ewton’s law, of gravitation.
tatipn remains, to this day,

h Last week; Fred Hoyle
diI:proposed a new approach to this
he: point of view leading
spresent theory ‘can be best
¥in the background of the
physics since Newton.
gformulated his law in the
acnon at a distance. The force

he constant of proportionality,
itational constant G, was deter-

sts to think in terms of instantaneous
tlon at a dlstance and when electro-

owever it soon became clear that’
antaneous action at a dnstance -did
give' a complete description ' of
tromagnetism — especially where
on-steady phenomena such as radia-
on were concerned. The indication
as that action should propagate with
b4 finite speed. In a letter on 19 March
11845, the German pioneer of electro-
kmagnetic theory, J. K. F. Gauss wrote:
.“I would doubtless have published
y researches long since were it not

egun about three centuries,

hé least understood phenomena .

by experiment The remarkable »
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- also served as the’forerunner of ‘the |

* - tion which separates space from time,

Iy

that at the time I gave them up I*

. had failed to find what T~ regarded
namely the

as.the keystone, : . .
derivation of ; the® additional forces -

—to be added to the interaction of
electrical charges at rest, when they .

are both in motion—from an action*

which is propagated not instan-
taneously but in- time as is the case
with light.”

The failure to give a mathematical i

description was largely due to the fact
that special relatlvity had yet to come ;

-and physicists’ ‘were  not accustomed

"The 'problem was. éolved though m

an entirely different way, by Maxwell -
Maxwell’s: theory, the '
first field theory in physics, gives a . -

in the 1860s.
description - of glectromagnetism. in

fields. -The motion of a charge is given

7 'tion- cannot be effected in the case ‘of ‘2
#.. gravitation.
result to mean that gravitation 1s the

~N%tions describe how the geometry: ls‘

“* to thinking of .interactions travelhngf&
“with a finite speed. ¥
o' the square of their distance -

" terms of charges and electromagnetic . -

by the value of the field at that point..
The fields are related to the motion -

and distribution of charges by Max- ® -

well's equations.” The important point
is ‘that the field theory is local in
character—in direct contrast to action
at a distance. In ‘Maxwell’s theory,
two charges interact, not directly, but
through a field. Any disturbance in the
electromagnetic field propagates with

-a finite speed, the speed of light.

The success of Maxwell’s theory
heralded a new era in physics. Action-
at a distance fell into disrepute and
fields came to stay. Maxwell's theory

- was able to express, in a precise mathe-
“ymatical ‘form, the concept -of action

: ’f saying-that planets move in. elliptical
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special theory of relativity. Maxwell’s
" equations, which at first looked rather .-
cumbersome in the 19th-Century nota-

took on new elegance when expressed .
in the four-dimensional form ‘of spec1a1~
" relatmty

Newtonian gravitation, thh its m-
stantaneous action at a distance which \;;
had proved so attractive and;success-;
*ful “before, now looked inconsistent’
with the "ideas of field theory ~and
special relativity. In formulating :his ;}
theory of gravitation, known as general.
relativity, Einstein therefore looked for
a. field theory. ;

Unlike electromagnetnsm gravntatlon’

" has. the property of “alwdys, being’
there', The electric field of a.positive. .
charge can be cancelled by that of a

;negatlve charge. ‘A similar icancella:

Einstein mterpreted this r

‘- property of space-time. % A

In Einstein's theory, the presence of
gravxt‘atlon alters the geometrxcal strucs
.ture - of  space-time.  Thus, instead of’§

.+ orbits; round -the. Sun, ‘we <hould- say. .
- that !’hey move in “straight” lines, *but 4
the rules of geometry which determme B
“:what is a “straight” line are changed, :
. In other ;words, the rules.of Euclidean :
« geometry do not hold. Einstein’s equa-

é
)
£y

e

modified by the presence of matter.
There is a clear analogy with Max-
we]l's theory, in which matter can be’
! likened to ‘electric charges,; and- the |
variables describing the non- -Euclidean "
nature - of geometry are comparable:"
“with -the electro-magnetic ﬁelds It
" turns out that, when the gravltatlonal R
field - is- not very "strong, Emstems;
equatlons reduce to Newton’s, :
In spite of the successes of field
theory, sporadic attempts to revive.
action at a distance were made in the
early part of the present century. :The
problem- which baffled Gauss was
finally .solved by Karl Schwarzschild,
H. Tetrode and A. D. Fokker. Fokker

E

_between: two electric charges propa-
gating at the speed of light. This
theory, however, met another stumbl-
“ing block, which can be described in
the following way. Imagine two
charges, A and B, situated one light-
hour apart. The action leaving A at,
say, 5 p.m. gets.to B at 6 p.m. The
theory then predicts that B’s reaction |
to A leaves B at 6 p.m. and reaches A




,» How . can one reconcile
ith - experience ?
as resolved in a very

i wenty years ago.
e universe does not
rticles. In the above

In 8’ static universe, the
‘the theory does indeed
thiexperience. In doing so,
y'cleared up one problem which
emainedzunsolved in Maxwell’s
heory, . This
1 wit e, !'self-action” of an

ce.-'shows that, when an

cicharge oscillates, it radiates .

.to“the universe and as a result
ers'a.damping of its motion. This

harge - itself and is known:as self-
n. Now, it is possible to give a
escription of this phenomenon within
8 framework of  Maxwell's theory.
wing to its time-symmetry, the
ory also predicts the reverse pheno-
enon, ‘in which an oscillating charge
ing energy from the universe, Why
Oes nature make an arbitrary choice
cfayour of the former ? Moreover,
fe formula for self-action can lead to
surd: results such as infinite self-
icceleration of an electric charge. How
this to be avoided ?

oth' these questions are answered
the. Wheeler-Feynman theory. The
pcept: of self-action is replaced by
8t of reaction from the universe, and
€ awkward infinities do not arise.
loreover, the choice in favour of radi-
on and damping is not arbitrary, as
;!he.ﬁeld theory, but is accounted for
the interaction with the universe.
In  their calculations, Wheeler and
man had assumed the universe to
tatic, and therefore inherently
e-symmetric. In order to get their
gult: they had to introduce a time
etry - by ‘ making particular
umptions about - the initial. condi-
! J. E. . Hogarth showed - that

ge
at the required asymmetery did not
aive'to be postulated but was indi-
ed; by observations; the universe
not: static but is expanding. The
eeler-Feynman theory should there-
pre ‘be. worked out in an expanding
iverse, This calculation was done by
[ogarth—and later, in a different
by Hoyle and myself. It turned

articles C, D, E .. . .
They: demonstrated -

his’ dificulty was asso-

ping ‘arises from the motion of the -

-to be unnecessary. He argued

" FIGURE 1. Action at a distance, or ﬁeld?

_ out that theé ‘result of the calculation

depends critically on what model of
the universe is assumed. We found,
for ‘example, that results in agreement
with experience (and causality) follow
in the steady-state universe (which is

- essentially uniform and unchanging in
" space or time) and not in the “big-. 24

bang” Einstein—de_ Sitter universe

{(which is finite and evolving).

We were very impressed by this
resuit. The action at a distance theory
had not only cleared its old obstacles
but had also proved more informative.
It became possible to draw conclusions
about cosmology from apparently local -

phenomena. This has never been

possible in“a field theory, which only
relates purely local quantities.

If action at a distance is a fruitful
way of looking at electromagnetism,
there is no reason why it should not

be extended to other parts of physics. -
We were soon able to express the C-
field, which describes the continuous

; A

4

: \

)q--»@ ¥

-~
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The idea ‘of action at a. distance: *
two objects for example the Sun and
the Earth, .interact with one another

directly across a great distance. At .
first it was = thought to be,
: instantaneous. 2 ¥

1

AL
R i>
The idea of a:field: the Sun (and .
the Earth, too) is surrounded by a i
gravitational field of force. The Sun's

field, not the Sun itself, acts on the
Earth.

creation of matter required by the

steady-state theory, in the form of
action at o distance.  We were then
encouraged by this success to consider

* gravitation. LI ; i
The idea. that local behaviour of.

matter is influenced by the distant parts -

of the universe was put forward by

the - philosopher: Ernst Mach -in the
last’ century and is known as Mach’s
principle. = Various physicists

by it and had hoped that it would. be
incorporated in general relativity. ‘His

~ambition was not realised and one of

the - main ‘reasons was the inherent

-+ field-character of general relativity.

Mach’s ideas, as was seen above in
the ‘case of electromagnetism, can be

. incorporated more directly in a theory

of action at a distance,

: have
. interpreted this idea in different ways.
Einstein himself was greatly impressed .

i

.In our, approach to gravitation’gff":vve 7

have followed the Einstein view that'
. gravitation is to be attributed to- the -

4
&

Time-symmetry: We know that an oscillating electric charge radiates energy to the universe

as in (a), and loses energy. In Maxwell’s electromagnetic theory, it is just as plausible

that the oscillating charge should gain energy from the universe — the film could, as it
were, be run backwards. To be tonvincing, theory has to exclude (b). .

FIGURE 2. The bugbear of time symmetry.
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A new look at gravitation continued

%, Orbit is a “straight”
line in distorted E
A : .. space-time * - \

Newtonian theory: Gravitation is a
property of matter: any particle (m,)
attracts any other particle (m:) by
action at a distance, with force =

¢ oy

6.67 x 10* c.g.s. units)

property - of space-time: particles
travel in “straight'’ lines in space- -
time but, as space-time “is distorted
by the presence of matter, the.path
appears . as . a curve-:in  ordinary
Euclidean space. Reduces to Newton's
theory when the effects are weak., G
Jis determined experimenitally, ™

LIS o L ¥

¥

The new theory: Cravi-
tation is a property of the
universe, ' because  the
mass of a particle, -and -,

" hence the distortion of
space-time it produces,
arises from the effect of
the rest of the particles
in the universe. Reduces

- to Einstein's theory when
-mass is constant. . G is
deduced from the den-
sity of- matter in the

universe,

FIGURE 3. Theories of gravitation.

non-Euclidean geometry of space-time.
The difference comes in the inter-
pretation of the inertial mass of a
particle. In general relativity, . this is
the intrinsic property of the particle;
in the present theory, mass arises from

the rest of the particles in the universe.

Following the analogy of electromag-
netism described nbovo, it iy possible to
give an expression for the mass of the
particle in terms of the rest of the
particles in the universe,

The gravitational equations are de-
rived from the principle of stationary
action (sometimes wrongly called
“least action™). - This mathematical
principle has, in the past, proved im-
mensely useful in the derivation of new
physical laws. iIn the present case
this principle states:

The actual space-time Structure is
such that if we alter it slightly (in an
arbitrary way) the action describing
various physical phenomena, such as

G is determined experimentally (it is ‘

General - relativity: Gravi.fation is a i

- property of “mass” is defined.
. general relativity, an -extra term-
- to be introduced and Einstein’s re
.ing equations have then a somew

" of mass,* electromagnetism and -

_pbresent theory, the equations des g
" ing gravitation follow, ohce the actig

~admit of a simplification in which mag

.verse, in accordance with the ideas of

18 JUNE, ng :

mass, electrornugnetism, C-field,
does not change.

The interesting thing is that, in

between particles that leads to

ad-hoc character.

The equations of't'he present theomf::
are ‘more complicated than those
general relativity. They do, howev

is constant in space and time. &
equations then become those of Einf:
stein! The constancy of mass is th ere} -
fore closely linked with the validity.of:
Einstein’s’ equations. Moreover, b
cause of the similarity of descriptio

C-field, there is the hope of a mo
complete theory in future which unifi
the three. This would be the analog
of a Unified-Field Theory linking gra
tation and electromagnetism, so- mu
sought after over the last half centurd.
though, of course, this new theory i§
without fields ! E

I shall end by noting some point§:
where the present theory differs fron
general relativity and Newtonian gravig -
tation. In the two earlier theories th¢
sign (i.e. attraction or repulsion) ang |
magnitude of the constant of gravitag s
tion G are fixed from local observas
tions—formally, G can be anythingj. ,
In the present theory, gravitation i€
inevitably “attractive” and the valug -
of G follows from a determination of
the mean ‘density- of matter in the uni

Mach. ‘
This difference can be best expressedy;
by the following “thought experiment” B
What will happen to the solar systemf -’
if half the universe is suddenly re
moved ? In Newtonian and Einsteinis
theories, nothing. In the present theory
the value of G will 80 up by a factog
two, the Sun will-become some hun
dred times brighter and the Earth wil
be fried to a crisp! ’ ,
A more formal point of differencef .
relates to empty space. A number off ||
results ‘of general relativity and of
Maxwell’s theory describe interesting

an action. In other words, there would}:
be no “physics” if the number of
particles in the universe were lessk '
than two ! s




