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RELATIVITY

INTRODUCTION

For a complete comprehension of Einstein’s theory, a
special training in the mathematical and physical sciences
is indispensable. Nevertheless, it is not impossible,
though doubtless troublesome, for anyone to climb the
steep slope far enough to glimpse the widening horizon, to
guess in an intelligent fashion at what * new thing ” the
German physicist has offered to us for the interpretation
of our world. But we cannot recognise what is new if we
do not understand wherein its novelty lies—that is, if we
have no proper appreciation of the system of thought on
which the fresh principle is imposed—and so we shall
have to devote many pages to an account of the origin
and development of those ideas about the universe which
the principle of Relativity challenges. It is this challenge
which the man-in-the-street has in mind when he refers to
the principle as “ paradoxical,” “denying common sense”;
and this assertion is quite correct. Relativity does deny
common sense; but it gocs not deny either careful observa-
tion of natural occurrences, or the result of mathematical
analysis based on the simplest postulates consistent with
such observations. The settlement of scientific theory
accomplished in the seventeenth century by Galileo and
Newton was a * triumph of organised common sense. . .

It grounded itself upon what every plain man could see
wiir his own eyes, or with a microscope of moderate
power. It measured the obvious things to be measured,
and it generalised the obvious things to be generalised.”*®
Thus arose * scientific materialism,” and this inheritance

* A. N. Whitehead, Science and-the Modern World
(Camb. Univ. Press), p. 161.
5




: RELATIVITY

of “ organised common sense ” (a phrase of Huxley’s) has
been regarded (and rightly so) as such an outstanding
achievement of the human rr_nn(_i that it is little wonder
that the average man is instinctively hostile to anything
which challenges its authority.

Howbeit, the past fifty years have seen the development
of so many complexities regarding space, time, matter,
and energy, that 1t is clear to the trained man of science,
at all events, that the “simple security of the orthodox
assumptions has vanished.”* In that time the skil[ of the
experimenter and the ingenuity in design of physical in-
struments have so far advanced that we now possess a
considerable knowledge of the facts of Nature in reEions
far removed from the ordinary experience of mankind,
Now common sense is founded on common ex perience; so
to say that something is opposed to common sense is not
necessarily to say that it is opposed to truth. It may be
quite true to facts which lie outside the possibility of
direct verification by the layman, but which have, never-
theless, been observed and subjected to critical research
by men of science trained in a special technique and
equipped with instruments concernming whose powers of
profound and precise measurement it 14 almost 1mpossible
to convey any satisfactory information to those who have
not acquired some know edge of physical science.

Apart from this, the reader should remember that his
conceptions concerning space, time, and material (which
he ‘rc‘gart'is as so sacrosanct that anyone questioning their
vahduz is regarded as questioning the obvious) are them-
selves barely three centuries old, Just thye hundred years

ago Galileo and Kepler were “ defyi o th
world had to wait another halbornmung Tt

ast break away from the

1 edievalism i science and accept as
\

% 16:‘. N. Whitehead, Science and the Modern World,




INTRODUCTION 7

“ reasonable ” a revolution in ideas about the universe
far more catastrophic than that change in outlook to
which men are being urged at present.

The author of this little book has no illusions about
“ making Relativity easy to understand.” He has vivid
memories of his own early efforts to become dexterous
with unfamiliar’ concepts; he has also watched the
struggles of students in his own classes to accustom them-
selves to the new point of view. But although there is no
“royal road to Relativity,” the road is not impassable for
anyone who is prepared to devote time and thought to the
subject. As already stated, lack of mathematical know-
ledge is not a bar to some comprehension of the principle
involved. It may be as well to correct here a popular
misapprehension concerning the mathematics of Relauvity.
It is generally believed to be *“ very hard.” Now, it is no
harder in comparison with elementary algebra and geo-
metry than is a treatise on machinery when comparcg to
a popular book for boys on locomotives. It is entirely a
question of maturity of mind and experience. The
average man nowadays has some acquaintance with the
elements of algebra and geometry. Quite a considerable
number of young people in the Universities, and even in
the higher ¥orms of our secondary schools, are mastering
the elements of the calculus, and finding it as easy for
their minds at eighteen years to grasp as was the solution
of algebraic equations at fourteen. g\Tow, the step from
the ordinary calculus to the tensor calculus (as the mathe-
matical method suitable for the complete development of
the Einstein theory is called) is no greater nor more diffi-
cult for the more mature mind to make than is the step
from simple algebraic processes to the processes of differ-
entiation and integration for the lad of eighteen. To
return, however, after this digression, the reader (with or
without mathematics) must be prepared to consider care-
fully and critically unconscious prepossessions in favour of
certain beliefs, and to accept statements as to the evidence
which physical experiments of a searching and precise
nature bring to bear on those beliefs. In short, a good
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deal must be done in clearing the ground before we can
begin to build the edifice. It is for this reason that the
majority of readers have found magazine and newspa
articles on Relativity so unsatisfying. Exc:llent_ as some
of these have been, it is, in the nature of things, im-
possible in such a brief space even to begin to show wh
the older views were at fault, let alone suggest new ones
to take their place. . W
Peculiarly enough, it was the discovery that Ilght_ in its
transmission did not satisfy the requirements of a limited
kind of relativity, known as * mechanical rc!ativity,"
which initiated that series of experiments upon whose
well-attested results Einstein founded his postulates. And
yet in a sense this was not so peculiar; for, as a2 matter of
fact, this mechanical relativity was already inherent in the
Newtonian scheme, and what Einstein’s imaginative
nius grasped was that this kind of relativity was too
imited in its scope. His proposal was an extension to a
much wider domain of 2 principle already present in
embryo, rather than the introduction of an entirely forei
and hostile element. Thjs should serve to forewarn the
rca_dcr against the belief, fostered in quarters where sen-
sationalism pays, that Einstein’s work 1n some mysterious
way has destroyed Newton's, The absurdity of such a
suggestion will only be too apparent as we proceed. Two
centuries of experiment and mathematical analysis lie be-
tween the two men, and Einstein stands on the shoulders

t will give the reader some inkling of what is to
follow if at this point we explain the previous paragraph
ltlll()lt'; ‘fully. First of all, whar is the mcchanicalg:c a-

vi Cf¢ mentioned. Well, j is so simple
(apparently) that i is one of those state e

& axiomatic, and to question it appears ran

then this second car Passes the firse i '
s at a relative speed of

forty miles Per hour. That 5, g stah:d. a:c:pted as
‘ommon sense.” At events, it is an illustration of




INTRODUCTION 9

the kind of relativity referred to. Now let the reader ask
himself this question: What is meant by that forty miles
r hour. ljc knows what is meant by the ten or fifty.
he lengths measured along the road travelled by each car
in a given time, when divided by that time, yield those
results. There is a definite measurement (i.c., experi-
ment) and a definite mathematical process. How has he
arrived at the forty? By a mathematical process—sub-
traction. But where is the experiment? Now, dear
reader, do not at this point get irritable and begin talking
about hair-splitting and quibbling. It is just these
cherished notions of yours which must be subjected to a
close scrutiny. Ask yourself fairly and squarely: Where
is the experiment? Do you know of anyone who ever
attempted to measure the rate at which the distance of a
car ahead of his car was increasing? Have you any idea
of the manner in which such an investigation—or any
similar one—could be carried out, or of the degree of
precision which could be attained in it? Do not imagine
that the truth of the statement is being questioned; you
are merely invited to consider if you know the evidence
for it, remembering that the statement means that if the
person in the slow car could himself measure the distance
of the first car ahead of him without recourse to the road
measurements, he would find that it was receding from
him at forty miles per hour. The italicised words are
important. The fast car might carry one end of a long
tape measure, which was thereby pulled (in a tight con-
dition) over a mark on the slow car; that would constitute
a direct observation by the observer in the slow car on the
fast. It would not depend in any way on any measure-
ments made on the road, let us say, by the police in the
interests of public safety! If you have realised that a
certain mathematical step has been taken in obtaining that
forty, and that you are a bit doubtful about the evidence
for it, you have made one important step in your journc{.
There is, indeed, good evidence for it, Eut it is gencral
buried. as far as tEe ordinary man is concerned, in works
on physics, especially on dynamics, theoretical and experi-
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mental. The evidence is entirely indirect, and consists in
the fact that the assumption that this mechanical rt_:la-
tivity is true forms an organic part of those dynamica]
rinciples first clearly formulated by Newton, which haye
Eeen so signally successful in embracing the behaviour of
moving bodies on the surface of the earth, and of the

lanets in the heavens. _ i

: Now as to the question of the behaviour of ltﬁht and
its bearing on this mechanical rclanvl:ﬁv. Since the time
of Newton, until quite recent years, the transmission of
light has been regarded as a purely mechanical process,
Newton regarded it as a rectilinear flight of minute
corpuscles ejected in a continuous stream from luminous
bodies. The nineteenth century abandoned this view, but
stll retained a mechanical explanation. To the great
physicists of that century, light-transmission resembled an
undulation in a vibratory medium, and so they postulated
such a medium—the ‘ether—as flling all” interstellar
space, and even all space between the ultimate particles
of matter. Furthermore, experiments on the speed of
light transmission became s precise that an ex rimental
genius like the famous American physicist, ﬁichclson,
could obtain the time required for a flash of light to
traverse a length of a few hundred feet with ap accuracy
of one Part 1n 10,000. This amazing feat enables us to
state that light travels 300,000 kil
a speed is on quite 5 different scale of magnitude to the
movements of terrestria] bodies, or even the speeds of the
Fhe s> 40 our solar system. |, (The carth’s speed round

_ the mechanijcal relativity
owthcorllsldcr what this impli

: to the slow car, ang i
ast. If the light ils chrtak;n autht':a E::t?:, iliéh\:'ct:;h;
should trayel past it just 4 triﬁc more slowly than if it
were meeting 3¢ directly, Michelson’s apparatus was just

i e —————
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precise enough to measure that trifle. There was no
possible doubt about that. But the trifle obstinately
refused to manifest itself. Apparently the light passed
the earth at the same speed, no matter what direction it
took. Naturally the leading theoretical physicists of the
time applied themselves with assiduity and skill to the
explanation of this awkward trifle, whose strange disap-
pearance was more than a trifle awkward! There were
a number of ways of evading the difficulty. The most
obvious way was to deny the power of the apparatus to
make such a refined measurement with sufficient pre-
cision. But there is no escape that way. No experi-
mental J)hysicist of any standing in his craft has ever
ventured such a suggestion. In fact, it is notorious that
repetitions of the experiment by Michelson himself and
others have only served to justfy the claim that at the
present day, some forty-five years after the first attempt,
the apparatus is l::asiizl caFablc of measuring an effect even
as small as one-tenth of what might be reasonably ex-
pected as the result of the assumption that mechanical
relativity is true for light-transmission. Another explana-
tion of the obvious type would be to admit that the
experiment proves that the earth is absolutely at rest in
the ether—that is, in space. But such a return to pre-
Copernican geocentric views would be simply unthink-
able. It would involve our whole science and cosmology
in such a catastrophe that, compared to it, the modifica-
tions required by the Einstein theory would be as the
tremor in a house, caused by a passing vehicle, to an
earthquake.

To be sure, no one has ever ventured to offer either of
these suggestions. For two decades after Michelson’s
first experiment two explanations were earnestly discussed
by the leading minds in physical science. The first re-
minded us that in some ways the ether resembled a fluid
so perfect that, although a planet might travel through it
without appreciable resistance, it might carry along with
it some of the ether as a surface layer—a kind of ethereal
skin—thin, no doubt, but still thick enough to make it
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say that the earth was at rest m’atwe?y_to the
g}::rt?n .-'r); tmmediate neighbourhood. Speculations of
this type had, indeed, been current in th,c lltcrat!.lrc of
physics for some F{cars bc_forc M1.chclson s gx[)gnrnent,
and, as a matter of fact, Michelson's own belie in those
days was that he had verified them. Nevertheless, it was
found to be exceedingly troublesome to prove by dyna-
mical methods that such an ethereal liiycr could really
cling to the earth in the manner suggested, neither tearing
away, as it were, from the terrestrial sqrface, nor, what
Was even more important, slipping past it. It could oplz
be done by attributing properties to the cther for whicl
there was no justification from any other physical experi-
ment. Now, there is nothing more suspect by the genuine
man of science than a hypothesis which won’t work unless
it is complicated by an addition of minor (so-called ad
hoc) assumptions, which find no other support than that
they are required to make this hypothesis work. He
may have to be content with it for a time, in default of
something better; but sooner or later he will either find
the necessary su port, or abandon the idea entirely in
favour of somet ing better. In-the case in question,
something better did turn up very quickly. An Irish
physicist, Fitzgerald, suggested that, although the earth
might travel rough the ether without disturbing it, as
it could easily do on account of the molecular and atomic
structure of matter, yet it was distorted by the motion
from the shape which it would haye were it at rest in the
ether; that, in fact, the ength of everything on the earth

shortened, in a direction parallel to the earth’s true motion
mﬁspacfc.thby andarrflo?’nt wh}ich depends entirely on the
ratio of the s of the ea i i

the dirm:nsiorips‘:c of any l:mdjl;t att:i t]l.llc e e
remain unchanged. “Thys 4 spE
into an oblate ellipsoid with its sh
earth’s veloci » and the ﬂattening would be

greater the velocity. Fipy 1d Y
one accepted thistyview angder;rcs::ia}:e;blc to show that if
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for the amount of shortening, the changes in size in
Michelson’s apparatus, as he rotated it into various direc-
tions in his measurements on light-beams travelling in
these directions, were just of such an amount as to explain
why the measurements failed to yield the earth’s drift
through the ether and why it was hopeless to look for any
positive result in that way. This suggestion of Fitz-
%crald's proved extremely helpful and fertile in promoting
"esh theoretical and experimental work, although the
complete working out ofall its implications was, in the
main, due to Lorentz, a Professor of Physics at Leiden,
and Larmor, an English mathematician at Cambridge.
This hypothesis, like its predecessor, was of the ad hoc
variety; but various experimental physicists set to work
to remove this stigma from it. Such a change in dimen-
sions when a ro§ is turned in different directions, as
Fitzgerald had squcstcd, was no doubt extremely small
in value; nevertheless, no one felt that it was satisfactory
to evade the difficulty by the plea that ph sical instru-
ments, at the standard of precision attained even then,
could not detect it. Of course, there could be no question
of trying to measure directly the length of a rod with a
ﬁraduatcd rule, no matter how precise; for the rule would
ave to turn with the rod from one direction to another,
and would just suffer the same change in length, so that
agreement of certain marks on the rod and rule would
not be even theoretically disturbed, quite apart from the
ability to perceive such a disturbance, did it actually take
lace.
. But there are a number of electrical and optical proper-
ties of a body which are altered by a compression or
extension of a body, and the instruments for detecting
such alterations are quite precise enough to find them for
changes quite as small as might be anticipated, if Fitz-
gerald’s hypothesis were correct. So some four or five
experiments of this type were performed with great E‘:t
cision by a Froup of ]gzglish experimentalists in the
five years of the present century. Alas! not one of the
expected effects manifested themselves, and once more no
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doubt could be thrown on the skill of the investigators
nor the adequacy of the instrumental equipment.

This was a disturbing state of affairs. Perhaps the
average man may think it astonishing, and even Iud_lcrous,
that anybody should be concerned because he failed to
recognise that a particular rod or wire .had altered b
about a one-hundred millionth part of its own len
when turned from one direction to another. ** Surely,” he
will say, “this is precision of measurement gone mad; what
on carth can it matter in any practical way if one fails to
observe such an exiguous quantitﬁP" Such a criticism
overlooks that rigorous scientific honesty which charac-
terises the real man of science. Newton for many years
refused to publish his famous law of gravitation because
he believed that its results were opposed to the facts con-
ccrninithc moon as he undcrstoocr them to be. Measure-
ment had not reached anything like the precision to
which it has now attained: nevertheless, the facts were
apparently against him, and not until he was satisfied by
later and more accurate investigation that his work was
supported by them would he consent to put forth any

cory. So, more than two centuries later, the facts,
however minute, were apparently against all the explana-
tions advanced in connection with the failure of light to
comply with the principle of mechanical relativi ; and it
would have been no more disturbing if it had been a

thousand millionth. There could be no sheltering behind
inadequate equipment or skil. Somewhere, then, there
was a Ha'w- in the reasoning, or a false postul;r.c.
Mankind loves to exalt the possessors of great minds to
a lofty pinnacle, so that it can indulge in a modern form

of idolatry, forgetting too f indi
nsablctr:padc\gmrk %f thc».':;l:qm:m],r Wi

end themselves to that 1oy Whose achievements do not




INTRODUCTION 15

for the truth, without whom there would have been no
Einstein, just as without Kepler and Galileo there would
have been no Newton. Of this little band no name is
more honoured than that of Lorentz, the Dutch physicist,
whose contributions to the solution of this serious diffi-
culty were the foundation on which Einstein began to
build. Lorentz actually did solve the problem in a
manner that caused no serious breach with the past. In
1904 he published a paper which gave a satisfactory
account of the reasons inherent in the fundamental
electrical actions between the ultimate parts of matter,
which, when combined with the hypothesis that not only
matter in bulk, but also these ultimate parts experience
the Fitzgerald contraction owing to motion through the
ether, successfully conceal all evidence of that motion. It
was an exceedingly skilful tour de force, and a fitting end
to what had been one of the most interesting periods in
the history of physical science. But hardly had the work
of this veteran of science been assimilated by those
interested when there appeared, early in 1905, a paper in
the German Annals of Physics, written by a young man
of twenty-six (who, as became known afterwards, had not
even read this latest contribution of Lorentz), which put
a completely new complexion on these difficulties and
their solution. From the point of view of mathematical
symbolism, there appeared to be a formal agreement
between his solution and that of Lorentz, but in reality
the underlying conceptions were entirely novel and revo-
lutionary, and, what is more, as the young Einstein was
able to show in later communications, Lorentz’s solution
actually carried implicitly in its mathematical formulz a
denial of the relevance of the ether or absolute motion
through space in the investigations in question—a point
which had escaped even the acute mind of Lorentz.
Einstein had, by one of those flashes of insight which
are the prerogative of genius, realised that somethin,
deeper than suitable hypotheses about the properties o
matter or skilful mathematical analysis was invo: He
saw that our ‘traditional attitude towards the concepts of
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space and time required changing once more, justl as thcy
had been changed two or three centuries earlier in those
days when Gahlco and Newton had begun the work of
the first scientific synthesis.

This brief introduction must serve to give the reader

some inkling of these immediate and direct causes which

ave rise to the promulgation of the Relativity ‘fnncnplc;
Eut he will realise, from what has just been said, that no
attempt to understand the principle will be successful
unless he is prepared to examine carefully his notions
of space and time—not only how they have arisen, but
also what preceded them in Kuman history. The average
man thinks that he knows all that is necessary about these
troublesome things. (He ought to tell a philosopher
that and then * take what came to him.”) He probably
also thinks, if he can repeat the well-worn three phrases
which embody Newton's laws of motion, and knows
enough mathematics to understand Newton’s formulz for
the law of gravitation, that he is sufficiently well equipped
in these matters for any practical purpose. Well, it is
more than doubtful; but, at all events, I hope that my
readers will have the patience to follow me through three
or four chapters of indispensable initiation into these
important questions before making the attempt to grasp
the essence of Einstein’s work.

CHAPTER 1
SPACE

In a sense our problem goes back to ¢he beginnings
astronomy. To the ancients the idea that the earth
a massive fixed thing, round which circled dail
celestial sphere with its multitude of light bits of
was so obvti;ausithc :ens_cshth;: s:hfcew dy spirits
suggested that the sun mig t centre of all

were derided as denying plain facts. Even

fe

P

.

H
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SPACE 17
thinkers had not conceived that these stars were massive
bodies of similar constitution to the earth: the telescope
had not yet arrived.

The greatest speculators on these matters were the
Greeks. To them the uniform, circular movement of
nearly all the celestial bodies was evidence of that under-
lying harmony, order, and beauty which they saw in all’
Nature. While coarse, heavy, terrestrial matter could
move about in all sorts of unregulated and violent ways,
only the perfectly even movement in the perfect curve—
the circle—could be possible to those bits of starry flame,
which were the most striking and direct examples of
natural perfection. But there were seven of these bodies
which marred the extreme simplicity of this perfect

icture. They were the sun and moon, and the planets
“ wanderers ”’) Mercury, Venus, Mars, Jupiter, Saturn.
Let anyone, free from all sophistication about the diurnal
rotation of the earth, observe the daily motion of the sun.
It goes round the earth in a circle in one day—nearly. It
really goes round the earth in a spiral, and 1t takes on an
average about four minutes longer to travel one turn of
the spiral than it takes any one of the stars to travel its
circle: in six months it spirals from south latitudes to
north, and returns back along its spiral in six months.
The moon behaves even more irregularly, while the five
planets, also executing rather irregular spirals over many
months, are, during certain periods, travelling a turn of
their spiral faster than the stars—* direct motion "—and
during others more slowly, just like the sun—" retro-
grade motion.” Still, the Greek astronomers managed to
save the situation. Circles whose centres were not situated
on the earth were used, and when that failed the in-
genious “epicycle” theory was invented. The planet
travelled uniformly in a circle, whose centre also travelled
uniformly on the circumference of a second circle, whose
centre might be fixed, or, if necessary, in its turn might
sweep around in a third “ perfect path ”’; and so on.
reader must have no misconce ‘about this process.
The movements of sun, moon, and planets could be
2
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described in this way with all the accuracy required for
the degree of precision in observation then possible by
using a sufficient number of epicycles. This method was
highly developed by the great A]cxand(ian astronomer
and geographer, Ptolemy, and his medieval successors.
Actually there is nothing theoretically wrong about such
a procedure; it could be applied now, only we should re-

uire many more epicycles, and thus render it extremely
clumsy and laborious. There was no question of |
“ forces " acting between sun and planets in those days.
In so far as forces were thought of at all, there were
vague, animistic views current of supernatural powers
moving the celestial sphere in its daily round. The
Greeks were great geometers, and to be able to give an
exact geometrical account of a planet’s path, especially in |
terms of circles, satisfied all their requirements as regards |
the “explanation” of these phenomena. There was, |
naturally, no conception of an infinite space and of end- |
less multitudes of stars. Distances such as we conceive |
now would have been laughed out of court as incredible. |
Nevertheless, a few unorthodox men did point out that if
the sun were taken as the * fixed ” reference point, the
description was much simplified, as fewer epicycles would
be required for it. Now, actually, when Copernicus
began revolutionising men’s ideas in the fifteenth century,
it was entircly on these grounds of simplicity. His view
was not really novel. Centuries of neglect of the ancient |
sources of learning and conservatism in the Aristotelian
tradition had buried the scattered records of carly tic- |
ism. It may scem st_ran%: to the reader that the Greeks,
;ﬁo?ﬁrhf::u::fhrdsmp icity and beauty of description,
1 used to adoPt such an obvious simp

tion. Space does not permit us to enter on this interest-
ing topic; suffice it to say that they had a crude sort of
physical science, which had to be satisfied as well. Thus,
if the sun were really fixed and the earth went
and also turned on its axis, a thrown
would come down to the west of its point of
anda]lthmgsﬁkctheair,ﬂama,mdm.m_

E

#i
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would part from the earth, left behind in the rush
through space.®

Now, reasons like these were cogent enough. Very
many people nowadays would find it hard enough to
give a really satisfactory explanation of the absence of any
obvious westerly deviation of a projectile; it really in-
volves a genuine understanding of dynamics. Frankly,
Copernicus quicetly ignored these difficulties, and put
forward his new (and yet old) hypothesis solely as a gain
in mathematical simplicity—instead of eighty epicycles,
only thirty-four were required; but the world had to wait
for a century before Galileo, with his telescope and his
laws of falling bodies, and Newton, with his dynamics
and gravitation, supplied a new physics for the new
astronomy. All that Copernicus had to offer in addition
to this simplicity was a kind of mystic appeal to our sense
of the gloriousness of the sun as a celestial object. Yet
his idea gained ground. Why should it have lain un-
noticed for more than fifteen centuries, to come forward
with comparative Tlridiry now? Well, it was an aFc of
restless activity in all directions—in the world of politics,
religion, and travel. The book just referred to will give
the reader a vivid picture of the mental unrest of the
time. Naturally, it did not end there. Copernicus was
so much fettered to the past that he could never free him-
self from description in terms of circles. Not so Kclph:r,
the famous mathematician, contemporary with Galileo.
Kepler was equally enamoured of mathematical explana-
tions, and cagerly adopted the heliocentric (™ sun-
centred ”) as opposed to the earth-centred” or geo-
centric view, but strove to describe a planet’s motion in
terms of ome easily defined geometric curve instead of
many circles, with, of course, the Sun as reference-point
or “origin.” He had the very careful observations of
Tycho on Mars as his material, and after many

® The interested reader should ‘consult-E: A. Burts
;IW Foundations of Modern Science (Kegan
a " & -




2 RELATIVITY

attempts and failures hit upon the ellipse.* (Pc:culiar_ly
enough, Kepler never considered this epoch-making dis-
covery of his as important as other, now'forgottcn,
geometrical discoveries conccrnini the dimensions c_)f‘ the
solar system.) This gave the deathblow to geocentricism.
The sun was the fixed centre of all things. The telesco

of Galileo had shown the valleys and mountains of the
moon, the phases of Venus. The planets were worlds
like ours. The stars fixed in the firmament appeared to

move because the earth rotated. Nature exhibited a |

beautiful and simple mathematical order, one of whose
most prominent manifestations was summarised in

Kepler's famous three laws of planctary motion. Firstly, |

every planet moves in a plane curve, the ellipse, the sun
being at one focus. Kepler had foreseen that in for-
saking the circle, all question of uniform angular motion
would have to be abandoned. Yet he had to save uni-
formity of motion somehow. To his delight he found
that, although the line from sun to planet did not
sweep out equal angles in equal times, it did sweep out
larger angles as the distance decreased in such a manner
that it swth out equal areas. This is his “ law of de-
scription of equal areas” It is well known that the

outermost planets require longer times to travel once |

round their orbits. Kepler discovered that the squares of |

their periodic times varied in proportion to the cubes of
the longest diameters of their cl::rbrt: (Third l‘;.\:rf;
Once more the reader is asked to observe the essentiall

geometric nature of all this explanation. namical

astronomy was still to come. Galileo had laid the
foundation of dynamical science. It remained for
Newton to develop it and achieve his scientific supremacy

* 1f the reader fastens the ends of a loose pi thread
to two drawing-pins stuck in a board, mgeneof the
thread tight with a pencil, moves the latter it will
«draw an ellipse. The two pins are at its * foci.” In
the sum of the distances of the two foci from
-on an ellipse is always the same. ;
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by his applications of it to planetary and terrestrial move-
ments. Men's ideas had, indeed, widened, but as regards
their notions of space, they had merely passed from a
sense of a limited region surrounding a fixed earth to
that of a limited region surrounding a fixed sun.
Newton swept away both and gave us infinite, absolute
space in which all things moved, and absolute time which
“flowed ™ independent of all natural phenomena. When
the reader thinks of these conceptions as * plain,”
“ common-sense,” let him remember they are not three

centuries old.

CHAPTER II

THE NEWTONIAN THEORY

Newron’s work was based on his introduction of the
concepts of inertia and gravitation, and the close connec-
tion which he discovered between these two properties of
matter. It is true that he was, as regards the former,
somewhat anticipated by Galileo, who clearly recognised
that force was required to change motion, not merely to
maintain it, a view which seemed to contradict flatly the
most obvious feature of motion on the surface of the
carth. However, Newton’s famous three laws of motion
defined in a precise and quantitative manner what inertia
meant, and ﬂis equally famous law of gnvitation em-
bodied the relation which he found tl?a cxmm the
two properties. It is very nece t we study
these matters closely c::{:gh tomreéo ise what the term
“inertia” really means, and what 1s the nature of this
telndon;for.althoughﬁinsminhaprrdadiﬁaut
law of gravitation, he has carried over this relation
the older law to the new, and it will be impossible for
~anyone to have the faintest idea of the latter unless he has
m&» implications of that close connection which

]
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InerTIA.—Let us take a very simple illustration. Every-
one is familiar with the fact that it requires a greater
effort on the part of man or horse to start the motion of a
vehicle on horizontal ground, than to maintain that
motion at a steady pace, once started. We recognise that
the effort involved in the second case is required to over-
come the friction of the ground, and will vary with _thc
nature of the ground’s surface. This also operates during
the initial period when the vehicle is ** getting up speed ™3
but in addition a pull is required to “ overcome the in-
ertia” of the vehicle, as we say, to accelerate the speed
from zero to the steady value maintained. A similar
additional effort is required during a period when the
speed of the body is being increased from one steady value
to another. If we cease to pull, the motion does not
cease on the instant; it takes time for the °Pl;'°5i“g friction -
to “ overcome the inertia” once more. If we wish to
bring the vehicle to rest more quickly still, we must push
backwards to do so; on sufficiently smooth ground we
might have to exert a backward force of considerable |
amount to bring the body to rest quickly or to decrease
its speed at a sufficient rate. In short, inertia is the name |
given to that property of the body in virtue of which,
apart entirely from its situation or the nature of the
surface upon which it may rest, force is required to change
1ts state of motion, whether that change be an increase or
decrease or simply a change of direction. (As an illustra-
tion of the latter change, no body can move in a curve,
even at the same speed, without a force exerted on it |
whose direction is across the path towards that side to i
which the curve is concave.) So much for the
quahtamr_c conception of inertia. If we wish to m
qQuantitatively, we must experiment carefully. There are
m.w”"ﬂ;’epm » us.“Wc may, in one case, determine

y amount of friction involve subtracting
1t from the total force exerted, dmﬁni'iau:id’thatm '
cf force required ro produce the change of motion; or we
may eliminate the of friction by ing the body
to run on a gentle slope, which has just the right inclina- =
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tion to overcome the friction, so that, once started, the
body will run uniformly downhill without any further
influence acting on it. In scientific laboratories either of
these methods can be applied to suitably made bodies on
suitable tracks with very precise means for measuring the
time of travelling and the velocity of travelling at any
place on the track.

The results of such investigation yield a very remark-
able result. Suppose, for example, we subject two
different bodies, which we shall name A and B for con-
venience, to the same I{mﬂ (friction being eliminated or
compensated), and we find that it requires one second for
A to attain some standard speed—say one metre per
second—while two seconds are required for B to attain
the same speed under the given pull; it will now be found
that if we apply a different pullpt.o the two bodies A and
B, while uncroubtcdly different intervals of time are in-
volved in which the standard speed is reached in each case,
yet they are still in the ratio 1:2. For instance, if the

1 were smaller, so that A required three seconds, then

would require six seconds. This simple result is uni-
versally true. If, under a given pull, B requires n times
as many seconds to attain some standard speed as A
requires, then under any other pull B will require #
times the interval which A requires. If the pull is in-
creased, both intervals of attainment are decreased; if the

ull is decreased, the intervals are increased, but they will
or a given pair of bodies maintain the same ratio 1o one
another. This simple result embodies the essence of
Newton's secohd law of motion, and it was by this ratio
that he gave a quantitative definition to inertia, saying
that the “ mass ” of B is n times the mass of A.
masses of bodies are, in short, proportional to those
inm_'valsafdtimc in which th:uiﬁodﬂw:ﬁ unresisted
motion subject to an severally
aminmes;b];xdardveloétg. 'Egbnguakndyuku
under such precisely defined circumstances, the more
“massive " is it in ion; its mass is proportionally
greater. The is asked, before proceeding, t

N ¥ )
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observe most carefully that the idea of the weight of the
bodies is nowhere involved in these experiments. No
balance, either spring or beam, is used; no weighings are
performed. With the boldness of genius, Newton pro-
jected these ideas into the universe. On the earth’s sur-
face the rough ground masks the effects of inertia by its
frictional forces; even the air offers a resistance to that
persistence of motion which Newton intuitively perceived
to be a universal property of all matter. Not so * empty
space.” In that infinite void all things move, and with-
out any hindrance from the void; no force is required to
maintain this motion of the rectilinear, uniform type. It
should persist by reason of the inertia; so this straight-
lined, unvarying motion is called * inertial ” motion. %Iet
the heavenly bodies do not present this simple type of
movement to us. Confining ourselves to our nearest
neighbours, and admitting the rotation of the earth to
account for the diurnal movement of the stars, we see
that even if the sun were at rest in the void, or moving ‘
through it in a straight line, the planets and our earth are
certainly not doing either.

GraviTaTion.—It was here that Newton introduced his |
second great idea, and once more supported it with the
most rigorous calculations which the subsequent two and
a half centuries have verified in all but the most minute
details. The apple falls to the ground with accelerated
speed; the projected body ascends directly with a decreas-
ing s or describes a curved path; the moon moves
round the earth—because the earth is exerting a force
across space on these bodies. The planets sweep round
the sun because they experience a force towards the sun
which changes their direction of motion.* The ets
themselves exert forces on their satellites, which - .
them in their orbits. Notice how different all this is from

. * That would be the only change if the orbits
drcles. Insomuch as they are ovgles, the ﬂmm )

experience some tivel changes speed of
motion as well, mm_ sl s jin- .:mi.m:t:-
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the former vague views about the influences required to
carry the planets round in their paths. Even Kepler
thought of forces directed along the orbits. But Newton
thinks of forces across the or{xi[s, directed towards the
sun. He found complete confirmation of this in the facts
which Kepler had discovered concerning these orbits. For
example, Kepler found that the line joining sun and
planet swept out equal areas in equal times. Newton
gave a mathematical demonstration that this was only
possible (assuming his own laws of motion to be com-
pletely true) if the force exerted on the planet were
directed towards the sun. Kepler discovered that the best
- geometric description of the motion of a planet round the
-sun is to state that the orbit is an cllipse, with the sun at
~one focus. Newton gave a mathematical proof that, if
 that were so, then the force between sun and planet must
decrease with increase of distance apart, *“ varying (as the
~common phrase runs) inversely as the square of this
_distance.”* Further, if this gravitation were universal,
 the change of motion produced in the moon by the attrac-
tion of the carth, and the change of motion produced in
the projectile near its surface, should be related in a
definite way which could be calculated from these pre-
- mises. It turned out that they were. Moreover, Newton
“saw that if his inverse square law were true and all the
planets acted on each other as well as the sun, then the
5 l:vath of any one of them is only approximately an ellipse.
In short, the old idea of description in terms of some
simple geometric curve was inadequate. If there were
only one planet, its path would be an ellipse; and, in
actual fact, of all the casily defined curves, the ellipse is
“the closest approximation; but the other planets * per-
turb” it from the simplicity of movement stated by
Kepler. th;vton laid the fmdﬂd the methods

calculating those perturbations, success attending
it has been one of the greatest achicvements of human

°chedim&:hutinth¢raﬁa'a:..h,lhhw
alters in the ratio b?:a? (not a®:b%). '
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rediction. To this end, Newton had to add a further
cature to his “inverse square law,” and the reader is
asked to note it very carefully, as it contains that close
connection between gravitation and inertia to which
reference has been made.

There are times when Mars is at the same distance
from the earth as the sun is, yet the force exerted on the
carth by Mars is very much smaller than that exerted by
the sun on such an occasion. A similar statement would
be true of any other planet than Mars, were it &ossiblc to
bring it to a distance from the earth equal to that of the
sun. This is known from the small values of those
" perturbations " from perfect ellipticity on the part of
the earth’s orbit, of whpiccrh we have just spoken. We
express this by saying that the ** gravitational strength
of the sun is much greater than that of any planet; the

lanets also vary among themselves in this particular,
Yupit:r enjoying the greatest strength in the group. The
third law of motion, which states the equality of action
and reaction, involves another way of regarding this fact.
If A is a “ stronger  planet than E, then not only does A
exert a greater force on a third planet C than B oes, if A
and C are separated by the same distance as B and C, but,
vice versa, C exerts a greater force on A than it does on B.
Newton gave an exact quantitative basis to this fact by
tulating that the sun and each planet and each satellite
ad its own definite numerical “ gravitational strength,”
and that the actual mutual force between two such bodies
at a given distance apart could be calculated in suitable
units of force by multiplying their respective strengths and
dividing the product by the square of the distance, It is
this complete statement of “law of gravitation ”
which has permitted these stren to be computed from
the observed perturbations in past, and tE“ per-
mmedd:cpredicdonin&aefuturcoftheexmmm
be-mmc_daud the positions robcobscrvedagmy-'?m.
scri time. All astronomical prediction of
appearances, eclipses, etc., have involved this simple
yet so powerful statement,
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Now for the feature in question. Newton postulated
that these gravitational strengths are proportional to the
inertial masses of the planets.* The usual statement of
his law of gravitation—viz., that the “ gravitational force
between two bodies is inversely proportional to the square
of their distance apart and directly proportional to the
product of their masses ”—shows this at once. Now,
there is no a priori reason for this. For example, we
know that the attraction or repulsion between two elec-
trified bodies varies inversely as the square of their dis-
tance apart and directly as the product of their charges of
electricity, but these charges are not necessarily propor-
tional to the masses of the bodies. There is a simi?ar aw
of magnetic force between magnetic poles, but there is no
relation between pole strength and mass. The usual way
of stating the law of gravitation quoted above rather con-
ceals this important %:ypothcsis. It is quite natural to
assume that besides the separating distance there are two
other factors, one connected with each body, upon which
depends the mutual force, and we have called these gravi-
tational strengths, and not masses, to begin with, just to
bring out clearly the fact that a very fundamental assump-
tion%'las been introduced later. Now, what evidence had
Newton to offer for this step? Two very important facts.
The first concerns terrestrial movement. Let us consider
the earth’s attraction on a small body at its surface. It is
equal to the product of the gravitational strengths of the
earth and the body, divided by the square of the radius of
the earth.t The acceleration of the body, if it is allowed

* The reader is implored to keep the notion of weight
in the background. Such phrases as *“ weighing the r
are most misleading, and confusing in this connection.
“Determining the inertial mass of the earth” is the correct
phrase. On what balance and over what t would
the experimenter hang the earth when weighing it?

'I'P]ewmnmlpmved that a uniform sphere of matter
attracted bodies outside it as if its matter were all
concentrated at the centre. - ;
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to fall, is, by the second law of motion, obtained by
dividing this force by the mass of the body. Now, sup-
pose we choose a body having twice the gravitational
strength. The force is doubled; but so also by h);rothems
is the inertial mass; hence the acceleration shou]_ be tl_nc
same. Now, this is precisely the case, as Galileo dls-
covered in his famous experiments on falling bodies.
Freed from air resistance, all bodies fall alike—the feather
as well as the coin. The second piece of evidence which
Newton brought forward was Kepler's third law of
planetary movement, concerning the dimensions of orbits
and the periodic times. This would not be true, assum-
ing Newton’s law of motion, unless the gravitational
strengths of the planets were proportional to their inertial
. masses, as can be demonstrated by mathematical reasoning.
It follows, as a result of this assumption, that, whatever
path one body can pursue in any “ field of gravitation,”
can be pursued by any other body, whatever its mass and
constitution in the same field, provided there is no fric-
tional or viscous resistance. Take, for instance, a pro-
jectile. If there were no air resistance, the curved path
which a stone travels along from a point A to a point B
could be executed by a heavier or lighter stone in the
same time. Note the italics. Between A and B there are
an infinity of paths alonf which the stone can be made
to travel by varying the direction and speed of projection
at A, but if the time in which the journey is to Ec accom-
plished is laid down to begin with, there is only one path
under the given gravitational forces, or, as we say, “in
the same gravitational field.” On the celestial scale, in
the void which offers no resistance and in which inertial
motion is a fundamental feature, similar facts must be
true if Newton’s hypothesis about gravitational stren
a(;qdinerﬁalmmbcuué;igcilsmathcmaﬁuﬂy’ i
iven two positions in d of gravitation
for instance, there is one, and on]yg:,nc, P,lefdn'!m’
them which will be traversed by a planetunderthemil :
attraction g'n @ given interval of time. You can suppose
ﬂ:cmndluomofsurﬁng&omthcﬁrnm. 1
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speed and direction of motion there—to be altered in such
a way that the planet will take some other course (in this
case an arc of another ellipse) to the second position, but
it will be executed in a different time. Given the time,
the path is unique.

Special emphasis has been laid on this result, because
in his law of gravitation Einstein has embodied the same
fact. It forms the starting-point of his investigations.

At this point the acute reader may make the following
observation : ** You say that Newton abandoned the helio-
centric hypothesis, with space, as it were, rigidly attached
to a fixed sun, just as Copernicus abandoned the geo-
centric hypothesis; yet implicitly all that you have talked
about in the last few pages has obviously concerned
motion round the sun as a centre or focus. To all intents
and purpose, the sun has been fixed in our space.”

The answer to this objection centres round the postulate
of mechanical relativity referred to in the introductory
Eages. The essence of Galileo’s and Newton’s discoveries

y in the recognition that what is determined by the
actual situation of a body in space is not its velocity, but
what is happening to its velocity—how that is changing.
The acceleration 1s determined by the force, which is a
matter of situation with regard to other bodies, and the
inertia, which is solely a matter of the body, independent,
according to Newton, of all such consideration such as
situation, and independent even of the body's own speed.
(This latter is an important proviso, of which we shall
take some account at a later stage.) Now, the force,
being a matter of distance a is determined solely by
that distance, and is not affected whether the sun 1s at
rest or not, and this determines the planet’s actual accelera-
tion of velocity in space. True, what we actually observe
is the planet’s acceleration relative to the sun, but even if
we suppose that the sun is moving with a steady speed
through space, so that the planet’s real velocity in space is
its actual velocity round the sun, plus the sun’s velocity in
space, it can be shown that the acceleration of the planet’s
velocity relative to the sun is also its real acceleration in
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space, provided velocities are ' compounded " or added by
ri: well-known parallelogram rule, with which the reader
is probably famiﬁar. (If not, let him recall the illustration
of the two cars in the Introduction, or the simple illustra-
tion of the ships travelling at ten miles per hour, while
a man walks 1ts deck at four miles per hour, and so
travels over the sea at fourteen or six miles per _hour,
according to his direction along the deck.) This is the
postulate of mechanical relativity; all mechanical occur-
rences " inside the solar system ™ go on just the same,
whether the sun is at rest or in motion in the inertial
void. This postulate is inherent in Newton’s laws of
motion. As a simple illustration, let us take any dyna-
mical experiment which could be carried out in an
ordinary aboratory; it could also be carried out, without
any apparent change in its results, in a large enough
vehicle travelling uniformly along a straight line. It is
known nowadays that our solar system is in motion with
reference to the system of stars, and is travelling towards
a point in the constellation Hercules. The motion is
probably orbital, but its sweep is so large that for all
practical purposes it is uniform for ordinary lapses of
time. It is also known that the stars are in relative motion
to each other, but so distant are they from our solar system
that it has taken many years of careful observation with
precise instruments to substantiate this fact and measure
the minute angular changes involved, Furthermore,
Newton's law of gravitation has been shown to be
operative in the case of some binary stars. Thus the
array of evidence for Newton’s laws, and his postulate of

" an absolute space, is pretty formidable. Let yus consider

this idea and its concomitant, the idea of absol i
litle more closely. t i
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CHAPTER 1II
ABSOLUTE SPACE AND TIME

SoMe attempt has been made in the previous pages to out-

line the complete change in outlook between those days

when men thought of themselves as the centre of all

g things, the carth being the one fixed immovable thing,
and space only a kind of geometrical partition between
bodies, and these when men think of space as a great
infinite stretch of * nothingness,” which, nevertheless,

:

|

|

could exist without matter, of which matter ** occupies ™
small portions and in which it moves.

The close agreement of the observed facts with the
deductions from the laws of motion, which embody the
principle of unchanging inertia or mass for all matter,
and the law of gravitation, which embodies the un-
changing gravitaung power and its close relation to
inertial quantity, have rendered Newton's ideas un-
challengeable for two centuries. Whatever the philoso-
ﬂ\crs had to say about his phiimé)hy. they had to accept

is physical science, and that rendered any attack on his
cosmol):agical views pract.icall'y hopeless. Of course, one
must not lose sight of the fact that the validity of his
laws in an absolute space, as distinct from their validity
in a relative sense within, say, the solar system, rests on the
truth of the postulate of mechanical relativity, which, in
its turn, is closely bound up with the assumption that the
results of E.ucli:ie:m geometry are true in this absolute
space, and with Newton's conception of an absolute time.

Inasmuch as the average person never pursues his
studies in geometry beyond his school years, there 1s litdde
Em:nl realisation of the nature of the validity enjoyed

Euclid’s reasoning, on which all school tries are
based. ~Euclidean geometry is entirely . Ir
starts out from certain axioms and postulates—i.e.,
mnmpmumddedummmchm As to the

yﬁeﬂmﬂ»&.e.,d\:mzhmnmdfm.d&m
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conclusions, that is entirely a matter of experimental
geometry, which enters intolrractically all physical experi-
menting, into surveying an geodesy, and into observa-
tional astronomy. In these processes lengths are
measures—i.c., distances between marks in accessible
places, and other lengths, too minute or too large to be
measured directly, or distances between inaccessible spots,
are inferred from these by the application of mathematical
processes, many of which assume the truth of Euclid’s
results. It is, of course, a matter of common knowledge
that the consistency and agreement of these inferences i1s
so good that they offer no challenge to the postulated
truti of the assumptions on which the theoretical geo-
metry is based. evertheless, the real state of aﬂgairs
should not on that account be overlooked.

Take, for example, the concepts of point and line.
They are really undefinable in the strict sense. The
straight edge of a ruler, or the pencil stroke on a piece of

per, arc not “ lines” in the ecometrical sense. The
ine is an abstraction of the mind, and we assist the im-
mature mind to reason about these abstractions by pre-
senting visual pictures to it. Of course, you cannot
reason about a creation of your imagination unless you
admit that it possesses a few unchanging properties, and
Euclid requires us to admit that no two straight lines can
cross at more than one point. That is entirely reasonable,
as it conforms so obviously to the behaviour of il
strokes which we draw along rulers, but we must 0&:;:“
that that is the only requirement which Euclid imposes
on the notion of “ straightness.” In other words, an
enclosed area cannot be bounded complete| ;
straight lines. You may have a u‘iang{
straight lines, but not 2 “ diangle » or two-sided figure,
Most of the other axioms whic Euclid introduced into
deductive try are of such a nature ﬂ!attbde.ny
thcm_w dsccmtodutmythcpouibimyof
rc?::;mg at all. But thcrefis one axiom which m
causec an enormous amount o argument; it concerns
mblhquunxghthnummeplm.mmu&
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Euclid admitted that possibility, but limited it in such a
manner that his postulate amounts to assuming that given
one straight line in a plane and a point in the plane, but
not on that line, there is only one straight line in the
plane through that point which will not cut the first one
anywhere “ fore or aft.” The average man re rards this
as so ‘‘obvious” that he is bewildered when it is
questioned; for he recalls the school classroom and his
struggles with theorems on parallelograms, etc., and he
makes pencil marks “in the same direction” on a piece
of paper and waves his pencil in an airy way into the
vasty deeps of space to show the foolishness of any doubt-
ing Thomas. But surely the reader has never produced
; his pencil marks beyond the edge of the drawing-paper,
i and yet the axiom says distinctly ““ no matter how far
produced in either direction.” Even let us admit the re-
moval of that restriction and givc him as smooth a draw-
ing surface as possible, extending to any distance over the
earth’s surface, and let him produce his two lines on and
on. Well, every pair of straight strokes will meet some-
where. “ No,” says the objector, the strokes which the
draughtsman started with looked * straight because they
were short, but as you go on you see that they are arcs of
reat circles on the earth's surface, and are not straight
es at all.” Well and good, we must produce “into
space.” But who has done it and can tell us what
happens to material strokes or tight threads or whatnot,
let alone what happens to the mental abstractions based
on such things? ; > 1%
In putting forward these ideas, one is not questioning
the “truth” of Euclid’s results. Gran axioms
and ulates, the conclusions are i : But you
can deduce other results just as “ true " in the same sense
if you start from other axioms. E.g., from Euclid’s
parallel axiom you can deduce that the three of a
triangle make up two right angles. If, on other
hand, you assume that all lines in a plane intersect some-
where—i.e., that no parallel hneluuhyen can deduce
that the three angles of a triangle are together greater

ANE R X . % ; - K IH
RIS T BURE TR T S nins 1 R L Aﬁ
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than two right angles, the excess bein y greater the larger
the area of the triangle. Or, if you like to assume hat
through a given point you can draw more than one line
i a plane which will not meet anywhere a given line in
the plane, you can prove that the sum of the three angles
of a triang?c’: is less than two right angles, the defect bcl.nﬁ
greater the larger the arca of the triangle. Now whic

of these three deductions is physically true? It must be
admitted that the evidence of mensuration is all in favour
of Euclid. Yet it does not preclude the possibility that
mensuration of triangles on a celestial scale, instead of
terrestrial, were it possible with sufficient accuracy, might
reveal a discrepancy which could not be treated as an
“experimental error.” In any case, the reader must
accommodate his thoughts to the possibility; for here lies
the clue to that phrase “ curved space,” which seems so
?eculiar and meaningless to many, and which is such a
cature of popular explanations of Einstein’s views, If
Euclid’s axiom is assumed to be true, a triangle can be
drawn on a plane with straight lines, and its angle-sum
is equal to two right angles. On a curved surface you
cannot draw a triangle with straight lines, but you can
do so with “ geodetics (* Geodetic ”* is the geometer's
name for the line stretching along the path of shortest
distance between two points on the surface). This
geodetic triangle has an angle-sum which is not, in
general, equal to two right-angles, being greater for
certain types qf surface, and less for other types. Thus,

triangles on a curved surface, or, more briefly, the non-
Euclidean geometry of the rectilinear triangle ‘on plane
is similar to the "Euclidean metry of the i
triangle on a cerved surface. goif it turned out that gs
@ physical fact the angle-sum of a triangde with three
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“space is curved and physical geometry is Euclidean.”
, In any case, the reader is not asked to perform the im-
Eossiblc feat of visualising intuitively * curved nothing,”

J e is merely reminded that when he meets the phrase

I “curved space” he is to think that he must be wary
about the too easy assumption that the conclusions con-

l cerning geometrical figures in Euclid's theorems are of

t necessity valid concerning the material frames, in Nature
of which these figures are mental abstractions.

[ In the sense indicated, Newton assumed that his abso-
lute space was ““ flat” and its geometry Euclidean. But
dynamics involves more than geometry; it involves the
conception of changing configuration, not mere fixed
situation—i.¢., the idea of time enters. Everyone has
that intuitive perception of * duration” in events, by
which we make rough and ready estimates of lapse of
time. This perception of duration is the analogue of our
perceptions of extension of matter in space. of::st as we
make our mental abstractions of point, line, and plane

from the latter, so we conceive instants as ' points in

time ” with no duration. In this way we arrive at the

! notion of physical time as something “ flowing uni-

formly,” independent of all natural occurrences and all

sensc-:mprcssions on our part. This was another of

Newton's fundamental postulates, first clearly formulated

in his Principia. Just as the distance of a point on a line

from another point on it could be quantitatively stated

. by a precise number and unit, so the interval Retivenm

' one instant and another could also be quantitatively

stated by a precise number and unit. When he speaks of

rate of change of velocity and momentum in his writings,
he means the quotient of a change of velocity or
momentum between two states of a body by the interval
of this time between these states. If the reader asks how

Newton could postulate “uniform flow ™ of anything

without reference to something else, he is reminded that

this assumption is just the feature of Newton's absolute
time, as distinct from the conception of a time relative
to an observer’s situation and environment, which is the
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feature of Einstein's work. But he must not ;ush too
hurriedly to the conclusion that this assumption was
entirely metaphysical. It was not introduced, as it were,
in vacwo; it was introduced as an accompaniment to his
laws of motion. If inertial motion be a feature of abso-
lute space, then on observing a body far enough removed
from the gravitational influence of other bodies, one
would have a ** timepiece ”’; for the distance it travelled
would be a proportional measure of time lapse. True,
we cannot oEscrvc the absolute movement in space, so
that this procedure for measuring time, though theoreti-
cally conceivable, is not merely impracticable, it is im-
possible. But that does not dispose of all the possibilities.

It can be proved from Newton's laws that provided
the resultant force on a,body like the earth passes through
its centre of mass, then it will rotate uniformly in the
absolute space, so that if we observed the angles turned
through by the earth, we would have a practical measure
of his uniformly flowing time. It was to this fact that
Newton turned for a justification of his ideas. He was
able to show that provided his law of gravitation held
between the smallest parts of matter, then the resultant
force on the earth, due to the gravitational action on it of
the matter in sun and planets, had a line of action pass-
ing so near to its centre of mass, that the discrepancy
from uniform rotation, due to this or to tidal friction,
was 5o slight that this rotation would, indeed, be an excel-
lent measure of time. * But,” says the objector, * you
cannot observe rotatory motion in an absolute space any
more than you can observe translatory motion.” To this
statement Newton would have given an unqualified
denial, and it must be said there is some werful
evidence in tEilysiit:al experiment in his favour, ‘F:ue, the
rotation of the earth on its axis usually thought of is rela-
pvtto!hcﬁxedm.rframc,and itisdﬁsmtadonwhich
1s certainly the basis of all our measurement of time,
Nevertheless, Newton pointed out that the bulg; at the
carth's equator could be as an due
to the rotation of the earth rchﬁvemd;gm.m.
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Such a gravitational effect due to relative movement,
even if postulated, could hardly be regarded as sufficiently
large, considering the distances involved. He was also
able to point to other phenomena, into which there is no
opportunity to enter; {:’mt since his time, a very famous
experiment has been performed, which appears to justify
him to the hilt. This was first tried about the middle of
last century by Foucault in Paris. A long pendulum,
suspended 1n such a way that it was free to swing in any
vertical plane, was made to vibrate, being very carefully
started in some definite vertical plane. As the day wore
on, this plane of vibration altered at a perfectly definite
rate, so that to a person looking down from above, the
line of motion of the bob just over the floor turned
round in a manner similar to the hands of a clock, taking
about five and a half minutes to turn one dehgrcc. The
theoretical investigation showed that at the Equator no
such phenomenon would have occurred, while at the
North Pole the rotation of ‘the plane of swing would
have been faster, one degree only occupying four minutes,
and subsequent repetitions of the experiment in

latitudes abundantly support these conclusions. Now the
hitherto accepted explanation of this experiment (con-
ceived for simplicity as being performed at the North
Pole) is that since there is no component of the earth’s
attraction on the bob perpendicular to the plane of the
swing (the force being vertical and in the planc of the
swing), the planc of the swing is not turning at all, buz
maintaining the same orientation in absolute space, and
that what we perceive is the turning of the building
around the cardl:'cs axis, the plane of the swing giving us
a definite direction in space to go by.* This experiment

o .
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was accepted as a clinching argument for the validity of
the idea of absolute rotation. There was no question of
stars entering into the explanation. The Foucault

ndulum was observable if an impenetrable cloud-bank

ad for ever shut the stars from our vision. But it turned
out that the rate of rotation, as observed from Foucault's
pendulum, was, within experimental error, the same as
the rotation with reference to the fixed star frame, and
this was taken to mean that the stars, although not fixed
in absolute space, were moving in it at a rate sufficiently
small to give, considering their enormous distance from
us, a material frame of reference, which could for some
purposes approximately replace absolute space. To sum
up the situation : translatory motion of the earth relative
to the fixed star frame has been observed (we and the
constellation Hercules are certainly approaching one
another), but translatory motion in an absolute space has
not been observed; there does not exist any measured
speed which, even on any plausible grounds, can be
called an absolute speed og the carth in space. On the
other hand, rotatory motion of the earth relative to the
fixed star frame has been observed, and, in addition, a
measured rotatory motion, quite independent of this, to
which there are considerable grounds for giving the name
*“ absolute rotation,”

Returning to the considerations of time measurement,
which necessitated this digression, the earth rotating in
absolute space was Newton's fundamental clock. eo-
retically, even this was not precisely accurate for measur-
ing his “ absolute time,” unless the whole gravitational
force‘on the earth passed accurately :hmugﬁ the centre
of mass; but even so, any discrepancy arising from this
would not be serious, and could be calculated and allowed

astronomers after obscrvation over a sufficient
number of years. The rotation in absolute space® was
not directly measurable in Newton’s time, and even now,

_* lLe., as measured by Fot_:unlt’s pendulum mm
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when we think that it is so, it is best, from the point of
view of exactitude of observation, to take the * sidereal
day,” the time of rotation relative to the fixed stars, as
our Practlca] unit. As pointed out, the two measured
rotations are, at all events, so near in value as to render
this Eroccdurc justifiable. Added to this there is another
justification. There is a well-known result, deducible
from Newton's laws of dynamics, showing how to calcu-
late the period of swing of a pendulum %rom its length
and the intensity of gravity at the place. Now, strictly,
this period is an interval of Newton's absolute time, and
the formula implies a constant ratio between the period
of the pendulum and the period of one absolute rotation
of the earth. As a matter of experiment, there js a con-
stant ratio between the period of a pendulum and the

iod of rotation of the earth relative to the stars. This,
in fact, is the justification of our use of pendulum clocks
as practical instruments for measuring time.

n this way Newton lpmjcctcd all the conceptual ap-
paratus required for dealing scientifically with terrestrial
movements into the celestial world outside. So lucid,
succinct, and powerful were the brief statements express-
ing his laws in words, so easy of transformation into the
mathematical dress required for calculation and deduc-
tion, and so close the conclusions to the facts that it is
little wonder the civilised world has regarded his achieve-
ments as supreme in their own sphere.

But in his own lifetime there occurred the first success-
ful attempt at an experiment, which carried in it the
germ of those facts which have shown that even this
great man had not reached the absolute truth.

le had attempted to find whether the transmission
ight was instantaneous or not. Galileo was one. None
succeeded, until about 1670 a young Dane, Olaf Romer,
engaged at Paris on a . pointed
out that a iar feature of the eclipses of Jupiter’s
satellites could only be accounted for by the assumption
that the light from the satellites took meul minutes to
cross the earth’s orbit round the sun. Little notice seems
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to have been given to this result, on account of the con-
flicting values for the time deduced from observation of
different satellites. More than half a century later, how-
ever, the English astronomer Bradley produced support-
ing evidence from other astronomical facts, to which re-
ference will be made presently, and, in the meantime,
better observation had clcurcc( up the discrepancies in
Romer’s calculations, so that just about the time of
Newton’s death in 1727, the gradual propagation of light
was an accepted physical fact, and the time of trans-
mission across the earth's orbit was determined to be
sixteen minutes twenty-six seconds, which is only about
t::; seconds too little, according to our prcs:nbday know-
ledge.

Now it may be said that around this fact of the
gradual propagation of light and its consequences have
clustered alr those doubts and confusions which have
entailed within the past two decades that recasting of our
views connected with Einstein's name. Let us devote a
short chapter to these disturbing optical phenomena.

CHAPTER 1V

THE OPTICAL PHENOMEN A

Our historical outline now moves on to th ly years
the nincteenth century, when the undulaio?; {h :i
t h;d was bcgum::g to receive the serious attcntioneziich
missed in the 10Us cen i great
fame of Newton, wmp?:vc his su;;?no;“:hgcm —

theory, on what were at the time ve
The conception of a luminiferous cther, as a medium

endowed with definite material properti regards
clasticity and density, began to emer in't::é:riﬁdg.
the foremost physicists.© To a brilliant youn French
-engmeu.Angumnle,isducthccmditn;'

'
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success in framing a dynamical theory for the trans-
mission of light regarded as an undulation and not a
stream of discrete particles. By degrees, absolute space
began to assume an air of * subsmnti:l]ity." True, this
medium had to be endowed with some strange properties;
it had to possess an elasticity enormously out of propor-
tion to its density by comparison with ordinary matter
(that was by reason of the tremendous speed of propaga-
tion of light vibrations through it); and it had, at

same time, to display a fluidity so perfect that planets
could move through it with no obvious resistance. Still,
this troubled no one seriously; for, after all, the ether was
not “ordinary matter,” and there scemed to be no 2
priori reason why the limitations known to be true of
matter should necessarily be imposed on the ether. The
initial successes enjo cdy by this view in explaining the
phenomena of interference, diffraction, and polarisation
of light were so considerable that the mathematical
formulation of the “elastic solid theory of the ether”
has been justly regarded as one of the chief scienti-
fic triumphs of the nineteenth century. Quite early in
its career we meet the question of possible effects pro-
duced by the earth’s “drift” through the ether, as for
various reasons it began to be accepted that this cther was
the * substantial thing ™ by which absolute space could
be identified. The ether was the “ absolute fixture.” To
help the reader to grasp one or two essential ideas in this
connection, imagine a very simple occurrence. A boat is
at rest in water, and over the side rests a wet oar, from
which there falls a regular succession of drops; each drop
starts an expanding ripple, and the concentric ri

travel out with a definite speed, the distance along a
radius from ripple to ripple remaining the same. Now,
let the boat move slowly through the water. The centre

of one ripple is not coincident with that of the previ
one, but re%mmd from it by ﬂnd:mm
boat during the period between - But each
expands as before at the same s ; the velocity of
ripple through the water is not affected by the speed of
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the boat. In a similar way it was part of the accepted
theory of light that the speed of light through the ether
was not in the least affected by the motion of the body
from which the light emanated. Returning to the water
analogy, if a body floating in the water were at rest in it,
the ripples would travel past it at their speed through the
water, Eut if the body were in motion, the ripples would
not travel past it at that rate; this might be as great as
the sum of the ripple speed and the body's speed, if ripples
and body were moving opposite to one another, or as
small as the difference, if travelling through the water in
the same dircction; if the body's velocity were neither
<odirectional with nor opposite to that of the ripples, the
relative velocity of the ripples past the body would have
a magnitude intermediate between the former limits, and
ats direction would also be changed; thus if, looking to-
wards the boat, the body were travelling to the right, the
ripples would seem to pass the body as if coming from a
source somewhat to the right of the boat. Here emerges
the postulate of mechanical relativity in this connection;
for while the speed of the source was regarded as having
no influence on the speed of light through the ether, yet
it was regarded as inevitable that the speed of the earth
through the ether should have an effect on the speed and
direction of the light received by an observer on its
surface—i.e., relative to him. Now, as regards the
speed, there was no direct evidence one wa or the other.
Michelson’s refined m=asurements were sti to come, but
as regards direction, there was apparently very decisive
c\udcycc in the so-called annual aberration of ‘the stars,
the discovery of Bradley referred to in the last chapter, by
which he was able to verify Romer’s work. At all events,
the changing direction of motion of the earth in its orbit
round the sun did produce a constant chanﬁe of direction
(small, no doubt, but perfectly measurable) in the line
al_mgwhxhonehadtopointatckuopcatamcmh
night at a definite sidereal time. This was explained as
du_etothcfactthatthe-eanh'smoﬁmdnqughdnm
being the resultant of the sun’s muon:hroushﬁg*
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and the carth’s motion relative to the sun, experienced a
gradual change of direction throughout a year, and so
caused a variation in the apparent direction of the light
from a distant and approximately fixed source, which
would oscillate between extremes in the course of the
car.

: But now let us turn to another effect on light which
might be expected on any undulatory hypothesis as
arising cither from the motion of the source or from the
motion of the receiver. If the boat is moving, the ripples
are no longer concentric, they expand from different
centres. In the direction of the boat's motion they get
*“ crowded up " a little, the distance from crest to crest is
reduced by the amount the boat travels in the interval
between drops; in the opposite direction they are
separated further apart by an equal amount, and in other
directions we get crowding or further separation of
smaller amounts. Thus, a %)ody floating on the water,
which would be made to rise and fall by the ripples,
would do so more frequently if in front of the boat and
less frequently if behind. Reasoning by analogy, if the
carth were fixed in space and a star moving, the light
from the radiating mechanism in the atoms of a definite
chemical element in the star would not have quite the
same frequency as if the star were also at rest—i.c., it
would not have the same ' wave-length,” and the reader
is probably aware that the physicist possesses in the
spectroscope an instrument of great precision for observa-
tion and measurement of the wave-lengths of the different
t'];.:ealitics of lights which produce the various “ lines " in

spectra of incandescent or electrically excited eleme

This anticipated difference in the wave-length of Ii
from an element in a star and the same element
earth actually exists, and is called tia:c“Dapph cffect.”

RE

But it would also be produced if the star were at rest
and the earth were in motion; for in the ana , if the
boat were at rest and the ri expanding from

common centre, a body moving towards the boat
e and fall more. frequently than if also at rest, while
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moving away from the boat it would oscillate up and
down less frequently. The same thing would happen if
both the boat and the body were movmg_through_ the
water, provided there was relative motion—i.e., provided
one was separating from or drawing nearer to the othcr.
In short, the Doppler effect is evidence of rdarw_e motion
of the earth and star, but without some other evidence as
to the magnitude and direction of the earth’s velocity
one cannot separate the observed effect into two parts and
say that this part is due to the real motion of the star,
this to the earth’s motion.

The truth is that neither the annual aberration of the
observed star positions from where they would be seen if
the earth were not revolving round the sun, nor the
Dﬁprlcr effect gives any direct evidence of the earth’s
absolute motion at all. They are phenomena of relative
motion, and any suggested analysis of them is futile un-
less a direct measure of the earth’s motion through the
cther is made somehow. In connection with aberration,
it may be interesting to refer to an experiment whose
result has some significance in view of the recent develop-
ments. It was suggested by Boscovich some years after
the discovery of annual aberration by Bradley, that if a
telescope were filled by water, the angle of aberration
(which is observed by a slight progressive change in the
axis of the tclcsct:fc sighting a given star at definite
sidereal time each day) would be changed, since the ratio
of the speed of the earth to the speed of the light through
the telescope (which is the determining factor in
matter) would be changed owing to the altered speed of
light through the water. It was before the days when
the velocity of light through water, glass, etc., had been
measured terrestrial experiments, and it was Bosco-
vich’s idea that such an experiment would settle whether
the speed through water was faster or slower, a question
of the utmost importance at the time, whose answer (not

btained until nearly a century later, and then by quite
other means) would prove decisive as between corp:

and undulatory views of light.  For various reasons,
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mostly concerned with technical difficulties, Boscovich's
idea was never put into Fracticc until 1871, when Airy,
then Astronomer Royal of England, actually tried it after
adapting, with considerable risk of damage, a large tele-
scope at Greenwich for the purpose. In the meantime,
however, Fresnel, about 1820, had, subjected the sugges-
tion to a critical discussion in the llight of his own
recently formed theory as to the “ elastic-solid ether,” and
had shown that Boescovich’s mathematical proof was too
inadequate for the complexities of the relations between
ether and matter, and actually predicted that, although
there was a difference, it would be too minute to
observed in practice. As a matter of fact, this is just
what Airy found, and as things stood then the result was
triumphant justification of Fresnel's acute criticism.
There would be no point in telling this interesting little
romance of physical science here, but for the fact that it
will prove significant at a later stage.

Our narrative has now reached the period mentioned
in the introduction. It became apparent that if any
successful attempt were to be made on this elusive abso-
lute velocity of the earth, it must be done by " direct
assault.” A change in the velocity of light must be
actually found, antf the genius of Michelson devised an
instrument (known as *‘ Michelson’s interferometer ™)
sufficiently precise to do so. His source of light was a
terrestrial one. As stated above, the velocity of the
source through the ether would, on current views, have
no effect on the velocity of light through the ether, and,
as a matter of fact, there is pretty decisive astronomical
evidence against any assumption that it would have an

effect. But ' the velocity of the receivi

through the ether wouldtyhave an effect onm&:ﬂmm served
velocity, which would be, on traditional theory, the re-
sultant of the true velocity of light and the reversed
velo:::t{l of the earth (ie., the receiving Amn)
through the ether. Both source and receiver, 50
near, would have the same velomy-_th:pug_h’rtnd
therefore no relative velocity to each other, 5o any.
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observed effect could not be ascribed to relative velocity,
as there was none. .

As already stated in the introduction, no effect was
observed at all. Michelson, in a sense, timed a race be-
tween two beams of light, each one travc]lin_g along a
path to a distant mirror and returning along its path to
the common starting-point. One path was at right angles
to the other. The decisive quantity was not the times of
the journeys made by each beam, but their difference, the
amount by which one beat the other. As the apparatus
was slowly turned round, this difference should have
changed, t{m winner winning by less and less, and then
losing by more and more through one half-turn, the pro-
cess icing reversed in the second half-turn. No such
thing happened.

chrc. en, was the situation. No effect, mechanical
or optical, had ever been definitely traced down to the
absolute vclocig of the earth through space.* Effects due
to velocity had certainly been measured, but the effects
were only there when there was relative velocity. 1f there
were no relative velocity, as in Michelson’s experiment,
there was no effect. Even so, this feature of the situation
did not seem to strike anyone as important; and there
followed the period of twenty years referred to in the
introduction, during which one attempt after another was
made to bring in the absolute movement of the earth as a
relevant feature of natural plienomena, culminating'in
the work of Lorentz. As the last stage of our pre-
Relativity journey, some attempt will be made in the next
chapter to indicate the idea of Lorentz’s solution. It will
carry with it also some idea of a change which had in the
meantime come over the attitude of the physicist to the
theory of light propagation and, indeed, to the theory of
thlc cpnstiltuticlm ofEmattcr itsclf, without which Lorentz’s
solution, let alone Einstein’s Relativi Hypothesis, would
not have been possible. 24 b

* The Foucault Pendulum result was attributed to In
lute rotation in space. ' e
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CHAPTER V

THE ELECTROMAGNETIC THEORY OF LIGHT
AND MATTER, AND LORENTZ'S SOLUTION
OF THE ABSOLUTE MOTION DIFFICULTY

Tue reader will recall from the Introduction that the
difficulty raised by Fitzgerald's hypothesis of contraction
(which explained the Michelson experiment) centred
round the inability to discover those effects on the elec-
trical and optical properties of matter which, it was
inferred, should accompany such a contraction. To
Lorentz belongs the credit of showing that the inference
was not justifiable, and that the absence of these effects
was not so fatal to the hypothesis as appeared. A number
of essays on this point were written iy him towards the
close of the nineteenth century, and in 19og he sum-
marised his work in a classical paper to the Academy of
Sciences at Amsterdam. In these papers one hears no-
more, however, of the ‘ elastic-solid * ether, for Lorentz’s.
life has extended over that period during which a remark-
able change came over the scientific view as to the nature-
of light. It was still regarded as an undulation, but in
what exactly the undulation consisted was not so precisely
defined in terms of matter and motion as before. Shortly
after the middle of the nineteenth century, Clerk-Maxwel
the first Professor of Physics at the Cavendish

Cambri had developed in a theoretical manner the
ideas of y about electricity and magnetism to such
a point that he was able to that ** waves of electric

and magnetic force,” or “ cctromagnetic waves,” should:
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in his laboratory at Munich, an event which t_ool-c place
about the same time as Michelson’s first experiments on
the * ether-drift.” So people took little notice of * Max-
well's equations " for many years, and still less of a very
far-reaching hypothesis which he founded on them—uviz.,
that light was just such a transmission of electric and
magnetic forces. People were too *dynamical ’; the
wanted a material ether, something almost palpable whic
could “ wobble.” There was for their minds something
more satisfying in the picture of a * quivering ether ”
than in a vague, unsubstantial “ oscillation of electric and
magnetic force ’; and, after all, where were these electro-
magnetic waves? Maxwell had predicted them, no doubt,
but he had given no experimental justification. . The
latter criticism had no weight after Hertz's experiments,
and by degrees a subtle, almost unconscious, change crept
over the minds of scientific men, especially the younger
generation, regarding light. Less and less did they wor
about a *“ model ether ” with definite properties as regards
clasticity and density; its mechanical ‘trappings fell awa
from it by degrees. At first even those who admitted the
power of Maxwell's theory felt hardly at home with it
unless they could conjure up to their mind’s eye some
picture of the ether—in filaments and vortices, for
example—whose motions of translation or rotation, or
whose quiverings were the underlying reality of the
clectric and magnetic forces of the waves. Therein we
see the waning influence of the purely mechanistic view
of the nincteenth century. Many of our leading physicists
whose early training took (i)laoc in the middle and later
years of that century could never quite free themselves
from such preposscssions (a perfectly natural result, and
one concerning which only ignorance could utter:
gibe). But slowly the leaven of Maxwell’s idea g
so that nowadays we are so far from worrying about a
material ether as a trapsmitter of a mechanical radiation
that we actually regard radiation as an enti in itself,
no medium for its - ission, having an
- existence quite as real as that of an atomor
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electron. This change of attitude, coupled with the dis-
covery that the atoms of the chemical elements (hitherto
believed to be indivisible) were themselves constructed
from still smaller parts, reacted on the scientific view as to
the nature of the forces exerted between atoms and mole-
cules. We all know that the antenna of a broadcasting
station radiates “ waves " which can travel at an enormous
speed and can excite oscillations of electricity in an aerial
wire. These oscillations we “ receive” and amplify for
our own purposes by means of * valves, coils, and con-
densers.” Now, the electromagnetic waves which con-
stitute light have to be radiated from something and
“ received "’ by something. The radiators are the atoms
of matter in the luminous body, or rather those smaller
parts—nuclei and electrons—which are really minute
portions of positive and negative electricity whose move-
ments within the atom give rise to the waves. Each atom
is a minute “broadcasting station,” emitting electro-
magnetic waves, each type of atom having its own charac-
teristic wave-lengths or frequencies. Just as the broad-
casting stations of the world emit as a whole waves whose
wave-lengths extend over a range from a few metres to
several thousands of metres, so the various chemical atoms
and molecules emit waves having a range from about one
ten thousandth of a micron* to several hundred microns,
or nearly a millimetre. The waves are on a much
““ tinier ”* scale, but essentially similar in nature. We also
know nowadays that with a given coil and condenser we
can “ tune " our receiving-sets to detect any wave whose
wave-length is in a certain range or * wave-band ™ (say
300 to 500 metres). The atoms in our eyes are naturally
tuned to detect waves from about ‘4 to -8 of a micron,
and we use photography and various ingenious instru-
ments to detect the shorter and longer waves with which
our eyes cannot deal. But these structural details of the
atom which give rise to radiation are, we now believe,

* A micron, or micrometre, is one millionth of a
metre. .
3
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also responsible for those forces of *affinity and co-
hesion " (to use the old terms) which bind the atoms in
the molecule, the molecules in the solid body, as well as
the electrons and nuclei in the atom. So _thr:rc‘is an
electromagnetic origin for the forces exhibited in the
constitution of matter as well as in the propagation of
radiation. :

This, then, was the kind of new conceptual material
with which Lorentz was tackling this old problem. Purely
mechanical considerations are not very pronounced in his
writings; one reads nothing about density and elasticity of
an ether; the ether has sunk to the level of some vaﬁ:c
kind of stuff filling space, with regard to which light has
a certain speed. Speed relative to * slfacc "—i.e., * empti-
ness "—cannot exist; we must invoke some * material
for that purpose, even if it has no other relevant connec-
tion wir.lg the problem. So far, at all events, had we
travelled on the road to Relativity. By the aid of Max-
well’s equations, or rather a generalisation of them due
to himself, Lorentz proceeds to discover the relations
between the forces exerted between the particles of a bod
when in motion “ through the ether " and those whicz
exist when the body is at rest. His prime discovery was
that if he assumed that the ultimate electrical parts of the
atoms, the electrons, were subject to a Fitzgerald contrac-
tion, when in movement through the ether, two results
follow : (1) All the particles, atoms, and molecules of the
bod[{.in motion draw closer together, owing to the chan
in the intermolecular and interatomic forces, in just ﬁ
same pro(;)ortion, so that the body as a whole suffers a
Fitzgerald contraction of the same amount as the indi-
yidu_zl electrons; (2) the relation between the forces exist-
memthebod at rest and those in the body in motion
takes a special form, from which it can be inferred at once
icat all those effects which were expected to follow from

contraction .in bulk of the body as a wh ‘ought

actually to be abscnt, i 4 o

. What the reader should observe is that the “ Lorefitz
contraction hypothesis ”* is something more fundamental
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than the “ Fitzgerald contraction hypothesis.” The latter
was acrostularc about matter in bulk, which raised as
many difficulties as it settled. The former was a postu-
late about the ultimate electron, which carried the con-
traction in bulk as a natural result, but which also cleared
away those difficulties which the latter, as a bald ad hoc
hypothesis, had given rise to. It should also be noted that
Lorentz's contraction hypothesis was not merely ad hoc;
it had considerable support from the experimental study
of the electron itself in a manner which ought to be
presented to the reader, inasmuch as it shows another
remarkable change of attitude on the part of the physicist.
It will be remembered that the central doctrine of the
Newtonian theory is the invariability of mass. The mass
of a body (not the “ weight,” which depends on situation
as well as on mass) does not change, whatever changes
may take place in size, temperature, etc.; in particular it
does not depend on velocity. The same force will
duce the same acceleration, if exerted on the body w
at rest, as if exerted on it travelling with any speed we
like. Now, as far back as 1882, Sir J. J. Thomson dis-
covered in a theoretical discussion based on Maxwell’s
equations that if a body were electrified when in motion,
its inertia should be greater than if unelectrified; further-
more, that this * extra mass ”’ is not invariable, but should
increase with speed. No one at that time realised the
import of this small cloud rising on the horizon. This
“ electromagnetic inertia ” (as it was called to distinguish
it from the * ordinary inertia ') was attributed to movin
“ Faraday tubes " (*“ tubes of ether,” if you like) atta
to the electricity on the body, and Newtonian invariability
was formally satisfied. But little by little the doubt grew.
“ Ethereal tubes” have gone the way of “elastic solid
ethers.” When the electron, the permanently electrified
rt of the atom, was isolated and studied (first by Sir . J.
omson himself), it was naturally asked: {:} “ Does
the electron’s mass increase with 1 * (a) “1f so,
how much of its mass is ordinary and invariable, and
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of experiment was: (1) “Yes.” (2) “All the mass is
electromagnetic.” This was so important a matter that
no stone was left unturned to attain the utmost precision
in experiment. Probably no prime investigation in
physical science has received so much attention from first-
rate experimentalists, with a resulting certainty about the
data which leaves nothing to be desired. Now, the beauty
of Lorentz's hypothesis about the contraction of the
electron was that by aid of it he was able to show that
the increase of electron mass accompanying increase of
velocity agreed remarkably well with the data of experi-
ment, much better than did the increases calculated trom
other views as to the behaviour of the electron, current at
the time as alternatives to Lorentz’s. Of course, the
rcadbccr should realise that this increase of mass is too small
to experimentally perceived for ordinary terrestrial
speeds or even stcllal?r speeds. In electric d?:cyhar tubes
(such as X-ray tubes) we are, however, dealing with atoms
and subatomic particles flying at speeds from one tenth up
to almost the speed of light itself, with a wealth of data
about these matters naturally not known to our prede-
cessors. It may be of interest to state the matter precisely.
Supposing ¢ to represent the electron’s speed through the
ether, and ¢ to represent the speed of light, then Lorentz’s
hypothesis was that the dimensions of the electron parallel
to the direction of motion contracted in the ratio

n/(-3)

This entails as a result that the mass should increase in the

ratio :
V-2

and this result is certainl erified i periments
elemnnsmdncha.r mbesyw::mvbc“:m:‘u ble
in value with ¢, vmfmmthempm_
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motion of a body on the earth through the ether, the
changes in size and mass of the electrons in the body are,
of course, very minute; nevertheless, they are theoreticall

capable of accounting for a similar contraction in bulz
(Fitzgerald contraction), and a consequent explanation of
the Michelson experiment, and for the absence of those
effects which were originally thought to follow as a
matter of course from this bulk contraction.

In a book on Relativity it may seem remarkable that
the author has finished three parts of the volume before
beginning a formal explanation of what that word means.
He justifies this procedure, to himself at all events, by
the experience of academic and popular lectures en-
deavouring to make clear these difficult matters; for he
believes that no one, even a skilful mathematician, can
grasp the meaning of Einstein’s theory unless he has more
than mere unco-ordinated and hazy notions of the ideas
of space, time, matter, gravitation, and light which have
arisen in the past and gone their way after a period of
uscfulness. Equally he believes that Relativity could not
have arisen apart from the electromagnetic theories of
light and matter, and so anyone hoping to understand it
should have some idea of the results of the impact on the
traditional materialism of the nineteenth century, made
by the work of one of its greatest physicists, Clerk Max-
well. The author therefore makes no apology for devot-
ing nearly fifty pages to these topics. If anything, it is
too little, not too much.

Alas for the vanity of human hopes! Just when at last
this age-long problem of absolute space seemed to have
attained to the condition of happy solution, the young
Einstein of 1905 pointed out a ar feature of Lorentz’s
work which had escaped notice. Lorentz had set up a
comparison between a body at rest in the ether and a
imir:rlm in movement through it. The only way in
which the “ ether ” came in was in i mathe-
matical dress given to the Maxwell equations as applicd to
the first body, and the somewhat different dress as applied
to the second. What Einstein noticed was that in reality

N R R NG = 0 R
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the symbol representing the velocity oflthc sgcond body
** through the ether ” could just as readily be interpreted
as the velocity of the second body relative to the first;
further, if one chose to consider the second body at rest
and the first body moving, using the same symbol, with
a minus sign before it because of reversed direction of
motion, to represent the velocity of the first body relative
to the scconc[’ absolutely the sam¢ mathematical results
followed. In short, the mathematical relations give not
the slightest clue towards deciding which body is at rest in
the ether and which is moving through it. ~ Naturally
so,” is Einstein's comment. We have worried ourselves
for generations with an idea which may have value on
metaphysical grounds, but has no relevance at all for
physicists. Not a single experiment in any branch of
science has given direct evidence of the existence of a
translatory motion in an absolute space, although we have
numerous experiments to show a whole variety of effects
arising from relative motion of matter to matter. Why,
thcrcfirc, should we postulate the existence of motion in
an absolute space ancro then expect the theorist to devote
such skill and ingenuity in devising proofs that we can’t
observe it—i.e., that it does not really exist for us at all,
Let us be experimental physicists first, and be in our
theoretical reasoning on postulates directly related to the
fundamental fact that absolute motion has no significance
in physical science, while relative motion has, When
Einstein began in 1905 to consider the repercussions of
this idea on our notions of space, time, inertia, light, and
clectromagnetism, he found that the postulate that the
forces involved in the constitution of matter are of electro-
magnetic origin was entirely consistent with his views,
One phenomenon alone appeared to stand outside—
gravitation—if Newton’s law were absolutely true, This
difficulty he ultimately conquered by discovering a law of
Enmauon which is gnst a litde more accurate than
ofcwton_'s, and which, by completely abolish.ing the notion
gravitation as an “action at a distance, makes i
absorption into the Relativity scheme quite feasible, 'p;:
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was about 1915. So the Relativity of 1905-1915 is generally
referred to as the * Restricted ™ or * Special " theory, the
later Relativity as the *“ General ” theory.

CHAPTER VI
THE SPECIAL THEORY OF RELATIVITY

EinsTeN’s two postulates are :
1. Absolute motion has no observable effect on any
physical phenomenon—i.e., it does not exist physically.
2. The speed of light is the same in all directions at a
given tElz.‘c:e:, and its value at one place is the same as at
anrl_o er place in the universe.
he second postulate was based on the results of the
Michelson-Morley experiment; the first on the wutter
failure to observe effects due to a velocity which was
not a velocity relative to some body, or, as we say,
velocity in a materially defined * frame of reference”
or ‘' space.” Natural?)’r, all those experiments which
sought for effects due to the supposed Fitzgerald contrac-
tion come under the latter hcacﬁ:g, and this ended our
worries about them. We no longer seck to “ explain ™
them. It is so, and we frame our fundamental principles
accordingly.

Now it is well known that these postulates, although
they certainly bring simplicity and precision into matters
where there previously existed complexity and doubt, do
abolish the possibility of a universal time-order. When
Newton introduced the notion of absolute time into
scientific thought, he did not consider the time involved
in the transmission of effects from one part of the
universe to another. He ed gravitation as trans-
mitted instantancously; only in his own lifetime was the

discovery made that light required time for transmission.
Nmm.hcwmﬂd ve no idea what the ultimate
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effect of this on our views would be. However, this
notion of an absolute time is so woven into the texture of
our ordinary thinking that it is only removed with some
difficulty. rEvc one, of course, has his own intuitive per-
ception of the duration of events and of their order in
time, just as he has intuitive perception of bodies being
extended in space and ordert:cfcor arranged in a certain
manner. Earlier we saw that geometry and mechanics as
deductive sciences are not concerned with the latter, but
with conceptions such as point and line abstracted by the
mind from them. So, also, are mechanics and theoretical
physics concerned with “instants” and * intervals of
time,” the analogues of points and lines, which are not
perceptual entities, but abstractions from our perceptions
of duration and order in events. We also saw that while
we could introduce any axioms and postulates we please
into deductive geometry (provided they were consistent)
we had to appeal to experiment to be satisfied that the
conclusions é)rawn from them are true in nature. So
from the point of view of pure theory we can make any
consistent postulates we please about “ instants,” but,
again, experiment must decide if the conclusions based on
em are true in fact. The neglect to realise that it is
Dot our own personal perceptions of events occupying a
certain time and arranged in a certain order which are
directly in question, but certain concepts drawn from
these, causes a good deal of confusion in this connection.
Our conscious perception of simultaneity of two events in
our own time-order or the “ before and after ” arran
ment in that order is in no way questioned or disturbed
in any Relativity discussion. But just consider the nature
of this perceived simultancity. Two events which both
“ take time ™ more or less “ overlap ”; we really feel that
apaanoneandapartofthcoth:rareoncanddu
same thing." In fact, an “event " is really the whole of
Nature presented to our conscious ception at one
moment, it is * here, now,” and it is cre not really in-
ntancously; it is present to our consciousness for
finite, if very short, time. We now begin to “ analyse.”
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We think of the event as having “ parts ” in space. These
“ parts " are in the same very short time-stretch, so we say
the * parts "’ are simultancous, just as we might think of
two bodies in space merging into one another, so that a
part of one body was in Lg}u: same place as part of another.
That would be a “ coincidence.” Now, the latter idea
we refine down to * coincident points,” and the former
we refine down to events occurring “ at the same in-
stant.” It is these “events,” with their properties of
extension in time refined away, which are the subject
matter of theoretical physics and its mathematical analysis.

Suppose, then, that we are engaged in “ co-ordinatin
events "—i.e., setting up a chart or table of time a
place for all such events, we must make allowance for the
gradual transmission of light. We see something happen
now; does it happen really now? No, it happened a
little while ago, or perhaps a great while ago; it all
depends on how far away Enc place of the event was. If
on the earth, extremely little; in the solar system, a matter
of minutes; on a star, a matter of years, perhaps a very
great number. Thus, the “ physical time " of an event is
not the time at which we perceive it, and for a satisfac-
tory discussion of this feature of our observations it is no
matter if it is a question of a millionth of a second before,
or a million years before. The existence of this " time-
lag” between event and perception has a considerable
effect on the most convenient way of framing our physi
laws, and on the nature of our measurements of me
space. Let the reader, therefore, get it well im on
his mind. The time we are now going to talk about is
“ physical time” inferred from but not identical with
time of perception. With this ing let us consider a
simple occurrence. Denote a frame of reference and an
ob@:rvcrbythckttcrA.andanothcr&:nwof_reﬁminm
and observer by the letter B. A is fixed, and B is moving.
“ What!” say, “isn't it just as true to say that B is
fixed and A is moving?” Quite so, we shall consider B's
case presently. What we mean is, that the distance be-
tween A mdyB or its direction (nt.bnlh)snchngnhnd
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we are at the moment considering what is happening
from A’s point of view. A despatches a flash of lflfht
towards B, where there is a convenient mirror to reflect
it back on the instant towards A. Now, as the reflection
is assumed to occupy no finite time, the return journey
takes the same time as the outward, for the speed of light
is the same in all directions. So A regards the instant of
arrival of the light at B as exactly midway between its
instant of departure from and its instant of return to
him. Now turn to B’s point of view. Suppose, for the
sake of a more definite picture, that A and B are getting
further apart. B receives the flash of light and realises
that as A is receding from him, A was nearer to him
when the flash was gcs atched than he will be when it
returns.  So the return from B to A takes longer than the
journey from A to B. Thus, B places the reception of
the flash not midway between the instants of despatch
and return but earlier than the mid-instant; for, re-
member, the velocity of light is the same at all places.
Now, what is impossible in this? A’s perceptions are
not directly apprehended by B, nor B's by A. No state-
ment is made that two events which are simultaneous to
A are also not simultaneous to him; although from the
sort of remarks one hears bandied about in general con-
versation, many folk secem to entertain the quaint notion
that somehow or other Relativity maintains such a pre-
posterous proposition. The statements are not about A’s
perceptions at all, or B's, but about the inferred physical
times in A’s time-order and in B’s time-order of the
events which they perceive. The postulates have the
entire support of physical experiment. The logic is in-
controvertible. An escape from it can only be made
taking for granted that as B is ing away from A, the
light is aproaching him more slgowly than if he were at
rest. 1 have no t many of my readers will at first
unconsciously make that step in the reasoning; but that
step is fallacious; you must not make it. It contradicts
playnu‘f fact. Another protest may emerge from out-
raged “ common sense.” “Oh, but surely clocks would
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show that this is wrong.” What clocks? No clocks are
sensitive enough to investigate such an imagined experi-
ment on the carth. But please remember those parallel
lines; how you thought it was quite sufficient to draw a
couple of pencil strokes on paper, point your pencil “ into
space ” and say: “ Euclid must be true!” There is no
use appealing to impracticable processes with clocks any
more than impracticable processes with parallel lines;
they tell us nothing. After all, physicists use “ clocks ”
in their experiments, and very precise and sensitive they
are, and what they find out can hardly be at variance
with the actual behaviour of clocks, or how they might
be supposed to behave in imagined if impracticable cir-
cumstances. It is, as a matter of fact, too restrictive on
our ideas to attach our reasoning too much to the actual
use of clocks and rulers. The beams of light are our
ultimate clocks; that is the essence of Einstein’s second
postulate.

Let us try another exercise. Two people, A and B,
stand on a road, and halfway between them is a source
L, from which a flash of light can be sent out in all direc-
tions. They will admit that the instant at which a flash
reaches A is simultancous with the instant the flash
reaches B. Two other people, X and Y, are standing on
a long platform which is moving along the road, and X
happens to be just at A when the flash reaches A, and Y
at% when the flash reaches B. Consider the events from
their point of view. L is not at rest in their * frame of
reference,” the platform. It is drawing nearer to one of
them, say X, and receding from the , Y. So when
the flash started from L, it was not halfway between X
and Y. So the light started from a place which, when
started, was further away from than from Y. It
doesn’t in the least matter what happened to L allaa-
wards. The initial conditions determine the result.
light requires a longer time to reach X than Y. So the
arrival of the flash at X is later than the arrival at Y.
Thus, two events simultancous in the time-order of A
and B on the road are not simultaneous in the time-order



6o RELATIVITY

or people in another frame of reference moving with

respect to the first frame. P : ‘
t us look at this still closer, assisting our ideas with

a diagram or two.
A L B
X — Y
Fic. 1

Fig. 1 is a picture of the way things look to A and B
when the ﬂasﬁes reach them. They might make chalk-
marks on the platform. A would make his mark when
X is opposite to him, and B when Y is opposite. They
would gcosmakin these marks simultaneously; so they
would say that the distance between the chalk-marks is
equal to the distance between themselves. How would
matters look to X and Y? X and Y do not admit that
A came opposite X at the same time as B came opposite
Y; A did not make the chalk-mark beside X when B
made the chalk-mark beside Y. A made his mark later.
Figs. 2, 3 and 4 show how X and Y view the occurrences

- —
A L B
X ) 4
Fo.a
when the light started from L.

- —

A | 13 B
X Y
Fic. 3
when the light reached Y
X Y
Fic. 4

when the light reached X
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So X and Y say that the distance between A and B is
shorter than the distance between the marks on their

latform—that is, any material thing like the road which
1s in motion relative to X and Y is shorter for them than
it is for people like A and B relative to whom it is at
rest. Of course, if A and B choose to argue it out from
their point of view, they say that the platform which is
moving relative to them is shorter than it is for X and Y,
to whom it is fixed. Every statement is capable of this
reciprocal application. No one is privileged. They are
both right.

This looks a bit like Fitzgerald contraction; but it
really is not so. " In that hypoL%u:sis the rod shortened by
reason of its speed through the ether, its speed relative to
any matter, had nothing to do with it. It was shorter,
but it was the same length to everybody. On the relativi
hyﬁcthcsis the body has one length to A, another to )Z
still another to anyone who is travelling at another speed
relative to A’s frame in which the body is at rest. It is
not really the correct way of looking at the matter to
throw the blame, as it were, for finding these discrepancies
in measurement on to rods and rulers. It is something
inherent in our methods of observation and their relations
to actual fact. Length and time are not absolute quantitics.

Let us examine another instance. The source L on the
road emits a flash, and a little later a second Aash. The
interval between the flashes is so adjusted that the depar-
ture of the second flash from the lamp is simultancous
with the arrival of the first flash at a place B on the road.
The reader who is‘setting “ on good terms " with all this
will at once ask: * To whom are these events supposed
to be simultaneous?” To the le on the road, A, B,
and company, let us say. What t the people on the

tform who are moving along the road in the direction

to B? To them the arrival of the first flash at B, and
the departure of the second from L are not simultancous
events. The former event occurs earlier. The reader

will notice that of two events are simultancous to
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A and B, that one which happens at B occurs carlier for
X and Y than the one which happens at A. These
diagrams may help.
L> 5B
Fic. 5

As it appears to A, B, etc., when the first flash reaches
B, and the second leaves L.

L >B
Fic. 6

As it appears to X, Y, etc, when the first flash
reaches B.

L> B >
Fie. 7

As it appears to X, Y, etc., when the second flash starts
from L.

Thus X and Y put the despatch of the second flash
further on in time after the despatch of the first than do
A and B. In short, X and Y find the interval of time
between the despatch of the flashes from L longer than
do A and B; but it should be noted that the two events
happen at the same place for A and B, while this is not
s0 t{):r. X and Y since L moves with respect to them be-

tween the events. In formal language this reads: two

events occur at the same place in 2 certain frame of
reference, but at different instants, and the interval be-
tween is measured by observers in this frame; these
events are also observed by le in another frame,
which is moving relative to d!:o Erst; for the latter the
poents occur at different places, and the interval of time

i Of course, it is

is longer. ither
Pﬂrtytothrowthcﬁ?ameontheoﬂmrm’:od:ch,
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saying that they are running too slow, but that betrays
an unconscious leaning towards the older view that any
clock can provide an aisolutc time.

We can now see why the old postulate about addition
of velocities breaks down. A sees X moving in his (A's)
frame of reference at ten miles per hour; X sees Z moving
in his frame (X's) at five mif:;. per hour in the same
direction. But these estimates are in different space-time
orders. You cannot just baldly transfer estimates made
in X's space into A's space without modification. They
can be “fitted together” no doubt, but not by simple
addition. The result is not that Z is travelling at ffteen
miles per hour in A's space; it is a little—a very little—
less. Th: mathematics show that (using instead of 10
and 5, gereral symbols, # and ¢) the speed of Z in A's
frame is rot

w+v

but

where ¢ is ne velocity of light. In ordimry cases, where
u and v ¢ very small compared to ¢, this amounts so
nearly to ¥+ v as makes no practical difference; but if
either # ¢ v is comparable with ¢, there is a decided
difference. Anyone with a little mathematics will see
that if, foinstance, v=c¢, then the result of the oEcntion
is just ¢, rhich is just what it should be; for lig“; must
travel at 1e same speed in A’s frame as X's. When »
and v hee different directions the parallelogram rule
does not old; it must be modified in a manner which
has a greer and greater effect on the result the greater
“orvis

This ientirely consistent; it would have been utterly
opposed t our notions of continuity to have found our-
selmintpoaiﬁoninwhichwchndwmth
ordinary otions of composition of velocities for any
speeds upo that of light and then a sudden breakdown
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in the rule at the speed of light. The rule breaks down
from the very start, but only at high speeds does the dis-
crepancy become practically important. _

’f‘:u: reader will readily realise that this must involve a
serious modification of the laws of dynamics. But we
have already referred to the serious influence which the
electromagnetic theory of matter has had on the postulate
of the invariability of mass. We are rapidly approaching
matters where it 1s impossible to proceed without mathe-
matics involving the calculus, and we must coatent our-
selves with the statement that Einstein, realising that,
after all, Newton's laws of dynamics are an 2xcellent
approximation to the truth for slow speeds, suggested a
very plausible generalisation of '.hc{n, consistent w;lth the
Relauvity postulates. One conclusion from them is that
as a y increases in speed in a given frame, a given
force produces in a given time an increase i1 vclocizy,
which is always the same as estimated in a frame in
which the body is at rest at the moment; but his means
a smaller and smaller increase in the original gven frame,
In short, the mass increases with speed. e formula’
worked out agrees with the experiments on dectrons re-
ferred to in the previous chapter, and is firmally the
same as Lorentz’s. But Lorentz’s speed is spred through
the cther; the body has the same mass to evaybody at
onc moment. Not so in Einstein's result. Its mass
depends on its speed referred to the observer,and that
may differ from one observer to another. Mss is no
more an absolute quantity than aistance or iterval of
time. Another rcstﬁt of Einstein’s dynamics is hat force
is not an absolute quantity; the force on a bod depends
on the frame in which observations are mie. He
wqucd out the relations which must hold beveen the
estmates of force in one frame and those i another
havmﬁ a Fiven velocity relative to the first, and scovered
that the forces involved in the electromagnetic h of
matter calculated from Maxwell’s equations satfy

relations. Thus, the whole region of dynamicswith ite
equations modified as he sugg;sted) anyd xx:&mm,:
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ism showed itsclf consistent with the Relativity postulates.
But gravitational forces, if governed by Newton's law,
did not satisfy the necessary relations.

Before going on to deal with this difficulty, let us just
glance at the very simple interpretation of the optical
phenomena. Take aberration, for example. The star is
moving in the carth’s frame of reference—i.c., in the
carth’s space. If you wish to observe it you point the
telescope not to where it is now, but where it was when
the light which you are now receiving left it. The
formu%a deduced from this way of regarding the matter
is just as satisfactory as any deduced from older views,
and contains no symbol representing an unknown and
unknowable velocity. Then, as regards the Déppler
effect, we do not regard the earth as “ breastin through
the waves in the ether.” On the stars riocﬁc pheno-
mena are occurring in the atoms. ¢ spectroscope
measures the periods for us. It is our “ timepiece ; but
it must yield a different value for the time of a given
number of vibrations than it would if the source were at
rest in our frame. So the corresponding lines in the
star’s spectrum are a little displaced from where they
would be in the terrestrial spectra of the same element.

I CHAPTER VII

i THE GENERAL THEORY

Evervone is familiar with the mechanical experiences met

with in carriages which are moving with increasing or

decreasing speed along a road, or are sharply turning a

bend, and most of us have seen what happens to people

on the rapidly rotating iozv wheel.” In common par-
a force

lance, we say that we drlsmg us one way or
the other in’the carriage, or we say a “ centrifugal
force " shoots the people off the wheel. To be sure, the
dynamically educated point out that there are * really " no

]
o

=
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forces at all; what happens is the result of inertia,
the tendency of the people to travel in the same line and
at the same speed in space. And in the “space " of the
road or hall that is true enough; but we have just realised
that each moving thing has its own space—the carri::Ec
and the wheel, for example—and in those spaces the
“ forces ™" seem just as real as the ordinary force of gravi-
tation. This result has an important effect on the Rela-
tivity hypothesis. These apparent forces—i.e., apparent
to people in the particular frame of reference—have a
very decided resemblance to real gravitational forces; they
produce the same acceleration in all unresisted bodies at
the same place in the carriage or wheel. All the bodies
free to move do so in the same direction, icking up speed
at the same rate. This is obviously true from the fact that
the :lzlrc keeping their original speed relative to the road
or hall.

Now, suppose that motion in an absolute space
were really significant, what would be the result of
an acceleration of the carth through space? (We have
implicitly been restricting our considerations hitherto to
uniform vc!ocrig.) In addition to the gravitational force
due to the earth’s matter and presumably determined by
Newton’s law of gravitation, we would experience
further accelerative effects quite undistinguishable in their
character from the acceleration of the real gravity. Sull,
we should be able theoretically to separate the total effect
at an[}; place into its two parts—the real Newtonjan force
and the apparent force; for Newton’s law and a sufficient
knowledge of the disposition and mass of the earth’s
material would enable us to calculate the former, and so
infer from the total observed accelerations what the latter
was, and thus nEm.n some information about the accelera-
tion of the earth’s motion in space. It is not a question of
thewpra_:ucabiligcof this prori:;:ss; sbuich consideration as we

ven to the matter will enable us to realise

have here a theoretical method for ﬁndﬁgt::
something about absolute motion in space. It would
suggest experiments to put it to the test. :
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Now, if such an experiment did succeed, it would
clearly destroy the experimental basis of Relativity; for it
would yield some information concerning absolute motion.
Shortly after {)ropounding his principle in 1905, Einstein
realised this fact, and pointed out that if the Relativity
principle is generally true, not only for uniform move-
ment, but for any variable movement, then the reasoning
leading to this supposed experimental conclusion must be
wrong somewhere, and the only place where it could be
wrong lay in the assumption that you could calculate the
“real gravity ” from Newton’s law, or, indeed, from any
law O‘gl' an “action at a distance " where the force at a
point is settled by its distances from the particles of the
carth and their gravitational strengths. This daring
suggestion he followed up by a search for a “ Relativity
law of gravitation,” and after some years discovered one,
completing his theoretical researches about 1915.

In this investigation he seized on one feature of the
Newtonian law of gravitation, to which special attention
was drawn in Chapter Il.—the close relation between
gravitational strcngLE and inertial mass. With the intui-
tion of genius, he saw that, although he might abandon
Newtonian or approximately Newtonian formulz involv-
ing masses and distances, he must cling to that close
relation between gravitation and inertia. He realised that
this was no mere accidental feature of gravitational forces;
it was a distinguishing mark by no force of
different origin. At last in a Hash of insight he leaped
to the conclusion—gravitation and inertia are so closely
related because they are aspects of the same natural fact.
Gravitation is not the rcsulfcof a “ force,” any more than
inertia is. In absolute space, Newton _palmlatgd that
there was only one path between two points possible for
a bod (lany body), provided there was no force exerted on
it. ell, we have no absolute space. Each small group
of relatively fixed bodies ht.;;eiu own s ::‘urthu'-
more, in a particular s are a multitude
pnadhleforabodybetﬁtwopoﬁﬁm(faﬂol.m on
the carth you can project a body from one position so as

[
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to pass through another given position in an infinite
number of ways), provided there are no mechanical forces
such as pulls, pressures, resistances offered by solid surfac;s
or fluid media or electromagnetic forces exerted on it.
But the reader will recall that in any space there is only
one path between two positions which can be covered
in a given time under those conditions—i.e., one way of
travelling for any body from one given position and given
instant to another given position and given instant. Pro-
vided you link space and time in this way, the uniqueness
of the path, characteristic in a more "limited way of
Newton's absolute space, remains true for any recognisable
relative space. Of course, it is not now a matter of space
alone; it involves space and time. But already we see
from the special theory how the space and time of a given
material frame is not to be identfied with the space and
time of another frame in movement with respect to the
first.  Again, the %comctrical character of Newton’s
unique path was easily defined; it was straight. But we
have also recognised earlier that this is not such a very
definite criterion after all; it amounts to little more than
saying over again that there is only one path, for it is a
feature of straight lines that only one of them joins two
given points. In any relative space the geometrical
character of a gravitational path is not easily cﬁ:ﬁncd; but
then, after all, the uniqueness of the occurrence does not
lic in the path in space; it lies in the “ space-time " path,
We are not to think only of the points on the path; we
must associate with each point a given instant. We are
not merel yto think of particles; we are to think of * event-
particles,” to use Whitehead’s name—a particle at a given
point at a given instant. Here we are be inning to enter
that rt_alm"of ideas where the phrase * our-dimensional
space-time " keeps recurring in discussion. Let us grasp
mlme;mng. 3

N the space of a room we can conceive umber
of planes parallel to the foor drawn, u:hgr;: nwiﬂ; a

nite number attached to it. Also a great number of
vertical Phﬂvﬂ'l’ﬂfallh:ltocu:u:pau-cufwall.s,allm-eluugl
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and numbered, and a set parallel to the other pair of walls,
treated likewise. Now, the position of any point in the
room can be defined by the three numbers of the three
planes on which it lies. (If it does not lic on a horizontal
plane, say, but between two of them, draw more planes,
and use decimais to extend your numbers). These are
three “ spacecoordinates.” Of course, it would only be
practical convenience which would dictate these particular
planes. The mathematician does not really limit himself
this way; he can, if he likes, draw one set of parallel
planes with any orientation, the second set also with any
other orientation, and so on; or, indeed, for that matter,
he need not use planes at all. He can use a * family * of
any similar surfaces (spheres, for example, or cylinders, or
cones) for determining a particular coordinate of any
point. It is all one to him. He has a regular battery of
mathematical analysis to deal with all this, invented for
him by a few great geometers of the nineteenth century
like Gauss and Riemann, and perfected for him by a
succession of skilled mathematicians. It is really one of
the beauties of mathematical analysis how the mathe-
matical embodiment in symbolism of the broad geo-
metrical truths of any space can be stated in a manner
quite independent of the particular “ mesh ™ of surfaces
which one may use in any particular case to “co-
ordinate ™" the space. So a space-path can be conceived as
a succession of triplets of numbers, each triplet defining
one point. Now attach to each triplet a fourth number
defining the instant at which a particle was at the point.
We then have a succession of quadruplets of numbers,
cach quadruplet defining an cvcntr.mclc, the whole
succession dczning the space-time path.

But this is not the whole matter by any means. The
special theory of Relativity enables us to entertain the
idea that an interval of time can be “ congruent = to a
distance. We know that in geometry we imagine that
lengths and figures can be moved about and superposed

one on another to test if they fit in all .., are
congruent. Now,themmeeofthemuﬁy
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there is a unique velocity; experimentally light has this
velocity, or, at all events, one so near it that practu_:ally
we take the velocity of light to be this unique velocity.*
So in a special sense a distance between two points can
be said to be congruent to an interval of time if the
distance has the same length as that covered by a body,
travelling with this unique speed, in that interval. Now,
in what follows we shall suppose that when we speak of
a “time-coordinate,” this process is in mind. The
number representing the time in question—i.e., between
some event and a definitely assigned “ time-origin " or
starting instant—has been translated through multiplica-
tion by the number representing the unique speed in
suitable units into a distance. We now have the four
coordinates of an event particle in space-time, and our
mathematics works out as if we were actually manipulat-
ing the analysis of position and separation in a four-
dimensional space. [;)l:at is what we mean by “ four-
dimensional analysis.” The reader is not asked to do
the impossible—see or feel four dimensions in the way
he sees or feels three.

It was not really Einstein himself who was the first to
realisc just how beautifully his special Relativity lent
itself to this concept of space-time. That was the work
of the mathematician Minkowski, who delivered a
famous address on the matter to a group of scientists at
Cologne in 1908. But, once having reafi’scd it, Einstein
made powerful use of the idea in his far-reaching sug-

gestions concerning gravitation.

* In the special theory, Einstein’s laws of dynamics
show that the mass of an? body would become ldnﬁml: in
a frame if it attained this unique velocity in that frame—
te., its velocity cannot ex this velocity, and cannot
really in practice attain it, although it might come very
near to it. It is conceivable, therefore, that light may not
|ultratl:hthcid:ailint1;'lte.butexpcrimcntminlydghu i
us no clue, as yet, to very minute difference, i :
such difference’ really c:::ist:.!ry e
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Minkowski had laid special emphasis on a most im-
portant result. In each frame of reference there is a
certain time-lapse between two events, and a certain dis-
tance between the places where they occur; there is
nothing special about these measures for those two
definite events. They have different values in another
frame in motion with respect to the former. But there
is a constant “ separation " of the events in space-time,
no matter in what special frame you observe them; for if
you subtract the square of the distance between the events
from the square of the “ time-stretch " (i.e., the interval
translated in the manner just indicated), the result is the
same, no matter what frame you choose; that is a result
casily deduced from the relations of time and space
between two frames which were, in a sense, first dis-
covered by Lorentz, but correctly interpreted by Einstein.
The square root of this difference was called by Min-
kowski the * proper time” (Eigenzc:':) between the
events, but the words “ separation,” ““ absolute interval,”
are more commonly used. Out of the ruin of absolute
ideas—length, time, mass, force—there emerges this
“absolute ”; for it is the same for all observers. The
mathematical process involved in calculating the separa-
tion from the timecoordinates and spacecoordinates
bears some resemblance to the method of calculating the
hypotenuse of a right-angled u'ianflc from its sides, except
that we have a minus instead of a plus sign, and we
recognise the latter process at work in calculating the dis-
tance separating two points in a room by taking the
*“ component " of the distance parallel to one side of the
room, the component parallel to the other, and the com-
ponent vertically upwards. As a matter of fact, the
minus sign is of no importance in the general mathe-
matical analysis. Those who know something of
*“imaginary quantities” in mathematics will possibly
realise this. reader ml;.}t not misunderstand this
statement; the minus sign is of enormous importance in
m fact. It svmrolm' the essential difference

b i
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Here was the idea that Einstein seized on. In a %iven
frame there is a unique space-time path for any body
between this position and instant and that position and
instant. We idealise the body as a particle. The points
and instants are the constituents of two event-particles.
The uniqueness of the path is settled by some proper
of their scparation in space-time, just as in Newton's
absolute space the uniqueness of the space-path was settled
by its straightness. What property?

Here in the final stages of our attempt to “ understand
Einstein” we come up against that famous phrase
“curved or twisted space.” Unfortunately most of the
newspapers got it quite wrong. It should be * curved
space-time "—a quite different idea. No wonder the
man-in-the-street thought that he was meeting a new
St. Paul. * Behold, I tell you a mystery!” But nothing
could have been further from Einstein's mind than mys-
ticism. Here was the general run of his ideas:

On a plane surface there is one line between two points
easily distinguished from all others; it is the straight line.
But on any surface you can also mark out an easily dis-
tinguished line between two points, the line of shortest
length; it is, in general, curved, of course, but if you
measure the various joining lines, you can pick out the
shortest. Notice how you have to measure. Each join-
ing line is really regarded as a series of short, straight
lines, like part of an inscribed or exscribed polygon, and
cach little bit is measured and the lot added. That is
really what is done to such degree of fineness in division
as is practicably necessary. Give the mathematician
sufficient information about the surface, and he will show
zou how to do it theoretically to the utmost degree of

neness conceivable. He does that, for instance, when
he shows you how he could work out the famous ratio
of the circumference of a circle to its diameter to hundreds
of places of decimals if it were worth anyone's while.
So there is a recognisable uniqueness about the line of
shortest length between two points. There is
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length on some surfaces. Thus, Liverpool and Edin-
burgh are situated nearly on the same meridian of lat-
tude. We recognise that the shortest way from Liverpool
to Edinburgh is to travel due north; whi{c if we travelled
due south to the South Pole, and then continued “straight
on” to the North Pole, and then “ straight on " to Edin-
burgh, we should take the “longest way round.” These
recognisable lines of least and greatest length on a surface
are called “ geodetics.” The mathematician again comes
to our rescue. He has a very general theory of the way
to deal with any surface by means of mathematical sym-
bolism, so as to express in this symbolism the distance
between two points along any line, and thus to select the
geodetics from among all the lines. Incidentally he con-
ceives a set of non-intersecting curves drawn on the
surface and numbered, and then another set of curves
crossing these and also numbered (just like lines of lati-
tude and longitude on a globe). These curves enable him
to coordinate his surface. Each point has two co-
ordinates, the numbers of the two curves on which it
lies. The theory of his analysis does not depend on what
curves he draws. (The convenience of the application of
his theory to actual cases, of course, does.)

This analysis is, of course, connected with fwo dimen-
sions; two coordinates define each point. Now, what
Einstein suggested was that the same type of analysis
should be applied to events in space-time to select the
gravitational “tracks” between one event-particle and
another. Most readers will probably have solved simple
simultaneous equations at school and remember how,
when they had learnt the way of ** doing the sums " for
x and y, two “ variables,” quite easily recognised
how to do it for x, y, z, three variables, or for four
variables, , y, z, %, and so on. Unf_mtunauely, Tensor
Analysis " is not couched in the simple symbolism of
clementary algebra, and so it is hopeless to ﬁﬁn

reader any idea of its method and scope; but it is
equally true that, once having its methods for
two variables—the co-ordinates on a surface, for example
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—it is entirely a matter of the most natural dcvclopmc{:t
to extend it to deal with three variables (coordinates in
space, for example), or, more germane to our purpose,
four variables (the coordinates of event-particles in space-
time, for example).

Here, then, was the mathematical method; but that
was not enough. The mathematician can make no
ractical application of this analysis which can be tested
Ey actual measurement, unless you tell him what surface
or what type of surface you want it applied to. Now,
what Einstein recognised was that all the mathematics of
his earlier, special theory was, when dressed out in this
four-dimensional Tensor analysis, just like the analysis
with two variables of the geometry of a plane surface.
In his earlier theory, gravitation was implicitly ruled out
and not considered, because it was supposed to be due to
a force which satisfied a certain kimr of formula which
could not fit into the scheme. Well, what more natural
than to assume that, in order to bring in gravitation, you
had to use the four-dimensional analysis in the rather
more comﬁlcx form analogous to the analysis employing
two variables when used for treating curved surfaces.
This brilliant notion turned out quite correct, and is the
origin of the famous phrase “ curved space-time.”
- But what about this “law of gravitation”? Dear
reader, it can’t be done. How couFd it be? You don't
know, 1 presume, the first word about Tensor analysis;
how can anyone write down an expression in its sym-
bolism of whose meaning you would have the slightest
idea? All one can say is this: “ You are well aware
that all planes are like one another, that all spheres are
like one another, all cones, all cylinders, all egg-sha
all ring-shapes, all saddle-shapes.” " The mathcmnciaﬁm
a way of dealing with all shapes, because he has a way in
his analysis of defining the special features of a particul:
shape, I;f is closely conl;cted with what is called “ the
measure of curvature.” So, on i priori grounds, all
of proqsmes defined in analogoulin Wayfr in fwr-du:.;:
sional ensor analysis might be postulated of space-time;
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but experiment would have to settle which were true in
fact. Einstcin made a plausible guess. Far away from
matter, space-time is ‘‘flat”—i.e., the actual events go on
as the mathematics of the special Relativity would work
them out. Coming necarer matter, the “ curvature” be-
gins to manifest itself in a particular way, getting more
and more pronounced till we reach the matter. Einstein
suggested an exact rule connecting the ** curvature ™ at a
certain place and time, and the material content of the
place at that time. The “curvature” is, of course, a
convenient term for a group of mathematical expres-
sions analogous to those similar expressions which in
the geometry of surfaces do actually represent curvature.
Figuratively speaking, Einstein’s law of gravitation pestu-
lated something about the behaviour of the curvature of
our world space-time.

The law was capable of being tested in three ways.
Firstly, the path of a single planet round the sun should
not be the ideal ellipse round the sun, but differ from it
in a calculable way. There are certain facts about the
motion of the planet Mercury which offer considerable
support to this result. Secondly, a ray of light passing
near to a large mass like the sun should be deviated from
straightness in the carth’s frame of reference by a cal-
culable amount. This famous experiment is probably
familiar to the reader. The results acquired during the
last two total eclipses of the sun are entirely confirmatory.
Thirdly, the spectral lines of a star should suffer a d_is-
placement towards the red end of the spectrum (quite
distinct from the displacement due to relative motion,
which may be r.owargs the violet or red—the Dt;lspler
effect), which is calculable if the mass and distance of the
star are known. This has proved the most difficult test.
It is now, however, regarded as a very satisfactory verifi-
catign of Einstein's icllcas. W g e s
. One word in conclusion. We began : 3
-pointing out how gravitative effects could be simula
ﬁm occupying an accelerated frame of reference. A maa
drops a stone from a carriage. It travels in a straight
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line from him. It travels in a parabola to a man on the
footpath. But these are only different aspects of the
same space-time track. The mathematician tells you that
the men are like two people, each with a model in some
textile material of the same surface. One of them now
changes the shape of his model without tearing, straining,
or crumpling the material, just the way you would fold,
for example, a plane sheet into a cylinder or cone. It
has a difterent “ look,” but its essentials are the same as
before. Two marks on it, for instance, are at the same
distance apart. The mathematical measure of its ““ curva-
ture " is the same as before. * The more it changes, the
more it is the same thing.” That is true of space-time.
Because we are essentially beings whose perceptions can
only grasp events “at one moment,” and we can only
think of all events in a time-order, we can therefore only
obtain glimpses of the underlying reality, which are
entirely determined by our own individual relation to

this reality.

“ And what has all this got to do with me and my

+affairs? What change is it going to make?”

None at all in the sense in which certain other famous
discoveries have made immediate and obvious changes.
The discovery of electromagnetic induction brought the
dynamo and ‘motor in a few years. Maxwell and Hertz
were the real founders of broadcasting. X-rays have
changed the whole course of medical and surgical tech-
nique. But nowhere in the whole range of scientific
applications to the material and economic affairs of life
can one see a single place where the satisfactory removal
of those ]?ci}::ucc isczrc c.iﬁs between theory and experi-
ment, which worri e sicists for a generati
have the slightest effect. F .y g

But “'man does not live by bread alone.” We now
recognise that in the gradual destruction of the medieval
faith that man was e chosen creation of God, at the
centre of the universe, all Nature assisting towards the
accomplishment of his ends, no influence was more

k(
e o
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potent than the rise of the Newtonian philosophy. There
i1s a grim irony in the fact that the same man whose
piety and theological learning were so marked a feature
of his later life should have so signally contributed
towards the feeling that, if our earth is a little tiny planet
in this infinite space through which roll those migh
spheres in eternal cycles, then we must be small fry
indeed. What possible effect can our little lives and
experiences have on this mighty drama? We are but the
* product of causes which had no prevision of the end
they were achieving.” Nature goes on its way regardless
and unaffected by our lives with their hopes and fears
and beliefs.

Now, it appears we are at the centre of our universe
in a very special and individual fashion. We began our
scientific life as a race with the belief in the absolute
fixity of the earth, then of the sun; then Newton swept
all gtat away; nothing was fixed. Now we don't mind;
it doesn’t matter. e can choose anything we like as
our “ fixture.” Our earth is as good as any other body—
and better, for it is more convenient for us in many
ways. Indeed, each individual is his own * fixture,” but
fortunately our slow relative speeds to each other make
the practical adjustment of our separate spaces and times
a matter of no trouble, and so we naturally choose the
earth’s space as fixture. We have all talked about whirl-
ing “ through space” at so many miles njxr second,
but that has seemed to have had pretty little effect on
our lives, although it has had, cumulatively through
generations, a serious effect on our attitude towards life.

Who can tell what this change in our cosmological
views will have on our attitude to the problems of
human life and destiny? We are all aware of the revolt
in philosophy against the materialism of the nineteenth
century. Gradually the biological and social sciences
have followed the philosophers in their search for a view
of life which will recognise that man’s life and activities
are not the mere by-product of natural forces which go on
blindly, regardless of insignificant midgets on one of the
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tiniest members of the immense stellar concourse. Only
physical science seemed to stand out against this human-.
istic movement. Not so, any longer. How can it be
otherwise when the aspect J every natural event is as
¢ related to the particular individual observing it as
Relativity shows? -
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