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Abstract : 

The "quasi-classical" picture of particles as extended periodic 

disturbances in a classical nonlinear field, previously shown to imply all the 

equations of Maxwell electrodynamics with very little formal input, is here 

applied to the other known long-range force, gravitation. It is shown that 

the picture's absolute interpretation of inertial mass and four-potential as 

measures of the local spacing between equal-phase hypersurfaces, together 

with the empirically established proportionality of gravitational "charge" to 

inertial mass, leads naturally to the gravitational red-shift formula, and it 

thus provides a physical basis for the spacetime curvature that is the central 

idea of Einstein's general theory of relativity. 
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1 . INTRODUCTION 

For some years one of the authors has been developing an alternative 

unified approach^ 1) to classical and quantum physics based on the 

assumption that elementary particles are macroscopically extended periodic 

disturbances in a nonlinear complex c-number field x(*)» interacting with 

each other via their coupling to massless excitations of the % field. This 

approach, called a "quasi-classical" theory (QCT) because it makes no ad hoc 

"quantization" postulate, has recently been applied to a consideration^) of 

classical electromagnetic phenomena, and it has been shown that, if one 

assumes that the coupling constant is dimensionless, the theory leads almost 

inescapably to all the equations of Maxwell electrodynamics with no further 

formal input (such as the postulated form of an action). 

The argument is, in brief, as follows. A particle is represented in 

spacetime as a periodic disturbance bounded by a world-tube, with a unique 

phase at any point x within the tube. The inertial mass m of the particle is 

defined in an absolute manner as its rest-frame angular frequency when it 

is free, and the effect of interaction is described by a 4-vector generalized i 

potential g a ( x ) which specifies the deviation of the particle's phase pattern 

from its free-particle form near x - that is, g a is a local 4-vector measure of 

the extent to which the panicle is driven "off-mass-shell" by the interaction. 

Spatial and/or temporal gradients of g a across the world-tube then lead to 

curvature of the tube in accordance with the Lorentz force expression and 

the homogeneous Maxwell equations, while in situations where there is no 

deflection of the particle but g a is non-zero the interaction can still cause 

observable effects - namely, phase shifts of the Aharonc-Bohm type^). 

The inhomogcncous Maxwell equations giving the dependence of g a ( x ) on its 

sources are also obtained, although only in a more heuris'ic way via general 

considcraiions such as dimensionality and Lorcntz covariancc. 

Now a similar approach should be relevant for any kind of long-
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range interaction that causes curvature of the trajectory of a particle, 

because its main ingredient is simply a description of the particle and of the 

effect of interaction on it - although the appropriate "inhomogeneous" 

equation relating j a to its sources may differ from that obtained in the case 

of electrodynamics. In particular, parts of the approach, at least, should be 

relevant to the gravitational interaction; and the aim of the present paper is 

to examine this question. 

In Section 2 we derive the main result of the paper - namely, that our 

"quasi-classical" descrption of a particle directly implies that gravity causes 

a slowing of clocks and, therefore, curvature of spacetime. Section 3 explores 

the extent to which our approach can encompass other features of the 

General Theory of Relativity, but concludes that, in the main, one must be 

content with the physical basis of curvature derived in Section 2 and must 

use Einstein's formalism for a quantitative treatment of the production and 

consequences of the curvature. Finally, in Section 4 we review our 

conclusions and make brief reference to a number of remaining open 

questions. 

In what follows, we choose units of time and length such that the 

velocity of light c = 1 in vacuo in the absence of gravitational fields, so that 

all physical quantities have dimensions equal to some power of length (or 

time); Planck's constant h never appears^1) (except in conversion to SI 

quantities) because of our absolute definition of inertial mass. 

2 . THE DESCRIPTION OF A PARTICLE UNDER GRAVITATIONAL 

INTERACTION 

(a) Deflection of a Particle hv a Gravitational Field. 

Consider an elementary particle with mass m moving under the 

gravitational influence of a much heavier "source" of mass m s in what we 

will call ihc "classical limit" - that is, the size of the particle's wave packet (or 
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the diameter of its world * .) is assumed to be small compared with its 

distance from the source, but not so small that it suffers appreciable 

dispersive spreading. When the particle is infinitely far away from the 

source, and is therefore free, it may be represented by a disturbance 

X (x) = x ( o ) ( x ) exp( - imU a x 0 ) where U a = (y.yv) is its 4-velocity (T E ( 1 - V 2 ) ~ 1 / 2 ) 

and x >s a non-oscillatory envelope function with support on the world 

tube. But, when it is near the source, the continuous exchange of massless 

gravitational excitations of the x field ( t n c QCT equivalent of "gravitons") 

causes a change in the phase pattern within the particle's world tube - a 

change which can be pictured^) as a kind of "continuous modulation" of the 

particle's wave packet by nonlinear coupling to the exchanged massless 

excitations (Fig. 1). 

The detailed mechanism through which such a change occurs has yet 

to be worked out, but it suffices for our purposes simply to be able to describe 

the change in a frame-independent manner. Let us initially try to do this in 

the same way as was done earlier^) for electrodynamics, expressing physical 

quantities in terms of flat Minkowski spacetime and invoking Lorentz 4 

covariance. We then write a general expression for the local variation of % 

near any point x in the world-tube as 

XM = X ( 0 ) (*)exp{-i[mU a (T) + g a (x)] x a J (1) 

where g a (x ) , the "generalized potential", is a 4-vector measure of the extent 

to which the phase pattern of the particle differs from its free-particle form 

in the vicinity of x. 

It is easy to see qualitatively thai a spatial gradient in g° across the 

world tube will resul: in a progressive change in orientation of the equal-

phase hypcrsurfaces within it, and thus a progressive change in the velocity 

of the particle, with increasing proper time t; if g° < 0 and lg°l decreases with 
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increasing distance from the source, the particle will accelerate towards it, as 

shown schematically in Fig-ire 1. More formally, one can calculate^2) the 

dependence of the 4-vclocity U a on x by requiring that the phase be a unique 

function >f x within the world-tube, i.e. that the phase difference between 

any two points within it is path-independent; application of Stokes's theorem 

then gives 

a a (mU p + gp) = a p (mU a + g a ) (2) 

so, contracting with U^ and using U a U = 1 and the chain rule for U a(x(x)), 

wc obtain 

£(mu«) = ra«EP-apga)ijp . ( 3 > 

The acceleration of the particle is therefore determined by the 
antisymmetric tensor f « s d„go - dgg a , which identically satisfies 

3a fPY +VYo. + VaP = ° ' (4) 

that is, the motion of the particle is described by a Lorentz-force-like 
equation with the tensor f a satisfying an identity like the homogeneous 

Maxwell equations. We also see once againX1-2*4) that the mass m, defined 

here abso'utely as the rest-frame angular frequency of the free-particle 

disturbance, does indeed have the property of inertia. 

In the case of a particle moving at low speed (IU'l«l ,y«=l) in the static 
gravitational field due to m , the spatial part of Eq.(3) reduces to 

m7f = -Vg°00 (5) 
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where z a ( t ) is the worldline along the centre of the particle's world tube 

( U a = d z a / d t ) . We now make use of the main feature of gravitation that 

distinguishes it from other kinds of interactions: the fact - empirically 

es tabl i shed^) with very high precision - that the gravitational "charge" (or 

"gravitational mass") of any particle is apparently exactly proportional to its 

inertial mass. We can thus write g° = my and obtain the familiar equation, 

independent of m: 

d 2 z 
^ 2 =-**<*> <«) 

where y , the gravitational potential, is a dimensionless negative function of 

the particle-source distance and the mass m of ihe source, whose form, 

which is not needed at this stage, will be discussed ir. Section 3. It is enough, 

for our present purposes, that the magnitude and sign of y can be determined 

empirically by observation of particle trajectories. 

In the above, we have taken our particle to be elementary. It is clear, 

however, that a macroscopic "test particle" made up of a very large number 

of elementary particles will be deflected in exactly the same way, because the 

deflection of each elementary particle is determined by the same equation, 

independent of the particle's mass. 

(b) The Effect of Gravitation on the Rate of a Clock 

In the case of elcctromagnetism, the interaction manifests itself not 

only through the defection of particle trajectories but also through 

observable changes in relative phase (Aharonov-Bohm effect^)); we now 

discuss similar effects for gravitation. 



7 

According to the quasi-classical approach, the gravitational 

interaction, like any other, causes a change in the local spacing between 

equal-phase hypersurfaces in spacetime from that appropriate for a free 

particle, that is, a local shift "off-mass-shell". But. because of the 

proportiona!ity( 5 )of gravitational "charge" to inertial mass, the off-mass-

shell shift is proportional to the mass itself - that is, the fractional decrease 

in mass from the "free-particle" value is independent of th; particle's mass, 

and (like the particle's acceleration) depends only on its position relative to 

the sources of the gravitational field and their masses. Now our 

identification of mass as rest-frame angular frequency implies that the rest-

frame frequencies of every kind of particle will be decreased by the same 

proportion at a given position in a gravitational field, and thus that the rates 

of all clocks - which are ultimately determined by submultiples of the rest-

frame frequencies of the particles of which they are composed - will be 

slowed by the same factor, that is, will suffer a gravitational red shift. And 

this in turn implies a deviation from at least the temporal part of ihe 

Minkowski metric characterising flat space-time, that is, a change in 

sp.icetime geometry of the kind first proposed by Einstein^6). 

Let us now examine this general argument in more detail. First, we 

must specify more carefully what is meant by "angular frequency" and "rate 

of a clock", since in the context of Section 2(a) these quantities are defined 

with respect to Minkowski spacetime, the existence of which is immediately 

thrown into doubt by the prospect of clocks whose rates supposedly depend 

on the gravitational field and which therefore cannot be consistently 

synchronized. 

We consider the behaviour of particles, clocks, etc., in a gravitational 

fi Id described by a potential vy which is taken to be static. Let us devise a 

"transmitted Minkowski time" coordinate t, available everywhere in space, in 

the following way. 
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First, a standard clock is placed at a filed position P Q which is so far 

from source(s) of the gravitational field that the field there is negligible. We 

specify as our standard an atomic clock based on the angular frequency of 

the transition between two chosen atomic states (e.g. the caesium transition 

used in the present Si definition of the second). The transition frequency 

can be written co-. =r\ia , where r\ is a dimensionless number involving the 

fine structure constant a , mass ratios, etc., which could in principle be 

calculated from quantum theory (for example, in a "hydrogen clock" based 
3 2 . i 

on the H ls-2s transition, r\ - r a m (1+m /m ) ). The choice of a time 
o c c p 

standard is thus tantamount to a specification of the rest-frame angular 

frequency m e of the electron1 . 

Let us no.v arrange things so that our standard clock at PQ transmits 

short electromagnetic pulses in all directions at specified equal intervals St 

in its local standard time. The "transmitted Minkowski time" is then defined 

operationally at any other spatial position P simply by counting the number 

of pulses received at that position and multiplying by the specified value of 

fit. The time t so defined is not affected by the presence of the gravitational 

field; it does not matter that gravitation may affect the propagation of the 

pulses, because y is static and so each pulse from PQ to P follows a worldline 

of exactly the same shape in spacetime. 

We interpret the time "t" appearing in the discussion of Section 2(a) as 

this "transmitted Minkowski time". An electron with mass m which at P is 

described by a disturbance % - X cxp(-im et) would, if taken to a place P 

where the gravitational potential is \p, be described according to Eq.(l) by a 

disturbance 

1 This is true also for other kinds of clocks. For example, in the "light clock". 
based on the time taken for light to travel with speed c to and fro along a 
standard measuring rod, the length of the rod is some dimcnsionlcss multiple 
of the Bohr radius ag = c/am , and so the time taken for a two-way trip is 
proportional to a f./c = 1/am . 
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X = X ( o ) cxp[- i(m c + g°)t] = x ( 0 ) exp[- im e ( l + y)t] (7) 

in its rest frame. Suppose, however, that an observer at P measures his 

proper time x using a local standard clock which is identical in construction 

with that at P , with the same numerical specification of the frequency o^ j 

and therefore the same numerical value for m ; he would describe the 

electron disturbance by 

X = X ( ° W - imcx]. (8) 

In order for these descriptions to be consistent, it is necessary uiat the time 

interval AT between any two events recorded by his local clock and the 

corresponding interval At in transmitted Minkowski time be related by 

Ax = (l + y)At (9) 

that is (since y < 0) Ax is smaller than At; in other words, his clock runs more 

slowly than an identical clock in a gravity-free location - that is, it suffers a 

gravitational red shift. 

Equation (9) was first derived by Einstein^7) from his Principle of 

Equivalence between the local effects of gravitation and acceleration 

relative to an inertial reference frame (see Section 3), and has been directly 

confirmed experimentally^) Our derivation here is somtwhat similar to an 

argument sometimes usedW based on the energy change of a falling photon 

and the use of the equation F, = fuo to connec' energy and frequency, but is 

simpler and more general because we associate a fundamental frequency 

wiih all panicles, not jusi photens. 

Wc also note thai, from the present viewpoint, the most obvious 
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manifestation of gravity - that is, the gravitational acceleration of a particle 

- may also be thought of as a consequence of the gravitational red shift: for 

this acceleration result? from the fact that the red shift on the side of the 

world-tube nearer to the source is greater than that on the other side (Fig. 1). 

This picture, which is a direct outcome of our description of particles as 

extended periodic disturbances rather than point objects, affords a concrete 

realization of Einstein's idea that the gravitational deflection of a test particle 

results frorr: a departure of spacetime from Minkowskian form. 

It is interesting that, as another illustration of phase effects, the 

quasi-classical picture is also consistent with the (very few) experiments 

that have been performed on the effects of gravitation at the quantum level. 

For example, the results of the experiment^ 0) by Colella, Overhauser and 

Werner on gravitational effects in neutron interference can readily be 

interpreted in terms of differences in "off-mass shell" phase shifts for parts 

of a neutron wave packet travelling through regions with different 

potentials y ; alternatively, one can show by techniq a similar to those for 

electromagnetic interactions that, under the conditions of this kind of 

experiment, a neutron wave packet must evolve according to the 

nonrelativistic SchrOdinger equation^1 *) with the potential V set equal to g° 

= my. 

( c ) JJi£ Spacetime Metric 

Thus far we have dealt only with the effect o? gravity on time 

measurements; but it is to be expected that it will also have an effect on 

length measurements. Our observer at P could set up his length scales by 

doing what his colleague at P does and defining his unit of length as the 

distance travelled by light, with velocity defined 's c = 1, in unit proper time 

t; since proper time depends on y , so too should his lengths. But it docs not 

seem possible (o relate length measurements by the two observers by simple 
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considerations similar to those used for time measurements, because there is 

no apparent way to "transmit" length measurements from one location to 

another in the presence of a gravitational field - or, putting it another way. 

one does not know a priori the effect of gravity on the velocity of light in 

vacuo. 

In order to investigate this question, let us specialise to the case of a 

gravitational field which is not only static but also spherically symmetric 

(e.g. that due to a single heavy body of mass m at the origin). We allow for 

the presence of non-Minkowskian geometry in the usual wayW by writing a 

metric expression for the spacetime interval ds: 

d s 2 = g a g d x a d x P = A(r)dt2 - B(r)(dx2 + dy 2 + dz 2 ) (10) 

9 9 9 1/2 
(with r * (x + y + z ) ), with the interpretation that the proper time x 

recorded by a stationary clock at the spatial point x (dx = 0) is related to 

coordinate time x° = t by dx = "V ds" = • y g O 0 dx° = VA(r) dt, while the measured 

length dl between two spatial points x and (x + dx) with the same r.° is dl = 

-gjjdx'dx J = VB(r) Idxl. We may take t as the "transmitted 

2 
Minkowski time" defined above, and thus set A(r) = (1+y) - 1 * 2y , but the 

spatial coordinates (x,y,z) must be regarded merely as arbitrary labels 

attached to spatial points which are only approximately equal to physical 

coordinates set up with standard measuring rods, while B(r) is at this stage an 

unknown function (we may for convenience suppose that x, y, and z reduce 

to Minkowski coordinates, i.e. B(r) -* 1, at very large distances from the 

source). 

We should re-intcrprct Figure 1 in the light of this arbitarincss in the 

specification of coordinates. The time t on this diagram is to be taken as 

"transmitted Minkowski time" (note that, if it were to be taken as the local 

proper time at each point of the world tube, the equal-phase hypersurfaccs 
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would, accoiding to Eq.(8), be parallel!), but x is one of the arbitrary labels 

referred to above, and is only approximately equal to measured distance in 

the x-direction. In this context, however, the error made in considering x as 

measured distance is not important; because thr test particle has a low 

velocity and because the gravitational field is static, the equal phase 

hypersurfaces are nearly parallel to the spatial axis and so a correction to x 

wculd merely induce a small change in the transverse size of the work tube, 

leaving the prime cause of the deflection - the spatial gradient of the 

temporal red shift across the world tube - virtually unaffected. 

Finally, it can be shown that the existence of a gravitational red shift 

is in itself sufficient to imply spacetnne curvature, regardless of the choice 

of spatial coordinates and of the form of B(r). In order to do this, we calculate 

the Riemann-Christoffel curvature tensor for the metric given in Eq.(lO), 

using the general formulae^'2) for the case of an arbitrary diagonal metric 

d s 2 = i ° (dx°) 2 + f'v'dx 1) 2 + f 2 ( d x 2 ) 2 + f 3 ( d x 3 ) 2 (11) 

which are (a,p\Y,6 all different, no summation convention): 

R a ( J y 5 = 0 (12a) 

Ratay = b& " h%{y ' ^ " *%$ < 1 2 b > 

R«paP = 2 f f o + f « a " h ° « O S +«?> 2 > - * P e j $ + < f 2 > 2 

h ^ + h 8 ^ ( 1 2 c , + •• ' Y ' Y 

where h a = l / ( 2 f a ) , and subscripts on the right-hand side denote 
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XL sx , J I ra , a differentiation with respect to the coordinates (f g E ^ fi s ^ B PY " ^ B Y ~ 

d„d f") . Since in the present case f° = A(r) « 1 + 2y(r) and f1 = -B(r) = -[1 + 

•(r)]t where y(r) , the gravitat.oral potential, and the upknown function <frC) 

both have magnitudes very small compared with unity, we may ignore 

products of first derivatives of the f" in comparison with second derivatives 

of f" and obtain typical components of R a Q Y s a s : 

R 0 1 0 2 ~ 2 A , 1 2 R 1 0 1 2 " ° R 1 2 1 3 ~ " 2 B . 2 3 

R 0 1 0 1 ~ 2 A . I 1 R 1 2 1 2 ~ " 2 ^ . l l + B , 2 2 ) ( c t c ) 

(13) 

so that the position dependence of A (the gravitational red shift) and of the 

function B (whatever its precise form) ensure that a gravitational field must 

cause non-zero curvature of spacetime. 

3. RELATION TO THE GENERAL THEORY OF RELATIVITY 
As we have seen in Section 2, the "quasi-classical" description of a 

particle as a macroscopically extended periodic disturbance, driven off-mass-

shell according to a generalized potential g a , implies that a gravitational 

field, characterized by g a being proportional to the particle's inertial mass 

m, results in the curvature of spacetime - the central idea of Einstein's 

General Theory of Relativity^,!?) it thus provides a natural physical basis 

for that theory, and one is led to ask whether the quasi-classical picture can 

be pushed further to lead to other features of the theory. This seems to be 

rather difficult to do, and we restrict ourselves to a few comments on this 

question. The fundamental problem is that, because of the effect of gravity 

on clocks and measuring rods, its dcscriptioii in terms of a 4-vcctor g a is 

inadequate except in a few simple cases, and must in general be replaced by a 
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description in terms of the second-rank 4-tensor g a g -

(a) The Principle of Equivalence 

Einstein's Principle of Equivalence*7*9) states that the local effect of a 

gravitational field on any physical phenomenon can always be expressed as 

the change that would occur, in the absence of gravity, resulting from the 

description of the phenomenon using an appropriately accelerated 

reference frame; more specifically, that the effect of gravity can be included 

by writing special relativistic equations in a form appropriate to the use of 

an accelerated frame (i.e. replacing the Minkowski r\ « by the metric g o = 

n „ + a o calculable from the coordinate change, and ordinary derivatives by 

covariant derivatives) and then saying that gravity adds to E a n a 

contribution h o which (unlike a„o) leads to a non-zero Riemann-Christoffel 

curvature tensor. 

Our present approach leads (Section 2(b)) to the prediction of a 

gravitational red shift, which is one of the direct consequences^) of the 

Principle of Equivalence. We therefore ask whether the approach can lead 

to the Principle of Equivalence itself. 

As a first step in this direction, we consider whether the effect of 

gravitation on the trajectory of a test particle in, say, an electromagnetic 

field can be "absorbed" as a change h » in the metric coefficients. The 

motion of a slow particle of mass m and charge q subject to an 

electromagnetic potential A a , but no gravitational field, is expressed in an 

inertial reference frame by the Lorentz force expression 

HI I or P 
m •£—- = ar\ ' ( A „ - A „) U 

ck M l 0.Y T.P' ( 1 4 ) 

and in terms of an accelerated reference frame (srill with no gravitational 

field) as 
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ra-5T- + r U U =qg Y A . -A . ) U = q g A , - A AV 
{ dx pT J M 6 V Pnr r.W V P.T T.P,/ (15) 

(a ) where g \ g = T| R + a « is the metric tensor associated with the change to 

accelerated coordinates and r R7 * S t h c c o r r c s p o n d i n g connection 

coefficient. If we now introduce a static gravitational field and assume that it 

adds a Lorentz-force-like term (Eq.(3)) with g a = mya ( y a = 0), then the 

equation of motion becomes 

Jtf+r1'* U V W ' ^ A B -A B)UP

+mgU ) a T

f V B -y V 
I, dT p T ; M 6 V P.T T.P; ° VTP.T T T . P ; ( | 6 ) 

We use the low-velocity approximation lU'l « 1 and U = 1 , and ignore 

terms of second order in a R , A R and v R . The second term on the L.H.S. 

has spatial components (a = i) 

mn (a . -=-a .l + Z'a. +a . - a . \U \\ oj.o 2 oo.jV {, jk,o oj.k ok.j^ J 

while the second term on the R.H.S. gives 

(17) 

(18) 

which, if wc define the symmetric time-independent matrix h R by 

h o o ~ 2 v o ' h o i E V i ' h i j a r b i t r a r y (19) 

becomes identical with (17) with thc replacement a R ~» -h R ; it may thus be 

taken over to thc L.H.S. and combined with (17) to yield 



16 

J<™L + f U V W V A . -A \UP 

m| . . .„ . . 
(20) 

where 

« a p - , « a ? + aaP + 1 , op ( 2 1 ) 

and r'o is the connection coefficient constructed from g a n -

Tue effect of the gravitational field, derived in Section 2(a) by the 

quasi-classical approach as a Lcrentz force-like term, can thus be absorbed 

as a change in the metric, as specified by the Principle of Equivalence, and 

the required change (Eq.(19)) to g Q O agiecs with that calculated in our 

derivation of the gravitational red shift in Section 2(b). It should, however, 

be stressed that this derivation (which amounts to the inverse of 

demonstrations^ 1 3 ) that the geodesic equation implies a Lorentz-force-like 

behaviour) is only a low-velocity, small-field approximation, and, using this 

approach, it appears to be very difficult to "motivate" the Principle of 

Equivalence as it applies to a broader range of phenomena - for example, to 

the propagation of high-velocity particles and, in particular, light, or to the 

gravitational modifications of Maxwell's equations. 

(b) The Dependence of the Gravitational Field on its Sources 

We now turn to the "other half of the problem of gravitation, which 

so far has not been considered, because we have hitherto confined ourselves 

simply to the quasiclassical d e s c r i p t i o n of a particle moving under 

gravitational interaction; we now ask how the metric coefficients g p 

representing the gravitational field depend on the masses and configuration 

of the sources of thai field. 

This problem is the analogue of finding the inhomogencous Maxwell 
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equations in electrodynamics, and one can begin by trying to follow an 

heuristic argument similar to that used in the previous discussion( 2) of 

Maxwell electrodynamics, at least in the spirit of the Newtonian "flat-space" 

approximation of Section 2(a). The fact that g a must have dimension 

( length)" (or (time)' ) implies that the zero component of the static 

potential at a test particle of mass m due to a source of mass m at distance r 

must have the form g° = K/r, where K is a dimensionless scalar quantity to be 

determined. Empirically, we know that K is proportional to m and m , so if we 
2 

want to extract a universal coupling parameter Y defined b y K = - y m m , 

then y must have the dimension of length (or time). The trouble is that (in 

contrast to electrodynamics, where there is assumed to be no "fundamental 

length") we cannot infer that this dimensioned quantity y is indeed a 

constant. Empirically, of course, we find that it is, and write Y = YD - 1.62 x 

-35 10 metre, the Planck length, yielding the familiar equation of motion 

ft (mv) = - Vg<> = Ypmms v M (22) 

or, using quantities v = cv, t = t/c and m = mft/c expressed in SI units, 

-^(mv) = Gmm s VM-j (22') 

2 3 
where G s YpC /h is the usual Newtonian constant. The best we can say from 

this simple argument is that the quasi-classical approach is consistent with 

Newtonian gravitation. 

In the General Theory of Relativity, on the other hand, the 

dependence of all the components of the metric tensor g « on the 

charactcrislics of ihc source is given almost uniquely, as Einslcin showed^6), 

by requiring that the field equation that expresses this dependence should 
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(like equations derived using the Principle of Equivalence) be generally 

covariant, that is, be in a form which is independent of the choice of 

coordinate system. General covariance is, of course, a natural propeny of 

the quasi-classical approach, where any phenomenon in classical physics -

i.e. the behaviour of panicles under som- interaction - is fully represented 

in spacetime (however it is labelled) by the configurations of world tubes 

with definite phase patterns which cannot be altered by, say, an observer's 

acceleration. Einstein established that the simplest generally covariant field 

equation is 

R ap-2Saf5 R = -* T ap <23> 

where R • R a and R * = ^ a > B a r c c o n t r a c t » o n s °f t n e Riemann-Christoffel 

tensor formed from first and second derivatives of the g a o , T a g is the energy-

9 
momentum tensor, and K is a universal constant with dimension (length) . 

As is well-known, in the static weak-field limit this implies that for a mass 

distribution with density p . the gravitational potential \if defined by 
9 1 

g = 1 + 2y satisfies V \jr = ~ Kp and therefore, for a point mass m , 

V = - Km /8*r; we therefore obtain Newtonian gravitation with a constant y„ 

1/2 = (K/8K) . More precisely, for the case of a static, spherically symmetric 

gravitational field Equation (23) leads to the Schwarzschild metric used for 

the several "classic tests" of Einstein's theory. 

We also note that Einstein's field equation itself contains the equation 

of motion of a test particle^9) - namely that the panicle must move along a 

geodesic z a = z a(X), according to 
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without any restriction on particle velocity or field strength. If we assume 

that this also applies to photons, it provides the trajectory equations used in 

those "classic tests" that involve electromagnetic radiation, which could not 

be derived by the simple considerations of Section 3(a). 

Thus, while the quasi-classical approach in itself does not lead to a 

quantitative treatment of gravitation, it does require that gravity causes 

spacetime curvature, and Einstein's field equation, the simplest equation that 

can be written down to express the relation of that curvature to the sources 

of the field in a generally covariant way, does yield a quantitative and 

empirically verified theory of the mutual interaction of matter/energy and 

the curvature of spacetime. 

4 . DISCUSSION 

The main conclusion of this paper is that, because of the empirically 

established proportionality of gravitational "charge" to inertial mass, the 

quasi-classical description of particles as macroscopically extended periodic 

disturbances implies gravity-dependent changes in the rates of clocks and, 

therefore, spacetime curvature. It provides a picture as to how and whv the 

gravitational interaction (but not, say, the electromagnetic interaction) 

causes changes from Minkowski spacetime, and thus offers a physical basis 

for Einstein's assumption that gravitational effects are mediated by changes 

in spacetime geometry. Once that is established, the rest of his theory follows 

almost inescapably. 

The General Theory of Relativity, like Maxwell electrodynamics, is 

thus virtually forced upon us in the quasi-classical description of particles -

the "geometric" aspect of the theory arising from the fact that gravitational 

charge is proportional to inertial mass. It is important to note, however, that 

from this viewpoint there is nothing especially mysterious about the 

geometry-changing effects of gravitation, nor docs gravitation have to be 
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treated as an interaction which is in some sense fundamentally different 

from other interactions; its geometric aspects are here seen as an incidental 

consequence of the fact that gravitational charge is proportional to inertial 

mass, and not as a special feature which might make us regard gravitation as 

a "force apart" from other forces. The real physics of gravitation, according 

to the present view, lies not in geometry but in the exchange of massless 

excitations which happen to be coupled to the inertial masses of the particles 

concerned, rather than io other properties such as their electric charges. 

We remark that our viewpoint has some similarity with that taken in 

the alternative "field theory" derivation^14) of Einstein's field equation, 

where the theory is initially formulated in a "background" Minkowski 

spacetime but, because of the nonlinearity inherent in the self-coupling of 

gravity, the "background" spacetime turns out to be not directly observable. 

There are, of course, many other fundamental questions that remain. 

One is to try to understand whv gravitational charge is proportional to 

inertial mass, an empirical fact which still lacks a clear explanation 

(Einstein's Principle of Equivalence is, from the present viewpoint, not so 

much an explanation of the proportionality as a very fruitful generalization 

of it). Another closely related problem concerns the dimensionality and 

magnitude of the gravitational coupling constant yp; one may be led to 

speculate from the numerical fact^9) that it is related to the radius r (~ 1 0 2 6 

metre) and mass m (~ 1 0 y 4 metre _ 1 ) of the observable universe by 

YP = A / m

i L P (In SI quantities, G r h u / c 2 r u = p 2 ) (25) 

where p is a dimcnsionlcss constant of order unity, that gr?,iiaiion has a 

primitive dimcnsionlcss coupling constant but acquires a dimensional one 

characterised by the cosmic parameters r and m because the scale of 
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inertial mass (and therefore of time and length) is determined in Machian 

style* 1 - ) by the gravitational effect of all the matter in the Universe. 

Yet another problem is to extend gravitation to the quantum domain: to 

treat the interaction in terms of the dynamics of the exchange of massless 

excitations ("gravitons") coupled in a universal way to the masses of ail kinds 

of particles, and thus to go beyond the "classical limi'" to which the present 

considerations are confined. In the quasi-classical approach/ 1), it is 

anticipated that, for a bound system of nonrelativistic particles, it will be 

possible to obtain the correct quantization of energy, angular momentum, 

etc., simply from the periodicities associated with the particles, without 

requiring an ad i.jc "quantization" postulate involving Planck's constant ti. 

If no quantization postulate is required for particle systems, then perhaps 

none should be required for fields, either, and so it may be possible to obtain 

the successful predictions of quantum electrodynamics and other quantized 

field theories from a purely classical theory of nonlinearly interacting 

fields. If this were the case, the question of how to quantize gravity would 

not arise; moreover, the problem of the quantized zero-point vibrations of 

various fields, which lead to a "cosmological constant" 120 orders of 

magnitude greater than the observational upper l imit* 1 6 ) , would simply 

disappear! 

All these are problems for the future, and their investigation will 

require a much more sophisticated treatment involving the direct solution of 

the differential equations governing the x field and its couplings via its 

massless excitations. By such means it is hoped that the quasi-classical 

approach, which originated in a desire to understand quantization but whose 

main successes so far have been in the illumination of classical physics, can 

be extended fruitfully to the quantum domain. 
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Figure Caption 

Fig. 1. Schematic space-time representation of the world-tube and 

equal-phase hypersurfaces for a particle moving under the 

gravitational attraction of a heavy static source mass. 
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