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Nature does not begin w i t h e lements , as we are obliged
to begin with them. It is cer ta in ly for tuna te for us, that we can,

from time to t ime, turn aside our eyes from the overpowering
u n i t y ot" the A l l , and allow them to rest on ind iv idua l deta i l s .

Hut we should not omit , u l t i m a t e l y to complete and correct our
views by a thorough consideration of the things which for the t i m e

being we left out of account.

Ernst Mach
The Science of Mechnnicx

i

1. NEWTON, MACH, AND EINSTEIN

The concept of inertia, which originated with Galileo, found a mathematical
expression in Newton's laws of motion. According to the second law of motion,
the force acting on a particle is proportional to the acceleration of the particle. The
constant of proportionality measures the inertia of the particle and is called its in -
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ertial mass. Thus, if P is the force, f the acceleration, and tn the iner t ia! mass, we
have

P » /»f ( 1 . 1 )

However, when formula t ing this law, Newton was faced with a fundamental
d i f f i cu l ty : How to fix the reference frame relative to which f is measured? Clearly,
( 1 . 1 ) cannot hold in all reference frames. If it is val id in frame 3" then in another
frame . '̂ with an acceleration a relative to 2F, the law of motion becomes

p • = p wa = nif (1 .2)

where f is the acceleration of the particle with respect to ,'F'. and P' is the force
measured in 9'. Thus the force is modified from P to P — ma. The extra term
— in'jL that has to be added to P depends on the mass of the particle and is hence
called the inertial force.\The frames in which ( 1 . 1 ) holds without the necessity of
such a modification are called ine r t i a l frames. All these frames ( including ̂ ) are
unaccelera ted relative to one another .

What distinguishes ine r t i a l frames from noninertial ones? A priori Newton
could see no physical reason to make such a dis t inct ion. That such a distinction
exists in nature can be seen or demonstrated in numerous ways. Newton has dis-
cussed the so-called bucket experiment. The rotation of a bucket is a relative
term. If one observer sees the bucket rotat ing, another (e.g., one s i t t i ng on the
bucke t ) can claim that it is nonrotat ing. In Newton 's experiment the dist inct ion
can be made absolute. If the bucket is suspended by a string, the string is given a
t w i s t and then the bucket let go, i t spins as the twis ted s t r ing u n w i n d s . I f the
bucket contains some water, its surface wi l l become curved and dip toward the
center. This absolute effect demonstrates the presence of inert ial forces and dis-
t ingu i shes between iner t ia l and non iner t i a l frames.

Why such a d i s t inc t ion should exist , Newton could not understand. However
he used this dis t inct ion to postulate so-called absolute space. This is, in effect, a
specific inertial frame in which ( 1 . 1 ) holds. All accelerations relat ive to th i s are
detectable by the inertia! forces.

The adven t of special r e l a t i v i t y did not change the logical s ta tus of the second
law of motion. It is true t h a t the concept of absolute space was done away wi th by
Eins te in . But the special s ta tus of inert ia l frames remained. Einste in himself was
well aware of th is special s t a t u s . Indeed, he has given an analogy ( E i n s t e i n , 1949)
with the apparently special role of the vertical direction at any point on the Earth.
Men wi th very l im i t ed experience of their surroundings would th ink that the Earth
is f lat and tha t the ver t ica l d i rec t ion has some absolute status when compared to
hori/ .ontal ones. A wider knowledge of the un ive r se would correct t h i s impression
and clarify the true status of the ver t i ca l . In the same way, wi l l the mystery behind
the special status of inertial frames be cleared up by a better understanding of the
s t r u c t u r e of the universe '?

Mach. in the last cen tu ry , indicated that such a clue is indeed provided by the
universe : a clue that was not avai lable to Newton . Astronomical observations
have shown that the frame of reference of the local observer, in which the distant
parts of the universe appear to be nonrotat ing, is an inertial frame. This is a
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remarkable resu l t ! An observer can measure the rotation of the Earth relative to
Newton 's absolute space by bbserving the motion of a Foucault pendulum that is
dr iven by the inert ia! forces. Or, he can measure the rotation relative to distant
ga laxies . 1 In e i the r case he gets the same answer! In other words, cosmology ap-
pears to provide a handle oil the question of why certain frames enjoy a special
s ta tus .

This was the point made by Mach in his critique of Newtonian mechanics. As
one who believed in formula t ing all scientific deductions on directly observable
quant i t ies (and not on abstract theories) , Mach strongly attacked the concept of
absolute space; and sought to replace it by a background space of the remote parts
of the un iverse . He went even f u r t h e r . 'The Newtonian concept of inertia and its
measure in terms of mass were to him unsatisfactory. If mass is the quantity of
matter in a body how does one set about measuring it? To Mach, mass and inertia
were not the intrinsic properties of the body but the consequences of the existence
of the body in a universe containing other matter. To measure mass one has to use
( 1 . 1 ) : measure the force and divide it by the acceleration produced. But ( 1 . 1 ) itself
depends on the use of absolute space, which has now been identified with the
background space of distant matter. So, according to Mach's reasoning, mass is
somehow determined by the distant matter.

How? The answer was not given by Mach. His reasoning, given above, is
usually known as Mach's principle. Even though it is not precisely formulated it
holds a certain in te l lec tua l appeal. How did Einstein react to it? Coming as it did
in the formative years of the theory of r e l a t iv i ty , Mach's principle was bound to
play an important role in Einstein's approach to space-time and gravitation.

Einstein expressed his dislike of absolute space in th is way:

"absolute space" as originally de te rmina t ive was quite exp l i c i t ly introduced by Newton as the
omnipresent act ive part icipant in all mechanical events; by "absolute" he obviously means unin-
fluenced by the masses and by (hei r motion. What makes th i s state of affairs appear particularly
offensive is the fact t h a t there are supposed to be in f in i t e ly many inertial systems, relative to each
other in uniform translat ion, which are supposed to be distinguished among all other rigid
systems . . . (E ins t e in , 1949, p. 27).

Einstein was no doubt impressed by Mach and has paid tribute to him in sev-
eral places. At one t ime he hoped t h a t general r e l a t i v i t y could be shown to incor-
porate Mach's pr inciple in some form or other. This hope was not reali/ed—as we
shall see in the following section. Indeed, Einstein later turned away from the
Machian concepts. In his own words,

Mach conjectures that in a t ru ly rational theory inert ia would have to depend upon the in-
teraction of the masses, precisely as was true for Newton's other forces, a conception which for a
long t ime I considered as in principle the correct one. It presupposes impl ic i t ly , however, that the
basic theory should be of the general t ype of Newton ' s mechanics: masses and the i r interaction as
the original concepts. The attempt at such a solution does not fit into a consistent field theory, as
wil l be immediately recognized;. . . (F . ins te in . 1949, p. 29).

Einstein was objecting here to the concept of action at a distance impl ic i t in

1 In Mach's t ime the existence pf galaxies other than our own was not established. The rotation
was measured against the background of d i s t an t stars in our galaxy. The background of galaxies is
known to provide a better inertial frjime than t ha t of these stars, which are considerably nearer to us.

.
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Mach's principle. Newtonian gravitation was an action-at a-distance theory. Elec-
tromagnetism began as an action-at-a-distance theory and proved inadequate to
describe all the observed phenomena including radiation. Einstein was impressed
by Maxwell's field theory, not only because it successfully described electromag-
netism but also because it had internal beauty. The theory already contained the
Lorentz invariance required by special relativity. Action at a distance, on the
other hand, was instantaneous and hence inconsistent with special relativity.
Although, unlike electromagnetism, there were no experimental data against
Newtonian gravitation (with the esoteric exception of the perihelion precession of
Mercury!) its logical inconsistency was already apparent. And Mach's principle
seemed to imply a similar idea of action at a distance.

Nevertheless, it is worth asking now, on the birth centenary of Einstein,
whether the Machian ideas are really irreconcilable with a theory of gravitation.
Cannot the Newtonianj action at a distance be reformulated to give expression to
Maori's ideas without offending relativity? We shall try to answer this question in
this chapter. We begin'iby discussing the areas of conflict between general relativ-
ity and Mach's principle. We then turn our attention to the action at a distance
approach. First, we seje how this approach can be made to work in electromag-
netism. We then formulate a theory of gravity on similar lines, which also incor-
porates Mach's ideas, and demonstrate how this theory approaches genera! rela-
tivity in the case of many particle systems. Finally we discuss two areas where
the two theories differ.

2. GENERAL RELATIVITY AND MACH'S PRINCIPLE

We consider here the extent to which Mach's principle has been accommo-
dated in general relativity. The discussion is on two fronts: observational and con-
ceptual.

2.1. Observational Aspects

One of the early successes of general relativity was in cosmology. Side by
side with Bubble's discovery of nebular redshift (Hubble, 1929) came the models
of relativistic cosmology (Friedmann, 1922) that could explain these observations
in terms of the expanding universe. These models can be described by the
Robertson-Walker line element

J.s2 - df2~, + r(J8'2 + sin- 0 </</>-'(2.1)

Here (/•, (L </;) are the constant comoving coordinates of a typical galaxy (treated as
a point!); / is the cosmic time, which serves also as the proper time of each galaxy;
and S(t) is the time-dependent scale factor. Thus, S(t), increasing with r, implies
expansion. The parameter k takes the values 0, I, or - 1 and denotes the sign of
curvature of the subspaces t = const. Models with k = + 1 describe "closed"
universes, while models with k = 0, - I are open-universe models. Einstein's

JL.
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field equations determine the form of S(t)-
The t ransformat ion given by

497

R = rS(t), T = F(x)

(a, h = cons t )

changes ( 2 . 1 ) to

wi th

(2.2)

(2.3)

(2.4)

Here 5(0 = dS/dt. F,(.v) = dF/d.\. Choosing the arbitrary function F so that at
R = 0, ev = 1, and making a power series expansion near R — 0 leads to

The = implies that powers of R higher than the second are neglected.
In any "local" experiment R -* 0 and the line element tends to that of special

re la t iv i ty . In other words, an observer at R = 0 can use this l ine element to repre-
sent a local iner t ia! frame. However, if he surveys the universe us ing (2.3) he w i l l
discover tha t d is tant galaxies are nonrotating (i .e. , have constant #, c/>). In other
words, these cosmological models obtained from Kins t e in ' s equations meet the
observational requirement that led Mitch to propose his ideas.

Nevertheless t h i s agreement (.iocs not mean tha t general re la t iv i ty necessarily
contains Mach's principle. In the collection of papers published in the Reviews of
Modern Physics to commemorate E ins te in ' s 70th b i r thday , a paper by Godel
(1949) denied just such a claim. By way of a counterexample, Gbdel produced the
following model of a homogeneous spinning universe:

dx1)2 + i<'8j>W)2 - U/.rY (2.6)

It has density p ~ (8-n-)"1 and a X term = | in geometric un i t s . The significance
of Godel's model was tha t it has d i s t a n t galaxies (wi th constant .v1, .v2, r') as ro-
tat ing with respect to any inert ia! frame used by a typical observer (with constant
.v1, .v2, .v'!). In t h i s sense the so lu t ion is anti-Machian,

For a time it was thought that an anti-Machian solution like this was possible
because of the nonzero X term in Einstein 's equations. The X term is not univer-
sally accepted. Its in t roduc t ion had been prompted by reasons that are no longer-
considered cogent. Assuming that it should not be there, should we be able to get
rid of Godel- type solutions? Alas, no! It has been possible to f ind so lu t ions of Ein-
stein's equations without the X term that are anti-Machian in the above sense
(Ruzmaik ina and Ruzmaikin, 1969). So long as such solutions cannot be ruled out,
it is incorrect to argue that general re la t iv i ty u n i q u e l y reproduces the observational
background to Mach's pr inciple . In retrospect, it is the symmetry of the l ine ele-
ment (2 .1 ) that , above anything else, is responsible for the Machian result. A
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suggestion that th is
mat te r was made by
proach here.

symmetry could be achieved by a continuous creation of
Hoyle and Narl ikar (1963). We shall not discuss that ap-

2.2. Conceptual Aspects

Retu rn ing to the second law of motion ( 1 . 1 ) consider what happens when we
have a single particle moving under no forces in an otherwise empty universe. We
then have

mt - 0 (2.7)

If we follow the Newtonian prescription for inertia we deduce from this

f - 0 (2.8)

i .e . , the particle moves with a uniform velocity. Assuming that the absolute space
of Newton is not really an ad hoc concept but has some physical origin, in the
present case it becomes diff icul t to understand (2.8). How is this frame of refer-
ence determined in an empty space through which the particle is moving? Rather,
we should have expected that in the absence of any physical background the mo-
tion of the particle should be indeterminate.

Jus t such a conclusion can in fact be drawn from (2.7) by taking the alterna-
tive solut ion:

in - 0 (2.9)

Then f is inde te rmina te , as required. However, (2.9) has more serious implica-
tions. It means the abandonment of the Newton ian concept that inertia is the
property of matter and mass a measure of it. Somehow, in must now depend on
the background, in such a way as to become zero when the background is nonexis-
tent . This is the Machian standpoint .

In general r e l a t i v i t y , an empty universe is described by the Einstein field
equations

Ktk = 0 (2.10)

It is possible to find solutions of these equations that are everywhere well be-
haved. Timelike geodesies in such solutions correspond to (2.8). In the absence of
a background such solutions also become meaningless. Here again it would be
tempt ing to look for the other alternative represented by (2.9). However, the
framework of general re la t iv i ty does not allow it.

A second conceptual conflict concerns measurement. If masses do depend on
the background, i.e., on the large-scale structure of the universe, then the possi-
b i l i t y of their variation from one space-time point to another cannot be denied.
Now, masses play a fundamental role in de te rmining un i t s . For example, if we put
c ( the speed of l igh t ) and h (-- Planck constant/2-rr) equal to 1 in deference to rela-
t iv i t y and quantum theory, all units can be expressed as powers of mass. Thus
length is —w1 , the constant of gravitation G is ~m~2, the electric field is ~w2 ,
and so on. We may, for instance, choose the mass of a stable elementary particle
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l ike the proton as f i x i n g the base u n i t . However , we cannot guarantee t h a t t h i s u n i t
will be the same everywhere, once we admit the variation of mass from point to
point . To take account of t h i s va r i a t i on we have to proceed in the fol lowing way.

Suppose at one space-time point P(x') we construct the line element

</,V2 = f > ( k ( P ) </.v' (l.\ (2.11)

We cannot attach an absolute sense to \ds\t P, since we cannot be sure of an ab-
solute value of our base uni t . We^ can compare lengths in different directions at P
without d i f f icu l ty , however, Thujs we determine ratios of f>ik(P) rather than their
absolute values. Thus, instead of ( 2 . 1 1 ) we may have

i

without altering these ratios, where il(P) ^ 0. It seems more reasonable therefore
to formulate a physical theory thjat only depends on the ratios instead of the abso-
lute values of the metric tensor. Such a theory is said to be conformally invariant.

That is, a conformally invariant theory does not change its structure if the
space-time metric undergoes a conformal transformation:

r\L _ -t A ,,- Q <-•• ~,. ( ^ 1 3 )

where 11 is an arbitrary ( su i tab ly jwcll b e h a v e d ) funct ion of the space-time coordi-
nates. ]

The Maxwell field equations'are conformally invar ian t . However, general rel-
at ivi ty is not. The constancy ofjmass and the absolute character of the l ine ele-
ment ( 2 . 1 1 ) in th i s theory are therefore in confl ict w i i h Mach's principle.

On the face of it t h i s confiic^ seerns insurmountab le , and suggests that a rap-
proachement between general relativity and Mach's principle is impossible. In the
following sections we discuss how, wi th suitable modif icat ions, a theory of gravi-
tation can be constructed from a! Machian origin, which leads to general relativity
for most practical purposes. Th|e approach to this theory is via action at a dis-
tance, which we first describe in the context of electromagnetic theory.

3. THE ABSORBER THEORY OF RADIATION

In a le t ter to Weber on March 19, 1845, Gauss wrote:

I would doubtless have publ i shed my researches long since were it not tha t at the t i m e 1 gave
them up I had fai led to f ind what I regarded as (he keystone. Nil ticliini /•<•/.»/</«/i.v xi (inicl xupercxscl
agendum, namely , the derivation of.the addi t ional forces—to be added to the interact ion ol elec-
tr ical charges at rest, when they are both in motion—from an act ion which is propagated not
ins tan taneous ly but in time as is the case w i t h l i g h t . '

Gauss's attempts came some three decades before the Maxwellian field
theory and six decades before special r e l a t i v i t y . The success of these two theories
shifted the emphasis from action at a distance to fields and it was not un t i l well
into the present century that the problem posed by Gauss was solved.

A beginning was made by Schwarzschild (1903), Tetrode (1922), and Fokker
(1929a,b, 1932), who independent ly formulated the concept of delayed action at a
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d i s t ance . The ac t ion pr inc ip le as fo rmula ted by Fokker may be w r i t t e n in the fol-
lowing form:

(3 .1

In the above expression the charged particles are labeled a, b, . . . with e,,
and nin the charge and mass of particle a. The worldline of a is given by the coor-
dinate functions a'(a) of the proper time a. The space-time is Minkowskian, so
tha t

da1 = 7?iA. da' clak (3.2)

wi th i7,A. = d iag(— 1 , — 1 , ;- 1 , 1 ). The first term of s4 therefore describes the iner-
tia! term. The second term describes the electromagnetic interaction between the
worldl ines of a typical pair of particles {a, b}. The delta funct ion shows that the in-
teract ion is effective only when .sf,,,, the i n v a r i a n t square of distance between typi-
cal world poin ts A,B on the wor ld l ines of a and b, vanishes. This implies delayed
act ion: s'jtH - 0 means that A and B are connected by a light ray.

Al though I his formulat ion met the requirement of relativistic invariance it
gave rise to o ther d i f f i c u l t i e s . The major d i f f i cu l t y is as follows (see Fig. 1). For a
typical point A on the worldline of a there are two points B+ and B^ on the world-
l i n e of h for which x'f(H = 0. The effect of A is fe l t at B } (at a later t ime) and at /?_
(at an earlier t ime). S imi la r ly , since the action pr inciple guarantees the equal i ty of
ac t ion and reaction, the reaction from B+ and B is felt at A. Thus there are inf iu-
enc.-s propagating wi th the speed of l ight , not on ly in to the fu tu re hut also into the
past. This led to a conflict wi th the principle of causal i ty , which seems to hold in
everyday l i fe . The o t h e r ' d i f f i c u l t i e s were of a less serious nature a l though not ig-

! A

»<

B_

Fi^. 1. A on the worldline of particle ti receives a retarded reaction from B^ and an advanced reac-
tion from K+.
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n o r a h l e . For e x a m p l e , there was no ' " s e l f - a c t i o n " (a = h is avoided id (he double
s u m ) and so (here did nol appear lo he any obvious way of accounting for radia-
t ion damping .

These difficulties were removed by Wheeler and Feynrmm (1945) by br ing ing
in to t i i e discussion the important role of the ahxorber.1 In Fig. !, the reactions
from li. arrive al A ins tan taneous ly , whatever the spat ia l separation of a and /;. So
it becomes necessary to t a k e i n to account t h e reaction from the en t i re universe to
A. Al though the remote particles are expected to contr ibute less, their to ta l
number is large enough to make the calculation nontr ivial . The essence of the
a rgumen t g iven by Wheeler and Feymnan is described below.

To begin w i t h , define the 4-potenliai al X due to particle b by

(3.3)= eh 8(s$B)-r)ik db*

and the corresponding direct-particle field by

(3.4)

A direct-particle field is different from an ordinary field because it does not
have any independent degrees of freedom, The 4-potential identically satisfies the
rela t ions

/!'"% = 0, Q 47T/""'

w lie re

(3.5)

(3.6)

is the current dens i ty vector. Thus al though (3.5) resembles the Maxwell wave
equation (and the gauge condi t ion) i l represents iden t i t i e s .

The equa t ion of motion of a typ ica l charge a is ob ta ined by v a r y i n g its world-
l ine and requir ing S/Y ::= 0. We get

ma -, :r = ea V (3.7)

Thus charge a is acted on by all ut/icr charges in the universe.
We now tu rn to the d i f f i cu l ty introduced by the t ime symmetry of th i s formu-

lat ion. Instead of being the retarded solut ion of (3.5), (3.3) is the t ime-symmetric
half-advanced and half-retarded so lu t ion . The same applies to the direct-particle
f ie lds . Suppressing the indices /, /<,, we may wr i t e

! I IS(I>> 4-
-.'. \ rcl ~ (3.8)

As shown in Fig. 2, ( h i s f i e ld is preseni in the past as well as the fu tu re l ight cone of
B.

Wheeler and F e y n m a n argued in the fol lowing way. If we move the charge b,

': Hie lormal aspects of t h i s work were discussed by the au t ho r s in 1944 in an ar t ic le in A'( v/cir.v of
Mixlcrn f'/t\:\ii A. w r i t t e n on I lie occasion of l u n s i o i r i ' s 70th b i r t h d a y ( W h e e l e r and Feynmarm, l l>4 (>).
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FutureFuture

Hj>. 2. (i)'I he lull ietan.ioJ lick! that is observed in piacticc. There is zero lielt.1 in the past li^ht cone
of B. (iii'I'hc lime-symmetric lick! of the direct-particle theory is shown.

it. generates a disturbance thai affects all other charges in the universe. Their reac-
tion arrives hack instantaneously. Wheeler and Feynman showed how to calculate
such a reaction in a universe of static Minkowski type with a uniform distribution
of electric charges. They showed that the reaction to the motion of charge ham be
calculated in a consistent fashion and conies out to be

RI I IM'>
H\ l-H

Thus a test particle in the neighborhood of charge h experiences a net "field"

/•If;,' = F'" •+ A*"" = /•;.(:; <3.10)

This is the puie retarded field observed in real life! The self-consistency of the
argument follows from the fact that the reaction A'"" has been calculated by adding
the If'adv fields of all particles a ^ h that have been excited by this total field /•'',''!•
Thus only the future light cone of B conies into play (see Fig. 3). The reaction from
the future cancels the advanced component of r"(h' and doubles its retarded com-
ponent.

Also, according to (3.7), A"'" is the force experienced by the particle h. This is
nothing but the radiative reaction to the motion of h as obtained earlier by Dime
(1938) on empirical grounds. Thus the theory not only gets round the problem of
causality but it also accounts for the radiation damping formula.

Physically, what, happens is the following. To the motion of h the future half
of the universe acts as an absorber. It "absorbs" ail the "energy" radiated by b.
and in this process sends the reaction A"'", which does the trick! For this reason
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f u t u r e
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ab-

Wheeler and Feymnan ca l led t h i s t h e o r y the ahsorhcr t/icory of radiation. The
presence of the absorber is e s s e n t i a l for She c a l c u l a t i o n lo work.

3.1 . The Rf.spon.se of the l inivrrse

In the above self-consistcnl d e r i v a t i o n there was one defec t : i t was not
un ique . A n o t h e r self-consistenl p ic ture was possible in which the next field near
every par t i c le was the pure itdvuncctl f ie ld and the r a d i a t i v e react ion was of oppo-
site sign to tha t of (3 .9) .

I n Fig. 4 the two solutions are compared, in (a) we have the retarded solution
whi le in ( b ) we have the advanced s o l u t i o n , in (a) the absorption in the fu tu re l i g h t
cone is responsible w h i l e in (b) i t is the absorption in the past tha! piays I he c ruc i a l
role, The important role of the absorbers is that they convert the t ime-symmetric
s i t u a t i o n of Fig. 2 to t i m e - a s y m m e t r i c ones of Fig. 4. it is, however, not possible
to d i s t i n g u i s h between Fig. 4a and Fig. 4h unless some other t ime a s y m m e t r y is in-
volved. Wheeler and Feynman realized t h i s and l inked the choice of (a) to thermo-
dynamics. Given the usual thermodynamic t i m e asymmet ry , they argued t h a t the
s i t u a t i o n (b) would be h igh ly u n l i k e l y ( u n d e r the p r o b a b i l i t y arguments of s t a l i s -
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Fig. 4. The Wheeler-Fejynm
verse, except, through thcrmodyn
lion.

an theory could not d i s t ingu i sh between (a) and (h) in a static uni-
iimics. The cosrnologicai arrow of time is needed to make this distinc-

t i c a l mechanics) and tha t the usua l asymmetry of i n i t i a l conditions w i l l favor (a)
to ( h ) .

I t was pointed out by Hogarth (1962) that it is not necessary io bring thermo-
dynamics i n to the p ic ture at a l l . if one takes accoun t of the fact t ha t the universe is
expand ing , i ts past and f u t u r e are n a t u r a l l y d i f fe ren t . The react ion from the
absorbing par t ic les in the f u t u r e S i g h t cone (designated by Hogarth co l l ec t ive ly as
{he future absorber) does not au toma t i ca l ly come out equal and opposite to the
react ion from the past absorber. Thus the two pictures (a) and ( b ) do not a lways
follow in an expand ing u n i v e r s e . Hogarth found t h a t for (a) to hold but not (b ) , the
f u t u r e absorber m u s t be perj'eet and the past absorber imperfect; and vice versa
for ( b ) to hold but n o t ' ' ( a ) .

An absorber is per fec t i f i t e n t i r e l y absorbs t h e rad ia t ion e m i t t e d by a typical
charge. In the s t a t i c u n i v e r s e discussed by Wheeler and Feynman both the past
and f u t u r e absorbers are perfect ; and th i s leads to the amb igu i ty ment ioned ear-
l i e r . However , Hogarth found t h a t the a m b i g u i t y is resolved if the cosmological
t ime a symmet ry is taken i n to account. He f o u n d , for example , that in most big-
bang models (Hogar th , 1%2) which expand forever, (b) is valid and not (a). In the
s teady-s ta te model (Bond! and Gold, 1948; Hoyle, 1948), (a.) is va l id and not (b) . In
the big-bang models that expand and con t rac t both the absorbers are perfect and
the outcome is ambiguous.

Later Hoyle and .Nar l ikar (1963) completed t h i s work by first rewri t ing the
Fokker action ( 3 . 1 ) in curved space as is necessary for cosmological discussion.
They also deduced conclusions s i m i l a r to Hogar th ' s under more general assump-
t i o n s . F i n a l l y they extended the entire picture to t/iuintnni theory. Thus it is pos-
s ib le to discuss the e n t i r e range of phenomena of q u a n t u m e lec t rodynamics
w i t h o u t recourse to f i e l d theory (Hoy le and N a r l i k a r , 1969. 1971). This therefore
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removes any possible objection to the concept of ac i ion at a d i s t ance in so far as it
is applicable to electrodynamics.

The crucial role played in the whole calculation is tha t , of the response of the
universe . In the classical calculation (he steady-state universe generates the "cor-
rect" response so that the local electric charges interact, through retarded signals.
The response from the big-bang models is of the wrong type. We are thus able to dis-
t inguish between the different cosmological models and decide on thei r va l id i ty or
otherwise on the basis of the Wheeler-Feynman theory. We also see why charges
i n t e r a c t t h rough retarded s ignals : t h e y do so because of the response of the u n i -
verse. In the M a x w e l l f ield t h e o r y the choice of retarded solut ions of M a x w e l l ' s
equat ions is by an a rb i t r a ry Ha t .

in she q u a n t u m ca lcu la t ion also i t . can be shown t h a t the a symmet r i c phenom-
enon w i t h respect, to t ime, like the spontaneous downward t rans i t ion of an atomic
electron, -is caused by the response of the universe. By cont ras t , the q u a n t i z a t i o n
of the Maxwei i electromagnetic field ascribes these asymmetries to the so-called
vacuum and to the rules of quan t i za t ion .

The direct-particle approach therefore achieves for electrodynamics what
Much sought to achieve for inert ia . By bringing in the response of the universe to a
local experiment in electrodynamics we have essentially incorporated Mach's
principle into electromagnetic theory. Mach's quotation at the beginning of this
chapter applies to the present case: given the correct response of the universe , we
can almost decouple our local system from i t , al though strictly speaking the
theory would not be possible wi thou t , the un iverse .

Can the same prescript ion be applied to ine r t i a and gravitation? We discuss
t h i s problem in the following section.

4. INKRTIA AS A DIRECT-PARTICLE FIELD

We now return lo the problem of achieving a "reconciliation" between gen-
era! r e l a t i v i t y and Mach's principle. To th is end we shall look fora theory wi th the
fol lowing properties:

(a) It has Mach's principle b u i l t in to one of i ts postulates.
(b) it is conformally inva r i an t .
(c) I t does not have the conceptual difficult ies associated with the case of a

single particle in an otherwise empty universe.
(d) For a universe containing many particles the theory reduces to general

relativity for most physical situations.

We begin by a second look at the Fokker act ion for e lectrodynamics , t h i s
time rewrit ten in a curved Riemannian space-t ime:

(4.1)

Here, in going from (3 .1 ) to ( 4 . 1 ) the first term of,«/ needs a trivial modification: da
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is now computed w i t h a R i e m a n n i a n m e t r i c . The modi f ica t ion of the second t e rm
of , .y ' requires considerable t h o u g h t . The fi(.v2,,j)7;,-A. is now replaced by G,-,^, a bi-
vector propagator between A and IL i t is the s y m m e t r i c Green's f u n c t i o n for the
wave equat ion

Here Gn!ll behaves as a vector at X and B, respectively, w ;ith the indices n and
//( ( the subscript X on n is suppressed for the convenience of wr i t i ng ) , #„,„ is the
para l le l propagator between A' and B [see Synge (I960) for detai ls] and g(X, B) its
d e t e r m i n a n t . In the l i m i t I,',A- ~* I?;/,-, Gik-^ 8(s'^B)j)lk. The detailed s t ructure of
t h i s propagator has been s tud ied by DeWitt and Brchme (I960).

The electromagnetic part of ,p/ is conformally invar ian t but the mechanical
pan (the f i r s t t e rm) is nbt. W;e now compare ( 4 . 1 ) with the action for f ie ld theory of
M a x w e l l and for gencrja! r e l a t i v i t y . This ac t ion, denoted by ,'.f''' is given by

( 4 3 )

The th i rd and fourth term of ,<.•/<K l r ep re sen t , respect ively , the free-field term and
the f i e ld-part ic le i n t e rac t ion t e rm.

I n the direct-particle t h e o r y die second t e rm of ,<•''/ replaces these two te rms of
the field theory. The fields as such lose the i r i ndependen t s t a t u s and are replaced
by propagators connec t i ng panicle world l ines . What can we do about, the first two
t e r m s of ( 4 . 3 ) 7 The second t e rm already ex i s t s in ( 4 . 1 ) and i t i s t e m p t i n g to s imp ly
inser t t h e f u s t t e rm i n t o ( 4 . 1 ) a s represent ing g r a v i t y .

This procedure, however , is cont ra ry to the direct-particle p i c tu re . The first
t e rm of ( 4 . 3 ) . although c o n t a i n i n g geometrical i n f o r m a t i o n , has also (he char-
acter of a f ie ld . Hence it is out of place. We have already commented on the
non-Machian charac te r of the second t e r m of (4 .3) . For these reasons the ap-
proach suggested above is not des i rab le ,

The c lue to the correct procedure t h a i needs to be adopted is provided by a
comparison of the last term of (4 .3 ) with the second lerrn of ( 4 . 1 ) , If in the former
we replace the po ten t ia l A, by a sum over the d i rec t -par t i c le potentials defined by
a re la t ion analogous to ( 3 , 3 ) for a curved space, we shal l recover something tha i
looks l ike the l a t t e r ! In the same way we now replace the masses mlt by d i r e c t -
particle f ields defined in the fol lowing mariner:

(4.4)

(4.5)

m(h\X] =: \t,(>'(X, ti) < / / > , A,, = coupl ing const

m,,(A) = K,, V m*'\A), A(/ = coupling const

The propagator C(X, If) has to be hiscnlar since masses are scalars and we
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wish to preserve a symmet ry between X and IL The action (4 .1 ) is now changed to

X,,\(7(/4, H) da db
j i ^r---̂  (T--^

s4 =•> - \ V I,

- YY 47T (4.6)

V\t should he the exact form ol 'C/ 'M, />')'.'Taking a clue from electromagnetism,
we expect it to he a symmetric Green's function of a scalar wave equation. How-
ever, we also want >?/ to be conformally i nva r i an t . These two requirements fix the
form of the scalar propagator it/ih/ueiy to within a multiplicative factor. We shall
take G(X, B) to satisfy the scalar wave equation

, B) (4.7)

The wave operator is un ique ly fixed by the requirement of conformal invariance.
Turning from these purely formal aspects to those of interpreta t ion we note

that (4.4) and (4.5) are essentially Machian ideas on inertia expressed mathemati-
cally. The mass ///„ of particle a at its world point A is the sum of the contributions
of all other particles in the universe. Thus requirement (a) has been met . Require-
ment (c ) is also met, because for a single part icle in an otherwise empty universe
there is no action! The m i n i m u m number of particles required to define ^4 is two.
Thus for each of the two particles the other provides the "background" in the Ma-
chian sense. The requirement of conformal invariance is also met by our choice of
the propagator. I t therefore remains to examine requirement (d).

So far we have concentrated on iner t ia and ignored gravity. The action (4.6)
does not contain the gravitat ional term

I
167r7;

exp l ic i t ly . Yet, as we shall see in the following section, the theory is fu l ly capable
of describing gravitational phenomena.

5. CONFORMAL GRAVITY

R e t u r n i n g to the act ion (4.3) we note that when we try to derive the Einstein
f ie ld equat ions by the Hi lber t action principle, we get the Einstein tensor from the
first term. This term does not exist any more in the direct particle action (4.6).
Shall we get any gravi ta t ional ' term at all from (4.6) if we sought to perform the
met r ic variation X,K- ~> #;*• + fy.';* •' A l°°k at4 the electromagnetic part of (4.3) does
not inspire confidence that the answer to this question should be in the affirma-
t ive . There i t is the t h i rd rather t han the four th term t h a t contributes the energy
tensor of electrodynamics, and it is the fourth term that was used in going over to
(4.6). Nevertheless, a closer examination shows that the terms in (4.3) do give
nontrivial answers when the metric variation is performed.
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Fig. 5. The propagator G (indices suppressed) changes to G
changed geometry: ;,'jj( ..... -» y,lk !• o.i.'a-

SG because the space -time in Thas

The reason for th is is i l lustrated wi th the example of Fig. 5. Here we have the
electromagnetic propagator G'Mfl connecting A and #, respectively, on the world
l ines of </ and /?. Suppose we perform a var ia t ion in the space-lime metric of a
compact region 7". Since the propagator is a global properly of space ...... t ime s t ruc-
ture , it wi l l change because of t h i s change in s t r u c t u r e of Y. The change in Gj , is
therefore expressible, in a first-order calculation, as a volume integral over V .

In the electromagnetic case the answer may be expressed in the following
form:

(5.1)

where

* ......XT-
' "

/.r(«)i Z
1 I ret* (5.2)

The de ta i l s of t h i s de r i va t i on are given by Na r l i ka r (1974).
it is i n t e re s t ing to note in passing tha t th i s derivation resolves an ambigui ty

about the energy tensors of direct'particle electrodynamics. Wheeler and
Feynman (1949) had discussed two tensors for th is theory. Of these one was the
canonical tensor given above by (5.2) arid the other was the Frenkel tensor:

(5.3)
8?r *-'fr

t,ik K ' K i ) n i n p ( f i ) £,'•(«.>iV C'd-'ik
"> <"' ""' f f I I

„
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By i'\',[},,, e tc . , we mean here t h e time-symmetric (half-advanced •+• haif-
retarded) direct-particle lick! def ined by (3.4). Both (he tensors (5,2) and (5.3) arc
m a n i f e s t l y t ime symmetr ic and both reproduce the same electrodynamic forces
when the i r divergence is taken. Wheeler and Feynmun had concluded:

From (he s tandpoint of pure electrodynamics it is not possible to choose between (he two tensors.
The difference is of course s ign i f i can t tor (he general theory of r e l a f i v i i y , when; energy lias asso-
ciated wi th i ( ;i gravitational mass. So Car we have not attempted to discriminate between the two
possibi l i t ies by way of this higher s tandard .

As ment ioned above, t he usua l p re sc r ip t ion of me t r i c v a r i a t i o n u n i q u e l y
yields the canonical tensor. The facts t h a t we could get a nontrivial answer io the
variational problem and t h a t th i s resolves a long-standing ambiguity reinforce our
belief tha t we are proceeding along the correct path toward a theory of gravitation.

We now consider the var ia t ion of the first term of (4.6) as #,-/,. —* xik + S,.<;,•/...
We shall ignore the second t e rm and c o n c e n t r a t e on gravitation alone. Also for
s impl ic i ty we begin by p u t t i n g A,, • 1 for ail a. Later we shall return Io different
coup l ing c o n s t a n t s .

The method is similar to that adopted for electromagnetism. We compute the
change in the propagator G(A[ //) as the geometry changes in any compact region
' ' . The details of this somewhat lengthy calculation are given elsewhere [see
Hoyie and Nar l ika r (!974)j . We s imply quote the resu l t . 'The field equat ions tu rn
out to be

where I __ I is the eo variant wave operator,

= m(re,()(X)m(atM(X)

(5.4)

(5.5)

(5.6)

and ;;/ ( i" lv l denote twice the retarded and advanced par ts of ni(X), respec-
t i v e l y . The energy tensor '/•/,, is the famil iar energy tensor for a system of particles
a, h wi th masses in,,, in,,. . . . as def ined by the Machiun prescription (4.4)
and (4.5). Note tha t the masses are t ime symmetric. The f u n c t i o n ni(X) satisfies
the conformally i nva r i an t wave equat ion

[Jm 4- A R,n = N

where

A'(A') = (5.8)

is the invar i an t particle number dens i ty .
There are 10 equations in (5.4) and one equation (5 .7) for the I I unknowns #,7).

and / ; / . However, the divergence and t race of (5 .4 ) i den t i c a l l y van i sh , showing
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t h a i ilu'i-e arc in fact five fewer independent (.'((nations, ' ["his is ha rd ly surpris ing
since four of these f ive are due to the general coordinate invariance (as in general
r e l a t i v i t y ) w h i l e the f i f t h i d e n i i t y ( t h e v a n i s h i n g of truce) is due to conformal i n -
var iance . I t is easy to ve r i fy t h a t if {;,',,,, in} is a solut ion of these equations then so
is {i l~x ' i / , -< H~"]t>i\r an arb i t rary well-behaved ( i . e . , of type C*) nonvanishing finite
f u n c t i o n il . This a rb i t r a ry func t ion is no th ing but the expression of the arbi-
t r a r i n e s s of mass -dependen t u n i t s discussed in Section 2.

Suppose now tha t it. is possible to choose il such that

in. (5.9)

Suppose also tha t the response of the un ive r se is such as to cancel all advanced
components and double the retarded ones so t h a t the effective mass funct ion is

••in + k (5.10)

Later we shal l discuss th i s cond i t ion and its implications. Then the field equat ions
are simplified to

Kik toiftJ? 8 -KT«, K = 6/m? (5.11)

These are the familiar equations of general re la t iv i ty! The conformal frame
for which (5.9) and ( 5 . 1 0 ) hold w i l l be called the Einstein frame. We have thus
completed (he remaining part of the programme outl ined at the beginning of Sec-
l i on 4.

The fo l lowing po in t s arc worth emphasizing in the above derivat ion of K i n -
s i e in ' s equa t ions , which is so radica l ly different , from the standard ones (E ins t e in ,
1915 ; H i l b e r t . 1915) .

(1) The approach lo H i n s t e i r f s equa t i ons is via the wider f ramework of a
conformally i n v a r i a n t gravitation t h e o r y . On ly in the l i m i t of m a n y part icles in a
s u i t a b l y responding universe do we arrive at KinstcirTs equations. In the other
l i m i t of /ero or no par t ic les there is no theory! Thus i l brings out the reason why
the Machian paradox of one par t ic le in an empty un iverse is not val id in the con-
t e x t of E i n s t e i n ' s equa t ions . This reason does not emerge in the s tandard der iva-
t i o n s o f l ; . i n s ( e i n ' s e q u a t i o n s , ,

( 1 ! ) I t is s i g n i f i c a n t t h a i the c o u p l i n g c o n s t a n t K • KirC/Yc'1 ~ 6/w'f, is posi-
t i v e in t h i s approach. This conclusion is u n a f f e c t e d by the change of sign of (he
coupl ing constants A , , . A , , , . . . ( taken here us u n i t y ) ; nor is it affected by the
choice of s ignature ( i .e . , - • f instead of 4 t- + — ) of the space-time met-
ric. The choice of the conformally i n v a r i a n t scalar propagator leads to the
coupling constant being positive, i.e., to gravi ty being "attractive." In the stan-
dard dev ia t ions the coup l ing constant is'fixed (in sign as well as magni tude) by a
comparison w i t h Newton ian g r a v i t y .

( I l l ) A considerable discussion has gone on regarding the admissibility of
the so-called A term in Einstein's equations. This is because th i s term could be
accommodated in Einsiein's h eu r i s t i c der iva t ion or in Hi lber fs action pr inciple . If
a! a l l , t h i s t e rm is not l i k e l y to be i m p o r t a n t except in cosmology. The present cos-
tnoiogica! pic ture—on observational grounds -does no! force us to accept th i s
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t e r m . I t . i s w o r t h e m p h a s i z i n g t ha t the direct-particle approach to g r a v i t y g iven
here does no! per/nit the A f e r t n . Fu tu re cosmological observations wi l l !e!l us
whether th is d e f i n i t i v e conc lus ion is va l i d .

( I V ) The cond i t i on (5.9) tha t leads to K i n s t e i n ' s equa t ions needs lo be re-ex-
amined c a r e f u l l y under two special c i rcumstances . Nea r a typ ica l par t ic le a, we
expect the mass function m("\X) to "blow up.;" so that tn(X') -* y- as X -> A on
the worldline of a. In order to make ,U ' / / / ( / f ) f i n i t e at A, we therefore require
ii —> ->•• as A' —» A. However , we have already ruled out such conformal f unc t i ons
by restr ic t ing ii to f i n i t e values. Thus the transition to Kins te in ' s equations is not
v a l i d as we tend to any t y p i c a l source par t ic le . The na tu re of the equat ions and
the i r s o l u t i o n s near a par t ic le in ( h i s theory have been discussed by Hoyle and
N a r i i k a r (1966) and by Islam (1%X».

The second, more interest ing s i tua t ion could arise if there existed hypersur-
faees on which ni : 0. For a t r a n s i t i o n to K i n s t e i n ' s equa t ions via (.5.9) we t h e n
need Si 0 on these surfaces. B u t we have also exc luded the il * 0 cases from
conformal t r ans fo rmat ions . Thus the K i n s t e i n equa t ions break down on in -- 0
su r f aces .

What is the phys ica l significance of zero mass surfaces'.' How do t h e y arise in
the universe'. ' We discuss these ques t ions in Section 7.

6. THE FRIEDMANN UNIVERSES

Let us consider the simplest Friedmann cosmological model, the so-called
Einstein-de .Sitter model, i t is given by the l i ne e lement

2 /
U/.V- 4- f/v : > r dz') (6.1)

where // is the present measured value of the Hubble constant and / = 2/3/ / is the
present cosmic epoch. The / coordinate measures cosmic t ime and serves as a
synchronous coord ina te for al l "fundamental" observers w i t h c o n s t a n t coordi-
nates (x,y,z). According to the Weyl postulate we may iden t i fy these observers
with galaxies in an expand ing un iverse . The densi ty of m a t t e r at epoch t is given
by

p = U87r ( / / 2 ) ' (6 .2)

This model is a so lu t ion of F . ins te in ' s field equa t ions . It has a space-t ime sin-
g u l a r i t y at. / = 0 when p - t». It is a coordinate-independent s i ngu la r i t y , u n l i k e the
one that seems to occur in the Schwarzschild solution at the horizon. The
space- t ime s t ruc tu re breaks down at / = 0. In cosmological jargon t h i s epoch is
identified wi th the creation of the u n i v e r s e with a "big bang.'1

Let us examine this solution using a different conformal frame in the con-
formal theory. Assuming tha t a su i t ab le response is produced by the un ive r se , we
see t h a t we may replace <£ by //;• and w ( iv() and / / ; l : i ( l v ) by /// in (5.4) wi th the result

•nnMBUMMMHMI
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that (5.4) reduces to

J . V. N A R l . I K A R

(6.3)

A li t t le calculation shows thai (6.3) and (5.7) together are satisfied by the
s imple s o l u t i o n

fttk ~ 7 J / / - < '" ::~ ^T^ A ~ const (6 .4)

where the Minkowsk i met r ic T;,,, applies to coordinates A-' = (A, y , 2 , T). I t is easy
to see tha t the l ine element

(Av- " </r- ...... <Av- - ily- ..... it-'- (6.5)

is re la ted to ( 6 . 1 ) by (he conformal t rans format ion

2 /

This is hardly surpr is ing since in going from (6.4) to ( 6 . 1 ) the mass wi l l t r ans form
to

/3///\-2 ' : i 4 A
fh ~ /nil'"1 = AT- \--;:- } :r; 777 = w (> = const ( 6 . / )

\ / / /"

us required by the Einstein conforrna! f rame. As a fur ther check note t h a i if we
subst i tute (6.7) into (5.7) in the Einstein frame, we have from ( 5 . 1 1 )

N == Dm + ^Rm = Ji -Rmn = '

Hence in Minkowski space— time we have from (6.2) and (6.6)

/v = A/n;t = i / / / „ / / - = 2/1
In other words,

in = i /Vr 2 (6 .8)

But th i s is precisely the f u l l retarded contribution from all panicles in the u n i -
verse. as shown in Fig. 6. Thus the s o l u t i o n forms a self-consistent scheme pro-
vided we can convince ourselves t h a t She response of the universe is indeed such
as lo give the f u l l re tarded so lu t i on .

In flat Minkowsk i space -lime the propagator G(A,B} is given by

> .
4 77-

Hence if we compute the function

m(X) - V I G(X,A)tia (6.10)

we find thai the retarded cont r ibut ion is given by Nr2/4, i .e. , by half the value
(6.8), whi le (he advanced cont r ibut ion is infinite. This was pointed out by
Hawking (1965), who suggested that a finite value might be obtained by having
positive and negative con t r ibu t ions lo m(X), as in electrodynamics. Al though an
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T =•- 0

Fi;j, 6. I he past l i g h t cone f rom a pal l i c l e a a l A (at s pa t i a l or igin anil epoch T) i n t e r s ec t s the hyper -
piane T :- 0 in a sphere of ratl ins r. Only panic les ( l ike />> ly ing in th i s sphere make the retarded con-
t r i b u t i o n . I '.irtides Hi l l s ide ( l ike c) do not contr ibute .

exac t ly equal number of positive and negative contributions will lead to a zero
m(X). as in the overall e lec t ros ta t ic con t r i bu t i on of all charges in the universe, t h i s
device does not lead to a s a t i s f a c t o r y r e so lu t i on of the difficulty. Hoyle and Nar-
l i k a r ( 1 ^ 7 2 ) have discussed how i n l i n i l e c o n t r i b u t i o n s from the f u t u r e can lead to
an i n t e r e s t i n g interpretation of the Dirac equat ion for a free part ic le . Here we des-
cribe a s u b t l e mod i f i ca t ion tha t can resolve the d i f f i c u l t y at the classical level.

6 . 1 , Negative A.

We go back to the action (4 .6 ) and take in to account the poss ib i l i ty t h a t X,, and
A,, swi tch signs as the r ~ 0 surface is crossed. That is, we def ine

+ 1, if A lies to the f u t u r e of r = 0
- 1, if A lies to the past of r = 0

(6.11)

This prescription implies two important departures from the picture devel-
oped so far. In the Friedmann cosmology / sr (); and correspondingly we took
7 • 0 for Minkowski space t ime. However, if we had not been prejudiced by the
Friedmann picture (in the Einstein frame) and had instead worked with Min-
kowski space-time we would not have imposed the ar t i f ic ia l cutoff by T = 0. in
other words, I he space-lime manifold and the particle worldlines could have con-
t inued back to T • - Y-.

The second point of difference arises for the computa t ion of >n(X) for the new
prescript ion. This is i l lustrated by Fig. 1. A+ is a point l y i n g in the fu ture of T ~ 0
while A. is a s imi l a r point to the past of T =•• 0. H ,: and C± are similarly typical
points on the world l ines of /> and c, such that A+R.¥. /•!.,.#_. A+C+. A+C- are nu l l
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Fig. 7. The contributions, advanced and re ta rded , are equa l from part icle /> whi le t h e y are equal
and opposite from part icle c.

rays. When comput ing the con t r ibu t ion from h to m(A + ) we notice that since H r

both lie to the fu tu re of r = 0 t he i r advanced and retarded con t r ibu t ions are equa l ,
and hence

m("!(A + ) = fcm<ftMre%4+) -t J,m (""a t l v )(/4.,) = m(d)<re°(A+) (6.12)

However, as far as c is concerned. (\s to the fu ture of r :;:- 0 while ('.... lies
to the past of it . Mere the advanced and re ta rded contributions are equal and op-
posite so that

mT(A+) = im<cXret)(A+) + iw ( 0 ( : u l v l(/ l . f) = 0 (6.13)

What is the difference between /> and c in the i r relation to </? As is evident
from Fig. 7, the world l ine h intersects the surface T - 0 at a point /.?„ tha t lies in-
side the past light cone of A f . The similar point C0 on the world Sine of c lies out-
.\itle the pass l igh t cone of A ,.. Thus only the work! l ines of former type c o n t r i b u t e
to A , and their con t r ibu t ion agrees wi th (6.8).

We may perform a s i m i l a r exercise for A in t h i s case we come up w i t h the
same answer for the mass of a part icle at A ( A l t h o u g h the contributions from
/7-type particles arc nega t ive , they are now multiplied by a negative value of A.,, .)
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We therefore have a completely symmetric "other half" added on to the Fried-
rnann un ive r se , in a fashion tha t was not possible in the Eins te in frame.

6.2. Observational Cosmology

Al though we have discussed the Einstein- de Sitter cosmology in some detail,
that discussion and what follows now can be easily extended to other Friedmann
models [see Hoyle and Narl i tar (1974) for deta i ls ) . We shall c o n t i n u e with the
Eins t e in—de Sit ter model.

Looking at the model from Minkowski space-time it is interesting to reinter-
pret the nebular redshift observed by Hubble . In th is nonexpanding space- l ime, a
redshift cannot arise from a ^non-Euclidean geometry in the Einstein frame. It
arises instead from the change in the mass function.

Suppose a light signal was sent by a remote galaxy a( epoch r =" T, and it was
received by us at r = r<,, where r0 > r , , Since all spectral frequencies depend in
direct proportionality on the masses of atomic particles, the frequency of emission'
v, is related to the frequency reception ; • < > (of any given atomic or molecular
process) by >

i>o /"(TO) TO V O /
(6.14)

The observer in our laboratory would expect the spectral frequency to be v(}

(wave l eng th A, , ) : instead he receives a frequency f , (wavelength A.,) from the re-
mote galaxy. He therefore associates a redshift to the light of"an amount 2, where

(6.15)

This is the fami l ia r redshift formula of Einstein -de Sitter cosmology. Indeed, ali
the s t anda rd fo rmulas of cosmology receive reinterpretation in a considerably
simpler ' form in t h i s new way of looking at the universe! The observable resul ts are
no di f ferent from those obtained by using the standard Einstein frame. This is to
be expected in view of our earlier remark t h a t t h i s new way of looking at gravita-
tion does not differ from tha t of general relativity (except in a few special s i tua -
tions ment ioned in Section 5).

There are c e r t a i n advantages in extending space- t ime to r < 0. I t was
pointed out by Hoyle (1975) t ha t the microwave background near r = 0 can be
created by the thermalization of starl ight in r < 0. Because in — •> 0 as r •••--> 0, the
photons get ther rna l i / ed by low-mass electrons close to r — 0. In this way it is
possible to understand the origin of t he microwave background and to see why its
energy dens i ty is comparable to the starlight energy density at the present epoch.
In the s tandard big-bang picture the universe s tar t s at / = 0 (~ - 0) and the exis-
tence and in tensi ty of the presently obsetved microwave background have to be
ascribed to in i t i a l conditions.

In standard cosmology the space-time s i n g u l a r i t y prevents any discussion of
the physics at / = 0. We now see tha t this , so far as the Friedrnann model is con-
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corned, is the result of using the "wrong" conformal frame. Since at 7 := 0,
in = 0, we cannot use the Einste in frame to describe the universe in a t ime in-
terval including T = 0 (since it involves 1"! = 0). Instead we should use a con-
formal frame l ike the Mmkowski one, which enables us to have a nonsingular
space--time manifold. The price paid for this is ihe admission of a variable mass
thai vanishes at some epoch. But this is a "lesser evil" than the breakdown of
space-time structure in the Einstein frame.

7, ZERO MASS SURFACES

The exis tence of positive and negative coupl ing constants A implies in genera!
the exis tence of hypersurfaces in —• 0. The Fricdmann cosmology (and its reinter-
pretalion in the previous section) is an example of th is . In an arbi trary s i tuat ion,
i.e., w i thou t the postulates of homogeneity and isotropy, the zero mass surfaces
may not have such symmetr ies or regulari t ies as in the Friedmann case. However,
we may look for one common fea ture between the Fr iedmann case and the general
case: Do these in = 0 hypersurfaces always correspond to space- t ime singulari-
t ies in the Hins te in conformal frame?

Considerable work has been done recent ly on th i s problem. The results ,
described below briefly, indicate that the answer to the above ques t ion is in the af-
f i rma t ive . These i n v e s t i g a t i o n s are based on the fol lowing type of ca lcu la t ion
( N a r l i k a r and K e m b h a v i , 1977). For a specific s ingular mani fo ld .Mn in the F ins t e in
f r a m e , it is shown (ha t (i) there exists a nons ingu l a r manifold M as a so lu t ion of
(6 .3) . which contains a /.ero mass surface i/, ( i i ) there exis ts a conformal transfor-
mation .// -> .•//(, such t h a t the conformal func t ion vanishes on X; and ( i i i ) the sur-
face i goes in to the s i n g u l a r i t y of M,(:, under th i s transformation.

(1) Consider the Bianchi type 1 universe with shear (Hawking and Ellis.
1973) given by the l ine element

V (/ 4 + dz~) (7.1

where M and ^ are posi t ive c o n s t a n t s . 'This is obtained as ihe solution of Kin-
stein 's equat ions for homogeneous dust and has a pancake s ingular i ty at / =: 0. St
can be shown that for t h i s manifold M() the corresponding .,// is given by the con-
formal function 11, where

<:/.v0 — il i/.v. (7.2)

Here ds represents the line element of M. The manifold M is nonsingular: it is geo-
desical ly complete and has f in i t e cu rva tu re invar ian ts at / = 0. Thus the s ingular-
ity at / = 0 of Mn is due to the existence of the zero mass surface at / = 0 in M.

( I I ) A few years ago Bel insky et «!. (197(1) obtained what they claim to be
the nioM genera! type of cosmological s i n g u l a r i t y in genera! r e l a t i v i t y . By
choosing a synchronous t ime coordinate / . t h e y showed tha i the s ingular i ty deve-
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lopes in an oscillatory manner as / —> 0, hi this case, corresponding to J(ti, (the
most genera! singular cosmologicai manifold), it is possible to find M that is non-
singular in the manner described above. The s ingular i ty of M,n is again identified
with the zero mass surface of M. This has been discussed in detail by Kembhavi
(1978).

( I l l ) The singularities in (I) and ( I I ) are of the type where the curvature in-
variants diverge in .//,,. Kembhavi (1978) has also considered another type of sin-
gular i ty , where instead of the divergence of curvature invariants the geodesic
world lines (nu l l or t imei ike) cannot be continued indef in i te ly in terms of their af-
fine parameters. In this case the singularity arises from geodesic incompleteness,
and an example of this is Taub-NUT space-time (1969). Here also the geodesi-
cally incomplete Taub manifold M0 can be shown to be a conforma) transform, of
the nonsingular geodesically complete manifold .M, obtained as a solution of (6.3),
such that the variable mass funct ion vanishes on two hypersurfaces. Again, it is
these hypersurfaces, which after a eonlormai t ransformat ion, go over into the two
singular hypersurfaces of Taub space-time .'/,,

Apart from these examples of cosmologicai singularities it is also possible to
deal in a similar way wi th compact singularities of the Schwarzschild type. 'These
examples generate confidence that (ill space-lime singularities that occur in gen-
eral r e l a t i v i t y in a physical context (as opposed to mathemat ical or pathological
cases) are in fact the outcome of t ry ing to describe the universe in the F.inslein
conformal frame in the neighborhood of an m « 0 hypersurface.

It is in te res t ing to speculate here whether this conjecture wili turn out to be
correct. If it does, it wi l l have thrown some light on the singularity question in gen-
eral r e l a t i v i t y . For, in conforma! g rav i t y the appearance of the in — 0 hypersur-
faces seems i n e v i t a b l e . Hence if we i n s i s t on us ing the H i n s t e i n frame, Ihe appear-
ance of space- t ime s ingu l a r i t i e s in general r e l a t i v i t y is also seen to be inev i t ab le .
We s h a l l consider c e r t a i n p h y s i c a l aspects of the zero mass surfaces in the follow-
ing sections.

In conclusion, we point out a cer ta in analogy with the case of coordinate
transformations. In a covariant theory we often discard one set of coordinates if
the physical description in terms of these coordinates seems to diverge, a l though
space-time is nonsingular . A f a m i l i a r example is the unsuitability of the Sch-
warzschild coordinate near she Schwarzschild event horizon. In this case other
more suitable coordinates l ike the Kruskal-Szekeres coordinates are used. In the
same way, in a conformally inva r i an t theory, one par t icular conformal frame may
be unsu i t ab le to describe physics in cer ta in cases. In t h i s case other , more su i t ab le
conformal frames can be used. In the above discussion it is argued tha t near
/// = 0 hypersurfaces the Eins te in conforma! frame is u n s u i t a b l e , t ha t other con-
formal frames are more sui table in tha t t h e y generate nonsingular mani fo lds .

8. BLACK HOLES AND WHITE MOLES

The Friedmann cosmologicai case considered in Section 6 is a h ighly special
case because of its m a n y symmet r i e s . In general the zero mass surfaces are not
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l i k e l y to he flat homogeneous isotropic hypersurfaces. Also, they need not be
open. In Fig. 8 is shown a closed 7,ero mass hypersur lace >_.

Consider the world l i ne of particle a intersecting ~, at two points /\ and /\.
Let / ' , ( / ' . . . ) and Q . ( Q ( ) be two points on th i s world l ine close to A, and A^.
respect ive ly , and l y i n g i n s ide ( o u t s i d e ) 1. For /•*,. sufficiently close to At, i.e., for
the are l eng th / I , / ' , smal l compared to / , > , , a l inea r dimension characteristic of the
radius of curva ture of >, at A , , the hypersurface i would appear to an observer at
P, like a surface stretching out to i n f i n i t y . For the information available to /\
about il is conf ined to t he s t re tch of S, w i t h i n the past l ight cone o f / J 4 . The experi-
ence of /•',.. would therefore be broadly s imi lar to t ha t of an observer in a Fried-
ma nn model. Conversely, our own cosmological experience has a characteristic
d imens ion - // ' ( / / N u b b l e ' s cons t an t ) , so that for

P n (8.1)

the Fnedmann model represents an app rox ima t ion to a /,ero mass closed hyper-
surface of "radius" />.

The observer freely and rad ia l ly fal l ing into a Schwarzschild black hole has a
trajectory s i m i l a r io t h a t of a fundamental observer in a contracting Friedmann
model. In genera! r e l a t i v i t y t h i s observer fa l l s in to a singularity and his world Sine
is abrup t ly t e rmina t ed at a f ini te affine parameter ( i . e . , his proper t ime) . It has
been conjec tured tha i the observer emerges i n t o ano the r universe in the form of
an e j e c t i o n from a \vhiic hole. However , in the f ramework of orthodox general rel-

Fi j> . S. A dosed /.cro mass surface corresponds io two black hole-whi te hole systems. An ex-
t e r n a l observer at />. us ing the K i n s t e i n f rame w i l l see a black hole fo rming at .4, and a w h i t e hole er-
ruptinj.', al A-,, lie wi l l not see the white hole at ,4, and the black hole at A...



. : • . - . - . • , !V i . . • • ' • • • • v . .

I N I . K I I A A M ) t O S M O i O C , Y I N H N S I H N S K r . l A I I V M Y 5/9

a l i v i t y i t is not possible to make such a c o n t i n u a t i o n across the Schwarzschild
space t i m e s i n g u l a r i t y .

In the conformal theory proposed in the previous sections, this d i f f i c u l t y is
seen as ar is ing from the choice of the Eins te in frame. If a d i f f e ren t conformal
frame is used the re is no space-time s i n g u l a r i t y at /I , in Fig. 8. We can in th is
frame c o n t i n u e the workHine of a across £ from t> to / J + . Thus we have the logi-
cal outcome of a whi te hole. C o n t i n u i n g f u r t h e r the worldline meets £ again at A2,
so tha t we have another black hole /whi te hole combination. An external observer
l i k e h (see Fig. 8 . ) may see only the f i rs t black hole ant! the second white hole and
since t h e y may be s p a t i a l l y separated, he may not be able to l i n k one w i t h the
other . Thus the posMbi l i t y emerges here t h a t a black hole in one part of the u n i -
verse is connected w i t h a w h i t e hole in ano ther part wel l separated from i t !

9. ANOMALOUS REDSHIFTS

In recent years considerable da t a have accumula t ed on the so-called titio-
inaltuis / • ( • t / .v / / / / / .v of q u a s i - s t e l l a r objects (QSO). The word anomalous implies a de-
par ture from the convent iona l cosmological explanation of the redsh i f t s . I n the
cosrnological e x p l a n a t i o n , two neighboring objects A and B when seen by a re-
mote observer should exh ib i t the same redshift since t h e y are seen at the same
epoch. A n o m a l y arises if A and t t have s u b s t a n t i a l l y d i f ferent redshi f t s .

The best example of anomalous redshifts to date is t h a t of the pair of QSOs
i d e n t i f i e d wi th the radio sources 4C-1150 (a) and ( b ) , which are separated by only
— 4.5 arc seconds. Of these one QSO has a redsh i f t of 1.9 whi le the other has a
redsh i f t of 0.44. A chance jux tapos i t i on of two QSOs at different l ine of sight dis-
tances has a very small p robab i l i ty—less than I ( ) " " • ' ' . 'This case has been discussed
by Wampler el ul. (1973) . There are many more cases of such anomalous red-
sh i f t s , ma in ly between a galaxy and a QSO (see Arp (1977) for an excellent re-
v iew] . The anomaly is too large to be explained by the Doppler shift between the
two objects. A part of the excess re t l sh i f t could be due to gravi ta t ion if the objects
are h igh ly compact (Das. 1976). However , in many cases the excess redshi f t ob-
jects do not show any high degree of compactness . I t is of course possible, as
many would l i k e to a igue (Rees, 1977) t h a t al l cases of anomalous redshif ts re-
ported so fa i' are op t ica l selection effects or m i s iden l i f i c a l i ons . W i t h the s teadi ly
increasing number of such cases th i s point of view is becoming more d i f f i c u l t to
sus ta in .

A new exp lana t ion of the anomalous redshif ts is provided wi th in the frame-
work of conformal gravity. The deta i ls of thjs .arc given elsewhere [see Narlikar
(1977)) . The idea is b r i e f ly described below.

In ( 6 . 1 4 ) and ( 6 , 1 5 ) we obtained the redshif t fo rmula by comparing the masses
at epochs TO and T { . This was on the assumpt ion tha t the zero mass surface was
given by r = 0. Suppose ins tead of t h i s (he surface has a k i n k as shown in Fig. 9.
Let a and /; be two neighboring particles wi th world lines intersecting the zero
mass surface 1 at /\ and B(}, respect ively . Of these / 4 < > lies on r = 0 whi le #0 lies
on r = r,, > 0. i .e . . in a k i n k . The action can be rewri t ten to take account of such
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Fig. 9. A k i n k in (he xoi'o mass surl'ace can produce anomalous redsh i f l s us discussed in the U ; x i .

k i n k s ( N a r l i k a r , 1977) and the masses computed. I f t h e k i n k s are few and far
between and do no! affect the Friedmann cosmological p ic ture s i g n i f i c a n t l y t h e n
the fol lowing result can be derived.

Let r,, be the epoch of the point of observation (). The n u l l cone from () into
the past in tersects the world l ines of a and /; at A and B, respectively, as shown in
Fig. 9. Let the epoch of A and B be T, (being the same since A and B are close to
each o the r ) . Then the masses at O, A, and B are given by

ni(O) -' A-rf,. n i ( A ) = /I r| , ni(H] = /1(r, ...... r,,)2 ( 9 . ! )

where A is a c o n s t a n t . The redsh i f t s of / / and h as seen by () are t hen g i v e n ,
respec t ive ly , by

T
,

- T6)
(9.2)

Note tha i z^ > z<( and t h a t z f, — z,, increases as rlt approaches r , .
In the L i n s t e i n f rame the epoch on the zero mass surface is i d e n t i f i e d w i t h the

epoch of creation. Thus we may say t h a t in th is frame the particle h was created
later t h a n par t i c le <t (TI, > 0). The above r e su l t i n d i c a t e s tha t a younger object wi i !
have a larger ( and hence a n o m a l o u s ) r e d s h i f t . I t is i n t e r e s t i n g t h a i Arp 's empir ical
f indings do show this effect. I t needs to be determined whether this effect is seen
q u a n t i t a t i v e l y . For such a d e t e r m i n a t i o n it w i l l be necessary to be able to es t imate
the ages of QSOs and galaxies more accura te ly t h a n has been possible hi ther to ,

10. CONCLUDING R E M A R K S

We began our discussion of i n e r t i a and cosmology w i t h Newton, Much, and
Finstein. Our end product is a theory that combines the important concepts of all
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three of them! We have used the concept of action at a distance first introduced in
a mathematical form by Newton., a l though we had to revise it to make (he action
propagate along nu l l l ines. This concept was used to describe (he inertia of a par-
ticle in terms of the contributions from other particles in the universe. This is a
m a t h e m a t i c a l expression of Mach's pr inciple . F ina l ly , the space-time s t ruc ture in
which th i s mass i n t e r a c t i o n propagates is taken to be a Riemannian 3 + 1 mani-
fold in which g r a v i t a t i o n a l effects manifes t themselves through the non-
Minkowskian geomet ry . This is the u n d e r l y i n g idea behind the general theory of
r e l a t i v i t y and the r e su l t i ng "field" equa t ions do become the Kinste in field equa-
t ions under certain general conditions.

Although the Kins te in field equations so obtained serve as the simples! set of
equations ol g rav i t a t ion , their use is seen to be inval id near a typical particle or
near a /.ero mass surface. The insistence on the use of the Kinstein conformal
frame leads i n e v i t a b l y to space-time s ingu la r i t i e s on such surfaces. Inhomoge-
ne i t i e s of such a cosrnological /ero mass surface can lead to the phenomenon of
anomalous r edsh i f t s as was discussed in the last sect ion.

Since K i n s l e i n ' s great work on g r a v i t a t i o n , general r e l a t i v i t y has been sub-
jected to m u c h s c r u t i n y on a concep tua l level , The approach described here
should be considered as one of them. I t brings out the elegance of Einstein 's equa-
t ions, the i r un ique character, and their essential s impl ic i ty . It resolves the lacuna
of their relat ionship to Mach's pr inciple and prompts a look at the space-time sin-
gulari ty from the wider perspective of conformal invariance.

A look at the direct particle action (4.6) raises the tantal iz ing possibility that
the propagators f/,- ,• and G(A, /?) are pails of some "master propagator." If such a
propagator were to ex i s t i t would u n i f y g rav i ty and electromagnetism. However,
the answer may not be as s t r a igh t fo rward as ind ica ted by (4.6) since a "super the-
ory" is expected to u n i f y all basic i n t e r a c t i o n s of science and not jus t these two.
Any approach at such a un i f i ca t ion mus t therefore be i n c o m p l e t e , for at no stage
can a sc ien t i s t boast of hav ing put together all the pieces of the jigsaw of the laws
of na ture . Hence, the scientist cannot afford to wait u n t i l he has all pieces before
beginning to connect t h e m .

Never theless , as t h i s chapter' has tried to show, any a t t e m p t to understand
physics in pure ly local t e rms ignores the impor t an t aspect of the large-scale strut;-

(jrni't ,il i:niMl M>MIJ
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Fin- 10. A flow diagram of the theory of conformal gravity.
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