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Mach’s Principle and Equivalence.

R. H. Dicke

Palmer Physical Laboratory Princeton University - Princeton, N. J.

1. — Experimental research on gravitation.

It is strange that the gravitational-inertial field which is fundamental to
all physics, particularly in its inertial aspects, is but poorly known from an
experimental or observational view point. There has been very little signi-
ficant experimental work done on gravitation in the past fifty years.

As has been remarked many times, this seems to be due to a variety of
causes [1]. First it should be noted that because of the weakness of the gra-
vitational interaction it is extremely difficult to perform interesting exper-
iments in gravitation. Second, because of the weakness of the interaction, it
seems to have very little to do with the inner working of atoms and nuclei,
subjects of interest to most physicists. Third, it must be recognized that the .
elengance and perfection of Einstein’s General Relativity has led most physi-
cists to conclude that it must represeht an established part of physics.

Of course, those parts of physics which are understood are never as fascinat-
ing as the parts which are not, and it is to the latter that the real effort is di-
rected. If one considers the history of General Relativity, one sees that there -
was a great deal of interest in this theory in the ten or fifteen years following
the conception by EINSTEIN of this beautiful formalism, but that after this,
most of the activity died and it was only in the past five, or ten years that
people began again to become interested in gravitation as a field of physics.

Anyone who would do experimental research on gravitation or relativity
soon changes his ideas about the nature of an experiment. With the training
that most physicists receive, they immediately think of an experiment as
carried out in the laboratory. It should be recognized however that because
of the great weakness of gravitation, the large velocities often desired for ex-
periments in gravitation, and the long time scales required for certain exper-
iments, the best apparatus may not be in the laboratory, but may already
exist in nature in the form of stars or planets. In order to have a source of

1 — Rendiconti S.I.F. - XX.
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a strong gravitational field, a very large body is required. It is clear therefore,
that experimental research on gravitation becomes hopelessly intertwined with
observational physics and for this reason we do not make a distinction between
experimental and observational research on gravitation. Occasionally one can
find in the data already accumulated by geophysicists and astrophysicists the
type of numbers needed to answer a fundamental question in physies. It
would be rather foolish to think only in terms of laboratory experiments under
these circumstances. It may be possible for an experimental physicist to de-
vise new types of instrumental techniques for astrophysics and geophysics
and hence to help obtain the improved astrophysical and geophysical data
necessary to answer certain fundamental questions.

To summarize, our first conclusion is that for research on gravitation the
physicist should change completely his way of thinking about the nature of
an experiment and that he should include available observational data in
tackling experimental problems.

As a second important point, in thinking about a program of research of
an experimental or observational type on General Relativity, it should be
noted that the only significant experiments to be performed are not neces-
sarily those experiments which lead to positive results. Thus, for example,
we hear frequently about the three experimental checks of General Relativity,
the gravitational red shift, the gravitational deflection of light, and the rela-
tivistic perihelion rotation of the planet Mercury. These are regarded as checks
of General Relativity because they lead to definite positive results associated
with the theory. On the other hand, if we consider the origins of the forma-
lism and its logical structure, we find that these are very dependent on certain
null experiments. For example, General Relativity is more.dependent in a
fundamental and direct way on the Eétvos experiment, which established that
the gravitational acceleration of different kinds of bodies are equal to a very
high accuracy, than it is on the famous three tests. None of the three exper-
imental or observational checks of the theory approach the accuracy and
importance of the E&tvos experiment.

Two of the fundamental tests, that of the gravitational deflection of light
and the gravitational red shift, as it was obtained classically from the obser-
vations on the sun and white dwarfs are of very poor accuracy. Only the
perihelion rotation of Mercury associated with the relativistic effect could
claim any significant accuracy. More recently and due to the very nice work
with the Mossbauer effect, a comparable accuracy has been obtained on the
gravitational red shift [2]. However, neither of these two important exper-
imental observational results can be said to be particularly accurate. A wide-
range of possible modifications of General Relativity might be conceived that
would not lead to a violation of these experimental results. On the other hand,
the extremely precise result of the Eotvos experiment [4] with an accuracy
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of 5 parts in 109, sets some very precise limits to the type of gravitational
theories which one can construct.

There are many other possible null experiments which have not vet been
sufficiently explored. To give an example, one could determine if the active
gravitational mass of a body, and by active gravitational mass here we mean
the source strength of a body for the production of a gravitational field [3],
is independent of the velocity of motion of this body relative to distant matter
in the universe [1]. A possible null experiment which could be used to obtain
an indication of the validity of this notion would be to simply observe the
gravitational acceleration experienced at the surface of the earth as the earth
revolves about the sun.

As the earth orbits the sun, it’s velocity relative to distant matter in the
universe changes and it is conceivable that this change in velocity might be
associated with a change in the active gravitational mass of the earth. An
experiment could be carried out by placing an artificial satellite in an orbit
around the earth and then investigating its time-keeping characteristics. One
would ask whether its period was dependent upon the season of the year.

In conclusion, a physicist is severely limited if he considers only those
experiments which would be expected to give a positive result. On the other
hand, if he allows experiments of the null type, it is possible to increase greatly
the range of significant investigations.

One distressing thing about the structure of General Relativity, from the
first inception of the theory up to the present day, is the lack of contact of
the theory with observational and experimental facts. This may be the reason
that the theory is so strongly based upon philosophical arguments. The rather
surprising thing is that a theory having this type of origin should become so
firmly established. Certainly physicists must all agree that the primary basis
for a theory should be observations, not philosphical arguments. As time has
past, General Relativity has become even more remote from observations.
A large number of theoretical papers are published every year on General
Relativity and most of them are motivated by formal questions, having little
to say about any experimental or observational data.

Experiments on gravitation are admittedly difficult and it is important
that one should concentrate on those experiments which show the most
promise. For this reason it is important that one should not attempt investi-
gations for which there are already clear indications that an uninteresting
negative result would be obtained. We make a distinction between null results
which are important and fundamental and lead to an understanding of the
basic structure of the theory and a negative result which contributes nothing
to the structure of the theory itself.

Once again an almost unique difficulty appears. In other fields of physics,
one can take the established theory at the moment as representing a synthesis,
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probably even the best synthesis, of the observations up to that point. Hence
an experiment which is done within the framework of the accepted theory is
an experiment which already admits the validity of all the other experiments
which were previously performed. With gravitation this is not true, at least
not to the same extent, for as we have seen, the origins of General Relativity
are mainly philosophical rather than cbservational. On the other hand, it
should be recognized that at least certain aspects of General Relativity do
represent the synthesis of earlier experiments of great accuracy. For example,
the null result of the Eo6tvos experiment is incorporated in General Relativity;
so also are the notions of the isotropy of space and the invariance of electrical
charge, and the local Lorentz invariance of physical laws, all of which are
supported by experiments.

Thus one should admit that while a certain healthy scepticism is warranted
and necessary for the construction of important experiments on gravitation,
care should be exercised that these experiments be constructed with due regard
for the significance of earlier experimental results. While one might well be
skeptical about theories, one should take careful cognizance of the experimental
results which form the underlying basis of the theories.

Having criticized the role of philosophical arguments in the construction
of theories it is now necessary to say something for such arguments. First,
it has been noted that the experimental basis for theories of gravitation is
extremely thin and in lieu of experimental and observational facts, it is neces-
sary to have some sort of a foundation for an understanding of gravitation.

Second, it has been found by experience that certain philosophies make
better platforms for the construction of successful theories than others. Such
a general argrvment as is embodied in the statement: «Space devoid of all
matter should be devoid of physical structure and the concept of the structure
of a physical space should have meaning only when the space contains matter »,
clearly has as its basis a logical positivist philosophy. It is founded on the
notion that physical concepts should be associated with things which are phy-
sically ohservable and these observables should be given an operational mean-
ing. It is presumed that an empty space has no observable properties. Such
a philosophical statement is sweeping in its theoretical implications and can
narrowly delineate the class of permissible theories.

One way, and perhaps the most interesting way of developing a program
of research on relativity, is to attempt to find certain inadequacies in the
observational basis of relativity and then to attempt to explore in an obser-
vational and theoretical way these inadequacies. Here we merely give a few
examples, some of which will be explored in greater depth later. The prin-
ciple of equivalence, as it enters into General Relativity, states a great deal
more than the fact that the gravitational acceleration is independent of the
structure of the matter. On the other hand, the precise result of the E6tvos
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experiment relates only to the constancy of the gravitational acceleration.
One could attempt to construct experiments which would attempt to probe
into the other assertions of the equivalence principle.

Another possible inadequacy of the theory is connected with a matter of
philosophical principle. It should be noted that although Mach’s Principle
and considerations of the physical significance of inertial reactions were ex-
sential in Einstein’s thinking when he constructed the theory of General Rela-
tivity, the resulting theory did not incorporate the principle in a satisfactory
manner. For this reason a central problem requiring exploration concerns the
significance of Mach’s Principle in physies.

As a final example one can consider the mysteries associated with the large
dimensionless numbers in physics. These numbers which have been discussed
many times are still without rational basis. There is no obvious fundamental
reagson why the gravitational coupling constant for elementary particles should
be so small. It might be thought that such a dimensionless number should be
either derived by a theory or else be related to ofher large numbers charac-
terizing the structure of the Universe.

These examples have served to illustrate the type of questions which can
be raised about the structure of General Relativity and serve to suggest inte-
resting flelds of inquiry on the experimental-observational side. As a final
remark it must be said that a program of experimental research in relativity
should not be attempted without a parallel theoretical program of some strength.
While this remark can be made about any experimental program, one has the
feeling that for research in this particular field, the necessity for a parallel
theoretical development is even more acute than normal. The observational
facts are so few that it is necessary to squeeze the ultimate in understanding
and comprehension from the few facts which are available.

2. — Established theory and precedent.

It has often been argued, in the interest of conservatism and thrift, that
we consider only established theories, such as General Relativity, until they
are proved wrong by experiment. This is usually a good principle. However,
as was discussed in Section 1, the basis for acceptance of General Relativity
is primarily esthetics rather than observations and there is a danger that an
incorreet theory is propagated because of a precedent established by a histo-
rical accident. In order to illustrate what is meant by historical accident,
we tell a little story. We claim no literary merit for the story and little histo-
rical accuracy. We do, however, assert that under the assumed conditions,
it is likely that theoretical physics, under Lorentz’s Ieaderslnp, would have
developed in a way similar to that outlined here.
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It could have happened: a short story

Prologue. Let us imagine that the year is 1906, that Lorentz’s electron
theory has been exhibiting its phenomenal series of successes, that
EINSTEIN is 15 years younger than he actually was, and that two re-
markable observations are made. First it is discovered that Lorentz’s
formula for the velocity dependence of the electron’s mass is correct
to considerable accuracy. Second, it is observed that a star image in
the vicinity of that of the eclipsed sun is shitfed from its normal position.

Imagine, if you will, a warm spring day in the year 1906. The place is
Columbia University, New York City, and H. A. LoRENTZ is about to give
the last lecture of the famous series later to be published under the title Theory
of Electrons. LORENTZ had skillfully woven an intricate theoretical fabric in
which seemingly all parts of physics were related to each other. Optics, heat,
the dielectric properties of matter, electrical conduction, all had been related
to the electron and its motion. The null result of the Michelson-Morley exper-
iment was related to the length contraction which resulted from the motion
of electrically charged matter through the ether. LoreNTz, following earlier
suggestions of J. J. THoMsoN and M. ABRAHAM, was even able to account
for the inertial mass of the electron as an electromagnetic effect. This led
to the prediction that the transverse mass of the electron should increase with
speed in accordance with the relation:

m = e

= o :
ABRAHAM had earlier obtained a different relation.

 LorENTZ quickly enters the lecture hall and announces that he has received
word from Germany of two important observational results. First, BUCHERER
has found an error in the experimental results of KAurMANN, and Lorentz’s
formula for the mass variation of the electron is substantiated with consi-
derable precision. (Actually this did not occur until 1908 and Kaufmann’s
experiments of 1906 and earlier may have done considerable harm to the
development of Lorentz’s ideas.) Second, photographs of the 1905 eclipse of
the sun show that light is deflected by the sun and that the deflection is twice
that one would expect naively from Newton’s corpuscular picture of light
(It is hardly necessary to remark that historically the observation of the de-
flection of light did not occur until 1919 and then with no great accuracy.)
, LorEN1Z had first obtained this news in a telegram the preceeding evening

and had spent the whole night thinking about the implications of the obser-
_vation of the deflection of light. It had been immediately clear to him that
these observations required the assumption of a concentration of the ether,
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about gravitating bodies. He had earlier given some thought to the possi-
bility of such a condensation in connection with the problem of stellar aber-
ration and had considered it unnecessary. [See H. A. LorENTZ: Theory of
Electrons, note 67, Dover Publications, 1952. I am indebted to V. BARGMANN
for pointing this out to me.]

Now he had considered more carefully the implications of a greater ether
density in the vicinity of a gravitating body. He noted that a charged par-.
ticle would be attracted toward regions of the ether with a higher dielectric
constant. Finally it becomes completely clear, gravitation, the one physical
phenomenon which he had been unable to incorporate into his theory, was
also electromagnetic. A body falls toward the earth because the charged par-
ticles, of which the body is comjused, tend to move into a region where the
dielectric constant of the ether is greater.

LORENTZ spent the remainder of the night constructing the obvious theore-
tical formalism which would incorporate these ideas. He found that there
was an almost unique theoretical path through the formalistic jungle and by
morning he had a theory, complete in its principle features.

Now after his sleepless night, Lorentz proceeds to develope his new electro-
magnetic theory of gravitation in this his last lecture. He first writes his well-
known equations of motion for a charged particle:

d ( mv >
(1 ——— 1 =¢(E + (v/e) xB) .
(1) e )
He reminds his listners that he had previously shown that these equations,
together with Maxwell’'s equations for the vacuum, are obtained from the
variational principle

2) 0= af{z [me2V'1 — (vje)2— e(v]e) A + ep] 33(@ — T) + 812 (Bz—Ez)}d4x,
where A4 and ¢ are the vector and the scaler potentials of the electromagnetic
field. The sum is over all particles. The particle positions are designated as Z,
functions of ¢x Equation (1) is obtained by varying zZ(f) and Maxwell’s equations
by varying 4 and ¢.

To generalize this action prmmple ¢ and pu, dielectric constant and per-
meability of space respectively, are introduced. Also because of the electro-
magnetic structure of the charged particle, its mass would be a function of ¢
and u. This suggests as an action principle.

2@ —z) +

1
2 S 2 4
+8n<,uB sE))}dx,
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with

4) m = m, f(e, )

and m, constant.
This action principle leads to the following equation

a  mv
dt w’f;jp(v/c)2

(8) =e¢(E + (v/c)xB)—V(me%z\/l—a/‘t(v/c)z) ,

together with the usual Maxwell equations for a polarizable medium.

It is noted by LorENTz that this new equation of motion contains a new
force term, the last term on the right of eq. (5). This new force has a simple
physical explanation. It is closely related to the well known force acting on
a charged rigid body in a dielectric medium possessing a spatially varying
dielectric constant. ’

The first term on the right of eq. (5) is the Lorentz force and is equal to
the negative of the rate of change with respect to time of the momentum
carried by the electromagnetic field. Consider an electrically neutral bound
system such as an atom, consisting of a number of charged particles. Assum-
ing only internal electromagnetic fields, the time derivative of its total mo-
mentum can be written, by summing eq. (5) over all the particles comprising
the system, as ' ‘

d jd[ mv } ( v >}
6 T P=2i5|7——=|—¢(E+ZxB) = F,
t6) de zldt \/1—(17/6)28/1 ¢ ™ OX
with
(7) F=—_V z(mgx/f—?p(p/c)f) =—VWwW.

By .the virial theorem [5], W represents for a stationary bound system, when
averaged over a sufficiently long time, what we now call the « total energy »
of the system, i.e., the energy with particle self energies included. It should
be noted that this « total energy » concept was not known to Lorentz but
~ probably would have been recognized from the form of eq. (7).

The sum in eq. (7) must be time-averaged to represent energy. However,
the averaging time for an atom need be only 10-'3s. Thus if the atom is
transported slowly from rest at point (1) to another point (2) at rest, the work
required is

(8) —ff‘~dx =A [z (m si; \/l:éj;(v-/c)z)} = AW = change in internal energy.
1
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This relation would have suggested to Lorentz the interpretation of W as the
total energy of an atom at rest.

On the other hand, the acceleration (time averaged) of an atom at rest
is given by the expression

©) - Y P—F—_VWW.

Here U is the total energy of the atom at rest and is defined by the equation

' 3 1
10 U= —— E? 32 d?
G0 > 8/1,\/1 — eu( / )2 T8 8w ( + ) o

As was discussed above, when W is time-averaged for an dtom at rest, it can
be written as

(10a) W=uU.

Having constructed these equations, Lorentz remarks that the force F is
nothing but the gravitational force acting on the atom. In order that the
constancy of the gravitational acceleration, as it was shown by the Eotvos
experiment, should be accounted for, it is necessary to assume that the ratio

dv c2

(11) o

v,

should be the same at any point, for all atoms, independent of the details of
the atomic structure. This requirement imposes two conditions upon the
theory:

1) The function f(e, u) must be the same for all particles that enter
into the structure of the atom.

2) It must be assumed that &= . This is not an obvious requirement,
but results from the necessity for the various types of energy which contribute
to the total energy of the atom, changing fractionally with position by the
same amount. Perhaps the easiest way to see this is to note that the fine
structure constant

(12) . _ e,

eﬁc

is invariant under these conditions, e¢=u. But one should not suppose that
this is necessarily a quantum mechanical result foreign to 1906, for, treated
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classically, the adiabatic invariants of the classical motion in the atoms should
be properly invariant under a transport of the atom from one point to another,
€ and u being different at the two points. This requirement leads to e=u,
if all types of energy are to change fractionally by the same amount.

We stop our narrative at this point to remark parenthetically that with
these two conditions imposed, the variational principle, eq. (3), may be trans-
formed into the exact principle used in General Relativity to describe the
motion of charged particles and electromagnetic fields in an isotropic co-ordi-
nate system, the metric tensor being presumed known and given and such that

1 \?

2
Jox = —(‘8‘) ’ and 9 = (;2) x=1,2,3.

Thus, the strong experimental conditions to be met, velocity independence of
charge, charge conservation, space isotropy, and constancy of gravitational

acceleration, are satisfied for this theory as well as they are for General Rela-
tivity.

To resume our narrative, Lorentz notes that to account for the observed
value of the light deflection and the observed gravitational acceleration of
matter by the sun, it is necessary to assume that

‘ 26 M
(13) e:1+rﬂ,
and that

(14) f=gk;

with M the mass of the sun. Furthermore Lorentz finds that he can obtain
the result given in eq. (13) if he treats ¢ as a scalar field and includes the
obvious Lagrangian density in his action principle.

The question of the proper velocity to include as a propagation velocity
for these new ¢ waves is easily answered. The necessity for the velocity
being high, in order that the planetary perturbation be correct, is resolved
by taking the velocity to be that of light, completely reasonable for an electro-
magnetic theory. Also, Lorentz notes that with the gravitation propagation
velocity taken as the light propagation velocity, ce~!, Newton’s laws of gravi-
tation are obtained to a good approximation even if the sun is moving, rela-
tive to the ether.

The Lagrangian density assumed by Lorentz is

(15) Aem [(Ve)z —<sz/cz)(§—;’)2] ',
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where 2 and » are constants. If this term is included in the equation for
the action principle, and variations with respect to e are taken, one obtains
the wave equation

‘1)»8"¥% a nid 2/,9 82 g
(16) QﬂS[Te ‘-—(6/0)5;28 ]—
: j r—— eX(vfe)r - =
=—etyme [SV1—g(vfe)+ — -1 | $w —7T) —
€ z o 5 8( / ) '\/1—82(1) C)‘,J ( )

1 |1 ) 2'; - R e\ 2
—siélEB +eB? + e [(Ve> (e*fe >(3H

The first three terms of the right-hand side of eq. (16) can be written as

. 1 [ mye? i 1 (1 )
[ 1 i o Shemmm e s 83 ), — == B2 E"
(17) [ Vi Vi oo (x—7Z) + vl fe } +

1 P S—— _
L %% zmoﬁ\/l—sz(v/c)- Bx—7Z).

The term in brackets is just the energy density of the particles plus field. If
matter is assumed to consist of atoms comprising charged particles occupying
a fixed volume and interacting electromagnetically only, the time average
of the integral over this volume of the 2nd term of eq. (17) is,

(18) : %Zmo \ﬁ/z V1—e2(v/e)?,

and, as was mentioned previously, by the virial theorem is 1/2¢ times the-
« total energy » of the system. It is assumed, in forming these integrations,
that the time and space variations of ¢ are negligible. If matter is stationary,
but consists of many atoms containing rapidly moving particles interacting
with each other electromatnetically, then averaged over dimensions greater
than the atom diameter and averaged over times greater than a characteristic
atom period, eq. (17) becomes (— 1/2¢) times the average energy density.

1¢? 1
(19) Tt 0o = -3
where g, is the density of the matter, based on m, bein a measure of mass,
and g is the mass density, equal to energy density times (¢/c)®. Thus stationary
matter is found to generate a gravitational field with a source strength pro-
portional to its inertial mass, independent of the details of its structure.
Note, however, that a light wave would generate just twice the gravitational
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field per unit energy density, in agreement with the similar result found in
General Relativity. Note also that from the last term on the right side of
eq. (16) the energy density of the ¢ field also contributes as a source of the ¢ field.

Substituting (19) in eq. (15) gives for the gravitational field produced by
a static mass distribution the equation:

n+1 G2

(20) VEgntl = T4) e+e @

Applying this equation to the sun gives the first approximation for &

w1 M+ 1M

21 s o L I

(21) &= b 1672 &%’
or

(22) £ nw-+1 Me2|Vo+D

_|
& | 16mA ety ’

with & a constant, the asymptotic value of e.

Up to this point it has been possible to retrace the threads of this hypo-.
thetical historical fabric with considerable precision. The various steps in the
theoretical development are almost inevitable. However, having arrived at
eq. (22), it is no longer clear how Lorentz would have proceeded. He would
have noted that eq. (22) states that the measured local value of the gravita-
tional constant depends upon & for ns —1. He might have recognized this
as saying something about Mach’s Principle and welcomed this variation as
representing the effect of the distant matter distribution upon locally observed
physical laws.

- On the other hand, he might have argued that the locally measured value
of the gravitional constant should be constant and set n — —1.

We shall assume that he followed this latter course. To see that n = —1
is the correct condition, we note that with this electromagnetic theory, the
mass of a mass-standard varies as . It is composed of charged particles,
the masses of which are assumed to vary with ¢ in this way. In similar fashion,
the length of a measuring rod varies as ¢}, for atom diameters vary with e
in this way. Two factors influence the diameter of an atom, the effect of the
dielectric constant on the interaction between charged particles and the va-
riation with e of the masses of the charged particles. In like manner, an oscil-
lation period of an atom varies with ¢ as ¢!. It should be noted in passing that
the velocity of light ¢/e becomes ¢ when it is measured with these locally dis-
torted rods and clocks. ;

In lowest approximation and measured with local standards, » becomes.
F=er and M becomes M =&t Expressed in terms of measurements with
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local meter sticks, clocks and masses and to lowest order in 71, eq. (22) becomes

& 1 Me

2 o e T
( 3) & — 1 167'61 8(2-;(n+1)7

It is clear therefore that for n=—1, the gravitational constant is inde-
pendent of the local value of . This leads to the following solution for the field
about the sun for n ——1. (Units may always be chosen to make & =1).

26M

(24) . e=exp|——|,

were 1 has been set equal to c*(32n@Q)-1.

If we assume that of the two reasonable alternatives, LorENTZ followed
the one which leads directly to eq. (24), we could again predict with a reason-
‘able degree of certainty the course of history. LorENTZ would have found
that the equations of motion of planets about the sun given by his equations
agreed with the observed motion, even explaining the anomaly in Mercury’s
motion. He would have noted that it was only with the assumption that the
locally measured value of G is independent, or approximately independent,
of & that the anomaly in Mercury’s motion could be quantitatively accounted
for. [As an aside, it may be noted that without departing more than 39,
from the relativistic perihelion rotation rate computed from General Rela-
tivity, » may be permitted to vary from —.9 to —1.1. With n = —.9 the re-
lativistic perihelion rotation is 97 % of the value obtained from General Rela-
tivity, and the locally measured value of the gravitational constant would
vary with e as £7%.]

The fact that Lorentz’s theory was able to account for the enigmatic rota-
tion of the perihelion of Mercury’s orbit, in addition to accounting for the
deflection of light by the sun, made it immediately acceptable. When some
years later it was found that the gravitational red shift predicted by the theory
existed quantitatively correct, the theory was more firmly established than
ever. _ .

Note the difference in the language used to describe the red shift from that
used in General Relativity. One says that because of the higher dielectric
constant of free space at the sun, electrical interactions are weakened and
particle masses are modified to cause atomic diameters and frequencies to vary
as ¢, Thus a frequency radiated by an atom on the sun is propagated un-
modified to the earth where it is compared with that of an earth-bound atom.
It should be noted, however, that only the language is different. The equa-
tions of motion of matter are identical with those obtained from General Rela-
tivity for the appropriate metric tensor in an isotropic co-ordinate systemt
The required metric tensor is different from that of General Relativity. I.
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should be noted that with the geodesic interpretation of equations of motion,
eq. (23) gives precisely the metric tensor of Yilmaz [6].

" Epilogue. It is now fifteen years later. The local Lorentz invariance of
the above equations is recognized as a useful tool and is widely used, but
Lorentz’s interpretation of the invariance property, as indicating the universal
electromagnetic character of matter, is the one universally adopted. The
Fitzgerald contraction of moving rods and the time dilatation of moving clocks
are interpreted as electromagnetic effects resulting from their motion through
a fixed ether. The fact that an apparatus cannot be used to measure locally
the velocity relative to the ether is regarded as a compelling argument for the
ultimate electromagnetic character of the matter.

. It is obvious that LorRENTZ would have recognized that a geometry based
on a local measure of length and time, with its locally distorted meter sticks
and clocks would be non-Euclidean. Thus, LoRENTZ would have ultimately
recognized that his equations of motion of matter could be expressed as geo-
desic equations, in a Riemannian metric. However, he would not have been
likely to favor this mode of expression, which he would have considered un-
physical. -

It is doubtful that the young physicist, ALBERT EINSTEIN, as ingenious
as he was, would have concerned himself with gravitation under these con-
ditions. However, if he had produced his ‘generally covariant purely geo-
metrical theory based on the equivalence principle, it seems likely that it
would have been considered unphysical and a complicated way of getting
approximations to old results. While his use of a Riemannian geometry to -
describe gravitation as a purely geometrical effect would have been regarded
as an interesting though complicated trick, the Einstein field equations would
have been considered wrong for they would be found to give the « wrong »
answer. By «wrong» here one means equations which differ somewhat from
those of Lorentz’s theory, the already established, hence « correct », theory.

Moral. The seniority of a theory is not a proper basis for its acceptance.
All theories should be considered and the acceptace of any theory should be
tentative only. That theory should be favored which in the simplest way
accounts for the most experimental fact within the framework of the most
satisfactory philosphy. If in balancing these requirements, a conflict should
develop between the demands of observations and the demands of philosphy,
it should be resolved in favor of the observations.

Concluding remarks. The above theory has certain similarities to one pub-
lished previously by the autor [7]. It seems to account in a satisfactory way
for the observations. Especially satisfactory is the fact that the 2nd order
effect, the planetary perihelion precession, agrees with the observations. It



