum variation is
applied because of the force f = qv B acting on the elementary charges
q 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
…eld inside the shell is zero and there are no stresses or charges induced on
the magnet. Thus, there is action on the charge Q when the dipole moment
m of the magnet varies with time, but no reaction due to the charge Q on
the magnet.
In the absence of a hidden angular momentum, the em angular momentum
of the system is
Z
!
r ( (x)A(x)) d3 x;
(10)
em =
and the law of conservation of the total angular momentum of the isolated
system reads
!

em

Thus, if

!

em varies

+

!

with time, then
!

mech

!

= const:

mech

(11)

must also vary.

The component of em about the symmetry or suspension axis is easily
calculated using the dipole approximation A(x) = ( 0 =4 )(m r) r 3 and
yields
Z
m Q
"0 0
x2 + y 2 3
d x= 0
=
Va m;
(12)
(x) m
em =
3
r
6 4 a
6

where Va = Q=4 "0 a is the electric potential of the charged shell. The
magnetic moment m of the small cylindrical magnet may be expressed as
m=

B0 R2 H
0 sin m

(13)

where B0 is the value of the magnetic induction at the center of the magnet
and tan m = H=2R.
R
The torsional impulse transmitted to the system is
dt = I ! 0 where
I is the moment of inertia and ! 0 the initial angular velocity. If k is the
torsion constant of the …ber, when the angular kinetic energy is transformed
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into elastic torsional potential energy, we have (1=2)k
follows that
"0 0 Va m
em
p ;
=
=p
6
Ik
Ik

2

= (1=2)I ! 20 . It
(14)

where is the observable maximum angle of rotation of the system that can
be considered as a sort of torsion pendulum.
The test can be performed having the spherical shell and the magnet
mechanically connected or not. If they are connected the whole system (shell
+ magnet) rotates. In this case, as a …rst approximation, we neglect the
moment of inertia of the thin spherical shell and assume that I is essentially
the moment of inertia of the magnet. Using in Eqs. (12), (13) and (14) the
values B0 = 4 T , R = 1 cm, H = 4R, k = 10 9 kg m2 =s2 , and Va = 106 V , the
resulting maximum angle is ' 10 3 rad. With this value of , a standard
optical lever method of detecting the system angular displacement would
yield a motion of D ' 1 mm for a lever arm of D = 1 m, which in principle
is observable.
The non-conservation of mechanical angular momentum is a well known
theoretical aspect of classical electrodynamics discussed in many textbooks.
However, there are no experimental tests performed related to the ShockleyJames paradox or to the force on the magnetic dipole, a controversy that goes
beyond classical physics and ushers in a discussion [11] of the nonlocality of
the quantum e¤ects of the AB type. The interesting feature of the experiment
described above is that, as far as we know, it is the only feasible and viable
test of the non-conservation of mechanical angular momentum of an isolated
system.

4.2

the force on a magnetic dipole

For the test of the e¤ective electric …eld Eef f = c 1 @t A of Faraday’s law
in di¤erential form, we consider the interaction between a short solenoid
(or magnet) and a charge q, forming an isolated system as in the ShockleyJames paradox [48]. The conservation of the total linear momentum
!

!

!

!

t

=

em + mech is given by Eq.(11). Here,
em = Qem + Qh is the total linear
momentum the em …elds that includes the hidden momentum Qh . In the
case of a conducting magnet, Qh is due to the electric …eld of the charges
induced on the magnet, and , in the case of a nonconducting magnet, Qh is
due to the internal stresses. For this stationary system there is no mechanical
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momentum and, even though there is em momentum, it has been shown [10]
that the total momentum is zero
Qem + Qh = 0

(15)

where in (15) Qh = m E is the hidden momentum [10] of the magnet of
dipole moment m in the presence of external …eld E.
Let us suppose that the magnetic moment m is switched on (or o¤). The
em momentum will vary from zero to the value Qem and there is a force
fq = (d=dt)Qem = q@t A acting on the elementary charges q (the test
of the force on the charge q has been described in the previous section). As
required by the solution of the Shockley-James paradox [48], [10] the reaction
force
d
d
Qh =
m E = fq
(16)
fm =
dt
dt
acts on the magnet. Since action and reaction are equal and opposite (fm +
fq = 0), the total linear mechanical momentum of the isolated system is
conserved. In the usual induction experiments where the Faraday law is
tested by inducing an emf in a coil, there is no Shockley-James paradox
because the coil is neutral. The total force on the coil is zero and, thus, no
reaction force on the magnet is expected. Therefore, it would be interesting
to perform a test of the force (16).
In the controversy about nonlocality of the Aharonov-Casher e¤ect and
the correct force on a magnetic dipole [10], [11], the standard force on a magnetic dipole in its rest frame is fmst = r(m B). Taking into account the
hidden momentum variation (16), when E and B 6= 0 the force is given by
fm = r(m B) dtd (m E) . In order to check which of the two expressions
(16) and fmst is the correct one, we have to …nd a convenient distribution of
the sources of the em …elds such that r(m B) = 0 and the two expressions
predict di¤erent values. It is suitable, for this purpose, a parallel plate capacitor with plates of rectangular shape where one of the sides, L, is much
larger than the other, H, and is also much larger than the plate separation
d (see Fig. 4).
In order to test the force on the dipole, it is convenient to use a torsion
pendulum composed, as in Fig. 4, of a vertical suspension …ber, which has a
small torsion constant k, and that carries a horizontally oriented, thin rigid
bar. The dipole may be suspended at one end of the bar of this pendulum.
To measure the supposedly correct expression of the force let us place the
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magnetic dipole (e.g.., a small permanent magnet) inside the capacitor with
m oriented in the z direction. With this con…guration, the dipole may move
horizontally in the y direction and the component of the standard force is
then fmst = r(m B) = 0, while the expression (16) predicts that a force of
the order of
fm = (fm )y = (m r)By = m@z By =

m @E
:
c2 @t

(17)

R
will act on the dipole. The impulse fm dt transmitted to the dipole during
the discharge of the capacitor sets the dipole in motion with an initial momentum M v and the corresponding kinetic energy (1=2)M v 2 is transformed
into the torsional potential energy (1=2)k"2 , where the small rotation angle
" reached by the torsion pendulum can be measured.

Torsion
pendulum

m

E (t)

Capacitor
plate

Figure 4. Testing the force on a magnetic dipole. A magnetic dipole m
is suspended to a torsion pendulum and placed between the plates of a
capacitor. While the capacitor is being charged (or discharged), a net force
is being applied to m. This force transmits an impulse to the magnetic
dipole producing the rotation of the torsion pendulum by a small angle that
can be measured providing an estimate of the force. If E is constant and m
varies with time, by Faraday’s law of induction an equal and opposite
reaction force must act on the charges q of the capacitor. The action and
reaction principle for the forces holds in this case.
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The magnetic …eld intensity inside a small bar magnet, that can be used to
simulate the magnetic dipole is given by B = 0 (N=L)I sin m , where N is
the number of turns, L the length of the bar magnet of radius R, I the current
and sin m ' R=(L=2) (for R
L) characterizes the geometry of the bar.
Correspondingly, the magnetic dipole moment expressed in terms of B, reads
m = R2 N I = R2 BL=( 0 sin m ). Introducing the density = M=( R2 L)
of the bar magnet, we obtain
s
LE B L
' 10 3 rad:
(18)
"=
k 2 c2 0
The estimated value of " ' 10 3 rad for (18), has been obtained with
L = 10 1 m, k = 10 9 kg m2 =s2 , = 7:6 103 kg=m3 , E = 106 V =cm, and
B = 10 1 T . With this value of ", a standard optical lever method of detecting
the pendulum’s angular displacement would yield a motion of "D ' 1 mm
for a lever arm of D = 1 m, which is easily observable.
To obtain high potential di¤erences to charge the capacitors and produce
a large maximum value for the …eld E, it might be possible to use pulse modulation transformers of the type employed to charge ‡ashlamp-pumped lasers
and Klystron tubes. Such devices are commercially available, but expensive.
Alternatives include ”home made” devices such as ”Marx generators”, but
no matter what one uses, obtaining high …elds will call for very special design
considerations to prevent arcing and spurious discharges. The electromagnetic stress in the dielectrics will be huge, and the experimental design will
have to accommodate those forces.
In case of need, one can amplify the swing of the torsion pendulum using
the usual resonance technique. If the electric …eld E is a periodic function of
time, the corresponding successive impulses at the resonance frequency may
increase " by at least one order of magnitude.

5
5.1

Rowland’s experiment and its reciprocal
A short survey of tests of Rowland’s e¤ect

Rowland’s experiment consisted in detecting the magnetic …eld produced
by moving charges. It is generally claimed that the outcome of Rowland’s
experiment of 1876 indicates that isolated moving charges produce a magnetic …eld. In collaboration with von Helmholtz, Rowland performed the
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experiment using a circular parallel plate capacitor that was charged and set
spinning about its axis of symmetry. The charges moving in circular motion represent a convection current that, according to Maxwell, produces a
magnetic …eld. This …eld was found to a¤ect a delicately suspended pair
of astatic magnetic needles hung in proximity to the disk just as would, by
Oersted’s rule, a circular electric current coincident with the periphery of
the disk. Hence the statically charged but rotating disk becomes in e¤ect a
circular electric current.
The experiments were repeated and con…rmed by Röntgen [27] and by
Himstedt [28]. Later Crémieu again repeated them and obtained negative
results [29]. Although Crémieu’s null results were con…rmed by Korda, they
were again reconducted by Pender [30] and by Adams [31]. Pender’s work
showed beyond any doubt that electric convection does produce a magnetic
e¤ect. Adams employed charged copper spheres rotating at a high speed in
place of a disk, and was able to prove that the rotation of such spheres produced a magnetic …eld similar to that due to a circular current and agreeing
numerically with the theoretical value. It has been shown earlier by Thomson [32] and Heaviside [33] that an electri…ed sphere, moving with velocity
v and carrying a quantity of electricity q, should produce a magnetic force
H related to q and v. Adams found the …eld produced by a known electric
charge rotating at a known speed had a strength not very di¤erent from that
predetermined by Heaviside. An observation recorded by Wood [34] provides
a con…rmatory fact.
The publication of Crémieu’s experiments raised a controversy that involved leading French and British physicists. The importance of the null result of Crémieu’s tests was stressed by Poincaré in some of his publications.
Poincaré’s role in the Crémieu-Pender controversy over electric convection,
was pointed out in a review paper by Indorato and Masotto [35]. Poincaré
was supporting young scientist Crémieu and apparently was the one who suggested what kind of experiment to perform. Pender was instead Rowland’s
student and was supported by him until his death in 1901. Participating in
the controversy were several well-known scientists, such as Wilson, Larmor,
Schuster, Gray, Hicks, Thomson, Righi, Levi-Civita, and Lord Kelvin.
After criticisms were made of Crémieu’s works and Pender’s experiments
obtained favorable support, Poincaré realized that the latter were to be taken
seriously. It was in the interest of science and of everybody involved that the
controversy be settled with de…nitive, clear-cut experimental results. At the
end, Poincaré obtained Kelvin’s support to organize Crémieu and Pender’s
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joint experiments. In order to understand the di¢ culties involved in this
type of experiments, it should be pointed out that in the …rsts attempts
made by Rowland to observe the magnetization produced by moving electri…ed bodies, the magnetic …eld to be detected was about 1/50000 times the
horizontal component the Earth’s magnetic …eld, a very small value unlikely
to be observable. Nevertheless, it seems that Rowland succeeded in observing
it. The magnetic …eld to be observed in Crémieu and Pender’s joint experiments was a little greater but close to that order of magnitude. After many
trials, the results seemed to favor the existence of Rowland’s e¤ect. However,
the authors were cautious in their …nal comments:
”It is not for us to say if these e¤ects are really due to electric convection
in the sense in which Faraday and Maxwell understood this expression, nor
to decide if they are in accord with the fundamental hypotheses of present
theories.”[36]
The controversy faded out after Poincaré accepted the results of the experiment by Vasilesco-Karpen [37], who con…rmed in 1904 the existence of
the Rowland e¤ect.
Some objections on the conclusions drawn from Rowland’s type experiments are the following. In Stokes-Planck ether theories the Earth is a local
privileged frame where the ether is at rest. In this case the charges of the
capacitor are moving with respect to the ether and according to Maxwell’s
theory they produce a magnetic …eld (direct Rowland’s experiment). Moreover, the charges on the plates move in circular motion due to the constraints
of the rotating capacitor. A privileged frame for this motion is established,
as in the case of charges moving in the closed circuit of a conductor. But
there is no experimental evidence that a charge in uniform motion produces
a magnetic …eld. Moreover, the Rowland experiment does not prove that, if
a charge is …xed on the Earth, an observer moving with respect to it experiences a magnetic …eld because of the relative motion (reciprocal of Rowland’s
experiment). Therefore, Rowland’s experiment furnishes only a partial proof
of Maxwell and Lorentz’s theories.
Most of the weak points of these experiments are pointed out in the
Crémieu-Pender controversy. However, in revising for example the experiment by Pender, which is considered the most reliable, we found that he
did not take into account the e¤ect of induction produced by the current in
the circuit used to charge the capacitor. Crémieu and Pender used a coil
as the sensor of the magnetic …eld, instead of the magnetic needle used by
Rowland. By charging or discharging the rotating capacitor, the magnetic
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…eld to be detected, v E=c2 , changes and it induces an emf in the coil.
However, while charging or discharging the capacitor a current I must ‡ow
in the electrical circuit connecting the capacitor to the potential di¤erence
V of the generator. Unfortunately, these authors do not provide details of
the electric circuit. However, for the capacitor used by Crémieu and Pender,
where V = 104 V , supposing charging times of the order of 10 6 s, the corresponding current can reach high values, depending on the parameters of the
electric circuit. In this case the magnetic …eld produced by I may overcome
the value v E=c2 that one is supposed to measure.
In conclusion, although it has been accepted that the above-mentioned
experiments prove the existence of magnetic e¤ects due to moving charges,
a quantitative corroboration, showing the dependence with v and E, is desirable. In view of all these arguments, we believe that the direct Rowland
experiment on the magnetic …eld produced by moving charges should be
repeated for a quantitative corroboration, while a reciprocal Rowland experiment, as the one described below, also needs to be performed.

5.2

A modern approach to the direct Rowland experiment

The set up for a modern version of Rowland’s experiment is shown in Fig.
5. The rotating plates of the circular capacitor used by Crémieu and Pender
are substituted by a parallel plate capacitor …xed to a rotating arm R. The
capacitor is kept at the …xed potential di¤erence V by means of wires which,
through sliding contacts on the axis of rotation, are connected to the high
voltage electrostatic generator. By keeping V …xed, there is no conduction
current I in the electrical circuit that might produce undesired time-varying
magnetic …elds. The only time-varying B …eld produced is the one due to the
moving charges of the capacitor. If E is the electric …eld intensity between
the plates of the capacitor at rest, the magnetic …eld produced by the moving
capacitor is v E=c2 , where v = !R is the tangential speed.
In its motion, the plates of the capacitor sandwich a coil, …xed in the
laboratory system. Faraday’s induction law (1) implies that an emf force is
induced in the coil while the capacitor moves by and the magnetic …eld B
varies from zero to its maximum value. The coil acts as a sensor that detects
the time varying magnetic …eld. The maximum variation of the ‡ux induced
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in the coil is

Z

v
vV
(19)
Eo S = 2 S
2
c
c d
S
while the time it takes for the capacitor of linear dimension l to enclose the
coil and move past it, is t ' l=2v.
=

B da =

Electric
field

v

Stationary
coil

E
Charged
parallel plate
capacitor i n
motion

Electrometer

Electric engine
dri ving the
r otating ar m

Figure 5. The direct Rowland experiment as a test of ”open”currents
and Faraday’s law in di¤erential form. A parallel plate capacitor, …xed at
the extremity of a rotating arm, moves with velocity v in the laboratory
frame. A stationary coil is placed in such a way that, when the arm passes
by, the coil is located between the parallel plates. If the capacitor is
charged and the electric …eld between the plates is E0 , the coil experiences a
time-varying magnetic induction …eld B = v E0 =c2 . This induction,
produced by the charges of the plates comoving with the capacitor, is
evidence of the existence of convection or ”open”currents. The induced
emf, which would corroborate the validity of Faraday’s law for open
currents, may be detected by a sensitive electrometer. The use of a
superconducting coil or an analogous superconducting device that senses
the magnetic induction, can increase by a factor of 104 the sensitivity of the
historical Rowland experiment.
We suggest R = 50cm and ! = 50rev=s for this experiment. The area of
the coil linking the B …eld can be taken as S ' 0:5 l2 , i.e., a half of the
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capacitor area with l = 5cm. It follows that, with V = 105 V and d = 1cm,
the maximum emf induced in the coil is
emf =

t

=2

v2 V S
'1
c2 d l

10 9 V:

(20)

Modern electrometers have sensibility of as much as 10 12 V . Therefore, the
emf (20) should be measurable with a sensitive electrometer.
It might also be possible to consider a much di¤erent alternative arrangement, which exploits technological advances. We propose a set up where the
experimental apparatus is at low temperature and the signal is coupled out
of it by superconducting transformer. The principal advantages of such an
approach would arise from the very low levels of noise intrinsic to that type of
superconducting device, and thus, the relatively higher overall signal-to-noise
ratios. The essence of the technique would be similar to that applied in the
Weber-bar types of gravitational wave detectors, in which the entire antenna
mass is at liquid helium temperatures and the motions of it in response to
the quadrupole oscillations induced by the gravitational wave are sensed by
sophisticated superconducting quantum interference device (SQUID) magnetometry. The principal disadvantages of this approach lie in the considerable
cost of the technologies involved, such as the superconducting dewar system,
high-vacuum pumplines and chamber, etc. [and the unavoidable di¢ culties
associated with a design calling for complex moving parts to function dependably at temperatures of 4 K]. Because of the great expense associated
with doing anything with superconducting hardware, we just mention it as
a technological possibility and do not elaborate further on it.
The best signal detection system would be one that monitors the voltage
as a function of time, but does so synchronously with some reference signal
(e.g., a marker voltage tied to the rotation rate of the wheel to which the
capacitor is …xed). In that way, the change in current in the coil takes place
at precisely the time that the detector is ”looking” for a change in voltage
to occur. This is a way of discriminating against background noise. In such
cases, one can further help the system by increasing L through an increase in
the number of turns. It is true that this increases the resistance, but that is
partly the reason why we suggest a superconducting coil. With no resistance
due to the superconductivity, we can use lots of turns, say 104 . In this case
the emf to be measured is much greater: emf ' 1 10 5 V and, since the
resistance is very low (ideally, it should be zero), we have a relatively high
output current. This approach increases the sensibility of our experiment by
28

a factor that we estimate to be about 104 times that of Pender’s. Thus, with
this technique, we should be able to perform quantitative measurements of
the …eld v E=c2 as a function of both v and E.
Of course, as already mentioned, that would be an impracticably expensive approach. So, instead we think the way to do this in a less expensive
way, is to carry out simple empirical experiments with sensor coils at room
temperature, but with ones having di¤erent numbers of turns. As one goes
up in turns, it goes up in voltage, but down in the size of the current. There
will likely be some optimum in the curve of voltage vs. current that will
dictate the best ”operating point” at which to work. The use of a lock-in
ampli…er as the voltage sensing instrument for this experiment would provide
the demodulation capabilities needed to complete the synchronous detection
approach. Due to advances in electronics, and the availability of modern
electrometers with high sensitivity, we estimate that, even without superconducting sensors, this approach might allow the detection of signals 102
times smaller those of Crémieu and Pender.

5.3

Reciprocal of the Rowland experiment: The magnetic …eld induced on a moving coil by an electric
charge at rest.

This experiment constitutes the reciprocal of the Rowland experiment. The
positive result of Rowland’s experiment indicates that convection currents, or
”open” currents, have the e¤ect foreseen by Maxwell and Lorentz, i.e., that
moving electri…ed bodies produce magnetic e¤ects in the same way as conduction currents do. A more complete scenario of the transformation properties
of em …elds can be achieved by means of the reciprocal of Rowland’s experiment where the charge or electri…ed body is at rest in the laboratory frame,
while the sensor consists of a coil in motion.
Why should one doubt that an emf is induced in the coil?
Objections to the conclusions that are generally drawn from Rowland’s
experiment are mentioned above and we reconsider some of them here. In
Stokes-Planck ether theories, the Earth is a local privileged frame where
the ether is at rest. In this case the charges of the capacitor of Rowland’s
experiment are moving with respect to the ether, i.e. possess absolute velocity
and according to Maxwell they produce a magnetic …eld. But Rowland’s
experiment does not prove that, for a charge …xed on the Earth, an observer
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moving with respect to it experiences a magnetic …eld because of the relative
motion. Moreover, in Rowland’s experiment the charges move in circular
motion due to the constraints of the rotating capacitor. As mentioned above,
independently of the speci…c ether theory considered, a privileged frame for
this motion is established, similarly to the case of charges moving in the
closed circuit of a conductor. On the contrary, there are no experiments
showing that a uniformly moving isolated charge is equivalent to a current
that produces a magnetic …eld. Thus, the law (1) has not been tested for the
case of a an isolated charge distribution moving with respect to the coil.
In view of all these arguments, we believe that the magnetization produced by moving charges, foreseen by the STR, should be tested by means
of a reciprocal Rowland experiment that tests the magnetic …eld induced on
a moving coil by an electric charge at rest. This charge produces an electric
…eld in the laboratory frame and possesses no absolute velocity. However,
in the rest frame of the coil the charge is moving and, according to STR,
it produces a current and corresponding magnetic …eld. In this case we are
dealing with the relative, and not absolute, motion of the charge. If this relative motion produces the sought-for magnetic induction to be tested with
the reciprocal Rowland experiment, Lorentz’s theory and STR are …nally
con…rmed both in the laboratory frame and in the rest frame of the coil. Actually, the reciprocal of Rowland’s experiment that is being proposed here,
also represents a test of Faraday’s law of induction in its di¤erential form.
Let us consider a static charge distribution, which produces an electric
…eld E. For our purposes it is convenient to consider a parallel plate charged
capacitor with voltage di¤erence V applied to the plates separated a distance
d, as shown in Fig 6. A coil moving with velocity v is made to pass through
the capacitor. According to STR, in the rest frame of the coil the moving
charge distribution produces a magnetic …eld B0 ' v E=c2 (SI system).
Considering this problem from a theoretical point of view, is there a way
to predict in frame S the result implied by Eq.(1) without resorting to use
the transformations of STR? This problem presents some similarity with one
discussed in the literature consisting of a current loop moving in the presence
of a uniform, static electric …eld [49]. According to STR, the presence of the
magnetic …eld in the rest frame of the current loop gives rise to a torque on
the loop. For the problem discussed in the literature, one wished to justify, as
seen from frame S, the existence of the torque on the loop moving in a static
electric …eld. This task was accomplished [49] considering a neutral current
loop made of nonconducting oppositely charged sliding ropes. The origin
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of the torque was justi…ed as due to the action of the electric …eld on the
charges of the loop that gives rise to internal stresses in the charged ropes.
Application of the cardinal equations of dynamics shows that associated to
these internal stresses there is a momentum ‡ow and its variation gives rise
to a force perpendicular to the ropes with a resulting net torque on the loop,
a situation analogous to that of the Right-Angle Lever paradox by Tolman,
widely discussed in the literature [50].
We tried to translate and apply the arguments about the torque on the
loop mentioned above to the present problem, but have been unable to come
up with even a qualitative justi…cation of the result implied by Eq.(1). Therefore, as far as we know, from the point of view of an equivalent coherent
description in frame S, in the present literature there is no theoretical justi…cation of the induction foreseen by Faraday’s law of induction (1) applied
in frame S.
We …nd it convenient to point out the di¤erence between the test of
Faraday’s law related to the Trouton-Noble experiment (described in Sec.
3) and the test for open currents by means of (1). In the …rst case what
is involved is the localization of the emf on a part or segment of the closed
circuit which includes Faraday’s disk. Usually, the law of induction for a
Faraday’s disk is veri…ed measuring the emf induced in the closed loop of
which the disk is a part. The TN capacitor acts as a device that measures
locally the e¤ective …eld, without the necessity of the complete closed circuit.
In this case, although the magnetic …eld of the Earth is produced by closed
currents, the e¤ective induction is measured on an open segment, the TN
capacitor.
Instead, in the present experiment, we are testing Faraday’s law of induction in its di¤erential form in the sense that in the rest frame of the coil
the magnetic …eld is produced (supposedly, according to STR) by an open
current (the moving charge distribution) while the induction is measured in
a closed loop (the coil).
We are left now with the evaluation of the emf (1) to check that this
test is realizable with present technology. The argument is similar to that
used for the direct Rowland experiment but with some minor changes. The
maximum variation of the ‡ux induced in the coil is again given by (19) while
the time it takes for the coil to enter and reach the centre of a capacitor with
linear dimension l is again t = l=2v.
To detect the emf we propose an arrangement of the type described in
Fig. 6. The parallel plates of the capacitor sandwich the extremity or cir31

cumference of a spinning wheel or arm where a thin coil is …xed. The coil
will move trough the capacitor at the speed v = !R, which is the tangential
speed of the wheel. The coil is connected electrically to the …xed axis of
rotation by some sliding contacts near to it and the electric contacts close on
an electrometer.

v

Charged
parallel plate
capacitor

E

Static
electric field

Moving
coil

Sensible
electrometer
Electric engine
dri ving the
r otating ar m

Figure 6. The reciprocal Rowland experiment as a complementary test
of ”open”currents and Faraday’s law in di¤erential form. A coil, …xed at
the extremity of a rotating arm, moves with velocity v in the laboratory
frame. A stationary parallel plate capacitor is placed in such a way that,
when the arm passes by, the coil passes between the parallel plates. If the
capacitor is charged and the electric …eld between the plates is E, the coil
experiences a time-varying magnetic induction …eld B0 = v E=c2 . In
the rest frame of the coil, the magnetization eventually experienced is
produced by the charges of the plates comoving with the capacitor, and is
evidence of the existence of convection or ”open”currents. The induced
emf, which would corroborate the validity of Faraday’s law for open
currents, can be transmitted by means of sliding contacts to a stationary
circuit and may be detected by a sensitive electrometer.
In order to decrease the resistance of the sliding contacts, the speed at the
center should be minimized with respect to the tangential speed by choosing
R to be as large as possible. We suggest R = 50cm and ! = 50rev=s for
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this experiment. The area of the coil linking the B …eld can be taken as
S ' 0:5 l2 , i.e., a half of the capacitor area with l = 5cm. It follows that,
with V = 105 V and d = 1cm, the maximum emf induced in the coil is, as in
(20),
v2 V S
=2 2
' 1 10 9 V:
emf =
t
c dl
As mentioned in the previous Section, application of superconducting devices
requiring liquid helium temperatures is possible but quite expensive and in
this case impractical because the sensor is rotating at high speed. Another
problem is that the output from the moving coil has to be transmitted to the
measuring device or electrometer by means of sliding contacts near the center
of the rotation axis. Sliding contacts introduce electronic noise so that the
sensibility of this reciprocal Rowland’s experiment is potentially lower than
that of the direct Rowland’s experiment described above.
In order to avoid the problems raised by the sliding contacts, we suggest
the possible use of a secondary coil at rest that will face the primary coil
when this, in its circular motion, passes through the charged capacitor. The
magnetic ‡ux variation experienced by the primary coil induces an emf which
results in a current in the coil. This induced current produces a magnetic
…eld that is linked to the secondary coil at rest so that, at the end, an emf is
induced also in the secondary coil. Since the secondary coil is at rest, we can
measure this secondary emf with the same techniques applied to the direct
Rowland experiment. Thus, similar conclusions can be drawn as far as the
feasibility of the reciprocal Rowland experiment.

6

Phase and photon velocities in the Fizeau
experiment

In this and in the following Sections we consider the magnetic model of light
propagation in moving media and show how it can be used for a crucial test
of the addition of velocities of STR. In order to do so, we need to recall
the physics involved in the Fizeau experiment and its relation to the quantum e¤ects of the Aharonov-Bohm type. We begin with placing Fizeau’s
experiment in the context of early ether theories.
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6.1

Fizeau’s experiment and early ether theories

As a theoretical support of the experiments related to the measurement of
the velocity of the Earth relative to the ether, such as the Michelson-Morley
experiment, theories were developed [51] to account for the actual mechanism of the propagation of light waves in the hypothetical ether in terms
of its mechanical and elastic properties. It was assumed originally that the
wave motion constituting light was a longitudinal wave motion. Longitudinal waves can be propagated in liquids and gases, so that an early model the
ether could be pictured as a gas.
About 1820 Young and Fresnel found that, in order to account for the
phenomenon of the polarization of light with the wave theory, light had
to be pictured as a transverse wave motion. The existence of transverse
surface waves, such as water waves, had been known for some time, but there
had been no experimental or theoretical investigations of the transmission of
transverse waves through the volume of a solid. Fresnel pointed out that if
the ether possessed rigidity it would be possible for the ether to transmit
transverse waves.
The theory of luminiferous ether, i.e. the propagation of light waves in
a transparent elastic solid, was developed later by Poisson in 1828. Poisson
showed that both longitudinal and transverse waves could be propagated in
a solid, the velocity being related to the rigidity modulus, the bulk modulus
and the density of the elastic medium. Gases and liquids have no rigidity
and transverse waves cannot normally be transmitted through the volume of
a ‡uid. On the other hand, solids have a rigidity, so that the ether had to
be pictured as having some of the properties of an elastic solid.
Another di¢ culty facing the elastic solid model of the ether at that time
was how to account for the absence of the longitudinal waves which should
accompany transverse waves in a solid. Ether theories that dealt with this
problem were developed. In 1839 Cauchy suggested that the ether had a
negative compressibility so that the velocity of the longitudinal waves would
then be zero. This theory became known as the ’contractile’or ’labile’theory.
It was developed extensively by Lord Kelvin. Green pointed out that such
an ether would be unstable, tending to contract all the time. To overcome
this di¢ culty Kelvin suggested that the ether was like homogeneous foam
free from air, and was prevented from collapsing due to its adhesion to solid
bodies. In 1839 MacCullagh suggested that the ether was a new type of
elastic substance unlike known elastic substances. MacCullagh suggested
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that the elements of the ether could resist rotatory twisting stresses, but
could not resist longitudinal stresses. On this basis MacCullagh was able to
interpret a wide range of optical phenomena and developed equations that
turned out to be similar in mathematical form to Maxwell’s equations.
Optical experiments, accurate to …rst order of v=c, were unable to detect
the absolute motion of the Earth relative to the ether. These null results were
interpreted in terms of Fresnel’s dragging coe¢ cient [52]. Later, Stokes and
Planck developed an ether theory capable of accounting for the null result of
the Michelson-Morley experiment by supposing that the ether was dragged
locally by planets, much in the same way as the Earth does it with its own
atmosphere [25]. The Fresnel dragging coe¢ cient
f =1

1
n2

was used in interpreting Fizeau’s experiment on the velocity of light in moving
water. When the medium, through which the light was passing, was moving
relative to the laboratory, fringe shifts were observed. Thus, relative motion
between the observer and the water produced observable e¤ects to …rst order
of v=c. Fizeau’s result was positive in contrast with the null result of the
Michelson-Morley experiment and was supportive of the existence of an ether
partially dragged by the moving ‡uid.
According to Fresnel [52] the speed achieved by light in a medium moving
with velocity u is given by the Galilean composition of velocities provided
that the dragging by the ‡ow u is partial, i.e. reduced accordingly by a
factor of f . The velocity of light in the direction of the ‡ow should then be
c=n + f u, i.e.,
1
c
)u
(21)
v = + (1
n
n2
as later corroborated by Fizeau [15]. Thus, this result could be interpreted in
terms of the ether theory and was considered to con…rm the existence of the
ether, but the interpretation was not without its di¢ culties. The dragging
coe¢ cient depends on the refractive index n. Since the refractive index of a
medium varies with the frequency of the light used, the dragging coe¢ cient
had to vary depending on the color of the light used. White light is composed
of light of all frequencies and it was di¢ cult to account for the transmission of
white light in moving water, unless of course one was prepared to postulate
a di¤erent ether dragged along by a di¤erent amount for every frequency
present in the light used.
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Because of all these di¢ culties with ether theories, the simpler interpretation of the Fizeau e¤ect o¤ered by STR appears to be superior. In fact,
the speed (21) is nothing but the speed resulting from the relativistic composition of velocities to …rst order of v=c. However, on revising the observable
quantities measured in the Fizeau experiment, we noticed that in the usual,
traditional interpretation of this experiment, the phase velocity (wave velocity) and the particle velocity (photon velocity) are taken to be the same
without justi…cation. Because of this, we re-examine below Fizeau’s experiment in relationship to what has been called the magnetic model of light
propagation in moving media which relates Fizeau’s e¤ect to e¤ects of the
AB type.

6.2

magnetic model of matter and light waves

The relationship between light in moving media and charged matter waves
has been addressed by Cook, Fearn, and Milonni [22] who suggested that light
propagation at a ‡uid vortex is analogous to the Aharonov-Bohm (AB) e¤ect
for electron waves that encircle a localized magnetic ‡ux [16]. Analogous
e¤ects for water and sound waves have been considered. More recently, a
magnetic model of light propagation has been developed by Leonhardt and
Piwnicki [23]. In quantum e¤ects of the AB type [17], [20], [18], matter waves
propagate in a ‡ow of em origin that, according to Spavieri [18], acts as a
moving medium and modi…es the wave velocity.
Although in e¤ects of the AB type the propagating matter waves are
dragged by the em ‡ow, the material particles move nevertheless in a …eldor force-free classical path and their initial speed is not modi…ed by the em
‡ow. As mentioned above, according to Fresnel [52] light waves propagating
in a transparent, incompressible moving medium with uniform refraction
index n, are dragged by the medium and develop an interference structure
that depends on the velocity u of the ‡uid. The speed achieved, corroborated
experimentally by Fizeau [15], is given by Eq. (21):
Since the magnetic model of light propagation is based on an analogy
with the e¤ects of the AB type, both matter and light waves are described
by the same formalism and the same equations of motion for the momentum
of both particle and wave, suggesting that the natures of matter and light
waves are closely related. Recently, it has shown [14] that the interaction
momentum in both AB type e¤ects and the magnetic model of light has the
same physical origin and is related to the momentum of the em interaction
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…elds.
The relevant point is that, if the analogy between matter wave and light
wave propagation holds, although the phase velocity of matter and light
waves is a¤ected by the ‡ow u, the momentum and velocity of particles
(electrons and photons) is not. An important consequence is that, although
the phase velocity of light propagating in a moving medium agrees with the
addition of velocities of STR, according to the magnetic model of light the
velocity of photons does not, a point which has not been discussed previously
in the literature.

7

Wave equations for matter and light waves

In quantum e¤ects of the AB type[16] - [18], a beam of interfering particles
possessing em properties interacts with external em …elds and potentials in a
force-free (or …eld-free) region of space. These e¤ects are nonlocal since there
are no external forces acting locally on the particles so that an important
characteristic is that, despite the em interaction, the particle momentum
p = mv and energy E = (1=2)mv 2 is conserved. The Schrödinger equation
for quantum e¤ects of the AB type may be written as
1
( i~r
2m

Q)2

(22)

=E

and its solution is given by the matter wave function
= ei

1

0

= ei ~

R

Q dx

1

0

= ei ~

1

R

Q dx i ~1 (p x Et)

e

A

(23)

where 0 = ei ~ (p x Et) A solves the Schrödinger equation with Q = 0 and,
here, 2mE = p2 .
The em interaction momentum Q(x) is directly related
linear
R [18] to the
3
momentum of the interaction em …elds in the form Q / E B d x, which
has dimensions proportional to a velocity u(x) and permeates the whole
space. If Q is thought of as describing a moving ‡uid or a ‡ow u, the particles
or matter waves propagate through this moving em ‡uid. With Q = (e=c)A
(the Aharonov-Bohm e¤ect), Eq. (22) is the Schrödinger equation for a
charged matter wave in a magnetic …eld [53], where the ‡ow u acts as a
vector potential. For particles possessing a magnetic dipole moment m and
moving in the presence of a …eld E, we have Q = m E=c [17], while for an
electric dipole d in a magnetic …eld B, we have Q = (d r)A=c [18].
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In seeking an analogy between the equations for matter waves and light
waves, we conveniently write Eq. (22) as (~ = 1)
Q)2

( ir

= p2 :

(24)

After specifying the physical meaning and the value of the interaction
momentum Q for light waves, we can show that, with p = k the wave vector,
this equation represents also the equation for light waves . Here, and in the
following equations, we use an approximation that keeps only those terms
of lowest order in u=c: The Lorentz transform of the wave equation [r02
n2 2
@ ] = 0 which is written in the comoving frame of the medium, will read
c2 t0
as follows in the laboratory frame
(r
and its solution

n2 1
2 2 u r @t
c

2

n2 2
@ )
c2 t

(25)

= 0;

, is given by (in units of ~ = 1)
1

= ei
= ei

0
R

= ei ~

n2 1
!u
c2

R

Q dx

dx i

e

R

0

= ei

k dx ! dt)

R

n2 1
!u
c2

dx

0

(26)

A

where 0 solves Eq. (25) with u = 0.
On account of the solution (26), for a magnetic model of light propagation
in moving media [22], [23], we set in Eq. (24)
Q=

! 2
(n
c2

1)u

(27)

in agreement with Fresnel’s predictions [52] and Fizeau’s experiment [15],
while the quantity p in Eq. (24) is the one corresponding to light, p = k =
n!=c, where n is the index of refraction, k the wave vector, and ! the angular
frequency. In units of ~ = 1, k represents the momentum and ! the energy.
The wave equation (24) reads now
n2 1
( ir +
!u)2
2
c

=

2
2!
n 2
c

(28)

which, in lowest order in u=c, is identical to (25), as can be seen by performing
the derivatives r @t and @t2 . Actually, the same wave equation (25) can be
derived without reference to special relativity by taking into account the
polarization produced by the e¤ective …eld in the moving media [54].
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7.1

the interaction em momentum

As discussed above, we wish to show that the wave equation (24), which in
the form (22) is used for matter waves, can be used also for description of light
waves. This general property of Eq. (24) would be corroborated by showing
that, for both matter and light waves, Q is the variation of the interaction em
momentum. If this is so, Q has the same physical origin in both cases, i.e.,
is given by the interaction em momentum. That this is the case for all the
e¤ects of the AB type, as mentioned above, has been shown already by one of
us in Ref.[18]. More recently [14], it has been shown that the Fresnel-Fizeau
momentum can be calculated exactly as the variation of the interaction em
…elds, i.e., as the variation of the polarization em momentum due to the ‡ow
u. Thus, calculations yield Q = (e=c)A for the Aharonov-Bohm e¤ect, while
it yields the Fresnel-Fizeau momentum Q = !(n2 1)u=c2 of Eq. (27) for
light waves propagating in a moving medium with ‡ow u.
These …ndings may be summarized as follows: In general, with TikM the
Maxwell stress-tensor, the covariant description of the em momentum leads
to the four-vector em momentum Pe expressed as (c = 1)
Z
Z
i
M i
0
Pe =
(g + Tik )dV; Pe =
(uem v g)dV
(29)

where = v=c, g / E B and the em energy and momentum are evaluated
in a special frame K (0) moving with velocity v with respect to the laboratory
frame. The standard classical-quantum correspondence (~ = 1),
p
Z
Z
Z
Z
"eo
1
2
3 0
2
1
3 0
3 0
uem d x =
" (E ) d x ! n !; c
gd x =
(E2 ) d3 x0 ! k
4
4 c

holds for the em energy and momentum.R The natural choice for K (0) is
the rest frame in which the momentum (g)d3 vanishes, i.e., the frame
comoving with the light ray, as if the em mass of the …elds were nonvanishing.
The meaningful quantities for light propagation in moving polarizable
media is the interaction em momentum, i.e., the em momentum due to polarization, which is proportional to (n2 1) and is found [14] to be
!o
(30)
Pe = (n2 1) v 2 v:
c=n c
On calculating the variation of Pe due to the ‡ow u, with
u eo =cn) equation (30) yields
! 2
Q = Poe Pe (u) '
(n
1)u:
c2
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v

=

c=n

(1 +
(31)

The last term of Eq.(31), the variation Pe (u) Poe in …rst order in u=c, is
the Fresnel-Fizeau momentum Q of Eq.(27), i.e., the dragged interaction em
momentum.

8

Energy and momentum ‡ow of matter and
light in a moving medium

So far we have considered the main properties of the equivalent wave equations (22), (24), and (28), (25) describing matter and light waves. The Hamiltonian HAB = (P Q)2 =2m of Eq. (22) can be derived from the classical
Lagrangian
p2
+v Q
(32)
L=
2m
where p = mv is the linear momentum satisfying the equations of motion
dp
=
dt

@
Q + v (r
@t

Q);

(33)

while (with i~r ! P) P = @L=@v = mv + Q is the canonical momentum. In the case of …eld-free or force-free e¤ects, the rhs of Eq. (33) vanishes,
so that the momentum p of the classical particle does not change, a result
that is well established for all e¤ects of the Aharonov-Bohm type. The wave
function of Eq.(23) represents a matter wave associated with a particle of
speed v and energy E which is simply out of phase by with respect to the
original wave function.
We consider now two possible, simple alternatives for the wave function
of light waves in the magnetic model. The implications for each alternative
will then be discussed.
a) Instead of taking (26) as solution of the wave equation, one may follow
the approach of Leonhardt and Piwnicki [23] and consider, as a solution
of Eq. (28), the ansatz
R
= ei k dx ! dt) A
(34)
in order to obtain from Eq. (28) the relation
k2

n2 1
n2 2
!
+
2!
u k = 0:
c2
c2

40

(35)

Eq.(35) represents now a dispersion relation which yields the Hamiltonian
H =!=

c
k + (1
n

1
)u k
n2

(36)

In this case, the Hamilton equations
dx
@H
=
;
dt
@k

dk
=
dt

@H
@x

(37)

imply that the velocity of the wave (or its phase velocity) coincides with the
velocity of the photon and is given by
v =

dx
cb
= k
+ (1
dt
n

1
)u;
n2

(38)

which agrees with STR.
b) In close analogy with
R the e¤ects of the AB type we seek a solution of
the type = exp[i + i( k dx ! dt)] A as in (26), for the wave equation
Eq. (28). Substitution of into (28) yields the dispersion relation
k2

n2 2
! = 0;
c2

(39)

while the Hamiltonian for light rays is
H=H =!=

c
k:
n

(40)

Thus the frequency ! = ! and the wave vector k are unchanged and still
the same as in the absence of the ‡ow u. The only change is that of the phase
of the wave function. The frequency of the wave does not change, ! = !.
However, since the phase of the wave function changes, the phase velocity
may be thought of as having changed. In this case, the phase change does
not in‡uence the energy, frequency and momentum of the photon although
it results in a change of the phase or wave velocity.
The Hamilton equations yield
v=

dx
c b dk
= k;
=
dt
n
dt

r(H);

(41)

for the group velocity and for the light momentum. In this case, the physical
analogy with the AB e¤ects (where the energy, velocity and momentum of
the material particle are unchanged) is maintained.
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Since this result appears not to agree with the theoretical predictions
of special relativity, one may be induced to dismiss a priori the magnetic
model of light. However, supporters of this model may reasonably argue
that there is no experimental evidence against it, as surprisingly there are no
measurements or tests of the velocity of photons in moving media.
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Consequences of the magnetic model

In view of the above considerations, we can emphasize the following two
alternatives:
1) An interpretation of the results established by Eqs.(35), (36) and (38)
suggests that the wave vector and the speed of the wave are modi…ed to k
and v by the ‡ow u. The speed v agrees with the predictions of special
relativity and with the experimental observations of Fizeau.
In e¤ects of the AB type the canonical momentum P is the sum of the
momentum p of the particle and the momentum Q = Pe of the em interaction. Pe is a nonlocal quantity (i.e., it is not localized on the particle) arising
from the interaction of em …elds or potentials that permeate the whole space.
Thus, Pe is not carried by the particle and does not modify the mechanical
momentum p of the particle. The fundamental point here is to establish if,
for light waves, the additional Fresnel-Fizeau momentum (n2 1)!u=c2 that
adds to k = ir in Eq. (28) is carried by the moving medium or by the
light particle (photon). If this additional momentum is localized and carried
by the photon, the resulting canonical momentum k and the speed v physically represent the momentum and speed of the light particle dragged by the
moving medium. The original speed c=n and momentum k of the propagating light are modi…ed by the ‡ow u, and both energy ! and momentum k
are localized to the photon, carried by it, and transmitted with the acquired
velocity v .
However, if this is the case, the hypothesized analogy between matter and
light waves and the magnetic model of light propagation in moving media
does not hold because for such a model the energy and momentum of the
particles are not modi…ed by the ‡ow u.
Let us consider for example the propagation of light in a moving medium
with characteristics analogous to those of the AB e¤ect. In this case the
velocity of the ‡ow is such that u(x) / Q(x) = (e=c)A(x), where A(x) is a
function that mimics the vector potential due to a solenoid. In the AB e¤ect,
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charged particles coming with velocity v from far away and passing near the
solenoid obey the equation of motion (33), and their momentum p is not
modi…ed because, for this …eld-free e¤ect, we have (@=@t)A + v (r A) =
0. However, if the momentum k represents the momentum of the light
particles, a photon propagating through the ‡ow u(x) / A(x) modi…es its
momentum and velocity. Thus, there would be forces acting locally on the
photon and the analogy with the force- and …eld-free AB e¤ect breaks down.
2) The magnetic model of light propagation in moving media [22], [23] is
supported by the equivalence of the Eqs. (22), (24), and (28), (25) for matter
and light waves. In our interpretation we adhere to the standard interpretation of AB e¤ects and assume that there is a physical analogy between the
propagation of matter waves in an em ‡ow Q and the propagation of light
waves in a ‡ow u. The only e¤ect of the em ‡ow Q and the ‡ow u is that
the wave functions of Eqs. (23) and (26) di¤er from 0 only by a phase
factor due to , while there is no e¤ect on the momentum and energy of
the particles. In tests of Aharanov-Bohm e¤ects and in the Fizeau type of
experiments [15], [?], two wave functions with di¤erent phases are made to
interfere and the phase shift variations are then measured. The results of
these tests con…rm that such a phase shift variation, corresponding to the
phase factors of Eqs. (23) and (26), exists.
If the magnetic model of light propagation in moving media holds, as happens in AB e¤ects, the additional Fresnel-Fizeau momentum (n2 1)!u=c2 is
carried by the medium and not by the light particles. That the photon momentum does not change is assured by the fact that the relationship ! = kc=n
still holds as implied by Eqs.(39) and (40) and the group velocity is given by
d!=dk = c=n as implied by Eq.(41).
The only thing that can be concluded from the outcome of the above
mentioned interferometric tests, and in particular from that of the Fizeau experiment itself, is that the phase and the speed of the waves are modi…ed by
the ‡ow Q / u. However, these interferometric tests are unable to measure
the group velocity, the energy and the momentum of the particles involved.
This implies that all the Fizeau-type experiments based on interferometric
techniques do not represent a conclusive test or a con…rmation of the relativistic addition of velocities for particles. Therefore, the non-interferometric
approach to the measurement of the speed of photons in moving media proposed below, possesses a physical relevance not contained in the traditional
Fizeau approach.
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New, non-interferometric experiment for
the speed of light in moving media

We consider here an experiment capable of measuring the speed of photons
in a moving medium. We are interested in showing that such an experiment
is feasible and can be realized with present technology. Technical aspects
and details of a proposed experiment of this type are given elsewhere.
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Electric
connection

Light
direction

To signal
analyzer

Figure 7. A short burst of light emitted by the source DS propagates
through a transparent ‡uid moving with velocity u in a pipe of length L
and then hits a photodetector Dph . At this time, the device Dph , which is
electrically connected to the source DS , triggers it so that another burst of
light is emitted, and so on. The device Dph records the number of times N
a burst of photons strikes it and the total time T taken by the iterative
process. Knowing the other parameters, the speed of photons is determined
by measuring N and T . This experiment should be sensitive enough to
allow for checking the functional dependence of the photon speed as a
function of the refractive index n and the ‡ow u.
This method uses a device DS that acts as a source capable of emitting a
short burst of photons or pulse of light of duration , as shown in Fig. 7.
The pulse travels through the pipe, propagates in the moving ‡uid and, as it
exits, hits a photodetector Dph that is electrically connected to the source DS .
When photodetector Dph is hit by the pulse of light it triggers the source DS
which emits a second light pulse that makes another trip through the pipe.
Furthermore, this apparatus triggers circuitry to record the number of times
N a light pulse has completed a trip. Let us denote by L0 the part of the path
outside the pipe and tD the time delay between the moment the light pulse
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hits Dph and the moment DS emits a new light pulse after being triggered
by Dph . A clock connected to Dph measures the total time T elapsed after N
trips, which is given by
T (u) = N L=[c=n(u)] + N L0 =c + N tD :

(42)

The time T (u) can be compared with the time T measured in the same
conditions but for the medium at rest to yield
T (u)

T =

With n(u) = n[1 + (c=nN L)(T (u)
speed di¤erence is
c
n(u)

NL
[n(u)
c

n]:

(43)

T )] from (43), the resulting measured

c
c2
= 2
(T
n
n NL

T (u));

(44)

which can be determined by measuring N and T (u) T . As shown elsewhere,
supposing that the clock precision for the measurable time di¤erence T (u) T
is ' 10 5 s, with L = 10 m in Eq.(44) the number of passes or round trips
necessary to detect the speed di¤erence (1 1=n2 )u is about N = c2 [T (u)
T ]=[L(n2 1)u] ' 2:4 1010 for u ' 3 m=s. The time of measurement is of
the order of Eq.(42) and hence it is important that the device Dph possesses a
fast response to light. Avalanche photodiodes and fast photomultiplier tubes
can have rise times of nanoseconds in response to a light pulse. Use of such
a device could shorten the experimental time considerably. Thus, assuming
that tD is less than L=(c=n), the required minimum time of measurement
turns out to be
T ' N L=(c=n) = 1:2

103 s = 0:33h:

We believe that the method proposed here can be more sensitive than
the traditional interferometric approach, since interferometry is limited by
the sensitivity of the apparatus and the length of the optical paths used to
measure the resulting phase shift. With the method proposed here, one can
increase the length of the photon path inde…nitely by increasing the number
N of passes or photon ‡ights. Thus, regardless of the outcome of tests of the
magnetic model, this approach should be able to improve upon the results
of Fizeau and of the traditional interferometric approaches that test special
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relativity, by providing a measurement of the speed of a burst of photons with
an increased sensitivity. Therefore, we conclude that a non-interferometric
approach may indeed be viable and that the quantity c=n(u) is measurable
as a function of both n and u with existing experimental techniques.
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Conclusions

We have considered and outlined some crucial tests of STR. Among tests of
electromagnetism, of particular interest are those that involve open currents
or circuits. These tests are suitable to verify the Faraday law of induction in
di¤erential form.
The Faraday law of induction (in di¤erential form) can be tested locally
by measuring the e¤ective …eld v B that a charge at rest on the Earth’s
surface would feel while moving with the tangential rotational velocity v in
the presence of the …eld B of the Earth. The nonshielded TN capacitor
can be used as a testing device. The …eld B is produced by real (closed)
currents such as those of an ordinary magnet. However, the detecting device
for the law of induction is not the usual closed circuit or loop where the emf
is induced, but a charge at rest on the Earth. In the nonrotating frame, the
charges in motion producing B form a closed current while the test charge
forms an open current.
An analogous situation represents the test of Faraday’s law via the nonconservation of the mechanical angular momentum of an isolated system. A
magnet surrounded by a spherical charged shell possesses a time-varying magnetic moment. The charged shell feels the induction produced by the varying
vector potential A and a torque is applied to the system. The charges producing B and A form a closed current while the test charges on the spherical
shell form an open current, which corresponds to static charges in this case.
Reciprocally, the interaction between a charge and a magnet can be exploited
to perform a test of the force on a magnetic dipole. This test is related to
the Shockley-James paradox and conservation of the total linear momentum
of an isolated system.
The null result of the traditional TN experiment can be interpreted also
as indicating that charges in motion with respect to the ether (open currents)
do not produce a magnetic …eld. Considering that the concept of ether is
elusive, is there another way to test the e¤ect of open currents? Such a
test can be realized by detecting the magnetic …eld produced by charges in
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circular motion, as in the direct Rowland experiment proposed in Sec. 5. In
the reciprocal Rowland experiment one detects the magnetic …eld seen by a
coil moving with respect to a charge distribution …xed in the laboratory frame
of reference. In this case we test the assumption of Maxwell (and STR) that
a moving isolated charge forms a current producing a time-varying magnetic
…eld in the rest frame of the coil. This …eld is detected by the coil via
Faraday’s law of induction, and the analysis performed in Sec. 5 shows that
these experiments are viable.
Finally, the impact and range of validity of the Fizeau experiment is
reconsidered.
The magnetic model of light propagation in moving media implies that
the phase velocity of the matter or light wave is a¤ected by the ‡ow u, but
that the momentum of particles (electrons or photons) is not. The traditional experiments of the Fizeau type are based on interferometric methods
that measure the phase shift or phase velocity variations of the waves. The
outcome of the Fizeau experiment agrees with the addition of velocities of
special relativity. However, as shown by Su [12], the roles of Earth’s rotation and of the Sagnac e¤ect make the results somewhat di¤erent from those
based on special relativity.
In any event, even if these di¤erences are neglected, in the case of the
traditional Fizeau’s experiment two light waves having the same frequency
but with di¤erent propagation vectors or phases are compared and what is
being measured can be related to the speed of the wave, which can either
coincide with the speed of photons, or not. Instead, via the principle of
the method proposed here, we compare two signals with di¤erent frequencies
that are related to two photon bursts traveling at di¤erent speeds, one propagating in the moving medium and another in the medium at rest. Thus,
a non-interferometric experiment of the Fizeau type can be used to test the
magnetic model and the speed of photons in moving media as a function of
both n and u. Our non-interferometric experiment is being proposed both
as a test of the magnetic model and as a new test of special relativity that
complements the traditional interferometric approach. In principle, a dedicated experiment that measures the speed of photons and particles (such
as electrons in the AB e¤ect) should be sensitive enough to corroborate the
analogy and either con…rm or refute the model. The possible experimental
outcomes are:
a) the speed of photons and particles is not modi…ed by the ‡ow. In
this case the magnetic model holds, but there is no agreement with special
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relativity for the photon speed.
b) the photon and particle speeds are modi…ed by the ‡ow. The magnetic
model continues to hold and there is agreement with special relativity but,
in this case, the standard interpretation of the e¤ects of the AB type needs
considerable revision.
c) the photon speed is modi…ed by the ‡ow but that of particles is not.
In this case STR is con…rmed but the magnetic model of light is refuted.
In closing, we have reviewed several recent crucial tests of STR, realizable
with present technology, necessary to corroborate the locality of em interactions and the addition of velocities foreseen by STR. Although all these tests
involve the em momentum of interaction …elds, some of them are actually
tests of Faraday’s law of induction in di¤erential form, while one explores the
magnetic model of light, based on an analogy between the behavior of light
and particles.
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