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We: propose the postulate that the resultant force acting on any body
is zero. Wit.h this postulate and with a Weber force law for gravitation, we obtain equations of motion and conclude that all inertial
forces are clue to gravitational interaction with other bodies in the
univf':rse, as suggested by Mach. We then obtain the same value for
the advance of the perhelion of the planets as is givpn by general relativit.y. All this is accomplished in a strictly relational theory. Finally,
we relate these points to topical questions of e.lectrodyna.mics raised
by the experimental studies of Graneau and Pappas.
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1. INTRODUCTION

The point of view that kinematically equivalent motions must
be dynamically equivalent is the most intuitive one. Despit.e its enormous success, Newtonian theory [IJ does not satisfy this principle,
because of the notion of absolute space and- its influence on accelerat.ed bodies (the famous bucket experiment). Historically, this led to
criticism of Newtonian dynamics, in particular by Berkeley [2 - 4],
Leibniz [5, 6]' and Mach [7J. However, a completely relational theory
capable of matching the amplit.ude and success of Newton's theory of
motion has nut hitherto I)('('n constructed. Einsten devi:;ed general
relativity trying to incorporate Mach's idea that incrtia ;'5 only due
to gravitational interactions with the matter of the univers.e. He was
only partially sllccessful in this respect, as he himself emphasized !811], because he obtained a solution of his fields equations in which a
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single particle in an otherwise empty universe had inertial properties.
It also seems that Mach did not consider himself as a forerunner of
the relativists [12-14]_
The goal of the present work is to give a relational theory for
gravitation and from it to arrive at Mach's idea that inertial forces
come from gravitational interactions of any body with the rest of the
universe. A general framework for Machian theories, somewhat different from the present one, has been presented by Barbour and Bertotti

[15J.
This paper also presents a formal connection between gravitation
and electromagnetism. In this aspect, the recent experimental results
of Graneau [16-18] and Pappas [19J are of great importance. This is
discussed in the final pari of the present paper.

2. BASIC PRINCIPLES
The illm of this paper is to propose a physics which depends only
on the relations between bodies and which is independent of the state
of motion of the observer. We implement Mach's idea [7J that the inertial forces on any body are due to gravitational interactions between
this body and other bodies in the universe. To this end, we introduce
three postulates, valid for any kind of force (gravitational, electric,
Iluclear, etc.):

(A) Force is a vectorial quantity.
(B) The force that a material body A exerts on a material body
B is equal and opposite to the force that B exerts on A,

(C) The sum of all forces on aoy material body is zero.
Postulate (A) qualifies in general the nature of a force. Postulate
(B) is Newton's Jaw of action and reaction. Post\liate
replaces
Newton's first and second laws, and also his first corollary [1, and can
be called the principle of superposition of forces. A particular form of
this postulate, valid only for gravitational forces, was given by Sciama
[11]. This postulate and Lheresults we will obtain with it are the main
points of t,he present paper.
In order to implement these postulates and obtain the equations
of motion on a relational basis [15, 20], we need some expressions for
the forces. In this paper we are concerned with electromagnetic and
gravitational forces, and for them we use a model in which the force
t.hat it material point j exerts on a material point i is given by
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where

(2)

c

== light velocity =

(£O/tO)-1/2 = 2.998 X 108 ms- l .

In the case of electromagnetism, this is equivalent to Weber's law
[21, 221 with

(3)
'-IS

where..t.ll:e-assume that He is a constant.
In the case of gravitation, we propose it modification of Newt(Ill'S
law of gravitation (which is Eq.(l) with If, = -GmimJ and <= 0), the
new law being

(4)
where we assume that Hg is a constant. Later we will see why <= 6.
A law of this kind was first proposed by Tisserand [23, 24J.
Equation (1) has the following important properties:
(A) It depends only on the relative distance, velocity, and acceleration of the two particles, and so it is completely relational in
nature. Thus, it has the same value for any observer, irrespective of
whether or not the observer is inertial from the Newtonian point of
vIew.
(B) It satisfies the second postulate strictly.
(C) The resulting equation of motion is obtained by the third
postulate in conjunction with Eq.(l).
(D) The force (1) can be derived from a velocity-dependent potential energy [22, 25J:
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from which the force (1) is obtained by differentiating this energy with
respect to rij and then reversing the sign. From the postulates and
from (5) the conservation of energy also follows.
It should be pointed out that the third postulate, applied to
forces (1) to (4), has not hitherto been proposed. This is the principal
contribution of the present work.

3. MACH'S PRlNCIPLE
We now show how to develop Mach '$ ideas on the basis of these
postulates. From Eq.(l) we find that a spherical shell of radius r,
thickness dr, with an isotropic mass distribution p( r) around its center,
and spinning with angular velocity w(t), attracts a material point ml
localized outside the spherical shell with a force given by
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If ml were localized inside the shell, the force would be given by
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where in these equations tJ, ')11 and al are, respectively, the radius
vector, velocity, and acceleration of body 1 relative to the centre of
the spherical shell.
In order to obtain the equations of motion, we need to include,
in accordance with the third postulate, the interactions between all
the bodies in the universe. We can divide the forces acting on a
body ml into two parts. The first part is its interaction with local
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bodies and with anisotropic distributions of bodies surrounding it'"
The second part is its interaction with isotropic distributions of bodies
which surround it. We first calculate the contribution of this last
part. It is a known fact that the universe is remarkably isotropic
when measured by the integrated microwave and X -ray backgrounds,
or by radio source counts and deep galaxy counts [26-32]. As the
earth does not occupy a central position with respect to the universe,
this fact suggests homogeneity on a very large scale. Due to the great
distance between the stars and to their charge neutrality, the stars
can only interact significantly with any distant body by gravitational
forces. From (7) we find that the force _on ml due to the isotropic
distribution of stars and galaxies is given by
(8)

where

'lR p(r)rdr

<!>" -4. H - 2
3 g c

(9)

0

and where R is the radius of the observable universe at the present
epoch. The Hubble constant Ho is related to R by R = c/Ho . With
the hypothesis of homogeneity, we obtain
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where M is the mass of the observable universe.
Let us represent the force on ml due to its interaction with local
bodies and with anisotropic distributions of mass surrounding it by
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where FJI is the force that the body j exerts on mi. The equation
of motion for nIl is then obtained by adding forces (8) and (Il) and
using the third postulate to equate the result to zero:

+ w x (w x rdl

= O.

(12)

If we are in a frame of reference in which the "fixed stars" (l.e" the
distant bodies of the universe as, for instance, the most distanf galaxies) are not rotating, then the equation of motion will be given by the

, .,--'"'.
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simple expression
(13)
which is similar to Newton's second law. A particular case of Eq.(13)
is when ml is interacting only with isotropic distributions of bodies
surrounding it. This situation would be the one similar with Newton's first law. From Egs. (12) and (13) we see that the inertial
frames, i.e., those for which Newton's laws of motion hold without
the introduction of Coriolis or centrifugal forces, are the ones which
are unaccelerated relative to the "fixed stars." The model presented
in this paper thus gives a causal law for the observational fact [33]
that if there is a, relative rotation between the two frames (a inertial
frame and the frame defined by the "fixed stars") it is smaller than
2 x 10- 8 rad/yr. Observing the large scale isotropy of the X -ray and
microwave background, we obtain more stringent limits on the vorticity of the universe relative to absolute space [34-38]. In classical
physics, it is a coincidence that the inertial frames are those which are
nonrotating relative to the distant stars and galaxies. The same can
be said of general relativity, because such a result is only true for a
special class of cosmological models [35, 36J. The secoud important
point to note about the above equation is that it explains the proportionality between the gravitational and inertial masses. The reason is
that the force on (8) is in fact a gravitational interaction between a.ny
body and the isotropic distribution of stars and galaxies surrounding
it. An important consequence of this theory is that G, the Newtonian
gravitational "constant," should be a function of the time, due to the
expansion of the universe. To see this, suppose that the body of mass
m1 interacts only with an uncharged body of mass m2 arid with the
isotropic distribution of stars. F:rol1\ (1) and (13) we then fiIld, when
' d 7"12«
.,
1"121"12 «c an
c, ,
( 14)

From (14) and (9) or (10) we obtain
(15 )

Because Rj!Yl varies due to the expansion of the universe, we conclude
that G varies with time. An alternative interpret.ation of this equa.tion
is that G is a constant but Po is a function of time. Astronomical evidence for variation of G with time was obtained by Van Flandern [39J,
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although this is still a controversial result [40,41]. An expression like
(15) was obtained by Sciama [11] and also by Dicke [42], but without
a specific constant, whereas ~ in (15) is given by (4). The relation
(15) is a necessary consequence of the model presented in this paper.
It is known to be approximately valid, but the value of Rj M or poR2
is not yet accurately known, due to uncertainties in the measures of
the mean density of the universe and of the Hubble constant [43-45].
From Eq.(14) we can see, observing that I) is proportional to B g , that
from this equation we can not calculate or estimate H g , because it
cancels out of the expression.
If we have two charges q1 and q2 interacting with one another
and with the isotropic distribution of stars, we would have from (1),
(3), and (13) that H~j<P ::::: (47r€otl. So, although we cannot estimate
the value of Hg, we can obtain the ratio He/ Hg ::::: (epoR2)j(6C:oc2 ) :::::
(epo)/(6E oH'6). If Po is a constant, then we conclude that not vnly G
but also EO should be a function of time. The other possibility is to
have G and Eo as constants, and then Po will be a function of time, so
that PO/ H:5 = constant for any t.
It should be emphasized here that all these conclusions of the
temporal variation of Ho, G, po, etc., arose from the assumption that
the Hubble law of red shifts (t::,.)"j)"o ~ rHo/c) is due to a Doppler effect arising from the rece'lSion between galaxies. The idea that the
universe is expanding comes from this interpretation of t.he redshifts.
If it is fOllTldAthe- physical mechanism responsible for the Hubble law
is a different. one, then the previous discussion should be redone.
\Ve now discuss the question of anisotropy of the inertial mass.
It has been suggested in the literature, especially by Cocconi and
Sa\peter [46], that an anisotropic distributioJ1-(Jf matter surrounding a
body would cause, according to their interpretation of Mach's principle, an anisotropy in the inertial mass of this body. Accordingly, the
earth, the sun, our Galaxy, or the Virgo Supercluster would cause an
allisotropy in the inertial mass of any body on the surface of the earth.
This conclusion resulted [rom the assumption that the inertial mass of
any hody arises from its gravitational interaction with all other bodies
in the universe. Then a bodv on the surface of the earth would have
an inertial mass in the direct"ion of the sun with a different vallIe from
the inertia.l mass perpendicular to it. In other words, the inertial mass
of any body would be a tensor of order 2. This was refuted by experiments, especially those of Hughes et a1. [47], and Drever [18} These
gave an upper for the mass anisotropy of 5 x 10- 23 , which was many
orders of magnitude smaller than the values predicted by Cocconi and
Sa.\peter.
The model presented in this paper offers a simple explanation
for these results. The important point to note is that the only bodies
which contribute to the inertial mass of any mass m, are the isotropic
distributions of matter around it. These are the bodies which give

...
a zero resultant force according to the Newtonian law of gravitation
(to see this, we simply put ~ = 0 in (8) and (9)). But, in accordance
with a Weber law for gravitation, these bodies will give a force proportional to the acceleration and the mass of the body inside. All the
local bodies and anisotropic distributions of matter around a mass
ml will have their total contribution included on the left-hand side of
(13), as in usual classical mechanics. Thus, the inertial masses which
arise in this model should in fact be scalars. We can state concisely
Mach '8 principle as we see it in the following form: The inertial mass
of a body is caused by its interaction with the isotropic matter distributions arount it.
We can see from (8) that all inertial forces (Coriolis, centrifugal, etc.) are in this model real gravitational forces, produced by the
relative accelaration between the body which experiences these forces
and the "fixed stars." With a Weber law for the gravitational force,
Mach's ideas are fully implemented in a completely relational way. We
hope that this can cast some light on this whole subject, because the
lack of a positive theory was always a problem for the acceptance of
Mach's points of view [49].
As a last point, we now show how to obtain the kinetic energy
in this formulation. The gravitational potential energy of a material
point m! inside a nonrotating spherical shell of radius 1', thickness dr,
and with an isotropic mass distribution per) is given as a result of
integrating Eq.(5) and is
dU =

~11r HglnlP(

l'

)rdr ( 1 -

~

:D,

(16)

where VI is the velocity of the material point m[ relative to the cen·
tel' of the spherical shelL Integrating this quantity for the isotropic
distribut.ion of stars, one gets
U =

(p(m;v~

- Zm1c2),

(17)

where ~ is given hy (4) and (p by (9) or (10). From (17) we observe
that the kinetic energy and half the rest energy of any particle are due
to gravita.t.ionaJ interaction with the isotropic distribution of stars and
galaxies around it.

4. PRECESSION OF THE PERIHELION
We now use Eq.(l) to calculate the orbit of a planet. around the
sun. With sufficient accuracy we can assume that the planets are
material points, because their diameters are much smaller then their
distance to the SUiL We show that the sun can also be assumed to

On MIlCh'! Principle

'"

be a material point. In the solar system, the maximal value of rl/r~

in (6) is R~/d't- "" 1.4 X 10-4, where R. is the radius of the sun and
dM is the distance between the planet Mercury and the' sun. With
this maximum value, together with the value of the angular rotation
of the sun around its axis, W = 2.9 X 10- 6 ,5-1, and the values of the
translational velocity and distance to the sun for Mercury [50], we find
that all terms which multiply the second in (6) are at least 5 x 10- 4
times smaller than the values that multiply the first in (6). At the
present time, there is still no consensus about the value of the angular rotation of the solar core, but an usual estimate is that it is 2
to 9 times greater than the surfa<:e rotation [51, 52]. Utilizing these
data for w(r), we find that the terms in the second ~ will be at least
Then we can in a first
6 x 10- 4 times smaller than those in the first
approximation neglect all terms of the second and treat the sun as
a material point. It is easy to see that in this limit, namely, Tlr1 ....... 0,
Eq.(6) 'implifie; to Eq.(I).
From Eqs.(I), (1O), (13), and (15) we obtain the equations of
motion for a planet and for the sun when they are interacting gravitationally with one another and with the "fixed stars" (using the fact
that rsp = -fp,):

e

e

e.

e

m,a. =
-

mpa p =

(18)

+Gm,m, - [
r~p

r.p 1

«(..
,C;,)]
+ c'l.
rspr.p -""2" .

(19)

Adding t.hese two equat.ions, we obtain the conservation of the
total linear momentum:
(20)
If we subtract Eq.(19) from (lS), we obtain

which shows that asp is parallel to r'1{' From this we obtain conservation of the angular momentum, which is defined by

(22)
where M := m. + 7n" is the total mass and v.p:= Vs - vp. This means
that isp always lies in a plane whose normal is parallel to the constant

A_.
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LrH as in Newtonian mechanics. If we choose the coordinate system

with the z axis parallel to

l&p,

the motion of the system will then

always be in the xy plane. Writing Eq.(21) in plane polar coordinates
centred on the sun, we obtain two equations, one for the ij; component

of the equation and one for the jI component, namely,

P'P + 2p<p = 0,
..

.,

p-prp =-

(23)

GM[ 1

p2+

,(-P'
P)]
2p2 +p .

c2

(24)

Equation (23) is the conservation of angular momentum. This implies

that the quantity
- ,.
H = p 1.p,

(25)

is constant at all t.
Up to now, the results are the same as in Newtonian mechanics.

A difference appears only in Eq.(24) with the terms that multiply

e.

Defining u.=:= 1/ p and using the standard prescription [53J, we obtain
the following orbit equation from Eq.(24):

1 ,(12(dtp)
du,
<I'U)]
+U r..p2 .

d'u
[
dr..p2+ U =GM H2-

c2

d

(26)

This equation can be solved iteratively by observing that the
second and t.hird terms in the square bracket are much smaller then
the first one. We therefore seck a solution in the form

(27)

with

luol »

lUll, and where 1lo(r..p) and Ut(rp) satisfy the equations

d2uo
Glvl
dr..p2 +uo = H2'

(28)

GM{[~(duo)2
d uO]
2 2 d
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Uo d ' .
c
If'
'f'
2

d2Ul
2

dif'

+

_
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_

(29)

The solution of Eq.(28) is the classical result

GM

uo(r..p) = 112 +.4 cos(r..p -I.po),

(30)

where A and 'Po come from t.he initial conditions. Using Eq.(30) in
Eq.(29), we can obtain a particular solution for Ut(r..p):
Ul (rp) = al

+ a2( r..p -

<Po) sin( If' - <Po)

+ a3

cos 2( 'P - !Po),

(31)
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where
al

=

a2 =

GMA' t
2

c' '

G2 M2A

t

2H'

C"

(32)

,

-GMA2
a3=
2
c2'

The turning points, at which the distance of the planet to the
sun is a maximun or a minimum, are given by duJdtp = O. We can see
from (27) to (32) that tp = tpo is one solution. After one revolution,
the turning point will be near tpo + 271". Expanding duJdtp around this
value and equating to zero, we obtain
271" a 2

<..p~tpo+271"+A·

(33)

The advance of the perihelion in one revolution is then given by

n1.p

t
= 71"

c2

G'M'
~ = 71"

t
c2

GM
a(l- c: 2 )'

(34)

where a is the semimajor axis and c: is the eccentricity of the orbit.
With the value of given by (4), we arrive at exactly the same result
as the one obtained with general relativity [54], which is well verified
experimentally. The calculation presented in this section was important to ~how in wha~ p~ints a Weber law. for ~ravitation differs from
Newton s law (that IS, III all the terms III which appears) and to
exhibit a specific value of the constant which fits the experimental
results well.
It should also be mentioned that, although this model gives an
identical result for the advance of the perihelion as that obtruned by
using general relativity, these theories are based on different concepts
and mathematical tools. As examples, we mention the utilization
in general relativity of Riemanqian geometry, the strong equivalence
principle, the Minkowski metric, and the Schwan::schild line element,
etc [54, 55J. With the application of these aspects, the orbit equation
obtained in general relativity is

e

e

d2 u
OM 3GM 2
- + u = - - + -2- "
d<..p2
H2
c

e

(35 )

Comparison of this equation with (26) shows that they Me not
equivalent in general, although the solution is the sa.me to fiTst order, as we have shown. Differences a.pppear in the terms of sf'condorder, and with the improvement of observations and experimental
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techniques this will be a good test for both theories in the future. Although it is hopeless nowadays to test second-order terms using the
planet Mercury, due to observational errors for its pre.::ession, perhaps
it will be possible to test these terms using a binary pulsar.

5. WEBER'S LAW BETWEEN ELECTRIC CHARGES
We now turn OUf attention to the Weber law between electric
charges, which is Eqs.(l) to (3) with (471"£0)-1 in place of He, and
what can be done with it. This is relevant nowadays on account of
the experimental researches of Graneau [16-18J and Pappas [191, and
the connections between these facts are shown here.
H is known [22, 25J that with Weber's force we can obtain
Ampere's law of force between current elements, which was based all
a series of famous experiments and on the assumption that the force
between current elements follows the law of action and reaction in the
strongest form. To deduce Ampere's law from Weber's force, Wf' proceed as follows: The force that a usual current element l"Jilz in wires
or magnets exerts on another usual current clement 11d& is given by
the sum of four terms. These are the forces that the positive and
negative charges of 12 dP-; exert on the positive and negative charges of
Illl. With this we obtain, from Eqs.(1) to (3),
dF- z !

-{J.o

:::::: - -

411"

rl1 [
-]
11/2 -,2df!1
. df!z
- 3(r12'
df!d(r
12 • df!2) ,

(36)

r12

where the following relations have been used:
or i:::::: 2,
(37)

Nowadays, Eq.(36), Ampere's law of force between current elements, is little used, although Maxwell called it the cardinal formula of
electrodynamics [56]. In almost all the textbooks we find only Grassmann's law [57], which is given by

::::::

----

(38)
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This law is sometimes called Biot-Savart's law, but in fact Biot and
Sava'rt gave only an expression for the magnetic field due to a current
element, namely, dB2(fi) = IJoI2(d~ x r12)f{47rTf2). They arrived at
this expression while studying the influence of an electric current in a
magnet, [58].
Grassmann force does not satisfy in general Newton's law of action and reaction, whereas Eq.(36) does satisfy it, and this is one of the
criticisms that is usually made against Eq.(38). On the other hand,
Eqs.(36) and (38) give the same value of the force on lId£; when they
are integrated over the entire circuit 2, if 11d~ is not a part of circuit 2.
The proof of this fact can be found in the book of Tricker [59]. Thus,
when we are dealing with the force between two different circuits, we
can still use Grassmann's law, which is much easier to integrate than
Ampere's law. However, when de~ is part of the closed circuit 2 the
proof no longer holds, and the two laws are not equivalent. In particular, Ampere's law foresees longitudinal forces, while Grassmann's law
does not, and in recent years a great number of experiments ha, been
done with a single circuit which confirm Ampere's law. These experiments deal with jet propulsion in liquids [60J; railgun acceleratc'fs [16,
17, 61-63J; the exploding wire phenomena [64-69J; electrodynamic ex·
plosions in liquids [70-72]; and electromagnetic impulse pendulum [18,
19, 73, 74J. Moreover, it has been shown [75] that only the Ampere
force law i::; compatible with the virtual-work concept, while the Grassmann force law is not in general in agreement with this concept.
Another important aspect of Weber's law is that with it we obtain Faraday's law of induction of electric current when the sources
that induce the effect are closed loops [22, 25J.
All these aspects show the importance of Weber's law and the
importance of increasing theoretical and experimental research in this
direction.
It is worth emphasizing here that with laws (1) to (1) we have a
formal connection between electromagnetism and gravitation, in which
the two forces present the same structure in this model. This indicates
that phenomena similar to magnetism should occur in gravita.tion, although their magnitude may be much smaller due to the weakness of
t,he gravitational constant. The experiments of Graneau and Pappas
favour Ampere's law against Grassmann's law. As Weber's lilW pro·
duces Ampere's as a special case, this research permits the utilization
of \Veber force as a possible explanation for these phenomena.

6. DISCUSSION AND CONCLUSIONS
The main point of this paper was the introduction of the postulate which asserts that the sum of all forces of any kind acting on a

,..
body is zero, together with the use of a Weber force law for electric
and gravitational interactions. In this model we have found that all
inertial forces are in fact gravitational forces due to the interactions of
any body with the isotropic distribution of matter around it. As this
is a relational theory, Mach 'g ideas have been implemented and the
role of inertial frames of reference have been clarified and identified
with frames which are nonaccelerated relative to the "fixed stars."

The greatest limitation of this model is that it is based on an
action-at-a-distance theory (see Eq.(l)). As a result, it is not a
definitive or final theory but should be valid in systems with slowly
varying motions in which time retardation is not a serious factor. A
theory which involves the generation and propagation of gravitational
waves will be presented in a future paper, but it can be mentioned
here that the structure of Eqs.(l) to (4) strongly suggests that the
velocity of gravitational waves will be the velocity of light or will be
eql\al to ef(OL These equations also suggest that the generation,
propagation, and detection of gravitational waves should be similar to
the case of electromagnetic waves, though it should he noted that in
general we only have gravitational masses of the same kind, whereas
in electromagnetism we readily obtain positive and negative charges.
So, there should be no dipole radiation of gravitational waves. A very
interesting proposal to extend Weber's law to include electromagnetic
radiation, through the introduction of time reta.rdation, was made recently by Wesley [2.5J. An earlier proposal in this direction was made
by Parry Moon and Spencer [76J. An alternative way of obtaining
time delays in an action-at-a~distance theory was given in ReL[77J.
The main idea is to obtain time delays by many-body interactions
via a law of induction. All these ideas are important alld should be
further investigated. For a review of possible sources and methods of
detection of gravita.tional waves see Ref.[78J.
An important topic which we want to treat in a future work is
the interaction of electromagnetic waves with matter. In particular,
we want to deal with the defledion of light in a gravitational field and
with the gravitational redshjft. Due to t.he relevance of these topics
we will treaL them in a separate work.
In this paper, we have also shown how onc can obtaill exactly
the same value for t.he advance of the perihelion as given by generaJ
relativit.y but on the basis of quite different concepts. Moreover, we
have obtaincd an expression for the gravit.ational "constant" C which
is dependent on t.he distribution of ma.<;s in t.he universe and on time.
As a consequence, we disagree with Dirac's position [79], acmrdillg to
which a theory that does not satify the strong equivalence principle
cannot explain the advance of the perihelion of Mercury. This shows
the connection of this work to deep questions of cosmology.
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