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This is not a physics textbook. Rather, it is a physics
reader, r col!ection of some of the best articles and
book passages on physics. A few are on historic events
in scien-.e, others contain some particularly memorable
descript on of what physicists do; still others deal with
philosophy of science, or with the impact of scientific
thought c' the imagination of the artist.

There are old and new classics, and also some little-
known publications; many have been suggested for in-
clusion because some teacher or physicist remembered
an article with particular fondness. The majority of
articles is not drawn from scientific papers of historic
importance themselves, because material from many of
these is readily available, either as quotations in the
Project Physics text or in special collections.

This collection is meant for your browsing. If you follow
your own reading interests, chances are good that you
will find here many pages that convey the by these
authors have in their work and the excitement of their
ideas. If you want to follow up on interesting excerpts,
the source list at the end of the reader will guide you
for further reading.
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Failure and Success

Charles Percy Snow

Almost as soon as I took up the problem again, it struck
me in a new light. All my other attempts have been absurd,
I thought: if I turn them down and make another guess,
then what? The guess didn't seem probable; but none of
the others was any good at all. According to my guess, the
structure was very different from anything one would have
imagined; but that must be true, since the obvious structure
didn't fit any of my facts. Soon I was designing structures
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with little knobs of plasticine for atoms and steel wires to
hold them together; I made up the old ones, for comparison's
sake, and then I built my new one, which looked very odd,
very different from any structure I had ever seen. Yet I was
excited"I think it works," I said, "I think it works."

For I had brought back to mind some calculations of the
scattering curves, assuming various models. None of the
values had been anything like the truth. I saw at once that
the new structure ought to give something much nearer.
Hurriedly I calculated: it was a long and tiresome and com-
plicated piece of arithmetic, but I rushed through it, making
mistakes through impatience and having to go over it
again. I was startled when I got the answer: the new model
did not give perfect agreement, but it was far closer than
any of the others. So far as I remember, the real value at
one point was 1.32, my previous three mode gave 1.i,
1.65 and 1.7, and the new one just under 1.4. 'I'm on
it, at last,' I thought. 'It's a long shot, but I'm on it at
last.'

For a fortnight I sifted all the evidence from the experi-
ments since I first attacked the problem. There were a great
many tables of figures, and a pile of X-ray photographs
(for in my new instrument in Cambridge I was using a
photographic detector); and I had been through most of
them so often that I knew them almost by heart. But I went
through them again, more carefully than ever, trying to
interpret them in the light of the new structure. `If it's
right,' I was thinking, 'then these figures ought to run
up to a maximum and then run down quickly.' And they
did, though the maximum was less sharp than it should
have been. And so on through experiments which repre-
sented the work of over a yez, ; they all fitted th,t structure,
with an allowance for a value a shade too big here, a trifle
too small there. There were obviously approximations to
make, I should have to modify the structure a little, but
that it was on the right lines I was certain. I walked to my
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rooms to lunch one morning, overflowing with pleasure;
I wanted to tell someone the news; I waved violently to a
man whom I scarcely knew, riding by on a bicycle: I
thought of sending a wire to Audrey, but decided to go and
sec her on the following day instead: King's Parade seemed
a particularly admirable street, and young men shouting
across it were all admirable young men. I had a quick
lunch; I wanted to bask in satisfaction, but instead I
hurried back to the laboratory so that I could have it all
finished with no loose ends left, and then rest for a while.
I was feeling the after-taste of effort.

There were four photographs left to inspect. They had
been taken earlier in the week and I had looked over them
once. Now they had to be definitely measured and entered,
and the work was complete. I ran over the first, it was every-
thing I expected. The structure was fitting even better than
in the early experiments. And the second: I lit a cigarette.
Then the third: I gazed over the black dots. All was well--
and then, with a thud of tilt heart that shook me, I saw behind
each distinct black dot another fainter speck. The bottom
had fallen out of everything: I was wrong, utterly wrong.
I hunted round for another explanation: the film might be
a false one, it might be a fluke experiment; but the look
of it mocked me: far from being false, it was the only experi-
ment where I had arrived at precisely the right conditions.
Could it be explained any other way? I stared down at the
figures, the sheets of results which I had forced into my
scheme. My cheeks flushing dry, I tried to work this new
photograph into my idea. An improbable assumption,
another improbable assumption, a possibility of experi-
mental errorI went on, fantastically, any sort of criticism
forgotten. Still it would not fit. I was wrong, irrevocably
wrong. I should have to begin again.

Then I began to think: If I had not taken this photo-
graph, what would have happened? Very easily I might
not have taken it. I should have been satisfied v ith my
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idea: everyone else would have been. The evidence is over-
whelming, except for this. I should have pulled off a big
thing. I should be made. Sooner or later, of course, someone
would do this experiment, and I should be shown to be
wrong: but it would be a long time ahead, and mine would
have been an honourable sort of mistake. On my evidence
I should have been right. That is the way everyone would
have looked at it.

I suppose, for a moment, I wanted to destroy the photo-
graph. It was all beyond my conscious mind. And I was
swung back, also beyond my conscious mind, by all the
forms ofshall I call it "conscience "and perhaps more
than that, by the desire which had thrown me into the
search. For I had to get to what I myself thought was the
truth. Honour, comfort and ambition were bound to move
me, but I think my own desire went deepest. Without any
posturing to myself, without any sort of conscious thought,
I laughed at the temptation to destroy the photograph.
Rather shakily I laughed. And I wrote in my note-book:

Mar, 3o; Photograph 3 alone has secondary dots, co: centric with
major dots. This removes a possibility of the hypothesis ofstructure
B. The interpretation from Mar. 4-30 must accordingly be dis-
regarded.

From that day I understood, as I never had before, the
frauds that creep into science every now and then. Some-
times they must be quite unconscious: the not-seeing of
facts because they are inconvenient, the delusions of one's
own senses. As though in my case I had not seen, because
my unconscious self chose not to see, the seo., dary ring of
dots. Sometimes, more rarely, the fraud most he nearer
to consciousness; that is, the fraud must be remised, even
though the man cannot control it. That was the point of
my temptation. It could only be con.mitted by a man in
whom the scientific passion was weaker for the time than
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the ordinary desires for place or money. Sometimes it would
be done, impulsively, by men in whom no faith was strong;
and they could forget it ch,2rfully themselves and go on
to do good and honest work. Sometimes it would be done
by a man who reproached himself all his life. I think I
could pick out most kinds of fraud from among the mis-
takes I have seen; after that afternoon I could not help
being tolerant towards them.

For myself, there was nothing left to do but start again.
I looked over the entry in my note-book; the ink was still
shining, and yet it seemed to have stood, final, leaving me
no hope, for a long time. Because I had nothing better to
do, I made a list of the structures I had invented and, in
the end, discarded. There were four of them now. Slowly. I
devised another. I felt sterile. I distrusted it; and when I
tried to test it, to think out its properties, I had to force
my mind to work. I sat until six o'clock, working profitlessly;
and when I walked out, and all through the night, the
question was gnawing at me: 'What is this structure?
Shall I ever get it? Where am I going wrong?'

I had never had two sleepless nights together before that
week. Fulfilment deferred had hit me; I had to keep from
reproaching myself that I had already wasted months over
this problem, and now, just as I could consolidate my work,
I was on the way to wasting another year. I went to bed
late and heard the Cambridge clocks, one after another,
chime out the small hours; I would have ideas with the
uneasy clarity of night, switch on my light, scribble in my
note-book, look at my watch, and try to sleep again; I
rould rest a little and wake up with a start, hoping that it
was morning, to find that I had slept for twenty minutes:
until I lay awake in a grey dawn, with all my doubts pressing
in on me as I tried with tired eyes to look into the future.
`What is the structure? What line must I take?' And
then, as an under-theme, 'Am I going to fail at my first
big job? Am I always going to be a competent worker
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doing little problems ?' And another, 'I shall be ,wenty-
six in the winter: I ought to be established. But shall I be
getting anywhere?' My ideas, that seemed hopeful when
I got out of bed to write them, were ridiculous when I
saw them in this cold light.

This went on for three nights, until my work in the day-
time was only a pretence. Then there came a lull, when I
forgot my worry for a night and slept until mid-day. But,
though I woke refreshed, the questions began to whirl
round again in my mind. For days it went on, and I could
find no way out. I walked twenty miles one day, along the
muddy fen-roads between the town and Ely, in order to
clear my head; but it only made me very tired, and I drank
myself to sleep. Another night I went to a play, but I was
listening not to the actors' words, but to others that formed
themselves inside me and were giving me no rest.

IV

I started. My thoughts had stopped going back upon
themselves. As I had been watching Audrey's eyes, an idea
had flashed through the mist, quite unreasonably, illogically.
It had no bearing at all on any of the hopeless attempts I had
been making; I had explored every way, I thought, but
this was new; and, too agitated to say even to myself that I
believed it, I took out some paper and tried to work it out.
Audrey was staring with intent eyes. I could not get very far.
I wanted my results and tables. But everything I could put
down rang true.,

"An idea's just come to me," I explained, pretending to
be calm. "I don't think there's anything in it. But there
might be a little. But anyway I ought to try it out. And I
haven't my books. Do you mind if we go back pretty soon?"
I fancy I was getting up from the table, for Audrey smiled.

"I'm glad you had some excuse for not listening," she
said.



She drove back very fast, not speaking. I made my
plans for the work. It couldn't take less than a week, I
thought. I sat hunched up, telling myself that it might all
be wrong again; but the structure was taking shape, and a
part of me was beginning to laugh at my caution. Once I
turned and saw Audrey's profile against the fields; but after
a moment I was back in the idea.

When I got out at the Cavendish gateway, she stayed in
the car. "You'd better be alone," she said.

"And you?"
"I'll sit in Green Street." She stayed there regularly on

her week-end visits.
I hesitated. "It's"
She smiled. "I'll expect you to-night. About ten

o'clock," she said.

v
I saw very little of Audrey that week-end. When I went

to her, my mind was active, my body tired, and despite
myself it was more comfort tl- . ..)ked of her. I re-
member her smiling, a little wryly, and saying: "When this
is over, we'll go away. Right away." I buried my head
against her knees, and she stroked my hair. When she left me
on the Monday morning, we clung to each other for a long
time.

For three weeks I was thrusting the idea into the mass of
facts. I could do nothing but calculate, read up new facts,
satisfy myself that I had made no mistakes in measuring up
the plates: I developed an uncontrollable trick of not being
sure whether I had made a particular measurement cor-
rectly: repeating it: and then, after a day, the uncertainty
returned, and to ease my mind I had to repeat it once
more. I could scarcely read a newspaper or write a letter.
Whatever I was doing, I was not at rest unless it was taking
me towards the problem; and eve hen it was an unsettled
rest, like lying !n a fever half-way to sleep.
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And yet, for all the obsessions, I was gradually being
taken over by a calm which was new to me. I was beginning
to feel an exultation, but it was peaceful, as different from
wild triumph as it was from the ache in my throbbing
nerves. For I was beginning to feel in my heart that I was
near the truth. Beyond surmise, beyond doubt, I felt that
I was nearly right; even as I lay awake in the dawn, or
worked irritably with flushed cheeks, I was approaching
a serenity which made the discomforts as trivial as those of
someone else's body.

It was after Easter now and Cambridge was almost
empty. I was glad; I felt free as I walked the deserted
streets. One night, when I left the laboiatory, after an
evening when the new facts were falling into line and
making the structure seem more than ever true, it was good
to pass under the Cavendish! Good to be in the midst of the
great days of science! Good to be adding to the record
of those great days! And good to walk down King's Parade
and see the Chapel standing against a dark sky without
any stars!

The mingling of strain and certainty, of personal worry
and deeper peace, was something I had never known before.
Even at the time, I knew I was living in a strange happiness.
Or, rather, I knew that when it was over I should covet its
memory.,

And so for weeks I was alone in the laboratory, taking
photographs, gazing under the red lamp at films which still
dripped water, carrying them into the light and studying
them until I knew every grey speck on them, from the
points which were testing my structures down to flaws and
scratches on the surface. Then, when my eyes tired, I put
down my lens and turned to the sheets of figures that
contained the results, the details of the structure and the
predictions I was able to make. Often I would sayif this
structure is right, then this crystal here will have its oxygen
atom 1.2 a.u. from the nearest carbon; and the crystal will
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break along this axis, and not along that; and it will be
harder than the last crystal I measured, but not so hard as the
one before, and so on. For days my predictions were not
only vaguely right, but right as closely as I could measure.

I still possess those lists of figures, and I have stopped
writing to look over them again. It is ten years and more
since I first saw them and yet as I read:

Predicted

1.435
2.603

Observed
1.44
2.603

and so on for long columns, I am warmed with something
of that first glow.

At last it was almost finished. I had done everything I
could; and to make an end of it I thought out one prediction
whose answer was irrefutable. There was one more substance
in the organic group which I could not get in England,
which had only been made in Munich; if my general
structure was right, the atoms in its lattice could only have
one pattern. For any other structure the pattern would be
utterly different. An X-ray photograph of the crystal
would give me all I wanted in a single day.

It was tantalising, not having the stuff to hand. I could
write and get some from Munich, but it would take a week,
and a week was very long. Yet there seemed nothing else
to do. I was beginning to write in my clumsy scientist's
German--and then I remembered Luthy, who had returned
to Germany a year ago.

I cabled to him, asking if he would get a crystal and
photograph it on his instrument. It would only take him a
morning at the most, I thought, and we had become friendly
enough for me to make the demand on him. Later in the
afternoon I had his answer: "I have obtained crystal will
telegraph result to-morrow honoured to assist. Luthy." I
smiled at the "honoured to assist", which he could not

n ;..L e s
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possibly have left out, and sent off another cable : "Predict
symmetry and distances. . . ."

Then I had twenty-four hours of waiting. Moved by some
instinct to touch wood, I wanted to retract the last cable as
soon as I had sent it. Ifif I were wrong, no one else need
know. But it had gone. And, nervous as I was, in a way I
knew that I was right. Yet I slept very little that night; I
could mock, with all the detached part of myself, at the
tricks my body was playing, but it went on playing them.
I had to leave my breakfast, and drank cup after cup of tea,
and kept throwing away cigarettes I had just lighted. I
watched myself do these things, but I could not stop them,
in just the same way as one can watch one's own body being
afraid.

The afternoon passed, and no telegram came. I persuaded
myself there was scarcely time. I went out for an hour, in
order to find it at my rooms when I returned. I went through
all the antics and devices of waiting. I grew empty with
anxiety as the evening drew on. I sat trying to read; the
room was growing dark, but I did not wish to switch on the
light, for fear of bringing home the passage of the hours.

At last the bell rang below. I met my landlady on the
stairs, bringing in the telegram. I do not know whether she
noticed that my hands were shaking as I opened it. It said:
"Felicitations on completely accurate prediction which am
proud to confirm apologise for delay due to instrumental
adjustments. Luthy." I was numbed for a moment; I could
only see Luthy bowing politely to the postal clerk as he sent
off the telegram. I laughed, and I remember it ha,.:, a queer
sound.

Then I was carried beyond pleasure. I have tried to show
something of the high moments that science gave to me; the
night my father talked about the stars, Luard's lesson, Austin's
opening lecture, the end of my first research. But this was
different from any of them, different altogether, different
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in kind. It was further from myself. My own triumph and
delight and success were there, but they seemed insignificant
beside this tranquil ecstasy. It was as though I had looked
for a truth outside myself, and finding it had become for a
moment part of the truth I sought; as though all the world,
the atoms and the stars, were wonderfully clear and close to
me, and I to them, so that we were part of a lucidity more
tremendous than any mystery.

I had never known that such a moment could exist. Some
of its quality, perhaps, I had captured in the delight which
came when I brought joy to Audrey, being myself content;
or in the times among friends, when for some rare moment,
maybe twice in my life, I had lost myself in a common
purpose; but these moments had, as it were, the tone of the
experience without the experience itself.

Since then I have never quite regained it. But one effect
will stay with me as long as I live; once, when I was young,
I used to sneer at the mystics who have described the experi-
ence of being at one with God and part of the unity of things.
After that afternoon, I did not want to laugh again; for
though I should have interpreted the experience differently,
I thought I knew what they meant.

and 5uccess
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Structure, Substructure, Superstructure

Cyril Stanley Smith

Anyone who works with the microscope for an intellectual
or practical purpose will frequenth pause for a moment
of sheer ciao> merit of the patterns that he sees, for the
hat e much in common AIM formal art \\ hat follows is
an attempt to etenci into a more general field sorm wicas
on the nature of organization and relationships that arose
during many years of studs of the microstructures of metals
and alloys " tri a landscape painting of the Far East, .t rex k
in the foreground with cracks and crystalline te.ture is often
echoed in a distant mountain with cliffs chasms, wrinkles,
and a tree may be related to a dist= forest or a
turbulent and eddied stream to a distant tranquil pond
Each par, with its on structure merges into a structure on
a larger scale Underlying structures which are only imag-
ined are necessary as a basis for the risible features 1 he

connectiyits of all is suggested by the branching tree -like
element of the design Both separateness and continua% are
Interwoven, each ,ieressary to the other and demonstrating
the relationship between various features on a single scale
and between the unit and aggregates on different scales
There is a close analog) between a work of art which sug-
gests an interplay of dimensions and the real internal struc
Lure of a piece of metal or rock which results from phssical
interactions between the atoms and electrons composing it

The study of microstructure on the scale within the
range of the optical microscope (dimensions between a
micron and a millimeter'l is .1 conies, hat old fashioned
branch of science, and it still in oh es a high degree of em-
pirical obseryation and deduction Far more "highbrow"
is the rigorous science and simple elegant mathematics of
the ideal crystal lattice considered as point groups in space
The w hole field of crystal structure, mathematicalls des el-
oped in the nineteenth century bs Brasais, Federoy, and
Schoenflies, was experimentally opened up by Von Laue
and especially the Braggs in 1912.13, using the diffraction
of X-raw s to reseal and to measure the periodic Ines and ss
metrics in the arrangement of planes of atoms in crystals
But the mathematical phssicist must simplify in order to get

The cons erne relationship between acsths to, .111(t nutallurgy the
influence of the techniques disrinercd Irs t r dome° making works
of art upon the desclopmint of flo c em.( of nu talc was dm sewed
at sonic length ri ins Ili ftory of iletallo4raphr.0 hit ago (KM

Fig i Group of polyhedral salt crsstals growing indisalually from
solution Magnification x 200 ( Photo toy C W Mason)
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a lanageable model, and although his concepts are of great
beauty, they are gust: re in the extreme, and the more com-
plicated cnstal pattern, obsersed by the metallurgist or
geologist, being based on partly imperfect reality, often have
a ndier aesthetic content Those who are concerned with
strut hire on a superatomic scale find that there is more
significance and interest in the imperfections in cry stals than
in Mt monotonous perfection of the crystal lattice itself
lake tin biologist, the metallurgist is concerned with aggre-
gate, and assemblies in which repeated or extended irregt,
farina in the arrangement of atoms become the basis of
major structural features on a larger scale, nentually bridg-
IfIR the gap between the atom and thing, perceptible to
human senses

the ss milieu-% of cry stals in relation to decorany e orna-
ni nt has been treated by many w liters, none better than by
Hermann %Veyl in hi, S)ntrnet9 Princeton, 1952) The pat-
terns of crYstal imperfection arc lees commonly known,
despite their prey alence and despite their relationship to so
many aesthetically satisfy ing forms in which regularity and
irregularity are intricately intertwined

Crystalline Aggregates and Fo.tia Structures
Aggregates of (rsstals hate cti11 WI"( which an defined by
the atomic ally thin lay( r of disordered material between
the crystals Many (harm tenstics of their shape are shared
with simple undifh rentiat«I biological ci Ils and the gm-
plest «immon soap froth In all these, the pertinent ft attires
arc he two -toot nsional curiae(( that separate yolume,
of matter w WI, on this .talc, is featineless rysti-danen-
%tonal interfa«, are necessary to define the separatt id( ntity

Fig t Raft of tin undone .o.ip hobbit.. %Ito. mg' grain bound-
ark ssht n /ones of thlft nog mit tttatton meet Magna], anon x 7

I tg 3 l)t eels en lit dst rnon of a plc( e of niototnn mt tal .bowing
nt bsork of gram bountlaro. rest slid bs sit t use attar ft at gram
bound...no Magnita Anon x 200 ( PhotO CO,e(SI R J (oar, Oak
Rid? 1ational I aboraron)

Fir ',WM"' of oscr-heath d .thnnititnn stirs t showing tit begin-
ning of int Icing At flu grain bountlaro, Nlagrnfication x 4 (Photo
(nurtrn Braoh ton-korrou, Vaal, Rwarth .13,aahort)

Fag 3 Jo lint ax lion of On onoton alto, .fuming do runt non
of three t rv.wls i his is au historic photograph taken III 1898 by
J !mad

'cruii: Superstructure
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of things in three dimensions Junctions of the Interfaces
themselves produce linear (one-dimensional; features, and
these, in turn, meet at points of zero dimensma This inter-
action between dimensions, the very essence of form, is
expressed in mathematical beauty as Euler's Law This
simpls states that, in a connected arras, the number of
points minus the number of lines plus the number of surfaces
and minus the number of poly hedral cells is equal to one, t e

no n) + n2 n3 = I
where no, n,, n2, and n3are the numbers of zero, one, two, and
three-dimensional features (here are no limitations to this
besond the requtrements of stmple -onnt c Its Es en more
than Euclid, bath Euler gazed on beauty bare

A pure metal, when cast for, better, after a little working
and heating) has a structure like that of Carrara marble
hosts of little crsstals packed together irreguiat . he units
do not look like crystals, for they lack the ss mmetncal vertices
and plane faces of a regular polyhedron, but internal order is

there nevertheless Although for centunes man has been
fascinated by the geometrical shape and glitter of natural
crystals, he has only recently come to see that the essence of
crystallinity lies not in external shape but in the uniformity
of the relationship of atoms to their neighbors within the
crystal A single isolated crystal growing from a solution or
melt can grow uninterruptedly in accordance with the dic-
tates of the atomic steps on its surface Usually this will result
in a simple polyhedron (Fig I), reflecting the internal order
because of its effect on the rate of growth in different duce-
uons If many crystals start to grow in the same region,
sooner or later they will interfere with each other Neighbor-
ing crystals diffenng in no way whatever but in the direction
of dune atom rows in space cannot join without some imper-
fection Figure 2 illustrates this It is a magnified photograph
of an array of tiny uniform bubbles floating on soapy water
The lines of disorder that form betw«n the difftrentls -
oriented areas of I (Tuba% arranged bubble in this two
dimensional model are beliesed to be dose analogous to
the planes of disorder constituting the boundaries 1)(1s/seen
the three-dunensional crystal grains in metals, rocks, and
other polscrystallim materials I he boundaries are a Aurce
of both strength and weakness and they pros ide the sites for
the beginning of an crystalline c hange I hough themselves
ins Bible except at the extreme limit of n sok con of modern
electron and ion microscope, the differ so much in energy
from the both of the crystals that they are easiIN revealed as
lines of enhanced chemical attack ;Fig 3 ;, earls melting
(Fig 4), or they can be inferred from the sudden change of
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crsstal direction revealed by sonic kinds of chemical attack
on the surface !Fig 5) Patterns like these can often be seen
with the naked es e on the weathered surface of a cast brass
doorknob or hand ail, or internal!, in clear ice which has
been kept past at its melting point for sfseral hours

NOV, these boundanes, ,shish on an atomic scale are
Just imperfections in a uniform stacking arras, on a larger
scale themsels es become the basis of ,tructure They arc, in
fact, films of matt( r, distinguished by structure rather than
conposition Thes must surround es ers cnstal and extend
in foam-like fashion continuoush through the entire mass

Fig b F foal of irregular soap hulthics <Flossing a t rllular structure
analogous to that of rev tals I hew bubbles were blossn bets ten
parallel glass plate. and at^ tssenttall, tN01117tt 11SI<S11.11 \ Itiral
sl/c

F 7 Pattern of ra/e hilt s on a gia,c d t eratnit <Uri& tagni-
tcLaccon s i 5

Fig 8 the shape of (ells in human tat (Issue Magnification x 400
Photo b) Coroter). Imeman icadem, of 4rif and Sremei

Frg t) Credal gran, 0 a metal hr.., separated from an aggre-
gate .hosing the n our al shape oft climb when pat krd randonils
into t (intact ,th each other Note the frctpacncs of pentagons and
urs cd Sun
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Fig lo Duplex trsstals ...oh bands of different composition in
exam t orientation relationship within one grain, hot forming an
ox crall town strut att Inc k a 11111r Inc IA1 717, seen 171 A topper
silicon allos ssorlod and annealed tagnification x 300 Ibis is
an cm heel set 1)00



Structure, Substructure, Superstructure

Fig i i 1 hr an't. allot as F-ig is delamed hi cold rolling
\ote the heo-rogenett of I he choortlon Nlagrolicaoon 0 v01
(Niro b, B .., al,. I ,,,,,,,I, of Chit4f6,
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Fig is Transformation structure in a hardened nickel steel,
showing interference between differently onented crystals grow.
mg within the saris.- ,rystallinr mains Magnification x xso
(Mete ay Damn/ iflinxn)

Fig t3 Branching pattern in corrosion a stainless steel in ulan0
sulphate solution Magnification x too (Nose County R 3 Gray,
NA Rap Aeons, Laaratov
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Hai, trig high energy and mobility, they tend to adjust to a
configuration of small area, which makes them join each
other always in groups of three at an Nth. of 120', just as
do the films in a froth of soap bubbles In a mass of large
bubbles of irregular size ,Fig 6, Mete will be dstfertmes in
pressure between adjacent bubbles to match the surface ten.
lion in the coned blurs and to reconcile the 120' angle with
the necessity to fill space Since three bubbles meet at each
junction, Luler's law requires that the as erage bubble in an
'Minuets extended arras roust base exactly six sides, but
there is no requirement that each one be a hexagon, ord.
that if there are some with more than six sides, there must
be a matching number with less 1 he froth therefore, though
lacking long -range symmetry, nesertheless has sere definite
rules as to its composition It is pleasing in appearance

because the eye senses this interplay between regulanty
and irregularity The topological requirement. of space.
filling rigidly determine the relationships of the whole, but
allow any one cell to be of pretty much any shape, while
surface tension equilibrium requires only that the films be
at 120° to each other at the point of meeting, always three
together, and it produces the pressure differences that are
needed to balance the resulting curs atures Besond this. all
depends on the accidents which brought a bubble of a
particular size to a green place and surrounded it with its
particular neighbor, each also with its ornate history

It is interesting to compare a two-dimensional soap froth
with the t000logically similar but geometricalls, dtffrrent
pattern of craze marks in a ceramic glaze (Fig 7) 1 hough
the cracks divide the surface into cells meeting three at each
junction, the geometry is different from the froth because
the cracks must follow the direction of stress in the glue and
a stew crack ,oins an old one perpendicularly

A foam in three dimensions is a bit more complicated,
but depends on the same principles To divide space into
three-dimensional cells, at least six two-dimensional inter-
faces must meet a' each point, and if surface tension domi-
nate they will join in groups of three at 120' to each other
along lines. forming cell edges, which meet ssmmetricalls
at the tetrahedral angle of 109 47' The angle whose cosine is
minus 13 ) I his configuration of three, two., and one-
dimensional junctions is repeated at esers series Cunatine
is necessary to connect adjacent %cruces and to reconcile the
short. and long -range needs Because the polygons sell
facesl must be in groups which close around each three
dimensional cell, the ayerage polsgon will have a Stilliler
number of sides than tl hexagon which connectedly fills
space in two dimensions No single plane polsgon can meet
the requirements, for it would !lase to fliNe 5 1(43 sides in
order no mate corner angles of 109 47 1 lie lust solution that
has been proposed lOrrenX)IldS to a fourteesuled buds with
six plane four -sided faces and eight doublecursed hexagonal
faces, the mixture of polsgons basing on the yerage
sides This curious irrational number is of the utmost im-
portance, though it is little appreciated Get-taints it is re.
sponsible for the presalence of pentagons in nature It is
probably behind the fisefold syminetrs of plants and the
foe fingers and toes of animals Frequent pentagonal faces
are readily seen within a three-dimensional troth of bubbles
on a glass of beer and they occur also in such disparate
Whet as human fat cells or metal grains Figs 8 and 9
Pentagons are frequent but not universal, for the ideal num.



her is an irrational one and pentagonall%daird 1101%liefila
Alone cannot till (pair

It shout ' f' noted that the eater apr of the nistal.
In FIR 9 rest... nothing of their inner old< r for the shape
depend% on the propert% of the disordered bomot re not
the ordered en stab that are separated A more gan tousle
I (\stannic gronletric strut tiler is tIns, hen 5 set and etN,tal
line phase ungulates in direct COMA( t .11b a prerantIng
one, fin It m00111411,111% forms In %%hate% el definite or leura

rite l"'ses' energ\ of the !Uteri. c \ot Illtrequentfi,
t.0 dllirrent Lind, of 1 rsstal WON in 0,mbioto relationship
.1th eat it other forming duplex onentrci unit% .111(11
serve a the bast% for an irtegular toanilike Aggregate quite

Ian rid that formed 10 t n %cal% of a single ittbstancr
1-,Autiplri of SUCII orietitcct duplex structures are stIo.n to
Figs 10 to 12
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Fig rh Iii. ni .4 ridges foriont lo a e rls k non log TO a lrssr.41
.1 a loud. copy. I old ma4ursion. (u. Mg I hr
troF pro, ailed horn the top to the hutorn id the figare Magni
h. anon s if., Nato ( ssur fess Ilscrte ttrztr h.. tine! Prods.. is
( onto,

Branched Structures
Iht ;huh as Inc an hetpe for all cellular sste ins

whnh for an reason are constrained toward a nummum
area of interface A quite different tape of structure though
A Common one. as the one that results 'Com the growth of
isolated indoiduals in the bran, !wed loon best illustrated 13,
A common tree 1 his swell's whenc,rr a protuberance has
an ark:Image oer adtae cnt areas in getting nude matter
heat light, or othr requisite for growth Such structures
occur in electric discharge, an corrosion rz 13 . and cen
in i ',dal gross th Fig 14 although in the lase case the
basic mechanism as gt, en an merall scmmein All these
branctung structure, start Irom a point and grown wencalls
but the, centuall, stop as the branches interfere with others
alread, present l rid the structure encounter, some ex
trancous obstacle Fig 15 . the shapes are quite different
from the interface-determined sbilx, discussed abo,c
pie structure is that of an ndtc dual not of an aggregate

I herr arc other strummers in Ouch a bran( hed ;rex-ike
sired lure arises from an norm,. me, lianas n 1 hr best kno6n
example as the sure essne toming of mans small dreams lo
form a single large riser In brittle solids the merging to.
gether of man, smal rat ks to form a single suace goes
rise to a similar form Fug 16

The Role of I list)r in Sim tuts
in the tspical process amenable to stud, bs physics the
Small narrnber of units in, ols ed and the smith, nr, of their
interactions gory a definiteness and reprrAltielbiht, that is
rather unanatit or as deps-ndent in a simple N Al upon time
In other sciences such as Inolerg, or mriallurg, the structure
of e omplex matter must he dealt oith, imnlcmg m,riarls of
units and interacting interactions wish associations of per-
fection and imperfection 6:ach e an be combined in an
alrient infinite ,aricts of .a,s 1 he structures .111111 mint
particular sunk because the, happen to exist depend almost
complete', on their hisarr, quite as much as does though
wit more ilnersd,, the present human condition .%Ithough
other structures might ha, c been formed with equal a priori
pmhabilits from the same units and unit processes 'he
.hole unique sequence of atomic.seale rents that armall,
did excur, each adding a little to a preexasting structure
was nett-mar, to gne rise to th- particular arra, of mole-
cules, cr,swals or cells ui the final stem Lure 31tlion.th the
ideal instal lath, of a substancr at equilibrium depends

Structure Substructure, Superstructure

ants on its romposmon and t nprrar re all oda r Asper is
of the structure of a gt,en bat of poke rstallane mature (le -
pends upon hastors i e the details of the mew !cation of
milnedual costal,, usual!, at saes .1i-re impeder nom or
heterogeneities pre -rent in th- matrix. the halls ,ar,mg
rates at 6 Fitch the indi,ulual crystals gross into the it ens iron-
men% Incorporating or rejecting matter as a result of the

ra-processes of atom transfer. and the mann. r :n oilu h
the instals impinge to produce the grain boundar, as a
nes. element of structure which itself changes s: ape in as -
cordance with its properties and the particular lex al von.--
us, all resulting from historical accidents For rt. 7 uumples
but an ponciple sinular 'hangs occur an Inewowstecal and venal
organizations

In the space-filling aggregate, the mein:duals limit each
other The, ma, be arra,rd random!, or regulari,
hoor,er undetermined the shape of an indoidull the cot.-
damns of Jomarg at the point, where three wr more nerve are
de nneo Structure on one Ind lo its impede nuns or ,aria-
lions, alwacc goes roc in a new kid of strIll tore on .1 larger
scale In, cr.-1,, it ma, earn he that there is no de re table
strm !tire without some untied% leg strut lure on a smaller
vale !Iv AMOS of arornism depends on the tool used to
find it local c onhguration will aloa,s hone some con
net non to neighboring ones In cerdee reaung (fryer
ram part is dependent on the ...hole and llt versa

On Se( lions And Surfa«.s
The utile-tort usuall, el:menet! on Melell, and Mt his a{ I'
those of a plane section cut th gil .1 thre c-ehincusiona I
stun lure slicing w6rougli the instal plane, and :poundal,.
at carious angles. and thus introducing distortions of shape
and hiding connce tams that mac MOSI Ill the thud (Innen.
son kke ha,c bee ome ,ers adept at interpreting things
fowm '6o-dimensional representation indeed most of our
thae king is in such terms I he Rsolimenstonal soffal e of a
painting can represent a straight or destor ted protection or a
point-privet-me cues. of either real es- imaginars things
In sculpture, the surface pan be the natural surface of An
Mucci, but it is usual!. t r through a Ixwd, of mawenal
6 Inch has a threedlimens.. cal structure and it reseals .1
surface texture soh its assn aesthetic qualioes Sections are

I am Inds herd its /oho K Piro tor poomeg out rh.1 oloKs is
mrnrsills air I I si sense 1hr plea us .1.0..411rd In I miccIC
con Berta:Anas habit, ssl I Ile Nry. !WO

23



24

r

e

t

4 % f- 1 ..R A A

4,,,,
1.,';

V. k ii 'x.1
( '''

)
:l i PO

' ...
4.../1 )

I

i.
% fc.t \IN .......4...f,i

11i
II

. N .,.', '

.% 1 f 1 ., .', ',.,./V., ti.
Ft..-Y.dri.
i ...4 %-..' Ng ,

.7 'We:1'
%I. 11141/

'' ' ti

subtl, different from the same structures when formed
against a real surface compare Fig 4 of .he real surface
of a polscrsstalline metal with Fig 3 of a section in the
former the angles are newts all at 120 while the latter has
a pleasing chsersus Sectioning is simpler than other too-
chmenuonal representation because there is no supetpostiion
as in proiecuon and no change of scale as in perspecose it
gis es a single-eles ation contour map. outs solumes reduced
to areas. surfaces to lines. and lines to points If the structure
is cellular and randoml, onented. representations of all
possible sews will be seen at sanous places in the section
Depending on the orientation certain features %Ill he
magneini in one direction Consents or concasys of a sur
face in relation to the sectioning plane prodaces m lose° laila
Lion ors-mended connecusits of the linear traces on it II the
structure n not random. but irregular", lamellar as the grain
of a tree the sananons in the third dimension can be seen as a
dastnhution of texture in the ',so-dimensional slice Some
examples tc %Inch sack structure, are exploit ti are %nod-
s (-neer textures madded ceramics the Damascus word

Fig :7 and _Japanese swords and baba Fig 18 f hese all
owe much of their charm to the suggestion of combined d -

sign and texture that thes dasplas with effects not unlike
those of omen textiles but more natural in ongin and with
threedamer.: renal ()senores

Conclusion
Do not these simple structures of crsstals and the simpler
ones of bubbles graphicalls Illustrate corm important feature,
of the o orid and our apprenanon of it aesthetnalls as o ell a,
intent-malls' It is the ( line, principal of sang and sm.
balanced positne and negatne desianons from uniformits.
which if occurring at mans places must form a foam struc
tore of cells no matter 'Alai matenalspace or idea-spat e is
inso;sed I he freedom of a strintu.al unit inflicts and suffers
constraints ssheneser it, closer interaction with some neigh
bon makes cooperation on!: other, less ears Social order
intensthrs the interfacial tension against a different!, ordered
group Esers thing that oe can see esers thing that us man
understand is related to structure and al the Gestaltisss C 1101.

Isis hint- so beauttfulls shown perception itself is in pat
terns not fragments NII awareness mental actisin seems
to insists, the conipanson of a sensed or thought pattern with
a preexisting one a pattern formed in the bra.n's phssical
strm titre bs biological the mance and he imp of
experience Could it he that arsthetiu er;os men( is the result



of the formation of a kind of moire pattern between a newts
sensed experience and the old. between the different parts of
a sensed pattern transposed in space and in orientation and
with sanations in scale and time bs the manclous properties
of the brain) Thr parts of a sensed whole form mans patterns
suggesting each other m .arcing scale and aspect, with
patterns of impede-et:on and disorder of one kind forming the
pat-nails ordered framework of another with an almost
magical di, esits depending on the degree to which local
desiationsfrom the ideal pattern are as craged out Somehow
the brain pen-rises the relationship and actn en)°, the
nch interplas possible in patterns composed of the simplest
parts. an into-pia% between local and long-range. betwem
branching extension and consolidation, between substance
and surface. between order and disorder

flu- sin nature of life ,s pattern-matching, whether in
the simple acceptance or rejection of "food" units to fit the
RN: molecules o :thin a cell or the joining together of
cmforrning and differentiated cells in the cis erall patte.n of
the organism which the park theater-1.es both dictate and
conform to Thr g row th of mon sd but lifeless matter picalls
occurs In the addition of atoms or molecules to the sirs
sumac r of a costal N not dissimilar process of structural
matching is insolsed in the duplication of protein within a
In mg cell. but a complete organism grows In Internal multi-
plication. and the consequent barges r..ng of outward move-
ment produces the differing ens ironments for cells which is
an essential characteristic of a Innis ciranism

1 here is a kind of incletermmns quite different in es.
sence fit m the famous principle of Ilei.enberg but just as
etfectt,e in !uniting our knowledge of nature which lies in
the fact that w can neither conscious!, sense nor think of
s en mut h at an, one manse .1 I ndcretanding can onls come
from a ...mg sinspoint and sequential changes in the scale
of attention I hr c urrent precision in science will limit ms
ads ark t unless a was can be found for relating different
bin ink-nu-nen scale, and dimensions

I he elimination of the ere-ancous, in both experiment
and theors has been the srrv.rhlr basis of all scientific
ads atic c sun e the sesenteenth centurs, and has led us to a
point where prat tn.ills nen thing abase the .itoni is under-
stood m prim tole Sooner or later, how es Cr science in its
ads ince will has(' exhausted the supph of problems that
ins oh. r mils those aspects of nature that can be freshly
studied it simple isolation flu- great need now is for concern
with w stems of greater eon:plexus, for methods of dealing
with complicated nature as it costs the artist has long been

making meaningful and communicable statements, if not
alwass pnctse ones, about complex things If new methods.
which will surek owe something to aesthetiss, should enable
the scientist to most into more complex fields, Ns area of
interest will approach that of the humanist, and science mac
cs en once more blend smoothly into the whole range of
human aro, its

Fig 17 Detail of a Damascus sward blade from the Wallace Col-
lection. London Thr surface of the blade had bet n formed bs
cutting through the irregular laminar structure which onginated
in the metallization of the high c irbon steel and had maintained
its identits during forging \ %gm:, anon 2 I Photo Courtesy The
Wallet, Gatemen. London)

Fig 18 .' Fapanry . Acumt ohordguard from the collection of
G F Hearn I he texture arise from the intentional incorporation
of innumrrable lasers of alight!. different steels into a single mass
In rep...lied ...riding and forging and then rheum-all, etching
the Kral sort or which was rut through the forged lameihe rho
moon is mlod ui miser Natural ore
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The "Thomson" Atom

-1

Following the discovery of the electron it was clear that a complete
revision of atomic theory was required. The atom could no longer be re-
garded as the ultimate unit of matter because Thomson's experiments had
shown that, regardless of the gases used to produce the cathode ray dis-
charge, the same subatomic particle, the electron, always appeared. Since
this particle carries a negative electric charge and the atom as a whole is
uncharged, questions immediately arose as to the number of electrons per
atom, the nature of the positive charge, and the spatial relation of the
latter to the electron or electrons present.

The very small electronic mass determined by Thomson's experiments,
approximately 1/1,000 the mass of the hydrogen atom, at first suggested
that the hydrogen atom might contain some 1,000 electrons. This con-
temporary thinking was deafly set forth in the closing pages of Ruther-
ford's book, Radioactive Transformations, published in 1906. Rutherford
points out that atom models had already been suggested, the first by
Lord Kelvin.

Kelvin proposed, in 1902, an atom model consisting of a sphere of
uniformly distributed positive electricity in which discrete electrons were
embedded so that equilibrium was obtained when these charges were at
rest. A year later J. J. Thomson published calculations on the stability of
a model in which electrons, arranged uniformly around a circle within the
positive sphere, rotated at high speed. A further paper b Thomson ap-
peared early in 1904, which reexamined Kelvin's static atom model at
considerable length. Much of this paper, with additions, appeared in
Thomson's book, The Corpuscular Theory of Matter, published in 1907;
our excerpt is from this book. Here static electrons are placed one by one
in a positive sphere and the stability is examined. Somehow Kelvin's pro-
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prietary claim to this atomic scheme was lost, so that in later years the
arrangement became known as "the Thomson atom."

But while Thomson was examining, and elaborating the original
Kelvin scheme, Kelvin himself went on to other and more complicated
models. Finally, in December 1905, he proposed a Boscovichian atom
that had alternating shells of "vitreous and resinous" electricity with "the
*.otal vitreous greater than the resinous." The electrons were embedded
in the vitreous (positive) shells, and could therefore, if unstable, be
ejected with varying speeds as demanded of electrons issuing from radio-
active atoms. Still another model, proposed in 1904, was that of Nagaoka,
who, harking back to Maxwell's paper on Saturn's rings, suggested that
the atom might consist of a number of electrons revolving with nearly the
same velocity in a ring about a positively charged center. Rutherford noted
this suggestion in his famous paper of 1911, in which he proposed the
nuclear atom. All of these atom models had varying degrees of plausibil-
ity; they would account qualitatively for various atomic properties but not
for all. Thomson, however, was perhaps most persistent in his search for
a model that would give both qualitative and some quantitative agreement
with experiment.

Suppose one begins with the question: How many electrons are there
per atom? Thomson obtained an answer to this question from several
sources. The first came from experiments on the scattering of electrons
made to pass through thin sheets of metal. (Lenard, for instance, had
shown some years previously that cathode rays can pass through thin
metal windows and ionize the air outside the tube in which they were
generated.) By comparing a computed value of electron scattering with
that observed experimentally, Thomson found that the number of elec-
trons per atom needed to produce the observed scattering should be
approximately the same as the atomic weight of the scattering material as-
suming unit atomic weight for hydrogen, (Except for hydrogen, this result
was approximately two times too large.) The second source of informa-
tion was the dispersion of light by hydrogen. Here a calculation showed
that the number of dispersion electrons per atom of hydrogen must be
closely equal to unity. The third source was X-ray scattering experiments.
When a beam of X-rays passes through matter, the atoms both absorb
and scatter the rays; hence, the amount transmitted decreases as the thick-
itss of the material increases. From early X-ray scattering measurements
the number of electrons per atom was found to be of the order of the
atomic weight. Later, more accurate measurements by Bark la showed
that for the light atoms, except hydrogen, it was more nearly half the
atomic weight. As a consequence of all this evidence, it was apparent that
hydrogen, the least massive of all the atoms, consisted probably of one
electron, and an equal amount of positive charge. Heavier atoms were
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presumably obtained by adding one electron for every unit of positive
charge.

Results from kinetic theory had shown that the diameter of an ater was
of the order of 10-8 cm From the scattering experiments it was known
that an electron was not much deflected by passing through thin foils
many atoms thick, so the conclusion was reached that the "density" of
positive charge must be low. Accordingfy,. Thomson, in making a model
for hydrogen, the simplest atom, had some basis other than Kelvin's pro-
posal for assuming that positive charge, equal to that of the electron, oc-
cupied the whole atomic volume with uniform density.

Having made these tentative choices, the question of stability demanded
examination. Where was the electron in such an atom? Elementary elec-
trical theory shows that if the electron is assumed to be at the center of
the positive sphere, any displacement of it will result in vibrations about
the center. These would continue indefinitely if the electron did not lose
energy; but since a vibratory motion about the center is an accelerated
motion, and classical electromagnetic theory required that accelerated
electrons must radiate energy, the electron would naturally be brought to
rest. Hence, the undisturbed atom would be a static atom, and if disturbed,
would produce dynamically stable vibrations, dying away with time. If
the disturbances were sufficiently violent, the electron would be ejected,
resulting in a hydrogen ion. All this seemed in accord with experience.
But a little further investigation showed that despite its good beginning,
the model had at least one serious defect. The radiation emitted by the
vibrating electron should, according to theory, consist of light of a single
wavelength appropriate to the far-ultraviolet region of the spectrum. Ex-
perimentally, one observed quite unaccountably a spectrum in the visible
region consisting of several discrete wavelengths. °the: series of lines also
existed in the infrared and ultraviolet.

Despite this defect, Thomson went ahead to examine the stability cc
the multielecti al atom. From stability considerations he shows in his
paper that, proceeding to the atom containing two electrons, stability is
obtained by keeping the size of the sphere of positive electricity constant.
As regards the two electrons placed inside the sphere, equilibrium is ob-
tained when they are on a line 'irough the center of the sphere and equi-
distant from it, the distance being half the radius of the sphere. As the
number of electrons increases to four, the electrons can no longer be in
static equilibrium in a planar arrangement; instead they are located at the
corners of a regular tetrahedron. Stable arrangements with greater num-
bers of electrons up to 100 are then discussed. Thomson was also able to
show that the electron arrangements in his scheme of "atom-building" sug-
gested an explanation of the periodic properties of the chemical elements.
This section of his paper is not reproduced here.
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The stability of experimental configurations, using magnetized needles
thrust through corks and floated on water, iron spheres floating on mer-
cury, and elongated conductors floating vertically in water, is then briefly
noted as a result of the work of other investigators. These experiments
support the idea that a number of corpuscles, if confined to a plane, will
arrange themselves in a series of rings as Thomson's calculations indicated.

One of the main props for the Thomson atom was its support of a-par-
ticle-scattering experiments. It is ironic that this aspect of his model on
closer investigation led to its downfall!

C:10C)C1C)C1C:12

THOMSON

The Arrangement of Corpuscles in the Atom

WE HAVE SEEN THAT CORPUSCLES are always of
the same kind whatever may be the natur' of the substance from which
they originate; this, in conjunction with the fact that their mass is much
smaller than that of any known atom, suggests that they are a constituent
of all atoms; that, in short, corpuscles are an essential part of the struc-
ture of the atoms of the different elements. This consideration makes it
important to consider the ways in which groups of corpuscles can arrange
themselves so as to be in equilibrium. Since the corpuscles are all nega-
tively electrified, they repel each other, and thus, unless there is some
force tending to hold them together, no group in which the distances be-
tween the corpuscles is finite can be in equilibrium. As the atoms of the
elements in their normal states are electrically neutral, the negative elec-
tricity on the corpuscles they contain must be balanced by an equivalent
amount of positive electricity; the atoms must, along with the corpuscles,
contain positive electricity. The form in which this positive electricity oc-
curs in the atom is at present a matter about which we have very little
information. No positively electrified body has yet been found having a
mass less than that of an atom of hydrogen. All the positively electrified
systems in gases at low pressures seem to be atoms which, neutral in their
normal state, have become positively charged by losing a corpuscle. In

' From J. J. Thomson, The Corpuscular Theory of Matter (New York: Charles
Scribner's Sons, 1907), pp. 103-167.
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default of exact knowledge of the nature of the way in which positive
electricity occurs in the atom, we shall consider a case in which the posi-
tive electricity is distributed in the way most amenable to mathematical
calculation, i.e., when it occurs as a sphere of uniform density, throughout
which the corpuscles are distributed. The positive electricity attracts the
corpuscles to the centre of the sphere, while their mutual repulsion drives
them away from it; when in equilibrium they will be distributed in such a
way that the attraction of the positive electrification is balanced by the
repulsion of the other corpuscles.

Let us now consider the problem as to how 1 ... 2...3 ... n corpuscles
would arrange themselves if placed in a sphere filled with positive elec-
tricity of uniform density, the total negative charge on the corpuscles being
equivalent to the positive charge in the sphere.

When there is only one corpuscle the solution is very simple: the cor-
puscle will evidently go to the centre of the sphere. The potential energy
possessed by the different arrangements is a quantity of considerable im-
portance in the theory of the subject. We shall call Q the amount of work
required to remove each portion of electricity to an infinite distance from
its nearest neighbour; thus in the case of the single corpuscle we should
have to do work to drag the corpuscle out of the sphere and then carry it
away to an infinite distance from it; when we have done this we should
be left with the sphere of positive electricity, the various parts of which
would repel each other; if we let these parts recede from each other until
they were infinitely remote we should gain work. The difference between
the work spent in removing the negative from the positive and that gained
by allowing the positive to scatter is Q the amount of work required to
separate completely the electrical charges. When there is only one cor-
puscle we can easily show that

Q
9 e2

7- 10 a

where e is the charge on a corpuscle measured in electrostatic units and a
is the radius of the sphere.

When there are two corpuscles inside a sphere of positive electricity
they will, when in equilibrium, be situated at two points A and B, in a
straight line with 0 the center of the sphere and such that

aOA = OB
2

where a is the radius of the sphere. We can easily show that in this position
the repulsion between A and B is just balanced by the attraction of the
positive electricity and also that the equilibrium is stable. We may point
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out that A B the distance between the corpuscles is equal to the radius of
the sphere of positive electrification. In this case we can chow that

21 e2
Q- 10 a

Thus if the radius of the sphere of positive electrification remained con-
stant, Q for a system containing two corpuscles in a single sphere would
be greater than Q for the arrangement in which each corpuscle is placed in
a sphere of positive electrification of its own, for in the latter case we
have seen that

9 2Q = 2 X
10 a

and this is less than

21 e 2

TO:.

Thus the arrangement v.ith the two corpuscles inside one sphere is more
than that where there are two spheres with a single corpuscle inside each:
thus if we had a number of single corpuscles each inside its own sphere,
they would not be so stable as if they were to coagulate and form systems
etch containing more than one corpuscle. There would therefore be a
tendency for a large number of systems containing single corpuscles to form
more complex systems. This result depends upon the assumption that the
size of the sphere of positive electrification for the system containing two
corpuscles is the same as that of the sphere containing only one corpuscle.
If we had assumed that when two systems unite the volume of the sphere
of positive electricity for the combined system is the sum of the volumes of
the individual systems, then a for the combined system would be 21/3 or
1.25 times a for the single system. Taking this into account, we find that
Q for the combined system is less than the sum of the values of Q for the
individual system; in this case the system containing two corpuscles would
not be so stable as two systems each containing one corpuscle, so that the
..cidency now would be towards dissociation rather than association.

Three corpuscles inside a single sphere will be in stable equilibrium
when at the corners of an equilateral triangle whose centre is at the centre
of the sphere and whose side is equn! in length to the radius of that sphere;
thus for three as for two corpuscles the equilibrium position is deter-
mined by the condition that the distance between two corpuscles is equal
to the radius of the sphere of positive electrification.



36 e'For the case of three corpuscles Q = 10 -i,
'

and thus again we see that

if the radius of the sphere of positive electricity is invariable, the arrange-
ment with three corpuscles inside one sphere is more stable than three sin-
gle corpuscles each inside its own sphere, or than one corpuscle inside one
sphere and two corpuscles inside another sphere; thus again the tendency
would be towards aggregation. If, however, the positive electricity instead
of being invariable in size were invariable in density, we see that the
tendency wou! ! be for the complex system to dissociate into the simpler
ones.

Four corpuscles if at rest cannot be in equilibrium when in one plane,
although the co-planar arrangement is possible and stable when the four
are in rapid rotation. When there is no rotation the corpuscles, when in
stable equilibrium, are arranged at the corners of a regular tetrahedron
whose centre is at the centre of the sphere of positive electrification and
whose side is equal to the radius of that sphere; thus we again have the
result that the distance between the corpuscles is equal to the radius of
the positive sphere.

For four corpuscles

e2 54Q = -a 10

We see that the values of Q per corpuscle are for the arrangements of
1, 2, 3, 4 corpuscles in the proportion of 6 : 7 : 8 : 9 if the radius of the
positive sphere is invariable.

Six corpuscles will be in stable equilibrium at the corners of a regular
octahedron, but it can be shown that the equilibrium of eight corpuscles at
the corners of a cube is unstable. The general problem of finding how n
corpuscles will distribute themselves inside the sphere is very complicated,
and I have not succeeded in solving it; we can, however, solve the special
case where the corpuscles are confined to a plane passing through the
centre of the sphere, and from the results obtained from this solution we
may infer some of the properties of the more general distribution. The
analytical solution of the problem when the motion of the corpuscles is
confined to one plane is given in a paper by the author in the Philosophical
Magazine for March, 1904; we shall refer to that paper for the analysis
and quote here only the results.

If we have n corpuscles arranged at the corners of a regular polygon
with n sides with its centre at the centre of the sphere of positive electrifi-
cation, each corpuscle being thus at the same distance r from the centre of
this sphere, we can find f, value of r, so that the repulsion exerted by the
(n 1) corpuscles on the remaining corpuscle is equal to the attraction



of the positive electricity on that corpuscle; the ring of corpuscles would
then be in equilibrium. But it is shown in the paper referred to that if n
is greater than 5 the equilibrium is unstable and so cannot exist; thus 5
is the greatest number of corpuscles which can be in equilibrium as a
single ring It is shown, however, that we can have a ring containing more
than five corpuscles in equilibrium if there are other corpuscles inside the
ring. Thus, though a ring of six corpuscles at the corners of a regular
hexagon is unstable by itself, it becomes stable when there is another
corpuscle placed at the centre of the hexagon and rings of seven and eight
corpuscles are also made stable by placing one corpuscle inside them. To
make a ring of nine corpuscles stable, however, we must have two
corpuscles inside it, and the number of corpuscles required inside a ring
to keep it stable increases very rapidly with the number of corpuscles in
the ring. This is shown by [Table 37-1], where n represents the number of
corpuscles in the ring and i the number of corpuscles which must be
placed inside the ring to keep it in stable equilibrium.

TABLE 37-1
5. 6. 7. 8. 9. 10. 12. 13. 15. 2 30. 40.

i 0. 1. 1. I. 2 3. 8. 10. 15. 39. 101. 232

When n is large i is proportional to n3. We thus see that in the case
when the corpuscles are confined to one plane they will arrange them-
selves in a series of concentric rings.

[Thomson then gives the details of the calculation by which the equilib-
rium of a number of corpuscles in a planar arrangement may be calcu
latedEditors.]

[Table 37-2] giving the various rings for corpuscles ranging in number
from 1 to 100 has been calculated in this way; the first row contains the
numbers for which there is only one ring, the second those with two rings,
the third those with three, and so on.

We can investigate the equilibrium of corpuscles in one plane by
experiment as well as by analysis, using a method introduced for a dif-
ferent purpose by an American physicist, Professor Mayer. The problem
of the arrangement of the corpuscles is to find how a number of bodies
which repel each other with forces inversely proportional to the square of
the distance between them will arrange themselves when under the action
of an attractive force tending to drag them to a fixed point. For the experi-
mental method the corpuscles are replaced by magnetised needles pushed
through cork discs and floating on water. Care should be taken that the
needles are equally magnetised. These needles, having their pols all point-
ing in the same way, repel each other like the corpuscles. The attractive
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TABLE :7-2
NUMBERS

1 2 3 4 5

OF CORPUSCLES IN ORDER

5 6 7 8 8 8 9 10 10 10 11

1 1 1 i 2 3 3 3 4 5 5

1 1 11 11 1 2 1 2 12 13 13 1313 13 14 14 15 15

5 6 7 7 8 si 8 8 9 10 10 10 10 10 11

1 1 1 1 1 2 3 3 3 3 4 4 5 5 5

15 IS IS 16 16 16 16 16 16 16 17 17 17 17 17 17 17

11 11 11 11 12 12 12 13 13 13 13 13 13 14 14 IS IS
5 6 7 7 7 8 8 8 8 9 9 10 10 10 10 10 11

1 1 1 1 1 1 2 2 3 3 3 3 4 4 5 5 5

17 18 18 18 18 18 19 19 19 19 20 20 20 20 20 20 20 20 20 21 21

15 15 15 15 16 16 16 16 16 16 16 16 16 17 17 17 17 17 17 17 17

11 11 11 11 11 12 12 12 12 13 13 13 13 13 13 13 14 14 15 15 15

5 5 6 7 7 7 7 8 8 8 8 8 9 9 10 10 10 10 10 10 11

1 1 1 1 1 1 1 1 2 2 2 3 3 3 3 4 4 5 5 5 5

21 21 21 21 21 21 21 21 22 22 22 22 22 22 22 22 23 23 23 23 23 23 23 24
17 18 18 18 18 18 19 19 19 19 19 20 20 20 20 20 20 20 20 20 20 21 21 21

15 15 15 15 16 16 16 16 16 16 16 16 16 16 17 17 17 17 17 17 17 17 17 17

11 11 11 11 11 12 12 12 12 12 13 13 13 13 13 13 13 13 14 14 15 15 15 15

5 5 6 7 7 7 7 8 8 8 8 8 8 9 9 10 10 10 10 10 10 10 11 11

1 1 1 1 1 1 1 1 1 2 2 2 3 3 3 3 3 4 4 5 5 5 5 5

14 24 24 24 24 2'24
21 21 21 21 21 21 21

17 18 18 18 18 18 19

15 15 15 15 16 16 16

11 11 11 11 11 12 12

5 5 6 7 7 7 7

1 1 1 1 1 1 1

force is produced by a large magnet placed above the surface of the
water, the lower pole of this magnet being of the opposite sign to that
of the upper poles of the floating magnets. The component along the sur-
face of the water of the force due to this magnet is directed to the point
on the surface vertically below the pole of the magnet, and is approxi-
mately proportional to the distance from this point. The forces acting on
the magnets are thus analogous to those acting on the corpuscles.

If we throw needle after needle into the water we shall find that they
will arrange themselves in definite patterns, three needles at the corners
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of a triangle, four at the corners of a square, five at the corners of a
pentagon; when, however, we throw in a sixth needle this sequence is
broken; the six needles do not arrange themscive:, at the corners of a hexa-
gon but five go to the corners of a pentagon and one goes to the middle.
When we throw in a seventh needle we get a ring of six with one at the
centre; thus a ring of six, though unstable when hollow, becomes stable
as soon as one is put in the inside This is an example of a fundamental
principle in the stable configurations of corpuscles; the structure must be
substantial; we cannot have a great display of corpuscles on the outside
and nothing in the inside. If, however, we have a goad foundation of cor-
pusclesif, for example, we tie a considerable number of needles together
for the insidewe can have a ring containing a large number of corpuscles
in stable equilibrium around it, although five is the greatest number of
corpuscles that can be in equilibrium in a hollow ring. By the aid of these
floating magnets we can illustrate the configurations for considerable num-
bers of corpuscles, and verify [Table 37-2].

Another method, due to Professor R. W Wood, is to replace the
magnets floating on water by iron spheres floating on mercury; these
spheres get magnetised by induction by the large magnet placed above
them and repel each otherthough in this case the repulsive force does
not vary inversely as the square of the distancewhile they ai e attracted
by the external magnet; the iron spheres arrange themselves in patterns
analogous to those formed by the magnets. Dr. Monckman used, instead
of magnets, elongated conductors floating vertically in water; these were
electrified by induction by a charged body held above the surface of the
water; the conductors, being similarly electrified, repelled each other and
were attracted towards the electrified body; under these forces they
formed patterns similar to those formed by the floating magnets.

We see from this experimental illustration, as well as by the analyti-
cal investigation, that a number of corpuscles will, if confined to one
plane, arrange themselves in a series of rings, the number of corpuscles
in the ring increasing as the radius of the ring increases.

If we refer to the arrangements of the different numbers of corpuscles
(see Table 37-2], we see that the numbers which come in the same
vertical columns are arranged in patterns which have much in common, for
each arrangement is obtained by adding another storey to the one above it.
Thus, to take the first column, we have he pattern 5, 1, the one below it is
11, 5, 1; the one below this 15, 11, 5, 1; the one below this 17, 15, 11, 5,
1; then 21, 17, 15, 11, 5, 1; and then 24, 21, 17, 15, 11, 5, 1. We should
expect the properties of the atoms formed of such arrangements of cor-
puscles to have many points of 'esemblance. Take, for example, the vibra-
tions of the corpuscles; these may be diviOed into two sets. The first set
consists of those arising from the rotation of the corpuscles around their
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orbits. If all the corpuscles in an atom have the same angular velocity, the
frequency of the vibrations produced by the rotation of the ring of cor-
puscles is proportional to the number of corpuscles in the ring; and thus
in the spectrum of each of the elements corresponding to the arrangements
of corpuscles found in a vertical column in [Table 37-2], there would be a
series of lines whose frequencies would be in a constant ratio 4.o each
other, this ratio being the ratio of the numbers of corpuscles in the various
rings.

Fig. 37-1.

The second set of vibrations are those correspcnding to the displace-
ment of a ring from its circular shape. If the distance of a corpuscle from
the nearest member in its own ring is small compared with its distance
from its nearest neighbour on another rirg, the effect of the outer ring
will only "disturb" the vib -*ions of the Hag without altering their funda-
mental character. Thus we simuld expect the various elements in a vertical
column to give corresponding groups of associated lines. We might, in
short, expect the various elements corresponding to the arrangements of
the corpuscles contained in the same vertical column, to have many prop-
erties, chemical as well as physical, in common. If we suppose that the
atomic weight of an element is proportional to the number of corpuscles
contained in its atom,and we shall give later on evidence in favour of
this view,we may regard the similarity in properties of these arrange-
ments of corpuscles in the same vertical column as similar to a very
striking property of the chemical elements, i.e., the property expressed by
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the periodic law. We know that if we arrange the elements in the order of
their atomic weights, then as we proceed to consider the elements in this
order, we come across an elementsay lithiumwith a certain property;
we go on, and after passing many elements which do not resemble lithium,
we come to another, sodium, having many properties in common with
lithium; then, as v.e go on we lose these properties for a time, coming
across them again when we arrive at potassium, and so on. We find here
just the same recurrence of properties at considerable intervals that we
should get if the atoms contained numbers of corpuscles proportional to
their atomic weight. Consider a series of atoms, such tl,,, ''',. atom of the
pth member is formed from that of the (p 1)th by tL ddition of a
single ring, i.e., is a compound, so to speak, of the (p 1)th atom with
a fresh ring. Such a series would belong to elements which are in the
same group according to the periodic law, i.e., these elements form a series
which. if arranged according to Mende leers table would all be in the same
vertical column [The remainder of the paper discusses the stability and
electrochemical properties of atoms starting with 20 corpuscles in the
outer ring and 59 or more in the inner ringEditors.]
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Einstein

ICAME TO PRINCETON on a Saturday, lived through a dead
Sunday and entered the office of Fine Hall on Monday, to make
my first acquaintances. I asked the secretary when I could see
Einstein. She telephoned him, and the answer was:
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"Professor Einstein wants to see you right away."
I knocked at the door of :log and heard a loud "herein." When

I opened the door I saw a hand stretched out energetically. It
was Einstein, looking older than when I had met him in Berlin,
older than the elapsed sixteen years should have made him. His
long hair was gray, his face tired and yellow, but he had the
same radiant deep eyes. He wore the brown leather jacket in
which he has appeared in so many pictures. (Someone had given
it to him to wear when sailing, and he had liked it so well that
he dressed in it every thy.) Es shirt was without a collar, his
brown trousers creased, And he wore sh,s;:s without socks. I
expected a brief private conversation, questions about my cross-
ing, Europe, Born, etc. Nothing of the kind:

"Do you speak German?"
"Yes," I answered.
"Perhaps I can tell you on what I am working."
Quietly he took a piece of chalk, went to the blackboard and

started to deliver a perfect lecture. The calmness with which
Einstein spoke was striking. There was nothing of the restless-
ness of a scientist who, explaining the problems with which he
has lived for years, assumes that they are equally familiar to the
listener and proceeds quickly with his exposition. Before going
into details Einstein sketched the philosophical background
for the problems on which he was working. Walking slowly and
with dignity around the room, going to the blackboard from
time to time to write down mathematical equations, keeping a
dead pipe in his mouth, he formed his sentences perfectly.
Everything that he said could have been printed as he said it and
every sentence would make perfect sense. The exposition was
simple, profound and clear.

I listened carefully and understood everything. The ideas be-
hind Einstein's papers are aways so straightforward and funda-
mental that I believe I shall be able to express some of them in
simple language.

There are two fundamental concepts in the development of
physics: field and matter., The old physics which developed
from Galileo and Newton, up to the middle of the nineteenth
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Lentury, is a physics of matter. The old mechanical point of
view is based upon the belief that we can explain all phenomena
in nature by assuming particles and simple forces acting among
them. In mechanics, while investigating the motion of the plan-
ets around the sun, we have the most triumphant model of the
old view. Sun and planets are treated as particles, with the forces
among them depending only upon their relative distances. The
forces decrease if the distances increase. This is a typical model
which the mechanist would like to apply, with some unessential
changes, to the description of all physical phenomena.

A container with gas is, for the physicist, a conglomeration of
small particles in haphazard motion. Herefrom the planetary
system to a gaswe pass in one great step from "macrophysics"
to "microphysics," from phenomena accessible to our immediate
observation to phenomena described by pictures of particles
with masses so small that they lie beyond any possibility of di-
rect measurement. It is our "spiritual" picture of gas, to which
there is no immediate access for our senses, a microphysical pic-
ture which we are forced to form in order to understand ex-
perience.

Again this picture is of a mechanical nature. The forces among
the particles of a gas depend only upon distances. In the motions
of the stars, planets, gas particles, the human mind of the nine-
teenth century saw the manifestation of the same mechanical
view. It understood the world of sensual impressions by forming
pictures of particles and assuming simple forces acting among
them. The philosophy of nature from the beginning of physics
to the nineteenth century is based upon the belief that to under-
stand phenomena means to use in their explanation the concepts
of particles and forces which depend only upon distances.

To understand means always to reduce the complicated to the
simple and familiar. For the physicists of the nineteenth century,
to explain meant to form a mechanical picture from which the
phenomena could be deduced. The physicists of the past century
believed that it is possible to form a mechanical picture of the
universe, that the whole universe is in this sense a great and com-
plicated mechanical system.
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Through slow, painful struggle and progress the mechanical
view broke down. It became apparent that the simple concepts
of particles and forces are not sufficient to explain all phenomena
of nature. As so often happens in physics, in the time of need
and doubt, a great new idea was boric that of the field. The old
theory states: particles and the forces between them are the
basic concepts. The new theory states: changes in space, spread-
ing in time through all of space, are the basic concepts of our
descriptions. These basic changes characterize the field.

Electrical phenomena were the birthplace of the field concept.
The very words used in talking about radio wavessent, spread,
receivedimply changes in space and therefore field. Not par-
ticles in certain points of space, but the whole continuous space
forms the scenery of events which change with time.

The transition from particle physics to field physics is un-
doubtedly one of the greatest, and, as Einstein believes, the
greatest step accomplished in the history of human thought.
Great courage and imagination were needed to shift the respon-
sibility for physical phenomena from particles into the previ-
ously empty space and to formulate mathematical equations
describing the changes in space and time. This great change in
the history of physics proved extremely fruitful in the theory of
electricity and magnetism. In fact this change is mostly respon-
sible for the great technical development in modern times.

We now know for sure that the old mechanical concepts are
insufficient for the description of physical phenomena. But are
the field concepts sufficient? Perhaps there is a still more primi-
tive question:, I see an object; how can I understand its exis-
tence? From the point of view of a mechanical theory the
answer would be obvious: the object consists of small particles
held together by forces. But we can look upon an object as upon
a portion of space where the field is very intense or, as we say,
where the energy is especially dense. The mechanist says: here
is the object localized at this point of space. The field physicist
says: field is everywhere, but it diminishes outside this portion
so rapidly that my senses are aware of it only in this particular
portion of space.
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Basically, three views are possible:
r. The mechanistic: to reduce everything to particles and

forces acting among them, depending only on distances.
z. The field view: to reduce everything to field concepts con-

cerning continuous changes in time and space.
3. The dualistic view: to assume the existence of both matter

and field.
For the present these three cases exhaust the possibil;ties of a

philosophical approach to basic physical problems. The past
generation believed in the first possibility. None of the present
generation of physicists believes in it any more. Nearly all physi-
cists accept, for the present, the third view, assuming the ex-
istence of both matter and field.

But the feeling of beauty and simplicity is essential to all
scientific creation and forms the vista of future theories; where
does the development of science lead? Is not the mixture of
field and matter something temporary, accepted only out of
necessity because we have not yet succeeded in forming a con-
sistent picture based on the field concepts alone? Is it possible to
form a pure field theory and to create what appears as matter
out of the field?

These are the basic problems, and Einstein is and always has
been interested in basic problems. He said to me once:.

"I am really more of a philosopher than a physicist."
There is nothing strange in this remark. Every physicist is a

philosopher as well, although it is possible to be a good ex-
perimentalist and a bad philosopher. But if one takes physics
seriously, one can hardly avoid coming in contact with the fun-
damental philosophic questions.

General relativity theory (so called in contrast to special
relativity theory, developed earlier by Einstein) attacks the
problem of gravitation for the first time since Newton. New-
ton's theory of gravitation fits the old mechanical view perfectly.
We could say more. It was the success of Newton's theory that
caused the mechanical view to spread over all of physics. But
with the triumphs of the field theory of physics a new task ap-
peared: to fit the gravitational problem into the new field frame.

Einstein
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This is the work which was done by Einstein. Formulating the
equations for the gravitational field, he did for gravitational
theory what Faraday and Maxwell did for the theory of elec-
tricity. This is of course only one aspect of the theory of rela-
tivity and perhaps not the most important one, but it is a part of
the principal problems on which Einstein has worked for the
last few years and on which he is still working.

Einstein finished his introductory remarks and told me why he
did not like the way the problem of a unitary field theory had
been attacked by Born and me. Then he told me of his unsuc-
cessful attempts to understand matter as a concentration of the
field, then about his theory of "bridges" and the difficulties
which he and his collaborator had encountered while developing
that theory during a whole year of tedious work.

At this moment a knock at the door interrupted our conver-
sation. A very small, thin man of about sixty entered, smiling and
gesticulating, apologizing vividly with his hands, undecided in
what language to speak. It was Levi-Civita, the famous Italian
mathematician, at that time a professor in Rome and invited to
Princeton for half a year. This small, frail man had refused some
years before to swear the fascist oath designed for university
professors in Italy.

Einstein had known Levi-Civita for a long time. But the form
in which he greeted his old friend for the first time in Princeton
was very similar to the way he had greeted me. By gestures
rather than words Levi-Civita indicated that he did not want
to disturb us, showing with both his hands at the door that he
could go away. To emphasize the idea he bent his small body in
this direction.

It was my turn to protest:
"I can easily go away and come some other time."
Then Einstein protested:
"No. We can all talk together. I shall repeat briefly what I

said to Infeld just now. We did not go very far. And then we
can discuss the later part."

We all agreed readily, and Einstein began to repeat his intro-
ductory remarks more briefly. This time "English" was chosen
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as the language of our conversation. Since I had heard the first
part before, I did not need to be very attentive and could enjoy
the show. I could not help laughing. Einstein's English was very
simple, containing about three hundred words pronounced in a
peculiar way. He had picked it up without having learned the
language formally. But every word was understandable because
of his quietness, slow tempo and the distinct, attractive sound
of his voice. Levi-Civita's English was much worse, and the
sense of his words melted in the Italian pronunciation and vivid
gestures. Understanding was possible between us only because
mathematicians hardly need words to understand each other.
They have their symbols and a few technical terms which are
recognizable even when deformed.

I watched the calm, impressive Einstein and the small, thin,
broadly gesticulating Levi-Civita as they pointed out formulae
on the blackboard and talked in a language which they thought
to be English. The picture they made, and the sight of Einstein
pulling up his baggy trousers every few seconds, was a scene,
impressive and at the same time comic, which I shall never for-
get. I tried to restrain myself from laughing by saying to myself:

"Here you are talking and discussing physics with the most
famous scientist in the world and you want to laugh because he
does not wear suspenders!" The persuasion worked and I man-
aged to control myself just as Einstein began to talk about his
latest, still unpublished paper concerning the work done during
the preceding year with his assistant Rosen.

It was on the problem of gravitational waves. Again I believe
that, in spite of the highly technical, mathematical character of
this work, it is possible to explain the basic ideas in simple words.

The existence of electromagnetic waves, for example, light
waves, X rays or wireless waves, can be explained by one theory
embracing all these and many other phenomena: by Maxwell's
equations governing the electromagnetic field. The prediction
that electromagnetic waves must exist was prior to Hertz's ex-
periment showing that the waves do exist.

General relativity is a field theory and, roughly speaking, it
does for the problem of gravitation what Maxwell's theory did
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for the problem of electromagnetic phenomena. It is therefore
apparent that the existence of gravitational waves can be de-
duced from general relativity just as the existence of electro-
magnetic waves can be deduced from Maxwell's theory. Every
physicist who has ever studied the theory of relativity is con-
vinced on this point. In their motion the stars send out gravi-
tational waves, spreading in time through space, just as oscillat-
ing electrons sew' out electromagnetic waves. It is a common
feature of all field theories that the influence of one object on
another, of one electron or star on another electron or star,
spreads through space with a great but finite velocity in the form
of waves. A superficial mathematical investigation of the struc-
ture of gravitational equations showed the existence of gravita-
tional waves, and it was always hclieved that a more thorough
examination could only confirm this result, giving some finer
features of the gravitational waves No one cared about a deeper
investigation of this subject because in nature gravitational
waves, or gravitational radiation, seem to play a very small role.
It is different in Maxwell's theory, where the electromagnetic
radiation is essential to the description of natural phenomena.

So everyove believed in gravitational wales. In the previous
two years Einstein had begun to doubt their existence. If we in-
vestigate the problem superficially, they seem to exist. But Ein-
stein claimed that a deeper analysis flatly contradicts the pre-
vious statement. This result, if true, would be of a fundamental
nature. It would reveal something which would astomd every
physicist: that field theory and the existence of waves are not
as closely coanected as previously thought. It would show us
once more that the first intuition ma,7 be wrong, that deeper
mathematical analysis may give us ne md unexpected results
quite different from those foreseen when only scratching the
surface of gravitational equations.

I was very much interested in this result, though somewhat
skeptical. During my scientific career I had learned that you may
admire someone and regird him as the greatest scientist in the
world but you must trust. your own brain still more. Scientifc.
creation would become sterile if results were authoritatively or
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dogmatically accepted. Everyone has his own intuition. Every-
one has his fairly rigidly determined level of achievement and
is capable only of small up-and-down oscillations around it.
To know this level, to know one's place in the scientific world,
is essential. It is good to be master in the restricted world of your
own possibilities and to outgrow the habit of accepting results
before they have been thoroughly tested by your mind.

Both Levi-Civita and I were impressed 'oy the conclusion re-
garding the nonexistence of gravitational waves, although there
was no time to develop the technical methods which led to this
conclusion. Levi-Civita indicated that he had a luncheon ap-
pointment by gestures so vivid that they made me feel hungry.
Einstein asked me to accompany him home, where he would give
me the manuscript of his paper. On the way we talked physics.
This overdose of science began to weary me and I had difficulty
in following him. Einstein talked on a subject to which we re-
turned in our conversations many times later. He explained why
he did not find the modern quantum mechanics aesthetically
satisfactory and why he believed in its provisional character
which would be changed fundamentally by future development.

He took me to his study with its great window overlooking
the bright autumn colors of his lovely garden, and his first and
only remark which did not concern physics was:

"There is a beautiful view from this window."
Excited and happy, I went home with the manuscript of Ein-

stein's paper. I felt the anticipation of intense emotions which
!ways accompany scientific work: the sleepless nights in which

imagination is most vivid and the controlling criticism weakest,
the ecstasy of seeing the light, the despair when a long and
tedious road leads nowhere; the attractive mixture of happiness
and unhappiness. All this was before me, raised to the highest
level because I was working in the best place in the world.

Einstein
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THE PROGRESS OF rvIY WORK with Einstein brought an in-
creasing intimacy between us. More and more often we talked of
social problems, politics, human relations, science, philosophy,
life and death, fame and ly.ppiness and, above all, about the
future of science and its ultimate aims. Slowly I came to know
Einstein better and better. I could foresee his reactions; I under-
stood his attitude which, although strange and unusual, was
always fully "onsistent with the essential features of his per-
sonality.

Seldom has anyone met as many people in his life as Einstein
has. Kings and presidents have entertained him; everyone is
eager to meet him and to secure his friendship. It is compara-
tively easy to meet Einstein but difficult to know him. His mail
brings him letters from all over the world which he tries to an-
swer as long as there is any sense in answering. But through all
the stream of events, the impact of people and social life forced
upon him, Einstein remains lonely, loving solitude, isolation and
conditions which secure undisturbed work.

A few years ago, in London, Einstein made a speech in Albert
Hall on behalf of the refugee scientists, the first of whom had
begun to pour out from Germany all over the world. Einstein
said then that there are many positions, besides those hi universi-
ties, which would be suitable for scientists. As an example he
mentioned a lighthouse keeper. This would be comparatively
easy work which would allow one to contemplate and to do
scientific research. His remark seemed funny to every scientist.
But it is quite understandable from Einstein's point of view. One
of the consequences of loneliness is to judge everything by one's
own standards, to be unable to change one's co-ordinate sys-
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tern by putting oneself into someone else's being. I always
noticed this difficulty in Einstein's reactions. For him loneliness,
life in a lighthouse, would be most stimulating, would free him
from so many of the duties which he hates. In fact it would be
for him the ideal life. But nearly every scientist thinks just the
opposite. It was the curse of my life that for a long time I was
not in a scientific atmosphere, that I had no one with whom to
talk physics. It is commonly known that stimulating environ-
ment strongly influences the scientist, that he may do good
work in a scientific atmosphere and that he may become sterile,
his ideas dry up and all his research activity die if his environ-
ment is scientifically dead. I knew that put back in a gymnasium,
in a provincial Polish town, I should not publish anything, and
the same would have happened to many another scientist better
than I. But genius is an exception. Einstein could work any-
where, and it is difficult to convince him that he is an exception.

He regards himself as extremely lucky in life because he never
had to fight for his daily bread. He enjoyed the years spent in
the patent office in Switzerland. HP nund the atmosphere more
friendly, more human, less marred intrigue than at the uni-
versities, and he had plenty of time for scientific work.

In connection with the refugee problem he told me that he
would not have minded working with his hands for his daily
bread, doing something useful like making shoes and treating
physics only as a hobby; that this might be more attractive than
earning money from physics by teaching at the university.
Again something deeper is hidden behind this attitude. It is the
"religious" feeling, bound up with scientific work, recalling that
of the early Christian ascetics. Physics is great and important.
It is not quite right to earn money by physics. Better to do
something different for a living, such as tending a lighthouse or
making shoes, and keep physics aloof and clean. Naive as it may
seem, this attitude is consistent with Einstein's character.

I learned much from Einstein in the realm of physics. But
what I value most is what I was taught by my contact with him
in the human rather than the scientific domain. Einstein is the
kindest, most understanding and helpful man in the world. But

t:Iftsteft)
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again this somewhat commonplace statement must not he taken
literally.

The feeling of pity is one of the sources of human kindness.
Pity for the fate of our fellow men, for the misery around us,
for the ;offering of human beings, stirs our emotions by the
resonance of sympathy Our own attachments to life and people,
the tics which bind us to the outside world, awaken our emo-
tional response to the struggle and suffering outside ourselves.
But there is also another entirely different source of human
kindness. It is the detached feeling of duty based on aloof, clear
reasoning. Good, clear thinking leads to kindness and loyalty
because this is what makes life simpler, fuller, richer, diminishes
friction and unhappiness in our environment and therefore also
in our lives. A sound social attitude, helpfulness, friendliness,
kindness, may come from both these different sources; to express
it anatomically, from heart and brain. As the years passed 7
learned to value more and more the second kind of decency t:iat
arises from clear thinking. Too often I have seen how emotions
unsupported by clear thought are useless if not destructive.

Here again, as I see it, Einstein represents a limiting case. I had
never encountered so much kindness that was so completely
detached. Though only scientific ideas and physics really matter
to Einstein, he has never refused to help when he felt that his
help was needed and could be effective. He wrote thousands of
letters of recommendation, gave advice to hundreds. For hours
he talked with a crank because the family had written that
Einstein was the only one who could cure him. Einstein is kind,
smiling, understanding, talk :five with people whom he meets,
waiting patiently for the moment when he will be left alone to
return to his work.

Einste;n wrote about himself:

My passionate interest in social justice and social responsibility
has always stood in curious contrast to a marked lack of desire for
direct association with men and women. I am a horse for single
harness, not cut out for tandem or teamwork. I have never belonged
wholeheartedly to country or state, to my circle of friends or even
to my own family These ties have always been accompanied by a



vague aloofness, and the wish to withdraw into myself incre .N-s
with the years.

Such isolation is sometimes bitter, but I do not regret being cut
off from the understanding and sympathy of other men. I lose
something by it, to be sure, but I am comi msatPd for it in being
rendered independent of the customs, opinions .ind prejudices of
others and am not tempted to rest my peace of mind upon such
shifting foundations.

For scarcely anyone is fame so undesired and meaningless as
for Einstein. It is not that he has learned the bitter taste of fame,
as frequently happens, after having desired it. Einstein told me
that in his youth he had always wished to be isolated from the
struggle of life. He was certainly the last man to have sought
fame. But fame came to him, perhaps the greatest a scientist ha3
ever known. I often wondered why it came to Einstein. His ideas
have not influenced our practical life. No electric light, no tele-
phone, no wireless is connected with his name. Perhaps the only
important technical discovery which takes its origin in Ein-
stein's theoretical work is that of the photoelectric cell. But
Einstein is certainly not famous becaus, of this discovery. It is
his work on relativity theory which has made his name known
to all the civilized world. Does the reason lie in the great influ-
ence of Einstein's theory upon philosophical thought? This
again cannot be the whole explanation. The latest developments
in quantum mechanics. its connection with determinism and in-
determinism, influenced philosophical thought fully as much.
But the names of Bohr and Heisenberg have not the glo-y that
is Einstein's. The reasons for the great fame which diffused
deeply among the masses of people, most of them removed from
creative scientific work, incapable of estimating his work, must
be manifold and, I believe, sociological in character. The ex-
planation was suggested to me by discussions with one of my
friends in England.

It was in 1919 that Einstein's fame began. At this time his great
achievement, the structure of the special and general relativity
theories, was essentially finished. As a matter of fact it had been
completed five years before. One of the consequences of the

Einstein
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general relativity theory may be described as follows: if we
photograph a fragment of the heavens during a solar eclipse
and the same fragment in normal conditions, we obtain slightly
different pictures. The gravitational field of the sun slightly dis-
turbs and deforms the path of light, therefore the photographic
picture of a fragment of the heavens will vary somewhat during
the solar eclipse from that under normal conditions. Not only
qualitatively but quantitatively the theory of relativity predicted
the difference in these two pictures. English scientific expedi-
tions sent in 1919 to different parts of the world, to Africa
and South America, confirmed this prediction made by Einstein.

Thus began Einstein's great fame. Unlike that of film stars,
politicians and boxers, the fame persists. There are no signs of
its diminishing; there is no hope of relief for Einstein. The fact
that the theory predicted an event which is as far from our
everyday life as the stars to which it refers, an event which
follows from a theory through a long chain of abstract argu-
ments, seems '.--.2rdly sufficient to raise the enthusiasm of the
masses. But it did. And the reason must be looked for in the
postwar psychology.

It was just after the end of the war. People were weary of
hatred, of killing and international intrigues. The trenches,
bombs and murder had left a bitter taste. Books about war did
not sell. Everyone looked for a new era of peace and wanted to
forget the war. Here was something which captured the imagi-
nation: human eyes looking from an earth covered with graves
and blood to the heavens covered with stars. Abstract thought
carrying the human mind far away from the sad and disappoint-
ing reality. The mystery of the sun's eclipse and the penetrating
power of the human mind. Romantic scenery, a strange glimpse
of the eclipsed sun, an imaginary picture of bending light rays,
all removed from the oppressive reality of life. One further
reason, perhaps even more important: a new event was pre-
dicted by a German scientist Einstein and confirmed by English
astronomers. Scientists belonging to two warring nations had
collaborated again! It seemed the beginning of a new era.

It is difficult to resist fame and not to be influenced by it. But
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fame has had no effect on Einstein. And again the reason lies in
his internal isolation, in his aloofness. Fame bothers him when
and as long as it impinges on his life, but he ceases to be con-
scious of it the moment he i- left alone. Einstein is unaware of
his fame and forgets it when he is allowed to forget it.

Even in Princeton everyone looks with hungry, astonished
eyes at Einstein. During our walks we avoided the more
crowded streets to walk through fields and along forgotten by-
ways. Once a car stopped us and a middle-aged woman got out
with a camera and said, blushing and excited:

"Professor Einstein, will you allow me to take a picture of
you?"

"Yes, sure."
He stood quiet for a second, then continued his argument.

The scene did not exist for him, and I am sure after a few min-
utes he forgot that it had ever happened.

Once we went to a movie in Princeton' to see the Life of Emile
Zola. After we had bought our tickets we went to a crowded
waiting room and found that we should have to wait fifteen
minutes longer.. Einstein suggested that we go for a walk. When
we went out I said to the doorman:

"We shall return in a few minutes."
But Einstein became seriously concerned and added in all

innocence:
"We haven't our tickets any more. Will you recognize us?"
The doorman thought we were joking and said, laughing:
"Yes, Professor Einstein, I will."
Einstein is, if he is allowed to be, completely unaware of his

fame, and he furnishes a unique example of a character un-
touched by the impact of the greatest fame and publicity. But
there are moments when the aggressiveness of the outside world
disturbs his peace. He once told me:

"I envy the simplest working man. He has his privacy."
Another time he remarked:
"I appear to myself as a swindler because of the great pub-

licity about me without any real reason."

A-

53



Einstein understands everyone beautifully when logic and
thinking are needed. It is much less easy, however, where emo-
tions are concerned; it is difficult for him to imagine motives
and emotions other than those which are a part of his life. Once
he told me:,

"I speak to everyone in the same way, whether he is the
garbage man or the president of the university."

I remarked that this is difficult for other people. That, for
example, when they meet him they feel shy and embarrassed,
that it takes time for this feeling to disappear and that it was so
in my case. He said:

"I cannot understand this. Why should anyon:, be shy with
me?"

If my explanation concerning the beginning of Einstein's fame
is correct, then there still remains another question, to be an-
swered: why does this fame cling so persistently to Einstein in a
changing world which scorns today its idols of yesterday? 1 do
not think the answer is difficult.

Everything that Einstein did, everything for which he stood,
was always consistent with the primary picture of him in the
minds of the people. His voice was always raised in defense of
the suppressed; his signature always appelred in defense of lib-
eral causes. He was like a saint with two halos around his head.
One was formed of ideas of justice and progress, the other of
abstract ideas about physical theories which, the more abstruse
they were, the more impressive they seemed to the ordinary
man. His name became a symbol of progress, humanity and
creative thought, hated and despised by those who spread hate
and who attack the ideas for which Einstein's name stands.

From the same source, from the desire to defend the op-
pressed, arose his interest in the Jewish problem. Einstein himself
was not reared in the Jewish tradition. It is again his detached
attitude of sympathy, the rational idea that help must be given
where help is needed, that brought him near to the Jewish
problem. Jews have made splendid use of Einstein's gcnt.le atti-
tude. He once said:
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"I am something of a Jewish saint. When I die the Jews will
take my bones to a banquet and collect money."

In spite of Einstein's detachment I had often the impression
that the Jewish problem is nearer his heart than any other social
problem. The reason may be that I met him just at the time
when the Jewish tragedy was greatest and perhaps, also, because
he believes that there he can be most helpful.

Einstein also fully realized the importance of the war in Spain
and foresaw that on its outcome not only Spain's fate but the
future of the world depended. I remember the gleam that came
into his eyes when I told him that the afternoon papers carried
news of a Loyalist victory.

"That sounds like an angers song," he said with an excite-
ment which I had hardi ever noticed before. But two minutes
later we were writing down formulae and the external world
had again ceased to exist.

It took me a long time to realize that in his aloofness and isola-
tion lie the simple keys leading to an understanding of many
of his actions. I am quite sure that the day Einstein received the
Nobel prize he was not in the slightest degree excited and that
if he did not sleep well that it was because of a problem which
was bothering him and not because of the scientific distinction.
His Nobel prize medal, together with many others, is laid aside
among papers, honorary degrees and diplomas in the room
where his secretary works, and I am sure that Einstein has no
clear idea of what the medal looks like.

Einstein tries consciously to keep his aloofness intact by
small idiosyncrasies which may seem strange but which increase
his freedom and further loosen his ties with the external world.
He never reads articles about himself. He said that this helps
him to be free. Once I tried to break his habit. In a French
newspaper there was an article about Einstein which was repro-
duced in many European papers, even in Poland and Lithuania.
I have never seen an article which was further from the truth
than this one: For example, the author said that Einstein wears
glasses, lives in Princeton in one room on the fifth floor, comes to
the institute at 7 A.M., always wears black, keeps many of his
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technical discoveries secret, etc. The article could be character-
ized as the peak of stupidity if stupidity could be said to have a
peak. Fine Hall rejoiced in the article and hung it up as a curi-
osity on the bulletin board at the entrance. I thought it so funny
that I read it to Einstein. who at my request listened carefully
but was little interested and refused to be amused. I could sec
from his expression that he failed to understand why I found it
so funny.

One of my colleagues in Princeton asked me:
"If Einstein dislikes his fame and would like to increase his

privacy, why does he not do what ordinary people do? Why
does he wear long hair, a funny leather jacket, no socks, no
suspenders, no collars, no ties?"

The answer is simple and can easily be deduced from his
aloofness and desire to loosen his ties with the outside world.
The idea is to restrict his needs and, by this restriction, increase
his freedom. We are slaves of millions of things, and our slavery
progresses steadily. For a week I tried an electric razorand one
more slavery entered my life. I dreaded spending the summer
where there was no electric current. We are slaves of bathrooms,
Frigidaires, cars, radios and millions of other things. Einstein
tried to reduce them to tile absolute minimum. Long hair mini-
mizes the need for the barber. Socks can be done without.. One
leather jacket solves the coat problem for many years. Suspend-
ers are superfluous, as are nightshirts and pajamas. It is a mini-
mum problem which Einstein has solved, and shoes, trousers,
shirt, jacket, are the very necessary things; it would be difficult
to reduce them further.

I like to imagine Einstein's behavior in an unusual situation.
For example: Princeton is bombed from the air; explosives fall
over the city, people flee to shelter, pa lie spreads over the town
and everyone loses his head, increasing the chaos and fear by his
behavior. If this situation should find Einstein walking through
the street, he would be the only man to remain as quiet as before.
He would think out what to do in this situation; he would do it
without accelerating the normal speed of his motions and he
would still keep in mind the problem on which he was thinking.
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There is no fear of death in Einstein. He said to me once:
"Life is an exciting show. I enjoy it. It is wonderful. But if I

knew that I should have to die in three hours it would impress
me very little. I should think how best to use the last three hours,
then quietly order my papers and lie peacefully down."

Einstein
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Mr. Tompkins and Simultaneity

George Gamow

Mr Tompkins was very amused about his adventures in the
relativistic city, but was sorry that the professor had not been with
him to give any explanation of the strange things he had observed:
the mystery of how the railway brakeman had been able to pre-
vent the passengers from getting old worried him especially.
Many a night he went to bed with the hope that he would see this
interesting city again, but the dreams were rare and mostly un-
pleasant; last time it was the manager of the bank who was firing
him for the uncertainty he introduced into the bank accounts..
so now he decided that he had better take a holiday, and go for a

week somewhere to the sea. Thus he found himself sitting in a
compartment of a train and watching through the window the
grey roofs of the city suburb gradually giving place to the green
meadows of the countryside. He picked up a newspaper and tried
to interest himself in the Vietnam conflict. But it all seemed to be
so dull, and the railway carriage rocked him pleasantly ....

When he lowered the paper and looked out of the wind )w
again the landscape had changed considerably. The telegraph
poles were so close to each other that they looked like a hedge,
and the trees had extremely narrow crowns and were like Italian
cypresses. Opposite to him sat his old friend the professor, look-
ing through the window with great interest. He had probably
got in while Mr Tompkins was busy with his newspaper.

We are in the land of relativity,' said Mr Tompkins, 'aren't we?'
`Oh!,' exclaimed the professor, you know so much already!

Where did you learn it from?'
`I have already been here once, but did not have the pleasure of

your company then.'
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' So you are probably going to be my guide this time,' the old
man said.

`I should say not,' retorted Mr Tompkins. 'I saw a lot of
unusual things, but the local people to whom I spoke could not
understand what my trouble was at all.'

' Naturally enough,' said the professor. ' They are born in this
world and consider all the phenomena happening around them as

self-evident. But I imagine they would be quite surprised if they
happened to get into the world in which you used to live. It would
look so remarkable to them.'

`May I ask you a question?' said Mr Tompkins. 'Last time
I was here, I met a brakeman from the railway who insisted that
owing to the fact that the train stops and starts again the passengers
grow old less quickly than the people in the city. Is this magic, or
is it also consistent with modern science?'

' There is never any excuse for putting forward magic as an
explanation,' said the professor. ' This follows directly from the
laws of physics. It was shown by Einstein, on the basis of his
analysis of new (or should I say as-old-as-the-world but newly
discovered) notions of space and time, that all physical processes
slow down when the system in which they are taking place is
changing its velocity. In our world the effects are almost un-
observably small, but here, owing to the small velocity of light,
they are usually very obvious. If, for example, you tried to boil
an egg here, and instead of letting the saucepan stand quietly on
the stove moved it to and fro, constantly changing its velocity, it
would take you not five but perhaps six minutes to boil it properly.
Also in the human body all processes slow down, if the person is
sitting (for example) in a rocking chair or in a train which changes
its speed; we live more slowly under such conditions. As, how-
ever, all processes slow down to the same extent, physicists prefer
to say that in a non-uniformly moving system time flows more slowly .'

' But do scientists actually observe such phenomena in our
world at home?'



` They do, but it requires considerable skill. It is technically
very difficult to get the necessary accelerations, but the conditions
existing in a non-,. niformly moving system are analogous, or
should I say identical, to the result of the action of a very large
force of gravity. You may have noticed that when you are in an
elevator which is rapidly accelerated upwards it seems to you that
you have grown heavier; on the contrary, if the elevator starts
downward (you realize it best when the rope breaks) you feel as
though you were losing weight. The explanation is that the gravi-
tational field created by acceleration is added to or subtracted
from the gravity of the earth. Well, the potential ofgravity on the
sun is much larger than on the surface of the earth and all processes
there should be therefore slightly slowed down. Astronomers do
observe this.'

' But they cannot go to the sun to observe it?'
' They do not need to go there. They observe the light coming

to us from the sun. This light is emitted by the vibration of dif-
ferent atoms in the solar atmosphere. If all processes go slower
there, the speed of atomic vibrations also decreases, and by com-
paring the light emitted by solar and terrestrial sources one can
see the difference. Do you know, by the way' the professor
interrupted himself `what the name of this little station is that
we are now passing?'

The train was rolling along the platform ofa little countryside
station which was quite empty except for the station master and a
young porter sitting on a luggage trolley and reading a news-
paper. Suddenly the station master threw his hands into the air
and fell down on his face. Mr Tompkins did not hear the sound of
shooting, which was probably lost in the noise of the train, but the
pool of blood forming round the body of the station master left
no doubt. The professor immediately pulled the emergency cord
and the train stopped with a jerk. When they got out of the
carriage the young porter was running towards the body, and a
country policeman was approaching.
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`Shot through the heart,' said the policeman after inspecting the
body, and, putting a heavy hand on the porter's shoulder, he went
on ' I am arresting you for the murder of the station master.'

I didn't kill him,' exclaimed the unfortunate porter. I was
reading a newspaper when I heard the shot. These gentlemen from
the train have probably seen all and can testify that I am innocent.'

Yes,' said Mr Tompkins, I saw with my own eyes that this
man was reading his paper when the station master was shot.
I can swear it on the Bible.'

But you were in the moving train,' said the policeman, taking
an authoritative tone, 'and what you saw is therefore no evider.ce
at all. As seen from the platform the man could have been shoot-
ing at the very same moment. Don't you know that simultaneous-
ness depends on the system from which you observe it? Come
along quietly,' he said, turning to the porter.

Excuse me, constable,' interrupted the professor, but you are
absolutely wrong, and I do not think that at headquarters they will
like your ignorance. It is true, ofcourse, that the notion of simul-
taneousness is highly relative in your country. It is also true that
two events in different places could be simultaneous or not,
depending on the motion of the observer. But, even in your
country, no observer could see the consequence before the cause.
You have never received a telegram before it was sent, have you?
or got drunk before opening the bottle? As I understand you, you
suppose that owing to the motion of the train the shooting would
have been seen by us much later than its effect and, as we got out
of the train immediately we saw the station master fall, we still had
not seen the shooting itself. I know that in the police force you
are taught to believe only what is written in your instructions, but
look into them and probably you will find something about it.'

The professor's tone made quite an impression on the police-
man and, pulling out his pocket book of instructions, he started to
read it slowly through. Soon a smile of embarrassment spread out
across his big, red face.



' Here it is,' said he, 'section 37, subsection u, paragraph e:
"As a perfect alibi should be recognized any authoritative proof,
from any moving system whatsoeN tr, that at the moment of the
crime or within a time interval ± cd (c being natural speed limit
and d the distance from the place of the crime) the suspect was seen
in another place."'

' You are free, my good man,' he said to the porter, and then,
turning to the professor: ' Thank you very much, Sir, for saving
me from trouble with headquarters. I am new to the force and
not yet accustomed to all these rules. But I must report the
murder anyway,' and he went to the telephone box. A minute
later he was shouting across the platform. 'All is in order now !
They caught the real murderer when he was running away from
the station. Thank you once more !'

`I may be very stupid,' said Mr Tompkins, when the train
started again, `but what is all this business about simultaneous-
ness? Has it really no meaning in this country?'

`It has,' was the answer, 'but only to a certain extent; other-
wise I should not have been able to help the porter at all. You see,
the existence of a natural speed limit for the motion ofany body or
the propagation of any signal, makes simultaneousness in our
ordinary sense of the word lose its meaning. You probably will
see it more easily this way. Suppose you have a friend living in a
far-away town, with whom you correspond by letter, mail train
being the fastest means of communication. Suppose now that
something happens to you on Sunday and you learn that the same
thing is going to happen to your friend. It is clear that you cannot
let him know about it before Wednesday. On the other hand, if
he knew in advance about the thing that was going to happen to
you, the last date to let you know about it would have been the
previous Thursday. Thus for six days, from Thursday to next
Wednesday, your friend was not able either to influence your fate
on Sunday or to learn about it. From the point of view of causality
he was, so to speak, excommunicated from you for six days.'

63



What about a telegram?' suggested Mr Tompkins.
' Well, I accepted that the velocity of the mail train was the

maximum possible velocity, which is about correct in this
country. At home the velocity of light is the maximum velocity
and you cannot send a signal faster than by radio.'

`But still,' said Mr Tompkins, 'even if the velocity of the mail
train could not be surpassed, what has it to do with simultaneous-
ness? My friend and myself would still have our Sunday dinners
simultaneously, wouldn't we?'

' No, that statement would not have any sense then one ob-
server would agree to it, but there would be others, making their
observations from different trains, who would insist that you eat
your Sunday dinner at the same time as your friend has his Friday
breakfast or Tuesday lunch. But in no way could anybody
observe you and your friend sin ultaneously having meals more
than three days apart.'

'But how can all this happen?' exclaimed Mr Tompkins un-
believingly.

`In a very simple way, as you might have noticed from my
lectures. The upper limit of velocity must remain the same as
observed from different moving systems. If we accept this we
should conclude that.

But their conversation was interrupted by the train arriving at
the station at which Mr Tompkins had to get out.
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Mathematics and Relativity

Eric M. Rogers

Atathemahcs as Language

The scientist, collecting information, formulating
schemes, building knowledge, needs to express him-
self in clear language, but ordinary languages are
much more vague and unreliable than most people
think. "I love vegetables" is so vague that it Is almost
a disgrace to a civilized languagea few savage
cries could make as full a statement "A thermometer
told me the temperature of the bath water: Ther-
mometers don't "tell." All you do is try to decide on
its reading by staring at itand you are almost cer-
tainly a little wrong A thermometer does not show
the temperature of the water, it shows 1, own tem-
perature Some of these quarrels relate to the physics
of the matter, but they are certainly not helped by
the wording We can make our statements safer by
being more careful, but our science still emerges
with wording that needs a series of explanatory
footnotes In contrast, the language of mathematics
says what it means with amazing brevity and hon-
esty When we write 2x2 3x + 1 = 0 we make a
very definite, though very dull, statement about x
One advintage of using mathematics in science is
ttiat we can make it write what we want to say with
accuracy, avoiding vagueness and unwanted extra
meanings The remark -au At = 32" makes a clear
statement without dragging in a long, wordy de-
scription of acceleration ri = 16tz tells us how a
rock falls without adding any comments on mass or
gravity

Mathematics is of great use as a shorthand, both in
stating relationships and in carrying cut complicated

arguments, as when we amalgamate several relation.
ships. We can say, for uniformly accelerated motion,
the distance travelled is the sum of the product of

initial velocity and time, and half the product of the
acceleration and thc square of thc time: but it is
shorter to say, "s = vor Li. at:: If we tried to oper-
ate with wordy statements instead of algebra. we
should still be able to start with two accelerated-
motion relations and extract a third one, as when
we obtained v2 = vo2 gas in Chapter 1, Appendix
A, but, without the compact shorthand of algebra.
it would be a brain-twister argument Going still
further, into discussions where wc use the razor-
sharp algebra called calculus, arguing in words
would be impossibly complex and cumbersome. In
such cases mathematics is like a sausage - machine that
operates with the rules of logical argument instead
of wheels and pistons. It takes in the scientific in-
formation we providefacts and 7.-lationships from
experiment, and schemes from (-Air minds, dreamed
up as guesses to be triedu.d rehashes them into
new form Like the real sausage- machine. it does not
always deliver to the new sausage all thc material
fed in, but it never delivers anything that was not
supplied to it origin-illy It cannot manufacture
science of the real world from its own machrnatiors

Mathemattes: the Good Servant

Yet in addition to routine services mathematics
can indeed perform marvels for science. As a lesser
marvel, it can present the new sausage in a form
that suggests further uses. For evimple, suppose
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you had discos ered that falling bodies have a con-
stant acceleration of 32 ft, sec, sec, and that an:
downward motion they are given to start with is Just
added to the motion gamed by acceleration Then
the matheinaical machine could take your experi-
mental duc.n cry and measurement of "g" and pre-
dict the rei ationship s 1,:(32.)t5 Noss suppose
you hae. r ever thought of including upward - thrown
things in your study, had nes er seen a ball rise and
fail in parabola. The mathematical machine, not
having been warned of any such restriction, la oulcl
calml/ offer its prediction as if unrestricted Thus
you might try putting in an upward start, giving v,
a Ecgatise value in the formula. At once the formula
tells a different-looking story In that case, it says,

A

L

5 V.: 3: tr

Vic .l 1

s

the store 'Soukd fly up slower and slo ver, reach a
highest 1..mit, and then fall taster and faster. This
is net A rash guess on the algebra's part It is an
unemotional routine statement. The algebra-ma-
chine's defense uould be. "You never told ;Ile v,
had to I.e downward I do not know uhether the
new pedicticn is right All I can say is that IF an
i.pioard throu, follous the rules I ties told to toe for
dounu ird throws. THEN an upward thrown ball
will rise, stop, fall." It is sse %vim make the rash guess
that the basic rules may be general. It is we mho
welcome the machine's new hint, but we then go out
and try it To take another example from projectile
mathematics the following problem, which you met
earlier, has tut) answers.

Pixonem
'A stone is thrown upward,C,.
with initial speed 64 ft/sec. % t,
at a bird in a tree flow
long after its start will the ,

stone hit the bird. which is
IS feet above the thrower'"

Asswi:n.
1 second or :3 seconds

I /
Fir 31.2

it

4e. ft

This 5110555 algebra as a wry honest, if rather dumb,
servant There are tiro ansuers and there stould
be, for the problem as presented to the machine
The sti ne may hit the bird as It goes up ( 1 sec from
start I, or as it falls down again ( after 3 secs).
The machine, if blamed for the second answer
could complain. "But you nes er told me the stone
had to hit the bird, still less that it must hit it on the
car up I only calculated uhen the stone would be
48 feet above the thrower. There are tu o such
times." Looking back, sse see ae neither wrote any-
thing in the mathematics to express contact between
stone and bird nor said which is ay the stone was to
be moving It is our fault for gis ag incomplete in-
structions, and it is to the credit of the machine that
it politely tells us all the answers which are possible
within those instructions

If the answer to some algebra problem on farm-
ing emerges as 3 cows or 23 cows, we rightly reject
the second answer, but sse blame ourselses for not
telling the mathematical machine an important fact
about rows In physics problems where seseral
answers emerge we are usually unwise to s

some of them away They may all be quite tr e
if some are very queer, accepting them pm, isi nail
na lead to new bola ledge If you look back.' the
pro.ectile problem, No 7 in Chapter 1, Appendix B,
yol. may now see what its second answer meant

Here is one like it.

A man throsss a stone down
a %sell which is 96 feet deep.
It starts with dou.nunrd
selocity 16 ft 'sec. When
will it reach the bottom'

Fic '11.1

Tins :5 a amp !e example. chosen to use phstics '.00 are
fainiliar withunfortunatk so simple that sou knou the
a-suer before you let the machine suggest It There are many
cases where the machine can produce suggestions that are
tiu.te unexpected and do indeed send as rushing to ripen-
ment E g mathematical treatment of the oast theory of
light suggested that when light casts a sharp shade., of a
arse 'here will he a tins bright spot of light in the middle
of the shadov on a call "There is a hole in men coin"

F:-.r.r Rt.a

G=240 0 SH ADO\
urn

Flu. 314.



Assign suitable and signs to the data, substi-
tute them in a suitable relation for free fall, and
solve the equation. You will obtain two answers.
One a sensible time with sign (the "right" an-
swer), the other a negative time. Is the negative
answer necessarily meaningless and silly? A time
such as "-3 seconds" simply means, "3 seconds be-
fore the clock was started" The algebra-machine is
not told that the stone was flung down by the man
It is only told that when the clock started at zero
the stone was moving DOWN with speed 16 ft/sec,
and thereafter fell freely For all the algebra knov.s.
the stone may have just skimmed through the man's
hand at time zero. It may have been started much
earlier by an assistant at the bottom of the well who
hurled it upward fast enough to have just the right
velocity at time zero. So, while our story runs,
"George. standing at the top of the well, hurled the
stone down ... ," an answer 3 seconds suggests an
alternative story: -Alfred, at the bottom of the well,
hurled the stone up with great speed. The stone rose
up through the well and into the air above, with
diminishing speed, reached a highest point, fell with
increasing speed, moving down past George 3 sec-
onds after Alfred threw it. George missed it (at
t = 0), so it passed him at 16 ft/sec and fell on
down the %%ell again." According to the algebra, the
stone will reach the bottom of the well one second
after it leaves George, and it might have started
from the bottom 3 seconds before it passes George.

Return to Problem 7 of Chapter 1, Appendix B
azd try to .interpret its two answers.

PROBLEM 7

A man standing on the top
of a tower throws a stone
up into the air with initial
velocity 32 feet/sec up-
ward. The man's hand is
4S feet above the ground
How long will the stone
take to read, the ground'

In these problems mathematics shows itself to
be the completely honest servantrather like the
honest boy in one of G. K Chesterton's -Father
Brown" stories (There, a slow-witted village lad
delivered a telegram to a miser The miser meant to
tip the boy with the smallest English coin, a bright
bronze larthinz (iit), but gave him a golden pound
(S3) by mistake What was the boy to do when he
discovered the anions mistake' Keep the pound,
trading on the mistake dishonestly Os bring it baek
with unctuous virtue and embarrass the miser Into

saying ''Keep it, my. boy"? He did neither lie simply
brought the exact change, 19 shillings and 11M
pence The miser was delighted, saying, "At last I
have found an honest man", and he bequeathed to
the boy ali the gold he possessed The boy, in
wooden-headed honesty, interpreted the miser's will
literally, even to the extent of taking gold fillings
from his teeth )

Mathematics the Clever Servant

As a greater marvel, mathematics can p.esent the
new sausage in a form that suggests entirel new
viewpoints With vision of genius the scientist may
see, in something new, a faint resemblance to some-
thing seen beforeenough to suggest the next step
in imaginative thinking and trial If we tried to do
without mathematics we should lose more than a
clear language. a shorthand script for argument and
a powerful tool for reshaping information. We
should also lose an aid to scientific vision on a higher
plane.

With mathematics, we can codify present science
so clearly that it is easier to discover the essential
simplicity many of us seek in science That is no
crude simplicity such as finding all planetary orbits
circles, but a sophisticated simplicity to be read
only in the language of mathematics itself. For ex-
ample, imagine we make a hump in a taut rope by
slapping it (Fig 31-6). Using Newton's Law H. v.e

"Jewtn srawpung
ftnntrrj

7 , ,

FIG 31-6 WA% E TRAVELS ALONG A ROPE

can codify the behavior of the hump in compact
mathematical form. There emerges, quite uninvited.
the clear mathematical trademark of a.ove motion
The m;thematical form predicts that the hump will
travel along as a wave, and tells us how to compute
the wave's speed from the tension and mass of the

The uaye-equation reduces to the esseitial form
( I 'c')

Far any uric of constant pattern that tra%els laith speed c
(if you are familiar ulth calculus, ask a pinsisist to thou
you this remarkable piece of general mathematical physics )
This equation connects a spreading-in-space with a rate-of-
change in time 7'V would be aero for an Hume-square
field at r, st in space but here it has a %able that looks like
some acceleration in the electromagnetic case, ue may trace
the &V/de hack to an accelerating electron emitting the
wale
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rope. Another example. A century ago, Maxwell re-
duced the experimental laws of electromagnetism to
especially simple forms by boiling them down math-
ematically. He removed the details of shape and
size of apparatus, etc., much as we remove the shape
and size of the simple when we calculate the d..a-
sity of a metal from some weighing and measuring
Having thus removed the "boundary conditions," he
had electrical laws that are common to all apparatus
and all circumstances, Just as density is common to
all samples of the same metal. His rules were boiled
down by the calculus-process of differentiation to a
final form called differential equations You can in-
spect their form without understanding their termi-
nology Suppose that at time t there are fields due to
electric charges and magnets, whether moving or
not, an electric field of strength E, a vector with
components Ea, E E and a magnetic field H with
components Hi, H L. Then, in open space (air
or vacuum ), the experimental laws known a century
ago reduce to the relations shown in Fig. 31-7

I
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The constant K. relates to magnetic fields It appears
in the exptession for the force exerted by a ma;" etie

field on an electric current (Sec the discussion in
this chapter and in '71, 37 ) There is a corresponding

electric censt. nt K1, which appears in
Coulomb's Lau (See Ch 33)

Look at IV and compare it with III. The equations
of IV look incomplete, spoiling the general sym-
metry Maxwell saw the defect and filled it by in-
venting an extra electric current, a spooky one in
space, quite unthought-of till then, but later ob-

i In completing IV, yon will need to insert a constant K.
corresponding to Ka in Pt The mums sign is obviously sin -
necessity in the present form of IV. and when IV is com-
pletes, ,; .nil the cstr.,nali :^mewhat, but the experi-
mental facts prod le It - incersation of nercy requires it,
and urthout it tht.e %snub( lie no radio wises
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served experimentally How would you change IV
to match III if told that part of the algebra had been
left out because it was then unknown? Try this.

The addition was neither a lucky guess nor a
mysterious inspiration. To Maxwell, fully aware of
the state of developing knowledge, it seemed com-
pulsory, a necessary extension of symmetrythat is
the difference between the scientific advance of the
disciplined, educated expert and the free invention
of the enthusiastic amateur

Having made his addition, fantastic at the time,
Maxwell could pour the whole bunch of equations
into the mathematical sausage-machine and grind
out a surprising equation which had a familiar look,
the same trademark of wave-motion that appears for
a hump on a rope. That new equation suggested
strongly that chaages of electric and magnetic fields
would travel out as waves with speed v = I/x/KRKE
Here Kn is a constant involved in the magnetic
effects of moving charges, and KE is the correspond-
ing electrostatic constant inserted by Maxwell in his
improvement" (KE is involved in the inverse-square
force between electric charges.)

An informal fanciful derivation is sketched near
the end of Chapter 37.

To Maxwell's c'elight and the wonder of his con-
temporaries, the calculated v agreed with the speed
of light, which was already known to consist of
waves of some sort This suggested that light might
be one form of Maxwell's predicted electromagnetic
waves.

It was many years before Maxwell's prediction
was verified directly by generating electromagnetic
waves with electric currents As a brilliant intuitive
guess, a piece of synthetic theory, Maxwell's work
was one of the great developments of physicsits
progeny, new guesses along equally fearless lines,
are making the physics of today.

One of the great contributions of mathematics to
physics is Relativity, which is both mathematics and
physics: you need good knowledge of both mathe-
matics and physics to understand it We shall give
an account of Einstein's "Special Relativity" and
then return to comments on mathematics as a
language.

s In this muse we use different symbols See Ch 33
and Ch 37 We write the force between electric charges
F = B (Q, Q.) id' Comparison with Maxwell's form shows
our B is the same as 1 K. Again. we write the force between
two short pieces of cortent-carrying wire, doe to magnetic -
field effects, r = B' (C, (C, id, and our B' is the
same as K. Then Maxwell's prediction. u = I \ITT; . be-
comes, in our tenninol,,gv, u n 1/ \ ( = rft7t
So. if you measure B and 13' ion can predict the speed of
electromagnetic wales The arithmetic is east Try it and com-
pare the rradt IA Rh the measured speed of light. 30 x 10'
meters 'sec (B = 9 00 X 10° and B' = 10 T, in our units)



RELATIVITY

The theory of Relativity, which has modified our
mechanics and clarified scientific thinking, arose
from a simple question "How fast are u e moving
through space?" Attempts to answer that by experi-
ment led to a conflict that forced scientists to think
out their system of knowledge a.-esh. Out of that
reappraisal came Relativity, a brilliant apphcation
of mathematics and philosophy to our treatment of
space, time, and motion. Since Relativity is a piece
of mathematics, popular accounts that try to explain
it without mathematics are almost certain to fail.
To understand Relativity you should either follow
its algebra through in standard texts, or, as here,
examine the origirs and final results, taking the
mathematical machine-work on trust

What can we find out about space) Where is its
fixed framework and how fast are we moving
through it Nowadays we find the Copernican view
comfortable, and picture the spinning Earth moving
around the Sun with an orbital speed of about 70,000
miles/bola The whole Solar system is moving to-
wards the constellation Hercules at some 100,000
miles/hour, wh..e our whole galaxy.. .

NVe must be careering along a huge epicycloid
through space without knowing it Without know-
ing it, because, as Galileo pointed out, the mechan-
ics of motionprojectiles, collisions, , etc Is
the same in a steadily moving laboratory as in a
stationary one' Galileo quoted thought-experiments
of men walking across the cabin of a sailing ship
or dropping stones from the top of its mast. We Il-
lustrated this "Galilean relativity' in Chapter 2 by
thought- experiments is moving trains Suppose one
train is passing another at constant velocity without
bumps, and i.i a fog that conceals the countryside
Can the pa,,-ngers really say which is moving' Can
mechanical ,Npeimients in either train tell thein
They can only obsene their relative motion In fact,
we developed tl rules of vectors and laws of mo-
tion in earthly labs that arc moving, yet those state-
ments show no effect of that motion

We give the name inertial fra;'e to any frame of
:eie-ence or laboratory in which Newton's Laws

Though the Earth's velocity changes around is orbit, we
think of it as steady enough dunng any short expcianent In
fact, the steadiness is perfect. because any changes 'n the
Earth's %doeity exactly compensate the effect of the Son's
gravitation field that "causes" those changes We see no
effect on the Earth as a whole, at its center, but we do see
differential effects on outlying partssolar tides The Earth's
rotation dots produce effects that can be seen and measured
Fm.cault's pendulum changes its line of swing, g thous
differmees between equator and poles, &c hut we can
make allowances for these where they matter

seem to describe nature truly obje,ts left alone
without force pursue straight hnes with constant
speed, or stay at rest, forces produce proportional
accelerations We find that any frame moving at
constant velocity relative to an inertial frame is also
an inertial frameNewton's Laws hold there too.
In all the following discussion that concern , Gah-
lean relativity and Einstein's special Relativity, we
assume that every laboratory we discuss is an in-
ertull a laboratory at rest on Earth is, to
a dose appro\imation In our later discussion of
General Re' away, we consider other laboratory
frames, such as those which accelerate.

We are not supplied by nature with an obvious
inertial frame The spinning Earth is not a perfect
inertial frame (because its spin imposes central ac-
celerations ), but if we could ever find one perfect
one then our relativity view of nature assures us we
could find any number of other inertial frames.
Every frame moving with constant velocity relative
to our first inertial frame proves to be an equally
good inertial frameNewton's laws of motion,
which apply by definition in the original frame,
apply in all the others When we do experiments on
force and motion and find that Newton's Laws seem
to hold, we are, from the point of view of Relatnity,
simply showing that our earthly lab does provide
a practically perfect Inertial frame Any expenments
that demonstrate the Earth's rotation could be taken
Instead as showing the imperfection of our choice of
frame. However, by saying the Earth is rotating"
and blaming that, we are able to imagine a perfect
frame, in which Newton's Laws would hold exactly

We incorporate Galilean Relativity in our formu-
las When we write, s = v,t gat' for a rocket ac-
celerating horizontally we are saving. 'Start the
rocket with v and its effect will persist as a plain
addition, v t, to the distance travelled

Er

v,r kz a t' 77

Fic 31-8

1 his can be rem, orded: "An experimenter E, starts a
rocket from rest and observes the motion s gat'.
Then another expenmenter, E., running away with
speed v, will measure distances-travelled given by
s' =- v, t -4- fie will include t.,t due to his own
mot.on

We ar- sang that the effects of steady motion
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A.

and accelerated motion do not disturb each other,
they just add

E and E' have the following statements for the
distance the rocket travels in time t

EXPERIMENTER c EXPERIMENTER c'
s = 'at= s' = out + =vii=

Both statements say that the rocket travels with
constant acceleration.'

Both statements say the rocket is at distance zero
( the origin) at t = 0

The first statement says E sees the rocket start
from rest When the the clock starts at t 0 the
rocket has no velJcity relative to him At that instant,
the rocket is moving with his motion, if anyso he
sees it at restand he releases it to accelerate.

The difference between the two statements says
the relative velocity between c and c' is v. There
is nc information about absolute motion c may be
at rest, in which case c' is running backward with
speed v, Or c' may be at rest, and E running for -
tcard v, (releasing he rocket as he runs, at t = 0)
Or both c and c' may be carried along in a moving
train witl terrific speed V, still with c moving ahead
with speed v, relative to In every case, v, is the
relative velocity between the observers, and nothing
in the analysis of their measurements can tell us
or them) who is "really" MON mg

(a)
-

/11' ///7 '11/1/ f ri17////11/11/7/

( 6 )

V.,

),)///7 /////-///7/77-,////77///// //

(c)
V

0.0//
Fin 31-9

0..0

VV

s The first statems nt is sunpls.r because it belongs to the
observer who releases the rocket from rest sell:or to fern, at
the instant the clock starts, t = 0

S

I

aaS

Fri 31-10

1 t

1 c

Adding v,t only shifts the graph of s vs t It does
not affect estimates of acceleration, force, etc Then,
to the question, "How fast are we moving through
space?" simple mechanic's replies, "No experiments
N% ith weights, springs, forces, . , can reveal our ve-
locity Accelerations could make themselves known,
but uniform velocity would be unfelt" We could
only measure our relative velocityrelative to some
other object or material framework

CONSTANT

----; -
Eat crew
sa.is ether
crnw t5

tr." us9 pair
at sttta v

SAME' LAWS
of

MECHANICS '

itr REST

rtc, 31.11
Observers in two laboratories, one moving with constant

velocity o relative to the other, will find the
same mcchanual laws

Yet we are still talking as if there is an absolute
motion, past absolute landmarks in space, however
hard tt find Bef^re exploring that hope into greater
disappc:ntments, we shall codify rules of relative
motto, in simple algebraic form



Galilean Transformation for Coordinates

'We can put the comparison between two such
observers in a simple, general way. Suppose an ob-
server E records an ekent in his laborator. Another

Et ENT

nest r

Fic 31-12a
Observer ready to obsave an event at tune t and

place x, y,

observer, E/, flies through the laboratory with con-
stant velocity and records the same event as he goes
As sensaile scientists, E and E' manufacture identical
clocks and meter-sticks to measure with Each car-
ries a set of x-y-z-axes with him For convenience,
they start their clocks (t = 0 and t' = 0) at the
instant they are together At that instant their co-
ordinate origins and axes coincide. Suppose E re-
cords the event as happening at time t and place
(x, y, z) referred to his axes-at.rest-with-him .° The
same event is recorded by olAerk er c' using his in-
struments as occurring at t' and (x, y, z') referred
to the axes-he-carries-with-him How trill the two
records cempar0 Common sense tells us that time

Fic 31-12h
Another otser.er, moving at constant .elocity

relatne to the 1:st, also makes obser.ations

Is the same for both, so t' =. t Suppose the relatik e
velocity between the two observers is v meters sec

e For example he fires a bullet along OX from the origin
at t = 0 with speed 1000 m /sec Then the event of the
bullet reaching a target 3 meters :may might he recorded
as x = 3 meters, y 0, z = 0, to 0 003 ar

along OX. Measurements of y and z are the same
for both y' = y and z' = z But since e and his
cooramate framework travel ahead of c by et meters
in t seconds, all his t'- measurements will be vt
shorter So every must = x et. Therefore

r' = t t y y z' t' t

Fic 31.12e
For measurements along direction of elathe motion u,
the second obser.er measures x', the first measures x

Then it seems elisions that x' = x vt

These relations, which connect the records made by
E' and E, are called the Galilean Transformation,

The reverse transformation, connecting the rec-
ords of E and c', is-

x=f-Fet y=y z=z' t=t'
These two transformations treat the two observers
impartially, merely indicating their relative velocity,

v for E.' E and v for E E'. They contan our
common-sense knowledge of space and time, written
in algebra

Velocity of Afocing Object

If E sees an object moving forward along the x
direction, he measures its velocity. u. by Ax/pt.
Then E sees that object moving with telocitv u'
given by his ar','.1i" Simple algebra, using the
Galilean Transformation, shows that u' = u v
(To obtain this relation for motion with constant
velocity, just divide x' = x tt by t ) For example
suppose E stands beside a railroad and sees an
express train moving with u = 0 miles/hour An-
other observer, E', rules a freight train moving 30
miles 'hour in the same direction Then E' sees the
express moving with

ti= is v 70 30 = 40 miles/hour.

(If c is moving the opposite w av, as in a head-on
v = -- 30 miles /hour, and E' secs the e%

press approaching with speed

= 70 ( 30) 100 miles 'hour 1
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Fin 31-13
Each experimenter calculates the velocity of a Jinnme

Oita from his obserxations of time taken and
distance traxelled

Fm 31-14

Stationary opt.. neuter E observes the velocities shown
and calculates the relatise xelocity that moxing

experimenkr E' should obscrxe

This is the "common sense" way of adding and
subtracting velocities. It seems necessarily true, and
we have taken it for granted in earlier chapters Yet
we shall find ss e must modify it for very high speeds.

?Absolute Motion'

If we discover our laboratory is in a mos nig train,
we can add the train's velocity and refer our experi-
ments to the solid ground Finding the Earth mov-
ing, we can shift our "fixed" axes of space to the Sun,
then to a star, then to the center of gravity of all
the stars If these changes do not affect our knowl-
edge of mechanics, do they really matter? Is it
honest to worry about finding an absolutely fixed
framework? Curiosity makes us reply, "Yes If we
are moving through space it would be interesting
to know how fast," Though mechanical experiments
cannot tell us, could we not find out by electrical
experiments? Electromagnetism is summed up in
Maxwell's equations, for a stationary observer Ask
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what a moving observer should find, by changing
x to etc, with the Galilean Transformation. then
Maxwell's equations take on a different, more com-
plicated, form. An experimenter who trusted that
transformation could decide which is really moving,
himself or his apparatus. absolute motion would be
revealed by the changed form of electrical laws.
An easy way to look for such changes would
be to use the travelling electric and magnetic fields
of light wavesthe electromagnetic waves pre-
dicted by Maxwell's equations. We might find our
velocity through space by timing flashes of light.
Seventy-five years ago such experiments were being
tried When the experiments yielded an unexpected
resultfailure to show any effect of motionthere
were many attempts to produce an explanation.
Fitzgerald in England suggested that whenever any
piece of matter is set in motion through space it
must contract, along the direction of motion, by a
fraction that depended only on its speed With the
fraction properly chosen, the contraction of the
apparatus used for timing light signals would pre-
vent their revealing motion through space. This
strange contraction, which would make even meas-
uring rods such as meter-sticks shnnk like every-
thing else when in motion, was too surprising to be
welcome, and it came with no suggestion of media-
nism to produce it. Then the Dutch physicist Lo-
rentz (also Larmor in England) worked out a suc-
cessful electrical 'explanation."

The Lorentz Transformation

Lorentz had been constructing an electrical theory
of matter, with atoms containing small electric
charges that could move and emit light waves The
experimental discovery of electron streams, soon
after, had sul.ported his speculation:, so it was
natural for Lorentz to try to explain the unex-
pected result with his electrical theory He found
that if Maxwell's equations are not to be changed in
form by the motion of electrons and atoms of mov-
ing apparatus, then lengths along the motion must
shrink, in changing from x ts x', by she modifying
factor'

1

SPF'FD OF

SPEED OF LIGHT

He showed that this shrinkage (the same as Fitz-
gerald's) of the apparatus v.ould Just conceal any
motion through absolute space and thus explain the
experimental result But he also gase a reason for
the change he showed how electrical forcesin the



new form he took for Nlaw, ell's equationswould
compel the shrinlage to take place

It was uncomfortable to have to picture matter in
motion as invisibly shrunkinvisibly, because we
should shrink toobut that ryas no worse than the
previous discomfort that physicists with a sense of
mataematical form got from the uncouth effect of
the Galilean Transformation on Maxwell's equa-
tions. Lorentz's modifying factor has to be applied
to t' as well as x', and a strange extra term must be
added to t' And then Maxwell's equations maintain
their same simple symmetrical form for all observ-
ers moving with an constant velocity You will see
this "Lorentz Tiansformation" put to use in Bela -
unity, but fiat see how the great experiments were
made with 1 ght signals

Measuring Our Speed through "Space"?

A century ago, it was clear that light consists of
waves, which travel with very high speed through
glass, water, air, even "empty space" between the
stars and us Scientists imagined space filled with
"ether"' to carry light waves, much as air carries
sound waves Nowadays we think of light (and all
other radio waves) as a travelling pattern of electric
and magnetic fields and we need no "ether"; but be-
fore we reached that simple view a tremendous
contradiction was discovered

Experiments with light to find how fast tc,e are
moving through the "ether" gage a surprising result:
"no comment" These attempts contrast with suc-
cessful measurements with sound waves and air.

Sound travels as a wave in air A trinnpet-toot is
handed on by air molecules at a definite speed
through the air, the same speed whether the trum-
pet is moving or not. But a moving observer finds
his motion added to the motion of sound waves
When he is running towards the trumpet, the toot
passes by him faster He can find how fast he is
moving through air by timing sound signals passing
hum

E Ce--6
aoufi- sr:

:Oft

(5)

Fie 31-15
Experimenter running towards source of sound finds the

speed of sound 1120 ft st c. m <cress of normal
his his 0,fi Teed

7 Th.s ether or named after the oinscrsal sub-
Stall« that (4..1 plulosoplu rs had pi( tared filling all spaii
bison,' the .Ittliospil,fl

A moving observer will notice another effect if
he is out to one side, listening with a direction-
finder He will meet the sound slanting from a new

Fin 31-16
Observer running across the line -of- teasel of sound
notices a change of apparent direction of source

direction if he runs Again he can estimate his run-
ning speed if he knows the speed of sound

In either case, his measurements would tell him
lus speed relative to the air. A steady wind blowing
would produce the same effects and save him the
trouble of running. Similar experiments with light
should reveal our speed relative to the "ether,"
which is our only remaining symbol of absolute
space. Such experiments were tried, with far-
reaching results.

Aberration of Starlight

Soon after Newton's death, the astronomer Brad-
ley discovered a tiny yearly to-and-fro motion of
all stars that is dearly due to the Earth's motion
around its orbit. Think of starlight as rain shower-
ing down (at great speed) from a star overhead. If
you stead in vertical rain holding an umbrella up-
right, the rain will hit the umbrella top at right
angles. Drops falling through a central gash will hit
your head. Now run quite fast To you the rain will
seem slanting. To catch it squarely you must tilt
the umbrella at the angle shown by the vectors in the
sketch Then drops falling through the gash will still
hit your head If you run around in a circular orbit,
or to-and-fro along a line, you must wag the um-
brella this way and that to fit your motion This is
what Bradley found when observing stars precisely
with a telescope ° Stars near the ecliptic seemed to
slide to-and-fro, their directions swinging through
a small angle Stars up near the pole of the ecliptic

° This aberrahon a (putt distinct from parallax, the ap-
parent motion of near stars agmnst the bad sground of le-
i-note:- stars the minor, males a star st ern to loose in the
cam( lend of patt'rn lint It applies to all stars and it is
dozens of tines lilizger than the parallax of e,r n the niarest
stars 11so a stirs aberration, Ouch toes ,,Ith till 1 trtn s
trio, tty. is three months out of pliase is ith its parallas
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move in small circles in the course of a year. The
telescope following the star is like the tilting um-
brella. In six months, the Earth's velocity around
the Sun changes from one direction to the reverse,
so the telescope tilt must be reversed in that time.
From the tiny measured change in 6 months, Brad-
ley estimated the speed of light. It agreed with the
only other estimate then availablebased on the
varying delays of seeing eclipses of Jupiter's moons,
at varying distances across the Earth's orbit'

D
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FIG. 31-18 "AsERRAnor OF RAIN FALLING IN WING)
If you stand still but a steady wind carries the air
past you, you should still tilt the umbrella

f` To catch rain drops fair and square, you must
tilt your umbrella if you are running or if there
is a steady wind, but not if you are running and
there is also a wind carrying the air and raindro'is
along with youif you just stand in a shower inside
a closed railroad coach speeding along, you do not
tilt the umbrella Therefore, Bradley's successful
measurement of aberration showed that as the Earth
runs around its orbit it is moving through the "ether"
in changing directions, moving through space if you
like, nearly 20 miles/sec.

Vtiodni An overall motion of the solar system towards
of some group of stars would remain concealed, since

rinniroys that would give a permanent slant to star directions,
It was another century before terrestrial experiments

succeeded
1600) Galileo recorded an attempt with experimenters

signallmg by lantern flashes between two moun-
tain tops sent a flash to E, who immediately
rammed a flash to E, At first Er was clumsy and
they obtained a medium speed for light. As they
Improved with practice, the estimated speed
grew greater and greater, towards "infinity "
light travels too fast to clock by hand

( 1700) Newton knew only Roemer's estimate from Jupi-
ter's moons

(1849). Fzzeau succeeded, by using a distant mirror to
return the light and a spinning toothed wheel as
a chopper to make the flashes and catch them
one tooth later on their return His result con-
firmed the astronomical estimate His and all
later terrestrial methods use some form of
chopperas in some methods for the speeds of
bullets, and electrons

he result speed of light is 300,000,000 meters/sec or
186,000 miles/sec.

Mats troys

IN SAME
TIME

v efoaT Mistier

FIG 31-17 "ABERRATION" OF RAI,:
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Fic. 31-19 ABERRATION OF STARLIGHT

whereas Bradley measured changes of slant from
one season to another.

The Michelson-Morley Experiment

Then, seventy-five years ago, new experiments
were devised to look for our absolute motion in
space. One of the most famous and decisive was
devised and carried out by A. A Michelson and
E. W. Morley in Cleveland; this was one of the first
great scientific achievements in modern physics in
the New VV,srld. In their experiment, two flashes of
light travelling in different directions were made to
pace each other. There was no longer a moving
observer and fixed source, as with Bradley and a
star. Both source and observer were carried in a
laboratory, but the experimenters looked for motion
of the intervening ether that carried the light waves.

Matht:matnl,5 and RelattvIty

(6)

0
FIc 31.20. THE MICHELSON-MORLEY EXPERIMENT

A semi-transparent mirror split the light into two
teams, one travelling, say,, North-South and the
other East-West. The two beams were returned
along their paths by mirrors and rejoined to form an
interference pattern. The slightest change in trip-
time for one beam compared with the other would
shift the pattern. Now suppose at some season the
whole apparatus is moving upward in space: an
outside observer would see the light beams tilted up
or down by the ''ether-wind" the same tilt for both
routes. At another season, suppose the whole Earth
is moving due North horizontally in space, then the
N-S light beam woul: take longer for its round trip
than the E-W one. Yo I will find the experiments
described in standard texts, with the algebra to
show that if the whole laboratory is sweeping
through the ether, light must take longer mi the
trip along the stream and back than on the trip
across and back.

You can see that this is so in the following ex-
ample. Instead of light, consider a bird flying across
a cage and back, when the cage is moving relative
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FIG 31-21 GIA1T iiI/IDCACE IN WIND

1-, 31-22
Bird flies either against the wind and hack.
or acmcs the wind and hack across the wind

to the air. Either (a ) drag the cage steadily along
through still air, or (b) keep the cage still and have
an equal wind blow through it the opposite way.
We shall give the wind version, but you can re-tell
the story for a moving cage, with the same results
Suppose the Ertl has air-speed 5 ft/sec, the cage is
40 ft square, and the wind blows through at 3 ft ,'sec.
To fly across-stream from side to side and back takes

Fm 31-23
Cage moving 3 ft/sec through still air has same effect

on bird's flight as wind blowing 3 ft/sec through
stationary cage.
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the bird 10 sec + 10 sec,' or 2.0 sec for the round
trip To fly from end to end, upstream and hack, takes

40 It 40 It
(5 31ft see (5 + 31ft sec

or ,20 see + 5 sec, a much longer time '" Put a bird
in a cage like this and compare his round trip times
E-W and N-S, and y ou sell be able to tell hou fast
the cage is moving through the air, or use tun) birds
and compare their returns Tu ist the cage to dif-
ferent orientations, and returns of the hams will
tell you which way the cage is travelling through
air and how fast. A similar experiment with sound
waves in an open laboratory moving through air
would tell us the laboratory's velocity. Let a trum-
peter stand in one corner and give a toot The ar-
rivals of returning echoes will reveal general motion,
of lab or wind (Of course, if the moving laboratory

This requires some geometrical thinking [lie bud mustfly a 50-ft hypotenuse to cross the 404t cage while the
wind carom hun 30 It downstream The simph answer8 ± 8 se., winch is incorrect is es en shorter

'

Bird (fin
jt. ,

al air

. t

/

Ate otortm trtittas
fv-cl i jratil ti THIS
Cr farm' 55 Catjt.

IC. 31.24 Duraits us fl to us
Bird ilns 5 ft, sec Steady wind 3 ft/sec

1% 1 M111,

tu

in If you are still not tons awed and feel sure the tops upand downstream should aveiage out, try a thought-ever,-
ment with the wind blow' ig faster. say 6 ft/sec Theis thebud could never snake 51,e trip upstreamthat time wouldbe infinite!



Is closed and carries its au with it, the echoes will
show no motion.)

The corresponding test with light- signals is diffi-
cult, but the Interference pattern affords a very deli-
cate test of trip-timing When It was tried by Michel-
son and Morley, and repeated by Miller, it gave a
surprising answer so morioN through the "ether."
It was repeated in different orientations, at different
seasons always the same answer, NO MOTION If
you are a good scientist you will at once ask, "How
big were the enor-boxes? How sensitive was the
cpenment?" The answer. "It .auld have shown
reliably of the Earth's orbital speed around the
Sun, md in later" work, 150 Yet aberration shows
us moving through the "ether" with 19i0 of that
speed Still more experiments added their testimony,
some optical, some electrical Again and again, the
same "null result." Here then was a confusing con-
tradiction

"ABERRATION..

Or ,..0 miff

L',ht from star
to telescope

showed change
of tilt in 6

months

1.111TH, 101, RAC

011111S

IS NIOVIM. 1.111.LLY
TIMM Cal TIIIM"

NI1( IILISON, MOBLE1, MILLER
EXPERIMENTS

Light signals compared for
perpendicular round trips
pattern showed no change
when apparatus was rotated
or as seasons changed

FAM II IS 0T MOVIG
THEMA:II "MIMI?", OF

FAMII IS CARP') INC
1.11/1M V ITN r

CONTRADICTION

Crowing electrical them) added ..onfusion, be-
cause Maxwell's equations seemed to refer to
currents and fields in an absolute, fixed, space
(= ether). Unlike Newton's Laws of Motion, they
are changed by the Galilean Transformation to a
different form in a moving laboratory. However,
the modified transformation devised by Lorentz
kept the form of Maxwell's equations the same for
moving observers. This seemed to fit the factsin
"magnets and coils experiments' (Experiment C
Ch. 41), we get the same effects whether the magnet
moves or the coil does. With the Lorentz Trans-

Tbe latest test (lov,nes, 1958) made by tuning micro-
waves in a resonant eaity, gave a null result when it would
have shown a 1,elocity as small as 1/10W of the Earths
orbital speed.

'., r tv

formation, electrical experiments %%mild shoo, rela-
tive velocity (as they do), but would neser reveal
uniform absolute motion. But then the Lorentz
Transformation made mechanics suffer, It twisted
F= Ma and s = vo 'int' into unfamiliar forms
that contradicted Gahleo's common-sense relativit:-
and Newton's simple law of motion.

Some modifications of the Michelson-Morley ex-
periment rule out the Fitzgerald contraction as a
sufficient "explanation." For example, Kennedy and
Thomdike repeated it with unequal lengths for the
two perpendicular trips. Then null result requires
the Lorentz change of tnescale as well as the
shrinkage of length.

Pour these pieces of information into a good logic
machine The machine puts out a clear, strong con
elusion. "Inconsistent." Here is a very disturbing
result Before studying Einstein's solution of the
problem it posed, consider a useful fable

A Fabic

(This is an annoying, untrue, fable to warn you
of the difficulty of accepting Relativity Counting
items is an absolute process that no change of view-
point can alter, so this fable is very distressing to
good mathematical physicists with a strong sense of
naturetake it with a grain of tranquilizer You will
find, however, that what It alleges so impossibly for
adding up balls does occur in relativistic adding of
velocities

I ask you to watch a magic trick. I take a black
cloth bag and convince you it is empty. I then put
into it 2 white balls. You count thcm as they go
inone, two and then two morethree, four.
Now I take out 5 white balls, and the bag is empty.

fa $ u1 r 2 6o. in 5 66i111 rut

FIG 31-26

Pour this record into the logic machine and It will
say, Inconsistent What is your solution here?
First, "Its an Illusion It is not. You are allowed
to repeat the game yourself. (Miller repeated the
Michelson-Morley experiment with great precision )
Next, "Let me re-examine the bag for concealed
pockets." There are none. Now let to re-state the
record. The bag is simple, the balls are solid, the
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tally is true 2 -j-- 2 go in and 5 come out What
can you say now? If you cannot refute' tried and
true observations. you must either give up science
and go CraiN --or attack the rules of logic, includ.
mg the basic rules of arithmetic Short of neurotic
lunacy, yo i would have to say, sonic cases,
2 -4- 2 do not India: 4 Rather than take neurotic
refuge in a catch - phrase such as "It all adds up to
anything,- you might set yourself to cataloguing
es emits in which 2 and 2 make 4e g. adding beans
on .s table, toms in a purse, and cataloguing events
fur %shit h 2 make something else"

s1 Tilt. are rases where 2 4 2 do not snake 4 Vettott
2 + 2 n).,y nuke .ini thing Ix tuts n 0 and 4 Two quarts of
alcohol 4 two quarts of water mix r s make less than 4 quarts
In the circuit sketched, all the n'sistoss, It, ars Mewls al but
the' heating ,filets do not Ad tip 1A0 currents sa.11 (Wa-
rring 2 p les see add to one dshicring 8 joules se(

In. 31-27

In studying %Lame, sea tams base seeking and
selecul,g quantities that do add simply, su-li as masses of
hq iota rather than tames, coarr-plating by currents rather
than heath g The essence of the "exceptions" is that they are
cases where the items to be added Interact, they do not ;ast
act independent' so that their effects an tie superposed

//11.,

IN.:k...NSISTENT"

In this fable, you have three explanations to
choose from

(a ) "1' s witchcraft That way madness he
r 10 -There is a special invisible methanol!'"

hardly any betterit turns science into a horde
of demons

(c) "The rules of arithmetic must be modified."

However unpleasant (c) hooks, you had better
try itdesperate measures for desperate cases
Think carefully what you would do, in this plight.

You are not faced with that arithmetical paradox
in real life, but now turn again to motion through
space Ruling out mistaken experimenting, Owne
were similar choices blame witchcraft, invent spe-
cial mechanisms, or modify the physical rules of
motion. At flis", scientists nvented mechanisms,
such as elmsons that squat, into ellipsoids when
moving, but even these ..x1 to more troubles
Poineare and others prepared to change the rides for
measuring time and space Then Elmtein made
two bnlhant suggestions: an honest viewpoint, and
a single hypothesis, in his Theory of R1 ativity.

The Relatiav viewpoint is this. scientific think-
ing should be budt of things that can be observed
Sr. real experiments, details and pictures that cannot
be observed must not be seated as real questio.,E
about such details are not only unanswerable, they
-ire improper and eascientific. On this view, fixed
space (and the "ether" thought to fill it ) must be



thrown out of our scientific thinking if we become
convinced that all experiments to detect it or to
measure motion through it are doomed to failure.
This viewpoint merely says, let's be realistic." on
a ruthless scale.

All attempts like the Michelson-Morley-Miller ex-
periment failed to show any change of light's speed.
Aberration measurements did not show light moving
with a new speed, but only gave a new direction to
its apparent velocity. e3, the Relativity hypothesis
is this: The means- ed speed of light (electromag-
netic waves) toil! be the same, whatever the motion
of observer or source This is quite contrary to coin-

mon sense, we should expect to meet light faster or
slower by running against it or with it. Yet this is
a clear application of the realistic viewpoint to the
experimental fact that all experiments with light
fail to show the obser.er's motion or the motion of
any "ether wind" Pour this hypothesis into the
logic machine that previously answered, "Incon-
sistent", but remove the built-in "geometry rules" of
space -6c -time and motion, with their Galilean Trans-
formation Ask instead for the (simplest) new rules
that will make a consistent scheme. Howe: er, since
Newtonian mechanics has stood the test of time.
in moving ships and trains, in the Solar System, etc.,
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tbe nett rules must redike to the Ga'ilc in lrans-
lonnation at loss s: ' 'nee 5 1 re-
phi-, -There is orals reasonabo se.heme tile
transformation seurzested b5 I rI rat end .ii!
bx Einstsm

Instead e I the (.51 iii Filto.sionsa crioN

,

tin i oci Tress.srouxtesTios. runs

X Ct t xt
-, I rr cx s. I t e:

and these turn imer the reverse transformation with
5.,t ii5 I changing to

x'
y

v= c=

where c is the speed of hefif in eacutim That speed
is invoked esseretiallv in the new rules of measure-
ment. because the new transformation was ch:.sen
to make all attempts to measure that speed wield

s-gne And the symmetrical form shoos
that absolute motion is never revealed by experi-
ment. We can measure relative motion of one ex-
rerinieter pact another. but 55e can never 5.ty %).zeit

s moartz
Of worse the ne55 transformation accounts lc-

the Michelson-Morley-Miller null resultit was
chosen to se; It accounts for aberration, pre-

c aberration whether the star moves
r we do But it e.eodifies Newtonian inechaivs-s In
-the; u - 35 we have choice of troubles- the old
trsin:10 upsets ;me font, of electromagnetic
la t, --,ew transformation upsets th., :oral of
me mica: laws Over the full rr..nge of experiment.
i cpefids -ae'l as the old electromagnetic

S sees to remain ge-e..1 sirnp:e descriptions of na-
ture- but e mechanical bus do fail, in their classi-
c.: f rrn 5t }net cr eds So we choose di, nes%
tran,f, n and . rn-lifx r-,-chanical 115:s.

fin.: the "se modified lass s describe
nat ti mechanical expe.iments
to ma l h ,ve 1 lecuracy.

11e, -ins: -es. looks impleasant be
more 1. "' .7.1,77.:CatiOPC are

'ess p'e . n relaiesitv
e%,- 2: 15,,Itill hat a r .."," mass. and Uwe are

.t si is s.c, er ...id of eft) fie
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could ass. r: that mechanical experiments 55 ill fail
to res eal uniform motion through -space NN liOmi

Einstein extended the assertion of failure to expen-
inents with light. he found it necessary to hate
measurements of length and time. and therefore
mass, different for observers with different motions
We shall not show the steps of the logic machine
grindeng out th transformation and its it plications.
but you may rust them as routine algebra " 55'.
shall follow custom and call it the Lorentz Trans
formation

ImplicatIons of the Lorentz Trartiformazon

Take the new modifier'. geoinetn that 55:11 fit the
experimental Amnia:um. and arvle from it how
IIICJSUIVIIIC7liS by different ,0b5CIN ers o ill s )::11)

ArCai1A17.
o.\ ""*"..:'

s, `

..er

Fie 31-29
One espe' .... r.tr: is mosinc "nut ,nstaat velo":t. eclat:se

to the other 'Met smance to use standard
meaturiniz instruments of Ment,al con,;:vcfm,

Return to our two observers c and c', who op:rate
with identical meter stu-ks clocks and standard
kilograms c' and his coordinate framework are mot
ing with speed t relatne to C. and c is moving
backward ss ith speed t relative to c' The trans

' sA, hen an cyan:mut 1.a,is t: 1,e1.se eutors
Lass. I and It a:e sale' it s sea% put :is 'hit "se are
links en0 h to be In a laher :tors :hit is prastuallv) an
oertial frame If ue had alua s experumut-d ut a tossan

ship. tie should not bite for roilated u strip hiss
" F r see standard tex.s. There is a simple version

in nosy .1 r .; bir Erpoin.on by A Einstein (pub.
lohed by Methuen. lamd,n. 15th edn 1955)



formations E E and E E are orripletely sym-
metrical, and shim onls the rel.oise selocitv c--the
same in both caseswith no Indic-Alto of absolute
motion, no hint as to %%Inch is "really nosing

The results of argoing from the transformation
differ stran ;el. from earlier cummon sense but onls
at exceedingly high speeds. An obserser taming past
a laboratory in a plane, or rocket, would apply
Galilean Transformations 5atel. He would agree
to the ordinary rules of sectors and motion, the
Ness tonian Laos of mechanics
The sped of tigh'. c, is huge

c 300.000,000 meters WC = 1S6,000 miles 'see
a billion It see s 700 million miles hour
1 ft nonaseccmd, in the latest terminology.

For relanse motion ssith any ordinary .1400. I:,
tae fraction cis tiny, cr c: still smaller. The factor
N. 1 v- c; is 1 for all practical purposes, anti
the time-lag sc e: is negligible--sr we have the
Galilean Tra .sfomiation.

Now suppose r" moves at tremeadcus speed rela-
tise to E. Each in his own local lab will observe the
same mechanical laws, and any beam rsf light pass-
ing through both labs will show the same s
universal c, to each cbserver. But at speeds like
atcoo miles sec.-10.000, 60,000 and up towards the
speed of light. expe-imenter E wOlAd see surprising
things as c' and his tab uluzz past. E would say,
The silly fellow E is using inaccurate apparatus
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Fit 31-in
tit h experimenter raids bin using his oon standatd

instruments, that the other expenrnentor is using
incor:ect instruments a stinint.-r, meter suck, a
clods that runs too daub and a standard mass

that Ls too big

ti s meter stick is shrunkenless than ins zr,.e
meter His clock as running slowtaking morr
one of my true seconds for each tack" leat,

finds nothing 55r mg in his oun lahorat.rs 1,;
secs E and his lab moving .M.1% backward,,
sass, "The sills felloss c mete: ....id, is
shrunken . . . clock running slow

Suppose c measures and checks the appal.
used bin E' just as the are passing E finis the nit.::
stick that E' holds as standard shrunk to s I t' e

meter- E finds the standard clock the c' holds to ., k
seconds is ticking longer periods, of 1 \ 17:
second And E finds the 1 kg standard mass that c'
holds is greater. 1 v1 c= c: kg These are
changes that a "stationary" abseil er sees in a m.o. -
ing laboratory: but. equally, a moving obserser
uatcrung a -stationary- lablrators- sees the same
pecutsaritics. the stataonary meter stick shorter.
clock running slosser, and masses increase..t. The
Lorenz transformations E E and E are ssin
metrical If c' and E compare notes they will quarrel
hopelessly. since each imputes the. same errors t,
the other! Along the direction of relanse motion
each sees all the other's ipparatus sh-rnk, even
electrons. Each sees all the other's clocks running

esen the vibrations of atoms Across :he
motion, in y- and c- directions, E and c' agree In
this symmetrical -relatssity- v e see the same
in the other fellow's laboratory, het her he is mot -

trtz or u c are Only the relatmc motion betsseen is
and apparatus matters sse are left ssithout any hint
of being able to distinguish absolute motion through
space.

The shrinkage-factor and the slowing-fac....r are
the sarae. 1 N. 1 c' c: This factor is practicalls
1 for all ordmrn values of c, the relatise speed
between the two observers Then the transforition
reduces to Galilean form %%here geometrm fellows run.
old -common sense.- Watch a supersonic 'plane Ey-
ing away from you 1800 miles hour ;3 niile sec
For that speed, the factor is

( ;smile see \
1 I Sii.000 miles sec I

The plane's length mould seem shrunk, and it. clock
ticking slouer, by less than half a billionth -1 1T
At 7,000,000 miles hour (nearly 1 100 of r the
factor rises to 100003 At 70.000 000 miles ho,,r it
,s I 005. making a Ita change in length

Until this centur., scientists in.% er experimented
uith speeds approaching the speed of bght--except
for light itself, s. here the difference is paramount

or 1 00000000004)1
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Nowadays we h.. e protons hurled out from small
cyclotrons at 2/1u of c, making the factor 1.02.
electrons hitting an X-ray target at 6 10 of c, making
the factor 1.2, beta-rays flung from radioactive
atoms with 98 100 of c, making the factor 5. and
billion-volt electrons from giant ac '_raters, with
.99999988 c, factor 2000.

Among cosmic rays we find some Nery energetic
particles, mu-mesons. some with energy about 1000
million electron - volts moving with 199 eon of the
speed of light. For them
1 / 07: = 1 vrl i9927200' = 1 \ -i-fir= 10
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Now these mesons are known to be unstable, with
lifetime about 2 X 10 sec (2 microseconds / Yet
they are manufactured by collisions lugh up in the
atmosphere and take about 20 10 seconds on the
trip down to us It seemed puzzling that the; could
last so long and reach us. Relati,ty removes the
puzzle: we are looking at the flying meson's internal
life - time - clock. To us that is slowed by a factor of
10. So the flying mesa, "s lifetime should seem to Gs
20 x 10 seconds Or, from the meson's own point
of view, its lifetime is a normal 2 microseconds, but
the thiclasess of our atmosphere, which rushes past
it, is foreshortened to 1 10 of our estimateso it
can make the shrunk trip in its short lifetime

Measuring Rods and Clocks
We used to think of a measuring rod such as a

meter stick as an unchanging standard, that could
be moved about to step off lengths, or pointed in
different directions, without any change of length.
True, this was an idealized meter stick that would
not warp with mosturc or expand with some tem-
perature change. but we fel: no less confident of its
properties. Its length was invariant. So was the time
between the ticks of a good clock. ( If we distrusted
pendulum regulated clocks, we could look forward
to completely constant atomic clocks. s Now, Rela-
tivity warns us that measuring rods are not com-
pletely n^...id with invariant length. The whole idea
of a rigid bodya harmless and useful idealization
to 19th - century physicistsnow seems misleading.
And so does the idea of an absolutely constant
stre-m of time flowing independently of space. In-
stead, our measurements are affected by our motion,
and only the speed of light, c, is invariant. A broader
view treats c as nrely a constant scale-factor for
?ur choice of uni. m a compound space-&-time,
which different onservers slice differently.

Changes cf Mass
if length- and time-measurements change. mass

must change too We she now find out how. mass
must change, when a moving observer estimates it.
by following a thought- experiment along lines sad
gested by Tolman. We shall assume flirt the con-
servation of momentum holds true in any (inerial
frame) laboratory whatever its speed telati.e to the
observerwe must cling to some of our working
rules or we shall land in a confusion of urnecessary
changes.

Consider E and e" in their labs, moving with rela-
tive velocity v in the a-direction Suppose they make
two platun m blocks, each a standard kilogram.
that they know are identicalthey can count the



atoms if necessary. Each places a 1kg block at rest
in his lab on a frictionless table Just as they are
passing each other E and E' stretch a long light
spiral spring bass, en their blocks. along the y-direc-
bon They let the staring tug for a short labile and
then remove it, lea.-ig each block with some y-
momentum Then each experimenter measure; the
y-velocity of his block a id calculates its momentum.

T
I

F:c 31-32. Tss-o OISET,ERS MEASVT1\ C MASSES
Jr.,.ght-exper.ment a End how mass cepenas on speed of

cbiect telati e 1bSeree: E S.1, S. I hale 1 kg
1,,,,sing arr. ss rtn lab ss-gh s-elckic. 3 meiers see
. :now E has 1 and I We that he re-hds as

seics.s as 3 Aeters sec. b I krie h :s check is
ticking. slow's. so that the selocn (if his lump
is less than meters 'sec Therefore his lamp

has r s Mere tha a 1 kg

They co : (pare noses. each records 3 meters sec for
his block in his on framework. They conclude:
equal and ol. isite selocities. eqi al and opposite
momenta T' are rleased to adopt Newton's Law
Iii as a xxorka .e rui Then E. watching E at work,
sees that c' uses a clock hat runs slowly (but they
agree on -.armal meter sticks in the y :lit ec!ionsl. So
E sees th. t when E' said he measured 3 meters trawl
in i sec. was "really- 3 meters in more-than.1-
serorul as E ws, .ld measure it by his clock. There-
fore E computes that .,!^ it as smaller than 3
meters/serond by c: c: Still belie.ing in
NevZon lit and momentum - conservation. E
cloths that, since Inc ox n block acq.ured mormmurn
1 kg 3 meters see the other. which he clIculmes
s nosing slow. must have greater ass"m-

eiav t\

,:reased by the factor 1 1 While that
block is drifting across the table after the spring's
tug. E also sees it %shining along in :he x-direction.
table and all. with great speed c Its owner. c". at
rest with the table, calls his block 1 kg But E. who
sees it whizzing past, estimates its mass as greater. by

This result applies to all moving masses- mass. as
we commonly know it, has different values for
different observers. Post an observer on a moving
odd and he will find a standard waive, the "rest-

mass: identical for every electron. the same for
ex .r proton, standard for every pint of water. etc.
But an observer moving past the body, or seeing
it move past him, will find it has greater mass

m,
m =

VT
. Again, the factor i 'Yr

makes practically no difference at ordinary speeds
However, in a cyclotron, accelerated ions increase
their mass significantly. They take too long on their
wider trips, and arrive tate unless special measures
are taken Electrons from billion-volt accelerators
are so massive that they practically masquerade as
protons.

For example. an electron from 3 2- million. -wolf
gun emerges vith speed about -1.000,000 meters

sec or 098 c. The factor I 1 ( 931: c: is
I -1=198FJOY'l y 1 \ = 5. To a sta-
tionary observer the electron sac 5 times its rst-
mass. (Another way of pigting thr: is. that eiec-
tron's kinetic energy is 2 milkon elect-an volts. the
energy associated with an electron's r st-mass is
half a million ex., and therefore this elect-on has
K.E. that has mass 4 rest-masses, and that w.th the
original rest -mass makes 5 rest masses.

This dependence on speed has :seen tested by
dEecting very fast electrons (beta-rays) with elec-
tric and magnetic fields, and the results agree ex-
cellently with the prediction. Another test: in a

chamber a very fast electron hitting a s-k-
tionery electron rat rest" in some atom of the wet
air) does not make the expected 93' fork In the
photograph of Fig. 31-34c. Cie measured arig'es

"Suppose c and c' are passing each other with relapse
selocity 112 000 miles sec Then c sees the c1ack used by
c' running slow, ucking once eser.' 1 2 seconds So he knows
the block belonging to c has set:city 3 meter./1 2 secs or
25 meters sec His own block has momentum 1 kg 3 m /
sre To preseese rnornenmm consersation, hr must say that
the other Mock has rn-,.nenturn 1 2 kg 2 5 m /sec So he
estimates the mass c: the steer block as 1 2 kg. a 201 increase

To the mom; ele-Uon. ^a to a neighbor flying along
hes,de It. its mass is the normal restnass, and it is the ex-
per.menter r dung towards it who has 5 tunes his normal
rest is and is squashed to 1r, his normal thickness
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FIG 31.33 CIIASGII OF %kis or 011jrTS MCATSG Briers s. 1,1 OI/IFK, sn
Ti'- ctapbs of Fig 31-31 cme! the v.hol :ante of speeds from zero to the speed of 110t, the ter, go.e asiken npression of noticeable increase of mass at ordinary speeds This graph is a cops of the

mr.s.gr..ph there, With comments 1

.Igrec %%ell .sith those predicted by Relativity for a
ino.ng mass 127M bitting a - umary mass tn in
an elastic collision The tracts are curved be-
came ti ,sac a strong in..,netic field perpen-
dicular to the picture Measurements of the Cura
!fires gene the m-anentuin of each electron after
cnliien, and the momentum of the bombarding
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electron before collision Measurements of the
angles shown in the sketch confirm the proportions
of these momenta. If non- relativistic mechanics
[RE = c:c J is used to calculate the masses,
assuming an elastic collision, the projectile's mass
appears to be abo,it four tinies the tmget particle's
mass Ye the tracks look like those of an electron-



Ftc 31-34 11/2.11\15114. \I s.. v. Et 5510 5 t.w\s

ELASTIC COLLISIONS

441

5.0 f../frz/t5

-

(a) Colhs:on of .dpi a-p. aisle 555th smtfonan. atom F. en
voth its hvzh enrc%. an a!pir 1p ert le from a rae..teaetlAe
atom has a speed that is lms than 01 c, so its mass :s not
noticeably en,reasted It males the rape, tell NY fork 'Alan:
It hits a 5tat.oni parts to i lie 1 of its man mas% XX .th a
locro44n atom as :ace t. et slice, s its Lereater 711,1.55

bt tIhml a 51055 de- rnlr its a stitfona^ c th fork
shmss the tape< zot r0 n a fas: electron hats 1 kta-
t4onaz. one. 64. to 1r. .1 Or it the f is his m1,...h

it r 71111t

ELECTRONS COLLIDE

(e) a-AM-chamber photograph of ten- rag electron mint-
ing uth a c:ittonara one Photoqapl. M II 11 Curv.,

MI4h.041

110Sarrecter.,

m4,4- f photojaph, 1C'. Gac the
iollosmg rulu 1 0'4-, o ot meter, 2, 0 10'5 m

3 0 m t ,men. r.1 t Ore mar 1,12.1 000
our s- Os for tl In 1- 10 Q4 1z ns,4-41 in Ch 37

electron collusion, and nc tlo not expect elnl .nil Ut

ek4sairy for ho vier trous So 55C 11A assunung
re/anti:tie mechanics [K E 1771 m

MOMFNTI.S1 7511,'.1 01 711 5/1 1 t

Then Re hurl LOnSiStent start from the I:lag:14'a.
field and our measurcinents of curs atm:. sse final

BLIORE COIL !ION

projectile h.441 mass 12 7771 spa a 0 9969 c,

Since the track is short and anIs slughtl: cursed, Its
radius cannot be measured sers Pf1(1>el so the
projectile's momentum, and thence mass Is ;ulcer,
tarn within about 6: We should Si'
mass 12 7 rzt , 6q or mass 12 7 771, :1 0 S111

Arun coil ism.
projectile had mass S9 in , speed 0 9936 c,
target particle had mass 4 3 m spec.! 0 972S c

vshere nt, is the standard rest-mass of an electron
and c is the speed of light Before collision th tota!
mass was 137 in. 4including the target after col-
lusion it as 13:1 in,,. Mass is consersol in this col-
lisionwith:1i the 6'f experiruental uncertamts--
and so is energy, no measured 1): Mt'

A lfean:444, for Moss Change

There is an easy physical interpretation of the
change of mass or extra miss is the mass of the
bodes kineti -' energy Try some algeb. 1. using the

binomial theorem to express the N. r as a set-xi
for fairk loss -peed,

m
\/1 t-

ni [1 1

171 s

=771,, [I-- i''2'L-7'',4

=.-- '110 -1"
tt 1)4(14 are sets sum]; at os spem's

1 ' .t= higher Tmers of f ]
c=[

rn, - 12r1 0 r. - negligible-term. t los
Teeds

= MST-M...5S -- K le C'

HIST-MASS -- M ASS 01 K .

t'

faxmium cpccd c

As a bod:s speed gross nearer to the sp,m4 )l

light It heconws tor reastrz^b, herder to accelerate -

the mass stl cep,: 111) toss 111111111X mass it the



speed of Experimenters using "linear accel-
erators" (which drive electrons straight ahead) find
that at high energies their victims approach the
speed of light but never exceed it. The electrons gain
more energt at each successive push (and therefore
more mass) but hardly move any faster (and there-
fore the accelerating "pushers" can be spaced evenly
along the streama welcome simplification in de.
sign).

Mass growing towards infinity at the speed of
light means unaccelerability growing to infinity. Our
efforts at making an object move faster seem to run
along the level of constant mass, till it reaches very
high speeds, then they climb a steeper and steeper
mountain towards an insurmountable wall at the
speed of light itself No wonder Relativity predicts
that no piece of matter can move faster than light,
since in attempting to accelerate it to that speed we
should encounter more and more mass and thereby
obtain less and less response to our accelerating
force

Adding Velocities, Relativistzcally

Faster than light? Surely that is possib mount
a gun on a rocket that travels with speed 41e and
have the gun fire a bullet forward with muzzle
velocity uze The bullet's speed should be c +sic
or Plc. No. that is a Galilean addition of velocities
We must find the relati"istic rule

A
A

ta,
tie v

Y
c2

Fir, 1:451 Onszu ins rim in
Two eve runnters °I-Keine the same mming object flov do

their estimates of its srlocity compare' The Lori-rat-
transformation leads to the relation shown, eti la

as mean. -ed hs E and es' as measured by E

Suppose E sees an object moving in 'us laboratory
with velocity fl, along the x- direction What speed
will E' measure for tht obieet' As mess iced by E,

As At As measured by E', 'ar and
simple algebra leads from the Lorentz Trai, forma-
tion to

( u v)
ft'

UV

C'

do

instead of the G..alean u' = (u c) And the in-
verse relation rum

ti
(u T t.)

ii

The factor in [ j is practically 1 for all ordinary
speeds, and then the relations reduce to Galilean
form. Try that en a bullet fired by an ordinary rifle
inside an ordinary express train, e', riding in the
train, sees the rifle fire the bullet with speed u'.
E, sitting at the side of the track, sees the bullet
move with speed u, He sees the train passing him
with speed U. Then u = ( u' + vl ,[11. The Galilean
version fits closely

SPEED OF BULLET RELATIVE TO CROt

SPEED OF BELLE:: SPEED OF TR kIN
FIELATIt E TO TRAIN + RELATIVE TO LitOt \D

sets istikt sprat u v

Fie 31-35b AntuNc VFLOCITIES AT ORDIN %Ill SPEEDS
Tsso experimenters observe the some bullet, shot from a

gun m a miming train V'Ith such speeds, the Lorentz
transformation leads to the simple Galilean relations

u' e aid u= te"
Now return to the gun in a rocket firing a

bullea forward E' rides on the rocket and sees the
bullet emerge with is' = itc E on the ground sees E'
and his rocket moving with speed 54C, and E learns
from e' how fast the gun. fired the bullet Then, using
the relatis ay-formula aLe% e, E predicts the bullet-
speed that he la ill obsene, thus

Fie 31-36. ADDING \ ELOCITIFS AT VEIIY HIGH SPFLDS

( CC

iii/lair

<rte.: :f

(a) Experimenter E on ground observe< a rocket sousing at lie
Expenmenter E' riding on the rocket fires a bullet at c

rel.-disc to the roe kit Vl hat will be the speed of the
bulls t, as me avired by E on the ground,



it' v Sic ± 3/4c

f` 1 tic / az 1 + :c -Nc/cz

(4'4 )r 10c, still Just less than c(us) 11

SPIED OF BULLET RELATIVE TO GROUND

1 as

SPFED OF GUN SPEED OF BULLET

RELATIVE TO GROUND RELATIVE ro GUN

SPEED OF BULLET SPEED OF GI.H.
1

SPEED OF I IGHT SPEED OF LIGHT

Have another tr: a, uefeating the limit of velocity,
c. Run two rockets head on at each other, with
speeds 3/4c and Sic E on the ground sees c' riding on

(b) Experimenter E on ground sees two rockets approaching
each other, one with speed 3/4c, the other with speed Vzc
What speed of approach will experimenter riding on

the first rocket see

one rocket with ;elocity v = %a and the other rocket
travelling with u = 1/2c, and he thinks they must
be approaching each other with relative velocity
ltic c', riding on the first rocket, sees the second
rocket moving with predicted speed

u v (--1/2c) (3'4c)=
1 uticz 1 ( 1/2c) (Nc)/ ez

114c 10

1 4- 3/4 Tic

Their rate of approach is less than c. Whateer we
do, we cannot mike a material object move taster
than light as yen by any observer

Speed of Light

Finally, as a check on our velocity - addition for-
mula, make sure it does yield the same speed of light
for ob.,ervers with different speeds Take a flash of
light travelling with speed u = c, as observed by c.
Observer E' is travelling with speed v relative to E,
in the same direction. E' observes the flash moving
with speed

= u v
=-

c v c(1 v/c)
1 to) e 1 cvie (1 v/c) c

Every observer measures the same speed c for light

STARLIGHT
A

, I-, '773
I'm 31.37

Two experimenters mersure the speed of the ianie sample of
light Experimenter E secs that c' is running .nth
velocity v in the direction the light a trasellarg

(No wor der, since the Lorentz Transformation was
chosen to produce this ) This certainly accounts for
the Michelson-Morley-Miller null results

Energy

We rebuild the Newtonian view of energy to fit
Relativity as follows Define MOMENTUM as my,
where in is the observed mass of the both in motion
in = Define force, F, as .1(inv)
Define chPige from potential energy to K E as
WORK, F As Combine these to calculate the K E
of a mass in moving with speed v We shall give the
result, omitting the calculus derivation.

= mo (part of Lorentt 1 1
c.2 iTransformationj

F (Newton Law 1!1

at LRelativity fonn

Definitions
[of K E.

.1(K E ) = F
F v At

KE =0ifv=0

CALCI, L--(7

KE = 7;w'
= (in mo)cz

We assign the body a permanent store of "rest-
energy" moc2locked up in its atomic force-fields,
perhaps We add that to the K E , then the total en-
ergy, E, of the body is mocz 'me' mocz) = ,ncz.
Therefore total E = me'. Tius applies whatever its
speedbut remember that m itself change:: with
speed. At low speeds, me' reduces" to

(rest-energy moc2) (K.E 1/2inv2)

For a short, direct derivation of E _= me', see the
note at the bottom of the mxt page

This view that energy and mass go together ac-
cording to E = nicz has been given many successful
tests in nuclear physics. Agai and again we find
some mass of material particles disappears in a

" See the discussion above, wrt5 tha binomial tlieorem
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nuclear break up, but then we find a release of
energsradiation in sonic cases, K E of flung frag-
ments in others--and that energy carries the miss-
ing mass.

The expression for mass, m = c'
follows from the Lorentz Transformation and con-
servation of momentum. So E = me' follows from
Newton's Laws II and III combined with the I,o-
rentz Transformation.

Then if an observer assigns to a moving body a
mass PP, momentum my, and total energy nie' he
finds that, in any closed system, mass is conserved,
momentum is conserved (as a s ector sum), and
energy is conserved In ail this he must use the
observed mass m, which is m,'\/1 v: c5 for any
body moving with speed v relativs to him. Then
he is doubling up his claim of conservation because,
if the sum of all the masses (m, 7712 ), is
constant, the total energy (m,e3 m,e" )

must also be constant. If energy is conserved, mass
must also be conserved. One rule will cover bocii.
That is why some scientists say rather carelessly,
"mass and energy are the same, but for a factor el."
In fact, since c5 is universally constant, there is little
harm in saying that mass and energy are the same
thing, though commonly measured in different units.
But there is also little harm if you prefer to think
of them still with quite different flavors as physical
concepts. And a very important distinction remains
between matter and radiation (and other forms of
energy). Matter comes in particles, whose total
number remains constant if we ccunt the produc-
tion or destruction of a [particle -4- anti-particle]

pair as no change Radiation conies in photons, and
the total number of photons does change when one
is emitted or absorbed by matter.

Covariance

Finally, Einstein treated momentum as a sector
with three components in space-&-time, and kinetic
energy with them as a fourth, time-like, component
of a pervector " Thus, conservation rules for
mas momentum, and energy can be rolled into
one great formula in relativistic mechanics The
Lorentz Transformation gives this formula the same
form with rcspcct tti any (steadily moving) set of
axes whateser their velocity. We say such a formula
or relation is "covariant." We pr'. great store by
covariance covariant laws have the most general
form possible and we feel they arc the most perfect
mathematical statement of natural laws. "We lose
a frame of reference, but we gain a universally valid
symbolic form "''

"A Wrong Question"

The physical laws of mechanics and electromag-
netism are covariant. they give no hope of telling
how fast we move through absolute space This
brings us back to Einstein's basic principle of being
realistic. Where the an .'wer is "impossible," the
question is a foolish one. We are unscientific to
imply there is an absolute space, as we do when
we ask "How fast . . . through space?" We are
begging the question, inside our own question, by
menti, ning space. We are asking a wrong question,

Frederic heifer

NOTE Dentition of E = mc'

This short derivation, due to Einstein, uses the experi-
mental knowledge that when radiation with energy E joules
is absorbed by matter, delivers momentum E/c kgrn /sec
(Expenment shows that PRESSURE of rathaticr or. an absorb-
mg wall is ENE501,-- -R- UNIT - VOLUME of rathation-beam.
Suppose a beam of are. A falls on an absorbing surface
brad-on In time at, a length of beam c At arrives Then
MOMENTUM delivered in ,it

FORCE at = PRESSURE AREA
= (ENERGY /VOLUME) AREA at
= (es axcx/A c at) A at

ENERGY/ c

This also follows from Maxwell's equations)

E

-;Afiti

We take two views of the same thought-experiment
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(A) Place a Mock of matter at rest on a t unless table
Give It some energy E by firing two chunks radiation at
it, SE from due East, SE from due West Tb block absorbs
the radiation and gains energy E, but its net gain of mo-
mentum is xero it stays at rest ( B) Now let a running
observer watch the same c%ent He runs with speed u due
North, but according to Relativity he can equally well thinkhe is at rest and see the table, etc moving tow: i., him
with speed u due South Then he sees the block mo..ing
South with momentum qv He sees the two chunks of radia-
tion moving towards the block, each with speed c but in
directions, slanted southward with slope v/c (The is like
the aberration of starlight ) In his view, each chunk
has momentum (1/2E/c) with a southward component
NE/c)(o/c). Thinking himself at rest, he sees total south-
ward momentum Me 2(1/2E/c)(v/c), After the block
has absorbed the radiation, he still sets it moving Seath
with the same speed v- -since in version (A) we sac that
the block gained no net momentum However, ._:se block
may gain some mass, say m Find out how hg m is by
trusting conservation of momentum

Sty + 2(kiE/c)(e/c) er. m)v
= Eic' or E

where m is the Miss gained when ENESIGY E ia gained



like the lawyer is ho sass, "Ansuer me es' or no'
Hass sou stopped beating sour ssife'' The ansuer
to tlait is "A reasonable man does not ,111Stt er un-
reasonable questions Ind Einstein might suggest
that a reasonable s( }elitist does not ask um casonablc
quest? ns

Simultaneity

The obsersers E and E' do not inerels see each
other's clocks running doss is orse still, clocks at
different distances seem to disagree Suppose each
obsers er posts a series of clocks along the ',direc-
tion in his laboratory and sets them all going to-
gether And ss hen E and E' pass each other at the

they set their central clocks in agreement
Then each u ill blame the other, saving' "His clocks
are not es en ssnchromzed Ile has set his distant
clocks wrong by Ins (mil central clockthe greater
the distance, the uorse Ins mistake The farther I
look doss n his corn& r, along the direction he is
moving, the more he has set his clocks there back
they read earls', behind my proper time And look-
ing back along Ins corridor, opposite to the direc-
tion of Ins motion, I sec his clocks set more and
more foruard, to read later than mv correct tune"
(That Judgment, which each makes of the other's
clocks, is not the result of forgetting the time-delay
of seeing a clock that is far assay Each observer
allous for such delaysor reads one of his own
clocks that is close beside the other'sand then
finds the disagreement 1Ins disagreement about
settt.ig of remote clocks belongs with the v.ew that
each Awn er takes of clock rates Each cla us that
all the other's clicks are running too slosvls so they
should not be surprised to find that thor central
clocks, originally tt nehrornred at the origin, dis-
agree after a is bile Each says "His central clock,
that was opposite me, has moved ahead and was
running too slimly all the while so no wonder its
hands has e not miss ed arodnd as fast as ins' clock,")

E oh erses oss n row of clocks ticking simul-
taneously all hi agreement But E' does not find those
ticks simultaneous Events that are simultaneous
for E are not simultaneous for E This is a serious
change from our common-sense view of univeisal
time, but it is a part of the Lorent-/ Transformation
In fact, the question of simultaneity plaveu an es-
sential role in the development of relativity by
Poincari. and Einstein Arguing with thought-ex-
periments that keep "c" constant, you can show this
change is necessary The fohiossing example It-
lustrates thus

Suppose E and E' have their laboratories in two
transparent raiiioad coaches on parallel tracks, one
moving %sail speed v relative to Cry? ot',cr, Just

CLOCis:t FI \ED TO FRAtsiEVSORis BELONCiAs TO

[CIL\ L L , 11 L

SAME CLOCKS AS REPORTED Est tr'

ret 'rn
BACK babe

'set set'
corer,Vy

Set
AHEAD

with 'ries,
,71..71 C:44;

1:1, 31-38 ''Stsic LTA\F Ors'. C10( e, cr mans
Each ecpcninenter sets his out, clocks all i, agru anent
( altos, ing can fulls for the tune taken h. any light
signals In ices in looking at them ) Fat li u spenmenter
fulls that the other man's clocks disa,,rre among
themsehrs, progressivd, ssath distanc ( Tii it lc, after
he has allowed carefulls for the time taken by the light
signals he use in checking the other man's clocks
against his ossn 1 Thu skin h shout a cones of clot k,
all twit in the fr,mescorls belonging to E As adpiste I
and obsersed hs E, this, all agree they are ssi.chro-
wed 'us ins( stigatc.1 by E' those clocks disagree scat,
each other The loccer sketch shoe s cc, hat E' fin 's by
comparing those clocks simultanemish ( as he,
thinks) nigh his own clock The tsso sketches of (locks
disagree because each esperimenter thinks lie cora-
1 arts them all simultaneousls but disagree, istilt the
mho r man's idea of simultaneity

as the coaches are passing, E and E' lean out of their
center ss indows and shake hands They happen to
be electrically charged, -Jr- and --, so there is a flash
of light as they touch, Now consider the light from
this flash, Some of it travels in each coach starting
from the mm -point where the experimenter is
standing E finds it reaches the front and hind ends
of his coach simultaneously And E' finds it reaches
the ends of his coach simultaneously, Each con-
siders he is in a stationary coach with light tras cluing
out from the center with constant speed c But E
can also observe the light flash reaching the ends
of the other coach that carries E Ile observes the
events that E observes, but he certainly does not
find them simultaneous, as E' claims By the time
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the flash has travelled a half-length of the c' coach,
that coach has moved forward past c As c sees it
the light travels farther to reach the front end of
that moving coach, and less to the hind end. So c
sees the flash hit the hind end first, while claims
the hits are simultaneous" (Reciprocally, c' sees
the light reach the ends of the coach carrying c at
different instants, while c claims they are simul-
taneous.) You will meet no such confusion in ordi-
nary life, because such disagreements over pnority
arise only when the events are very close in time,
or very far apart in distance. Where events P and
Q are closer in time than the travel-time for light
between them, observers with different motions may
take different views: one m, y find P and Q simul-
taneous, while another finds t' occurs before Q, and

c,

BIRD'S EYE viEW

Flash status
as e and 6'm/et

e sees fat, h hs's few

co'rk's ends timufraritous

Tardt.:N cer.01

E' see Ash Gus

Loath s ma's simakaatos4

e sus flash fut both ends of Ws roach sanufrnnecn4

6t4r tric ends of t' coach at- cif 4%714 (Similady for C')

FIG. :/,! ag THOUGHTEXPERINIENT
To show that events th are simultaneous for one observer

are not simultann for an observer moving with a
erent velocity
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still another finds P later than 9 To maintain Ein-
stein's Relativity, we must regard time as interlocked
with space in a compound space-time, 'hose slicing
into separate time and space depends somewhat on
the observer's motion If we accept this compound
space-time system, we must modify our philosophy
of cause and effect.

Cause and Effect

Earlier science was much concerned with call-
sahty Creeks looked for "first causes', later scien-
tists looiced for immediate causes"the heating
caused the rock to melt"; "the pressure caused the
liquid to flow", "the alpha-particle caused the ion:.
to be formed " It is difficult to define cause and
effect "P causes Q", what does that meant The
best we can say is that cause is something that pre-
cedes the effect so consistently that we think there is
a connection between them

Even in common cases (like s-raFss and gramN or
P o. and CURREN-0 , we prefer to say P and Q go to-
gether: we still look for relationships to codify our
knowledge, but we treat P and Q as cousins rather
than as parent and child

And now Relativity tells us that some events can
show a different order in time for different observ-
ersand all obse::ers are equally "right " The
sketches of Fig 31-40(e), below, show how various
observers at an event P, here -noto, must classify
some other events (e g, Q,) as in the absolute
future, some other events (e g , Q2) in the absolute
past; and some events (e g , Q ) in the absolute
elsewhere (as Eddington named it ) where observ-
ers with different motions at P may disagree over
the order of events P and Q

1, Note that the disagreement over simultaneity is not due
to forgetting the time taken by light signals to briag the in-
formation to ei,her observer We treat the problem as if each
observer had whole gang of perfectly trained clockwatchers
ranged along his coach to make observations without signal
delays and then report at leisure The observers compare
notes (e g by radio) Then each has an obvious explanation
of the other man's claim that he saw the light flash reach the
ends of his own coach simultaneously "Why, the idly fellow
has set his clocks askew Ile has a clock at each end of his
coach, and when the light flash hit those end clocks they
both showed the same instant of timeI saw that, too But
he is wrong n saying his end clocks are set in agreement
I can see that he has set his front-end clock hack by my
standard, and his hind-end dock ahead I can see that
the flash had to travel farther to reach his front end. And
my clocks tell me it arrived there later, as I know it should
But since his clock is mis-set, early by mine, the late-
ness of arrival did not show on it Those mistakes of 'us
in setting his clocks lust cover ap the cVe-ence of transit-
tune for what I can see are different traveldistant, .; to the
ends of his coach." As in all such relativistic eomprisons,
each observer blames the other for making exactly the tame
kind of mistake
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nc 31-40 CHARTS OF SPACE

(These fanciful sketches are highly restricted. all the events
shown occur in one :,night line, in a one-dimensional space.
along an x-axis

In the Lorentt picture, a scry high relative velocity between
E and E' is assumed The distortion of the x' and t' system in
the Lorentz picture shows the view taken by c Of course,
himself would take an "uns.storted" view of his own system,
but c' would find the x and t system-distorted"
It 's not possible to show the essential symmetry here, so the
Lorentz picture should only be taken as a suggestion, taken
literally, It would be misleading )

(a) An event that occurs on the straight Lne (x-axis) 's
shown by a point en this chart Distance along shows where
the event occurs en the line, Distance t.p shows woe' it
occurs Event P precedes event Q in time It may be sensi-
ble to say that P causei.Q, fur some types of event

IN LORENTZ WORLD

t

'LORENTZ
make,

, -
t

an

,

(ONE DIMENSION) AND TIME

(b) A moving experimenter carries his origin for distance
with hire, On the Grlilem system he uses the same tune-
scale as a -tationary experunenter

(c) a Galilean transformation between two experi-
menters, the lines for each hour by the clock are the same
for both observers, and parallel to the axis, t 0.

(d) The Lorentz transformation between two iperunenters
tilts one coordinate system of space-totune relative to the
other (through a negligible angle, except when speed of
E relative to E approaches

Then an event Q that follows event Pin time for one ex-
perunenter may p ,cede P for anotherbut only if the
events are so far apart that a light signal from one event
could not travel to the place of the other event and reach
It before the other event occurred there
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,I1,

lilt( r,,4
HOY. t

Cast fO C

nukt

Ft( :11-10(t ;Attu Iddington)
Obst ir r E as at the origin and .0 IS E who n raw% (1st
along 1-atis roan, to E The line sees -oust his equation
1 r t, and marks all esent% that E for E' Nos at tin,
viol eat sow E knowing the %Ju of c, alms, for 11

not and intik his alls of es ents that ham n now along the
raxis I fowl sir E male a different allom.noe (rote the
saint sit 5-non Ln, old wIII In al, a tilted "now" line as his

axis lha lint s a ontiniiing cren.51155 in tl formard don.,
Con r4 non nyul. the in isalluril tilt that c' mold has for
Ins , it-ht E tan nr,er liar elatnr ,r luKtty

than ( so ills r alis 1 an rit s, 1 tilt as 11141 11 iis

So non we must he more careful We may keep
cause .11I Mkt t Ill simple Case', suck as apples and
stomach-ache, or alpha particles and ions but 4.e
must be ware with events so close in time, for their
distan,,e apart, that they fall In each other's miso.
Lt-ri, Lsi w BLS}

in atom( physic., you meet other doubts con-
ceming sauce and effect Radioactive changes ap-
pear to he a matter of pure chancethe future life-
time of an individual atom being unpredictable, in
the final chapter you will see that nature enforces
partial unpredu tability on all our knowledge. hedg-
ing individual atomn events %%Oh sonic 1111.1%01(1.0)1e
unci taints , making It inns Ise to insist on exact
"eff s" from exact "causes

The 1 ort Ill.! I ransfortnation as a Rotator,

"1 he sketches of Fig 31-40 suggest m.e can throw light
of the !agent/ transformation if v e look at the effect
of a simple rotation of the axes of a wino- m x-, y-graph
g11 the algebra and find the -transformation- connect-
ing the old coordinates of 0 port. x, y, with the new
coordinates, x', y' of the same point, thus

StA5
JI

;\

X

Refer . point in a plane to x ri-axr s hen rotate :he
axes thrtilIgh 011 ang,It (around the Z-.1.Xis lit point,
r:11).1111illg ,it Its old position nl .pus. has coordinates
x', y' referred to the Tie axes Foe- the ss mind s for the
slope of the new x-axis, so that S IS ta,r Ilion as the
diagram shoes
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" ,,. e v

r

sf,

I 41

Afir.,..,11 lls

light Ilia \Slat 111%1 slope 11,4 r, tL, pa tun a 1111111
that t -aais and the light lulls mat t double tom
All 1,1 lit I' 101 urn it th) origin 111 111 54(55, , and 111 tit, r
gst lit at If (,) tie mid. the omit I in:lit-4one It ,s
di battik in the future of bir all ob,r, n X.1111 ills all

in the foster light-cone ((),I Are all the absolute pas,
eight r than P for all ohm's( IS But c), III the Tar, tss
the tent s Ina) h, in the futon to, r it set be in this
for an obwrwr E' whose a -As t itN 11,,,e It So we 1.11
that Intermediate region MISI) I II .151sOli III If t<t falls
tittle, neither nor () ran simple
oec'ir at differ, lit phi( s

x' _ (r b IOs A. 7- (r tan A) cos
se( A sy) il 4 tan AI

o_ ix sip \ (I 4
SI11111.1rh. (y cx1/ \ (I
This thaisforination for 51111ple rotation of rice .bows

square toot Islas mg much the same role as in the
Lorent, transformation In fact me obtain the Lorentz
form if se replace If by a tune coordinate, thus instead
of y, Slot' t multiplied by tionst., st c and in 1 the square
root of - I i And instead of slopes use 1)1 c) 'I hen,
with If let and y' ref' aids = n c. the simple
thtatio r m the I o tr
Tn that :;t'
earl be regarded as a sluing of spac &-tane with .1 dif-
ferent slant for different °kers yr.

The Int arrant "Infertal" betucen Tut) Fr tints
11'e can define the "inters.11" it between too vomits

f,) sod (x., 2. I be the Ps thagorean form
- (x, - f f,.,

I en ste tan also ss rite the expression that gnes 111, the
for another obserser who records the same

two merits at (x,', ti't and I x.', f;) on his coordinates
II ss 0 then use the Lorentz transformation t') expre,
in terms of the first obseiser's WOrdltiatS, We filld that
11' IS the san .15 11 lie Lotenth transformation keeps
that -intcr..11- rmanant hat states the lielatuito as-
sumptionmeasured c .4155.1%s the saint--in a dif-
frent %ear

;;In N Wher(er suggests .1 fable to illustrate the role
of e Suppose the nillahmots of an island do their
sur"..%ing %%all rettangula rocrdinates, but nwasure
N.'orei.Soutli distances in Inger and East-Nt'est ones 111

feet '1 hell a sudden. peitnanent shift of magnetic \ orth
through. art angle A makes tilt In torn their stem of
axes to the new direction "(hes again measme in miles
along the new N'-S' direction and an feet E'-W' hey
tr. to compute the distance - bt%%eell two points b%
Pythagoras Rt oo (.1x12 It, and they Pm! that
If takes a different Salim 55th the nee' coordinates



).)

(hes find that thes obtain the same %aloe for Ii
(and a useful one nub both sets of coordinates it they
define ft fi: (Jr - Ci2s0 !!).

Their -mysterious essential boor. 12O. -eresponds
to c in the relatn 'she inters al" m the pareq-aph abose
Moral c s not so much a ins stenous velocity
as a unit-changing factor, %%huh suggests that time aid
space are not iitterls different the% form one con-
tinuum 'nub both of them measurable III meters

Is There a Franzen ork of Fixed Spar0

Thes ii.ne des ised. in special Relatis its, a new
geometry and physics of space-&-tim ssith our
clocks and measuring scales (basic instruments of

physics), conspiring. be their changes when we
change observers, to present us with a .zinsersailv
constant velocity of light, to limit all moving matter
to lesser speeds. to reveal physical laws in the same
form for all obseners mining ssz11 constant eloc-
Ines, and thus to conceal Iron. us forever any abso-
lute motion through a fiscal framework of space, in
fact, to render meaningless the question sshether
such a framework exists.

VALUES OF MATHEMATICS
AS .1 LANGUAGE

Mathematical Form and Reality

As a language, algebra may be t CM' truthful or
accurate, and even fraitful bn: is it not doomed to
remain dull. uninteresting prose and never rise to
poetry' Most mathematicians %sill deny that doubt
and claim there is a great beauty in niathematics.
One can learn to enjoy its form and elegance as
much as those of poetry As an example, watch a
pair of simultaneous equations being polish( d up
into elegince Start nith

2x 3y = 9
-lx _2y =10

'hen with some juggling sse can get rid of y and
find x = 3. and then y == 1. But these are lopsided,
individual equations. Let us make them more gen-
eral, replacing the coefficients 2.3, 9. etc by letters
a, b. c. etc , this

ax -- by -c air -- cy f

cc fb
After heatier juggling, sse find x Then

ae
more juggling is needed to find y These solutions
enable us to solse the c.:rher equations and others
like them by substituting the number coefficient,
for a. h. c, etc But unless we had many equations
to solve that nonfil hardls pay. and we seem no
nearer to poetry But aow lit us be more ss stem-
atic We arc dealing ssith x ..nd y as much the
same things, so %se might emphaszie the similarity

by caning them a and r. To match that change
ne use a a., a, instead of a, b, c and suite

- But tine we has a- the second
equation s cc:effluents 11e ought call theill etc.,
but ell so the two equations do not look quite
symmetrical 'ro be fairer still, use call the first lot
a' etc and the second lot a" etc- Then

-- a; x, a'
and a "x, - a_'x- -a"

'rhese look neat, but is their neatness du us

Sole for x We obtain T - Here

is a gain sue need not solse for x; or y S:lium)try
%sill shots tic the answer straight ass .%!. Note that x.
and x, (the r and y and their coeffitients are
ozzly distinguished by the subscripts , and . if sec
Interchange the subscripts . and throughout. n
get the same equations again, iiid there;ore we must
have the same solutions We make that interchange

in the solution abose and r,

sc"a,'
conies T- V hat the an-

seer for x: ( the old y1, free of charge. The economy
of narking may seem small, but think of the in-
creased complexity if ne had, say. fist' unknowns
and five simultaneous eqnations With this syin-
metrical system of writing, we just soh': for one
unknonn, and then write down the other four solu-
tion- by symmetry. Here is form playing a part
that is useful for economy and pleasant :n appear-
ance to the mathematical eye. More than that, the
new form of equations and answers is general and
universalin a sense this is a case of covariance.
This is the kind cf symmetrical form that appealed
to Maxwell and Einstein.

This is only a little nay towards fi :ding poetry
in the :anguage or mathematics about as far as
nell-meh red terse. The nest stage ssould be to use
ss mmetrzcal methods rather than symmetrical forms,
e g -determinants As the professional n ithezna-
titian ales clops the careful arguments which hack
up his methods, he builds a structure of logic and
form nbich to his eye is as healthful as the finest
poem

Ccomcory awl Science Truth and General Relativity

Thus, mathematics gees far beyond working
arithmetic and sausage.< zzz uling algebra it esen
abandons pert definitions and some of the restric-
tion: of logic, to encourage full nonering of its
gross th, but yet its thole scheme is based on its

n starting points. the views its founders take of



111111111( rs 110111,1, pawn( 1 lint s, t t tors, Pure
mathematic is an isory toner singles. 1 he results,
being (lensed by good !ogle, are as,tomaticalls true
to the original assumptions and definitsons hether
the real %solid fits the assumptions sems at first a
matter for experiment We certainly must not trust
the assumptions just because they seem reasonable
and ohs ions. Hos. ever, they may be more like defini-
tions of procedure, in which case mathematics, still
trite to those definitions, might interpret any world
in terms of them.

We used to think that %% hen the mathematician
had developed his world of space and numbers, ue
then had to do experiments to find out hether the
real world agrees with him For example. Euclid
made assumptions regarding points and lines. etc
and proved, or argued out, a consistent geometry
On the face of it. by rough comparison ss tit real
circles and triangles drawn on paper or surveyed
on land, the results of his ss stern seemed true to
nature. But, one felt, more and more precise experi-
ments were needed to test whether Euclid had
chosen the right assumptions to imitate nature
exactly, whether, for example, the three angles of a
triangle do make just ISO degrees)* Re labs ity-
mechanics and astronomical thinking about the tiaf-
verse have raised serious questions about the most
fitting choice of geometry. Mathematicians have
long known that Euclid's version is only ore of
seveial dc-lsable geometries which agree on a
small scale but differ radically on a large scale in
their physical arid philosophical :wire.

Special Relativity deals %sal] cases where an ob-
server is mos ing with constant velocity relative to
apparatus or to another observer. Einstein then de-
%eloped General ticlatuatb. to deal with measure-
ment in systems t' at are accelerating,

What ,s General Ilniatiyity. and how does it affect
our views of phy sues and of geometry

" It probably seems obsious to sou that thcx do This ma,
b because sox hate steallonect Euclid's proof n holeau-
thontartan deduction Or yin in ix hate assurea yourself in-
ductively be makirt; a paper wangle tearing off the corners
and assemblinr them Suppose. lumeccr. sse octal on a huge
globe, mahout knowing it Small tnanoles, confined to the
schoolroom %could hate a ISO' sum But a huge triangle
nsuld base a bigger sum For exampe. cue nail 0' apex
at the N -pole could hat e right orattls at its bate on the
evator

En II-1:
I a I cal Ing a paper triangle lb) rnant:le un a ildu rc
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Einstein's Prow:pie c:` ;:tpatalenee

Einstein %%as ie'l to General Belatis its by a single
questum -Could an obserser in a falling ele dor
or accelerat rig train really know he is accelerating"
Of course !iv would notice strange forces t as to the
case of truck and-tsaek experiments to test F = 11a
in an accelerating railroad coach There stratus,
forces act on the truck and make F Ala untrue)
But could he decide bx experiment between ac-
celeration of his frame of reference arid a nexx gra% s-
tational field") ( If a carpenter builds a correctly
tilted laboratory in the accelerating coach. the ob-
serser udl again find F = Ita holds, but he will
find "g different-)° Therefore, Einstein assumed
that no local experiments mechanical, electrical or
opticalcould decide no experiments could tell an
obsers er whether the force he finds are clue to his
acceleration or to a local "gravitational' field Then.
Einstein said, the laws of physics must take the same
essential form for ALL obser crs, exen those oho
are accelerating. In other cords. Einstein required
all the taus of physics to be covariant for ail :sans-
formations from one frame of reference (or labora-
tor) to another That Is the essential basis of Gen-
eral Baal. ity all physical taus to keep the same
form.

It was obvious long ago that for mechanical be-
lt. -for a gravitational field and an accelerating
frame of reference are equivalent Einstein's great
contribution was lus assumption that thzy are com-
pletely equis alent that even III optical and electrical
experiments a gravitational field woulc have the
same effect as an accelerated frame of reference
Tlus assertion supplied the long-scught-for link
between gradation and the rest of phxsics.

Accelerating Local Observer = -Grat itational Ftela

The Principle of &pus alence influences our slew
of matter motion and geometry in sex end ways

(I) Local Physics for Accelerated Obvert% rs If
the Principle of Equivalence is true, all the strange
effects obsersed in an accelerating laboratory can
be ascribed to an extra force -field- If the labora-
tory's acceleration is a meters sec'. we may treat the
laboratory as at rest instead if ue give e,cry mass
m kg an extra force ma neutons, presumably due
to a force-field of strength a newtons kg Then,
nail this field included, the ordinary rules of
mechanics should apply---or rather the Lorentz
modification of Newtoman mechanics and Euehd-
can just as in Special Belat:vdy.

Sec h pit r 7 Problems '30 and it

Sir Filmund WIntt her nu From Err, lul to 1:41:ngton
(Cambridge Unnu Isit% Piss 1949 sign% in 1)mer paper-
back c dawn
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(1) Experimenters in a railroad coach that is ac-
celeratingor in a rocket that is being this en
by its fuelwill find Ness ton's Laws of motion
apply ing at low speeds. pros ided they add to
all visible forces on each mass in the extra
(backward' force, ma, due to the equivalent
force-field." Objects moving through the labo-
ratory at %cry high speeds would seem to have
increased mass, etc, just as iie always expect
from Special Relati% ity.

(II) An experimenter weighing himself on a spring
scale in an elevator moving with downw ird
acceleration a would obtain the scale reading
that he would expect in a gra% itational field
of strength (g a. (See Ch. 7, Problem 10.)

(iii) In a freely falling box the force cxered by the
equivalent force -field on a mass m would be
mg, upward Since this would exactly balance
:he weight of the both, 771;,' downward, every-
thing would appear to be weightless The
same applies to exp -rinients Inside a rocket
when its fuel has stopped dining it, or to ex-
periments on any satellite pursuing an orbit
around the Earth the pull of the Earth's con-
trolling gr.e.ity is not felt, because the w hole
laboratory is accelerating too

(Iv) In a rotatsog laboratory, adding an outward
force-field of strength 1.2, R would reduce the
local mechanical behavior to that of a sta-
tionary lab

(2) interpreting Gravity. All (real) gravitational
fields can be reinterpreted as local modifications of
space &-time by changing to appropriate accelerat-
ing axes so that the field disappears This change
gives us no help in mechanical calculations, but it
leads to a new mearnag for gravity, to be dismissal
in the next section

(3) "Removing Gravity." If a gravitational field
is reall% equivalent to an accelerating frame, we can
remove it by giving our laboratory an appropriate
acceleration. Common grab ity, the pull of the Earth,
pulls vertically down It is equivalent to an accelera.

2, Oser 200 tears ago, the French philosopher and mathe-
matician d'Alembert stated a general principle for solving
problems that insolse accelerated motion add to all the
known torus acting on an accelerating mass m an extra
force ma, then treat m as in equilibrium By adding such
"d'Alembert forces" to all the bodies of a complex system
of masses in motion vie can convert the dynamical problem
of 2recheting forces or motion into a statical problem of
forces in equilibrium This is now common practice among
professional physicists, but it is an artificial, sophisticated
notion that is apt to be misleading, se vie avoid It in ele-
mentary teaching It is the basis or tie 'engineer's headache-
:ore" mentioned in Opinion III of centrifugal force, in
Chapter 21

tion of our frame, g icrtic,alli up It we thui let
our lab fall through our frame of reference with
acceleration gertically doi,n, we ol >set x e no diet ts
of gran :y Our lab has two aweleraties, the real"
one of falling and the opposite one that replaces the
gravitational field. The tiro just cancel and we have
the equivalent of a stationary lab in zero gravita-
tional field That lust means, "let the lab fall freel% ,

and gravity is not felt in We do that physically
w hen we travel in a space ship, or in a freely-falling
elevator Our accelerating framework renames all
sign of the gravitational field of Earth or Sun" on
a small local scale. Then we c. s lea% e a body to
move with no forces and watch tb path W e call its
path in spac:-&-time a stra.ght line and we expect
to find sample mechanical laws obeyed W. 11.0.e an
inertial frame in our locality.

(4) Artificial Gravity. Conversely, b% imposing
large real acceleration we can manufacture a strong
force field. If we trust the Principle of Equn alence
we expect this force-field to treat matter in the same
way as a hen strong gravitational field On this
view, centrifuging increases mailable "g" many.
thousandfold.

;5) Myth- and - Symbol Experiment To an ob-
server with acceleration a every mass in seems to
suffer an opposite force of size inCa. in addition to
the pushes and pills exerted on it by known agents
In a gravitational field of strength g every mass nit
is pulled with a force neg Here. we are using TO
for inertial mass, the in in ma, and »i' for grass-
tational mass, the in in F = Gtlrn (P. The Principle
of Equivalence says that gravitational field of
strength g can he replaced in effect by an opposite
acceleration g of the observer

ireg must be the same as rn °g nt*

The Principle of Equivalence requires gravitational
mass and inertial mass to be the same, and the
My th-and-Symbol Experiment long ago told us that
they arc. As you %%ill see in the discussion that fol.
le ws, Einstein, in his development of General Bela-

, gas(' a deeper meaning for this equality of
t two kinds of mass

Genera Ilelatitay and Geometry

Over small regions of space-&-tune, the Earth's
gravity is practically uniformand so is any other

"That is uby the Sun's gravitational pill produces "no
nom cable field" as we moose 'sub the Earth around it %early
orbit That phrase in the table of field values p 116 was
is quibble') Only if inertial ma., and grasitatioual mass
failed to keep am ay the sank proportion for different sub
stances would any notu cable effect occur Minute differences
of such a kind are beme, looked forif any are dcscover«l,
they still has e a profound e ffe et on our theory
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gra% minimal field So we in remote' gravity
local experiments by ha Jig our lab accelerate
freely, and it will behave ..ke an inertial frame with
no gravitational field an object left alone will stay
at rest or move in a straight line, and with forces ap-
plied we shall find F = ma. However, on a grander
scale, say all around the Earth or the Sun, w e should
:lave to use many different accelerations for our
local labs to remove gravity In fitting a straight
line defined in one 'ab *ov Newton's Law I to its
continuation in a neig thoring lab, also accelerating
freely, w e should find we have to "bend" our straight
line to make it fit The demands of bending would
get worse as we proceeded from lab to lab around
the gravitating mass. How can we explain that?
Instead of saying "we has c found there is granny
here after all" we might say "Euclidean geometry
does not quite fit the real world near the massive
Earth or Sun.- The secant' choice is taken in der elop-
ing General Relativity. As in devising Spa ial Rela-
tivity, Einstein looked for the simplest geometry to
fit the new assumption that the laws of physics
should always take the same form. He arrived at a
General-Relativity geometry in which gravity disap-
pears as a strange force reaching out from matter,
instead, it appears as a distortion of space-&-time
around matter.

"From time immemorial the physicist and the
pure mathematician had worked on a certain agree-
ment as to the shares which they were respectively
to take in the study of nature The mathematician
was to come first and analyse the properties of space
and time building up the primary sciences of geome-
try and kinematics (pure motion), then, when the
stage had thus been prepared, the physicist w.. to
conic along with the dramatis personaematerial
bodies, mrignets, electric charges, light and so forth--
and the play was to begin But in Einstein's revolu-
tionary conception the characters created the stage
as they walked about on it geometry was no longer
antecedent to physics but indissolubly fused with
it into a single discipline The properties of space
in General Relativity depend on the material bodies
and the energy that are present .

Is this new geometry right and the old wrong?
Let us return to our view of mathematics as the
obedient servant Could we not use any system of
geometry to carry out our description of the physical
world, stretching the world picture to fit the geome-
try, so to speak? Then our search would not be to
find the right geometry but to choose the simplest
or most convenient one which would describe the

2. Sir Edmund Whittaker, Froni Euclid to Eddington,
op est p 117
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world with least stretching." If w e do, we must
realize that we choose our geometry but we have
our unisers ", and if we ruthlessly make one fit the
of. -r w pushing and pulling and distorting, then

e must take the consequences
For example, if all the objects in our world con-

sisted of some pieces of the elastic skin of an orange,
the easiest geometrical model to fit them on would
be a ball. But if we were brought up with an un-
dying belief in plane geometry, we could press the
peel down on a flat table and glue it to the surface,
making it stretch where necessary to accommodate
to the table. We might find the cells of the peel
larger near the outer edge of our flattened piece,
but we should announce that as a law of nature We
might find strange forces trying to make the middle
of the patch bulge away from the tableagain, a
-law of nature." If we sought to simplify our view of
nature, the peel's behavior would tempt us to use a
spherical surface instead of a flat cne, as our model
of "surface - space" All this sounds fanciful, and it
is, but just such a discuss'on on a three- or four-
dimensional basis, instead of a two dimensional one,
has been used in General Rela..vity. The strange
force of gravity may be a necessary result of trying
to interpret nature with an unsuitable geometry
the system Euclid developed so beautifully. If we
choose a different geometry, in which matter dis-
torts the measurement system around it, then gravi-
tation changes from a surprising set of forces to a
mere matter of geometry. A cannon ball need no
longer be regarded as being dragged by gravity in
what the old geometry would call a "curve" in space
Instead, we may think of it as sailing serenely along
what the new geometry considers a straight line in
its space-&-time, as distorted by the neighboring
Earth.

This would merely be a change of view (and
as scientists we should hardly bother much about
it), unless it could open our eyes to new knowledge
or improve our comprehension of old knowledge.
It can. On such a new geometrical view, 'he
"curved" paths of freely moving bodies are inlaid
in the new geometry of space &tune and all pro-
jectiles, big and small, with given speed must follow
the same path. Notice how the surprise of the
Myth-and-Symbol fact disappears. The long-stand-
ing mystery of gravitational mass being equal to
inertial mass is solved Obviously a great property
of nature, this equality was neglected for centuries
until Einstein claimed it as a pattern property im-
posed on space-&-tune by matter

2' Yon can have your coffee served on any tray, but on
some trays it wobbles less



Even a light ray must MIlow a mire just as nun h
as a bullet min ing at light speed Near the Earth
that Curia «mild be impeicepuble, but starlight
streaming past the Sun should be deflected by au
angle of about 0 (NM degrees. just measurable hi
modern instruments Photograph-. taken during total
eclipses show that star.. %cry near the edge of the
Sun seem shifted by about 0 0006' On the tradi-
tional ("classical") mew, the Sun has a gravitational
field that appears to modify the straight -line law for
light ray s of the Euclidean geometrical scheme On
the General Relativity mow, ae replace the Sun's
gravitational field bee crumpling of the local ge-
ometry from simple Euclidean form into a version
where light seems to us to travel slower Thus the
light beam is coned slightly around as it passes the
Sunthe reverse of the bending of light by hot air
over a road. when it makes a mirage.

Finding this view of gravitation both simple and
fruitful when boiled down to simplest mathemati-
cal formwe would like to adopt it In any ordinary
laboratory experiments we find Euclid's geometry
gives simple, accurate descriptions. But in astro-
nomical cases with large gravitational fields we
must either use a new geometry (in which the mesh
of "straight lines" in space-&-time seems to us
slightly crumpled) or else we must make some com-
plicating changes in the laws of physics. As in
Special Relativity, the modern fashion is to make
re change in geometry This enables us to polish

up the laws ,ihysics into simple forms which hold
universally, and sometimes in doing that we can see
the possibility of new knowledge

In specifying gravitation on the new geometrical
view, Einstein found that his simplest, most plausi-
ble form of law led to slightly different predictions
from those produced by Newton's inverse-square
law of gravitation Ile did not "prove Newton's Law
wrong" but offered a refining modificationthough
this involved a radical change in viewpoint We
must not think of either law as right because it is
suggested by a great man or because it is enshrined
in beautiful mathematic. We are offered it as a
brilliant guess from a great mind unduly sensitive
to the overtones of evidence from the real universe
We take it as a promising guess, ex en a likely one,
but we then test it ruthlessly The changes, from
Newton', predictions to Einstein's, though funda-
mental in nature, are usually toe small in effect to
make any difference in laboratory experiments or
even in most astronomical measurements But there
should be a noticeable effect in the rapid motion
of the planet Mercury around its orbit Newton pre-

31-Q 01 Pi am it \lilt, ii
dieted a simple ellipse, with other planets producing
perturbations which could he calculated and ob-
served General Rehm% ity theory- predicts an extra
motion, a very slow slowing around of the long axis
of the ellipse by 0 00119 degree per century When
Einstein predicted it, this tiny motion was already
known, discovered long before by Lexerner. The
measured salue, 0 00117*/ century was waiting to
test the theory

Accepting this view of ,;ravity, astronomers can
speculate on the geometry of all space and ask
whether the universe is Infiniti or bounded by its
own geometric curvature (as a sphere is) We may
yet be able to make some test of this question.

There are still difficulties and doubts about Gen-
eral Relate ity Even as we use it confidently to deal
with Mercury's motion, or the light from a massive
star, ue may have to anchor our calculations to some
frame of reference, perhaps the remotest regions of
space far from gravitating matter, or perhaps the
center of gravity of our universe. So space as we
treat it, may have some kind of absolute milestones
This doubt, this threat to a powerful theory, does
not irritate the wise scientist he keeps it in mind
with hopes of an in'..--fssting future for his thoughts.

New Mathematics Or Nuclear Physics

In atomic and nuclear physics, mathematics now
takes a strong hand. Instead of sketching a model
with sharp bullet-like electrons whirling round an
equally sharp nucleus, we express our knowledge
of atoms in mathematical forms for which no picture
can be drawn. These forms use unorthodox rules of
algebra, dreamed up for the purpose, and some
show the usual mathematical trademark of waves
Yet, although they remain mathematical forms, they
yield fruitful predictions, ranging from the strength
of metal wires and chemical energies to the behavior
of radioactive nuclei.

We now see mathematics, pure thought and argu-
ment, again offering to present physics in clearer
forms which help our thinking, but now far from a
servant, it is rather a Lord Chancellor standing be-
hind the throne of ruling Science to advise on law.
Or, we might describe mathematics as a master
architect designing the building in which science
can grow to its best
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RELATIVITY

There was a young lady named Bright,
Who traveled much faster than light.

She started one day
In the relative way,

And returned on the previous night.

Anonymous



9 Parable of the Surveyors

Edwin F. Taylor and John Archibald Wheeler

k i Compor.,
t

Once upon a time there was a Daytime surve :'or who measured off the king's
lands. He took his directions of north and east from a magnetic compass
needle. Eastward directions from the center of the town square he measured in
meters (x in meters). Northward directions were sacred and were measured in
a different unit, in miles (y in miles). His records were complete and accurate
and were often consulted by the Daytimers.

Nighttimers used the services of another surveyor. His nortn and east
directions were based on the North Star He too measured distances eastward
from the center of the town square in meters (x' in meters) and sacred distances
north in miles CV in miles). His records were complete and accurate. Every
corner of a plot appeared in his book with its two coordinates, x' and y'.

One fall a student of surveying turned up with novel openmindedness.
Contrary to all previous tradition he attended both of the rival schools
operated by the two leaders of surveying. At the day school he learned from
one expert his method of recording the location of the gates of the town and
the corners of plots of land. At night school learned the other method. As
the days and nights passed the student puzzled more and moi-c in an attempt
to find some harmonious relationship between the rival ways of recording
location. He carefully compared the records of the two surveyors on the loca-
tions of the town gates relative to the center of the town square:

Table 1. Two different sets of records for the same points

Place
Daytime surveyor's axes oriented

to magnetic north
(x in meters, yin rules)

Town square
Gate A
Gate B
Other gates

0 0

XA YA

XB V

Nighttime sarveyor's axes
oriented to the North Star
(x' ut meters, y' uu miles)

0 0

k

'CB YES

In defiance of tradition, the student took the daring and heretical step to
convert northward measurements, previously expressed always in miles, into
meters by multiplication with a constant conversion factor, k. He then dis-
covered that the quantity [(x,, )2 + (kyA)2 1/2 based on Daytime measurements
of the position of gate A had exactly the same numerical value as the quantity

Daytime surveyor uses
magnetic north

Nighttime surveyor
uses North Star north
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Fig. 1. The to n and its gates, showing coordi-
nate axes used by two different surveyors.

((x,,,)2 4. (kyAr)211/2 computed from the readings of the Nighttime surveyor for
gate A. He tried the same comparison on the readings computed from the re-
corded positions of gate B, and found agreement here too. The student's
excitement grew as he checked his scheme of comparison for all the other
town gates and found everywhere agreement. He decided to give his dis-
covery a name. He called the quantity

(I) 1(x)2 -I- (kY)9"2

the distance of the point (y, y) from the center of town. He said that he had
discovered the principle of the invariance of distance: that one gets exactly the
same dist,. -ices from the Daytime coordinates as from the Nighttime coordi-
nates, despite the fact that the two sets of surveyors' numbers are quite
different.

This story illustrates the naive state of physics before the discovery of
special relativity by Einstein of Bern, Lorentz of Leiden, and Poincare of
Paris. How naive?

1. Surveyors in this mythical kinguom measured northward distances in a
sacred unit, the mile, different from the unit used in measuring eastward
distances Similarly, people studying physics measured time in a sacred
unit, the second, different from the unit used in measuring space. No one
thought of using the same unit for both, or of what one could learn by
squaring and combining space and time coordinates when both were
measured in meters. The conversion factor between seconds and meters,
namely the speed of light, c = 2.997925 , 108 meters per second, was
regarded as a sacred number. It was not recognized as a mere conversion
factor like the factor of conversion between miles and metersa factoi
that arose out of historical accidents alone, with no deeper physical
significance.

2. In the parable the northbound coordinates, y and y', as recorded by the
two surveyors did not differ very much because the two directions of
north were separated only by the small angle of 10 degrees. At first our
mythical student thought the small differences between y and y' were due
to still/eying error alone. Analogously, people have thought of the time
between the explosion of two firecrackers as the same, by whomever
observed. Only in 1905 did we learn that the time difference between
the second event and the first, or "reference event," really has dif-



ferent values, t and for observers in different states of motion.
Think of one observer standing quietly in the laboratory. The other One observer uses

observer zooms by in a high-speed rocket. The rocket comes in through laboratory frame

the front entry, goes down the middle of the long corridor and out the
back door. The first firecracker goes off in the corridor ("reference
event") then the other ("event A"). Both observers agree that the
reference event establishes the zero of time and the origin for distance
measurements. The second explosion occurs, for example, 5 seconds Another observer uses

later than the first, as measured by laboratory clocks, and 12 meters rocket frame

further down the corridor. Then its time coordinate is 1A = 5 seconds
and its position coordinate is xA = 12 meters. Other explosions and
events also take place down the length of the corridor The readings of
the two observers can be arranged as in Table 2.

Table 2. Space and time coordinates of the same events as seen by two
observers in relative motio7. For simplicity the y and z co-
ordinates are zero, and toe romcet is moving in the x direction.

Event

Reference event

Event A
Event B
Other events

Coordinates as measured by observer who is

standing moving by m rocktr
(x m tnt'. s, r in seconds) (x' m meters, r' in seconds)

0 0 0 0

A l'A

.61 i'y

3. The mythical student's discovery of the concept of distance is matched by
the Einstein-Poincare discovery in 1905 of the idea of interval. The in-
terval as calculated from the one observer's measurements

(2) interval = i(c/A)2 (x&)21"2

agrees with the interval as calculated from the other observer's measure-
ments

(3) interval = [(ctAT (x4')2l"

even though the separate coordinates employed in the two calculations
do not agree. The two observers will find different space and time coordi-
nates for events A, B, C, . relative to the same reference event, but
when they calculate the Einstein intervals between these events, their
results will agree. The invariance of the inter) alits independence from
the choice of the reference frameforces on'; to recognize that time can-
not be separated from space. Space and time are part of the single
entity, spacetime. The geometry of spacetime is truly four-dimensional.
In one way of speaking, the "direction of the time axis" depends upon the
state of motion of the observer, just as the directions of the y axes
employed by the surveyors depend upon their different standards of
"north."

Discovery invariance
of interval
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The rest of this chapter is an elaboration of the analogy between surveying
in space and relating e ents to one another in spaceume. Table 3 is a preview
of this elaboration. To recognize the unity of space and time one follows the
procedure that makes a landscape take on meaninghe looks at it from several
angles. This is the reason for comparing space and time coordinates of an
event in two different reference frames in relative motion.

Table 3. Preview: Elaboration of the parable of the surveyors.

Parable of the surves rs
geonietrs of space

The task of the surveyor is to locate the posi-
tion of a point (gate A) using one of two co-
ordinate systems that are rotated relative to
one another

The two coordinate systems. oriented to
magnetic north and to North-S ,forth

For cons emence all surveyors agree to make
position measurements with respect to a
common origin (the center of the town
square)

The analysis of the surveyors' results is sim-
plified ifs ands coordinates of a point are
both measured in the same units, in meters

The separate coordinates xA and s A of gate
A do not have the same s aisles respectively in
two coordinate systems that are rotated
relative to one another

Invariance of distance The distance (v 6,1 -f-

A2)" between gate A and the town square
has the same value when calculated using
measurements made with respect to either of
two rotated coordinate systems (SA and rA
bc th measured in meters)

Euclidean transformation Using Eirchileari
geometry, the surveyor can solve the follow-
ing problem Given the Nighttime coordin-
ates x A' and .1 A' of gate A and the relative
inclination of icspective coordinate axes,
find the Daytime coordinates SA and to of
the same gate

Analogs to phss c s
gearing r; of spacennte

---
The task of the physicist is to locate the posi-
tion and ...ne of an dent (firecracker explo-
sion A) using one of two reference frames
which are in motion relative to or- another

The two reference frames: the laboratory
frame and the rocket frame

For convenience all phySicists agree to make
position and time measurements with re-
spect to a common reference event (explo-
sion of the reference firecracker)

The analysis of the physicists' result. is sim-
plified if the s and r coordinates of an event
are both measured in the same units, in
meters

The separate coordinates A A and rA of event
A do not have the same values respectively in
two reference frames that are in uniform
motion relative to one another

Inarliplee of the inierrul The (r..le merva.
k2), i between event A and the reference

event has the same value when calculated
using measurements made with respect to
either of two reference frames in relative
motion IA A and rA both measured in meters).

Loren!: franSformalson Using Loren!:
geometry, the physicist can solve the follow-
ing problem: Given the rocket coordinates
sA" and IA' of event A and the relative
velocity between rocket and laboratory
frames, find the laboratory coordinates AA
and rA of the same event.

The parable of the surveyors cautions
both distance and time. So use meters
meters When a mirror is mounted at
long, a flash of light may be bounced ba

us to use the same unit to measure
for both. Time can be measured in
each end of a stick one-half meter
ck and forth between these two mir-



rors. Such a device is a clock. This clock may be said to "tick" each time the
light flash arrives back at the first mirror. Between ticks the light flash has
traveled a round-trip distance of I meter. Therefore the unit of time between
ticks of this clock is called 1 meter of light-travel time or more simply / meter
of time. (Show that 1 second is approximately equal to 3 X 10' meters of
light-travel time.)

One purpose of the physicist is to sort out simple relations between events
To do this here he might as well choose a particular reference frame with
respect to which the laws of physics have a simple form. Now, the force of
gravity acts on everything near the earth. Its presence complicates the laws of
motion as we know them from common experience In order to eliminate this
and other complications, we will, in the next section, focus attention on a
freely falling reference frame near the earth. In this reference frame no gravi-
tational forces will be felt. Such a gravitation-free reference frame will be
called an inertial reference frame. Special relativity deals with the classical
laws of physics expressed with respect to an inertial reference frame.

The principles of special relativity are remarkably simple. They are very
much simpler than the axioms of Euclid or the principles of operating an auto-
mobile. Yet both Euclid and the automobile have been mastered.perhaps
with insufficient surpriseby generations of ordinary people. Some of the
nest minds of the twentieth century struggled with the concepts of relativity,
not because nature is obscure, but simply because man finds it difficult to out-
grow established ways of looking at nature. For us the battle has already been
won. The concepts of relativity can now be expressed simply enough to make
it easy to think correctlythus "making the bad difficult and the good easy."t
The problem of understanding relativity is no longer one of learning but one of
intuitiona practiced way of seeing. With this way of seeing, a remarkable
number of otherwise incomprehensible experimental results are seen to be
perfectly natural.;

tEinstein, in a similar connection, in a letter to the architect Le Corbusier

t For a comprehensive set of references to introductory literature concerning the special theory
of relativity, together with several reprints of articles, see Special Relativity Theory, Selected
Reprints, published for the American Association of Physics Teachers by the American Insti-
tute of Physics, 335 East 45th Street, New York 17, New York, 1963

Simplify Pick freely
falling laboratory
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Outside and Inside the Elevator

Albert Einstein and Leopold Infeld

The law of inertia marks the first great a ivance in
physics; in fact, its real beginning. It was gained by the
contemplation of an idealized experiment, a body mov-
ing forever with no friction nor any other external
forces acting. From this example and later from many
others, we recognized the importance of the idealized
experiment created by thought. Here again, idealized
experiments will be discussed. Although these may
sound very fantastic they will, nevertheless, help us to
understand as much about relativity as is possible by
our simple methods.

We had previously the idealized experiments with a
uniformly moving room. Here, for a change, we shall
have a falling elevator.

Imagine a great elevator at the top of a skyscraper
much higher than any real one. Suddenly the cable
supporting the elevator breaks, and the elevator : falls
freely toward the ground, Observers in the elevator
are performing experiments during the fall. In describ-
ing them, we need not bother about air resistance or
friction, for we may disregard their existence under
our idealized conditions. One of the observers takes a
handkerchief and a watch from his pocket and drops
them. What happens to these two bodies? For the out-
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side observer, who is looking through the window of
the elevator, both handkerchief and watch fall toward
the ground in exactly the same way, with the same
acceleration. We remember that the acceleration of a
falling body is quite independent of its mass and that
it was this fact which revealed the equality of gravita-
tional and inertial mass (p. 37). We also remember that
the equality of the two masses, gravitational and in-
ertial, was quite accidental from the point of Aew
of classical mechanics and played no role in its struc-
ture. Here, however, this equality reflected in the equal
acceleration of all falling bodies is essential and forms
the basis of our whole argument.

Let us return to our falling handkerchief and watch;
for the outside observer they are both falling with the
same acceleration. But so is the elevator, with its walls,
ceiling, and floor. Therefore: ti.z. distance between the
two bodies and the floor will not change. For the in-
side observer the two bodies remain exactly where
they were when he let them go. The inside observer
may ignore the gravitational field, since its source lies
outside his CS. He finds that no forces inside the ele-
vator act upon the two bodies. and so they are at
rest, just as if they were in an inertial CS. Strange
things happen in the elevator! If the observer pushes
a body in any direction, up or down for instance. it
always moves uniformly so long as it does not collide
with the ceiling or the floor of the elevator. Briefly
speaking, the laws of classical mechanics are valid for
the observer inside the elevator. All bodies behave in
the way expected by the law of inertia. Our new CS
rigidly connected with the freely falling elevator dif-
fers from the inertial CS in only one respect. In an
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Outside and Inside the Elevator

inertial CS, a moving body on which no forces are
acting will move uniformly forever. The inertial CS as

represented in classical physics is neither limited in
space nor time. The case of the observer in our elevator
is, however, different. The inertial character of his CS
is limited in space and time. Sooner or later the uni-
formly moving body will collide with the wall of the
elevator, destroying the uniform motion. Sooner or
later the whole elevator will collide with the earth
destroying the observers and their experiments. The
CS is only a "pocket edition" of a real inertial CS.

This local character of the CS is quite essential. If
our imaginary elevator were to reach from the North
Pole to the Equator, with the handkerchief placed over
the North Pole and the watch over the Equator, then,
for the outside observer, the two bodies would not
have the same - they would not be at rest
relative to eacn other. Our whole argument would
fail! The dimensions of the elevator must be limited
so that the equality of acceleration of all bodies rela-
tivz to the outside observer may be assumed.

With this restriction, the CS takes on an inertial
character for the inside observer. We can at least indi-
cate a CS in which all the physical laws are valid, even
though it is limited in time and space. If we imagine
another CS, another elevator moving uniformly, rela-
tive to the one falling freely, then both these CS will
be locally inertial. All laws are exactly the same in both.
The transition from one to the other is given by the
Lorentz transformaL.Jn.

Let us see in what way both the observers, outside
and inside, describe what takes place in the elevator.

The outside observer notices the motion of the ele-
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vator and of all bodies in the elevator, and finds them
in agreement with Newton's gravitational law. For
him, the motion is not uniform, but accelerated, be-
cause of the action of the gravitational field of the
earth.

However, a generation of physicists born and
brought up in the elevator would reason quite differ-
ently. They would believe themselves in possession of
an inertial system and would refer all laws of nature to
their elevator, stating with justification that the laws
take on a specially simple form in their CS. It would
be natural for them to assume their elevator at rest and
their CS the inertial one.

It is impossible to settle the differences between the
outside and the inside observers. Each of them could
claim the right to refer all events to his CS. Both de-
scriptions of events could be made equally consistent.

We see from this example that a consistent descrip-
tion of physical phenomena in two different CS is pos-
sible, even if they are not moving uniformly, relative
to each other. But for such a description we must take
into account gravitation, building so to speak, the
"bridge" which effects a transition from one CS to the
other. The gravitational field exists for the outside ob-
server; it does not for the inside observer. Accelerated
motion of the elevator in the gravitational field exists
for the outside observer, rest and absence of the gravi-
tational field for the inside observer. But the "bridge,"
the gravitational field, making the description in both
CS possible, rests on one very important pillar: the
equivalence of gravitational and inertial mass. 1Vithout
this clew, unnoticed in classical mechanics, our present
argument N 'old fail completely.



e

oot 1,Ie And Ins;(le tho Elevator

Now for a somewhat different idealized experiment.
There is, let us assume, an inertial CS, in which the
law of inertia is valid. We have already described what
happens in an elevator resting in such an inertial CS.
But we now change our picture. Someone outside has
fastened a rope to the elevator and is pulling, with a
constant force, in the direction indicated in our draw-
ing. It is immaterial how this is done. Since the laws of

mechanics are valid in this CS, the whole elevator
moves with a constant acceleration in the direction of
the motion. Again we shall listen to the explanation of

phenomena going on in the elevator and given by both
the outside and inside observers.

The outside observer: My CS is an inertial one. The
elevator moves with constant acceleration, because a
constant force is acting. The observers inside are in
absolute motion, for them the laws of mechanics are
invalid. They do not find that bodies, on which no
forces are acting, are at rest. If a body is left free, it
soon collides with the floor cf the elevator, since the
floor moves upward toward the body. This happens
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exactly in the same way for a watch and for a handker-
chief. It seems very strange to me that the observer
inside the elevator must always be on the "floor" be-
cause as soon as he jumps, the floor will reach him
again.

The inside observer: I do not see any reason for be-
lieving that my elevator is in absolute motion. I agree
that my CS, rigidly connected with my elevator, is not
really inertial, but I do not believe that it has anything
to do with absolute motion. My watch, my handker-
chief, and all bodies arc falling because the whole ele-
vator is in a gravitational field. I notice exactly the
same kinds of motion as the man on the earth. He
explains them very simply by the action of a gravita-
tional field. The same holds good for me.

These two descriptions, one by the outside, the other
by the inside, observer, are quite consistent, and there is
no possibility of deciding which of them is right. We
may assume either one of them for the description of
phenomena in the elevator: either nonuniform mo-
tion and absence of a gravitational field with the out-
side observer, or rest and the presence of a gravitational
field with the inside observer.

The outside observer may assume that the elevator
is in "absolute" nonuniform motion. But a motion
which is wiped out by the assumption of an acting
gravitational field cannot be regarded as absolute mo-
tion.

There is, possibly, a way out of the ambiguity of two
such different descriptions, and a decision in favor of
one against the other could perhaps be made. Imagine
that a light ray enters the elevator horizontally through
a side window and reaches the opposite wall after a
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very short time. Again let us see how the path of the
light would be predicted by the two observers.

The outside observer, believing in accelerated mo-
tion of the elevator, would argue: The light ray enters
the window and moves horizontally, along a straight
line and with a constant velocity, toward the opposite
wall. But the elevator moves upward and during the
time in which the light travels toward the wall, the
elevator changes its position. Therefore, the ray will
meet a point not exactly opposite its point of entrance,
but a little below, The difference will be very slight,
but it exists nevertheless, and the light ray travels, rela-
tive to the elevator, not along a straight, but along a

t

slightly curved line. The difference is 6e to the dis-
tance covered by the elevator during the time the ray
is crossing the interior.

The inside observer, who believes in the gravitational
field acting on all objects in his elevator, would say:
there is no accelerated motion of the elevator, but only
the action of the gravitational field. A beam of light is
weightless and, therefore, will not be affected by the
gravitational field. If sent in a horizontal direction, it
will meet the wall at a point exactly opposite to that at
which it entered.
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It seems from this discussion that there is a possibility
of deciding between these two opposite points of view
as the phenomenon would be different for the two ob-
servers. If there is nothing illogical in either of the
explanations just quoted, then our whole previous ar-
gument is destroyed, and we cannot describe all phe-
nomena in two consistent ways, with and without a
gravitational field.

But there is, fortunately, a grave fault in the reason-
ing of the inside observer, which saves our previous
conclusion. He said: "A beam of light is weightless
and, therefore, it will not be affected by the gravita-
tional field." This cannot be right! A beam of light
carries energy and energy has mass. But every inertial
mass is attracted by the gravitational field as inertial
and gravitational masses are equivalent. A beam of light
will bend in a gravitational field exactly as a body
would if thrown horizontally with a velocity equal to
that of light. If the inside observer had reasoned cor-
rectly and had taken into account the bending of light
rays in a gravitational field, then his results would have
been exactly the same as those of an outside observer.

The gravitational field of the earth is, of course, too
weak for the bending of light rays in it to be proved
directly, by experiment. But the famous experiments
performed during the solar eclipses show, conclu-
sively though indirectly, the influence of a gravitational
field on the path of a light ray.

It follows from these examples that there is a well-
founded hope of formulating a relativistic physics. But
for this we must first tackle the problem of gravitation.

We saw from the example of the elevator the con-
sistency of the two descriptions. Nonuniform motion
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may, or may not, be assumed. We can eliminate "abso-
lute" motion from our examples by a gravitational field.
But then there is nothing absolute in the nonuniform
motion. The gravitational field is able to wipe it out
completely.

The ghosts of absolute motion and inertial CS can
be expelled from physics and a new relativistic physics
built. Our idealized experiments show how the prob-
lem of the general relativity theory is closely con-
nected with that of gravitation and why the equiv-
alence of gravitational and inertial mass is so essential
for this connection. It is clear that the solution of the
gravitational problem in the general theory of rela-
tivity must differ from the Newtonian one. The laws
of gravitation must, just as all laws of nature, be formu-
lated for all possible CS, whereas the laws of classical
mechanics, as formulated by Newton, are valid only
in inertial CS.

113



Einstein and some Civilized Discontents

Martin Klein

Ar4!rif, frm

The French novelist Stendhal began his most
brilliant novel with this sentence: "On May 15,
1796, General Bonaparte made his entrance into
Milan at the head of that youthful army which
had just crossed the bridge of Lodi and taught
the world that after so many centuries Caesar
and Alexander had a successor." In its military
context, the quotation is irrelevant here, but it
can be paraphrased a bit: almost exactly a cen-
tury later Milan saw the arrival of another young
foreigner who would soon teach the world that
after so many centuries Galileo and Newton had
a successor. It would, however, have taken super-
human insight t3 recognize the future intellectual
conqueror in the boy of fifteen who had just
crossed the Alps from Munich. For this boy.
Albert Einstein, whose name was to become a
symbol for profound scientific insight, had left
Munich as what we would now call a high.school
dropout,

He had been a slow child; he learned to speak
at a much later age than the average, and he
had shown no special ability in elementary school
except perhaps a talent for day-dreaming. The
education offered at his secondary school in Mu-
nich, one of the highly praised classical gymnasia,
did not appeal to him. The rigid, mechanical
methods of the school appealed to him even less.
He had already begun to develop his own intel-
lectual pursuits, but the stimulus for them had
not come from school. The mystery hidden in
the compass given to him when he was five, the
clarity and beauty of Euclidean geometry, discov-
ered by devouring an old geometry text at the
age of twelveit was these things that set him on
his own road of independent study and thought.
The drill at school merely served to keep him
from his own interests. When his father, a small
and unsuccessful manufacturer, moved his busi
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ness and his family from Munich to Milan, Albert
Einstein was left behind to finish his schooling
and acquire the diploma he would need to insure
his future. After some months, however, Einstein
was fed up with school, and resolved to leave.
His leaving was assisted by the way in which his
teachers reacted to his attitude toward school.
"You will never amount to anything, Einstein,"
one of them said, and another actually suggested
that Einstein leave school because his very pres-
ence in the classroom destroyed the respect of the
students. This suggestion was gratefully accepted
by Einstein, since it fit so well witl. his own
decisions, and he set off to join his family in
Milan. The next months were spent glor;ously
loafing, and hiking around northern Italy, enjoy-
ing the many contrasts with his homeland. With
no diploma, and no prospects, he seemed a very
model dropout.

It is sobering to think that no teacher had
sensed his potentialities. Perhaps it suggests why
I have chosen this subject in talking to this gath-
ering of physics teachers seriously devoted to
improving education in physics, and devoted in
particular to a program aimed at the gifted
student of our scienceat his early detection and
proper treatment. For what I really want to do
is to highlight some aspects of Einstein's career
and thought that stand in sharp contrast to a
number of our accepted ideas on education and
on the scientific career. The first matter we must
reckon with is Einstein's own education and the
way it affected him; but let me carry the story
a little further before raising some questions.

Einstein had dropped out of school, but he had
not lost his love for science Since his family's
resources, or lack of them, would make it neces-
sary for him to become self- supporting, he decided
to go on with his scientific studies in an official
way. He, therefore, presented himself for admis-
sion at the renowned Swiss Federal Institute of
Technology in Zurich. Since he had no high-
school diploma he was given an entrance exam-
inationand he failed. He had to attend a Swiss
high school for a year in order to make up his



deficiencies in almost everything except mathe-
matics and physics, the subjects of his own private
study. And then, when he was filially admitted
to the Polytechnic Institute, did he settle down
and assume what we would consider to be his
rightful place at the head of the class? Not at all.
Despite the fact that the courses were now almost
all in mathematics and physic:. Einstein cut most
of the lectures. He did enjoy working in the lab-
oratory, but lie spent most of his time to his
room studying the original works of the Immo%
of nineteenth-century, physics. and pondo-ing
what they set forth

The lectures on advanced mathematics d not
hold him, because in those days lie saw no need
or use for higher mathematics as a tool for grasp-
ing the structure of nature. Besides, mathematics
appealed to be split into so many brandies, each
of which could absorb all one's time and energy,
that lie feared he could never have the insight
to decide on one of them, the fundamental one
He would then be in the position of Buridan's
ass, who died of hunger because he could not
decide which bundle of hav lie should eat.

Physics plesented no such problems to Einstein,
eye!) then As he wiote many years later: "True
enough, physics was also divided into sepaiate
fields, each of which could des out a shot t working
life without having satisfied the hunger for deeper
knowledge . But in physics I soon learned to
scent out the paths that led to the depths, and
to disregard evezy thing else, all the many things
that clutter up the mind, and di\ eit it from the
essential The hitch in this was, of course, the
fact that one had to cram all this stuff into one's
mind for the examination, diethe, one liked it
or not."

That was indeed the rub Einstein had let on-
ciled himself to being only an average scholar
at the Polytechnic. Ile knew that lie did not lime
and could not, or perhaps would not, acquit e
the traits of the outstanding student: the easy
facility in comprehension, the willingness to con-
centime one's enelgics on all the required sub-
jects, and the orderliness to take good notes and
work them oyez propeily. Fortunately, however,
the Swiss system required only two examinations.
Even more fortunately Einstein had a close friend,
Dfatcel Giossmann, who possessed just the qual-
ities that Einstein lacked, and who generously
shared his excellent systematic notes with his non-
conforming comrade So Einstein was able to
follow his own line of study, and still succeed in
the exams by doing some appropriate cramming
from Grossmann's notes. This success left more
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than a bad taste in his mouth. As he put it,
"It had such a &telling effect upon me that,
after I had passed the final examination, I found
the consideration of any scientific problems dis-
tasteful to me lot an entice ye:it And he went
on to say'. It is little shot t of a miracle that
modem methods of inso to lion hate not already
completely strangled the holy cut iosity of inquiry,
because what this delicate little plant needs most,
apart from initial stimulation, is fieedom: with-
out that it is surely destroyed .1 believe that
one could es en deprive a healthy beast of prey
of its %mac ions less, 11 one could tone it with a
whip to cat continuously whether it wets hungry
in not .

This is strong language. Should we take it
personally? Could it be meant for us, for the
teachers responsible for an educational system of
achievement tests, pteliminary college boards, col-
lege boards, national scholarships, grade point
avet ages, graduate lecord exams, PhD qualifying



examsa system that starts earlier and cal lier
and ends later and later m our students' careers?
Could this system be dulling the appetites of our
soling intellectual tigers% k it possible that our
students need more time to da)-dream rather than
more hours in the school das % That the relentless
pressure of our educational syftem makes es cry-
thing only a step toward something else and
nothing an end in itself and an object of pleasure
and contemplation?

For almost two years after his graduation from
the Pols technic in 1900 Einstein seemed to be
headed for no more success than his earlier history
as a dropout might has e suggested. Ile applied
for an assistantship, bt t it went to someone else.
During this pct cod he managed to subsist on the
odd jobs of the learned world, he substituted for
a Swiss highschool (cache! who was doing his
two months of military sers u e, he helped the
professor of astronomy with some cal( ulations, he
«not ed at a boss' school Finally, in the spring
of 1902, Einstein's good friend Ma« d Grossmann,
"the irreproachable student". ( ame to his rescue
Grossmann's fat het recommended Einstein to the
dire( for of the Swiss Patent Olin e at Bet tie, and
after a sear( lung examination he was appointed
to .1 position as patent examiner lle held this
position for over seven s ears and often referred
to it in later ) eat s as "., kind of salvation" It
freed him from financial worries: he found the
work ! ather interesting. and sometimes it SCT\ ed

as a stimulus to his scientific imagination And
besides, it occupied mil) eight hoots of the day,
so that (hoe was plenty of time left free for
pondering tiv: riddles of the um% et se

In his spa' e time during those seven \ ears at
Berne, the young patent examiner wrought a
series of scientific miracles: no syeakel word is
adequate He did nothing less than to lay out
the main lines along which twentiethcentury
theoretical physics has des eloped. A very brief
list will have to suffice. He began by working
out the subject of statistical me(ianit s quite inde-
pendently and without kilos% ing of the work of
f. Willard Gibbs He also took this subject seri-
ously a way that neither Gibbs nol Bohnnann
had ever done. since he used it to gist the theo-
retical basis for a final proof of the atomic
nature of matte: I I is leflet dons on the problems
of the Maxwell-Loren(' electrod)namics led him
to create the special them y of I clans it). Before
he left Berne he had formulated the principle
of equisalence and was struggling with the prob.

lems of gras itation which he later solved with
the general theory of relatisits. And, as if these
\sere not enough, Einstein introduced another
new idea into physics, one that es en he described
as "very resolution:it)", the idea that light ( OR-

sists of particles of energy. Following a line of
reasoning related to but quite distinct from
Planck's, Einstein not on I) introduced the light
quantum hypothesis, but proceeded almost at
cm( e to explore its implications for phenomena
as dis erse as photochemisti y and the temperature
dependence of the specific heat of solids

What is more, Einstein did all this completely
on his own, with no academic conne( (ions what-
soever, and with essentially no contact with the
elders of his profession Years later he remarked
to Leopold I n (cid that until he was almost thirty
he had never seen a real theoretical physicist To
vchuh. of course, we should add the phrase (as
Infeld almost (lid aloud, and as Einstein would
nes er have (10110 "CM ept in the mirror'"

I suppose that some of us might be tempted
to %ondo what Einstein !night have done during
those seen ) cal s, if he had been able to scot k
"under really favorable conditions ", full time, at
a major university, instead of being rest! it ted to
spare time a( tivit) while canting his living as a
minor civil SC1 ant. We should resist the tempta-
tion our speculations would be not only !Hiltless,
but completely unfounded. For not only did
Einstein not regret his la( k of .in academic post
in these years, he actually considered it a teal
advantage, "For an academic ( areer puts a soling
man into a kind of mii« assing position," he
wrote shortly before his death. "b) ing him
to produce scientific publications in imp essis e
quan titya seduction in to supei fit iality which
only strong (hal acters ar^ able to withstand. Most
practical occupations, however, are of su(h a
nature that a man of normal ability is able to
ac(nnplish what is expected of him. If is da)-to.
day existenc2 does not depend on any sp.( ial
illuminations. If he has deeper scientific interests
he may plunge into his fa% orne problems in ad-
dition to doing his required work. Ile need not
be opin essed bs the feat that his efforts in lead
to no results. I owed it to Man el Gi ossmann
that I was in such a fortunate position."

These %se! e no casual iemarks forty sears
cal her 1 instem had told \IAA Born not to worn
about plat ing a gifted student in au academu
position. Let him be a cobbler or a lot ksmith:
if he reall) has a lose lot science in his blood
and if he's really worth anything, he will make
his own a). (Of (mike, Einstein then gas e what
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help he could in placing the young man.) Einstein
was csen a little reluctant about accepting a re-
setoch piolessoiship at holm, pat tly because
Prussian rigidity and academic boangems life
seat not to his Bohemian taste. But he was also
reluctant because he knew set) well that sot))
a resealth professor was espetted to be a sot of
prize hen, and he did not want to gtrirantee
that he would las any more golden eggs.

It will not hose escape(' )0l11 110( C 01.1l

kW% 011 ese:11(11 and the nature of a
S( fIC tareer diffel sharply from those which
are standaid in the scientific community. No
doubt some of this Wife:eine in attitude idle( is
olds I holm s (nutpick solitary nature. It is hard
to imagine ansone else setiously suggesting as he
did. that a position .is lighthouse keeper might
be suitable for a scientist. Most scientists feel the
need to test then' ideas on their peers, and often
to form these ideas in the gist and take of dis-
cussions. as among theu most urgent needs One
may still question the netessits of as mans meet.
ings as we and announced in Flatus Today, and
one ma) question exen mote insistently the ne.
cessits of lcpolling on each and publishing its
pot ceding% as if tt woe the first Solsay Congress
it elf

More serious is the attitude that es cry soling
man of scientific abdits tan (him the right to
a position as prize hen "Doing research" has
become the hallowed attisits in the academic
world, and, as )a«pies Ilarzun has put it. ''lo
suggest that prat to e, or teat hing, or reflection
might be 1/tele-red is blasphemy." I do not need
to reemphasize Einstein's felnal R. on the publish -

or- perish policy that corrupts one aspect of aca-
demic life. I would, howeser, like to relmak
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parenthetitalls dm I am alwass astonished when
tollege adnunisnators and ,lepaitment heads
claim that it is telribls impos-
sible to judge the (plains ti) .1 man's teaching,
but neser doubt their abilias to es ;duate the
results of his research this is astonishing because
any honest undergraduate tan gise a rather canny
and usualls accurate applaisal of the teat !Wig he
is subjected to, but judging the quality of .1 sci-
entific paper generalls uureases ill (Win lilts with
the origin:tilts of the work lejnted. instein's
hspothesis of light (quanta, for sample, ss,n ( On-
side: ed as seddls off the mat kis at best a par.
don.110,e escess in an otherwise sound thinker,
even by Planck a decade after it was introduced.

The teas in which phssics is taught is deeply
influenced by our sieves of how and wits phssics
us done. 1* 'listen). who was skeptical about the
ptofessionalization of research. V..1% misweising in
his pursuit of fundamental understanding. he
was a natural philosopher in the fullest sense of
that old tern). and he had no peat respect for
those who treated science as a game to be plased
for one's personal satzslat tion. or those who
sok cd problems to demonstrate and maintain
Weir intellectual so tuosus li phssics is siewed
in Einstein's way, it follows that it should its
taught as a (llama of ideas and not as a batten,
of tedintques. It follows too that there should
be an emphasis On tilt esolution of ideas. on
the histors, of our attempts to understand the
plissnal world. so that our %In:leaf
perspt( e and realize that, in Einstein's words,
"We present position e.f science can has e 110 last-
ing signifit ante." Do we keep this liberal view
of our stn.-Inc. of is it lost in what we call nec-
essary prelim-alum for graduate sem k and research?

One last theme that cannot be ignored when
we Teak of Finstein is that of the scientist as
citizen Linstein's at use and courageous !tile in
public affairs is widels kin nV11, And it absotbed
substantial framon of its eflous for forts sears.
fie stepped onto the public stage early and in
(harm tezistit stsle. In 0( lobe' 11, two months
after the outbreak of the First World 'War, a
document was issued in Berlin healing the gran-
diose title, Manifesto to the Cisilized NVoild: it
tallied the signatures of almost a hundred of
f;eintany's most prominew t:entists, artists, men
of letters, tleigsmen, en I ills mintiest() Imo-
claimed its signers' hill stallion of Germanys war
effol I. denounced the opponents of the fatherland,
and defiantly asserted that German nialitarisin and
German culture formed an inseparable unity.



Not all German intellectuals apposed dos A.m.
mist 1«locument. but among the sets Less ssho

ssete ksilling to sign a sharply Istuded angser
calling [or an end to war and an inteinational
otganuation. was Albert Einstein 1 he highly un-
populai stand that he took in 1911 "iiiessed .1

deep's' %eh «ins wan, One on which lie acted
duouguout his hfc, regaidless of the consequences
to himself Dining the succeeding decades Einstein
desmd .0 peat deal of his energy to the causes
in which he behesed. lending his name to many
again/anon, which he felt could huthez these

causes Gauntly to the sues held in some circles.
howeser. Einstein «msidei(d each ',iglu-
tine that he inscribed on a petition, each political
use that he made 01 the name that hail become
renowned for %cumuli( seasons, and ofte. zefused
his support to organizations that attempted to
solicit it.

Ins 1)111)14 statements became esen more he-
quent and more outspoken in the eats after the
Second Voi Id \Vat-, as he put all his Ise:gilt
behind the effort to achieve a world government
and to abolish war once and for all instem
los among those who !lase been trying to impress
upon the %wild die sett' real likelihood that an-
other war would destroy cisiliz:.'on and perhaps
humanity as well. He was not overly optimistic
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about his Oats. but they had to bk. made. lie
also felt that he had to speak out. loudly and
cleaily, dining the NitCattlis eta. inging intel-
lectuals to adopt the method of mil disobedience
as ina.toed carhei 1>s Gandhi and late; hs
NI.unn Luther king) \s he tot in an open
letter, "Es(ty mtellttual who is called befoie one
of the committees ought to tefust to tetils, u e.
he must be inepaull for jail and economic ruin.
in shout. lot the saclifice of his peisond velfme
in the interest of the cultinal Afaie of his
«mutts If such a poignant %sem( not adopted
then, smote Elusion, the intellectuals of this
«mntt deserse nothing hotel than the slasely
which is intended for them.-

It is clime esolent chit Einstein appioached
political and social quesnns .us a man ksho con'
'Acted himself outside the l'gablishment Ile had
a very ,tong sense of zesponsdnluy to his con-
science, but he did not feel obliged to accept
all the regionals that 'awn,' expects of a "le-
spoils:We spokesman" this approach is neithei
possible nor appropriate for todas's leading
(musts who are «instant's sets ng as scientific
statesmenas ad. users to the 1F.C, or the Depan-
ment of Defense. or mayn «nponmons. or esen
the President. Such men ate in no position to
adopt Einstein's czunal stance. (seri if they
wanted to At this time, wi twat: reptiles
and retches such Lugs - scale sit; iyut. it seems that
we have all green more hostages o forum(' than
we may realize

One of Einstein's last public statements was
made inn answer to a request that he «munent
on the situation of scientists in Amenca Ile
wrote: "Instead of nying ui analve the ptoblem
I should like to cxpiess my feeling in a short
remark. If I were a oung man again and had
to decide how to make a Irving, I would not
try to become a scientist of scholar m teacher
I would rather choose to be a plumber or a

peddler, in the hope of folding that modest degree
of independence still available under peseta
circumstances."

We may wonder how litenilh; he meant this
to be taken, but we cannot help feeling the force
of the affront to our entire institutionalized life
of the m tenet t

As we prude oursehes on the success of phssus
and physicists in today's world, let us not forget
that it was just that suuuess and the way in
which it was achieled that was repudiated by
Einstein. And let us not forget to ask why' it
nia) tell us something worth knowing about out-
selves and our society.
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The Teacher and the Bohr Theory of the Atom

Charles Percy Snow

Then one day, just before we broke up for Christmas,
Luard came into the class-room almost brightly.

"We're not going into the laboratory this morning,"
he said. "I'm going to talk to you, my friends." He used to
say "my friends" whenever he was lashing us with his tongue,
but now it sounded half in earnest. "Forget everything
you know, will you? That is, if you know anything at all."
He sat on the desk swinging his legs.

"Now, what do you think all the stuff in the world is
made of? Every bit of us, you and me, the chairs in this
room, the air, everything. No one knows? Well, perhaps
that's not surprising, even for nincompoops like you. Because
no one did know a year or two ago. But now we're beginning
to think we do. That's what I want to tell you. You won't
understand, of course. But it'll amuse me to tell you, and it
won't hurt you. I supposeand anyway I'm going to."

Someone dropped a ruler just then, and afterwards the
rcom was very quiet. Luard took no notice and went on:
"Well, if you took a piece of lead, and halved it, and halved
the half, and went on like that, where do you think you'd
come to in the end? Do you think it would be lead for ever?
Do you think you could go down right to the infinitely small
and still have tiny pieces of lead? It doesn't matter what you
think. My friends, you couldn't. If you went on long enough,
you'd come to an atom of lead, an atom, do you hear,
an atom, and if you split that up, you wouldn't have lead
an) more. What do you think you would have? The answer
to that is one of the 'ddest things you'll ever hear in your
life. If you split up an atom of lead, you'd getpieces of
positive and negative electricity. Just that. Just positive
and negative electricity. That's all matter is. That's all you
are. Just positive and negative electricityand, of course,
an immortal soul." At the time I was too busy attending to
his story to observe anything else; but in the picture I have
formed later of Luard, I give him here the twitch of a smile.
"And whether you started with lead or anything else it



wouldn't matter. That's all you'd come to in the end. Posi-
tive and negative electricity. How do things differ then?
Well, the atoms are all positive and negative electricity and
they're all made on the same pattern, but they vary among
themselves, do you see? Every atom has a bit of positive
electricity in the middle of itthe nucleus, they call it
and every atom has bits of negative electricity going round
the nucleuslike planets round the sun. But the nucleus
is bigger in some atoms than others, bigger in lead than it is
in carbon, and there are more bits of negative electricity
in some atoms than others. It's as though you had different
solar systems, made from the same sort of materials, some
with bigger suns than others, some with a lot more planets.
That's all the difference. That's where a diamond's different
from a bit of lead. That's at the bottom of the whole of this
world of ours." He stopped and cleaned his pince-nez, and
talked as he swung them:

"There you are, that's the way things are going. Two
people have found out about the atoms: one's an English-
man, Rutherford, and the other's a Dane called Bohr. And
I tell you, my friends, they're great men. Greater even than
Mr. Miles "I flushed. I had come top of the form and this
was his way of congratulating me" incredible as that may
seem. Great men, my friends, and perhaps, when you're
older, by the side of them your painted heroes, your Cxsars
and Napoleons, will seem like cocks crowing on a dung-
heap."

I went home and read everything I could discover about
atoms. Popular exposition was comparatively slow at that
time, however, and Rutherford's nucleus, let alone Bohr's
atom, which could only have been published a few months
before Luard's lesson, had not yet got into my Encyclopaedia.
I learned something of electrons and got some idea of size; I
was fascinated by the tininess of the electron and the
immensity of the great stars: I became caught up in light-
years, made time-tables of a journey to the nearest star (in the
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Encyclopxdia there was an enthralling picture of an express
train going off into space at the speed of light, taking years
to get to the stars). Scale began to impress me, the in-
finitesimal electronic distances and the vastness of Aldebaran
began to dance round in my head; and the time of an elec-
tronic journey round the nucleus compared itself with the
time it takes for light to travel across the Milky Way. Distance
and time, the infinitely great and the infinitely small, electron
and star, went reeling round my mind.

It must have been soon after this that I let myself seep
in the fantasies that come to many imaginative children
nowadays. Why should not the electron contain worlds
smaller than itself, carrying perhaps inconceivably minute
replicas of ourselves? 'They wouldn't know they're small.
They wouldn't know of us,' I thought, and felt serious and
profound. And why should not our world be just a part of
an electron in some cosmic atom, itself a part of some
gargantuan world? The speculations gave me a pleasant
sense of philosophic agoraphobia until I was about sixteen
and then I had had enough of them.

Luard, who had set me alight by half an hour's talk, did
not repeat himself. Chemistry lessons relapsed once more into
exercises meaningless to me, definitions of acids and base
which I learned resentfully, and, as we got further up the
school, descriptions of the properties of gases, which always
began "colourless, transparent, non-poisonous." Luard,
who had once burst into enthusiasm, droned out the de-
finitions or left us to a text-book while he sat by himself
at the end of the laboratory. Once or twice there would be a
moment of fire; he told us about phlogiston" that should
be a lesson to you, my friends, to remember that you can
always fall back on tradition if only you're dishonest
enough" and Faraday" there never will be a better scientist
than he was; and Davy tried to keep him out of the Royal
Society because he had been a laboratory assistant. Davy
was the type of all the jumped-up second-raters of all time."
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The New Landscape of Science

Banesh Hoffmann

LET US now gather the loose threads of our thoughts and see
what pattern they form when knit together.

We seem to glimpse an eerie shadow world lying beneath
our world of space and time; a weird and cryptic world which
somehow rules us. Its laws seem mathematically precise, and
its events appear to unfold with strict causality.

To pry into the secrets of this world '.re make experiments.
But experiments are a clumsy instrument, afflicted with a fatal
indeterminacy which destroys causality. And because our
mental images are formed thus clumsily, we may not hope to
fashion mental pictures in space and time of what transpires
within this deeper world. Abstract mathematics alone may try
to paint its likeness.

With indeterminacy corrupting experiment and dissolving
causality, all seems lost. We must wonder how there can be a
rational science. We must wonder how there can be any-
thing at all but chaos. But though the detailed workings of the
indeterminacy lie hidden from us, we find therein an astound-
ing uniformity. Despite the inescapable indeterminacy of
experiment, we find a definite, authent:c residue of exactitude
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and determinacy. Compared with the detailed determinacy
claimed by classical science, it is a meager residue indeed. But
it is precious exactitude none the less, on which to build a
science of natural law.

The very nature of the exactitude seems a paradox, for it is
an exactitude of probabilities; an exactitude, hideed, of wave-
like, interfering probabilities. But probabilities are potent
thingsif only they arc applied to large numbers. Let us see
what strong reliance may be placed upon them.

When we toss a coin, the result may not be predicted, for
it is a matter of chance. Yet it is not entirely undetermined.,
We know it must be one of only two possibilities. And, more
important even than that, if we toss ten thousand coins we
know we may safely predict that about half will come down
heads. Of course we might be wrong once in a very long
while, Of course we are taking a small risk in making such a

prediction. But let us face the issue squarely, for we really
place far more confidence in the certainty of probabilities than
we sometimes like to admit to ourselves when thinking of them
abstractly. If someone offered to pay two dollars every time a
coin turned up heads provided we paid one dollar for every
tails, would we really hesitate to accept his offer? If we did
hesitate,, it would not be because we mistrusted the probabili-
ties. On the contrary, it would be because we trusted them so
well we smelled fraud in an offer too attractive to be honest.
Roulette casinos rely on probabilities for their gambling prof-
its, trusting to chance that, in the long run, zero or ctouble
zero will come up as frequently as any other number and thus
guarantee them a steady percentage of the total transactions.
Now and again the luck runs against them and they go broke
for the evening. But that is because chance is still capricious



when only a few hundred spins are made. Insurance companies
also rely on probabilities, but deal with far larger numbers. One
does not hear of their ever going broke. They make a hand-
some living out of chance, for when precise probabilities can
be found, chance, in the long run, becomes practical certainty.
Even classical science built an elaborate and brilliantly suc-
cessful theory of gases upon the seeming quicksands of prob-
ability.

In the new world of the atom we find both precise proba-
bilities and enormous numbers, probabilities that follow exact
mathematical laws, and vast, incredible numbers compared
with which the multitude of persons curying insurance is as
nothing. Scientists have determined the weight of a single
electron. Would a million electrons weigh as much as a feather,
do you think? A million is not large enough. Nor even a billion.
Well, surely a million billion then. No. Not even a billion
billion electrons would outweigh the feather. Nor vet a million
billion billion. Not till we have a billion billion billion can we
talk of their weight in such everyday terms. Quantum
mechanics having discovered precise and wonderful laws gov-
erning the probabilities, it is with numbers such as these that
science overcomes its handicap of basic indeterminacy. It is
by this means that science boldly predicts. Though now hum-
bly confessing itself powerless to foretell the evict i)ehayior
of individual electrons, or photons, or other fundamental
entities, it y_c can tell with enormous confidence how such
great multitudes of them must behave precisely.

But for all this mass precision, we are only human if, on
first hearing of the breakdown of determinacy in fundamental
science, we look back longingly to the good old classical days,
when waves were waves and particles particles, kk hen the work-
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ings of nature could be readily visualized, and the future was
predictable in every individual detail, at least in theory. But
the good old days were not such happy days as nostalgic, rose-
tinted retrospect would make them seem. Too many contradic-
tions flourished unresolved. Too many well-attested facts played
havoc with their pretensions. Those were but days of scientific
childhood. There is no going back to them as they were.

Nor may we stop with the world we .havc just described, if
we are to round out our story faithfully. To stifle nostalgia, we
pictured a world of causal law lying beneath our world of space
and time. While important scientists seem to feel that such
a world should exist, many others, pointing out that it is not
demonstrable, regard it therefore as a bit of homely mysticism
added more for the sake of comfort than of cold logic.

It is difficult to decide where science ends and mysticism
begins. As soon as we begin to make even the most elementary
theories we arc open to the charge of indulging in metaphysics.
Yet theories, however provisional, are the 'ery lifeblood of
scientific progress. We simply cannot escape metaphysics,
though we can perhaps overindulge, as well as have too little.
Nor is it feasible always to distinguish good metaphysics from
bad, for the "bad" may lead to progress where the "good"
would tend to stifle it. When Columbus made his historic
voyage he believed he was on his westward way to Japan. Even
when he reached land he thought it was part of Asia; nor did
he live to learn otherwise. Would Columbus have embarked
upon his hazardous journey had he known what was the true
westward distance of Japan? Quantum mechanics itself came
partly from the queer hunches of such men as Maxwell and
Bohr and de Broglie. In talking of the meaning of quantum
mechanics, physicists indulge in more or less mysticism accord-



ing to their individual tastes. Just as different artists instinc-
tively paint different likenesses of the same model, so do
scientists allow their different personalities to color their inter-
pretations of quantum mechanics. Our story would not be
complete did we not tell of the austere conception of quantum
mechanics hinted at above, and also in our parable of the coin
and the principle of perversity, for it is a view held by many
physicists.

These physicists are satisfied with the sign-language rules,
the extraordinary precision of the probabilities, and the strange,
wavelike laws which they obey. They realize the impossibility
of following the detailed workings of an indeterminacy through
which such bountiful precision and law so unaccountably seep.
They recall such incidents as the vain attempts to build models
of the ether, and their own former naive beliefs regarding
momentum and position, now so rudely shattered. And, recall-
ing them, they are properly cautious. They point to such
things as the sign-language rules, or the probabilities and the
exquisite mathematical laws in multidimensional fictional space
which govern them and which have so eminently proved them-
selves in the acid test of experiment. And they say that these
are all we may hope and reasonably expect to know; that
science, which deals with experiments, should not probe too
deeply beneath those experiments for such things as cannot be
demonstrated even in theory.

The great mathematician John von Neumann, who accom-
plished the Herculean labor of cleaning up the mathematical
foundations of the quantum theory, has even proved mathe-
matically that the quantum theory is a complete system in
itself, needing no secret aid from a deeper, hidden world, and
offering no evidence whatsoever that such a world exists. Let
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us then be content to accept the world as it presents itself
to us through our experiments, however strange it may seem.
This and this alone is the image of the world of science. After
castigating the classical theorists for their unwarranted assump-
tions, however seemingly innocent, would it not be foolish and
foolhardy to invent that hidden world of exact causality of
which we once thought so fondly, a world which by its very
nature must lie beyond the reach of our experiments? Or,
indeed, to invent anything else which cannot be demonstrated,
such as the detailed occurrences under the Heisenberg micro-
scope and all other pieces of .comforting imagery wherein we
picture a wavicle as an old-fashioned particle preliminary to
proving it not one?

All that talk of exactitude somehow seeping through the
indeterminacy was only so much talk. We must cleanse our
minds of previous pictorial notions and start afresh, taking the
laws of quantum mechanics themselves as the basis and the
complete outline of modem physics, the full delineation of
the quantum world beyond which these is nothing that may
properly belong to physical science. As for the idea of strict
causality, not only does science, after all these years, suddenly
find it an unnecessary concept, it even demonstrates that
according to the quantum theory strict causality is funda-
mentally and intrinsically undemonstrable. Therefore, strict
causality is no longer a legitimate scientific concept, and must
be cast out from the official domain of present-day science. As
Dirac has written, "The only object of theoretical physics is to
calculate results that can be compared with experiment, and it
is quite unnecessary that any satisfying description of the
whole course of the phenomena should be given." The italics
here are his. One cannot escape the feeling that it might have
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been more appropriate to italicize the second part of the state-
ment rather than the first!

Here, then, is a more restricted pattern which, paradoxically,
is at once a more cautious and a bolder view of the world of
quantun physics; cautious in not venturing beyond what is
well established, and bold in accepting and being well content
with the result. Because it does not indulge too freely in specu-
lation it is a proper view of present-day quantum physics, and
it seems to be the sort of view held by the greatest number.
Yet, as we said, there arc many shades of opinion, and it is
sometimes difficult to decide what are the precise views of
particular individuals.

Some men feel that all this is a transitional stage through
which science will ultimately pass to better thingsand they
hope soon. Others, accepting it with a certain discomfort,
have tried to temper its awkwardness by such devices as the
introduction of new types of logic. Some have suggested that
the observer creates the result of his observation by the act
of observation, somewhat as in the parable of the tossed coin.
Many nonscientists, but few scientists, have seen in the new
ideas the embodiment of free will in the inanimate world, and
have rejoiced. Some, more cautious, have seen merely a revived
possibility of free will in ourselves now that our physical proc-
esses are freed from the shackles of strict causality. One could
continue endlessly the list of these speculations, all testifying
to the devastating potency of Planck's quantum of action h, a
quantity so incredibly minute as to stem utterly inconse-
quential to the uninitiated.

That some prefer to swallow their quantum mechanics plain
while others gag unless it be strongly seasoned with imagery
and metaphysics is a matter of individual taste behind which
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lie certain fundamental facts which may not be disputed; hard,
uncompromising, and at present inescapable facts of experi-
ment and bitter experience, agreed upon by all and directly
opposed to the classical way of thinking:

There is simply no satisfactory way at all of picturing the
Lndaniental atomic processes of nature in terms of space and
time and causality.

The result of an experiment on an individual atomic particle
gen:rally cannot be predicted. Only a list of various possible
results may be known beforehand.

Nevertheless, the statistical result of performing the same
individual experiment over and over again an enormous num-
ber of times may be predicted with virtual certainty.

For example, though we can show there is absolutely no con-
tradiction involved, we cannot visualize how an electron which
is enough if a wave to pass through two holes in a screen and
interfere with itself can suddenly become enough of a particle
to produce a single scintillation. Neither can we predict where
it will scintillate, though we can say it may do so only in certain
regions but not in others. Nevertheless when, instead of a
single electron, we send through a rich and abundant stream we
can predict with detailed precision the intricate interference
pattern that will build up, even to the relative brightness of its
various parts.

Our inability to predict the individual result, an inability
which, despite the evidence, the classical view was unable to
tolerate, is not only a fundamental but actually a plausible
characteristic of quantum mechanics. So long as quantum
mechanics is accepted as wholly valid, so long must we accept
this inability as intrinsically unavoidable. Should a way ever
be found to overcome this inability, that event would mark the



end of the reign of quantum mechanics as a fundamental
pattern of nature, A new, and deeper, theory would have to
be found to replace it, and quantum mechanics would have to
be retired, to become a theory emeritus with the revered, if
faintly irreverent title "classical."

Now that we are accustomed, a little, to the bizarre new
ideas we may at last look briefly into the quantum mechanical
significance of something which at first sight seems tnvial and
inconsequential, namely, that electrons are so similar we can-
not tell one from another. This is true also of other atomic
particles, but for simplicity let us talk about electrons, with the
understanding that the discussion is not thereby confined to
them alone.

Imagine, then, an electron on this page and another on the
opposite page. Take a good look at them. You cannot tell
them apart. Now blink your eyes and take another look at
them. They are still there, one on this page and one on that.
But how do you know they did not change places just at the
moment your eyes were closed? You think it most unlikely?
Does it not always rain on just those days when you go out
and leave the windows open? Does it not always happen that
your shoelace breaks on just those days when you are in a
special hurry? Remember these electrons are identical twins
and apt to be mischievous. Surely you know better than to
argue that the electron interchange was unlikely. You cer-
tainly could not prove it one way or another.

Perhaps you are still unconvinced. Let us put it a little
differently, then. Suppose the electrons collided and bounced
off one another. Then you certainly could not tell which one
was which after the collision.

You still think so? You think you could keep your eyes
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glued on them so they could not fool you? But, my dcar sir,
that is classical. That is old-fashioned. We cannot keep a
continual watch in the quantum world. The best we can do is
keep up a bombardment of photons. And with each impact
the electrons jump we know not how. For all we know they
could be changing places all the time. At the moment of
impact esponally the danger of deception is surely enormous.
Let us then 2.gree that we can never be sure of the identity of
each electron.

Now suppose we wish to write down quantum equations for
the two electrons. !n the present state of our theories, we are
obliged to deal with them first as individuals, saying that cer-
tain mathematical co-ordinates belong to the first and certain
others to the second 'This is dishonest though. It goes beyond
permissible information, for it allows each electron to preserve
its identity, whereas electrons should belong to the nameless
masses. Somehow we must remedy our initial error. Somehow
we must repress the electrons and remove from them their
unwarranted individuality. This reduces to a simple question
of mathematical symmetries. We must so remold our equations
that Interchanging the electrons has no physically detectablz
effect on the answers they ield.

Imposing this nonindividualit is a grave mathematical re-
striction, strongly influencing the behavior of the electrons. Of
the possible ways of imposing it, two arc specially sinylc math-
ematically, and it Lappens that lust these two are physically of
interest. One of them implies a bcha, for which is actually
observed in the case of photons, and a particles, and other
atomic particles. The other method of imposing nonindi-
viduality turns out to mean that the particles will shun one
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another; in fact, it gives precisely the mysterious exclusion
principle of Pauli.

This is indeed a remarkable result, and an outstanding
triumph for quantum mechanics. It takes on added significance
when we learn that all those atomic particles which do not
obey the Pauli principle are found tc behave like the photons
and a particles. It is about as far as Fny,,ne has gone toward
an understanding of the deeper significance of the exclusion
principle. Yet it remains a confession of failure, for instead
of having nonindividuality from the sL-rt we begin with inui-
vidualitv and then deny it. The Pauli principle lies far deeper
than this. It lies at the very heart of inscrutable Nature. Some-
day, perhaps, we shall have a more profound theory in which
the exclusion principle will find its rightful place. Meanwhile
we must be content with our present veiled insight.

The mathematical removal of individuality warps our equa-
tions and CAISCS extraordinary effects whia cannot be properly
explained in pictorial terms. It may be interpreted as bringing
into being strange forces called exchange forces, but these
forces, though already appearing in other connections in
quantum mechanics, have no counterpart at all in classical
physics.

\Vc might liac suspected sonic such forces were involved.
It would have been incredibly naive to ha% c believed that so
stringent an ordinance against overcrowding as the exclusion
principle could be imposed without sonic measure of force,
however %%ell disguised.

Is it so sure that these exchange forces cannot be properly
explained in pictorial terms? After all, with force is associated
energy. And with energy i', associated frequency according to
Planck's basic quantum law. With frequency we may asso-
ciate some sort of oscillation. Perhaps, then, if we think not
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of the exchange forces themselves but of the oscillations asso-
ciated with them we may be able to picture the mechanism
through which these forces exist. This is a promising idea. But
if it is clarity we seek we shall be greatly disappointed in it,

It is true there is an oscillation involved here, but what
a fantastic oscillation it is: a rhythm' '-erchange of the elec-
trons' identities. The electrons do not j ically change places
by leaping the intervening space. That would be too simple.
Rather, there is a smooth ebb and flow of individuality between
them. For example, if we start with electron A here and elec-
tron B on the opposite page; then later on we would here have
some such mixture as sixty per cent A and forty per cent B,
with forty per cent A and sixty per cent B over there. Later still
it would be all B here and all A there, the electrons then
having definitely exchanged identities.. The flow would now
reverse, and the strange oscillation continue indefinitely. It is
with such a pulsation of identity that the exchange forces of
the exclusion principle are associated. There is another type
of exchange which can affect even a single electron, the elec-
tron being analogously pictured as oscillatt.ig in this curious,
disembodied way between two different positions.

Perhaps it is easier to accept such curious pulsations if we
think of the electrons more as waves than as particles, for then
we can imagine the electron waves becoming tangled up with
each other. Mathematically this can be readily perceived, but
it does not lend itself well to visualization. If we stay with the
particle aspect of the electrons we find it hard to imagine what
a 6o per cent-4o per cent mixture of A and B would look like
if we observed it. We cannot observe it, though. 'Ile act of
observation would so jolt the electrons that sc would find
either pure A or else pure B, but never a combination, the
percentage, being lust probabilities of finding c;,lier one. It
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is really our parable of the tossed coin all over again. In mid-
air the coin fluctuates rhythmically from pure heads to pure
tails through all intermediate mixtures. When it lands on the
table, which is to say when we observe it, there is a jolt
which yields only heads or calls.

Though we can at least meet objections, exchange remains
an elusive and difficult concept. It is still a strange and awe-in-
spiring thought that you and I are thus rhythmically exchang-
ing particles with one another, and with the earth and the
beasts of the earth, and the sun and the moon and the stars,
to the uttermost galaxy.

A striking instance of the power of exchange is seen in
chemical valence, for it is essentially by means of these mys-
terious forces that atoms cling together, their outer electrons
busily shuttling identity and position back and forth to weave
a bond that knits the atoms into molecules.

Such are the fascinating concepts that emerged from the
quantum mechanical revolution, The days of tumult shook
science to its deepest foundations. They brought a new charter
to science, and perhaps even cast a new light on the significance
of the scientific method itself. The physics that survived the
revolution was vastly changed, and strangely so, its whole out-
look drastically altered. Where once it confidently sought a

clear-cut mechanical model of nature for all to behold, it now
contented itself with abstract, esoteric forms which may not
be clearly focused by the unmathematical eye of the imagina-
tion. Is it as strongly confident as once it seemed to be in
younger days, or has internal upheaval undermined its health
and robbed it of its powers? Has quantum mechanics been an
advance or a retreat?

If it has been a retreat in any sense at all, it has been a
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strategic retreat from the suffocating determinism of classical

physics, which channeled and all but surrounded the advancing

forces of science. Whether or not science, later in its quest,

may once more encounter a deep causality, the determinism of

the nineteenth century, for all the great discoveries it sired, was

rapidly becoming an impediment to progress. When Planck

first discovered the infinitesimal existence of the quantum, it

seemed there could be nc proper place for it anywhere in the

whole broad domain of p::; -cal science. Yet in a brief quarter

century, so powerful did it prove, it thrust itself into every

nook and cranny, its influence growing to such undreamed-of

proportions that the whole aspect of science was utterly trans-

formed. With explosive violence it finally thrust through the

restraining walls of determinism, releasing the pent-up forces

of scientific progress to pour into the untouched fertile plains

beyond, there to reap an untold harvest of discovery while still

retaining the use of those splendid edifices it had created

within the classical domain. The older theories were made

more secure than ever, their triumphs unimpaired and their

failures mitigated, for now their validity was establisheu

wherever the influence of the quantum might momentarily be

neglected. Their failures were no longer disquieting perplexi-

ties which threatened to undermine the whole structure and

bring it toppling down. With proper diagnosis the classical

structures could be saved for special purposes, and their very

weaknesses turned to good account as strong corroborations of

the newer ideas; ideas which transcended the old without

destroying their limited effectiveness.
True, the newer theory baffled the untutored imagination,

and was formidably abstract as no physical theory had ever

been before. But this was a small price to pay for its extraor-
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dinary accomplishments. Newton's theory too had once
seemed almost incredible, as also had that of Maxwell, and
strange though quantum mechanics might appear, it was
firmly founded on fundamental experiment. Here at long last
was a theory which could embrace that primitive, salient fact
of our material universe, that simple, everyday fact on which
the Maxwellian theory so spectacularly foundered, the endur-
ing stability of the different elements and of their physical and
chemical properties. Nor was the new theory too rigid in this
regard, but could equally well embrace the fact of radioactive
transformation. Here at last was a theory which could yield the
precise details of the enormously intricate data of spectroscopy.
The photoelectric effect and a host of kindred phenomena suc-
cumbed to the new ideas, as too did the wavelike interference
effects which formerly seemed to contradict them. With the
aid of relativity, the spin of the electron was incorporated with
remarkable felicity and success. Pauli's exclusion principle
took on a broader significance, and through it the science of
chemistry acquired a new theoretical basis amounting almost
to a new science, theoretical chemistry, capable of solving
problems hitherto beyond the reach of the theorist. The theory
of metallic magnetism was brilliantly transformed, and stagger-
ing difficulties in the theory of the flow of electricity through
metals were removed as if by magic thanks to quantum
mechanics, and especially to Pauli's exclusion principle. The
atomic nucleus was to yield up invaluable secrets to the new
quantum physics, as will be told; secrets which could not be
revealed at all to the classical theory, since that theory was too
primitive to comprehend them; secrets so abstruse they may
not even be uttered except in quantum terms. Our understand-
ing of the nature of the tremendous forces residing in the

139



atomic nucleus, incomplete though it be, would be meager
indeed w thout the quantum theory to guide our search and
encourage our comprehension in these most intriguing and
mysterio,ls regions of the universe. This is no more than a
glimpse of the unparalleled achievements of quantum me-
chanics. The wealth of accomplishment and corroborative
evidence is simply staggering.

"Daddy, sio scientists really know what they are talking
about?"

To still an inquiring child one is sometimes driven to regret-
table extremes. Was our affirmative answer honest in this
particular instance?

Certainly it was honest enough in its context, immediately
following the two other questions. But what of this same ques-
tion now, standing alone? Do scientists really know what
they are talking about?

If we allowed the poets and philosophers and priests to
decide, they would assuredly decide, on lofty grounds, against
the physicistsquite irrespective of quantum mechanics. But
on sufficiently lofty grounds the poets, philosophers, and priests
thc:.iselves may scarcely claim they know whereof they talk,
and in some instances, far from lofty, science has cau&-;:r both
them and itself in outright error.

True, the universe is more than a collection of objective
experimental data; more than the complexus of theories,
abstractions, and special assumptions devised to hold the data
together; mere, indeed, than any construct modeled on this
cold objectivity. For there is a deeper, more subjective world,
a world of sensation and emotion, of aesthetic, moral, and
religious values as yet beyond the grasp of objective science.
And towering majestically over all, inscrutable and inescapable,
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is the awful mystery of Existence itself, to confound the mind
with an eternal enigma.

But let us descend from these to more mundane levels, for
then the quantum physicist may make a truly impressive
case; a case, moreover, backed by innumerable interlocking
experiments forming a proof of stupendous cogency. Where
else could one find a proof so overwhelming? How could one
doubt the validity of so victorious a system? Men are hangc Ion
evidence which, by comparison, must secm small and incon-
sequential beyond measure. Surely, then, the quantum physi-
cists know what they are talking about. Surely their present
theories are proper theories of the workings of the universe.
Surely physical nature cannot be markedly different from what
has at last so painfully been revealed.

And vet, if this is cur belief, surely our whole story Hs been
told in vain. Here', for instance, is a confident utterance of the
year 1889:

'The wave theory of light is from the point of view of human
beings a certainty."

It was no irresponsible visionary who made this bold asser-
tion, no fifth -rate ir:competent whose views might be lightly
laughed away. It was the very man whose classic experiments,
more than those of any other, established the electrical charac-
ter of the waves of light; none other than the great Heinrich
Hertz himself, whose own seemingly incidental observation
contained the seed from which there later was to spring the
revitalized particle theory.

Did not the classical physicists point to overwhelming evi-
dence in support of their theories, theories which now seem to
us so incomplete and superficial? Did they not generally believe
that physics was near its end, its main problems solved and its
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basis fully revealed, with only a little sweeping up and polish-
ing left to occupy succeeding generations? And did they not
believe these thir 3s even while they were aware of such
unsolved puzzles as the violet catastrophe, and the photo-
electric effect, and radioactive disintegration?

The experimental proofs of science arc not ultimate proofs.
Experiment, that final arbiter of science, has something of the
aspect of an oracle, its precise factual pronouncements couched
in muffled language of deceptive import. While L. Bohr such
a thing as the Balmer ladder meant orbits and jumps, to
Schrodinger it meant a smeared-out essence of IP; neither view
is accepted at this moment. Even the measurement of the
speed of light in water, that seemingly clear-cut experiment
specifically conceived to decide between wave and particle,
yielded a truth whose import was misconstrued. Science
abounds with similar instances. Each change of theory demon-
strates anew the uncertain certainty of experiment. One would
be bold indeed to assert that science at last has reached an
ultimate theory, that the quantum theory as we know it now
will survive with only superficial alteration. It may be so, but
we are unable to prove it, and certainly precedent would seem
to he against it. The quantum physicist does not know whether
he knows what he is talking about. But this at least he does
know, that his talk, however incorrect it may ultimately prove
to be, is at present immeasurably superior to that of his
classical forebears, and better founded in fact than ever before.
And that is surely something well worth knowing.

Never had fundamental science seen an era so explosively
triumphant. With such revolutionary concepts as relativity
and the quantum theory developing simultaneously, physics
experienced a turmoil of upheaval and transformation without
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parallel in its history. The majestic motions of the heavens and
the innermost tremblings of the atoms alike came under the
searching scrutiny of the new theories. Man's concepts of time
and space, of matter and radiation, energy, momentum, and
causality, even of science and of the universe itself, all were
transmuted under the electrifying impact of the double revolu-
tion. Here in our story we have followed the frenzied fortunes
of the quantum during those fabulous years, from its first
hesitant conception in the minds of gifted men, through
precarious early years of infancy, to a temporary lodgment in
the primitive theory of Bohr, there to prepare for a bewilder-
ing and spectacular leap into maturity that was to turn the
orderly landscape of science into a scene of utmost confusion.
Gradually, from the confusion we saw a new landscape emerge,
barely recognizable, serene, and immeasurably extended, and
once more orderly and neat as befits the landscape of science.

The new ideas, when first they came, were wholly repugnant
to the older scientists whose minds were firmly set in tradi-
tional ways. In those days even the flexible rr. 7- of the
younger men found them startling. Yet now cists of
the new generation, like infants incomprehem _4, enjoying
their cod-liver oil, lap up these quantum ideas with hearty
appetite, untroubled by the misgivings and gnawing doubts
which so sorely plagued their elders. Thus to the already bur-
densome list of scientific corroborations and proofs may now
be added this crowning testimony out of the mouths of babes
and sucklings. The quantum h2s arrived. The tale is told. Let
the final curtain fall.

But ere the curtain falls we of the audience thrust forward,
not yet satisfied. We are not specialists in atomic physics. We
are but plain men who daily go about our appointed tasks, and

Sc lence
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of an eveinng peer hesitantly over the shoulder of the scientific
theorist to glimpse the enchanted pageant that passes before
his mind. Is all this business of wavicics and lack of causality
in space and time something which the theorist can now accept
with serenity? Can we ourselves ever learn to welcome it with
any deep feeling of acceptance? When so alien a world has
been revealed to us we cannot but shrink from its vast unfriend-
liness. It is a world far removed from our everyday experience.
It offers no simple comfort. It beckons us without warmth.
We arc saddened that science should have taken this curious,
unhappy turn, ever away from the beliefs we most fondly
cherish. Surely, we console ourselves, it is but a temporary
aberration. Surely science will someday find the tenuous road
back to normalcy, and ordinary men will once more under-
stand its message, simple and clear, and untroubled by abstract
paradox.

But we must remember that men have always felt thus when
a bold new idea has arisen, be the idea right or wrong. VVhen
men first proclaimed the earth was not flat, did they not
propose a paradox as devilish and devastating as any we have
met in our talc of the quantum? How utterly fantastic must
such a belief at first have appeared to most people; this belief
which is now so 'caddy and blindly accepted by children,
against the clearest evidence of their immediate senses, that
they are quick to ridicule the solitary crank who still may claim
the caith is flat; their only concern, if any, is for the welfare
of the poor people on the other side of this our round earth
who, they so vividly reason, are fated to live out their lives
walking on their heads. Lct uc pray that political wisdom and
heaven-sent luck be granted us so that our children's children
may b.;. able as readily to accept the quantum horrors of today
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and laugh at the fears and misgivings of their benighted
ancestors, those poor souls who still believed in old-fashioned
waves and pai ticles, and the necessity for national sovereignty,
and all the other superstitions of an outworn age.

It is not on the basis of our routine feelings that we should
try here to weigh the value and significance of the quantum
revolution. It is rather on the basis of its innate logic.

"What!" you will exclaim. "Its innate logic? Surely that is
the last thing we could grant it. We have to concede its over-
whelming experimental support. But innate logic, a sort of
aura to compel our belief, experiment or no experiment? No,
that is too much. The new ideas are not innately acceptable,
nor will talking ever make them so. Experiment forced them
on us, but we cannot feel their inevitability. We acccpt them
only laboriously, after much obstinate struggle. We shall never
see their deeper meaning as in a flash of revelation. Though
Nature be for them, our whole nature is against them. Innate
logic? No! Just bitter medicine."

But there is yet a possibility. Perhaps there is after all some
innate logic in the quantum theory. Perhaps we may yet see
in it a profoundly simple revelation, by whose light the ideas
of the older science may appear as laughable as the doctrine
that the earth is flat. We have but to remind ourselves that our
ideas of space and time came to us through our everyday experi-
ence and were gradually refined by the careful experiment of
the scientist. As experiment became more precise, space and
time began to assume a new aspect. Even the relatively super-
ficial experiment of Michelson and Morley, back in 1887,
ultimately led to the shattering of some of our concepts of
space and time by the theory of relativity. Nowadays, through
the deeper techniques of the modern physicist we find that
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space and time as we know them so familiarly, and even space
and time as relativity knows them, simply do not fit the more
profound pattern of existence revealed by atomic experiment.

What, after all, are these mystic entities space and time?
We tend to take them for granted. We imagine space to be so
smooth and precise we can define within it such a thing as a
pointsomething having no size at all but only a continuing
location. Now, this is all very well in abstract thought. Indeed,
it seems almost an unavoidable necessity. Yet if we examine
it in the light of the quantum discoveries, do we not find the
beginning of a doubt? For how would we try to fix such a dis-
embodied location in actual physical space as distinct from
the purely mental image of space we have within our minds?
What is the smallest, most delicate instrument we could use
in order to locate it? Certainly not our finger. That could
suffice to point out a house, or a pebble, or even, with difficulty,
a particular grain of sand. But for a point it is far too gross.

What of the point of a needle, then? Better. But far from
adequate. Look at the needle point under a microscope and the
reason is clear, for it there appears as a pitted, tortured land-
scape, shapeless and useless. What then? We must try smaller
and ever smaller, finer and ever finer indicators. But try as we
will we cannot continue indefinitely. The ultimate point will
always elude us. For in the end we shall come to such things as
individual electrons, or nuclei, or photons, and beyond these,
in the present state of science, we cannot go. What has
become, then, of our idea of the location of a point? Has it not
somehow dissolved away amid the swirling wavicles? True, we
have said that we may know the exact position of a wavicle if
we will sacrifice all knowledge of its motion. Yet even here
there happen to be theoretical reasons connected with Comp-
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ton's experiment which limit the precision with which this
position may be known. Even supposing the position could be
known with the utmost exactitude, would c then have a
such as we have in mind? No. For a point has a continuing
location, while our location would be evanescent. We would
still have merely a sort of abstract wavicic rather than an
abstract point. Whs.:ther we think of an electron as a waviele,
or whether we think of it as a particle buffeted by the photons
under a Heisenberg microscope, we find that the physical
notion of a precise, continuing location escapes us. Though we
have reached the present theoretical limit of refinement we
have not yet found location. Indeed, we seem to be further
from it than when we so hopefully started out. Space is not so

simple a concept as we had naïvely thought.
It is much as if we sought to observe a detail in a newspaper

photograph. We look at the picture more closely but the
tantalizing detail still --apes us. Annoyed, we bring a magnify-
ing glass to bear upon and lo! our eager optimism is shat-
tered. We find ourselves far worse off than before. What
seemed to be an eye has now dissolved away into a meaning-
less jumble of splotches of black and white. The detail we had
imagined simply was not there. Yet from a distance the picture
still looks perfect.

Perhaps it is the same with space, and with time too. Instinc-
tively we feel they have infinite detail. But when we bring to
bear on them our most refined techniques of observation and
precise measurement we find that the infinite detail we had
imagined has somehow vanished away. It is not space and time
that are basic, but the fundamental particles of matter or
energy themselves. Without these we could not have formed
even the picture we instinctively have of a smooth, un-
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blemished, faultless, and infinitely detailed space and time.
These electrons and the other fundamental particles; they do
not exist in spare and time. It ;s space and time that exist
because of them. These particleswavicles, as we must regard
them if we wish to mix in our inappropriate, anthropomorphic
fancies of space and timethese fundamental particles precede
and transcend the concepts of space and time. They are deeper
and more fundamental, more primitive and primordial. It is
out of them in the untold aggregate that we build our spatial
and temporal concepts, much as out of the multitude of seem-
ingly haphazard dots and splotches of the newspaper photo-
graph we build in our minds a smooth, unblemished portrait;
much as from the swift succession of quite motionless pictures
projected on a motion-picture screen we build in our minds the
illusion of smooth, continuous motion.

Perhaps it is this which the quantum theory is striving to
express. Perhaps it is this which makes it seem so paradoxical.
If space and time are not the fundamental stuff of the universe
but merely particular average, statistical effects of crowds of
more fundamental entities lying deeper down, it is no longer
strange that these fundamental entities, when imagined as
existing in space and time, should exhibit such ill-matched
properties as those of wave and particle. There may, after all,
be some innate logic in the paradoxes of quantum physics.

This idea of average effects which do not belong to the
individual is nothing new to science. Temperature, so real and
definite that we can read it with a simple thermorr-Aer, is
merely a statistical effect of chaotic molecular motions. Nor
are we at all troubled that it should be so. The air pressure in
our automobile tires is but the statistical effect of a ceasel,:ss
bombardment by tireless air molecules. A single molecule has
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neither temperature nor pressure in any ordinary sense of those
terms. Ordinary temperature and pressure are crowd effects.
When we try to examine them too closely, by observing an
individual molecule, they simply vanish away. Take the smooth
flow of water. It too vanishes away when we examine a single
water molecule. It is no more than a potent myth created out
of the myriad motions of water molecules in enormous
numbers.

So too may it well be with space and time themselves,
though this is something far more difficult to imagine even
tentatively. As the individual water molecules lack the every-
day qualities of temperature, pressure, and fluidity, as single
letters of the alphabet lack the quality of poetry: so perhaps
may the fundamental particles of the universe indwidually lack
the quality of existing in space and tune; the very space and
time which the particles themselves, in the enormous aggregate,
falsely present to us as entities so prc-cminentl fundamental
we can hardly concciNe o: any existence at all without them.
See how it all fits in now. 'Hie quantum paradoxes are of our
own making, for we have tried to follow the motions of indi-
xidual particles through space and time, while all along these
individual particles lime no existence in space time. It is
space ani tine that exist through the particles. An indix idual
particle is not in two places at once. It is in no place at all.
Would we feel amazed and upset that a thought could be in
two places at once? A thought, if we imagine it as something
outside our brain, has no quality of location. If we did wish to
locate it hypothetically, for any particular reason, we would
expect it to transcend the ordinary limitations of space and
time. It is only because we base all along regarded matter as
existing in space and tune that we find it so hard to renounce
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this idea for the individual particles. But once we do renounce
it the paradoxes vanish away and the message of the quantum
suddenly becomes clear: space and time are not fundamental.

Speculation? Certainly. But so is all theorizing. While
noshing so drastic has yet been really incorporated into the
mathematical fabric of quantum mechanics, this may well be
because of the formidable technical and emotional problems
involved. Meanwhile quantum theorists find themselves more
and more strongly thrust toward some such speculation. It
would solve so many problems. But nobody knows how to set
about giving it proper mathematical expression. If something
such as this shall prove to be the true nature of space and time,
then relativity and the quantum theory as they now stand
would appear to be quite irreconcilable. For relatiitv, as a field
theory, must look on space and time as basic entities, while
the quantum theory, for all its present technical inability to
emancipate itself from the space -time tyranny, tends very
strongly against that view. Yct there is a deal of truth in both
relativity and the present quantum theory, and neither can
wholly succumb to the other. Where the two theories meet
there is a vital ferment. A process of cross-fertilization is under
way. Out of it someday will spring a new and far more potent
theory, bearing hereditary traces of its two illustrious ancestors,
which will ultimately fall heir to all their rich possessions and
spread itself to bring their separate domains under a single
rule. What will then survive of our present ideas no one can
say. Already we have seen waves and particles and causality and
space and time all undermined. Let us hasten to bring the
curtain down in a rush lest something really serious should
happen.
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The Evolution of the Physicist's Picture of Nature

Paul A. M. Dirac

irk this article I should like to discuss
the development of general physical
theory how it des eloped m the past

and how one may expect it to des clop in
the future. One can look on this con-
tinual development as a process of evo-
lution, a process that has been going on
for seseral centuries

The first main step in this process of
evolution was brought about by Newton
Before Newton, people looked on the
world as being essentially two-dimen-
sionalthe two dimensions in wi-ich one
can walk aboutand the up and-down
dimension seemed to be something es-
sentially different Newton showed hose
one can look on the up and-down three-
non as being ssnunetrical w oh the other
two directions, by bringing m grasita-
tional forces and showing hose tit v take
their place in physical theors One can
say that Newton enabhd us to p miss from
a picture with two-dunension,k1 sy in
metry to a pictrire with three-dimension-
al symmetry

Einstein made another step in the
same direction, showing how one can
pass from a picture with three dimen-
sional symmetry to a picture with four-
dimensional ssinmetry Einstein brought
in time and showed hose it plays a role
that is in many ways ssminetrical with
the three space dimensions How eser,
this symmetry is not quire perfect With

Emstein's picture one is lid to think of
the world from a four-dimensional point
of vans, lint the four dimensions are not
completels inmetrical There are some
directions in the tote dimen.,Ional pic-
ture that are different from others di-
rections that ,ire called null due( non,
along w inch a ray of light can most.,
hems the four dirmit000nal picture is not
completely ssminetrical Still, there is a
greet deal of ssnunctrs among the four
dimensions "I he oils ink of ssininetrs
so tar as C011( erns the (111,1tIOTIS of phl,
I(5 IS in the appearankk of a nunos sign
in the equations with resp«t to the time
dimension as compared with the three
space rinnelisions lice top equation on
page '1]

s has e, the n, the development from
the three cluni nsional plc true of the
world to tit four-dimensional picture
Tin re,rcLr will probably out he happy
with this situation, because the world
still ,appears three dimensional to Ills

«mscunisness Hose k an one bring this
appcarank e into the four dimensional
picture slat En- sit''" -e'it1.2e$ tir"'
(1St to has e2

%% hat appears to our «ins( musness is

realls a three dimension il sec non of the
four dimensional pik tun Ws must take
a thrk t'-ehmensional coon ro give, us
what appears to our sets, 1,4 mess at (Mc
tune, at a late r time we shall has e a

different three dimensional sedum The
Lek of the physicist consists largels of
relating (went, in one of these sec irons to
es enti in another section rift rring to I

later tune 11111S the picture V6Ith four-
dim< risikmal ss minors does not give is

the %Omit situation rh., becomes par -
tuularh important when one takes into
account the des( lopments that have
been brought about hs quantum theory
Quantum theors has taught us that see
hose to take the process of obsersation
into account, and obsersations usually
require es to bring m the three-chair
storml sections of the four dimensional
picture of the miss erse

he spec tail theory of rclatis ity row hie h

Einstein introduced, requires is to put
all the laws of phs sus into a form that
chsplas s four dimensional ss rnmetrs But
w. hen we mist tit SO lass, to get results
about °kers atilM V6( 11,1%(' to brill, III
something add.tv tail to the four-klinien
sional ss InIlletrl , munch the three di-
mensional sec non, that dew rube our
t011551011,115'5, of the Inns ease at a ter-
t 1111

tem m vie another most imp° 'ant
I emitribrition to the desk loprr, it of
our pin. sic ,k1 picture hi put forward the
k Sal themy of rk latis its , whis'i re
yuvcs 111 to SlIppOSe that the Sp d k of
pin cies is coned Before this dilys (lets
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had alss ass sk orlo d w ash a that space the

this 11 (hint mania) flat spat e of \i is toll
sa ho It NS.o. tilt II 1 ttt rated to th, four
dimension .1 fl it sp t of 'N.( IA It Ian,
its (.11e, tai reiautits 111,011. a ?Calls tai
portant t mit:Amnon to Oa 1 s olution of
our ph. sa al picture hs u'quirtug us to
go us er to tin, mi 5pacii 16e gi
imam( tits of this flit ors mean that all
tilt I ass s of pis st(s c an be formidatt d ii
elan eel four time usiothil fp nisi that
then slims ssninietrs among the four
climensrons But again. o hen sst scant to
hang fit ohs, rs axons as sae must if sit.
look it things from the point of suss of
T1,10111;1 them., NS,. 11.1, t to rc fei to a
sedan, of this four dimension spat e

nil the four-cliniensional space c ins cd,
ans set t1011 that we Mal III it 11,0 has to
be c in, t d, fie( .illse rya general sse t moot
gue a rot ailing to a flat se( t 101i in a
,used spate I his leads us to a int tint

olu(h fie base to take cursed three-
Mint 11(1011.11 se( liens in the cursed font-
thou 11,1011.11 spat., and discuss tiliSers
tIOns in these se( tions

IN,fring the past fuss seais people has e
been trying to apply quantum. ?dais to

nr

gran lotion as w,11 as to the other
phenomena if plo sa and this has led
to a rather um Spec fed des( lupine:It,
(taint h th it when one looks it gran rya
ttonal 11., ors hot. Oil point of s tos of
the st non, one fats!, that the re are
some d. ((Jet s of frt '10111 th it drop out
of tilt them, 1 la gra. itationai fold is
I tensor fa Id sank It) toniponeuts One
finds that six of tilt i onipont its are ade-
.111att for at st 711,1114 e se is thing of phssi

cal Importance and the tab, r four can be
chopped Out of the I tioatirms One can-
not !lowest r, pi,1, out the so. impoitarit
«irlipoilt fits from the i onylt to set of 10

.ins w Is th it dues lilt sit taros the
four dimensional ssminetr lois tf one
Insists 011 Fires, Is mg four dant nsional
ss olliletrS III the 0111.1.1011S 0111 (.111110t

adapt the flit its of grao lotion to a (Its
c lissom of rileasiirt ?Tient, Ili the S.6 as

quantum theOts squirt s ssithout la log
forced to a More (011iph(ated d( 5( ription
than is ,metied Its the phs sic al situation
This result his led nie to doubt boxy
fundamt Mal the four dim, nsional re.
tpurement in phs sic s is A his decades
igo It Sr calve! quite certain than one nod
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ISAAC NEWTON (1612 17271, with his law of grasuation, changed the physimq's picture
of nature from one with two darlenslonal ssmnxtry to one ssith threeshmensional symmetry
This drawing of him war made in 1760 by Jame, Marartlel from a painting by Enoch Seeman
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to express the ss hole of plis sit s m four
dirnensional form But nos It cc ems that
four-dimensional ss mi ntrs is not of such
ass eructing import int e since the decoy
non of nature sometimes gets simplifit d
'alien our departs from it

N. ow I should like r i proceed to the
ft ss l..pmerits that Lase been brought

about In to intiiin theory Quantum
fit tin is 1h, sin( ussion Of sets S111111
aligs and it has formed the main sub
ct of ph. sic, for the past 60 sears

Outing ties pr nod phs sit base fitful
amassing quite .1 lot of experimental in
torzli It inn and des eloping a theory to
ore Tond to itind this combination of

the ors and experiment has ltd to im-
portant des elopint Ms In the physicist's
violin of till world

I he titianttlIll first made its appear-
ance sslien Planck dzsern tied the need
10 suppose that the energy of electro-
magnetic oases (.111 exist 0111V ini Int11-
tildes of .1(1 Odin mat, depending on the
freynen(s' of the oases, in order to ex-
plain the lass of blac k body radiation
Then Einstein discovered the same unit
of energy o«urring in the photoelectric
effect In this early ssork on quantum
thews one simply had to ace, it tie unit
of ensrgs xxithout being tO incor-
porate it into a pin su al pal ,se,

'Elie first new patine that appeared
ss as pa tore of the atom Ituas

a pa tine in ss lilt h sse had electrons mov-
ing about In Cerullo cell defined orbits
and oo asionalls making a pimp from
one orbit to another \Vt. could not pa
tore hoss the pimp took place We Just
had to accept tt as a kind of discon-
tinua. Bohr s picture of the atom

irked toils for spec :al examples. 'sane
nails when there wits mils one elsctron
that %sas of importma e for the problem
under consideration 1 hits the pie tine
ss as .111110 0111plet and fin:into C one

the big ads ant e in the quantum
till Ols (.1111e lz? 1921, stash the discovers

of quantum mechanics This adsance
was brought about independesitiv be two
men, lit 1st libmg first and Si lucid:tiger
soon al tt rss ard, uorkmg from differ tit
points of 1. less ilercenberg\horked keep-
ing close to Ow experimental voider's,
about spectra that was being amassed at
that tune and lie found out 110A the ex-
perimental information could be fitted
into .1 scheme that is 110," kW), II s

matrix nmeeh,iilus All the experimental
data of spsctroscops fitted beautifullv
into the scheme M matrix met liana s, and
this led to quite a different picture of the
atomic oorld Schrodinger worked from
a more mathematical point of view, try-
ing to find a beautiful theory for describ-



mg doom (st nts ind 55 Is he Ito d Its 1),
lirt,glu s Itit t( of ss ISIS 15001) 1 tit ii se igh
portit s I11 ss,1. .11111 tO IIIInd
Broglw s is and to gt is( is in 01111111

911.10011, kriossn as St luotloigt i 5 55 as t

equation, for di .u11,04 11101111 1)10(

ssc, 1110,111(:cf got this mon Its
pure thought looking for sums ht .111111u]

111 111 1 )e oglit s ide Is, and
not Its lit clung lose to the I spc uml idol
des tilopment of the cubit-et in the ss
Ili Isenberg 13111

I might tell sou tilt %tors I he Ohl from
SehrodInger of funs when be fast got
the idea for this t quantal, lit unit that,'
Is applied it to the behas 101 of the t lee
moo In the kdrogen atom, and then he
got results that did not agree Si Itli ex-
periment 1 he disagreement arose be-
tout at that trow It ss MA 1.110, 11 that

the ell l trop has a spin Eh tt, of (muse,
55 as a great disappointment to Sch.).
ding, 1,41111 It C.Illst 11 111111 to .11)1101011 OR

Work 401 501111 months I hen he notued
tho , if ht applied the Olt ors in a more
apt roximate 51.15. not 11110 AC

1011111 the ref nt meat. It tinned 10.' rait-
tis its, to tills 101101 1111)0/S1111 it1011 Ills
\Std. W.IS m .IgIt I (Ti) Ilt such observo-
(ion Ile publIsla d his first p (per 55 ith
tolls this rough opprosim mon, and in
that seat, St tingling, l 5 se as t. ( 1111 111011

,AS pet sewed to the sear Id Aft, ward,
of °eas, se n peoph found out hose to
take into a(I omit I OM', 11, tin S1)111 of

the electron, the discrepanl1 Ix tsseen
tl e n sults of apply log St loodinger's rel-
.11151,1 II equation and 1110 esperuntints

completely (feared up

I think there is a moral to this story,
n tint Is that It is nom important to

11 Ise Ix Okay w Ohl S (1111.11011S than to

has e them fit expt rintent If St loodinger
had been more confident of his work, he
mild base published It some months

t 10'0, A1111 he (110111 11.0e 1)11111100d a

111000 .it curate equation That equatIon rs
nosy 1.110, 11 as the hit in Cordon 11111.1.
non. although It u.is really dice°. I red by
Schrodinger, and in fact was discovered
by Sc hrodinger before lie discovered Ills
nortrodatIsisfie treatment of the hydro
gem atom It seems that if one is working
from the ',Ong of suety Of getting beauty
in one's .timitions, and If one bas really
a S011111.1 insIght, bile Is 00 .1 SUIT 1110' Of

progress If tilt re is not I °mph ti arra,
merit befit cell the results of 0111 ,Olk
11111 e).10 11110 nt, one should not allots

oneself to be too Elmo/Rag, (1, fit t two,
the discrepant y may Sidi be due to
minor features that are not properls
taken Into account and that Null get
cleared up se 1111 further developments of
the theory

A

tip
11

ALBERT EINSTEIN f 1879 1955), stub lea site, 0af theory of refattstiv, changed the 1,1.'4
(Pee torture from on wait three tionemoon.1 ss mmetrs To one sub four thwristonal,ssm
11.110 T110 photograph of bon and Ins unto ..11.1 then dam filter Margot was made in 1025

11.11 is 110, 1111.111t11111 tit t 1).11.0

tits( OS( It d It It II to A 111,1011 t 1,10t
111 tilt 1111,s11 1st pit tint 01 110 Mild
30 11 1, Ifa loggt st that ha. sit takt II
plat)' Iles (h Loge tont 5 11,101 ow has
ing, to gill' 1131 the tit 'ft ttninIstit pit Ow
sit bad Ass, s tAt « for groutt in
led to a 1111 ors that dots not piedut SS itli
I t It Mit, ,11,1t is going to happt 0 III till
halite but gut. us Information toils
about the 1)1°1)11,11th of to urn o I of
s arum, est its Iles gin mg up of th ter

11,0 6(111 A Sirs I OfItItAl l sill
stale( t sOIlle pe0111( tit/ nut la. It At
all F 'fist( in in par tit illor miser ilk( ti it

'011,010;11 SSA, III( of the greot
mar-Motor to the desl 101)111,11t Of 911.111

111111 Me( 11 Mit he still seas .11,s oath
t I 110stile 10 the 101111 tit it 1111 mini
no harm 5 t sof.; d Into dtuntg his lilt
nine and I11.il it till It t.n1l

1111 hostillt, mull, 10 (11)1e 11.0e to the
t415 1104 1111 Of Ill, tit tt 11111111st0 putout.

III 10 abtuud 011 .1 11111(11 (11ClIsst (I

3).110 I 10 I Illstt III l'OdOlsk, .0111 ills) II
1111)13 55 1th lilt dd6cdh one has

101 1111104 t t ottsIstt lit pit 1111e that still
grs 5 it sults attoi ding to tit, rules of
Iii ratlim I, mu. 1 he rid, s of quail
torn Mt I h.um s rte qurto th filutt People
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NIEI S BOHR (1885 19621 introduced the idea that the electron
mosed about the nucleus in well denned orbits This photograph
was made in 1922, nine years after the publication of his paper

know how to calculate results and how to
compare the results of their cal( illations
with experiment Es ery one is agreed on
the formalism It works so vi ( II that no-
boils can, afford to disagree with it But
still the picture that we are to set up
behind this formalism is a sukqe(t of
coot roversy'

1 should like to suggest that one not
worn too much about this cote roversv I
feel very strongly (hat the stage p Il11( S
has reached at the present day ,...(ot the
final stage It is lust one stage in the eyo
lution of our picture of nature, and we
should exits ct this process of evolution
to continue in the future, as hiologn al
esolutum column( s trim the future The
press rat stage of physical thore is iner-
I, a (teppingstorie toward the better
stages we shall has(' in the future One
can be (mac sure that there scull be better
stages simply because of the difficulties
that occur in the physics of today

I should now like to dwell a bit on
the difficulties in the physics of the

present (lay The reader who is not an
expert in the subject might get the idea
that because of all these difficulties
physical theory ism pretty poor shape
and that the quantum tin on is not much
good !should like to correct this impres-
mit Its saying that quantuin theory is au
extremely good theory It gees wonder-
ful agreement with olweryatron over a

ide range of phenomena f here is no
doubt that it is a blood theory, and the
ooh reason pin sums talk so much about
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MAX PLANCK i13:3 10471 introduced the idea that eleetro
magnetic radiation consists of quanta, or palt.as Thu photograph
was made in 1913, 13 sears after his original paper was published

the difficulties In it is that it IS precisely
the difficulties that are Int( resting 1 he
successes of the theors are all taken for
granted One does not get anywlwre
sunk by going over the successes again
and again, whereas be talking r the
difficulties pimple can hope to make
some progress

'I he difficultly, 111 quantum theory are
of two kind, I might call them Class One
difficulties and Class Two ilifhcsltcs
('lass One difficulties are the difficulties
I have already mentioned Flow can one
form a consistsnt plasre behind the
rules for the present quantum theory

la se ( lass One difficulties du not really
worry the pits siost If the physicist
know, how to calculate results and com-
pare them witl experiment, he is quite
hippy if the remits ague with his ex
perunents, anti that is all he needs It is
mils the philosopher, wanting to have .1
satisfying des( riptIon of nature, who is
bothered by ( lass Ore difficulties

Phew are, in addition to the ( lass (hie
difficulties, the Class rwo difficulties,
who h stem from the fact that the present
Laws of quantum theory are not alw.iys
adequate to give any results if one
pushes the laws to c xtreme conditions
to plienotnena insolving sery bight ener-
gies or vers small distances one some
tunes gets results that are ambiguous or
not really sensible at all Then It is clear
that out' has reached the limits of appli-
cation of the theory and that some fur-
ther des elopment is needed the Class
1 wo difla nines are important even for

tics' physicist, because they put a limita-
tion on now far he can use the rules of
quantum them', to get results compara-
ble with experiment

I should like to say a little more about
the Class One difficulties I feel that one
should not be bothered with them too
much, because they are difficulties that
refer to the present stage in the develop-
ment of our 'dismal picture and are
almost ceitain to change with future de-
velopment There is one strong reason, 1
think, why one can be quite confident
that these difficulties will change There
are some fundamental constants in na.
tine the charge on the electron ((lesig
rimed Planck's constant divided by

(designated fl) and the velocity of
Irght (c) From these fundamental con.
scants one can construct a number that
has no dimensions the number hr/e=
That number is found by experiment to
}rase the salve 137, or something very
close to 137 Now, there is no known
reason why It should have this value
rather than some other number Various
people have put forward ideas about Lit,
hilt there Is no accepted theory' Still,
one can he fairly' sure that someday
physicists w ill solve the problem and
explain why the number has this value
I here will be a physics in the future that
works when lac /c= has the value 137
and that v. ill not work whirs it has any'
other value

The plus:es of the future, of course,
cannot have the three quantities ft, e and
c all as fundamental quantities Only two



of them can be tundam, nt.il and the
third must be di rit ed Itom those ttto It
is almost (Wain that c 0111 in inn of the
too fundamental Ones 1 111 5cimcts of
light e, is so import lint nn tin four
dunensmnal picturt, and it plays such a
fundamental role ill the sin c I d them, of
relativits , correlating our units of Tact
and time, that it has to be tunil mu ntal
l'hen we are fated ssIth the f,0t that of

the trio quantities h and e, out s ill be
fundamental and one stall 1st dcrtsed If
ft is fundamental, e 5s ill base to hi cs-
pluneYl m some terms of the
S(111 lie root of ft, and it sec ms most on
Idols that any fundamental tin ors cat

e e m terms of a time- root, s1111.1:
square roots do not occur in Ikon ova
tions It is much nore Uri, that e .soli
be the fundamental quantits and that h
will be explainer m Icons of i a ritt,t,
there still be no square root in the basu
equations I think one is on safe ground
it one makes the guess that in the pins!
cal pours ste shall haw it some future
stage e and c 0 111 be fundamental quan
titles and h sill be (lensed

If it is a deo, ed quantity instead of a
fundamental one, our sihole set of ideas
about uneertaint, will be altered his
the fundamental quantity that occurs in
the Heisenberg uncertamt relation con-
necting the amount of um. ertaint in a
position ,ind m a momentum lis un-
eertaint, relation c,,: not fills a funda-
mental role in a them, in sato( h h
is not a fundamental quanta, I think
one can make a safe guess that uncertain-
ty relations inn their present form %sill not
survive in the ph) curs of the future

Of course there will not be a return to
the determinism of classical physi

cal theory Esolution does not go back-
ward It sell have to go for, ard 1 here
still hasp to be some nest de, elopment
that is quite unexpt (led that ,e cannot
make a gin sc about, %%Foch wilt take us
still further from classical ideas but
which will alter coinph telv the discus
non oft ncertaintt relation, And when
this nest des elopment occurs, people
will find it all rather futile to hive had so
much of a discussion on the role of ob-
servation in the theory, because they will
have then a much better point of view
from which to look at things So 1 shall
say that if %se can find a wa to describe
the uncertainty relations and the in-
determinacy of present quantum me-
chanics that is satisf, Ing to our philo
sophical ideas, we can count ourselves
lucky But if we cannot find such a way,
It is nothing to he really disturbed
about We simply have to take into ac-
count that we are at a transitional stage

and th it perhaps It Is 'puts impossibl, to
gat a s,itisfa, tors it too for this stag,

I bast disposed ol tin 1 15 5 One lit
ittuittt, its tint ott% tit 1, all,
not s s import lilt th if mist Ito al lke
progn ss i51If1 till in mit t 111 ( Ill
,( If I'll Ls and th it it oo, cannot It is

nothing to it gt emo, Is de.tiiilsi d about
1 he lass 1 ,0 1111111 1111n 5 art the Ti ,C11%

,11011, Ont's I lit', in.,' Fulmar Is bow
the f lit Iii It st hen it, appls our 1111.111
bun them, to held. in 111. w is ss t 11,00

to if 0t1 art to make It -1 Si It 11 special

re laths its, lust rpm, ting it in n ,,ss 0f the
titres clummaintal sec tints 111,15e ,trot
nom (!, %se 113(1 olittions that it fist
1101k all right But is hi 11 One tries to soh(
them one 1111(1, that till's do not 11,1,c an,
solutions 1t tins point sae 1,1101t to Ca,
that 0c do not has, a th, ors lint phts,
(1st, are str5 1111:i Molls .11/0111 It, all(1
this base found a ,a, to make prig
fess III of this 010t,1( 10 1 he, fin('
that0hentilti t1 10 Vase the (411 ItIOns
the trouts'( is that certain quantities
that ought to In finite are aCt11,111, in
finite One gets int( grab. that dit erge
instead of con, erging to smnething deli
,rte Ph) sicistc have found that there IS

S.

p

%%a, to 11,111111 Ott it' 111111111115 a«,n(1111Z

it, to It 111, silts 0111(11 10 dins It pOsithil
to 1,,,t t de fillIte results I his nu thud is

tl s the 111107111 dilation 11101111(1

1 h nil nil it Is t ,plan the Idea ill t,ords
start 010 01th a them, 111,01,111g

quatenis In these equationsthtrelictor
( 'It on p 11 1111(.0 is the 111,11ge ni the
tits 10 e tit, in ass of the t It ct1011, 711,

t11111Z, Of a similar naturt One then
fulls that the., qii intim s ssbleb appear
in the original t guano:is, are riot mill it
to the ineasurt (1 s dues of the charge and
tin mass of the t It ttron The measured

din s d,ffir from these In COr-
rt et1111: terns ; a , /1171 .111(1 so 011in
that the total charge is e Le and
the total mass m - Lm 1 10e changes
III charge and in os are brought about
through fits interaction of our eleinen-
tat, pita le sa ith other things 1 hen one
sass that c and m ',Lin, being
the obst is,(1 things are the impottant
things Hie original ( and m are Just
matheinntical parameters, the, are un-
Miser, able ,ind the refine lust tools one
can discard is hen one has got far enough
to bring um the things that one can com-

a

LOUIS DE BROGLIE (1892- 1 put forward the idea that particles are associated with
waves This photograph was made in 1929, five )ears after the appearance of his paper.
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pale ,ith 011Ser, anon Iles nould be a
lice (MI« t w Is to proceed 11 Le
and tin win' small (or es«) if the,
nere not so small but finite) carrel nuns
As sording to the as Mal them, bosses en,
Cr and Z,/11 arc infinitely great la spite
of that fact one can still use the formal
ism and get results in terms of c + Ac
and in r Gin, which one ( an Interpret
by say rig that the original e and m hose
to he minus mfinitx of a suitable amount
to compensate for the pc mid pin that
are minutely great One can use the
the ors to get results that tan be corn.
pared nit!, ewe:en-1cm, in particular for
clectrod,11.11111( c The surpruing thing is
that us the case of el(( trod, namn s one
gets results that are In (At r( inely good
agreement with experiment The agree-
ment applies to !Slane sign& ant fig-
uresthe kind of a«uracy that previ-
ously one had only in astronomy It

Is because of this good agreement that
plum ists do attat h come ,,due to the
rcnonnaluotion their,, in spite of its

eharaeter
It seems to be spine unpossIble to put

this theory on a mothunahcally sound
basis At ori, time physo.al theory n as all
built on mathematics that ,yas inherently

swill(' I do 1101 Sa that ph, sit 1St, al,
eel sound math( instil s the s oft: n use
1111,0und steps 111 ir Mations Out
preYintIsh. 'Ali( 11 the, did so it was
slap!, he( all,. of one !night sus ban
m ss 111e, ,,anted to get is suits as
gun kl, as posSilt1( ss rthnut doing us(
lie( esSar, n ask It ,s.1, possible
for the puss mathematician to «nue
along anti make the theory sound by
bringint, is furtht r steps ,ind perhaps I),
introdus sij (plas a lot of curnbc.rsome
notation anti ()the, things th It are destr-
able from a mathematual point of sissy

order to get e,er, thing ()(pressed
ngorousls but do not «nihilism' to the
1)11,m al ileac I he alter Inatheillat1( s

0111d s 111.1(1( CO1111(1111 that v.,11,,

but in the re normalization them, sic
hose a them, hat has defied all the at-
tempts of On 111.101(111.0,f I.111 SO make it
sound I .1111 ills luu d to susin s t that the
n imrmalization them, is something that
nil' not ssissue m th, tutus, and that
the ri markohle ago n meat between its
results and s 41( riment should be looked
on as a fluke

I his is perhaps riot altogether surpris-
ing, because there hose been similar
nukes in the past In fat t, Rohr's site-

ds2 = c2dt2 dx2 dy2 dz2

FOUR IMIENSIONAL SYMMETRY introduced by the special theory of relativity is not
quite perfett, This equation is the expression for the invariant distance in four dimension..I
space tune The symbol a is the invariant distance , c, the speed of light, r, time; x, y and
the three spatial dimensions The crs are differentials The lack of complete symmetry lies
in the fact twat the contribution from the time direction (c2c11') does not have the same
sign as the contributions from the three spatial directions ( and c11 1

UncN+ cr ) = [m2c2 1)4(4 + IL- '52 )1
ih e22

4n lax- aye +

SCIIRODINGER'S F IRsT WAN F EQUATION did not fit experimental reotills brims, it
did not take into act ount the son of the electron, vs Melt was not known at . use The
equation re a generalization of De Ilroghe's equation for the motion of a free electron The
symbol e represents the charge on the electron, a, the square root of minus nee It, Planck's
constant, r, the distance from the nucleus, g, Schrodingers was e function, m, the mass of
the electron The symbols resembling sixes turned Backward are partial derivatives

+ d2 a2 a2+-- +---8n2m ox- lay2 de) 'r

SCHRODINGER'S SECOND W AN E EQUATION is an approximation to the original
equation, which dots not take into account the refinements that are required by relatuny
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troll mint them, ,, as found to gut , rrs
gal (I oars( silent ss IthobserYation as long
is om (osifuud oneself to one elettrou
pooh!, ins I think ptople sslll 110, sus
:ha, this ago t int sit nas a fluke, liceause
the bass( ideas of Bohr c orbit them,
his liven supers«led In something
laths all, dills rent I belie«, the sue
esss s of the renormalizatIon thvor, sill

he 011 this saute footing as the successes
of the Bohr titbit theory applu (I to one

It coon F01,4111%

'I'he renorinalszation theor, has re.
I moss( I some of dust. ( lass Two (111.

hi only., if one lain a« ept the dlogual
her is ter of dis( ,oiling mfindrec, hat it

doss not re1110,e all of them There are
a good 111.111r problems left over e0111.erli-
mg panto les other th in the that tome
Into elect rid, Timm( s the 11VA' part 'cies
mesons of various kinds and neutrinos
Tits re the theor, is still in a prunitue
stage It n, Ludy certain that there will
hale to be (hastee changes in our funds.
ins Mal oleos before tin so problems can
Ix sots ed

One of the problems is the one I hose
air(' ids mentioned about .11.1 (nutting for
the number 137 ()then problems arc
Koss to Introduce the fundamental length
to ph,s,ts m some natural ,y.sy, how to
expl sus the ratios of the massy s of the
elementary particles and Imo to explain
their other props. rues I belsekes separate
ideas sill be needed to colic these (hs-
tine: problems and Chit they ,, ill be
sohes1 one .st a tune through suceesswe
stages in the future evolution of ph: sics
At this point I find 111. Sell In disagree-
ment nab most ph, sit Os 1 he, art 111-

(1111Ni to tl 1111, one mutt r Idea will he
disco, ered that Noll solve all these prob-
lems together I think it IS asking too
fluids to hope that an, one ss ill be able to
coke these problems together One
should separate them one from another
as mu( Is as possible and try to tackle
the in sc par stets And I Iselsexe the fu-
ture dr , slop:lent of 'Ansi( s ,111 consist
of sohing tht m one at a time, and that
after an one of them has been yoked
there ,111 still be a great mystery about
Iii, to attaek further ones

I might perhaps doe uss some Ideac
I has( had about how one can possibly
aux!, some of these ploblems None of
these ideas has been worked out very
far, and I do not hose much hope for any
one of them But I think they are worth
mentioning hncily

One of these ideas is to introduce
sornethmet corresponding to the lurnsmi-
erous ether, which was so popular among
the ph, siusts of the 19th century I said
earlier that physics does not evolve beck-



aid M. her I t ilk about it Introdtft mg
the ther, I do not 1111 111 tin Q., bar k to
the pa tint of du t tb(1 tin 11 1Il1 111(1 111

tint 1911e 11 lows but I do nit ul to nitro
tau ,i Tit, pit tun of tin Mint I tin it ss
conform to ow lit, sent lilt as of quantum
theirs I in obit t tion to the 1,111 All a of
th, t tInt r 55,15 11111 11 sun suppose 11 11/

be .1 1111111 1111111V, Ill/ 1111 SSII.le of spat
In ails plate It has a tit brine st lot its
stint li (il'stro.5 the foul dimensional
ss mutt tts I t twat d tn. I litt in pt lad
pint jilt of rt bilis its I instt 1n s spt !al
it fah, its loll, d tints oh a of the t thee

Itut tsnli our present quantum themn
e no long, r !last to attal 11 a definite

%elm its 10 any gilt n plis so al brig be-
t aunt tint s elm. its is +obit t it to lint er-
taints' relations the sniallt t the mass of
the thing sic in tutu n st, d in, the more
tmportottt .trt the Mt t itamts relations
Now, the , ther all Monis has( s, iv
little Macs, so that um t mums relations
fur it will be (...tri muds important !he
s elm its of the ether at some particular
place should tin, it fore not be pictured as
definite, b« arise 1t ssnil be sublet t to tin-
t ertaints it !mums anti so Inas be any -
thing riser sk ale rang«if salmis 111 that
mt) One 1. an get user the difficulties Of
it ton( !hug the existence of an , theriaith
the spt ua i theory of it labs Its

I la re 11 one important change this
ssill make in our pa ture of a s ar mon Vl'e
solid like to think of a sat mon as a
region in %shall ae lime complete sym-
metrs b, me, n the four dimensions of
sp.11.e time as required b5 spec relativ-
its If there is an ether subject to uncer-
tainty ri Imams, it , ill not be possible to
base ' is symmetry at curate!. e can
suppo that the selocity of the ether is
equally likely to be am thing %%Alan a
55 ale range of s allies that %%mild give the

symmetry only approximately We can-
not m ails precise was proceed to the
limit of allossing all salmis for the veloc-
ity betsseen plus and minus the tteloOty
of light, tallith We ssould base to do um
o der to make the symmetry accurate
Thus the 5 acialin becomes a state that is
unattainable I do not think that this is a
physical objection to the theory h could
mean that the vacuum is a state see can
approach sery closely "I la re is 110 limit
as to how closets c can approach it,
but %se can neVer attain it I believe
that swill,' be quite satisfactors to the
experimental physicist It s ould, ho, -
ever, mean a departure from the notion
of the saurian that vte has e m the
quantum theory, %%here at start off , ith
the VaCtItint state Using exactly the
symmetry required by special :elm:sit.

'I hat is one idea for the development
of physics in the future that would

0

41/
ERWIN '411RODINGI. It i 1887 19611 dewed his t.ase equation Irs extentitna Qt Itroitte's
idea that vases are aot tated watt partu ir 10 111Y elettron 11111,ng around the nucleus
Thin photograph was made in 1929, four stars after he had pulth-hid hit, second equattun

(11.111g,ti our picture of the saunnn, but
i hang( it m a ss as that is not art i« ept
abet to the experan, ntal pins sit 1st It has
proved difficult tut continue ssith thy
theors, because one w 0111d need to set up
inathelnatit all,' the lint erbonts relations
for the ether and so fir some satisfactory
theory along them. Ma, has not been dos
cos ered If It could be des eloped satin.
factonly, it would gine rise to a new kid
of field in physical theory, shah might
help in explaining some of the els men-
tary pan, ies

`other possible picture I should Itke
- to mention ColirernS the question of
%shy all the electric charges that are oh-
s, «cid ui natliTe should be multiples of
out elementary unit, e '1111s does one
not have a «ultimta, distribution of
charge occurring in nature' file picture
I propose goes back to the idea of
I aladas lines of force and Hurd«. s
des, !opulent of this idea 1 he 1 aradav

hints of force are a was of painting elec
tit fa his if we 11 e an el, tit field m
am region of space, then actordIng to
I mad.» sse can dm, a sit of lines that
lime the direction of the ,Icon,. field
"I he loseriess of the lines to one another
gnus a MeaSliir of the strength of the
heldthey are close shire the field is
111'1111g .111(1 less r lose sshere the field is

'0.1'.11. The Faraday lines of force give
115 a good picture of the electric field in
classical t hey.

When yte go over to quantum theory,
ae bring a kind of discreteness into our
basic pa true 1',, can suppose that the
continuous distribution of Faraday lines
of force that ,e lime in the classical pic-
ture is replaced Its just .1 foss discrete
lines of force with no lines of force be
tsse, it them

No,t the hires of force ni the Farad:y
patine end %chere then are thargt s
flat, fore sith these quaint/ d Faratlas
hues Of form it would jut reasonable to
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Dirac and Born

Leopold Infeld

The greatest theoretical physicist in Cambridge was P. A. M.
Dirac, one of the outstaAding scientists of our generation, then a
young man about thirty. He still occupies the chair of math-
ematics, the genealogy of which can be traced directly to
Newton.

I knew nothing of Dirac, except that he was a great math-
ematical physicist. His papers, appearing chiefly in the Proceed-
ings of the Royce Society, were written with wonderful clarity
and great imagination. His name is usually linked with those of
Heisenberg and Schroedinger as the creators of quantum me-
chanics. Dirac's book The Principles of Quantum Mechanics is
regarded as the bible of modern physics. It is deep, simple, lucid
and original. It can only be compared in its importance and ma-
turity to Newton's Principia. Admire(' by everyone as a genius,
as a great star in the firmament of English physics, he created
a legend around him. His thin figure with its long hands,
walking in heat and cold without overcoat or hat, was a familiar
one to Cambridge students. His loneliness and shyness were
famous among physicists. Only a few men could penetrate his
solitude. One of the fellows, a well-known physicist, told me:

"I still find it very difficult to talk with Dirac. If I need his
advice I try to formulate my question as briefly as possible.
He looks for five minutes at the ceiling, five minutes at the win-
dows, and then says 'Yes' or 'No.' And he is always right."

Onceaccording to a story which I heardDirac was lectur-
ing in the United States and the chairman called for questions
afrer the lecture. One of the audience said:

"I did not understand this and this in your arguments."
Dime sat quietly, as though the man had not spoken. A dis-

agreeable silence ensued, and the chairman turned to Dirac un-
certainly:

"Would you not be kind enough, Professor Dirac, to answer
this question?"
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To which Dirac replied: "It was not a question; it was a state-
ment."

Another story also refers to his stay in the United States. He
lived in an apartment with a famous French physi,_:ist and they
invariably talked English to each other. Once the French physi-
cist, finding it difficult to explain something in English, asked
Dirac, who is half English and half French

"Do you speak French?"
"Yes. French is my mother's tongue," answered Dirac in an

unusually long sentence. The French professor burst out:
"And you say this to me now, having allowed me to speak my

bad, painful English for weeks! Why did you not tell me this
before.'"

"You did not ask me before," was Dirac's answer.
But a few scientists who knew Dirac better, who managed

after years of acquaintance to talk to him, were full or praise of
his gentle attitude toward everyone. They believed than his sol-
itude was a result of shyness and could be broken in time by
careful aggressiveness and persistence.

These idiosyncrasies made it difficult to work with Dirac. The
result has been that Dirac has not created a school by personal
contact. He has created a school by his papers, by his book, but
not by collaboration. He is one of the very few scientists who
could work even on a lonely island if he had a library and could
perhaps even do withot,_ books and journals.

When I visited Dirac for the first time I did not know how
difficult it was to talk to him as I did not then know anyone who
could have warned me.

I went along the narrow wooden stairs in S..: John's College
and kn.. iced at the door of Dirac's room. He opened it silently
and with a friendly gesture indicated an armchair. sat down
and waited for Dirac to start the conversation. Complete silence.
I began by warning my host that I spoke very little English. A
friendly smile but again no answer. I had to go further:

"I talked with Professor Fowler. He told me that I am sup-
posed to work with you. He suggested that I work on the in-
ternal conversion effect of positrons."
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No answer. I waited for some time and tried a direct question:
"Do you have any objection to my working on this subject?"
"No."
At least I had got a word out of Dirac.
Then I spoke of the problem, took out my pen in order to

write a formula. 'Without sayi ig a word Dirac got up and
brought paper. But my pen refused to write. Silently Dirac took
out his pencil and handed it to me. Again I asked him a direct
question to which I received an answer in five words which
took me two days to digest. The conversation was finished. I
made an attempt to prolong it.

"Do you mind if I bother you sometimes when I come across
difficulties?"

I left Dirac's room, surprised and depressed. He was not for-
bidding, and I should have had no disagreeable feeling had I
known what everyone in Cambridge knew. If he seemed peculiar
to Englishmen, how much more so he seemed to a Pole who had
polished his smooth tongue in Lwow cafés! One of Dirac's prin-
ciples is:

"One must not start a sentence before one knows how to
finish it."

Someone in Cambridge generalized this ironically:
"One must not start a life before one knows how to finish it."
It is difficult to make friends in England. The process is slow

and it takes time for one to graduate from pleasantries about the
weather to personal themes. But for me it was exactly right. I
was safe because nobody on the island would suddenly ask me:
"Have you been married?" No conversation would even ap-
proach my personal problems. The gossipy atmosphere of
Lwow's cafes belonged to the past. How we worked for hours,
analyzing the actions and reactions of others, inventing talks and
situations, imitating their voices, mocking their weaknesses, lift-
ing gossip to an art and cultivating it for its own sake! I was glad
of an end to these pleasures. The only remarks which one is
likely to hear from an Englishman, on the subject of another s
personality, are:
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"He is very nice."
"He is quite nice."
Or, in the worst case:
"I believe that he is all right."
From these few variations, but much more from the subtle

way in which they are spoken, one can gain a very fair picture
after some practice. But the poverty of words kills the conversa-
tion after two minutes.

The first month I met scarcely anyone. The problem on which
I worked required tedious calculations rather than a search for
new .ideas. I had never enjoyed this kind of work, but I deter-
mined to learn its technique. I worked hard. In the morning I
went to a small dusty library in the Cavendish Laboratory. Every
time I entered this building I became sentimental. If someone had
asked me, "What is the most important place in the world?" I
would have answered: "The Cavendish Laboratory." Here Max-
well and J. J. Thomson worked. From here, in the last years
under Rutherford's leadership, ideas and experiments emerged
which changed our picture of the external world. Nearly all the
great physicists of the world have lectured in this shabby old
auditorium which is, by the way, the worst I have ever seen.

I studied hard all day until late at night, interrupted only by a
movie which took the place of the missing English conversation.I knew that I must bring results back to Poland. I knew what
happened to anyone who returned empty-handed after a year on
a fellowship. I had heard conversations on the sub;ect and I
needed only to change the names about to have a coriple:e pic-
ture:

A: I saw Infeld today; he is back already. What did lie do in Eng-land?
B: We have just searched carefully through the science abstracts.

He didn't publish anything during the whole year.
A: What? He couldn't squeeze out even one brief paper in twelve

months, when he had nothing else to do and had the best help
in the world?

B: I'm sure he didn't. He is finished now. I am really very sorry for
him. Loria ought to have known better than to make a fool of
himself by recommending Infeld for a Rockefeller fellowship.
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A: We can have fun when Loria comes here. We'll ask him what his
protege did in England. Loria is very talkative. Let's give him a
good opportunity.

B: Yes. It will be quite amusing. What about innocently asking
Infeld to give a lecture about Cambridge and his work there? It
will be fun to see him dodging the subject of his own work.

This is the way academic failure was discussed in Poland. I
should have little right to object. Bitter competition and lack
of opportunity create this atmosphere.

When I came to Cambridge, before the academic year began,
I learned that Professor Born would lecture there for a year. His
name, too, is well known to every physicist. He was as famous
for the distinguished work which he did in theoretical physics
as for the school which he created. Born was a professor in Goet-
tingen, the strongest mathematical center of the world before it
was destroyed by Hitler. Many mathematicians and physicists
from all over the world went to Goettingen to do research in the
place associated with the shining names of Gauss in the past and
Hilbert in the present. Dirac had had a fellowship in Goettingen
and Heisenberg obtained his docentship there. Some of the most
important papers in quantum mechanics were written in collab-
oration by Born and Heisenberg. Born was the first to present
the probability interpretation of quantum mechanics, intro-
ducing ideas which penetrated deeply into philosophy and are
linked with the much-discussed problem of determinism and
indeterminism.

I also knew that Born had recently published an interesting
note in Nature, concerning the generalization of Maxwell's
theory of electricity and had announced a paper, dealing at
length with this problem which would appear shortly in the
Proceedings of the Royal Society.

Being of Jewish blood, Professor Born had to leave Germany
and immediately received five offers, from which he chose the
invitation to Cambridge. For the first term he announced a course
on the theory on which he was working.

I attended his lectures. The audience consisted of graduate
students and fellows from other colleges, chiefly research work-

Dirac and Born
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ers. Born spoke English with a heavy German accent. He was
about fifty, with gray hair and a tense, intelligent face with eyes
in which the suffering expression was intensified by fatigue. In
the beginniti, I did not understand his lectures fully. The whole
general theory seemed to be sketchy, a program rather than a
finished piece of work.

His lectures and papers revealed the difference between the
German and English style in scientific work, as far as general
comparisons of this kind make any sense at all. It was in the tra-
dition of the German school to publish results quickly. Papers
appeared in German journals six weeks after they were sent to
the editor. Characteristic of this spirit of competition and prior-
ity quarrels was story which Loria told me ofd professor of his
in Germany, a most distinguished man. This professor had a.-
tacked someone's work, and it turned out that he had read the
paper too quickly; his attack was unjustified, and he simply had
not taken the trouble to understand what the author said. When
this was pointed out to him he was genuinely sorry that he had
published a paper containing a severe and unjust criticism.
But he consoled himself with the remark: "Better a wrong paper
than no paper at all."

The English style of work is quieter and more dignified.. No
one is interested in quick publishing, and it matters much less to
an Englishman when someone else achieves the same results and
publishes them a few days earlier. It takes six months to print a
paper in the Proceedings of the Royal Society. Priority quarrels
and stealing of ideas are practically unknown in England. The
attitude is: "Better no paper at all than a wrong paper."

In the beginning, as I have said, I was not greatly impressed
with Born's results. But later, when he came to the concrete
problem of generalizing Nlaxwell's equations, I found the sub-
ject exciting, closely related to the problems on which I had
worked before. In general terms the idea was:

Maxwell's theory is the theory of the electromagnetic field,
and it forms one of the most important chapters in theoretical
physics. Its great achievement lies in the introduction of the con-
cept of the field. It explains a wide region of experimental facts
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but, like every theory, it has its limitations. Maxwell's theory does
not explain why elementary particles like electrons exist, and it
does not bind the properties of the field to those of matter.

After the discovery of elementary particles it was clear that
Maxwell's theory, like all our theories, captures only part of the
truth. And again, as always in physics, attempts were made t
cover, through modifications aryl generalizations, a wider range
of facts. Born succeeded in generalizing Maxwell's equations and
replacing them by new ones. As their first approximation these
new equations gave the old laws confirmed by experiments.
But in addition they gave a new solution representing an elemen-
tary particle, the electron. Its phy:.cal properties were deter-
mined to some extent by the new laws governing the field. The
aim of this new theory was to form a bridge between two hith-
erto isolated and unreconciled concepts: field and matter. Born
called it the Unitary Field Theory, the name indicating the union
of these two fundamental concepts.

After one of his lectures I asked Born Nvhether he would lend
me a copy of his manuscript. He gave it to me with th assur-
ance that he would be very happy if I would help him. I wanted
to understand a point which had not been clear to me during the
lecture and y.-!,;ch seemed to me to be an essential step. Born's
new theory allowed the construction of an elementary particle,
the electron, with a finite mass. Here by the essential difference
between Born's new and Maxwell's old theories. A whole chain
of argument led to this theoretical determination of the mass of
the electron. I suspected that something was wrong in this deri-
vation. On the evening of the day I received the paper the point
suddenly became clear to me. I knew that the mass of the elec-
tron was wrongly evaluated in Born's paper and I knew how to
find the right value. My whole argument scented simple and con-
yincin-r to me. I could hardly w 'it to tell it to Born, sure that he
would see my point immediately. The next day I went to him
after his lecture and said:

"I read your paper; the mass of the electron is wrong:"
Born's face looked even more tense than usual. I Ic said:
"This is very interesting. Show me why."
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Two of his audience were still present in the lecture room. I
took a piece of chalk and wrote a relativistic formula for the
mass density. Born interrupted me angrily;

"This problem has nothing to do with relativity theory., I
don't like such a formal approach. I find nothing wrong with
the way I introduced the mass." Then he turned toward the two
students who were listening to our stormy discussion.

"What do you think of my derivation?"
They nodded their heads in full approval. I put down the

piece of chalk and did not even try to defend my point.
Born felt a little uneasy. Leaving the lecture room, he said:
"I shall think it over."
I was annoyed at Born's behavior as well as at my own and

was. for one afternoon, disgusted with Cambridge. I thought:
"Here i met two great physicists. One of them does not talk. I
could as easily read his papers in Poland as here. The other talks,
but he is rude." I scrutinized my argument carefully but could
find nothing wrong with it. I made some further progress and
found that new and interesting consequences could be drawn if
the "free densities" were introduced relativistically. A different
interpretation of the unitary theory could be achieved which
would deepen its physical meaning,

The next day I went again to Born's lecture. He stood at the
door before the lecture room. When I passed him he said to me:

"I am waiting for you. You were quite right. We will talk it
over after the lecture. You must not mind my being rude. Every-
one who has worked with me knows it. I have a resistance
against accepting something from outside. I get angry and swear
but always accept after a time if it is right."

Our collaboration had 1)egun with a quarrel, but a day later
complete peace and understanding had been restored. I told Born
about my new interpretation connecting more closely and
clearly, through the "free densities," the field and particle as-
pects. He immediately accepted these ideas with enthusiasm. Our
collaboration grew closer. We discussed, worked together after
lectures, in Born's home or mine. Soon our relationship beanie
informal and friendly.
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I ceased to work on my old problem. After three months of
my stay in Cambridge we published together two notes in
Nature, and a long paper, in which the foundations of the New
Unitary Field Theory were laid down more deeply and care-
fully than before, was ready for publication in the Proceedings
of the Royal Society.

For the first time in my life I had close contact with a famous,
distinguished physicist, and I learned much through our relation-
ship. Born came to my home on his bicycle whenever he wished
to communicate with me, and I visited him. unannounced, when-
ever I felt like it. The atmosphere of his home was a combination
of high intellectual level with heavy Germany pedantry. In the
hall there was a wooden gadget announcing which of the mem-
bers of the family were out and which were in.

I marveled at the way in which he managed his heavy corre-
spondence, answering letters with incredible dispatch, at the
same time looking through scientific papers. His tremendous col-
lection of reprints was well ordered; even the reprints from
cranks and lunatics were kept, under the heading "Idiots." Born
functioned like an entire institution, combining vivid imagination
with splendid organization. He worked quickly and in a restless
mood. As in the case of nearly all scientists, not only the result
was important but the fact that he had achieved it. This is human,
and scientists are human. The only scientist I have ever met for
whom this personal aspect of work is of no concern at all is
Einstein. Perhaps to find complete freedom from human
weakness we must look up to the highest level achieved by the
human race. There was something childish and attractive in
Born's eagerness to go ahead quickly, in his restlessness and his
moods, which changed suddenly from high enthusiasm to deep
depression. Sometimes when I would come with a new idea he
would say rudely, "I think it is rubbish," but he never minded if
I applied the same phrase to some of his ideas. But the great, the
celebrated Born was as happy and as pleased as a young student
at words of praise and encouragement. In his enthusiastic atti-
tude, in the vividness of his mind, the impulsiveness with which
he grasped and rejected ideas, lay his great charm. Near his bed
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he had always a pencil and a piece of paper on which to scribble
his inspirations, to avoid turning them c cr and over in his mind
during sleepless nights.

Once I asked Born how he came to study theoretical physics.
I was interested to know at what age the first impulse to choose
a definite path in life crystalizes. Born told me his story. His
father was a medical man, a university professor, famous and
rich. When he died he left his son plenty of money and good
advice. The money was sufficient, in normal times, to assure his
son's independence.. The advice was simply to listen during his
first student year to many lectures on many subjects and to make
a choice only at the end of the first year. So young Born went to
the university at Breslau, listened to lectures on law, literature,
biology, music, economics, astronomy. He liked the astronomy
lectures the most. Perhaps not so much for the lectures them-
selves as for the old Gothic building in which they were held.
But he soon discovered that to understand astronomy one must
know mathematics. He asked where the best mathematicians in
the world were to be found and was told "Goettingen." So he
went to Goettingen, where he finished his studies as a theoretical
physicist, habilitated and finally Lecame a professor.

"At that time, before the war," he added, "I could have done
whatever I wanted with my life since I did not even know what
the struggle for existence meant. I believe I could have become a
successful writer or a pianist. But I found the work in theoretical
physics more pleasant and more exciting than anything else."

Through our work I gained confidence in myself, a confidence
that was strengthened by Born's assurance that ours was one of
the pleasantest collaborations he had ever known. Loyall., he
stressed my contributions in his lectures and pointed out my share
in our collaboration. I was happy in the excitement of obtaining
new results and in the conviction that I was working on essential
problems, the importance of which I certainly exaggerated. Hav-
ing new ideas, turning blankness into understanding, suddenly
finding the right solution after weeks or months of painful doubt,
creates perhaps the highest emotion man can experience. Every
scientist knows this feeling of ecstasy even if his achievements
are small. But this pure feeling of Eureka is mixed with overtones
of very human, selfish emotions: "/ found it; / will have an im-
portant paper; it will help me in my career." I was fully aware
of the presence of these overtones in my own consciousness.
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I am this Whole World: Erwin SchrOdinger

Jeremy Bernstein

..!:;1...

THERE is a parlor game often played by my colleagues
in physics. It consists of trying to decide whether the
physicists of the extraordinary generation that pro-
duced the modern quantum theory, in the late
twenties, were intrinsically more gifted than our pres-
ent generation or whether they simply had the good
fortune to be at the height of their creative powers
(for physicists, with some notable exceptions, this lies

between the ages of twenty-five and thirty-five at a
time when there was a state of acute and total crisis in
physicsa crisis brought about by the fact that existing
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physics simply did not account for what was known about
the atom. In brief, if our generation had been alive at that
time, could we have invented the quantum theory?

It is a question that will never be answered. But there is
no doubt that the group of men who did invent the theory
was absolutely remarkable. Aside from Max Planck and
Einstein (it was Planck who invented the notion of the
quantumthe idea that energy um:: always emitted and
absorbed in distinct units, or quanta, and not continu-
ously, like water flowing from a tapand it was Einstein
who pointed out how Planck's idea could be extended and
used to explain a variety of mysteries about matter and
radiation that physicists were contending with) , who did
their important work before 192.5, the list includes Niels
Bohr, who conceived the theory that the orbits of electrons
around atoms were quantized (electrons, according to the
Bohr theory, can move only in special elliptical paths
"Bohr orbits"around the nucleus and not in any path, as
the older physics would have predicted) ; Prince Louis de
Broglie, a French aristocrat who conjectured in his doc-
toral thesis that both light and matter had particle and
wave aspects; Werner Heisenberg, who made the first
breakthrough that led to the mathematical formulation of
the quantum theory, from which the Bohr orbits can be
derived, and whose "uncertainty relations" set the limita-
tions on measurements of atorric systems; P. A. M. Dirac,
who made basic contributions to the mithematics of the
theory and who showed how it could be reconciled with
E.instein's theory of relativity; Wolfgang Pauli, whose "ex-
clusion principle" led to an explanation of why there is a
periodic table of chemical elements; Max Born and Pas-
cual Jorclan, who contributed to the interpretation of the
theory; and, finally, Erwin Schrodinger, whose Schrodinger
Equation is in many ways the basic equation of the
quantum theory, and is to the new physics what Newton's
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laws of motion were to the physics that went before it.
While Heisenberg, Pauli, and Dirac were all in their

early twenties when they did their work, de Broglie and
Bohr were older, as was Schrodinger, who was born in
Vienna in 1887. In 1926, he published the paper in which
his equation was formulated. Oddly, just a few years be-
fore, he had decided to give up physics altogether for
philosophy. Philipp Frank, who had been a classmate of
Schrodinger's in Vienna, once told me that just before
Schrodinger began his work on the quantum theory he
had been working on a psychological theory of color per-
ception. Schrodinger himself writes in the preface of his
last book, My View of the World (Cambridge) , published
posthumously (he died in 1961) , "In 1918, when I was
thirty-one, I had good reason to expect a chair of theo-
retical physics at Czernowitz.. . . I was prepared to do
a good job lecturing on theoretical physics . . . but for
the rest, to devote myself to philosophy, being deeply
imbued at the time with the writings of Spinoza, Schopen-
hauer, Ernst Mach, Richard Semon, and Richard Aven-
arius. My guardian angel intervened: Czernowitz soon no
longer belonged to Austria. So nothing came of it. I had to
stick to theoretical physics, and, to my astonishment, some-
thing occasionally emerged from it."

The early quantum theoreticians were a small group,
mainly Europeans, who knew each other well. There was
among them a sense of collaborating on one of the most
important discoveries in the history of physics. In his
Science and the Common Understanding, Robert Oppen-
heimer wrote, "Our und'..ctanding of atomic physics,
of what we call the quantum theory of atomic systems,
had its origins at the turn of the century and its great
synthesis and resolutions in the nineteen - twenties. It was a
heroic time. It was not the doing of any one man; it in-
volved the collaboration of scores of scientists from many
different lands, though from first to last the deeply creative
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and subtle and critical spirit of Niels Bohr guided, re-
stained, deepened, and finally transmuted the enterprise.
It was a period of patient work in the laboratory, of crucial
experiments and daring action, of many false starts and
many untenable conjectures. It was a time of earnest corre-
spondence and hurried conjectures, of debate, criticism,
and brilliant mathematical improvisation. For those who
participated, it was a time of creation; there was terror as
well as exaltation in their new insight. It will probably not
be recorded very completely as history. As history, its re-
creation would call for an art as high as the story of
Oedipus or the story of Cromwell, yet in a realm of action
so remote from our common experience that it is unlikely
to be known to any poet or any historian."

However, as the outlines of the theory became clearer, a
sharp division of opinion arose as to the ultimate signifi-
cance of it. Indeed, de Broglie, Einstein, and Schrodinger
came to feel that even though the theory illuminated vast
stretches of physics and chemistry ("All of chemistry and
most of physics," Dirac wrote), there was fundamentally
something unsatisfactory about it. The basic problem that
troubled them was that the theory abandons causation of
the kind that had been the goal of the classical physics of
Newton and his successors: In the quantum theory, one
cannot ask what one single electron in a single atom will
do at a given time; the theory only describes the most
probable behavior of an electron in a large collection of
electrons. The theory is fundamentally statistical and deals
solely with probabilities. The Schrodinger Equation en-
ables one to work out the mathematical expressions for
these probabilities and to determine how the probabilities
will change in time, but according to the accepted inter-
pretation it does not provide a step-by-step description of
the motion of, say, a single electron in an atom, in the way
that Newtonian mechanics projects the trajectory of a
planet moving around the sun.

174



To most physicists, these limitations are a fundamental
limitation, in principle, on the type of information that
can be gathered by carrying out measurements of atomic
systems. These limitations, which were first analyzed by
Heisenberg and Bohr, are summarized in the Heisenberg
uncertainty relations, which state, generally speaking, that
the very process of making most measurements of an
atomic system disturbs the system's behavior so greatly that
it is put into a state qualitatively different from the one it
was in before the measurement. (For example, to measure
the position of an electron in an atom, one must illumi-
nate the electron with light of very short wave length. This
light carries so much momentum that the process of illu-
minating the electron knocks it clear out of the atom, so a
second measurement of the position of the electron in the
atom is impossible. "We urder to dissect," as Words-
worth has said.) The observeror, really, his measuring
apparatushas an essential influence on the observed. The
physicists who have objected to the quantum theory feel
that this limitation indicates the incompleteness of the
theory and that there must exist a deeper explanation that
would yield the same universal agreement with experi-
ment that the quantum theory does but that would allow a
completely deterministic description of atomic events.
Naturally, the burden of finding such a theory rests upon
those who feel that it must exist; so far, despite the re-
peated efforts of people like de Broglie, Einstein, and
Schrodinger, no such theory has been forthcoming.

SchrOdinger, who was a brilliant writer of both scientific
texts and popular scientific essays, summarized his distaste
for the quantum theory in an essay entitled Are There
Quantum Jumps? published in 1952: "I have been try-
ing to produce a mood that makes one wonder what parts
of contemporary science will still be of interest to more
than historians two thousand years hence. There have
been ingenious constructs of the human mind that gave an
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exceedingly accurate description of observed facts and have
yet lost all interest except to historians. I am thinking of
the theory of epicycles. [This theory was used, especially
by the Alexandrian astronomer Ptolemy, to account for
the extremely complicated planetary motions that had
been observed; it postulated that they were compounded
of innumerable simple circular motions. Reduced to the
simplest terms, a planet was presumed to move in a small
di( le around a point that moved in a large circle around
the earth. The theory was replaced by the assumption,
conceived by Copernicus and Kepler, that the planets
nurse in elliptical orbits around the sun.] I confess to the
heretic il N i ew chat their modern counterpart in physical
theory are the quantum jumps." In his introduction to
My new of the World, SchrOdinger puts his belirf even
more strongly: "There is one complaint which I shall not
escaue. Not a word is card here of acausality, wave mechan-
ics, indeterminacy relations, complementarity, an expand-
ing universe, continuous creation, etc. Why doesn't he
talk about what he knows instead of trespassing on the
professional philosopher's preserves? Ne sutor supra crepi-
dam. On this 1 can cheerfully justify myself: because I do
not think that these things have as much connection as is
currently supposed with a philosophical view of the
world." There is a story that after Schrodinger lectured, in
the twenties, at the Institute of Theoretical Physics, in
Copenhagen, in which Bohr was teaching, on the implica-
tions of his equation, a vigorous df Late took place, in the
course of which Schnidinger remarked that if he had
known that the whole thing would be taken to so iously he
never would have invented it in the first plac

Schiodinger was too great a scientist not to recognize thc
significance of the all but universal success of the quantum
theoryit accounts not only for "all of chemistry and most
of physics" but even for astronomy; it can be used, for
example, to make very precise computations of the energy
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generated in the nuclear reactions that go on in the sun
and other stars. Indeed, Schrodinger's popular master-
piece, What Is Life? deals with the impact of quantum
ideas on biology and above all on the molecular processes
that underlie the laws of heredity. The two striking fea-
tures of the hereditary mechanism are its stability and its
changeabilitythe existence of mutations, which allow for
the evolution of a biological species. The characteristics
that are inherited by a child from its mother and father are
all contained in several large organic moleculesthe genes.
Genes are maintained at a fairly high temperature, 98°F.,
in the human body, which means that they are subject to
constant thermal agitation. The question is how does this
molecule retain its identity through generation after gen-
eration. Schrbdinger states the problem brilliantly: "Let
me throw the truly amazing situation into relief once
again. Several members of the Habsburg dynasty have a
peculiar disfigurement of the lower lip ('Habsburger
Lippe') . Its inheritance has been studied carefully and
published, complete with historical portraits, by the Im-
perial Academy of Vienna, under the auspices of the fam-
ily.... Fixing our attention on the portraits of a member
of the family in the sixteenth century and of his descend-
ant, living in the nineteenth, we may safely assume that
the material gene structure responsible for the abnormal
feature has been carried on from generation to generation
through the centuries faithfully reproduced at every one
of the not very numerous cell divisions that lie between.
... The gene has been kept at a temperature around g8 °F.
during all that time. How are we to understand that it
has remained unperturbed by the disordering tendency of
the heat motion for centuries?"

According to the (pant= theory, the stability of any
chemical molecule has a natural explanation. The mole-
cule is in a definite energy state. To go from one state to
another the molecule must absorb just the right amount of
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energy. If too little energy is supplied, the molecule will
not make the transition. This situation differs completely
from that envisaged by classic 1.. physics, in which the
change of state can achieved by absorbing any energy. It
ran be shown that the thermal agitations that go on in the
human body do not in general supply enough energy to
cause such a 'ransition, but mutations can take place in
those rare thermal processes in which enough energy is
available to alter the gene.

What Is Life? was published in 1944. Since then the
field of molecular biology has become one of the most
active and exciting in all science. A good deal of what
Schrodinger said is now dated. But he cook has had an
enormous influence on physicists and biologists in that it
hints how the two disciplines join together at their base.
Schrodinger, who received the Nobel Prize jointly with
Dirac, in 1.933, succeeded Max Planck at the University of
Berlin in 1927. When Hitler came to power, Schrodinger,
although not a Jew, was deeply affected b) the political
climate. Philipp Frank has told me that Schrodinger at-
tempted to intervene in a Storm Trooper raid on a Jewish
ghetto and would have been beaten to death if one of the
troopers, who had studied physics, had not recognized him
as Germany's most recent Nobel Laureate and persuaded
his colleagues Lo let him go. Shortly afterward, Schro-
dinger went to England, then back to Austria, then to
Belgium, when Austria fell, and finally to the Dublin In-
tirute for Advanced Studies, where he lemained until he
returned to Vienna, in 1956. By the end of his life, he must
have mastered as much general culture scientific and non-
scientificas it is possible for any single person to absorb
in this age of technical specialization. He read widely in
several languages, and wrote percept;vely about the rela-
tion between sc ience and the humanities and about Greek
science, in which he was particularly interested. He even
wrote poetry, which, I am told, was extremely romantic.
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(The pictures of Schrodinger as a young man give him a
Byronic look.) What kind of personal metaphysics would
such a man derive from his reading and experience? In
My View of the World, he leaves a partial answer.

My View of the World consists of two long essaysone
written in 1925, just before the discovery of the &tiro-
dinger Equation, and one written in 1960, just before his
death. In both essays he reveals himself as a mystic deeply
influenced by the philosophy of the Vedas. In 1925 he
writes. "This life of yours which you are living is not
merely a piece of the entire existence, but is in a certain
sense the whole; only this whole is not so constituted that
it can be surveyed in one single glance. This, as we know,
is what the Brahmins express in that sacred, mystic for-
mula which is yet really so simple and so clear: Tat (yarn
ass, this is you. Or, again, in such words a3 'I am in the east
and in the west. I am below and above, I am this whole
world,'" and in the later essay he returns to this theme.
He does not attempt to derive or justify hif convictions
with scientific argument. In fact, as he stresses in his pref-
ace, he (eels that modern science, his own work included,
is not relevar t to the search for the underlying metaphysi-
cal and moral truths by which one lives. For him, they
must be intuitively, almost mystically arrived at. He
writes, "It is the vision of this truth (of which the indi-
vidual is seldom conscious in his actions' which underlies
all morally valuable activity. It brings a man of nobility
not only to risk his life for an end which he recognizes or
believes to be good butin rare casesto lay it down in
full serenity, even when there is no prospect of saving his
own person. It guides the hand of the well-doerthis per-
haps even more rarelywhen, without hope of future
reward, he gives to relieve a stranger's su,Tering what he
cannot spare without suffering himself."

In 1960, 1 had the chance to visit Schrodinger in
Vienna. I was studying at the Boltzmann Institute for

179



ak

180

Theoretical Physics, whose director, Walter Thirring, is
the son of Hans Thirring, a distinguished Austrian physi-
cist, also a classmate of Schrodinger. Schrodinger had been
very ill and he rarely appeared at the Institute. But he
enjoyed maintaining his contact with physics and the
young physicists who were working under Walter
Thirring. Thirring took a small group of us to visit Schro-
dinger. He lived in an old-fashioned Viennese apartment
house, with a rickety elevator and dimly lit hallways. The
Schrodinger living roomlibrary was piled to the ceiling
with books, and Schrodinger was in the process of writing
the second of the two essays in My View of the World.
Physically he was extremely frail, but his intellectual vigor
was intact. He told us some of the lessons that modern
scientists might learn from the Greeks. In particular, he
stressed the recurrent theme of the writings of his later
yearsthat modern science may be as far from revr"ling
the underlying laws of the natural universe as was the
science of ancient Greece. It was clear from watching and
listening to him that the flame that illuminated his intel-
lectual curiosity throughout his long life still burned
brightly at the end of it.
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The Fundamental Idea of Wave Mechanics

Eiwin Schrodinger

On passing through an optical instrument, such as a telescope or a camera
lens, a ray of light is subicctcd to a change in direc:ion at each refracting, or
reflecting stn face. The path of the rays can be constructed if we know the
two simple laws which go. ern the changes in direction: the law of refrac-
tion which was discovered by Snelhus a few hundred sears ago. and the law
of reflection with which Archnnecks was familiar more than 2(-)o years ago.
As a simple examle, Fig. i shows a ray A-B which is subjc -ed to refraction
at each of the four boundary surfaces of two lenses in accordance with the
law of Snellius.

j

Fig 1.

Fermat defined the total path of a ray of light from a much mor, general
point of view. In different media, light propagates with different velocities,
and the radiation path gives the a,pearance as lithe light must arrive at its
dcsi-nation as quh-Ply t (toodentally. it is perintssible hele to con-
sider any two points along the ray as :he starting- and end-rints.)1 he least
deviation from the path actually Laken would mean a delay. ['his is the fa-
mous Fermat punople light which in a marvellous manner
determines the enure fate of a :av of light 1,, a single statement and also
includes the !note general case. %hen the r. ture of the medium varies not
suddenly at individual suria«.. but gracitia'a from ph: c to place. 11,e at-
mosphere of the cud] provides , xample. 'I he more deeply a r ly et light
penetrates into it from outside, the mor,... slowlv it pt ogresses in an mireas-
ingly (loner au Although the ditflenLes in the speed of propagation are
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infinitesimal, Fermat's principle m these circumstances demands that the
light ray should curve earthward (see Fig. 2), so that it reinams a little longer
in the higher faster» lavers and reaches its destination more quickly than
by the shorter straight path (broken line in the figure; disregard the square,

Fig. 2.

WWWIW1 for the time being)). I think, hardl any of vou will have failed
to obsei ve that the sun when it is deep on the horizonappears to be not circular
but flattened: its vertical diameter looks to be shortened. This is a result of
the a. ,ture of the rays

According to the wave theory of light, the light rays, strictly speaking,
have only fictitious significance. They arc not the physical paths of some
particles of light, but are a mathematical device, the so-called orthogonal
trajectories or wave surfaces, imaginary guide lines as it were, which point in
the directioh normal to the wave surface in which the latter advances (cf.
Fig. 3 which shows the simplest case of concentric spherical wave surfaces

aticordinglv rectilinear rays, wheeeas Fig. 4 illustrates the case of curved

/*,

Fig. 3.
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rays). It is surprising that a general principle as important as Fermat's relates
directly to these mathematical guide Imes, and not to the wave surfaces. and
one might be inclined for this reason to consider it a were mathematical
curiosity. Far from it. It becomes properly understandable only from the
point of view of wave theory and ceases to be a divine miracle. From the
wave point of view, the so-called curvature of the light ray is far more readily
understandable as a mvervzIT of the wave surface. which must obviously oc-
cur when neighbouring parts of a wave surfice advance at dirferent speeds,
in exactly the same manner as a company of soldiers marching forward will
car:y out the order . right incline,, by the men taking steps of-varying lengths,
the right-eying man the smallest, and the left-wing man the longest. In at-
mospheric refraction of r-Aiation for example (Fig. 2) the section of wave
surface WW must necessarily swerve to the right towards WW1 because
its left half is located in slightly higher, thinner air and thus advances more
rapidly than the right part at lower point. (In passing. I wish to refer to one
point at which the ,Sne"zus' view fails. A horizontally eimtted light ray should
remain horizontal because the refraction index does not vary in the horizon-
tal ebroction. in truth, a horizontal ray curves more strongly than any other,
which is an obvious consequence of the theory of a swerving wave front.)
On detailed examination the Fermat principle is found to be completely
tantamount to the trivial and obvious statement that-given local distribution
of light y,',,clues-the svaye front must swerve 'in the manner indicated. I
c innot prove this here, but shall attempt to make it plausible. I woold again
as vou to visualize a rank of soldiers marching foi-ward. To ensure that the
line remains dressed. let the men be connected by a norm; rod which each
hoids firmly in his hand. No orders as to direction are given: the only order
is: let each man march or run as fast as he can. If the nature of the ground
vanes slowly from place to place, it will be now the right wing, now the
left to 0- advances more quickly, and changes in direction will occur spon-
taneoosIv. After some time has elapsed, it will bc seen tiar the entire path
iravelled is not rectilinear, but somehow curved. That :hie curved path is
exactly that by which the destination attained at any moment could bc at-
tained me rapidly according to the nature of r!, c terrain, is at least quite
plausible, since each of the men did his best. IL will also be seen that the swery-
Ing, al s occurs invariably in the direction in which the terrain is worse,
so that it ss ill '-onic to look in the end as if the men had intentionally . b:.-
passed . a place where tl,ev would advance slowly.

r Fermat principle thus appears to be the trivial quinte,mnce of the wave.
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theory. It was therefore a memorable occasion when Hamilton ma& die
discovery that the true movement of mass points in a field of forces (e.g. of
a planet on its orbit around the sun or of a stone thrown in the gravitational
field of the earth) is also governed by a very similar general principle,
which carries and has made famous the name of its discoverer since then.
Admittedly, the Hamilton principle does not say exactly that the mass point
chooses the quickest way, but it does say something so similar the analogy
with the principle of the shortest travelling time of light is so close, that one
was faced with a puzzle. It seemed as if Nature had realized one and the
same law twice by entirely different means: first in the case of light, by
means of a fairly obvious play of rays; and again in the case of the mass
points, which was anything but obvious, unless somehow wave nature were
to be attributed to them also. And this, it seemed impossible to do. Because
the o mass points» on which the laws of mechanics h ;d really been confirmed
experimentally at that time were only the large, yisib;e, sometimes very large
bodies, the planet.. for which a thing like «wave nature » appeared to be out
of the question.

The smallest, elementary components of matter which we today, much
more specifically, call < mass points», were purely hypothetical at the time.
It was only after tilt di.,covery of radioactivity that constant refinements of
methods of measure:aent permitted the propel ties of these particles to be
studied in detail, and now permit the paths of such particles to be photo-
graphed and to be measured very exactly (stereophotogrammetrically) by
the brilliant method of C.T.R.Wilson. As far as the measurements extend
they confirm that the same mechanical laws are valid for particles as for large
bodies, planets, etc. However, it was found that neither the molecule nor
the individual atom can be considered as the «ultimate component, but
even the atom is a system of highly complex structure. Images are formed
in our minds of the structure of atoms consisting ofparticles, images which
seem to have a certain similarity with the planetary system. It was only
natural that the attempt should at first be made to consider as valid the same
laws of motion that had proved themselves so amazingly satisfactory on a
large scale. In other words, Hamilton's mechanics, which, as I said above,
culminates in the Hamilton principle, were applied also to the inner life»
of the atom. That there is a very close analogy between Hamilton's principle
and Fermat's optical principle had meanwhile become all but forgotten. If
it was remembered, it was considered to he nothing more than a curious
trait of the mathematical theory.
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Now, it is very difficult, without further going into details, to convey a

proper conception of the success or failure of thse classical-mechanical im-
ages of the atom. On the one hand, Hamilton's principle in particular proved
to be the most faithful and reliable guide, which was simply indispensable;
on the other hand one had to suffer, to do justice to the facts, the rough
interference of entirely new incomprehensible postulates, of the so-called
quantum conditions and quantum postulates. Strident disharmony in the
symphony of classical mechanics-yet strangely familiar-played as it were
on the smie instrument. In mathematical terms we can formulate this as fol-
lows: whereas the Hamilton principle merely postulates that a given integral
must be a minimum, without the numerical value of the minimum being
established by this postulate, it is now demanded that the numerical value
of the minimum should be restricted to integral multiples of a universal natu-
rat constant, Planck's quantum ofaction. This incidentally. The situation was
fairly desperate. Had the old mechanics failed completely, it would not have
been so bad. The way would then have been free to the development ofa

new system of-Mechanics. As it was, one was faced with the difficult task of
saving the soul of the old system, whose inspiration clearly held sway in this
microcosm, while at the same time flattering it as it were into accepting the
quantum conditions not as gross interference but as issuing from its own
innermost essence.

The way out lay just in the possibility, already indicated above, ofattrib-
uting to the Hamilton principle, also, the operation of a wave mechanism
on which the point-mechanical processes ..re essentially based, just as one
had long become accustomed to doing in the case of phenomena relating to
light and of the Fermat principle which governs them. Admittedly, the in-
dividual path of a mass point loses its proper physical significance and be-
comes as fictitious as the individual isolated ray of light. The essence of the
theory, the minimum principle, however, remains not only intact, but reveals
its true and simple meaning only under the wave-like ospect, as already ex-
plained. Strictly speaking, the ncw theory is in fact not new, it is a completely
organic development, one might almost be tempted to say a more elaborate
exposition, of the old theory.

How was it then that this ncw more, elaborate exposition icd to notably
different results; what enabled it, when applied to the atom, to obviate diffi-
culties which the old theory could not solve? What cnabl "d it to render gross
anciference acceptable or even to make it its own?

Again, these matters can best be illustrated by analogy with optics. Quite
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properly, indeed, I previously called the Fermat principle the quintessence
of the wave theory of light: nevertheless, it cannot render dispensible a more
exact study of the wave process itself. The so-called refraction and inter-
ference phenomena of light can only be understood if we trace the wave
process in detail because what matters is not only the eventual destination of
the wave, but also whether at a givca moment it arrives there with a wave
peak or a wave trough. In the ler, coarser experunental arrangements,
these phenomena occurred as small details only and escaped observation.
Once they were noticed and were interpreted correctly, by means of waves,
it was easy to devise experiments in which the wave nature of light finds
expression not only in small details, but on a very la. ge scale in the entire
character of the phenomenon.

Allow me to illustrate this by two examples, first, the example of an op-
tical instrument, such as telescope, microscope, etc. The object is to obtain a
sharp image, i.e. it is desired that all rays issuing from a point should be re-
united in a point, the so-called focus (cf. Fig. 5 a). It was at first believed that
it was only geometrical-optical difficulties which prevented this: they are
indeed considerable, Later it was found that even in the best designed instru-
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ments focussing of the rays was considerably inferior than would be expected
if each ray exactly obeyed the Fermat principle independently of the neigh-
bouring rays. The light which issues from a point and is received by the
instrument is reunited behind the instrument not in a single point any more,
but is distributed over a small circular area, a so-called di ffraction disc,, which,
otherwise, is in most cases a circle only because the apertures and lens con-
tours are generally circular. For, the cause of the phenomenon which we call
diffraction is that not all the spherical waves issuing from the object point can
be accommodated by the instrument. The lens edges and any apertures
merely cut out a part of the wave surfaces (cf. Fig. 5 b) andif you will
permit me to use a more suggestive expressionthe injured margins resist
rigid unification in a point and produce the somewhat blurred or vague
image. The degree of blurring is closely associated with the wavelength of
the light and is completely inevitable because of this deep-seated theoretical
relationship. Hardly noticed at first, it governs and restricts the performance
of the modern microscope which has mastered all 1".er errors of repro-
duction. The images obtained of structures not muc:. L.mrser or even still
finer than the wavelengths of light are only remotely or not at all similar
to the original.

A second, even simpler example is the shadow ofan opaque object cast
on a screen by a small point light source. In order to construct the shape of
the shadow, each light ray must be traced and it must be established whether
or not the opaque object prevents it from reaching the screen. The margin
of the shadow is formed by those light rays which only just brush past the
edge of the body. Experience has shown that the shadow.margm is not ab-
solutely sharp even with a point- shaped light source and a sharply defined
shadow-casting object. The reason fOr this is the same as in the first example.
The wave front is as it were bisected by the body (cf. Fig. 6) and the traces
of this injury result in biumng of the margin of the shadow which would
be incomprehensible if the individual light rays were independent entities
advancing independently of one another without reference to their neigh-
bours.

This phenomenon which is also called diffraction is not as a rule very
noticeable with large bodies. But if the shadow-casting body is very small
at least in one dimension, diffraction finds expression firstly in that no proper
shadow is formed at all, and secondly much more strikingly in that the
small body itself becomes as it were its own source of i'ght and radiates light
in all directions (preferentially to be sure, at small angles relative to the inci-
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Fig. 6.

dent light). All of you are undoubtedly familiar with the so-called motes
of dust» in a light beam falling into a dark room. Fine blades or grass and
spiders' webs on the crest of a hill with the sun behind it, or the ecralit locks
of hair of a man standing with the sun behind often light "p n sun iously
by diffracted light, and the visibility or smoke and mist is bi.sed on it. It
comes not really from the body itself, but from its immediate surroundings,
an area in which it causes considerable interference with the incident wave
fronts. It is interesting, and important for what follows, to observe that the
area of interference always and in every direction has at least the extent of
one or a few wavelengths, no matter how small the disturbing particle may
be. Once again, therefore, we observe a close relationship between the phe-
nomenon of diffraction and wavelength. This is perhaps best illustrated by
reference to another wave process, i.e. sound. Because of the much greater
wavelength, which is of the order of centimetres and metres, shadow for-
maticn recedes in the case of sound, and diffraction plays a major, and prac-
tically important, part: we can easily hear a man calling from behind a high

or around the corner of a solid house, even if we cannot see him.
Let us return from optics to mechanics and explore the analogy to its

fu!Iest extent. In optics the old system of mechanics corresponds to intellec-
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wally operating with isolated mutually independent light rays. The new
undulatory mechanics corresponds to the wave theory of light. What is
gained by cha.iging from the old \ley, to the new is that the diffraction
phenomena can he accommodated or better expressed. what is gamed is
something that is strictly analogous to the diffraction phenomena of light
and which on the whole must be very unimportant; otherwise the old view
of mechanics would not have given full satisfaction so long. It is, however,
easy to surmise that the neglected phenomenon may in some circumstances
make itself very much felt, xill entirely doimmt-t: the :ncchanical process,
and will :a(t_ the old system vt ith insoluble riddles, if the curb e medmincal
system is comparabl,' ill extort 114th the 11,avelenvhc of tlu leaves of matte, ) ,
play the samc part in mechanical processes as that played by the light N\ ayes
in optical processes.

This is the reason why in these minute systems, the atoms, the old view
was boud to fad, which though remaining intact as a close approximation
for gro_s mechanical processes, but is no longer adequate for the delicate
interplay in areas of the order of magnitude' ofone or a few wavelengt.hs.
It was astounding to observe the manaer in which all those strange addi-
tional requirements developed spontanc,usly from the new undulatory
view, whereas they had to be forced upon the old view to adapt them to
the inner life of the atom and to provide some explanation of the observed
facts.

Thus, the salient point of di: whole mt!ttci is that the diameters of the
aton is and the yayelength of the hypothetical neat real waves arc ofapproxi-
mately the same order of magnitude. Aild vow oil arc bound to ask wheth-
er it must be considered mere chance that in our continued analysis of the
structure of matter we should come upon the order of magnitude of the
wavelength at this of all points, or whether this is to sonic extent compre-
hensibly. Further, you may ask, how we know that this is so, since the
material waves arc an entirely new requirement of this theory, unknown
anywhere else. Or is it simply that this is an assumption which had to be
made?

The agreement between the orders of magnitude is no mere chance, nor
is any special a,sumpuon about it necessary; it follows autor,aticaily from
the theory in the following remarkable manner. That the heavy tnicloo of
the atom is very much smaller than the atom and may therefore be consid-
ered as a point centre of attraction in th,: argument which follows may be
considered as experimentally established by the experiments on the scattering
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of alpha rays done by Rutherford and Chadwick. Instead of the electrons we
introduce hypothetical waves, whose wavelengths are left entirely open,
because we knew nothing about them yet. This leaves a letter, say a, in-
dicating a still unknown tigine in our calculation. We are, however, used
to this in such calculations and it does not prevent us from calculating that
the nucleus of the atom must produce a kind of diffraction phenomenon in
these waves, similarly as a minute dust particle does in light waves. Anak-
gously, it follows that there is a close relationship between the extent of the
area of interference with which the nucleus surrounds itself and the wave-
length, and that the two are of the same order of magnitude. '",/ this is,
we have had to leave open; but the most imporrae t step now
identify the area of interfirence, the difiractiott halo, w;.'_ ite atom; we assert that
the atom in reality is merely the diffraction phenomenon ofan electron wave cap-
tured as it were by the nucleus of the atom. It is no longer a matter of chance
that the size of the atom and the wavek..gtl, arc of the same order of magni-
tude: it is a matter of course. We know the numerical value of neither,
because we still have in our calculation the one unknown constant, which
we called a. There are two possible ways of determining it, which provide
a mutual check on one another. First, we can so select it that the manifesta-
tions of life of the atom, above all the spectrum lines emitted, conic out
correctly quantitatively; these can after all be measured very accurately.
Secondly, we can select a in a manner such that the diffraction halo acquires
the size required for the atom. These two determinations ofa (of which the
second is admittedly far more imprecise because t, size of the atom» is no
clearly defined term) ate in complete aqreement with one another. Thirdly, and
lastly, we can remark that the constant remaining unknown, physically
speaking, does not in fact have the dimension ofa length, but of an action,
i.e. energy x time. It is then an obvious step to substitute for it the numerical
value of Planck's universal quantum of action, which is accurately known
from the laws of heat radiation. It will be seen that we return, with the full
now considerable accuracy, to the first (most accurate) determination.

Quantit2;ively speaking, the theory therefOrc manages with a minimum
of new assumptions. It contains a single available constant. to which a
numerical value familiar from the older quantum theory must be given,
first to attribute to the diffraction halos the right size so that they can be
reasonably identifie ' with the atoms, and secondly, to evaluate quantitative-
ly and correctly all the manifestations of life of the atom, the light radiated
by it, the ionization energy, etc.

190



: 1, 41.4_

I have tried to place before you the fundamental idea of the wave theory
of matter in the simplest possible form. I must admit now that in my desire
not to tangle the ideas front the very beginning, I have painted the lily. Not
as regards the high degree to which all sufficiently, carefully drawn conclu-
sions are confirmed by experience, but with regard to the conceptual ease
and simplicity with which the conclusions are reached. I am not speaking
here of the mathematical difficulties, which always turn out to be trivial in
the end, but ofthe conceptual difficulties. It is, of course, easy to say that we
turn from the concept of a curved path to a system of wave surfaces normal
t it. The wave surfaces, however, even if we consider only small parts of
them (see Fig. 7) include at least a narrow bundle of possible curved paths,

I

Fig. 7.

to all of which they stand in the same relationship. According to the old
view, but not according to the new, one of them in each concrete individual
case is distinguished from all the others which are « only possible., as that
really travelled.. We are faced here with the full force of thc ;ogical oppo-

sition between an

either - or (point mechanics)
and a

both - and (wave mechanics)

This would not matter much, if the old system were to be dropped entirely
and to be replaced by the new. Unfortunately, this is not the case. From the
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point of VIM of w we me' hamcs, the infinite array of possible po.nt paths
would be merely fictitious, none of them would have the prerogative over
the others of being that really travelled in an individual case. I have, how-
ever, already mentioned that we have vet really observed such individual
particle paths in some cases. The wave theory can represent this, either not
at all or only very imperfectly. We find it confoundedly difficult to interpret
the traces we see as nothing more than narrow bundles of equally possible-
paths between which the wave surfaces establish cross-connections. Yet,
these cross-connections are necessary for an understanding of the diffraction
and interference phenomena which can be demonstrated fn. the same par-
ticle with the same plausibility-and that on a large scale, not just as a conse-
quence of the theoretical ideas about the interior of the atom, which we
mentioned earlier. Conditions are admittedly such that we can always man-
age to make do in each concrete individual case xvithout the two difkrent
aspects leading to different expectations as to the result of certain experi-
ments.We cannot, however, manage to make do with such old, lumbar, and
seemingly indispensable terms as real» or only possible 4; we are never in
a position to say what really is or what really happens, but we can only say
wliat will be observed in any concrete individual case. Will we have to be
permanently satisfied with this...? On principle, yes. On principle, there is
nothing new in the postulate that in the end exact science should aim at
nothing more than the description of what can really be observed. The ques-
tion is only whether from now on we shall have to refrain from tying de-
scription to a clear hypothesis about the real nature of the world. There are
many who wish to pronounce such abdication _yen today. But I believe that
this means making things a little too easy for oneself.

I would define the present state ofour knowledge as follows. The ray or
the particie path corresponds to a longitudinal relationship oldie propagation
process (i.e. in the direction of propagation), the wave surface on the other
hand to a transversal relationship (I.e., normal to it). Both relationships are
without doubt real; one is proved by photographed particle paths, the other
by interference experiments. To combine both in a uniform system has
proved impossible so far. Only in extreme cases does either the transve-sal,
shill-shaped or the radiai, longitudinal relationship predominate to such an
extent that we think we can make do with the wave theory alone or with
the particle theory alone.
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The Sentinel

Arthur C. Clarke

The next time you see the full moon high in
the south, look carefully at its right-hand edge and let
your eye travel upward along the curve of the disk.
Round about two o'clock you will notice a small, dark
oval: anyone with normal eyesight can find it quite easily.
It is the great walled plain, one of the finest on the Moon,
known as the Mare Crisiumthe Sea of Crises. Three
hundred miles in diameter, and almost completely sur-
rounded by a ring of magnificent mountains, it had never
been explored until we entered it in the late summer of
1996.

Our expedition was a large one. We had two heavy
freighters which had flown our supplies and equipment
from the main lunar base in the Mare Serenitatis, five hun-
dred miles away. There were also three small rockets
which were intended for short-range transport over re-
gions which our surface vehicles couldn't cross. Luckily,
most of the Mare Crisium is very flat. There are none of
the great crevasses so common and so dangerous else-
where, and very few craters or mountains of any size. As
far as we could tell, our powerful caterpillar tractors
would have no difficulty in taking us wherever we wished
to go.

I was geologistor selenologist, if you want to be
pedanticin charge of the group exploring the southern
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region of the Mare. We had crossed a hundred miles of
it in a week, skirting the foothills of the mountains along
the shore of what was once the ancient sea, some thou-
sand million years before. When life was beginning on
Earth, it was already dying here. The waters were re-
treating down the flanks of those stupendous cliffs, re-
treating into the empty heart of the Moon. Over the land
which we were crossing, the tideless ocean hod once
been half a mile deep, and now the only trace of moisture
was the hoarfrost one could sometimes find in caves which
th; searing sunlight never penetrated.

We had begun our journey early in the slow lunar
dawn, and still had almost a week of Earth-time before
nightfall. Half a dozen times a day we would leave our
vehicle and go outside in the space-suits to hunt for in-
teresting minerals, or to place markers for the guidance
of future travelers. It was an uneventful routine. There
is nothing hazardous or eve:. particularly exciting about
lunar exploration. We could live comfortably for a month
in our pressurized tractors, and if we ran into trouble we
could always radio for help and sit tight until one of the
spaceships came to our rescue.

I said just now that there was nothing exciting about
lunar exploration, but of course that isn't true. One could
never grow tired of those incredible mountains, so much
more niggcl than the gentle hills of Earth. We never
knew, as we rounded the capes and promontories of that
vanished sea, what new splendors would be revealed to
us. The whole southern curve of the Mare Crisium is a
vast delta, where a score of rivers once found their
way into the ocean, fed perhaps by the torrential rains
that must have lashed the mountains in the brief vol-
canic age when the Moon was young. Each of these
ancient valleys was an invitation, challenging us to climb
into the unknown uplands beyond. But we had a hun-
dred miles still to cover, and could only look longingly
at the heights which others must scale.

We kept Earth-time aboard the tractor, and precisely
at 22.00 hours the final radio message would be sent out
to Base and we would close down for the day. Outside,
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the rocks would still be burning beneath the almost ver-
tical sun, but to us it was night until we awoke again
eight hours later. Then one of us would prepare break-
fast, there would be a great buzzing of electric razors,
and someone would switch on the short-wave radio from
Earth. Indeed, when the smell of frying sausages began
to fill the cabin, it was sometimes hard to believe that we
were not back on our own worldeverything was so
normal and homely, apart from the feeling of decreased
weight and the unnatural slowness with which objects
fell.

It was my turn to prepare breakfast in the corner of
the main cabin that served as a galley. I can remember
that moment quite vividly after all these years, for the
radio had just played one of my favorite melodies, the
old Welsh air, "David of the White Rock." Our drip ar
was already outside in his space-suit, inspecting our cater-
pillar treads. My assistant, Louis Garnett, was up for-
ward in the control position, making some belated entries
in yesterday's log.

As I stood by the frying pan wasting, like any terres-
trial housewife, for the sausages to brown, I let my gaze
wander idly over the mountain walls which covered the
whole of the southern horizon, marching out of sight to
east and west below the curve of the Moon. They seemed
only a mile or two from the tractor, but. I knew that the
nearest was twenty miles away. On the Moon, of course,
there is no loss of detail with distancenone of that al-
most imperceptible haziness which softens and sometimes
transfigures all far-off things on Earth.

Those mountains were ten thousand feet high, and
they climbed steeply out of the plain as if ages ago some
subterranean eruption had smashed them skyward
through the molten crust. The base of even the nearest
was hidden from sight by the steeply curving surface of
the plain, for the Moon is a very little world, and from
where I was standing the horizon was only two miles
away.

I lifted my eyes toward the peaks which no man had
ever climbed, the peaks which, before the coming of

195



terrestrial life, had watched the retreating oceans sink
sullenly into their graves, taking with them the hope and
the morning promise of a world. The sunlight was beat-
ing against those ramparts with a glare that hurt the eyes,
yet only a little way above them the stars were shining
steadily in a sky blacker than a winter midnight on Earth.

I was turning away when my eye caught a metallic
glitter high on the ridge of o great promontory thrust-
ing out into the sea thirty miles to the west. It was a di-
mensionless point of light, as if a star had been clawed
from the sky by one of those cruel peaks, and I imagined
that some smooth rock surface was catching the sunlight
and heliographing it straight into my eyes. Such things
were not uncommon. When the Moon is in her second
quarter, observers on Earth can s3metimes see the great
ranges in the Oceanus Procellarum burning with a blue-
white iridescence as the sunlight Pashes from their slopes
and leaps again from world to world. But I was curious
to know what kind of rock could be shining so brightly
up there, and I climbed into the observation turret and
swung our four-inch telescope round to the west.

I could see just enough to tantalize me. Clear and
sharp in the field of vision, the mountain peaks seemed
only half a mile away, but whatever was catching the
sunlight was still too small to be resolved. Yet it seemed
to have an elusive symmetry, and the summit upon which
it rested was curiously fiat. I stared for a long time at that
glittering enigma, straining my eyes into space, until
presently a smell of burning from the galley told me that
our breakfast sausages had made their quarter-million
mile journey in vain.

All :hat morning we argued our way across the Mare
Crisium while the western mountains reared higher in
the sky. Even when wewere out prospecting in the space-
suits, the discussion would continue over the radio. It
was absolutely certain, my companions argued, that there
had never been any form of intelligent life on the Moon.
The only living things that had ever existed there were a
few primitive plants and their slightly less degenerate
ancestors. I knew that as well as anyone, but there are
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times when a scientist must not be afraid to make a fool
of himself.

"Listen," I said at last, "I'm going up there, if only for
my own peace of mind. That mountain's less than twelve
thousand feet highthat's only two thousand under
Earth gravityand I can make the trip in twenty hours
at the outside. I've always wanted to go up into those
hills, anyway, and this gives me an excellent excuse."

"If you don't break your neck," said Garnett, "you'll be
the laughing-stock of the expedition when we get back
to Base. That mountain will probably be called Wilson's
Folly from now on."

"I won't break my neck," I said firmly. "Who was the
first man to climb Pico and Helicon?"

"But weren't you rather younger in those days?" asked
Louis gently.

"That," I said with great dignity, "is as good a reason
as any for going."

We went to bed early that night, after driving tie
tractor to within half a mile of the promontory. Garnett
was coming with me in the morning; he was a good
climber, and had often been with me on such exploits
before. Our driver was only too glad to be left in charge
of the machine.

At first sight, those cliffs seemed completely unscale-
able, but to anyone with a good head for heights, climb-
ing is easy on a world where all veights are only a sixth
of their normal value. The real danger in lunar mountain-
eering lies in overconfidence; a six-hundred-foot drop
on the Moon can kill you just as thoroughly as a hundred-
foot fall on Earth.

We made our first halt on a wide ledge about four
thousand feet above the plain. Climbing had not been
very difficult, but my limbs were stiff with the unac-
customed effort, and I was glad of the rest. We could
still see the tractor as a tiny metal insect far down at the
foot of the cliff, and we reported our progress to the
driver before starting on the next ascent.

Inside our suits it was comfortably cool, for the re-
frigeration units were fighting the fierce sun and carrying
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away the body-heat of our exertions. We seldom spoke
to each other, except to pass climbing instructions and
to discuss our best plan of ascent. I do not know what
Garnett was thinking, probably that this was the craziest
goose-chase he had ever embarked upon. I more than half
agreed with him, but the joy of climbing, the knowledge
that no man had ever gone this way before and the ex-
hilaration of the steadily widening landscape gave me
all the reward I needed.

I don't think I was particularly excited when I saw in
front of us the wall of rock I had first inspected through
the telescope from thirty miles away. It would level off
about fifty feet above our heads, and there on the plateau
would be the thing that had lured me over these barren
wastes. It was, almost certainly, nothing more than a
boulder splintered ages ago by a falling meteor, a- d with
its cleavage planes still fresh and bright in this incorrupt-
ible, unchanging silence.

There were no hand-holds on the rock face, and we
had to use a grapnel. My tired arms semed to gain new
strength as I swung the three-pronged metal anchor
round my head and sent it sailing up tt ward the stars.
The first time it broke loose and came falling slowly back
when we pulled the rope. On the third attempt, the
prongs gripped firmly and our combined weights could
not shift it.

Garnett looked at me anxiously. I could tell that he
wanted to go first, but I smiled back at him through the
glass of my helmet and shook my head. Slowly, taking
my time, I began the final ascent

Even with my space-suit, I weighed only forty pounds
here, so I pulled myself up hand over hand without
bothering to use my feet. At the rim I paused and waved
to my companion, then I scrambled over the edge and
stood upright, staring ahead of me.

You must understand that until this very moment I
had been almost completely convinced that there could
be nothing strange or unusual for me to find here. Al-
most, but not quite; it was that haunting doubt that had
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driven me forward. Well, it was a doubt no longer, but
the haunting had scarcely begun.

I was standing on a plateau perhaps a hundred feet
across. It had once been smoothtoo smooth to be nat-
uralbut falling meteors had pitted and scored its sur-
face through immeasurable eons. It had been leveled
to support a glittering, roughly pyramidal structure, twice
as high as a man, that was set in the rock like a gigantic,
many-faceted jewel.

Probably no emotion at ali filled my mind in those first
few seconds. Then I felt a great lifting of my heart, and a
strange, inexpressible joy. For I loved the Moon, and now
I knew that the creeping moss of Aristarchus and Eratos-
thenes was not the only life she had brought forth in her
youth. The old, discredited dream of the first explorers
was true. There had, after all, been a lunar civilization
and I was the first to find it. That I had come perhaps a
hundred million years too late di,: not distress me; it was
enough to have come at all.

My mind was beginning to function normally, to ana-
lyze and to ask questions. Was this a building, a shrine
or something for which my language had no name? If a
building, then why was it erected in so uniquely inac-
cessible a spot? I wondered if it might be a temple, and
I could picture the adepts of some strange priesthood
calling on their gods to preserve them as the life of the
Moon ebbed with the dying oceans, ai.c1 calling on their
gods in vain.

I took a dozen steps forwa; 4 Cn examine the thing more
closely, but some sense of caut,on kept me from going
too near. I knew a little of archaeology, and tried to guess
the cultural level of the civilization that must have
smoothed this mountain and raised the glittering mirror
surfaces that still dazzled my eyes.

The Egyptians could have done it, I thought, if their
workmen had possessed whatev,n- strange materials these
far more ancient architects had used. Because of the
thing's smallness, it did not occur to me that I might be
looking at the handiwork of a race more advanced than
my own. The idea that the Moon had possessed intelli-



genre at all was still almost too tremendous to grasp,
and my pride would not let me take the final, humiliating
plunge.

And then I noticed sometning that set the scalp
crawling at the back of my necksomething so trivial
and so innocent that many would never have noticed it
at all. I have said that the plateau was scarred by
meteors; it was also coated inches-deep with the cosmic
dust that is always filtering down upon the surface of
any world where there are no winds to disturb it. Yet
the dust and the meteor scratches ended quite abruptly
in a wide circle enclosing the little pyramid, as though P -
invisible wall was protecting it from the ravages of tfik.e
and the slow but ceaseless bombardment from space.

There was someone shouting in my earphones, and I
realized that Garnett had been calling me for some time.
I walked unsteadily to the edge of the cliff and signaled
him to join me, not trusting myself to speak. Then I went
back toward that circle in the dust. I picked up a frag-
ment of splintered rock and tossed it gently toward the
shining enigma. If the pebble had vanished at that in-
visible barrier I should not have been surprised, but it
seemed to hit a smooth, hemispherical surface and slide
gently to the ground.

I knew then that I was looking at nothing that could
be matched in the antiquity of my own race. This was
not a building, but a machine, protecting itself with
forces that had challenged Eternity. Those forces, what-
ever they might be, were still operating, and perhaps I
had already come too close. I thought of all the radiations
man had trapped and tamed in the past century. For all
I knew, I might be as irrevocably doomed as if I had
stepped into the deadly, silent aura of an unshielded
atomic pile.

I remember turning then to,,,,ard Garnett, who had
joined me and was now standing motionless at my side.
He seemed quite oblivious to me, so I did not disturb him
but walked to the edge of the cliff in an effort to marshal
my thoughts. There below me lay the Mare Crisium
Sea of Crises, indeedstrange and weird to most men,
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but reassuringly familiar to me. I lifted my eyes toward
the crescent Earth, lying in her cradle of stars, and I
wondered what her clouds had covered when these un-
known builders had finished their work. Was it the steam-
ing jungle of the Carboniferous, the bleak shoreline over
which the first amphibians must crawl to conquer the land
or, earlier still, the long loneliness before the coming of
life?

Do not ask me why I did not guess the truth sooner
the truth that seems so obvious now. In the first excite-
ment of my discovery, I had assumed without question
that this crystalline apparition had been built by some
race belonging to the MooL's remote past, but suddenly,
and with overwhelming force, the belief came to me
that it was as alien to the Moon as I myself.

In twenty years we had found no trace of life but a few
degenerate plants. No lunar civilization, whatever its
doom, could have left but a single token of its existence.

I looked at the shining pyramid again, and the more
remote it seemed from anything that had to do with the
Moon. And suddenly I felt myself shaking with a foolish,
hysterical laughter, brought on by excitement and over-
exertion: for I had imagined that the little pyramid was
speaking to me and was saying: "Sorry, I'm a stranger
here myself."

It has taken us twenty years to crack that invisible
shield and to reach the machine inside those crystal walls.
What we could not understand, we broke at last with
the savage might of atomic power and now I have seen
he fragments of the lovely, glittering thing I found up

there on the mountain.
They are meaningless. The mechanismsif indeed

they are mechanismsof the pyramid belong to a tech-
nology that lies far beyond our horizon, perhaps to the
technology of para-physical forces.

The mystery haunts us all the more now that the other
planets have been reached and we know that only Earth
has ever been the home of intelligent life in our Universe.
Nor could any lost civilization of our own world have
built that machine, for the thickness of the meteoric dust
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on the plateau has enabled us to measure its age. It was
set there upon its mountain before life had emerged froui
the seas of Earth.

When our world was half its present age, something
from the stars swept through the Solar System, left this
token of its passage, and went again upon its way. Until
we destroyed it, that machine was still fulfilling the pur-
pose of its builders; and as to that purpose, here is my
guess.

Nearly a hundred thousand million stars are turning in
the circle of the Milky Way, and long ago other races on
the worlds of other suns must have scaled and passed
the heights that we have reached. Think of such civiliza-
tions, far back in time against the fading afterglow of
Creation, masters of a universe so young that life as yet
bad come only to a handful of worlds. Theirs would have
been a loneliness we cannot imagine, the of
gods looking out across infinity and finding none to share
their thoughts.

They must have searched the star-clusters as we have
searched the planets. Everywhere there would be worlds,
but they would be empty or peopled with crawling, mind-
less things. Such was our own Earth, the smoke of the
great volcanoes still staining skies, when that first ship
of the peoples of the dawn came sliding in from the abyss
beyond Pluto. It passed the frozen outer worlds, know-
ing that life could play no part in their destinies. It came
to rest among the inner planets, warming themselves
around the fire of the Sun and waiting for their stories to
begin.

Those wanderers must have looked on Earth, circling
safely in the narrow zone between fire and ice, and must
have guessed that it was the favorite of the Sun's
dren. Here, in the distant future, would be intelligence,
but there were countless stars before them still, and they
might never come this way again.

So they left a sentinel, one of millions the have scat-
tered throughout the Universe, watching over all worlds
with the promise of life. It was a beacon that down the
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ages has been patiently signaling the fact that no one had
discovered it.

Perhaps you understand now why that crystal pyra-
mia was set upon the Moon instead of on the Earth. Its
builders were not concerned with races still struggling
up from savagery. They would be interested in our civi-
lization only if we proved our fitness to surviveby cross-
ing space and so escaping from the Earth, our cradle.
That is the challenge that all intelligent races must meet,
sooner or later. It is c. double challenge, for it depends in
turn upon the conquest of atomic energy and the last
choice between life and death.

Once we had passed that crisis, it was only a matter of
time before we found the pyramid and forced it open.
Now its signals have ceased, and those whose duty it is
will be turning their minds upon Earth. Perhaps they
wish to help our infant civilization. But they must be
very, very old, and the old are often insanely jealous of
the young.

I can never look now at the Milky Way without won-
dering from which of those banked clouds of stars the
emissaries are coming. If you will pardons., commonplace
a simile, we have set off the fire-alarm and have nothing
to do but to wait.

I do not think we will have to wait for long.
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The Sea-Captain's Box

John L. Synge

_OK S, ,e9ce Srr56 slot: Nons.:.se, publistit,:c1 in 19 51

Long ago there lived a retired sea-captain who liked to go
to auctions where he bought all sorts of cer things, much
to the annoyance of his wife. One day he brought home a
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box with strange hieroglyphics painted all over it and set it
down in a place of honour on the table where he kept his
trophies.

As far as could be seen, there was no way of opening the
box. This aroused the curiosity of the sea-captain and he
started carefully to scrape off the rust and grime with which
the box was covered. To his great delight he found a small
shaft or axle protruding from one side of the box, as shown
in Fig. 1

He discoverea that he could turn this shaft with a pair of
pliers, but nothing seemed to happen when he did so.
Certainly th, oox did not open. 'Perhaps I haven't turned
the shaft far enough,' he sai,.., to himself, 'or perhaps I'm
turning it the wrong way.'

He realized then that he had lost track of the amount by
which he had turned the shaft, and rebuked himselfseverely
for not keeping a log. He must be more systematic.

There was a tiny arrow on the end of the shaft, and when
the shaft was turned so that this arrow was vertical, it would
go no further to the left. That he called 'the zero position'.
Then he set to work and fixed a knob on the end of the shaft
with a pointer attached and a graduated scale running
round the shaft so that he could take readings with the
pointer when he turned the shaft (see Fig. 2). He marked
off the scale in units, tenths of units and hundredths of
units, but he could not draw any finer divisions.

He got out one of the old log books he had brought back
from the sea and wrote the words Tog ofmy box' at the top
of a blank page. He ruled two columns very neatly and
wrote at the head of the first column 'Date of observa-
tion' and at the head of the second column 'Reading of
pointer'.

Then he turned the knob, looked at the calendar and the
pointer, and made this entry:
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Date of observation Reading of pointer
3 March 1453, morning,
cloudy, wind fresh S.E. 2 -oo
by E.

There was an auction in the neighbourhood that day.
The sea-captain came home from it in the evening and made
another entry:

3 March 1453, evening, Too
fair, wind slight S.E. by S.

`We'll never reach port at this rate,' said the sea-captain
to himself. 'Man the capstan!' Then he took the knob and
turned the pointer to another position, which he noted in his
log; but the box did not open. He turned the knob to
various positions, noting them all, but still the box did not
open.

By this time he was pretty disgusted and half resolved to
throw the box away, but he was afraid his wife would laugh
at him. He opened his clasp knife and attacked the box in a
fury, but succeeded only in knocking off a few flakes of rust
and breaking his knife. But he was excited to see that he had
exposed a second shaft! Hedpickly went to work and fitted
this shaft with a knob, pointer and graduated scale, so that
it looked as in Fig. 3.

Then he turned over a fresh page in his log and ruled three
columns. The first he headed as before 'Date of observation'.
Then he hesitated. He must not get the two pointers mixed
up he must give them names what would he call them?
Castor and Pollux? Scylla and Charybdis? Port and star-
board?

The sea-captain was a long time making up his mind. An
unlucky name might send a good ship to the bottom on
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her maiden voyage. He rejected for reasons of domestic
peace the idea of naming the pointers after girl friends of
his youth or even after Greek goddesses. Fie must choose
names which would apply to his pointers only and to nothing
else, and the only thing to do was to make up names. He
finally decided on PROTUS for the one he had discovered first
and DEUTUS for the one he had discovered second. The
grammarians might not think much of these names, but the
mixture of Greek and Latin sounds had a pleasant ring and
should make them safe from confusion with anything else.
So he now prepared three columns in his log like this:

Date of observation PROT('S DEUTUS

The sea-captain's wife thought that he bought things at
auctions merely to satisfy a childish yearning to possess
curious pieces of rubbish, but that was Lot the real reason.
Actually, he was a very avaricious man, and he was con-
vinced that sooner or later he would find a hoard of gold in
sonte trunk or box picked up for next to nothing at an
auction. That is the reason for the gleam in his eyes as he
now grasps the two knobs on the box and prepares to turn
them. Surely the box will open now!

But the box does not open. Instead, the sea-captain
jumps back, shaking in every limb and with his hair on end.
`Shiver my timbers!' he cries. 'There's a witch in the fo'c'sle!'

For, as he had tried to turn the knobs, there seemed to be
human hands inside the box resisting his efforts.

Then cautiously, as if afraid of getting burned, he stretches
out his hand to Protus and turns it gently. No resistance.
But lie draws back his hand in alarm. When he turned
Protus, Dennis turned at the same time!

The sea-captain is no coward. In his time he has fought
pirate, in the Levant and dived last from the bridge of his
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ship sinking under him in the Bay of Biscay. But this is a
different matter. There is magic in this box, and his con-
science is troubled by his secret avarice for gold. Muttering
a prayer and an incantation he picked up in an Eastern port,
he takes up his pen in a shaky hand and with the other starts
to manipulate Protus, writing down the figures as he does so.
He is so excited that he forgets to record the date and the
weather.

Here are his readings:
PROTUS DEUTUS

0'00 0'00
1'00 2'00
2'oo 2'83
3.00 346coo coo

The box does not open, but he does not care. The lust for
gold has been replaced by scientific curiosity. His sporting
instinct is roused. 'Good old Protus!' he cries. 'You made a
poor start but you're gaining. Two to one on Protus!'

He turns Protus further and gets these readings:
PROTUS

5.00
6.00

DEUTUS

447
4'90

`Protus wins!' roars the sea-captain, springing to his feet
and nearly knocking the table over. His wife puts her head
round the door. 'What's all the noise about?' Then she
sneers. 'Still playing with that silly old box! A man of your
age!'

As the days pass, the sea-captain plays the game of Protus
versus Deutus over and over again. Protus always makes a
bad start and Protus always wins. It gets boring and he



begins to dream a little. He forgets that Protus and Deutus
were names he made up to distinguish one pointer from the
other. They take on reality and he begins to think of them as
two ships. Protus must be a heavy ship and Deutus a little
sloop, very quick at the get-away but not able to hold the
pace against the sail-spread of Protus.

But he pulls himself together. The lust for gold is now
completely gone and the sea-captain starts to ask himself
questions.

What is there really inside the box? He toys again with
the idea that there may be a witch inside the bux, but reason
tells him that witches don't behave like that. No witch
would reproduce the same readings over and over again.

Since Deutus moves whenever you move Protus, there
must be some connection between them. Ha! Blocks and
tackle, that's what it must be! Very small ivory pulley-
blocks and silk threads!

So the sea-captain stumps down to the dock and gets one
of his friends to put his ship at his disposal. He tries all sorts
of ways of connecting two windlasses so that their motions
will reproduce LI-,c motions of Protus and Duitus, but it will
not work. He can easily make one windlass turn faster than
the other, but he can never arrange matters so that one wind-
lass makes a bad start and then overtakes the other. He
returns home dejected. He is as wise as before about the
contents of the mysterious box.

He reads over his log again and notices that he has always
set Protus to an integer value. What would happen if he
moved Protus through half a unit to 0.50? He is about to set
Protus to o.5o when his pride explodes in an oath. 'Sacred
catfish!' he cries. 'What am I? A knob-twiddler and pointer-
reader? No. I am a man a man endowed with the gift
of reason. I shall think it out for myself!'

Then he ponders: 'When Protus goes from 0oo to roo,
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Deutus goes from woo to 2'00. That means that Deutus goes
twice as fast as Protus, at least at the start of the race. So
whe" Protus goes from woo to o.5o, Deutu.; will go from
o.00 to i.00. That's obvious!' And he writes In the log

PROTUS

0'50
DEUTUS

I .00 (theoretical)

By adding that word 'theoretical' the sea-captain shows
himself to be a cautious, conscientious man, distinguishing
what he has deduced from his 'theory' from what he observes
directly. (A noble precedent, often sadly neglected, but
much harder to follow than one might suppose at first
sight!)

Was the sea-captain right? No. When he actually turned
Protus, he had to record the readings as follows:

PROTUS DEUTUS
0'50 I '4I (observed)

What do you think of the sea-captain's 'theory'? Not bad
for 1453, but any modern schoolboy could tell him how to do
better. He should hav, taken a sheet of squared paper and
plotted a graph, Protus versus Deutus, marking first the
points corresponding to the observations made and then
drawing a smooth curve through them. Then he could have
read off from the curve the 'theoretical' Deutus-reading
corresponding to the Protus-reading o.5o. That might have
saved him from making a fool of himself, provided that
nature does not make jumps. That is an assumption always
made in the absence of evidence to the contrary, and (as we
shall see later) it might have been made here.

But a graph is not completely satisfactory. It is hard to
tell another person in a letter the precise shape of the graph;
you have to enclose a copy of the graph, and the making of
copies of a graph is a nuisance unless you me photography.
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A mathematical formula is always regarded as a much more
convenient and satisfactory way of describing a natural law.
The sea-captain had never heard of graphs or photography,
but the other idea slowly evolved in his mind. Let us con-
tinue the story.

After thinking the matter over for several years, the sea-
captain walked down to the pier one evening and stuck up
a notice which read as follows:

DEUTUS IS TWICE TUI: SQUARE ROOT OF PROTUS

The people of the sea-port were of course very proud of
the sea-captain, and they crowded cheering round the
notice-board. But there was one young man who did not
cheer. He had just returned from the University of Paris
and took all scientific matters very seriously. This young
man now pressed through the crowd until he reached the sea-
captain, and, taking him by the lapel of his coat, said
earnestly 'This notice, v. hat does it mean?'

The sea-captain had been celebrating his discovery and
was a little unsteady on his feet. He stared belligerently at
the young man. `Deutus is twice the square root of Protus,'
he said. 'That's what it means. Can't you read?'

`And who is Deutus?' said the young man. 'And who is
this creature Protus that has a square root?'

`You don't know Protus and Deutus?' cried the sea-captain.
'Why, everyone knows Protus and Deutus! Come up to my
house and meet them over a glass of grog!'

So they went up to the sea-captain's house and he intro-
duced the young man to Protus and Deutus. 'That's Protus
on the left,' said he, 'and Deutus on the right.' Then he
leaned over and whispered confidentially in the young man's
ear: Protus carries more sail, but Deutus is quicker on the
get-away!'
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The young man looked at the sea- captain coldly. 'You
mean,' he said, 'that Protus is a word which stands for the
number indicated by the left-hand pointer and Dcutus is a
wcrd which stands for the number indicated by the right-
hand pointer. When you say that Protus is twice the square
root of Dcutus, you mean that one of these numbers is twice
the square root of the other. In Paris we do not use words
like Protus and Dcutus for numbers. We use letters. We
would write your result

D = 2 A/F.
But is it really true ?'

`Of course its true,' said the sea-captain, 'and we don't
need all your French fang -talk to prove it. Here, read my
ship's log.' He opened the log and showed he young man
the readings which you have read on p. 65.

`Let us sec,' said the young man. 'These things are not so
obvious. Let us do a little calculation. The square root of
zero is zero, and twice zero is zero, so the first lint is right.'

He was about to put a check mark opposite the first line
when the sea-captain roared 'Keep your hands off my log!
Time enough to start writing when you find a mistake,
which you won't. You can't teach a master mariner how to
reckon!'

To proceed,' went on the young man, 'in the second line
P is one; the square root of one is one, and twice one is two.
Quite correct.' He put out his hand to make a check mark,
but withdrew it hastily.

`In the next lint,' he continued, I' is two. The square
root of two is an irrational number and cannot be represented
by a terminating decimal. The third line is wrong, in the
sense that the law D = 2 A/ P is not satisfied by these numbers.'

The sea-captain was taken aback. 'What's that?' he said.
`An irrational number? I've sailed the seven seas, but never
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The Sea Capt,Nr...13ox

did I meet up with an irrational number. Takc your
irrational numbcrs back where thcy comc from, and don't
try to tcach me about Protus and Deutus!'

'I can put it another way,' said the young man. 'If you
square both sidcs of your equation, and then interchange the
sidcs of the equation, you get

4P ---= D'

Now we shall put in the figures from the third lint of your
log. P is 2.00 and D = 2.83. Four timcs P is thercforc eight.
Now we calculate the square of 2.83; it comes out to be
8oo89. So you asscrt or do you? that

8 = 8oo89.

Surely you cannot mean that?'
The sca-captain scratched his head. 'That's not the way

I figured it,' he said. 'Let's see now. Protus is 2'00. What
is the square root of 2oo? Why, it's 1.4142. If you doublc
that you get 2.8284, and that is 2.83 to the ncarcst sccond
decimal place. You can't trip mc up, my boy. The law is
satisfied all right.'

'Honest sir,' said thc young man, smoothing his Parisian
hair-cut, 'do you tell mc that

2.8284 = 2.83?'

'Yes,' said thc sca-captain stoutly, 'it is. Thosc numbers
are equal to two decimal placcs.'

The young man jumped to his feet in anger. 'What a
wastc of my time!' lic cried. 'It is a lying notice you have
posted on the pier! Go down and add to it those words which
will make it true.'

'And what words might thosc be ?' asked thc sea-captain
suspiciously.
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`Write that Deutus is twice the square root of Protus to
two decimal places.'

`I will not,' replied the sea-captain stubbornly. 'Every-
body knows that Protus and Dcutus have only two decimal
places and they don't need to be told. Kccp your irrational
numbers and other French fiddle-faddle away from Protus
and Deutus. Commonsense is enough for them. But,' he
added, 'you're a nice young fellow for a land-lubber, so sit
ye down and we'll have a glass of grog together.'

So the young man sat down for a glass of grog and as the
evening .vo. z on the two became more and more friendly
and open-hearted with one another. Finally, speaking at
once, they both broke out with the question: 'What is inside
the box?'

The sea-captain told the young man how he had first
thought that there was gold in the box, how then he had
thought that time must be a witch, and now for the life of
him he could think of nothing but that there were two ships,
Protus with a great sail-spread and Deutus smaller and
quicker on the get-away. 'But,' he added, 'it bothers me how
you could fit ships in such a little box, with a sea for them to
sail on and a wind to sail by. And how is it that they always
sail the same, with Protus slow at first and Dcutus quick on
the get-away?'

Not having followed the sea, the young man paid little
attention to the idea of the two ships. Then suddenly he
stood up and stared at the box. He had now drunk several
glasses of grog, so he stood with difficulty and leaned heavily
on the table.

`I see it,' he said. 'Yes, I see it!'
`What do you see?' asked the sea-captain. `Protus with her

tops'ls set?' And he too stared at the box.
`I see no ships,' said the young man, speaking slowly at

first and then more and more rapidly. 'I see a world of



mathematics. I see two variable numbers, P and D, taking
all values rational and irrational from zero to infinity. What
fools we were to talk of two decimal places! The law is exact!
D = 2 A/ P. It is true for all values, rational and irrational.
Protus is a number and Deutus is a number, and if you can-
not measure them to more than two decimal places, that is
your infirmity, not theirs. Go,' he cried to the sea-captain,
`go to the silversmith and make him contrive for you more
cunning scales so that they may be read more accurately.
I will go to Paris and procure some optic glasses wherewith
to read the scales. Then you will see that I am right. The
law D = 2 A/ P is an exact mathematical law and you will
verify it with readings that go to four or five or six decimal
places.'

The sea-captain yawned. 'The silversmith is now abed,'
he said, 'and with the wind now holding yot --,nnot sail for
France. It may be that this grog has been too much for your
young stomach. Lie down on the couch them and sleep it
off.'

But before long the silversmith made thc cunning scales
and the young man brought the optic glasses from Paris; to
the great surprise of the sea-captain, the young man was
right the law was satisfied to two more decimal places.
Beyond that they could not go, although the young man
married the sea-captain's daughter and worked with his
father-in-law on the box for many y.:ars. The sea-captain
died thinking of Protus and Deutus in a stiff breeze
and bequeathed the box to the young man, who in course of
time grew old and died too. The box was handed down
from generation to generation as a family heirloom, and it
was a point of honour with each generation to try to add a
decimal place to the readings and see whether the law D =
2 i/ P remained true. Generation after generation found
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that it did remain true, and finally the idea that there might
be any doubt about it faded.

No one has ever succeeded in getting inside the box, and
there is a mixed tradition as to what its contents are. Gold
and witches were ruled out long ago, but still some members
of the family see Protus and Deutus sailing with foaming
wakes where others see two variable numbers capable of
taking all positive values, rational and irrational.

An allegory must not be pushed too far, and so one
hesitates to say what has happened to the sea-captain's box
in these days of relativity and quantum mechanics. You
might say that if you look very hard at Protus, your mere
inspection disturbs him, and when you feel quite certain you
have pinned him down to a definite reading Deutus is danc-
ing all over the place. Or perhaps you might say that the
two pointers do not move continuously but only in definite
small jumps.

However, the whole picture is blurred by the discovery of
a vast number of shafts, connected to one another by many
complicated laws which the sea-captain would find it im-
possible to visualize in terms of nautical manoeuvres.

But the essential feature of the allegory remains the
unopened and unopenable box, and the question: 'What is
really inside it?' Is it the world of mathematics, or can it
be explained in terms of ships and shoes and sealing wax?

The answer must surely be a subjective matter; if you ask
for an 'explanation', you cannot be satisfied unless the
explanation you get rings a bell somewhere inside you. If
you are a mathematician, you will respond to a mathe-
matical explanation, but if you are not, then probably you
will want an explanation which establishes analogies between
the deep laws of nature and simple facts ofordinary life.

Up to the year 'goo, roughly, such homely explanations
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were available. It is true that _hey never told the whole
story (that inevitably involved mathematics), but they pro-
vided crusts for the teeth of the mind to bite on. The earth
pursues its orbit round the sun on account of the pull of
gravity; then think of an apple with a string through it which
you whirl round your head. Light travels from the sun to
the earth in ether-waves; then think of the ripples on the
surface of a pond when you throw a stone into it.

Modern physics tends to decry 'explanations' of this sort
not out of any malevolent desh e to hide secrets, but because
the simple analogies prove too deceptive and inadequate. In
fact there are those who deny that physicists have the
responsibility of giving explanations. This modern attitude
has been expressed compactly by Professor Dirac: 'The only
object of theoretical physics is to calculate results that can be
compared with experiment, and it is quite unnecessary that
any satisfying description of the whole course of the pheno-
mena should be given."

A new creed! Something to weigh and consider and
contrast with the old creed implicit in science for centnries.

1 DIRAC, P. A. M., Qyantum Mechanics, Clarendon Press (Oxford, 1930), p. 7.
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Space Travel: Problems of Physics and Engineering

Harvard Project Physics Staff

Traveling through empty space. After centuries of gazing curiously at
stars, moon, and planets from the sanctuary of his own planet with its
blanket of lifegiving atmosphere, man has learned to send instruments
to some of the nearer celestial objects; and he will no doubt soon try
to make such a trip himself.

Starting with Johannes Kepler's Somnium, a flood of fanciful stories
dealt with journeys to the moon, ofETT7Tballoons equipped with all
the luxuries of a modern ocean liner. These stories, of course, ig-
nored something that had already been known for almost a century, name-
ly, that the earth's atmosphere must be only a thin snell of gas, held
in place by gravity, and that beyond it must lie a nearly perfect
vacuum. In this vacuum of outer space there is no friction to retard
the motion of a space ship, and this is a great advantage. But the
forces of gravity from the sun and other bodies will not always take
a vehicle where we want it to go,, and we must be able to produce oc-
casional bursts of thrust to change its course from time to time. Thus,
quite aside from how we may launch such a space vehicle, we must equip
it with an engine that can exert a thrust in empty space.

The only way to obtain a thrust in a completely empty space is to use
recoil forces like those acting on a gun when it fires a projectile.
Indeed, Newton's third law says that to obtain a thrusting force on the
space vehicle an equal and opposite force must be exerted on something
else,, and in empty space this "something else" can only be a matter that
comes from the space vehicle itself, a matter that we are willing to
leave behind us. Only by throwing out a part of its on mass can d
vehicle achieve recoil forces to change its own velocity--or at least
the velocity of the part of it tnat remains intact.

A rocket is a recoil engine of this type. It carries its own oxygen
(or other oxidizer) with which to burn its fuel,, and the mass of the
burned fuel and oxygen is ejected from the rear and left behind. The
rocket is much like a continuously firing aun that constantly sprays
out an enormous number of very tiny bullets. The recoil from these
"bullets" is precisely the thrusting force on the body of the rocket.

Obvioubly there is a limit to the length of time that sucl a process
can continue, for the mass remaining in the space ship acts smaller all
the time, except when the engine is turned off entirely. In this chap-
ter we will examine this limitation anu see what it implies about space
travel, "o be definite, we shall usually sneak about rocket engines,
but it will be clear that what we have to say anplies to an, recoil
engine whether it is run by chemical power, nuclear power, or any other
source of power. All such engines, to produce a thrust in empty space,
must eject sore of the mass that has been carried along.

The rocket equation. It turns out, as we shall see,, that the only prop-
eTt7TEra rocket engine that seriously limits its performance is the
"exhaust velocity" of the burned fuel gases, i.e. the velocity of the
exhaust material as seen from the rocket. This exhaust velocity, which
we denote by vex, is determined by the energy released inside the com-
bustion chamber and hence by the fuel (and oxidizer) used by the rocket.
The same "kick" backward is given to the exhaust-gas molecule whether
or not the rocket is already moving. Therefore, to a man standing on
the rocket using a specific combustion process, the gases rushing out
the exhaust will always appear to have the same velocity relative to
the rocket, whatever the motion of the rocket itself with respect to
another body.
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Imagine you Ere watchino a rocket coasting along at constant velocity,
far away from any other massive bodies. Suppose that the engine is ig-
nited briefly an ejects a small mass 'm of burned gases. The situation
is sketched in F g. 1, where we have denoted the initial mass and veloc-
ity of the vehic:e by n and v respectively. The velocity v may be mea-
sured with respect to any (unacceierated) coordinate system,, for example,
another space shid coasting alongside the first, or the sun-centered
coordinate system that we commonly use to analyze the motions of tha
planets. (The actual value of v will cancel out of our final results.
Why is this expected?) A't.ar the burst of power, the rocket will move
away from us at velocity v + r,v, having a mass m m; and the "cloud"
of exhaust gases,, of mass , m, will be moving away from as at a ve:,city
equal to the exhaust velocity diminished by the forward velocity of the
rocket, vex - v.

Since no externa. forces are acting on the system we know that
momentum must be corserved. In Fia. 1(a), before the hurst of power,,
the momentum is mv; r,ght afterwards, in Fig. lth), it is (n - 'm)(v + 'v)

(t.m) (vex - v). These momenta must be the same:

(m tm)(v + tv) - (:.n) (vex - v) = my .

Multiplying out the terms on the left-hand ,ide, we find that all terms
containing v cancel out (as they must), anc the result can be written in
the form,,

(tm)vex + (^_ni)(.v) = m(.v) .

If we consider a sufficiently small burst of thrust we can make .v as
small as we wish comparei to vex, and the second term on the left-hand
side of this equation ca.. be made completely negligible compared to the
first tern. Then we can write (fe'r very snail bursts of thrust):

rn

m vex (1)

\'otice that this relation does not depend in any way on the length of
time during which the change tv occurs. The fuel 'm may be burned very
rapidly or very slowly. As long as the exhaust aases emerge with veloc-
ity vex relative to the rocletc the resulting momentum changes will be
the same, and will lead to the same relation Eq. (1), whenever the changes
are sufficiently small. Not ce also that this result depends only on
the conservation of momentum; we have used no other law in deriving it.

Now, a moderately large bu..st of power can be divided conceptually
into a great many consecutive small bursts, and rq. (1) shows that each
small increase in velocity rewires electing a given fraction of the re-
maining mass of tne rocket Tie rules of this "inverted compound-interest
payment" are examined in the a!nendix to this chapter. There we find
(Eq. A6) that any velocity change vc, 11:ge or small, requires reducing
the mass of the rocket as folloys:

or

-(v
c
/v

ex
)

m = m e

e-(vc/vex)
0

Here mo is the mass before the change, and m is the mass after the
change. The quantity e is a certain numLer whose value is
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(a) JUST BEFORE FIRING OFF Am:

r

(b) JUST AFTER FIRING OFF Lm:

Fig. 1. Analysis of the performance of a
rocket. Note that the "backwards" veloci,y of the
spent fuel,, namely v - v, might actually he
negative as seen by SA external observer. This
would happen if v is larger than v in which case
the exhaust "cloud" is seen to move off to the right,
too, although at a speed less than that of the rocket.
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e = 2.718... = 10 0.4343... ( 3 )

One use of Eq. (2) is in computing the final velocity of of a rocket
that has initial mass mo, initial speed vc, final mass Mf, and exhaust
velocity vex. The result is

m
f

-(v
f
/v

ex
)

17 e
o

as shown graphically in Fig. 2.

Fig. 2
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Eq. (2) is the rocket equation. Unless a table of powers of e happens
to be handy,, the most convenient way to write this equation is the fol-
lowing:

Or

mo = (m) 10
(0.4343 vo/vex)

1°q10 (mo/m) = 0.4343 (vo/vex).

(4)

(5)

This relation is based only on the conservation of momentum and on the
concept of a constant exhaust velocity vex (constant with respect to
the body of tho rocket) for the spent part of the fuel. (But the rela-
tion is idealized in the sense that we have not taken into account any
accelerations due to gravity.)

As an example, suppose that we wish to give a rocket a final velocity
equal to twice the exhaust velocity of its engines, starting with the
rocket at rest., Then vc = 2vex, and we have:

mo = (m)10 0.8686 = 7.39 (m).

That is, the original takeoff mass m must be over 7 times the final
mass. In other words, about 87 perc6nt of the initial mass must be
expelled to achieve a velocity of 2vex. The useful payload must be
somewhat less than the remaining 13 percent of the takeoff mass, because
the rocket casing,, its fuel tanks, and the like will constitute much of
this remaining mass.
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Practical rockets. The rocket equation shows that the most important
feature of a ,-,,cket is vex, the velocity with wrich the spent fuel gases
are expelle-. When chemical fuels are used, there is a limit to how
large td'is exhaust velocit can We can see this by applyinc the law
of energy conservation to the irterior of t',e rocket.

Consider what happens when a (riven mass m of fuel and oxidizer are
combined, with the fuel burning in the oxidizer. Let the total energy
produced by this chemical reaction he F. Obviously, the ratio F/r,
which is the energy per unit mass of fuel and oxidizer, will be a con-
stant that depends only on the chemical nature of the fuel an the
oxidizer. After the materials have reacted, the total mass m is ejected
from the rocket with velocity vex, and t'e I:.netic energy of the ejectec
mass is just m(vex) . Since this eercy comes from burning the fuel,
it can he no greater than the chemical energy liberated,, namely I:

m(v
ex

)

2
F .

Dividing by and taking square roots, we find:

v
ex

/207 (6)

These relations are not simple equalities because much of the released
energy will he wasted, primarily as internal (random motion) heat energy
In the still-hot exhaust gases.

Chemists have measured the "heats of reaction" (which determines l/m)
for almost all chemical reactions. For example, for typical hydrocarbons
such as fuel oil, gasoline, kerosene, and the like,, they have found that
about 1.1 , 10' kcal are given off for each kilogram of fuel nurne.
When we add the mass of oxygen required (about 3.4 )q per ka of fuel)
and convent to mechanical units, we find that F/m for all of these fuels
is very nearly 107 1 /kg. Therefore,, according to Eq. (6),

vex
/20 103 m/sec = 4.5 km/sec

for hydrocarbon fuels buined in oxygen. This, of course, is the largest
value that could possibly be obtained, even if the exhaust gases emerged
ice-cold. In actual practice, many current rockets using kerosene and
liquid oxygen (called LOX) obtain roughly:

v
ex

= 2.5 km/sec. (7)

Even liquid hydrogen and liquid fluorine will yield exhaust velocities
only about 20 percent greater than this in practice.* Consequently
whenever the speed of the rocket has to be substantially more than this
value of vcx and we shall see in the next section that this is indeed
so even for orbital flights--the useful payload is in practice only a
small fraction of the oricinal mass, by Fa. (2).

In view cf this limitation on the fundamental quantity ve, for chem-
ical rockets, a number of proposals and experimental models have been
made for nonchemical rockets where vex may not have these limitations.
To date, none of these has offered any real advantage, although they
may do so in the future. The difficulty is that today the auxiliary
apparatus for ion-beam engines, nuclear reactors,, and the like, always
contains too much mass relative to the mass allowance needed for any
significant payload. Eventually, of course, we might be able to do such
better with nonchemical engines.

* Specific impulse is a term often used by rocket engineers who use the
symbol I for it. It is essentially impulse per unit weight of fuel and
equals The exhaust velocity divided by the acceleration of gravity at
the earth's surface: I = vex/g. Typical practical values are therefore
about 250 sec.



Artificial satellites. Now let us see what velocities we need to perform
the simplest tas)75Tspace engineerinc, namely placina an artificial sat-
ellite in orbit above the surface of the earth. Since the radius of the
earth is about 4000 miles,, the force of gravity on a satellite moving per-
haps a few hundreu miles above the eart"s surface will be not very dif-
ferent from that on the surface. Thus, the satellite wall experience an
acceleration of approximately g toward the ce.,.ter of th..1 eartsa. As we
saw in Chapter 5 if at is travelling in d circular orbit with speed vc
its centripetal acceleration must he v /R where R is the radius of the
orbit. For these two facts to be consistent,,

v: /R = q or v = .

Since the satellite is assumed to he fairly close to the earth, the
radius of its orbit R will be about the same as the radius of the earth,,
or about 6400 km. Substituting this value,, along with q = 9.8 m/sec
= 0.0098 km /sec', into our formula,, we obtain

v = 8 xm/sec (close orbit), (8)

This is the approximate speed an object must have if it is to remain
an orbit. Fq. (7) displays the rocket-exhaust velocities achieved when
chemical engines are used. Are these velocities adequate? From Eqs. (7)
and (8), we have

vc/v,,x = 8/2.5 = 3.2 .

Substituting this value into the rocket equation (4) or (5), we find:

m
o

= (m) 10
1.39

= 24.5(m)

That is, the takeoff mass mo must be almost 25 times the mass m of the
satellite and all other non-fuel structures; thus only about 4 percent
of the initial mass can actually ao into orbit (even ignoring the problem
of lifting it to orbit altitude,, which we shall examine shortly)

Put the situation is even worse than these numbars may seem to imply
at first. The 'other nonfuel structures"--the rocket's casing, frame-
work, fuel tanks, fuel pumps, and the lake--have much more mass than the
payload, the satellite. In fact even with the best of modern structural
materials and techniques, there is so far no rocket mechanism with a mass
less than about 1/10 of the mass of the fuel it can carry (rather than
1/25). According to our foregoing result,; a rocket of this sort could
not be put into orbit at all,

The way cut of these difficulties is to use the technique of staging,
which essentially amounts to putting a small rocket onto a larger rocket
(and this combination onto a thiru, still larger rocket, and so on as
necessary). The funtlamental rocket equation as not circumvented by this
strategem; it remains valid. Put heavy casings 7- fuel tanks can be
thrown away as soon as their fuel is used up, and Lile remaining fuel in
the remair Jcket then need only accelerate the remaining mass, which
can be much alley. In this way, the remaining fuel is used more
efficiently toward the end of the process,, and the ideal limit expressed
by the rocket equation can be more nearly approached. It cannot be ex-
ceeded,, foi that would violate the conservation of momentum, upon which
the rocket equation is based.

There is one further matter that we should look into. We have ne-
glected to compute the work we must do to lift the payload up into its
orbit against the downward force of gravity. (Anyone who has watched
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pictures of a big rocket taking off nas seen ho%4, at the start, thrust
must be increased until the rocket's owr weig,:t on the launching pad is
balanced and the net acceleration urwar(: can becir.) This work, how-
ever, is not terribly large, relatively sneaking, for a close-in orbit,
as we can easily show. In ohtainina Ia. (8), we derived the relation
v. = Rg for the orbital velocity. If we multiply this equation by 41,,

we find that the orbital kinetic energy is ,mv = :mgP. The potential
energy chance in lifting the mass - to heig't h above the surface of
the earth is mch. Since h is only a few hondre,1 miles while R is 4000
miles or more, the work (mgh) requires to raise the satellite will be
only about 1/10 to 1/5 of the work (:mgR) required to give it orbiting
speed in a close-in orbit. ('aturaily, this is not true for a very
large orbit with a height of s.,, 4000 miles or more above the earth's
surface.)

Interplanetary travel. To send Instruments to other planets, we must
first free the from the gravitational attraction of the earth. This
requires that the payload be given a velocity sufficient to prevent it
from returning close to the earth of its own accord. The smallest such
velocity is called the escape velocity. A vehicle with this velocity
will just barely escape, arc its final velocity will be nearly zero
rela_ive to the earth.

As might be expected, the escape velocity Is not enormously greater
than orbital velocity, and in the appen,:ix to this chapter, we show that
it is about:

V (for escape) = 11.2 km/sec,

as compared to v (for close orbit) = 8 km/sec.

(9)

(8)

Even this moderately greater (than orbital) velocity for escape requires
a rather large increase in the ratio of takeoff mass to payload mass.
With Vex equal to 2.5 km/sec as in !'o. (7), we have vc/vex = 11.2/2.5
= 4.48,, anu the rocket equation (lg. 4) yielcs:

m
o

= (m) 101'95 89 (m)

So, despite the seemingly modest change in velocity (11.2 km/sec
instead of 8 km/sec), free:no a payloao from the earth with chemically
fueled rockets (even in stages) requires about 31/2 times as much fuel
as required for placing the same payloaG into a close-in orbit.

Once essentially free of the earth, a body will still be under the
direct Influence of the sun's gravitational forces. Here it is neces-
sary to recall that the earth already has a rather large orbital veloc-
ity around the sun, and that any body launched from the earth will con-
tinue to have that orbital velocity if it has been merely freed from
the earth with no additional accelerations. This Velocity is about
30 km/sec and clearly represents a very substantial bonus for Interplane-
tary travel. Even so, the "ariner 4 probe to 'jars, for example, actually
required a takeoff mass 400 times as large as the mass of the probe itself.
The rocket was an Atlas-Agena witn an initial mas' of about 200,000 lbs.
and a payload of 500 lbs. It was designed to cover the 3 10" mile trip
in the solar system in about 7 months (this works out at about 16
miles/sec).
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Fig. 3

Travel to a star? When we think of sending a payload to examine a star,we more that the necessary velocity is the cruca1 factor, but
the origin of the nee,'.ed velocity is different. The velocity required
to escape from, the solar system is about 45 km/sec, but even the nearest
stars are enormously far away, and the payload must travel much faster
than this if it is to complete its Journey vithin a century,

The distances to the nearest stars have been measured by observing
the shift in their apparent positions in, say,, summer and winter as
the earth moves from one side of its orbit to the other, Even with this
very large baseline (186 million miles), the apparent shift in direction
the parallaxis extremely small, and the corresponding distances are
found to be several million million miles, i.e., several trillion miles.
Such large distances are more conveniently expressed in light years, a
light year hying the distance that light will travel in one yerr. A
simple multiplication shows that one light year is about 101' ni.

The two nearest stars are in the constellation Centaurus. The nearest
one,, Proxima Centauri, is 4,2 1,qht years away but is very dim and emits
only about 10- times as much light as our sun, The next-to-nearest star,
Alpha Centauri, is 4.3 light years away and is actually a double star,
consisting of two stars similar to our sun and separated by about the
distance between the sun and Jupiter. The brighter of the two emits
energy at about the sama rate as our sun,, and the other at about 1/5
that rate.

While one of these particular stars seems likely to have habitable
planets comparable to our own, it right be very interesting to send in-
struments in close to one of then and take pictures of it, To see just
what problems such a protect might entail, let us examine this simplest
of all Iterstellar Journeys a little more closely.

Tic first question to he answered is how long we would be willing to
wait for the results of the ourney. Although an unmanned instrument
package need not return to the earth within a man's lifespan, It never -
thel'ss seems that we would be unlikely to plan today for a very expensive
pruJect whose results would be known later than, say, a century from row.
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If the payload is to travel 4.2 lic.t years C.uring 100 years, its
spec:. must be 0.042 tiros t'e sneed of light (3 In .r-isec).
spec? vc is 12.6 10' kr/sec. Let us ontimistically assure that
can soon design rockets w:; exhaust ielocities twice as hiaL as the
ones we now hae, even though it is d"'c'It to see now how this coulu
be done with the -ical fuels. Thus, we assume vex = 5 km /sec. Then we
have vc/vex = 2.52 10', which we substitute into the rocket equation.
(Roth speeds are small enougn so that we can use t'is nonrelativistic
equation; actually the relativistic one gives sligltly more pessimistic
results.)

When wc make this substitution in Fq. (4), we fing a resilt that can
only be described as ridiculous:

= (m) 10
1094

To see Just how impossibl}, large this mass ratio is, we might note that
the total number of atoms in the entire solar system Las Leen estimated
to be less than 10. There is not enough chemical fuel in the entire
solar system to send even one atom on such a Journey! In fact, we are
short of having enough fuerraTFFien that trivial task by a factor of
over 10'' !

These numbers are so large that the mind can not really form an ade-
quate picture of their hugeness. To reduce them, let us throw caution
to the winds and allow a much longer time for the Journey, for example,
5000 years of 50 centuriesa terribly long wait. Retracing the aritn-
metic we find that we then obtain

o
= (rn) 10

21.9
= 8 1021 .

Fven this more familiar sort of numLer is still absurdly large. The
mass of the entire earth is only 6 10'1 tons, less than enough (even
if it were all good fueland to be so used!) to send a one-ton payload
on a Journey of 5000 years to the nearest star.

There is only one sensible conclusion: interstellar travel is impos-
sible if chemical fuels are used for propulsion.

Future star travel? Perhaps one of the conceivable nonchemical rockets
Ficifirsomeday offer an cape from this pessimistic conclusion. To look
at this possibility, let us return to our simplest of interstellar
Journeys, a trip to the nearest star in 100 years. As we saw, we need
a velocity vc of 12.6 10' km/sec for such a Journey. (With this veloc-
ity, the payload arrives at Alpha Centauri after 100 years; it must con-
tain either a very powerful radio transmitter, or enough fuel to return
in another 100 years or so.)

The various "plasma" engines and "magnetohydrodynamic" engines that
have been proposed are essentially electric "guns" that shoot out ionized
gases. It is difficult to set limiting numbers on the best possible per-
formance from such engines, partly because the exhaust gases are usually
accelerated by some separate source of power. Certainly, they can be no
better than nuclear engines, which we shall examine later. It is probably
fair to say that exhaust velocities much larger than 1/300 the velocity
of lig:t could not be expected when very large masses of ionized gas must
be expe_led.
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If we adopt tnis estimate, then a value of vex of 1000 '..r/sec is a:cut
the best that could cer Ie exrected 'r-- such non-nuclear engines. Xith
this value we obtain the ratio -c/ve, = 12.6, and by irsertiro this into
the rocket equation, !c. (4), we let the result,

n
o

= (7) 10 = 3 l0 (m) .

Thus, a 3-ton payload woull rec,.ire at least a mi.11:,o '..ons of "fuel,"
(material to he expelled as ionized cas). If t*c is to contain
a sufficiently powerful radio transmitter, it is likely to weigh at least
3 tons. To form some picture of what a million tons of material might
look like, we may note that a rillIon tons of water woulc cov-r a foot!all
field to a depth. of 200 yards.

Abandoning the radio transmitter and waiting another 100 years for the
payload to return would be no way to avoid ibis large mass of "fuel," le-
cause the effective payload on the outward journey w "uld ther have to in-clude all the "fuel" for reversinl the velocity for the return trip. This
essentially scuares t!e mass ratio, maLlic mo/m ecual to 10 , which isfar worse; even only one pound of true payload then recuires 50 r^.illion
tons of takeoff mass.

These results are not quite so ridiculous as the ones we obtained ishen
we tried to use chemical fuels, but they clearly show that ion-team en-
gines will not be very practical for interstellar travel unless they can
consistently give an exhaust velocity signifi,-antly greater than 1/30o
the velocity of light.

nuclear fission yields about 8.2 113' joules ner Liloqrar of fission-
able material. According to rq. (6), this will result in a maximum ex-
haust velocity of the products of fission of 12.8 10 m/sec, or 12.8 .0
km/sec, about 1/23 the velocity of light.*

These exhaust velocities at last begin to approach what we need for
the simplest of interstellar journeys. For the 100-year, one-way trip to
Alpha Centauri, the necessary vc is just about exactly equal to the vex
that we might hope to obtain for nuclear fission products, and the rocket
equation then gives mo/m = 2.7 to 3. This, in itself, is so clearly
practical that we might begin to consider making the elapsed time some-
what shorter or journeying furtner to a few of the slightly more distant
stars. Note, however, that a 20-year, one-way trip to Alpha Centauri
would still require mo/r = 200 approximately.

Lut present day engineering is a long way from being able to put a
small nuclear reactor on a rocket to provide these exhaust velocities
for fission products. Today's nuclear reactors involve so much additional
mass besides their fuel that they would be even less useful than engines
working with chemical fuels--and the latter are hopeless for interstellar
journeys, as we have seen. It was only by ignoring these auxiliary dif-
ficulties that we have made nuclear :lower appear to be the answer for
interstellar travel. What is likely, however, is the development of
nuclear reactors that do not emit the relatively heavy fission products,
but that provide heat to a supply of hydrogen that is pumped over. he
reactor, heated by it, and ejected at correspondingly higher speed (seeEq. (6); vex is proportional to 171 .

* The best possible nuclear fusion reaction, converting 4 hydrogen
nuclei into a helium nucleus, gives about 1/8 the velocity of light.
But non-explosive "slow" fusion leactors are far from belnq availaule
on the earth, not to sneak or the availability of a )ortable model
for use in rockets!
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If we are ever going to send Instruments, let alone men, to even the
nearest stars, we must first develop an almost ideal nuclear rocket (or
an ion-beam rocket virtually equivalent to it). Even then, the simplest
such trip will require many decades.

The perfect rocket. If we agree to ignore questions of engineering know-
how, is there any absolute limit to bow effective any rocket could possily
be? There is indeed such a limit and it is imposed by the facts of physics;
physical energy cannot leave the rocket at an exhaust velocity greater than
c, the velocity of light. And when any energy (say of amount E) is lost
by the rocket, it also loses a (rest) mass of m = E/c.. Mib is true
whether the energy E is carried off in the exhaust of some gas or in the
form of a beam of light that escapes from the back of the ,.ocket. This
last possibility is suggested by certain reactions between elementary
particles, reactions known as annihilations. When an electran ,e-) and
a nositron (e4i zeact sufficiently strongly, both particles disappear and
in their place appear two gamma rays; the latter are photons, like light
or x-ray photons, that travel at th, speed of light and together carry
all of the energy repres.mted Ly 'ta masses of the vanished electron and
positron. The reaction suggests e:at one may call the electron a particle
of matter and the posit= a particle of anti-matter.

This annihilation of positrors with electrons was the first reaction
of this kind that was observed; but in the late 1950's, ,-ti-protors and
anti-neutrons were also discovered, and each was observed to annihilate
with its ordinary counterpart, the usual proton or neutron respectively,
producing two energetic gamma rays in each case. Thus, it beca-e clear
that a whole system of anti- natter anti - hydrogen, anti-helium, and so
on--could be constructed from the elementary anti-particles. We do not
yet know how to do this to any significant extent, but we know of no
physical law that would it.

Since we have already ag.ced to ignore practical manufacturing problems
in this discussion, let us assure that large amounts of anti-matter might
be made available. What could we do with such a material if .e had it?
It would not be an inexpensive supply, because to manufacture it would
require at least as much energy as it would later give back. But it
would represent a very efficient way of storing energy. Indeed, anti-
matter, plus ordinary matter to "burn" it with, would have the smallest
ratio of stored energy to total mass that is physically possible, namely
E/m = c2. Moreover, because the released !photon) energy will depart at
the speed of light, such a "fuel" would constitute the best possible
rocket fuel (provided we could find a way of making the photons travel
backwards from the rocket).

Naturally, we must use relativistic mechanics to derive the equations
for such an exotic rocket. We shall not do so here but will rerely
quote the result: if the exhaust velocity equals the velocity of light,
then

m
o

/c + v
c

m v c - v
c

where all the symbols have the same meags as before. This is the
mass equation for a perfect rocket.

(10)

(Not,, by the way, that a man on the rocket sees the exhaust energy
leaving the rocket at the velocity of light; at the sane time a man on the
earth, say, will see the rocket traveling at the velocity of light rela-
tive to the earth. This is one of those paradoxes (seeming contradictions)
of relativitTESa cannot be reconciled with our ordiFary experience.1
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Would such a "perfect" rocket make it easier for us to travel to the
stars? One answer is: "A little, perhaps, but not much." Even thissmall cegree of optimism is justifiable only if we may ignore a number
of serious practical difficulties In addition to that of creating the
necessary anti-matter for fuel.

Let us analyze a "typical" journey, preferably a rather simple one.As stated before, the nearest stars are about 4 light years away, nut anideal nuclear rocket would suffice for such a trip, so let us consider aslightly longer journey. Within a distance of 12 to 13 light years fromthe earth there are about 20 stars. (Of these, only Alpha Certauri isclosely similar to our sun two others emit. about 1/3 as much energy
as does the sun and one other emits about 5 times as much. The remain-ing ones are either very much brighter or very much di-- than the sun.)

Accordingly, let us consider a round trip from the eat to a star12 light years away and back.; Since we would have to wait 24 years forlight rays to make the round trip, the top speed of the rocket must be
close to the speed of light if the rocket ic to return to the base onearth during our lifetime. But we would not want the rocket to fly pastits distant goal at nearly the speed of light, and it will take about
as long to slow the rocket down as it did to speed it up in the first
place. Thus the velocity of the rocket would have to vary approximately
as snown in Fig. 4.

To avoid imposing unduly large forces on the men inside the rocket,
we must keep the accelerations and decelerations

small; at an average
acceleration of 1 g, one can calculate that about a year will be re-
quired to reach full speed, and another year to stop. To keep the
total time for the journey reasonably small, we shall choose a top
speed of 0.8c, that is, only 20% less than the speed of light.

Journeys of this type Involve, therefore, four separate steps: accel-
eration, deceleration, reacceleration, and a final deceleration. The
mass equation applies to each one, but we must remember that, during eachstep, we must accelerate for decelerate) all of the fuel mass that will
be needed for all the succeeding steps. For one step of the journey in
Fig. 4, the mass aquation Eq. (1) yields

m
o + 0.8c + 0.8

m 3 .

c - 0.8c 1 - 0.8

But if m represents the true payload, this result applies only to thefinal deceleration. For example, the mass at the beginning of this final
step must be mo = 3, and this must be the "payload" for the next-to-last
step, the acceleration foFTEe return trip. Thus, the return trip must
begin with a total mass of 3m0 = (32m) It is easy to show in the same
way that the two steps of the outward leg of the journey will introduce
two more factors of 3. Thus, if moo denotes the take-off mass when the
rocket leaves the earth (and m denotes the true payload, as before),we find:

o o
= 3

4
= 81 .

That is,, each ton of payload requires 81 tons of combined take-off mass.
A 10-ton payload would require almost a thousand tons of fuel for tne
journey we have considlredand half of this fuel must be anti - matter.
Obviously,, we would have to learn how to manufacture anti-matter in very
large amounts indeed.
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With these assumptions about the trip, it is possible to show that
the journey we have discussed would take 32 years as measured on the
earth. But because of relativistic time-dilation for the inhabitants
of the moving systems, it turns out that the crew of the rocket would
aae by only 20 years. That is,, as measured Ly the crew, the journey
would require only 20 years.

The perfect rocket has further difficulties that we have not yet
mentioned. First, the energy flux of aamma rays from such a rocket,,
with a 10-ton payload,, can be shown to be 2.4 Y 1015 watts, a power
that is equivalent to a 1-kilo bomb once every 1.7 seconds! And all
of this energy flux is in the form of very penetrating, deadly gamma
rays. The payload would have to be shielded very well indeed from
even the slightest leakage of all this energyto say nothing of the
difficulties of shielding the earth and its inhabitants as the rocket
takes off. Figure 5 indicates how the rocket might look in principle.

Secondly, a glance at Fig. 5 reveals another very serious difficulty.
Anti-matter would act as a "univerra' solvent," reacting readily with
any ordinary matter that it contacts. Then, in what can we store it?
Within our present knowledge, this problem has no solution.

Thus, we have found that a perfect rocket probably cannot be built,
and that,, even if it could be built, it would not extend the range of
possible space travel very much beyond the meager capabilities of an
ideal nuclear rocket. Even the nuclear rocket is presently a long wayfrom being practical. For the time being, of course, there are many
exciting possibilities for exploring our own solar system with the
chemically fueled rockets we already know how to build. The dreams of
space travel are coming true,, but only on a "local" basis.

Communicating through space. This final section is closely based on,
and copiously cites from,, E. M. Purcell's article "Radioastronomy and
Communication through Space." Brookhaven National Lecture series
$BNL 658 -(T-214); we wish to thank Dr. Purcell and the BNL for per-
mission to use this material.

Now we shall discuss a very different aspect c: space engineering,
namely, sending signals, rather than physical hardware, across the huge
distances of space. The signals that we know how to send most efficiently
are coded radio waves, but our discussion will also apply to the 'fight
beam from a laser or to any other type of electromagnetic radiation
if the necessary engineering "know-how" can be developed. Radio signals
suitable for communicating over a distance of a few hundred miles require
relatively little energy, but a large amount of energy is needed in com-
municating across the vast reaches of space.

The simplest possible radio signal is just the presence or absence of
a radio waveor equally well, the presence or absence of a small shift
in its frequency (so-called "frequency-shift keying"). Correspondingly,
the simplest possible sign that can be written on a piece of paper is the
presence or absence of a black dot in some agreed-upon location. News-
paper photographs are arrays of such dots. Television pictures are built
up in much the same way.

The simplest possiblq signal, then, expresses a two-fold ("binary")
choice,, a staple "yes or no," a "something or nothing" signal. More
complicated codes can always be broken down into such signals., For
example, a Morse code dot might be called a "yes" and the space between
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Fig. 5 A perfect rocket?
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two dots a "no"; then the dash becomes two successive "yesses," and the
longer space between two letters is represented by two successive "noes,"
and so on.

This way of analyzing signals was first suggested by the American
radio engineer R. V. L. Hartley in 1928, and it was further developed
by C. E. Shannon at Bell Telephone Laboratories in 1948. Shannon called
the simplest yes-no signal a bit (for "binary digit"), and he first de-
veloped much of the analysis that we shall be using in this section.
This analysis is a part of "information theory."

For space communication, the important fact is that each bit (each
yes-no signal) requires a very small amount of energy, Just as space
is filled with very faint light rays from the stars,, it is filled also
with a background of weak radio waves of all types. If we are to de-
tect a signal from outer space against this "noise," we must receive
enough energy to be sure that the supposed signal is not just one of
the random mutterings of space itself. Near oui solar system, a re-
ceived signal energy of at least 10-21 joule per bit is required. This
requirement is essentially independent of the radio frequency or the
manner in which the signl is coded in the radio wave, and presumably
it remains about the same in many parts of empty space.

As an example, let us consider the task of the Mariner IV space probe,
namely to send good television pictures of mars back to the earth. Since
such a picture contains an array of about 1000-by-1000 dots, one picture
can be transmitted by a signal consisting of about 106 bits. The signal
can be detected if on r,2aching the earth, it delivers (to our receiving
antenna) 106 x 10-21 joule = 10-16 joule for each picture that is to be
transmitted.

But what the transmitter emits must be much more energy than what we
intercept and receive at a distance. A simple radio antenna sends the
energy outward more or less equally in all directions. A properly de-
signed complex antenna can concentrate most of the energy into a narrow
beam, but such an antenna must be large (compared to the wavelength of
the radio waves),, and it must be very accurately shaped. Not only is
this difficult to do, but once it is done, the antenna must be pointed
toward the receiver, accurately enough to be sure that the receiver
lies inside the radio beam, and this pointing operation in turn re-
quires additional machinery and sensors that must be equally accurate.
Thus, a space probe such as Mariner must contain either a rather large
radio transmitter or else a smaller transmitter and a lot of complex,
rather heavy machinery.

The best compromise amongst all the possibilities will depend on
the purpose of the space probe and on the status of various engineering
arts at the time the probe is designed. But we can obtain a rough idea
of the weight of the necessary equipment by analyzing the situation when
a simple antenna is used.

Fig. 6 summarizes the situation. Notice that the receiving antenna
on the earth can be quite large,, and we shall assume that it has a diam-
eter of 100 m (about 100 yards). Only the radio energy that happens to
strike the receiving antenna will be useful. Thus, the fraction of the
energy that is useful will be given by the ratio of the area of the re-
ceiving antenna to the area of a sphere whose radius is equal to the
distance from Mars to the earth, about 106 km = 1011 m (see Fig. 61.
The ratio of these areas is

x(50)
2

6 A 10
-20

4,(101')2
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Fig. 6 Sending television pictures from Mars to the
earth. (The diagram is not to scale!)

We have seen that the received energy must be at least 10-15 joule per
picture. The energy that must be transmitted for each picture, however,
mist be

10-15
16 x 10

3 joules per picture .

6 x 10

Although this amounts to only about 0.005 kw-hr, a rather small amount
of energy by our normal standards, it does represent something of a bur-
den to a space probe. To compare it with something familiar, we might
note that the average autcmobile battery could store only enough energy
for sending about 100 such pictures. Actually, this is a very optimistic
estimate because we have computed it by using the minimum possible energy
per bit of "Information," namely 10-21 joules per bit. If we are going to
go to all the trouble of sending a probe to Mars, we would want the signal
that it sends back to be quite strong, not just barely detectable, lest we
miss it entirely. Thus, it would be more realistic to say that an auto-
mobile battery can store enough energy to send about 10 television pic-
tures from Mars to the earth.

Since such a battery would weigh about 35 lb, and since the ratio of
take-off mass to payload mass was about 400 for Mariner IV, the energy
storage for 10 television pictures of Mars would add about 7 tons to the
take-off mass of such a probe, if a nondireltion antenna were used to
send the pictures back to the earth. Actually, Mariner IV used a rather
highly directional "dish" antenna, but note that the antenna and its
pointing equipment must have weighed less than 35 lb if it was to econo-
mize on take-off weight.
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Although these energies and masses are perhap surprisingly large when
we consider that they all arose from the very srall number of )oules per
oit (10-21, see p. 16)-, they are nevertheless small compared to the masses
and energies that would be necessary to send physical hardware back fro..
Mars. For example, even a small canister of exposed p'otographic film
might weigh 1 lb, but we would have to send along with it enough fuel to
start it on its return )ourney, namely about 400 lb of fuel. This would
add 400 x 400 lb or no less than 80 tons to the original take-off mass when
the probe leaves the earth--and we have c mpletely ignored the extra equip-
ment that would be needed to ensure both a proper return orbit and a safe
re-entry through the earth's atmosphere.

When we consider the very much greater distances to the nearer stars,,
the economy of sending signals rather than hardware becomes even more
marked. We have seen that nothing short of an ideal nuclear rocket can
send a physical payload to the nearest star, and that even then the trip
would require several tens of years. On the other hand, if we consider
distances as great as 12 light years (containing 20 to 30 stars), it i.
possible to show that, with 300-ft antennas at the transmitter and re-
ceiver, a ten-word telegram can be sent with about a kilowatt-hour of
radiated energy (Fig. 7). This is less than one dollar's worth of
energy at current prices.

Of course, the trouble is that there is no body at the other end to
communicate to, Or is there? In the remainder of this section, we
shell discuss the question of communicating with other people out there--if there are any.*

EARTH
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* Fig. 7 is from E. M. Purcell, "Radioastronomy and Communication
through Space" (BNI, lecture series OFINL 658 (T-214)), p.9.
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Let us look at just our own galaxy. There aie sore 10' stars in the
galaxy. Douhle stars are by no means uncomron, and in fact, there appear
to be alrost as rany double stars as single stars. Astro;-orers take
this as a hint that planetary systems around stars may not be very un-
common either. "Ioreover, a large nuraer of stars are not rapidly spin-
ning. One good way for a star to lose most of its spin is by interacting
with its planets; that is what probably happenea in our own solar system.
So the chances that there are hundreds of millions of planetary systems
arong the hunsred billion stars in our aa)axy seem good. One can elab-
orate on tris, but we shall not try to estimate the probability that a
planet occurs at a suitable distance from a star, that it has an atmo-
sphere in which life is possible, that life aeveloped, and so on. Very
soon in such speculation,; the word "probability" loses any practical
meaning. On the other hand, one can scarcely escape the impression that
it would be rather remarkable if only one planet in a billion (to speak
only of our own galaxy) had become the home of intelligent life,

Since we can communicate so easily over such vast distances, it ought
to be easy to establish communication with a society (if we may use that
word) in a remote spot. It would be even easier for them to initiate
communication with us if they were technologically ahead of us. Should
we try to listen for such communications, or should we broadcast a mes-
sage and hope that someone will hear it? If you think about this a
little, you will prohahly agree that we want to listen before we trans-
mit. The historic time scale of our galaxy is very long, whereas wire-
less telegraphy on Farth is only 50 years old, and really sensitive re-
ceivers are much more recent. If we bank on people who are able to
receive our signals but have not surpassed us technologically, that is,
people who are not more than 20 years behind us but still not ahead, we
are exploring a very thin slice of history. On the other hand, if we
listen instead of transmittina, we might hear messages from people any-
where who are ahead of us and happen to have the urae to send out signals.
TM: being technologically more advanced than we are, they can presumably
transmit much better than we can. So it would not be sensible for us to
transmit until we have listened for a lona tire.

If you want to transmit to someone--and you and he cannot agree on
what radio frequency to use the task is nearly hopeless. To search
the entire radio spectrum for a feeble signal entails a vast waste of
time. It is like trying to meet someone in New York when you have been
unable to communicate and agree on a meeting place. Still, you know you
want to meet him and he wants to meet you. Where oo you end up? There
are only a few likely places: at the clock of Grand Central Station, in
the lobby of the Metropolitan Museum, and so on. Here, there is only one
Grand Central Station, namely the 1420-megacycle/sec frequency emitted
by hydrogen, which is the most prominent radio frequency in tne whole
galaxy (by a factor of at least 1000). There is no question as to whi h
frequency to use if you want the other fellow to hear: you pick out the
frequency that he knows. Conversely, he .11 pick out the frequency that
he knows we know, and that must surely be 1420-megacycle/sec frequency.

Let us assume tnat his transmitter can radiate a megawatt of power
within a 1-cycle/sec bandwidth. This is something that we could do our-
selves if we wished to; it is just a roaest stretch of the present state
of the art. If we receive with a 300-ft dish-antenna and he transmits
with a similar one, we should 5e able to recognize his signal even if
it comes from several hunlred light years away. With the new maser re-
ceivers,, which are now being used in radioastronomy, 500 light years
ought to be easy. But even a sphere only 100 light years in radius
contains about 400 stars of roughly the same brightness as the sun. And
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the volume accessible to communication increases as the cube of the range.
We have previously argued that It is hopelessly difficult to travel even
a few light years, and we now see that it is in principle quite easy to
communicate over a few hundreds of light years. The ratio of the volumes
is about one million. TFig. 8)
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Fig. 8 (From Purcell,, 2E. cit.)
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There are other interesting questions. When we get a signal, how do
we know it is real and not just some accident of cosmic static? This
might be called the problem of the axe head: an archeologist finds a
lump of stone that look, vaguely like an axe head; how does he know it
is an axe head and not an oddly shaped lump of stone? Actually, the
archeologist is usually ,/ery. sure. An arrowhead can look rather like
an elliptical pebble, and still there is no doubt that it is an arrow-
head. Our axe head problem car be solved in many ways. Perhaps the
neatest suggestion for Bevis na a message having the unmistakable hall-
mark of intelligent beings 1,, the suggestion made by G. Cocconi and P.
Morison. They would have the sender transmit a few prime numbers, i.e.,
1, 3, 5, 7, 11, 13, 17 . . . There are no magnetic storms that send
messages like this.

What can we talk about witn our remote friends? We have a lot in
common. To start with, we hive mathematics in common, and physics,
chemistry, and astronomy. We have the galaxy in which we are near
neighbors. So we can open our discoulse on common ground before we move
into the more exciting explciatIon of what is not common experience. Of
course, the conversation has une peculiar feature of a very long built-
in delay. The answer comes back Icz..gdes later. But it gives one's
children something to loox forward cc.

240



Appendix A

Appendix A. The rocket equation

In Eq. (1), we showed that, during very small changes of velocity Cv
the following relation is required by the conservation of momentum:

Gm__ --
m v

ex
(Al)

Now we want to extend this relation to arbitrarily large changes of ve-
locity.

A large change of velocity can be conceptually divided into a great
many steps with a small change in each. Let us choose these in such a
manner that all of them involve the same fractional change in the mass
of the rocket. For example, we may choose

Am 1

m n (A2)

where n is a large number that we will leave unspecified for the moment,
but it is to be the same for each small step.

Then if m is the original mass of the rocket and mi is its mass after
the first sall step of velocity change,, we will have:

ml = (1 - :'.-1-) mo .

After the second step, the mass will become:

m2 = (1 ilt) m1 = (1 1-)2 mo

After the third step, it will be

1 3M3 = (1 - F) mo .

And it is easy to see that after k of our very small changes in velocity,
the mass of the rocket will be

1

mk (1 :3)

k

mo (A3)

Now, what will be the change in the rocket's velocity during these
k steps of acceleration? By substituting Eq. (A2) into Eq. (Al), we
find that during each step the velocity change will be:

1
Cv = vexn ex

Since these are all the same, the total change in velocity during k
steps will be just k(tv). If we denote this total change in the rocket's
velocity by vc, we have:

k
v 2-- v .

c n ex
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Now solve this relation for k:

k = n (vc/vex)

And substitute into Eq. (A3):

n (vc/vex)
mk = mo (1 - 1

-)
n

If we write m in place of mk with the understanding that m now repre-
sents the rocket's mass after its velocity ha,.. changed by vc, and if
we use the multiplication rule for exponents, we can write our result in
the following form:

n1 (vc/vex)
1m = m 1(1 - -) 10 L n j

1

( A 4 )

We have eliminated k from our relations, by expressing it in terms of
the velocity change vc. Can we eliminate n? In a sense we cannot, but
we can replace it by a less arbitrary quantity.

As we noted earlier, the simple relation E.g. (Al) is valid only for
very small bursts of thrust. The smaller the burst, the more accurate
Eq. Al) becomes. In view of Eq. (A2), then our relations will all be-
come more and more accurate as we choose n larger and larger. Obviously,
the best thing to do is to choose n so very large that the quantity in
square brackets in Eq. (A4) approaches a steady value and no longer
changes significantly. Better still, we should take the limit of the
square brackets as n "approaches infinity."

Perhaps it is not obvious that this limit exists in the sense that it
is a well-defined number, but this fact can be shown by methods that we
cannot pursue in this book. To agree with standard mathematical nota-
tion, we shall define a number e by the relation:

r
1 i n

= limit (as n -) it - .

n
.. ..,

(A5)

The number e has been evz.luated to very many decimal places, but in physics
we seldom need more than a few places: e = 2.718 is usually quite suffi-
cient. Another way of stating the value is often more convenient:

e = 100."4"1

Now, if we let n approach infinity in Eq. (A4) and substitute the
definition (A5), we obtain the result:

or

m = m
o

(1/e)
(vc/vex)

-(vc/vex)
m = mo e (A6)

This final relation can be rewritten in many ways. Eq. (2) of this chap-
ter is the same as Eq. (A6); and Eqs. (4) and (5) are other forms ob-
tained by solving Eq. (A6) for mo and substituting d numerical value for
e.



Appendix B

Appendix B. Lscape velocity

If a body is projected away from the earth with sufficient velocity,
it will never return. The smallest such velocity is tne escape
velocity, and we shall derive it in this section from the law of conser-
vation of energy.

The initial kinetic energy of a body of mass m that has been -,,rolPcted
out from the earth with velocity v is equal to )1mv-. If this is just
oqual to the wor that must be done against the earth's gravitational
force on the body as it travels away, then the body will slow down
greatly when it gets very far away,, bnc it will never entirely stop, as
it would if its initial kinetic energy were less than the work that must
be done against the gravitational attraction.

Thus, our main task is to Pvaluate the work that is done against the
earth's gravitational force by a body that moves from the earth's surface
to a very large distance away. But to simplify the language of our argu-
ments, we shall evaluate the work done on the body la the earth's gravi-
tational field.

Newton's law of gravitation states that the force on a body of mass m
due to the earth (mass M) is

^ m M
F =

R2
(B1)

where G is Newton's gravitational constant and R is the distance from the
body to the center of the earth. Wher '-e body moves a small distance
:R further away from the earth, the wt, lone on it by the gravitational
force will be

-LR
LW =F(LR) = (GmM) (B2)

where the minus sign arises because the force opposes the increase in R.

Now we must add up all the LW's for all the AR's as the body moves
from the earth's surface to a very great distance. In Eq. (B2), the
quantity (GmM) is a simple constant, but 1/R- changes continually as the
body moves away, and we must find some way to express the ratio -(LR)/R2
as a change in some other quantity. One way to find this desired quan-
tity is to guess at it and then try to prove that the guess is correct.
From the fact that -(AR)/R2 has the units of a reciprocal length, we
might guess that it could equal L(1/R). The change in 1/R, as R itself
changes by AR, will be:

1 1 1 -rR
=

R FOTT7,7)

This is almost the result we were seeking, and now we note that we are
free to make the individual steps :R as small as we like. Thus, we can
make -(LR)/R' equal to L(1/R) to any accuracy that we may wish to choose.
In the limit as the steps are made smaller and smaller, the relation be-
comes exact,, although we cannot go into the proof of this here.
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Accordingly, we can rewrite Eq. (B2) as follows:

1LW = (GmM) L(R) .

This equation states that the steps LW in the total work done are 3ust
equal to the constant (GmM) times the corresponding changes in the quan-
tity 1/R. The sum of all the LW's, therefore, will be equal to the totalchange in the quantity GmM/R. If the body moves far enough from the
earth, we may take the final value of this quantity as zero (because R
"approaches infinity"), and the initial value was GmM/R , where R is theradius of the earth. The total net change is the finalevalue minas theinitial one:

W = - GmM
/7-- (B3)

We can simplify this result and eliminate the factor GM by observing
that, when R = R , Eq. (B1) will give the gravitational force on the bodywhen it is at tRe earth's surface and that this force must be simply mg.

GM
--- m = F (at surrace) = mg.
R
e

2

Thus, GM = gRe2, and when this is substituted into Eq. (B3), we obtain:

W = - m g Re.
(B4)

The work done by the body against the
gravitational attraction of theearth will be Just the negative of this quantity, and we have already ob-

served that, if v is equal to the escape velocity, this work must equal
the initial kinetic energy of the body:

m g Re = ;5 mv2.

Multiplying througn by 2/m and taking the square root of both sides of
this equation, we obtain the final formula for the escape velocity:

v (escape) = 1/7 g Re . (B5)

Notice that this is independent of the mass of the body. Inserting thenumerical values R = 6400 km, g = 0.0098 km/sec, we arrive at the valuewe have been seeking:

v (escape) = 11.2 km/sec.



Looking for a New Law

Richard P. Feynman

In general we look for a new law by the following process.
First we guess it. Then we compute the consequences of the
guess to see what would be implied if this law that we guessed
is right. Then we compare the result of the computation to
nature, with experiment or experience, compare it directly
with observation, to see if it works. If it disagrees with ex-
periment it is wrong. In that simple statement is the key to
science. It does not make any difference how beautiful your
guess is. It does not make any difference how smart you are,
who made the guess, or what his name is if it disagrees
with experiment it is wrong. That is all there is to it. It is
true that one has to check a little to make sure that it is
wrong, because whoever did the experiment may have re-
ported incorrectly, or there may have been some feature in
the experiment that was not noticed, some dirt or something;
or the mai. who computed the consequences, even though it
may have been the one who made the guesses, could have
made some mistake in the analysis. These are obvious re-
marks, so when I say if it disagrees with experiment it is
wrong, I mean after the exreriment has been checked, the
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calculations have been checked, and the thing has been
rubbed back and forth a few times to make sure that the
consequences are logical consequences from the guess, and
that in fact it disagrees with a very carefully checked experi-
ment.

This will give you a somewhat wrong impression of
science. It suggests that we keep on guessing possibilities
and comparing them with experiment, and this is to put
experiment into a rather weak position. In fact experimen-
ters have a certain individual character. They like to do
experiments even if nobody has guessed yet, and they very
often do their experiments in a region in which people know
the theorist has not made any guesses. For instance, we may
know a great many laws, but do not know whether they
really work at high energy, because it is just a good guess that
they work at high energy. Experimenters have tried experi-
ments at higher energy, and in fact every once in a while
experiment produces trouble; that is, it produces a dis-
covery that one of the things we thought right is wrong. In
this way experiment can produce unexpected results, and
that starts us guessing again. One instance of an unexpec-
ted result is the mu meson and its neutrino, which was not
guessed by anybody at all before it was discovered, and even
today nobody yet has any method of guessing by which
this would be a natural result.

You can see, of course, that with this method we can
attempt to disprove any definite theory. If we have a definite
theory, a real guess, from which we can conveniently com-
pute consequences which can be compared with experiment,
then in principle we can get rid of any theory. There is
always the possibility of proving any definite theory wrong;
but notice that we can never prove it right. Suppose that
you invent a good guess, calculate the consequences, and
discover every time that the consequences you have calcula-
ted agree with experiment. The theory is then right? No, it
is simply not proved wrong. In the future you could com-
pute a wider range of consequences, there could be a wider
range of experiments, and you might then discover that the
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thing is wrong. That is why laws like Newton's laws for themotion of planets last such a long time. He guessed the lawof gravitation, calculated all kinds of consequences for thesystem and so on, compared them with experiment and ittook several hundred years before the slight error of themotion of Mercury was observed. During all that time thetheory had not been proved wrong, and could be takentemporarily to be right. But it could never be proved right,because tomorrow's experiment might succeed in provingwrong what you thought was right. We never are definitelyright, we can only be sure we are wrong. However, it israther remarkable how we can have some ideas which willlast so long.
One of the ways of stopping science would be only to doexperiments in the region where you know the law. Butexperimenters search most diligently, and with the greatesteffort, in exactly those places where it seems most likely thatwe can prove our theories wrong. In other words we aretrying to prove ourselves wrong as quickly as possible, be-cause only in that way can we find progress. For example,today among ordinary low energy phenomena we do notknow where to look for trouble, we think everything is allright, and so there is no particular big programme lookingfor trouble in nuclear reactions, or in super-conductivity.In tnese lectures I am concentrating

on discovering fur :a-mental laws. The whole range of physics, which is interest-ing, includes also an understanding at another level of thesephenomena like super-conductivity and nuclear reactions, interms of the fundamental laws. But I am talking now aboutdiscovering trouble, something wrong with the fundamentallaws, and since among low energy phenomena nobodyknows where to look, all the experiments today In this fieldof finding out a new law, are of high energy.
Another thing I must point out is that you cannot pro iea vague theory wrong. If the guess that you make is poorlyexpressed and rather vague, and the method that you us::for figuring out the consequences is a little vague you arenot sure, and you say, 'I think everything's

right because it's

3 NO V'.
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all due to so aid so, and such and such do this and that more
or less, and I can sort of explain how this works . . .', then
you see that this theory is good, because it cannot be
proved wrong! Also if the process of computing the con-
sequences is indefinite, then with a little skill any experi-
mental results can be made to look like the expected
consequences. You are probably familiar with that in other
fields. 'A' hates his mother. The reason is, of course, because
she did not caress him or love him enough when he was a
child. But if you investigate you find out that as a matter of
fact she did love him very much, and everything was all
right. Well then, it was because she was over-indulgent when
he was a child! By having a vague theory it is possible to
get either result. The cure for this one is the following. If it
were possible to state exactly, ahead of time, how much love
is not enough, and how much love is over-indulgent, then
there would be a perfectly legitimate theory against which
you could make tests. It is usually said when this is pointed
out, 'When you are dealing with psychological matters
things can't be defined so precisely'. Yes, but then you
cannot claim to know anything about it.

You will be horrified to hear that we have examples in
physics of exactly the same kind. We have these approximate
symmetries, which work something lik .. this. You have an
approximate symmetry, so you calculate a set of conse-
quences supposing it to be perfect. When compared with
experiment, it does not agree. Of course the symmetry
you are supposed t.: expect is approximate, so if the agree-
ment is pretty good you say, 'Nicer, while if the agreement
is very poor you say, 'Well, this pal ticular thing must be
especially sensitive to the failure of the symmetry'. Now you
may laugh, but we have to make progress in that way. When
a subject is first new, and these particles are new to us, this
jockeying around, this 'feeling' way of guessing at the
results, is the beginning of any science. The same thing is
true of the symmetry proposition in physics as is true of
psychology, 2c do not laugh too hard. It is necessary in the
beginning to be very careful. It is easy to Tall into the deep
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end by this kind of vague theory. It is hard to prove it
wrong, and it takes a certain skill and experience not to walk
off the plank in the game.

In this process of guessing, computing consequences, and
comparing with experiment, we can get stuck at various
stages. We may get stuck in the guessing stage, when we have
no ideas. Or we may get stuck in the computing stage. For
example, Yukawa* guessed an idea for the nuclear forces in
1934, but nobody could compute the consequences because
the mathematics was too difficult, and so they could not
compare his idea with experiment. The theories remained
for a long time, until we discovered all these extra particles
which were not contemplated by Yukawa, and therefore it
is undoubtedly not as simple as the way Yukawa did it.
Another place where you can get stuck is at the experimen-
tal end. For example, the quantum theory of gravitation is
going very slowly, if at all, because all the experiments that
you can do never involve quantum mechanics and gravita-
tion at the same time. The gravity force is too weak com-
pared with the electrical force.

Because I am a theoretical physicist, and more delighted
with this end of the problem, I want now to concentrate
on how you make the guesses.

As I said before, it is not of any importance vhere the
guess comes from; it is only important that it should agree
with experiment, and that it should be as definite as pos-
sible. 'Then', you say, 'that is very simple. You set cp a
machine, a great computing machine, which has a random
wheel in it that makes a succession of guesses, and each time
it guesses a hypothesis about how nature should work it
computes immediately the consequences, and makes a com-
parison with a list of experimental results it has at the other
end'. In other words, guessing is a dumb man's job. Actually
it is quite the opposite, and I will try to explain why.

The first problem is how to start. You say, 'Well I'd
start off with all the known principles'. But all the principles
*Hideki Yukawa, Japanese physicist. Director of Research Institute for
Fundamental Physics at Kyoto. Nobel Prize 1949.
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that are known are inconsistent with each other, so some-
thing has to be removed. We get a lot of letters from people
insisting that we ought to makes holes in our guesses. You
see, you make a hole, to make room for a new guess. Some-
body says, 'You know, you people always say that space is
continuous. How do you know when you get to a small
enough dimension that there really are enough points in
between, that it isn't just a lot of dots separated by little
distances?' Or they say, 'You know those quantum mechani-
cal amplitudes you told me about, they're so complicated
and absurd, what makes you think those are right? Maybe
they aren't right'. Such remarks are obvious and are per-
fectly clear to anybody who is working on this problem. It
does not do any good to point this out. The problem is not
only what might be wrong but what, precisely, might be sub-
stituted in place of it. In the case of the continuous space,
suppose the precise proposition is that space really consists
of a series of dots, and that the space between them does not
mean anything, and that the dots are in a cubic array. Then
we can prove immediately that this is wrong. It does not
work. The problem is not just to say something might be
wrong, but to replace it by something and that is not so
easy. As soon as any really dent ite idea is substituted it
becomes almost immediately apparent that it does not work.

The second difficulty is that there is an infinite number of
possibilities of these simple types. It is something like this.
You are sitting working very 'laid, you have worked for a
long time trying to open a safe. Then some Joe comes along
who knows nothing about what you are doing, except that
you are trying to open the safe. He says 'Why don't you
try the combination 10:20:30 ?' Because you are busy, you
have tried a lot of things, maybe you have already tried
10:20:30. Maybe you know already that the middle number
is 32 not 20. Maybe you know as a matter of fact that it is
a five digit combination.... So please do not send me any
letters trying to tell me how the thing is going to work.
I read them I always read them to make sure that I have
not already thought of what is suggested but it takes too
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long to answer them, because they are usually in the class
`try 10:20:30'. As usual, nature's imagination far surpasses
our own, as we have seen from the other theories which are
subtle and deep. To get such a subtle and deep guess is not
so easy. One must be really clever to guess, and it is not
possible to do it blindly by machine.

I want to discuss now the art of guessing nature's laws.
It is an art. How is it done? One way you might suggest is
to look at history to see how the other guys did it. So we
look at history.

We must start with Newton. He had a situation where he
had incomplete knowledge, and he was able to guess the
laws by putting together ideas which were all relatively close
to experiment; there was not a great distance between the
observations and the tests. That was the first way, but today
it does not work so well.

The next guy who did something great was Maxwell, who
obtained the laws of electricity and magnetism. What he
did was this. He put together all the laws of electricity, due
to Faraday and other people who came before him, and he
looked at them and realized that they were mathematically
inconsistent. In order to straighten it out he had to add one
teem to an equation. He did this by inventing for ti:inself a
model of idler wheels and gears and so on in space. He found
what the new law was but nobody paid much attention
because they did not believe in the idler wheels. We do not
believe in the idler wheels today, but the equations that he
obtained were correct. So the logic may be wrong but the
answer right.

In the case of relativity the discovery was completely
different. There was an accumulation of paradoxes; the
known laws gave inconsistent results. This was a new kind
of thinking, a thinking in terms of discussing the possible
symmetries of laws. It was especially difficult, because for
the first time it was realized how long something like New-
ton's laws could seem right, and still ultimately be wrong.
Also it was difficult to accept that ordinary ideas of time
and space, which seemed so instinctive, could be wrong.
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Quantum mechanics was discovered in two independent
ways which is a lesson. There again, and even more so, an
enormous number of paradoxes were discovered experi-
mentally, things that absolutely could not be explained in
any way by what was known. It was not that the knowledge
was incomplete, but that the knowledge was too complete.
Your prediction was that this should happen it did not.
The two different routes were one by Schrodinger,* whc
guessed the equation, the other by Heisenberg, who argued
that you must analyse what is measurable. These two uif-
ferent philosophical methods led to the same discovery in
the end.

More recently, the discovery of the laws of the weak
decay I spoke of, when a neutron disintegrates into a proton,
air electron and an anti-neutrino which are still only partly
known add up to a somewhat different situation. This time
it was a case of incomplete knowledge, and only the equation
was guessed. The special difficulty this time was that the
experiments were all wrong. How can you guess the right
answer if, when you calculate the result, it disagrees with
experiment? You need courage to say the experiments must
be wrong. I will explain where that courage comes from later.

Today we have no paradoxes maybe. We have this in-
finity that comes in when we put all the laws together, but
the people sweeping the dirt under the rug are so clever that
one sometimes thinks this is not a serious paradox. Again,
the fact that we have found all these particles does not tell
us anything except that our knowledge is incomplete. I am
sure that history does not repeat itself in physics, as you can
tell from looking at the examples I have given. The reason
is this. Any schemes such as 'think of symmetry laws', or
`put the information in mathematical form', or 'guess
equations' are known to everybody now, and they are all
tried all the time. When you are stuck, the answer cannot
be one of these, because you will have tried these right away.

'Erwin Schrbdinger, Austrian theoretical physicist. Won Nobel Prize
for Physics 1933 with Paul Dirac.
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There must be another way next time. Each time we get into
this log-jam of too much trouble, too many problems, it is
because the methods that we are using are just like the ones
we ha're used before. The next scheme, the new discovery,
is going to be made in a completely different way. So his-
tory does not help us much.

I should like to say a little about Heisenberg's idea that
you should not talk about what you cannot measure, be-
cause many people talk about this idea without really under-
standing it. You can interpret this in the sense that the
constructs or inventions that you make must be of such a
kind that the consequences that you compute are comparable
with experiment that is, that you do not compute a con-
sequence like 'a moo must be three goos', when nobody
knows what a moo or a goo is. Obviously that is no good.
But if the consequences can be compared to experiment,
then that is all that is necessary. It does not matter that moos
and goos cannot appear in the guess. You can have as much
junk in the guess as you like, provided that the consequences
can be compared with experiment. This is not always fully
appreciated. People often complain of the unwarranted ex-
tension of the ideas of particles and paths, etc., into the
atomic realm. Not so at all; there is nothing unwarranted
abo,'t the extension. We must, and we should, and we always
do, ,xtend as far as we can beyond what we already know,
beyond those ideas that we have already obtained. Dan-
gerous? Yes. Uncertain ? Yes. Bit iL i: the only way to make
progress. Although it is uncert tin, it s necessary to make
science useful. Science is only useful if it tells you about
some experiment that has not been done; it is no good if it
only tells you what just went on. It is necessary to extend the
ideas beyond where they have been tested. For example, in
the law of gravitation, which was developed to understand
the motion of planets, it would have been no use if Newton
had simply said, 'I now understand the planets', and had
not felt able to try to compare it with the earth's pull on the
moon, and for later men to say 'Maybe what holds the
galaxies together is gravitation'. We must try that. You
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could say, 'When you get to the size of the galaxies, since
you know nothing about it, anything can happen'. I know,
but there is no science in accepting this type of limitation.
There is no ultimate understanding of the galaxies. On the
other hand, if you assume that the entire behaviour is due
only to known laws, this assumption is very limited and
definite and easily broken by experiment. What we are
looking for is just such hypotheses, very definite and easy
to compare with experiment. The fact is that the way the
galaxies behave so far does not seem to be against the
proposition.

I can give you another example, even more interesting
and important. Probably the most powerful single assump-
tion that contributes most to the progress of biology is the
assumption that everything animals do the atoms can do,
that the things that are seen in the biological world are the
results of the behaviour of physical and chemical pheno-
mena, with no 'extra something'. You could always say,
`When you come to living things, anything can happen'.
If you accept that you will never understand living things.
It is very hard to believe that the wiggling of the tentacle of
the octopus is nothing but some fooling around of atoms
according to the known physical laws. But when it is investi-
gated with this hypothesis one is able to make guesses quite
accurately about how it works. In this way one makes great
progress in understanding. So far the tentacle has not been
cut off it has not been found that this idea is wrong.

It is not unscientific to make a guess, although many
people who are not in science think it is. Some years ago I
had a conversation with a layman about flying saucers be-
cause I am scientific I know all about flying saucers! I said
`I don't think there are flying saucers'. So my antagonist
said, 'Is it impossible that there are flying saucers? Can you
prove that it's impossible?"No', I said, 'I can't prove it's
impossible. It's just very unlikely'. At that he said, 'You are
very unscientific. If you can't prove it impossible then how
can you say that it's unlikely?' But that is the way that is
scientific. It is scientific only to say what is more likely and



what less likely, and lt to be proving all the time the pos-
sible and impossible. "io define what I mean, I might have
said to him, 'Listen, I mean that from my knowledge of the
world that I see around me, I think that it is much more
likely that the reports of flying saucers are the results of the
known irrational characteristics of terrestrial intelligence
than of the unknown rational efforts of extra-terrestrial
intelligence'. It is just more likely, that is all. It is a good
.guess. And we always try to guess the most likely explana-
tion, keeping in the back of the mind the fact that if it does
not work we must discuss the other possibilities.

How can we guess what to keep and what to throw away ?
We have all these nice principles and known facts, but we
are in some kind of trouble: either we get the infinities, or
we do not get enough of a description we are missing some
parts. Sometimes that means that we have to throw away
some idea; at least in the past it has always turned out that
some deeply held idea had to be thrown away. The question
is, what to throw away and what to keep. If you throw it all
away that is going a little far, and then you have not much
to work with. After all, the conservation of energy looks
good, and it is nice, and I do not want to throw it away. To
guess what to keep and what to throw away takes con-
siderable skill. Actually it is probably merely a matter of
luck, but it looks as if it takes considerable skill.

Probability amplitudes are very strange, and the first
thing you think is that the strange new ideas are clearly
cock-eyed. Yet everything that can be deduced from the
ideas of the existence of quantum mechanical probability
amplitudes, strange though they are, do work, throughout
the long list of strange particles, one hundred per cent.
Therefore I do not believe that when we find out the inner
guts of the composition of the world we shall find these
ideas are wrong. I think this part is right, but I am only
guessing: I am telling you how I guess.

On the other hand, I believe that the theory that space is
contint:ous is wrong, because we get these infinities and other
difficulties, and we are left with questions on what deter-
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mines the size of all the particles. I rather suspect that the
simple ideas of geometry, extended down into infinitely
small space, are wrong. Here, of course, I am only making a
hole, and not telling you what to substitute. If I did, I should
finish this lecture with a new law.

Some people have used the inconsistency of all the prin-
ciples to say that there is only one possible consistent world,
that if we put all the principles together, and calculate very
exactly, we shall not only be able to deduce the principles,
but we shall also discover that these are the only principles
that could possibly exist if the thing is still to remain con-
sistent. That seems to me a big order. I believe that sounds
like wagging the dog by the tail. I believe that it has to be
given that certain things exist not all the 50-odd particles,
but a few little things like electrons, etc. and then with all
the principles the great complexities that come out are prob-
ably a definite consequence. I do not think that you can get
the whole thing from arguments about consistencies.

Another problem we have is the meaning of the partial
symmetries. These symmetries, like the statement that
neutrons and protons are nearly the same but are not the
same for electricity, or the fact that the law of reflection
symmetry is perfect except for one kind of reaction, are very
annoying. The thing is almost symmetrical but not com-
pletely. Now two schools of thought exist. One will say that
it is really simple, that they are really symmetrical but that
there is a little complication which knocks it a bit cock-eyed.
Then there is another school of thought, which has only one
representati, s, myself, which says no, the thing may be com-
plicated and become simple only through the complications.
The Greeks believed that the orbits of the planets were
circles. Actually they are ellipses. They are not quite sym-
metrical, but they are very close to circles. The question is,
why are they very close to circles ? Why are they nearly
symmetrical ? Because of a long complicated effect of tidal
friction a very complicated idea. It is possible that nature in
her heart is completely unsymmetrical in these things, but
in the complexities of reality it gets to look approximately
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as if it is symmetrical, and the ellipses look almost like
circles. That is another possibility; but nobody knows, it is
just guesswork.

Suppose you have two theories, A and B, which look
completely different psychologically, with different ideas in
them and so on, but that all the consequences that are com-
puted from each are exactly the same, and both agree with
experiment. The two theories, although they sound different
at the beginning, have all consequences the same, which is
usually easy to prove mathematically by showing that the
logic from A and B will always give corresponding con-
sequences. Suppose we have two such theories, how are we
going to decide which one is right? There is no way by
science, because they both agree with experiment to the
same extent. So two theories, although they may have deeply
different ideas behind them, may be mathematically identi-
cal, and then there is no scientific way to distinguish them.

However, for psychological reasons, in order to guess new
theories, these two things may be very far from equivalent,
because one gives a man different ideas from the other. By
putting the theory in a certain kind of framework you get
an idea of what to change. There will be something, for
instance, in theory A that talks about something, and you
will say, I'll change that idea in here'. But to find out what
the corresponding thing is that you are going to change in
B may be very complicated it may not be a simple idea at
all. In other words, although they are iden,:,:al before they
are changed, there are certain way;, of changing one which
looks natural which will not look natural in the otl'er. There-
fore psychologically we must keep all the theories in our
heads, and every theoretical physicist who is any good
knows six or seven different theoretical representations for
exactly the same physics. He knows that they are all equiva-
lent, and that nobody is ever going to be able to decide
which one is right at that level, but he keeps them in his
head, hoping that they will give him different ideas for
guessing.

That reminds me of another point, that the philosophy or



ideas around a theory may change enormously when there
are very tiny changes in the theory. For instance, Newton's
ideas about space and time agreed with experiment very well,
but in order to get the correct motion of the orbit of Mer-
cury, which was a tiny, tiny difference, the difference in the
character of the theory needed was enormous. Tne reason
is that Newton's laws were so simple and so perfect, and
they produced definite results. In order to get something
that would produce a slightly different result it had to be
completely different. In stating a new law you cannot make
imperfections on a perfect thing; you have to have another
perfect thing. So the differences in philosophical ideas be-
tween Newton's and Einstein's theories of gravitation are
enormous.

What are these philosophies? They are really tricky ways
to compute consequences quickly. A philosophy, which is
sometimes called an understanding of the law, is simply a
way that a person holds the laws in his mind in order to
guess quickly at consequences. Some people have said, and
it is true in cases like Maxwell's equations, 'Never mind the
philosophy, never mind anything of this kind, just guess the
equations. The problem is only to compute the answers so
that they agree with experiment, and it is not necessary t 3
have a philosophy, or argument, or words, about the equa-
tion'. That is good in the sense that if you only guess the
equation you arc not prejudicing yourself, and you will
guess better. On the other hand, maybe the philosophy helps
you to guess. It is very hard to say.

For those people who insist that the only thing that is
important is that the theory agrees with experiment, I would
like to imagine a : :ussion between a Mayan astronomer
and his student. *1 ne Mayans we,e able to calculate with
great precision predictions, for example, for eclipses and for
the position of the moon in the sky, the position of Venus,
etc. It was all done by arithmetic. They counted a certain
number and subtracted some numbers, and so on. There
was no discussion of what the moon was. There was no
discussion even of the idea that it went around. They just
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calculated the time when there would be an eclipse, or when
the moon would rise at the full, and so on. Suppose that a
young man went to the astronomer and said, 'I have an
idea. Maybe those things are going around, and there are
balls of something like rocks out there, and we could cal-
culate how they move in a completely different way from
just calculating what time they appear in the sky'. 'Yes', says
the astronomer, 'and how accurately can you predict
eclipses ?' He says, 'I haven't developed the thing very far
yet'. Then says the astronomer, 'Well, we can calculate
eclipses more accurately than you can with your model, so
you must not pay any attention to your idea because ob-
viously the mathematical scheme is better'. There is a very
strong tendency, when someone comes up with an idea and
says, 'Let's suppose that the world is this way', for people
to say to him, 'What would you get for the answer to such
and such a problem ?' And he says, 'I haven't developed it
far enough'. And they say, 'Well, we have already developed
it much further, and we can get the answers very accurately'.
So it is a problem whether or not to worry about philoso-
phies behind ideas.

Another way of working, of course, is to guess new prin-
ciples. In Einstein's theory of gravitation he guessed, on top
of all the other principles, the principle that corresponded to
the idea that the forces are alwa proportional to the masses.
He guessed the principle that if you are in an accelerating
car you cannot distinguish that from being in a gravitational
field, and by adding that principle to all the other principles,
he was able to deduce the correct laws of gravitation.

That outlines a number of possible ways of guessing. I
would now like to come to some other points about the
final result. First of all, when we are all finished, and we
have a mathematical theory by which we can compute con-
sequences, what can we do? It really is an amazing thing.
In order to figure out what an atom is going to do in a given
situation we make up rules with marks on paper, carry them
into a machine which has switches that open and close in
some complicated way, and the result will tell us what the
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atom is going to do! If the way that these switches open and
close were some kind of model of the atom, if we thought
that the atom had switches in it, then I would say that I
understood more or less what is going on. I find it quite
amazing that it is possible to predict what will happen by
mathematics, which is simply following rules which really
have nothing to do with what is going on in the original
thing. The closing and opening of switches in a computer
is quite different from what is happening in nature.

One of the most important things in this 'guess compute
consequences compare with experiment' business is to
know when you are right. It is possible to know when you
are right way ahead of checking all the consequences. You
can recognize truth by its beauty and simplicity. It is always
easy when you have made a guess, and done two or three
little calculations to make sure that it is not obv;ously
wrong, to know that it is right. When you get it right, it is
obvious that it is right at least if you have any experience

because usually what happens is that more comes out
than goes in. Your guess is, in fact, that something is very
simple. If you cannot see immediately that it is wrong, and
it is simpler than it was before, then it is right. The in-
experienced, and crackpots, and people like that, make
guesses that are simple, but you can immediately see that
they are wrong, so that does not count. Others, the inex-
perienced students, make guesses that are very complicated,
And it sort of looks as if it is all right, but I know it is not
true because the truth always turns out to be simpler than
you thought. What we need is imagination, but imagination
in a terrible strait-jacket. We have to find a new view of the
world that has to agree with everything that is known, but
disagree in its predictions somewhere, otherwise it is not
interesting. And in that disagreement it must agree with
nature. If you can find any other view of the world which
agrees over the entire range where things have already been
observed, but disagrees somewhere else, you have made a
great discovery. It if. very nearly impossible, but not quite,
to find any theory Mich agrees with experiments over the
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entire range in which all theories have been checked, and
yet gives different consequences in some other range, even
a theory whose different consequences do not turn out to
agree with nature. A new idea is extremely difficult to think
of. It takes a fantastic imagination.

What of the future of this adventure? What will happen
ultimately? We are going along guessing the laws; how many
laws are we going to have to guess? I do not know. Some of
my colleagues say that this fundamental aspect of our
science will go on; but I think there will certainly not be
perpetual novelty, say for a thousand years. This thing can-
not keep on going so that we are always going to discover
more and more new laws. If we do, it will become boring
that there are so many levels one underneath the other. It
seems to me that what can happen in the future is either that
all the iaws become known that is, if you had enough laws
you could compute consequences and they would always
agree with experiment, which would be the end of the line
or it may happen that the experiments get harder and harder
to make, more and more expensive, so you get 99.9 per cent
of the phenomena, but there is always some phenomenon
which has just been discovered, which is very hard to
measure, and which disagrees ; and as soon as you have the
explanation of that one there is always another one, and
it gets slower and slower and more and more uninteresting.
That is another way it may end. But I think it has to end in
one way or another.

We are very lucky to live in an age in which we are still
making, discoveries. It is like the discovery of America
you only discover it once. The age in which we live is the age
in which we are discovering the fundamental laws of nature,
ar.d that day will never come again. It is very exciting, it is
marvellous, but this excitement will have to go. Of course in
the future there will be other interests. There will be the
interest of the connection of one level of phenomena to
another phenomena in biology and so on, or, if you are
talking about exploration, exploring other planets, but there
will not still be the same things that we are doing now.
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Another thing that will happen is that ultimately, if it
turns out that all is known, or it gets very dull, the vigorous
philosophy and the careful attention to all these things that
I have been talking about will gradually disappear. The
philosophers who are always on the outside making stupid
remarks will be able to close in, because we cannot push
them away by saying, 'If you were right we would be able
to guess all the rest of the laws', because when the laws are
all there they will have an explanation for them. For in-
stance, there are always explanations about why the world
is three-dimensional. Well, there is only one world, and it is
hard to tell if that explanation is right or not, so that if
everything were known there would be some explanation
about why those were the right laws. But that explanation
would be in a frame that we cannot criticize by arguing that
that type of reasoning will not permit tr., to go further.
There will be a degeneration of ideas, just like the degenera-
tion that great explorers feel is occurring when tourists
begin moving in on a territory.

In this age people are experiencing a delight, the tremen-
dous delight that you get when you guess how nature will
work in a new situation never seen before. From experi-
ments and information in a certain range you can guess what
is going to happen in a region where no one has ever ex-
plored before. It is a little different from regular exploration
in that there are enough clues on the land discovered to
guess what the land that has not been discovered is going
to look like. These guesses, incidentally, are often very
different from what you have already seen they take a lot
of thought.

What is it about nature that lets this happen, that it is
possible to guess from one part what the rest is going to do?
That is an unscientific question: I do not know how to
answer it, and therefore I am going to give an unscientific
answer. I think it is because nature has a simplicity and
therefore a great beauty.
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An eloquent and widely beloved mon, Einstein took
on octive par. in liberal ond onti-wor movements.
Fleeing from Nazi Germany, he settled in the United
States in 1933 ot the Institute for Advonced Study in
Princeton. He died in 1955.

GEORGE GAMOW

George Gamow, a theoreticol physicist from Russia,
received his Ph.D in physics at the University of
Leningrad. At Leningrad he become professor ofter
being a Corlsberg fellow ond a university fellow at the
University of Copenhagen ond a Rockefeller fellow at
Cambridge University. He come to the United States
in 1933 to teach at the George Washington University
and loter at the University of Colorodo His populcri-
zotions of physics ore much odmired.

riANESH HOFFMANN

Bonesh Hoffmonn, born in Richmond, England in 1906,
attended Oxford ond Princeton. He hos been a member
of the Institute of Advanced Study, electrical engineer
at the Federol Telephone and Radio Laboratories, re-
seorcher at King's College, London, and a consultant
for Westinghouse Electric Corporation's science talent
seorch tests. He hos won the distinguished teccher
award or Queens College, where he is Professor of
Mathematics. During the 1966-1967 yeor he was on
the staff of Harvard Project Physics

LEOPOLD INFELD

Leopold Infeld, a co-worker with Albert Einstein in
general relativity theory, was born in 1898 in Poland
After studying at the Cracow and Berlin Universities,
he become a Rockefeller Fellow at Cambridge where he
worked with Max Born in electromognetic theory, and
then a member of the Institute for Advanced Study at
Princeton For eleven yeors he wos Professor of Applied
Mothemotics at the University of Toronto. He then re-
turned to Poland and become Professor of Physics at
the University of Warsaw and until his death on 16
January 1968 he was director of the Theoretical Physics
Institute at the university. A member of the presidium
of the Polish Academy of Science, Ince Id conducted
research in heoreticol phy.ics, especially relativity and
quantum theories. Ince Id was the author of The New
Field Theory, The World in Modern Science, Quest,
Albert Einstein, and with Einstein The Evolution of
Physics.

MARTIN J. KLEIN

Martin J. Klein was born in New York City and
ottended Columbia University ond Mossochusetts
Institute of Technology. He has been a Notional
Research Fellow at tL,e Dublin Institute for Advanced
Studies and a Guggenheim Fellow at the Uni,,,rsity of
Leyden, Holland, He his rought at MIT and Cose
Institute and is now Professor at Yale University His
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main interest is in the history of relativity and quan-
tum mechanics

EDWARD MILLS PURCELL

Edward Mills Purcell, Professor of Physics at Harvard
University, was born in 1912 in Taylorville, Illinois. He
was educated at Purdue University and at Harvard Dur-
ing World War II he worked as a researcher at the Radia-
tion Laboratory, and he hos been a member of the
Science Advisory Board for the United States Air Force
and of the President's Science Advisory Committee For
his work in nuclear magnetism, E. M. Purcell was
awarded the 1952 Nobel Prize in Physics. He hos also
specialized in inicrowove phenomeno and rodio-frequency
spectroscopy. With Furry and Street he has written a
textbook, Physics for Science and Engineering Students

ERIC MALCOLM ROGERS

Eric Malcolm Rogers, Professor of Physics at Princeton
University, was born in Bickley, England in 1902. He
received h:s education at Cambridge and later was a
demonstrator at the Cavendish Laboratory Since 1963
he hos been the organize, in physics for the Nuffield
Foundation Science Teaching Proj He is the author
of the textbook, plyi sics car the Inquiring Mind.

ERWIN SCHRODINGER

Erwin Schrridinger (1887-19611 was born in Vienna
and became su.zcessar of Max Planck as professor
of physics at the University of Berlin His work pro-
vided same of the bosic equations of the quantum theory.
Jointly with Paul A M Dirac he was awarded the Nobel
Prize in physics in 1933 for the discovery of new produ,.-
rive forms of atomic theory Originally he hod planned
to be o philosopher, and he wrote widely-reod books
con,erning the relation between science and the humani-
ties, as well os some poetry

CYRIL STANLEY SMITH

Cyril Stanley Smith, F ofessar of Physics at Massachusetts
Institute of Technology, was born in Birmingham, England,
in 1903. In 1926 he re-eived his doctor of science from
MIT. He has done revarrh i physical metallurgy at MIT,
the American Brass Ce 'pony, and during World War II,
the Los Alamos Labor m, ry For his work there he received
the United Stores Melo; of Merit in 1946. Professor Smith
hos served on the General Advisory Committee to the Atomic
Energy Commission and on the President's Scientific Advisory
Committee. His interest re-1cl e< deeply into history of
srieni-e and technology, he in -Iso an art collector.
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CHARLES PERCY SNOW

Charles Percy Snow, Boron of Leicester, was born in
1905 and educated at University College, Leicester,
and at Christ's College, Cambridge Although well
known as a novelist, especially dealing with the lives
and problems of professional men, he hos held such
diverse positions as chief of scientific personnel for
the Ministry of Labour, Civil Service Commissioner,
and a Director of the English Electric Co., Ltd His
writings hove been widely acclaimed, among his novels
are The Search, The New Men and Corridors of Power
His nonfiction books on science and its consequences in-
clude The Two Cultures and the Scientific Revolution,
and Science and Government

JOHN LIGHTON SYNGE

John Lighten Synge was born in Ireland in 1897. He hos
taught at universities in Ireland, Canada, and the United
States, and is currently Professor of Mathematics of the
Institute for Advanced Studies in Dublin. He is the
President of the Royal Irish Academy. Synge has written
papers on Riernannion geometry, relativity, hydrodynamics,
and elasticity, has been author or ca- author of Geomet-
rical Optics ona Principles of Mechanics, and has coedited
tne Mathematical Papers of Sir W. R. Hamilton.

SIR JOSEPH JOHN THOMSON

Sir Joseph John Thomson (1856-1940) we, born near
Manchester, England. At fourteen he entered a
college in Manchester, at twenty he entered Cambridge
on a scholarship, and at twenty-seven became professor
of physics at Cambridge It was Thomson whose work
ushered in the period of subatomic research when he
showed conclusively that "cathode rays" consisted of
electrons With this as a building block he constructed
the "Thomson" model of the atom a sphere of positive
electricity in which were embedded negatively charged
electrons In 1906 J. J Thomson was awarded the
Nobel Prize, ona in 1908 he was knighted. During
Thomson's period as Director of the Cavendish Laboratory
of Cambridge, eight Nobel Prizes were won by his
colleagues. With this start England remained the leader
in subatomic experimental physics for almost forty years
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